
 
 
 
 
 

Dempster, T. J., La Piazza, J., Taylor, A. G., Beaudoin, N.  and Chung, 

P. (2017) Chemical and textural equilibration of garnet during amphibolite-

facies metamorphism: The influence of coupled dissolution-

reprecipitation. Journal of Metamorphic Geology, 35(9), pp. 1111-1130. 

 

There may be differences between this version and the published version. 

You are advised to consult the publisher’s version if you wish to cite from 

it. 

 

Dempster, T. J., La Piazza, J., Taylor, A. G., Beaudoin, N.  and Chung, 

P. (2017) Chemical and textural equilibration of garnet during amphibolite-

facies metamorphism: The influence of coupled dissolution-

reprecipitation. Journal of Metamorphic Geology, 35(9), pp. 1111-

1130.(doi:10.1111/jmg.12278) 

 

This article may be used for non-commercial purposes in accordance with 

Wiley Terms and Conditions for Self-Archiving.  

 

 

 
 
http://eprints.gla.ac.uk/146584/ 
     

 
 
 
 
 

 
Deposited on: 28 August 2017 

 
 
 
 

 

http://dx.doi.org/10.1111/jmg.12278
http://olabout.wiley.com/WileyCDA/Section/id-828039.html#terms
http://eprints.gla.ac.uk/146584/
http://eprints.gla.ac.uk/146584/


 

 

 

 

 

 

Chemical and textural equilibration of garnet during 

amphibolite-facies metamorphism: The influence of coupled 
dissolution-reprecipitation 

 

 

Journal: Journal of Metamorphic Geology 

Manuscript ID JMG-17-0035.R2 

Manuscript Type: Original Article 

Date Submitted by the Author: n/a 

Complete List of Authors: Dempster, Tim; University of Glasgow, Geographical and Earth Sciences 

La Piazza, Julie; University of Glasgow, Geographical and Earth Sciences 
Taylor, Andrew; University of Glasgow, Geographical and Earth Sciences 
Beaudoin, Nicolas; University of Glasgow, Geographical and Earth Sciences 
Chung, Peter; University of Glasgow, School of Geographical and Earth 
Sciences 

Keywords: 
garnet, dissolution-reprecipitation, compositional zoning, permeability, 
staurolite isograd 

  

Note: The following files were submitted by the author for peer review, but cannot be converted to 
PDF.  You must view these files (e.g. movies) online. 

garnet.mp4 

 

 



 1 

Chemical and textural equilibration of garnet during amphibolite-facies 1 

metamorphism: The influence of coupled dissolution-reprecipitation 2 

 3 

Tim J Dempster, Julie La Piazza, Andrew G Taylor, Nicolas Beaudoin1,2, Peter 4 

Chung 5 

1. School of Geographical and Earth Sciences, University of Glasgow, Glasgow 6 

G12 8QQ, UK 7 

2. Department of Civil & Environmental Engineering, University of Strathclyde, 8 

75 Montrose Street, Glasgow G1 1XJ, UK 9 

 10 

ABSTRACT 11 

Metamorphic equilibration requires chemical communication between minerals 12 

and may be inhibited through sluggish volume diffusion and or slow rates of 13 

dissolution in a fluid phase.  Relatively slow diffusion and the perceived robust 14 

nature of chemical growth zoning may preclude garnet porphyroblasts from 15 

readily participating in low temperature amphibolite-facies metamorphic 16 

reactions. Garnet is widely assumed to be a reactant in staurolite-isograd 17 

reactions, and the evidence for this has been assessed in the Late Proterozoic 18 

Dalradian pelitic schists of the Scottish Highlands. 3D imaging of garnet 19 

porphyroblasts in staurolite-bearing schists reveal a good crystal shape and little 20 

evidence of marginal dissolution, however there is also lack of evidence for the 21 

involvement of either chlorite or chloritoid in the reaction. Staurolite forms 22 

directly adjacent to the garnet, and its nucleation is strongly associated with 23 

deformation of the muscovite-rich fabrics around the porphyroblasts. “Cloudy” 24 

fluid inclusion-rich garnet forms in both marginal and internal parts of the 25 
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garnet porphyroblast and is linked both to the production of staurolite and to the 26 

introduction of abundant quartz inclusions within the garnet. Such cloudy 27 

garnets typically have a Mg-rich, Mn-poor composition and are interpreted to 28 

have formed during a coupled dissolution-reprecipitation process, triggered by a 29 

local influx of fluid. All garnet in the muscovite-bearing schists present in this 30 

area is potentially reactive, irrespective of the garnet composition, but very few 31 

of the schists contain staurolite. The staurolite-producing reaction appears to be 32 

substantially overstepped during the relatively high pressure Barrovian regional 33 

metamorphism reflecting the limited permeability of the schists in peak 34 

metamorphic conditions. Fluid influx and hence reaction progress appear to be 35 

strongly controlled by subtle differences in deformation history. The remaining 36 

garnet fails to achieve chemical equilibrium during the reaction creating 37 

distinctive patchy compositional zoning. Such zoning in metamorphic garnets 38 

created during coupled dissolution-reprecipitation reactions may be difficult to 39 

recognize in higher grade pelites due to subsequent diffusive re-equilibration. 40 

Fundamental assumptions about metamorphic processes are questioned by the 41 

lack of chemical equilibrium during this reaction and the restricted permeability 42 

of the regional metamorphic pelitic schists. In addition the partial loss of 43 

prograde chemical and textural information from the garnet porphyroblasts 44 

cautions against their routine use as a reliable monitor of metamorphic history. 45 

However the partial re-equilibration of the porphyroblasts during coupled 46 

dissolution-reprecipitation opens possibilities of mapping reaction progress in 47 

garnet as a means of assessing fluid access during peak metamorphic conditions. 48 

 49 
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 52 

1 | INTRODUCTION 53 

Metamorphic phases equilibrate during prograde metamorphism via mineral 54 

reactions, however the direct evidence of the nature of the transformations is 55 

rarely preserved. This is largely due to reactions going to completion and the 56 

subsequent effective recrystallization of the remaining phases. As a consequence, 57 

reaction textures are typically lost. Theoretical constraints such as petrogenetic 58 

reaction grids (Albee, 1965; Harte & Hudson, 1979; Spear & Cheney, 1989) are 59 

frequently used to give an indication of the nature of individual isograd 60 

reactions, yet textural and chemical information to support these inferences and 61 

assess the processes by which metamorphic rocks equilibrate are often lacking 62 

or incomplete. Hence there is uncertainty in the mechanism of metamorphic 63 

reactions (Dohmen & Chakraborty, 2003; Putnis & John, 2010) and the equilibria 64 

responsible for development of many index minerals.  65 

Garnet and staurolite typically appear within amphibolite-facies pelites as part of 66 

the prograde Barrovian metamorphic sequence (Barrow, 1893). The relationship 67 

between the two phases has been inferred through bulk rock chemical analysis 68 

(Pyle & Spear, 2003), garnet zoning profiles (Whitney & Ghent, 1993), phase 69 

diagram models (Connolly & Petrini, 2002) and thin section textures (Martin et 70 

al., 2011). On the basis of these interpretations, in the absence of chloritoid in the 71 

precursor assemblage, it is widely assumed that garnet is partially consumed in 72 

the production of staurolite in typical Barrovian metamorphic sequences at 73 

Page 3 of 61



 4 

~550 oC and moderate pressure of 0.5-0.7 GPa, by the following net transfer 74 

dehydration reaction:  75 

Garnet + Chlorite + Muscovite = Staurolite + Biotite + Quartz + Water (Florence & 76 

Spear, 1993).  77 

Although a key reaction for defining amphibolite-facies conditions in pelites, 78 

there is typically a lack of direct evidence to constrain this theoretical isograd 79 

reaction. Indeed others have questioned the involvement of garnet in this 80 

reaction, noting the apparent lack of sufficient textural evidence for dissolution 81 

in the shape of the garnet porphyroblasts or chemical evidence from the internal 82 

zoning characteristics of garnet (Pattison & Tinkham, 2009). The reaction was 83 

specifically selected for investigation because of the nearly ubiquitous 84 

assumption in classic texts on metamorphic petrology that this discontinuous 85 

reaction is responsible for staurolite growth (Frost & Frost, 2014; Philpotts & 86 

Ague, 2009) and indeed its suitability as a mappable isograd reaction (Bucher & 87 

Frey, 1994; Philpotts & Ague, 2009). 88 

This study will test whether garnet chemically or texturally participates in a 89 

staurolite isograd reaction during amphibolite-facies regional metamorphism. 90 

Garnet is perhaps the most studied metamorphic mineral, apparently capable of 91 

preserving a range of important textural, chemical and temporal information on 92 

metamorphic histories and conditions (Baxter, Ague, & Depaulo, 2002; Bell & 93 

Johnson, 1989; Caddick, Konopásek, & Thompson, 2010; Dempster, Symon, & 94 

Chung, 2017; Holdaway 2001; Moynihan & Pattison, 2013; Robyr, Darbellay, & 95 

Baumgartner, 2014; Spear, Kohn, Florence, & Menard, 1990; Spear, 2014; 96 

Thompson, Tracy, Lyttle, & Thompson, 1977; Tracy, Robinson, & Thompson, 97 

1976; Yang & Rivers 2001). It is characterized by relatively sluggish volume and 98 
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grain boundary diffusion in lower amphibolite-facies conditions (Carlson, 2006; 99 

Dempster et al., 2017; Kohn, 2014). As a consequence the involvement of garnet 100 

in reactions involving diffusive exchange may be kinetically difficult in 101 

comparison to other minerals in these conditions. However in amphibolite-facies 102 

conditions coupled dissolution–reprecipitation has been reported as a 103 

mechanism for effectively changing garnet composition (Hames & Menard, 1992; 104 

Martin et al., 2011; Whitney, Mechum, Dilek, & Kuehner, 1996). 105 

We apply a range of analytical techniques to assess the involvement of garnet as 106 

a reactant in a staurolite-producing reaction in the regional metamorphic Late 107 

Proterozoic Dalradian metasedimentary rocks from the Scottish Highlands. 108 

Garnet porphyroblasts are analysed to directly observe grain boundaries for 109 

surface textures and the internal zoning of the garnet porphyroblasts 110 

characterised using conventional traverses and X-ray mapping techniques. We 111 

document the shape of garnet porphyroblasts using X-ray computed 112 

microtomography and assess the mineralogical changes associated with the 113 

introduction of staurolite using thin section petrography.  114 

 115 

2 | GEOLOGICAL SETTING AND PREVIOUS WORK 116 

Five samples of the Leven schists from the Lochaber subgroup of the Appin 117 

group (Harris, Haselock, Kennedy, & Mendum, 1994) in Glen Roy, Scotland (UK 118 

Ordnance Survey Grid Ref NN 29861 85688) were collected from the same 119 

locality within a total of ~2 m spacing of one another on the western bank of the 120 

River Roy. In most instances these samples are from continuous exposure and 121 

there is no evidence for any post metamorphic displacement between the 122 

sampled rocks. All samples appear very similar and are garnet-bearing 123 
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muscovite-rich schists. The abundance of staurolite is variable between the 124 

samples ranging from 0-3.7%. There are variable degrees of retrograde 125 

alteration that have generated up to 4% secondary chlorite after biotite. There 126 

are no quartz veins in the immediate vicinity of the sample sites. Typically the 127 

rocks from this area are recorded to be part of an extensive Barrovian garnet 128 

zone, as staurolite is rarely developed on a regional scale (Phillips et al., 1994). 129 

Fibrous sillimanite is locally present with staurolite within the Leven schists in 130 

upper Glen Roy, 10 km to the north-east of the sample site (John Faithfull, pers. 131 

comm.).  132 

Regional metamorphism of the Glen Roy rocks was probably due to the 133 

Grampian Event, ~480 Ma, in the early phase of the Caledonian Orogeny 134 

(Dempster et al., 2002; Oliver, Chen, Buchwaldt, & Hegner, 2000), although the 135 

extent of earlier Precambrian metamorphism in the Dalradian block is uncertain 136 

(Dempster & Jess, 2015).  Previous studies have documented the structural 137 

evolution of the area and the timing of porphyroblast growth relative to these 138 

deformation phases (Phillips & Key, 1992; Phillips et al., 1994). Peak 139 

metamorphic conditions are estimated at ~500-600 °C, 0.7-0.8 GPa (Phillips et 140 

al., 1994; Richardson & Powell, 1976) and the lack of staurolite in these rocks is 141 

attributed to the scarcity of primary chlorite (Phillips et al., 1994). The absence 142 

of chloritoid from the vast majority of Dalradian pelites in lower grade 143 

assemblages, and specifically within the Leven schists from the Glen Roy area has 144 

been noted, either as a matrix phase or as inclusions within other porphyroblasts 145 

(Phillips & Key, 1992). Whole rock analyses (e.g. Farber, Caddick, & Timm, 2014) 146 

indicate that the rocks plot below the garnet-chlorite tie line in AFM projections, 147 

this together with the relatively high modal proportion of biotite to garnet 148 
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indicate that chloritoid is probably not involved in the formation of staurolite. In 149 

addition, given the estimated relatively high pressures of Barrovian 150 

metamorphism in this location (Phillips et al., 1994), it is probable that chloritoid 151 

breakdown would occur at lower temperatures than the garnet-chlorite 152 

breakdown reaction (Droop & Harte, 1995). On this basis we would predict that 153 

staurolite-bearing assemblages should contain most textural and chemical 154 

evidence of garnet dissolution, and based on AFM phase relationships contain 155 

more Mg-rich biotite and garnet compositions than the staurolite-free 156 

assemblages (Thompson, 1957). 157 

 158 

3 | PETROGRAPHY 159 

Relatively large (1-4 mm) abundant garnet porphyroblasts occur in a schistose 160 

matrix that is dominated by strongly aligned fine grained (~50-100 µm) 161 

muscovite, together with quartz and plagioclase (Figure 1a). Progressive 162 

deformation has formed an early S1 foliation and a dominant S2 foliation 163 

(Phillips et al., 1994). In all of the samples from this location a third deformation 164 

phase takes the form of open minor folds of the penetrative S2 cleavage. 165 

Staurolite when present typically forms small (up to 1.5 mm) porphyroblasts in 166 

close proximity to garnet (Figure 1a). Primary chlorite is absent from any of the 167 

rocks examined in this study or by Phillips et al. (1994). Although some 168 

investigations have reported chlorite-bearing assemblages in the general vicinity 169 

(Farber et al., 2014), the textural descriptions and images presented of these 170 

rocks are suggestive of retrograde chlorite after biotite. Most samples show 171 

evidence of compositional layering with alternating muscovite- and quartzo-172 
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feldspathic layers of a few mm-thickness. Assemblages and modal proportions of 173 

minerals in each of the analysed samples are presented in table 1.  174 

Two types of biotite are present in most samples including: porphyroblasts, 175 

which are typically equant 0.5-1 mm and contain sub-rounded quartz inclusions; 176 

and, smaller (<0.5 mm) aligned biotite (Figure 1a). The former are more 177 

commonly present in the quartz-rich areas, such as those near pressure shadows 178 

adjacent to garnet. The aligned biotite is typically present within the micaceous 179 

fabric domains that wrap around the garnet porphyroblasts. Retrogression of 180 

biotite to chlorite is patchy within the samples, often apparently concentrated in 181 

layers parallel to the fabric and is commonly associated with some dusty 182 

sericitization of plagioclase. 183 

Garnet forms euhedral to subhedral porphyroblasts (Figure 1b,c). Abundant 184 

quartz inclusions within the garnet often display a shape fabric and together 185 

with Fe-oxides may define straight or gently curving inclusion trails (Figure 1d). 186 

The porphyroblasts typically show areas of coarser (~100 µm) and finer (<30 187 

µm) quartz inclusions (Figure 1c). Inclusion trails with more abundant Fe-oxides 188 

typically lack abundant quartz and commonly align with matrix layers containing 189 

abundant muscovite and Fe-oxides. The inclusion trails are discordant to the 190 

dominant foliation, and record the earlier S1, although the outer rims (20 µm) 191 

are relatively free from inclusions. Truncation of the internal porphyroblast 192 

fabric and S1 foliation curving around the garnets (Figure 1d) indicate syn-193 

tectonic growth during S2 formation (Phillips & Key, 1992). Microtextural 194 

evidence suggests that the garnet porphyroblasts nucleated within the quartz 195 

domains of the S2 cleavage and typically have pressure shadows containing 196 

coarser grained quartz. Garnet may be fractured predominantly perpendicular to 197 
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the main S2 fabric. The porphyroblasts often have partially retrogressed biotite 198 

adjacent to the surfaces that faced S2 compressional stress (Figure 1b). In some 199 

samples irregular patches of the porphyroblasts may have a cloudy appearance 200 

characterised by micro-inclusions (< 1 µm). These cloudy areas are dark in thin 201 

section and typically associated with coarser grained and more irregular-shaped 202 

quartz inclusions than the non-cloudy equivalents (Figure 1c).  In a few garnets 203 

with cloudy areas, coarse (500 µm) biotite may also be partially enclosed within 204 

the garnet. Although many garnet porphyroblasts have euhedral margins some 205 

appear to be irregular in thin section view, especially in cases where the garnet is 206 

associated with coarse grained quartz (Figure 1c). This could be interpreted to 207 

indicate variable degrees of dissolution, although it is not consistent on all 208 

surfaces of individual crystals.  Garnet may rarely show local partial alteration to 209 

chlorite either around its margins or associated with fractures, such 210 

retrogression is typically linked to patches showing more intense alteration of 211 

biotite in the matrix. 212 

Staurolite appears to have formed in the mica domains of the dominant foliation 213 

in close proximity to garnet (Figure 1a). The anhedral to subhedral staurolite 214 

porphyroblasts (0.25-1.5 mm) may contain elongate quartz inclusions aligned 215 

with the S2 fabric indicative of post tectonic growth. Staurolite locally shows 216 

evidence of marginal alteration with very fine grained rims of muscovite. 217 

Staurolite is often separated from adjacent garnet by thin (~20-30 µm), often 218 

partially retrogressed, biotite. There are no major differences in the mineral 219 

assemblages of the staurolite-bearing and staurolite-free schists, other than the 220 

presence or absence of staurolite. Thus modal proportions and sizes of garnet 221 

porphyroblasts are similar in all the samples (Table 1) and the only significant 222 
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variation in modal mineralogy of the analysed rocks appears linked to the 223 

relatively abundant plagioclase in sample GR03 (21.1 modal %) which is 224 

matched by lower than normal muscovite contents (Table 1). Opaque minerals 225 

have a modal abundance of up to 1.6%, occur predominantly within the mica-226 

rich areas of the matrix and are present as inclusions within all porphyroblasts.  227 

 228 

4 | METHODS 229 

Samples used for the analysis of in-situ grain boundaries were cut parallel to 230 

foliation into 1-3 mm slices, then fractured perpendicular to foliation to expose 231 

grain boundaries from the internal section of the rock. Following methods 232 

described in Dempster et al. (2017), fractured slices were mounted together in 233 

pairs using superglue, to ensure that previously adjoining pairs were side by 234 

side, effectively as mirror images. The samples were cleaned using an ultrasonic 235 

bath, then carbon coated for imaging and analysis on the FEI Quanta 200F 236 

Environmental Scanning Electron Microscope (SEM) with a 20 kV voltage. The 237 

samples were examined using backscattered electron (BSE) and secondary 238 

electron (SE) images; to ensure the integrity of the grain boundary surfaces and 239 

characterise the mineral surfaces.  240 

Large (7x5 cm) polished thin sections for optical microscopy were prepared 241 

from homogeneous sections of the rocks. X-ray maps and compositional 242 

traverses were acquired using a Carl-Zeiss Sigma VP electron microscope  243 

operated at 20 kV, with Oxford Instruments X-Max 80 energy dispersive 244 

spectrometry and data processed using Aztec Software 3.0. Images of thin 245 

sections were used for different spatial analysis techniques. The distance from 246 

each staurolite to the nearest garnet porphyroblast was recorded and then 247 
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compared to a model based on a random staurolite distribution. The model was 248 

created by generating random numbers for an X, Y coordinate system which was 249 

then superimposed on images showing the real distribution of garnet 250 

porphyroblasts. The angular position of staurolite in close proximity to garnet 251 

porphyroblasts was also assessed relative to the orientation of the micaceous 252 

fabric using the same thin sections.  253 

The 3D morphology of garnet was assessed using X-ray computed 254 

microtomography imagery (XCT), a technique where the atomic density of 255 

material is converted to gray scale values. 3D scans were collected on a Nikon 256 

XTH 320/225 system, equipped with a 225 kV reflection gun, a micro-focus 257 

tungsten target, a 3 µm laser spot size, and a 2000*2000 cells flat panel 258 

photodetector (cell size 200 x 200 µm). Part of a schist sample was scanned 259 

maintaining a source-to-sample distance to ensure the minimum voxel size (3 260 

µm). X-rays were produced from the interaction of an electron beam fired under 261 

a current of 28 µA with an accelerating voltage of 100 keV (resulting power 2.8 262 

W), and a W metallic target. The resulting scan consisted of 3141 projections 263 

captured during the complete rotation of the sample with an exposure time of 4 264 

s. To avoid photodetector saturation and ensure the best image quality, a 0.1 265 

mm-thick Cu filter was used. Projections were overlapped in 3 different heights 266 

of the sample with CT Pro 3D software ( 2004-2016 Nikon Metrology) to 267 

reconstruct the centre of rotation of the 3D volumes. Once reconstructed, a 268 

software built-in algorithmic correction has been applied to correct for artifacts 269 

related to beam-hardening (Brooks & Dichiro, 1976). 270 

The 3D volume was processed using Avizo software (v.9.0.1, FEI) to 271 

reconstruct the surfaces of a garnet porphyroblast (Figure 4). A garnet 272 
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porphyroblast was selected at random from the scanned volume and the rest of 273 

the schist was cropped out. Noise was reduced using an edge-preserving 274 

smoothing filter (“bilateral filter”) that averages the intensity value of a voxel 275 

with regard to the intensity value of its neighbours, considering a number of 276 

neighbours defined by a 3x3x3 kernel size (3D interpretation). Based on atomic 277 

density, the garnet was isolated from other phases using a gray scale threshold 278 

function, and the cubic voxels at the surface of the garnet were transformed into 279 

a triangular meshed smooth surface wherein the details finer than 5 voxels (15 280 

µm) were lost. 281 

 282 

5 | RESULTS 283 

5.1 | Distribution and abundance of staurolite 284 

Spatial analysis of the staurolite-bearing schists shows that the distribution of 285 

staurolite is strongly linked to proximity to garnet porphyroblasts (Figures 1a 286 

and 2a) and typically occurs at distance of < 100 µm from a garnet porphyroblast 287 

edge. The position of the staurolite at the porphyroblast edge is also strongly 288 

dependent on orientation relative to the S2 micaceous lithons (Figure 2b). This 289 

relationship is most clearly shown in sample GR03, which contains the lowest 290 

modal volume of staurolite and very small staurolite. In this sample staurolite 291 

typically forms at an angle of ~ 60o to the micaceous fabric and with a consistent 292 

asymmetry relative to the fabric orientation (Figure 2b). This relationship is less 293 

obvious in the schists containing larger and more abundant staurolite (Sample 294 

GR01, Figure 2b). However even in these rocks, staurolite is exceptionally rare 295 

within quartz-rich pressure shadow areas adjacent to garnet porphyroblasts and 296 

is nearly always associated with muscovite-rich layers that partially wrap the 297 
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porphyroblasts. Staurolite is also absent from the muscovite-poor, plagioclase-298 

rich layers within samples GR03. The spatial relationship between staurolite and 299 

garnet (Figure 2a) is sufficiently strong that it seems likely that in instances 300 

where staurolite occurs away from an immediately adjacent garnet it is probably 301 

an artifact of the 2D thin section. Larger and more numerous staurolite 302 

porphyroblasts occur in the matrix surrounded by clusters of garnet 303 

porphyroblasts (Figure 1a). Sample GR01 contains both the highest number of 304 

staurolite grains and a slightly higher proportion of staurolite at distance from 305 

garnet (Figure 2a), which appear to be preferentially concentrated close to 306 

biotite porphyroblasts. In the other staurolite-bearing samples there does not 307 

appear to be any correlation with staurolite abundance and position with respect 308 

to proximity to porphyroblastic biotite. Schists lacking staurolite are 309 

characterized by a virtual absence of cloudy garnet, whereas those containing 310 

staurolite have high proportions of cloudy garnet (Figure 3).  The overall 311 

abundance of garnet does not correlate with staurolite abundance (Table 1). 312 

5.2 | Shape of garnet and surface characteristics 313 

In the staurolite-free schists, garnet is typically euhedral but in the staurolite-314 

bearing samples some garnet has apparently embayed irregular crystal edges 315 

(Figure 1c).  However the latter also contain many porphyroblasts that have 316 

euhedral geometry (Figure 1). The embayments in the subhedral garnet are 317 

typically filled with polycrystalline quartz and are often associated with 318 

positions adjacent to quartz-filled pressure shadows. XCT of individual 319 

porphyroblasts reveals the 3D geometry of the garnet and shows that in certain 320 

orientations, due to the abundance of quartz inclusions they may appear to be 321 

irregular shapes. However rotation of the scanned porphyroblast shows that 322 
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even the most inclusion-rich parts of the porphyroblasts, which are potential 323 

candidates for dissolution, have good crystal shape in 3D (Figure 4a, b and 324 

Appendix S1).  325 

The surfaces of the porphyroblasts in the staurolite-bearing schist were also 326 

investigated for evidence of small-scale dissolution using secondary electron 327 

images of the garnet surface. These typically reveal perfectly planar garnet 328 

surfaces with well-preserved step dislocations (Figure 4c). There is little 329 

evidence to suggest that irregular dissolution-related surfaces are present on the 330 

garnet. Locally the garnet surface is marked by regular well-shaped micron-scale 331 

pits, but these occur on otherwise flat surfaces of the porphyroblasts (Figure 4c) 332 

and there is no major disruption to the surface associated with these pits. 333 

The garnet porphyroblasts in the staurolite-bearing schists lack evidence of 334 

dissolution either on a grain boundary scale or in terms of the overall shape of 335 

the porphyroblasts.  336 

5.3 | Nature and distribution of “cloudy” garnet 337 

Individual porphyroblasts in the staurolite-bearing schists may contain irregular 338 

zones of highly porous garnet (Figure 5a, b). Although they are exceptionally 339 

small, the presence of pits on electron images (Figures 4c and 5b) suggests that 340 

they are very likely to represent fluid-filled cavities (Figure 5c). Such zones of 341 

cloudy garnet but are either very rare or absent in schists that lack staurolite 342 

(e.g. GR02 and GR05). These inclusions may form in multiple aligned arrays 343 

within the garnet, which are of consistent orientations within an individual 344 

porphyroblast, indicative of a crystallographic control on their formation (Figure 345 

5a). The fluid inclusion-rich cloudy garnet may comprise up to ~60% of the total 346 

garnet population (Table 1). However the density and distribution of such fluid 347 
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inclusions varies greatly between and within the samples. Adjacent 348 

porphyroblasts may be inclusion-free (clear) or inclusion-dominated (cloudy). 349 

Individual porphyroblasts typically have a patchy distribution of the fluid 350 

inclusion-rich zones. The textural relationship of the cloudy garnet to the host 351 

porphyroblast is most evident in those porphyroblasts that contain relatively 352 

small proportions of cloudy garnet. These patches appear to be related to either 353 

fractures cutting the porphyroblasts (Figure 5c, d) or discrete areas around the 354 

edges of the garnet. Such fractures may be open and quartz-filled (Figure 5c) or 355 

may be closed with no mineral fill. Both typically form at a high angle to the 356 

external fabric. In some instances cloudiness appears to be preferentially 357 

developed in zones where two garnet porphyroblasts are in contact or in close 358 

proximity. Garnets with the most intense cloudiness appear very dark in thin 359 

section view (Figure 5d) and reflect exceptionally high concentrations of fluid 360 

inclusions. In these garnets the cloudy patches take on a less systematic 361 

distribution. Those garnets with high densities of fluid inclusions may show 362 

more late alteration to chlorite. However in most examples there is no link 363 

between the presence of cloudy garnet and the extent of local retrogression. 364 

There is a strong correlation between the nature and size of the mineral 365 

inclusions in garnet and the development of cloudy garnet (Figure 6a). Cloudy 366 

garnet contains an average of 28 vol% mineral inclusions in contrast to the clear 367 

garnet, which typically contains 10 vol% inclusions. The average size of the 368 

inclusions is also different with the cloudy areas of garnet porphyroblasts 369 

characterized by abundant large and irregular-shaped quartz inclusions, or more 370 

rarely plagioclase (Figure 6b-d). Non-cloudy garnet tends to show relatively 371 

well-developed mineral inclusion trails that define syn-tectonic geometries with 372 
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the external fabric elements (Figure 1d). This geometry is poorly defined or 373 

absent in the parts of the porphyroblasts with areas of cloudy garnet (Figures 1c 374 

and 6d). The mineral inclusions within areas of cloudy garnet may have smooth 375 

scalloped-shaped contacts with the garnet host with thin bridges of garnet across 376 

quartz inclusions (Figure 6b). Although zones of larger quartz inclusions are also 377 

present in some of the porphyroblasts in staurolite-free schists (Figure 1d), these 378 

inclusions tend to be elongate and have relatively simple planar contacts with 379 

the host garnet. Typically the porphyroblasts dominated by cloudy garnet have 380 

thin (< 25 µm) clear rims lacking fluid inclusions immediately adjacent to quartz 381 

inclusions (Figure 6b). 382 

In two dimensions there does not appear to be any direct link between the 383 

location of zones of fluid-rich cloudy garnet within the porphyroblasts and the 384 

location of adjacent staurolite, although generally where larger or more 385 

abundant staurolite is present the adjacent garnet does contain relatively high 386 

proportions of cloudiness. The 3D geometry of the zones of fluid inclusion-rich 387 

garnet could not be assessed using the X-ray tomography due to insufficient 388 

density contrast with the clear garnet.  389 

5.4 | Garnet zoning characteristics 390 

Major element zoning profiles and compositional maps of garnets from both 391 

staurolite-bearing and staurolite-free schists were obtained. In addition X-ray 392 

maps from porphyroblasts with patchy development of cloudy garnet were also 393 

gathered. Typically characteristic bell-shaped Mn-profiles (Hollister, 1966) are 394 

present in garnet porphyroblasts from staurolite-absent assemblages with 395 

Mg/Fe ratios increasing from  ~0.04 in the core to ~0.12 in the rim (Figure 7). 396 
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These porphyroblast cores typically contain >10% spessartine content (Figure 397 

7b).  398 

The zoning patterns are less clearly defined for garnet in staurolite-bearing 399 

schists (Figure 8). The same general pattern of zoning appears to be present in 400 

the porphyroblasts containing patches of cloudy garnet with elevated 401 

spessartine contents in the central areas (Figure 8c, f). However elevated Mg 402 

contents, with high Mg/Fe of ~0.1, characterise the cloudy garnet areas towards 403 

the core of the porphyroblasts (Figure 8d, f). These are typically coupled to 404 

higher Fe contents, and Ca- and Mn-contents that are ~40-50% lower than the 405 

equivalent central areas of clear garnet porphyroblasts (Figure 8e, f). Most of 406 

these compositional characteristics occur in areas that match the textural 407 

changes associated with cloudy garnet, irrespective of the geometry of the cloudy 408 

area and its location within the porphyroblast. The composition of the garnet 409 

does not show sharp transitions between cloudy and clear garnet but smooth 410 

gradual compositional changes occur over a distance of 50-150 µm associated 411 

with these boundaries (Figure 9). The transitions in Mg and Mn are smoother for 412 

than for Fe and Ca (Figure 9), with the latter typically showing the least regular 413 

variation (cf. Carlson, 2002). Away from such edge effects, the composition of 414 

cloudy garnet is not consistent within a single porphyroblast, although generally 415 

systematic differences between the immediately adjacent clear garnet and the 416 

cloudy garnet are observed (Figure 8f). The cloudy garnet in the core of the 417 

porphyroblasts appears to be consistently Mn-poor relative to the adjacent clear 418 

garnet, whereas cloudy garnet close to the porphyroblast rim is typically slightly 419 

more Mn-rich in comparison to the adjacent clear garnet (Figure 8f). Other 420 

divalent cations show less pronounced but systematic differences in composition 421 
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that are linked to position of the cloudy garnet within the host porphyroblast 422 

(Figure 8). Overall cloudy garnet compositions tend to mimic the zoning in the 423 

host porphyroblast but with a lower amplitude of variation. The increased 424 

Mg/Fe composition of porphyroblasts in areas of cloudy garnet is generally 425 

compatible with higher temperature conditions (Ferry & Spear, 1978; 426 

Thompson, 1976) as might be expected from a prograde staurolite-producing 427 

reaction. The M/FM composition of garnet rims in the staurolite-bearing and 428 

staurolite-free schists is indistinguishable (0.100±0.004 (n=18) and 0.097±0.005 429 

(n=13) respectively). Garnet porphyroblasts may show local increases in Mn-430 

content associated with their outer rims (30 µm) (Figure 8f). Mn-contents of 431 

staurolite are below detection limits of energy dispersive spectrometry in these 432 

rocks and Zn-contents are similarly low. 433 

 434 

6 | INTERPRETATION 435 

6.1 | Theoretical staurolite-producing reactions 436 

Virtually all staurolite-producing reactions in pelites that have previously been 437 

suggested are believed to consume chlorite (e.g. Florence & Spear, 1993; Novak 438 

& Holdaway, 1981; Pattison & Tinkham, 2009; Phillips & Key, 1992; Spear, 1988; 439 

Spear, 1991) and or chloritoid (e.g. Albee, 1972; Baltatzis, 1979; Karabinos, 440 

1985; Whitney & Ghent, 1993). Whilst it is conceivable that primary chlorite was 441 

previously locally abundant in the staurolite-bearing assemblages of this study, 442 

the staurolite-bearing schists provide no textural and geochemical evidence to 443 

support this suggestion. The abundance of garnet-biotite assemblages in the 444 

Leven Schists and the associated absence of primary chlorite may be a reflection 445 

of a general higher pressure Barrovian sequence (Dempster & Harte, 1986). This 446 
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is a consequence of the relative slopes of the chlorite-consuming, garnet-447 

producing reaction and the garnet-chlorite breakdown reaction in P-T space 448 

(Harte & Hudson, 1979). No chloritoid has been reported in the Leven schist at 449 

lower grades elsewhere in the Scottish Highlands. Hence there is no evidence for 450 

the involvement of either chlorite or chloritoid in this reaction. This, coupled to 451 

the lack of marginal dissolution of garnet, suggests that most of the predicted 452 

isograd reactions based on AFM graphical relationships (Thompson, 1957) are 453 

inappropriate to explain the production of staurolite in these pelites. Such 454 

graphical techniques suggest that garnet and chlorite react in a discontinuous 455 

reaction (in KFMASH systems) to produce staurolite in regionally 456 

metamorphosed pelites. This involves the following reaction: 457 

6Grt + 13Ms + 4.6Chl = 2St + 13Bt +23Qz + 14.8H2O (Farber et al., 2014). 458 

Based on this balanced reaction, the molar volumes of garnet and staurolite 459 

(Geiger & Feenstra, 1997; Holdaway, Guidotti, Novak, & Henry, 1995) and the 460 

modal mineralogy of the schists (Table 1), the formation of ~3.7 vol% staurolite 461 

in sample GR01 would be associated with consumption of more than 2.8 vol% of 462 

the garnet previously present in the schist. This equates to approximately 35% of 463 

existing garnet being consumed in the schists. The textural evidence of this 464 

amount of garnet dissolution should in theory be obvious and might be 465 

associated with significantly higher Mn contents at the edges of affected 466 

porphyroblasts (Kohn & Spear, 2000; Tuccillo, Essene, & van der Pluijm, 1990). 467 

Despite the apparently irregular margins characteristic of some of the 468 

poikiloblasts, dissolution is difficult to prove in 2D thin section as the 469 

porphyroblast geometry is uncertain (Figure 1). However 3D evidence from XCT 470 

scanning suggests that no major marginal dissolution of garnet occurs (Figure 4 471 
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and Appendix S1). Given equilibrium AFM phase relationships, garnet in an 472 

assemblage with staurolite and biotite should be Mg-rich in comparison to those 473 

from garnet-biotite assemblages at the same metamorphic grade (Whitney & 474 

Ghent, 1993). Garnet rim compositions of staurolite-bearing and staurolite-475 

absent assemblages are indistinguishable and so such relationships also fail to 476 

support a chlorite-breakdown reaction to account for the appearance of 477 

staurolite. 478 

Pattison & Tinkham (2009) attributed the lack of garnet involvement at the 479 

staurolite isograd as being due to sluggish garnet dissolution and/or a cascade 480 

effect linked to the release of fluids in other reactions causing multiple reactions 481 

to occur at similar conditions. They argued that reactions failed to maintain 482 

equilibrium in a contact metamorphic setting and that fractional crystallization 483 

and effective isolation of garnet occurred within the whole rock. These authors 484 

suggested Ms + Chl = St + Bt as a probable isograd reaction and speculated that 485 

with the longer timescales associated with regional metamorphism there would 486 

be greater opportunity for the garnet to behave as an open system. 487 

6.2 | Garnet involvement in the staurolite-producing reaction 488 

The location of new staurolite growth is strongly linked to the presence of both 489 

muscovite and garnet porphyroblasts (Figure 2a). As such the garnet 490 

porphyroblasts must have a chemical and/or mechanical role in the staurolite-491 

producing reaction. Staurolite is particularly abundant around garnet especially 492 

where the garnets themselves are clustered (Figure 1a). The systematic 493 

relationship between the staurolite and the orientation of the fabric (Figure 2b) 494 

suggests that structural controls are also important in controlling the location of 495 

staurolite growth. This may be a reflection of strain partitioning into the 496 
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micaceous domains adjacent to the garnet (Bell & Hayward, 1991; Groome, 497 

Johnson, & Koons, 2006). The staurolite appears to nucleate at a consistently 498 

oblique angle to the S2 cleavage. This implies that an element of shear was 499 

involved in the nucleation process, with deformation at the margins of the garnet 500 

being most intense at 60o to the cleavage orientation. This relationship is 501 

progressively obscured associated with continued growth of staurolite (sample 502 

GR01), but in part this may be related to the uncertainty in estimating the initial 503 

nucleation sites of larger staurolite grains. 504 

The potential involvement of biotite in the reaction is indicated by the post-S2 505 

growth of porphyroblasts. However biotite abundance is not strongly linked to 506 

the amount of staurolite that is present and indeed such porphyroblastic biotite 507 

also occurs in samples lacking staurolite.  508 

6.3 | Formation of cloudy garnet via coupled dissolution-reprecipitation 509 

The formation of cloudy garnet with pervasive apparently crystallographically-510 

controlled (cf. Martin et al., 2011) fluid inclusions (Figure 5a) implies that the 511 

garnet is modified by a coupled dissolution-reprecipitation mechanism (Putnis & 512 

Austrheim, 2010; Putnis & Putnis, 2007; Ruiz-Agudo, Putnis, & Putnis, 2014). 513 

Similar fluid inclusion-rich garnet has also been reported in other studies, 514 

typically forming associated with either marginal alteration, or proximity to 515 

inclusions or fractures (Erambert & Austrheim, 1993; Hames & Menard, 1993; 516 

Martin et al., 2011; Pollok, Lloyd, Austrheim, & Putnis, 2008; Whitney et al., 517 

1996; Yardley, 1977). Although most of these studies have not linked its 518 

formation to particular mineral reactions, cloudy garnet appears to be relatively 519 

commonly reported in staurolite-bearing assemblages in pelites (Hames & 520 

Menard, 1993; Martin et al., 2011; Whitney et al., 1996).  521 
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The correlation of staurolite abundance with the appearance of cloudy garnet 522 

(Figure 3) and the change in chemistry of the garnet in these zones (Figure 8f) 523 

provides evidence that garnet is chemically involved in the production of 524 

staurolite. Garnet reaction sites are typically associated with fractures and the 525 

edges of porphyroblasts. Larger garnets are less prone to modification 526 

presumably as they have proportionally less edge. The localized patchy nature of 527 

the reaction and the nature of the coupled dissolution-reprecipitation process 528 

itself, imply that fluids play a significant role in controlling the reaction. It 529 

appears that once started the reaction progresses in that same location and as 530 

such appears to be self-perpetuating (Cartwright, 1997), until perhaps all the 531 

locally available fluid is exhausted and or fluid pathways are sealed. A trigger for 532 

the dissolution-reprecipitation process appears to be required providing fluid 533 

access either at the porphyroblast edge or associated with fracture systems 534 

within garnet (Whitney, 1996). These textural sites for the reaction, together 535 

with the nucleation of staurolite in sites (Figure 2b) where strain would be 536 

focused around the edge of the garnet porphyroblast (Bell & Hayward, 1991), 537 

both indicate that deformation is a crucial component in allowing the reaction to 538 

occur (Dempster & Tanner, 1997). Thus deformation, and perhaps the fracturing 539 

of garnet (Whitney, 1996), allows the fluid access to then enable the coupled 540 

dissolution-reprecipitation process. Once initiated the replacement process may 541 

itself create stresses that allow further influx of fluids to the reaction sites 542 

(Centrella, Austrheim, & Putnis, 2015). 543 

The geometry of the chemically-modified zones is very irregular and appears to 544 

be linked to garnet volume loss through the introduction of more abundant and 545 

coarser grained quartz inclusions (Figure 6b). Thus the coupled dissolution-546 
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reprecipitation processes not only involve a change in garnet composition but 547 

also a partial replacement by quartz. Original variation in the size, shape and 548 

abundance of quartz inclusions could set up stresses within the porphyroblast by 549 

differential expansion (Whitney, 1996; Whitney, Cooke, & Du Frane, 2000) and 550 

allow subsequent fracturing and fluid access to the garnet. However the 551 

characteristics of these zones, such as: degradation of the internal fabric 552 

relationships; the different geometry of the inclusion/host interfaces; and, the 553 

link to the high Mg/Fe geochemistry of the garnet (Thompson, 1976) all point 554 

towards a high temperature late prograde origin for the cloudy garnet.  555 

6.4 | Staurolite-forming reaction in the Leven schist 556 

The formation of staurolite appears to involve garnet and muscovite as reactants 557 

and the introduction of fluids. The reaction:  558 

2.58 Alm + 1.9 Ms + 1 H2O = 1 St + 1.9 Bt + 5 Qz (Thompson, 1976; Tracy et al., 559 

1976); 560 

may be relatively insensitive to temperature change and will typically be 561 

associated with falling pressure (Holdaway et al., 1982; Novak & Holdaway, 562 

1981; Thompson, 1976). As such it may be commonly associated with P-T 563 

changes that occur near peak regional metamorphic amphibolite-facies 564 

conditions (England & Thompson, 1984). A small amount of water is required as 565 

a reactant to balance the hydrous structural component in staurolite and allow 566 

staurolite to form without invoking the involvement of chlorite or chloritoid. 567 

This reaction has the potential to form staurolite in pelites within the garnet-568 

biotite assemblages lacking chlorite that are commonly generated in garnet zone 569 

conditions. Given the molar volumes of garnet and staurolite (Geiger & Feenstra, 570 

1997; Holdaway, Mukhopadhyay, & Dutrow, 1995) this reaction for the Fe-end 571 
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member would account for roughly 1.5 vol% staurolite for every 1 vol% of 572 

garnet consumed. The increase in volume of quartz inclusions associated with 573 

garnet replacement provides a rough estimate of the volume loss of garnet in the 574 

production of staurolite. Based on observed volumes of quartz inclusions within 575 

cloudy garnet (Figure 6a) this would equate to the formation of roughly 5.5 vol% 576 

cloudy garnet (Figure 3). Calculation of these volumes is complicated by the 577 

difficulty in constraining a consistent “equilibrium” garnet composition for the 578 

reaction. However it is also evident from the distribution of the cloudy garnet 579 

that this alteration process is independent of the original composition of the 580 

garnet.  581 

As part of the reprecipitation process garnet consistently becomes more Mg-rich, 582 

which would be associated with increasing temperatures (Thompson, 1976), and 583 

is typically depleted in both Mn and Ca. However the chemistry of the new garnet 584 

that forms from the reaction is difficult to constrain due both to its variability 585 

depending on position within the host porphyroblast and subsequent diffusive 586 

modification across the boundary (Florence & Spear, 1991; Mueller, Watson, & 587 

Harrison, 2010). The lack of a tight correlation between the production of 588 

staurolite and either the abundance of cloudy garnet (Figure 3) and or the 589 

proportion of new biotite growth may suggest that on the metre-scale of 590 

sampling in this investigation there is an element of open system behaviour for 591 

some of the more mobile components (Carmichael, 1969).  592 

 593 

7 | DISCUSSION - BEHAVIOUR OF GARNET DURING METAMORPHISM 594 

7.1 | Garnet as a monitor of permeability during metamorphism 595 
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Garnet reacts via coupled dissolution-reprecipitation irrespective of whether it is 596 

a core or rim composition and as such all existing garnet is unstable with 597 

muscovite and fluid in these peak metamorphic staurolite zone conditions. The 598 

persistence of garnet must reflect a lack of fluid, which would act both as a 599 

missing reactant and a kinetic impediment to the reaction. This indicates that 600 

there is inherently very limited permeability in such mid-crustal conditions 601 

(Rubie, 1986; Yardley, 2009) and common assumptions of the presence of fluid 602 

during prograde metamorphism (e.g. Etheridge, Wall, & Vernon, 1983; Ferry, 603 

1994; Masters & Ague, 2005) do no hold in these rocks. 604 

We conclude that all garnet-muscovite schists in the vicinity would develop 605 

staurolite provided that fluid was available during the peak metamorphic 606 

conditions. In the schists from Glen Roy, deformation appears to provide the 607 

trigger to allow fluid access and start the coupled dissolution-reprecipitation 608 

process. Some of the textural evidence suggests that fluid ingress is linked to 609 

fracturing of garnet, such that tensile fractures may play a role in drawing in 610 

fluids and allowing reactions (Jamtveit, Putnis, & Malthe-Sørenssen, 2009). All of 611 

the immediately adjacent samples share a deformation history, but crucially not 612 

all share the reaction history. As such the assemblage changes appear to reflect 613 

subtle local controls on permeability. Future work might focus on mapping 614 

reaction progress (e.g. Skelton, Graham, & Bickle, 1995), via coupled dissolution-615 

reprecipitation generated zoning in garnet, to provide an understanding of m-616 

scale controls on permeability during prograde metamorphism. 617 

The fluids involved in this reaction could be sourced from prograde reactions 618 

occurring at depth. Such fluids would be predicted to migrate along veins (e.g. 619 

Whitney et al., 1996) and could potentially trigger coupled dissolution-620 
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reprecipitation reactions in the rocks through which the fluids pass. However in 621 

this instance vein structures are lacking from the immediate vicinity and discrete 622 

channels are not obvious. There is a possibility that the lithological uniformity of 623 

the Leven schist succession plays a part in the preservation of these 624 

disequilibrium reaction textures. A more complex heterogeneous sequence of 625 

lithologies will inevitably contain a range of mineral assemblages, which would 626 

experience a series of dehydration reactions during prograde metamorphism. 627 

Such sequences may act as more continuous sources of fluids that may infiltrate 628 

into adjacent lithologies, trigger reactions and allow equilibration.  In addition 629 

local rheological contrasts in more variable lithological successions may create 630 

differing structural responses and facilitate fluid ingress. 631 

7.2 | Disturbance to garnet porphyroblast zoning and textures 632 

Garnet porphyroblasts are often thought to be relatively robust and faithfully 633 

preserve internal fabrics and chemical evidence of the evolution of P-T-t 634 

conditions (e.g. Bell & Hayward, 1991; Caddick et al., 2010; Moynihan & Pattison, 635 

2013). However processes associated with the introduction of staurolite 636 

significantly degrade all elements of this record. The compositions of the 637 

modified zones are variable and appear to be partially inherited from the host 638 

porphyroblast. As such the coupled dissolution-reprecipitation process creates 639 

significant chemical disequilibria within garnet porphyroblasts. If these 640 

compositions were then used in techniques that assume equilibrium growth (e.g. 641 

Moynihan & Pattison, 2013; Spear et al., 1990), misleading histories would 642 

result. It is notable that this disequilibrium is generated in the presence of a fluid 643 

phase (cf. Carlson, Pattison, & Caddick, 2015), a factor commonly assumed to 644 

enhance equilibrium. Thus it is not just diffusive re-equilibration that is capable 645 
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of disturbing compositional growth zoning profiles in garnets (e.g. Dempster, 646 

1986; Mueller et al., 2010), coupled dissolution-reprecipitation may play an 647 

important role (Erambert & Austrheim, 1993; Kohn, 2014; Martin et al., 2011).  648 

The crystallization of cloudy garnet is one of the primary fingerprints of the 649 

coupled dissolution-reprecipitation process. This is linked to the generation of 650 

irregular cross-cutting internal compositional zones (Figure 8), controlled by 651 

fluid access (Erambert & Austrheim, 1993), together with formation of large, 652 

abundant and irregular-shaped quartz inclusions (Figure 6). In theory, such 653 

processes could affect all garnet-muscovite bearing assemblages and are hence 654 

capable of influencing the internal compositional zoning in all existing garnet 655 

porphyroblasts in pelites. Some initial modification of garnet appears to be 656 

linked to the formation of fractures (i.e. GR05) (e.g. Whitney, 1996), but where 657 

there is more staurolite growth the reaction appears to focus on marginal 658 

locations within the garnet porphyroblasts (i.e. sample GR01). There is a danger 659 

of such patchy zoning being misinterpreted as ineffective grain boundary 660 

diffusion (Dempster et al., 2017) and overprint zoning (Hirsch, Prior, & Carlson, 661 

2003). There are many of examples of compositional zoning patterns apparently 662 

linked to quartz inclusion size and/or the presence of fluid inclusions (e.g. 663 

Carlson, Hixon, Garber, & Bodnar, 2015; Ríos, Castellanos, & Takasu, 2010). Such 664 

zoning could be interpreted as the operation of coupled dissolution-665 

reprecipitation reaction processes. 666 

Whether the reaction identified here is widely responsible for staurolite growth 667 

in pelites is uncertain, although it is notable that cloudy garnet appears to be 668 

commonly associated with staurolite-bearing pelites (e.g. Hames & Menard, 669 

1993; Whitney et al., 1996). In the absence of primary chlorite and chloritoid, 670 
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staurolite formation may be linked to the formation of patchy compositional 671 

zoning in garnet, hence such irregular garnet zoning might be a characteristic of 672 

Fe-rich chlorite-poor pelites in amphibolite-facies conditions.  673 

Localized coupled dissolution–reprecipitation of porphyroblasts also has major 674 

implications for the preservation of garnet porphyroblast inclusion textures. 675 

Although there may be issues with the interpretation of microstructural 676 

evidence from porphyroblasts (Vernon, White, & Clarke, 2008), the traditional 677 

view (e.g. Farber et al., 2014; Zwart, 1962) is that inclusions trapped as 678 

overgrowths during porphyroblast growth preserve a robust record of growth in 679 

their geometry and inclusion types. However subsequent formation of abundant 680 

quartz inclusions results in loss of the geometry of original inclusion trails 681 

established during initial garnet growth. No major degradation in porphyroblast 682 

shape occurs (Centrella et al., 2015), so overall garnet crystal form remains 683 

dominant and as such the later recrystallisation is not immediately obvious. 684 

Consequently significant textural modification of the interior of porphyroblasts 685 

is possible. This process also provides a potential mechanism by which 686 

inclusions formed at higher temperature (e.g. staurolite and biotite) may be 687 

incorporated into lower temperature host porphyroblasts (e.g. garnet) (e.g. 688 

Farber et al., 2014).  689 

Isotopic resetting may be an additional consequence of the coupled dissolution-690 

reprecipitation process (Erambert & Austrheim, 1993; Kohn, 2014). Hence 691 

internal rejuvenation of isotopic systems within garnet potentially may take 692 

place creating apparently little difference between the isotopic ages of the 693 

internal and external portions of porphyroblasts. Unless such processes can be 694 

ruled out apparently exceptionally quick regional metamorphic histories might 695 
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be inferred (cf. Baxter et al., 2002; Oliver et al., 2000) associated with 696 

“implausible” (Connolly, 2010) rates of heating. 697 

7.3 | Garnet growth zoning and Mn partitioning 698 

The Mn growth zoning in garnet is commonly attributed to Rayleigh 699 

fractionation processes (Hollister, 1966) involving progressive depletion of Mn 700 

from the matrix phases (but see Hirsch et al., 2003; Zeh, 2006). Thus processes 701 

involved in the consumption of garnet are typically associated with 702 

incorporation of Mn back into the remaining garnet. This is believed to generate 703 

the commonly reported Mn-rich rims linked to retrogression (Carlson, 2002; de 704 

Béthune, Laduron, & Bocquet, 1975; Kohn & Spear, 2000). The results of this 705 

investigation indicate that garnet consumption occurs in a high temperature 706 

prograde reaction. However within the core of the original porphyroblast, the 707 

new garnet that forms in this reaction typically has a lower Mn content than the 708 

original unmodified porphyroblast (Figure 9) despite the net consumption of 709 

garnet. Hence particularly in the porphyroblast core areas Mn appears not to be 710 

partitioned straight back into the reprecipitated garnet (Figure 8f). Although 711 

complicated by the lack of equilibrium in the garnet compositions, the 712 

observation has implications for models of the behaviour of Mn during garnet 713 

growth. This indicates that partition coefficients between matrix and garnet 714 

must be temperature sensitive. Hence the typical bell-shaped Mn-distribution 715 

associated with prograde garnet growth zoning (Kohn, 2014) may form not 716 

solely through progressive depletion of the Mn in the matrix (Hollister, 1966) 717 

but by enhanced Mn partitioning into garnet at lower temperatures. As such Mn-718 

rich rims to garnet are not a reliable means of inferring dissolution of garnet (e.g. 719 
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Kohn, 2014) but may simply be indicative of diffusive low temperature re-720 

equilibration with matrix phases.  721 

7.4 | Re-equilibration of garnet in high-grade conditions 722 

The prograde staurolite-producing reaction imposes characteristic irregularities 723 

on the existing porphyroblast zoning patterns. At slightly higher temperatures 724 

than those associated with the growth of staurolite, volume diffusion of key 725 

cations in garnet typically starts to become very effective (Carlson, 2006; 726 

Ganguly, 2010). Hence such irregularities are typically absent from most high-727 

grade garnet (Kohn, 2014). It is notable that Ca shows the most irregular zoning 728 

within the cloudy garnet zones and this may reflect limited diffusive re-729 

equilibration of this cation (Chernoff & Carlson, 1997). Consequently the 730 

fingerprints of coupled dissolution-reprecipitation are readily lost in higher 731 

grade conditions through a combination of subsequent heating and preservation 732 

of overall porphyroblast shape. Cloudy garnet is also unlikely to survive into high 733 

grade conditions as fluid inclusions are lost (Putnis, Tsukamoto, & Nishimura, 734 

2005). Such loss is evident from the thin fluid-poor rims at the edges of 735 

porphyroblasts and in garnet surrounding mineral inclusions that are observed 736 

in both this study and elsewhere (Martin et al., 2011; Whitney et al., 1996). 737 

Consequently there is perhaps only a narrow window of conditions in which 738 

either obvious chemical or textural evidence of this coupled dissolution-739 

reprecipitation process in garnet is readily preserved in amphibolite-facies 740 

pelites. 741 

 742 

8 | IMPLICATIONS FOR METAMORPHIC EQUILIBRATION 743 
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Coupled dissolution-reprecipitation provides a reaction mechanism that happens 744 

in a rather haphazard way, seemingly affecting various parts of the original 745 

zoned porphyroblasts. Either the reaction is completely independent of garnet 746 

composition or it is sufficiently overstepped when fluid infiltration occurs that all 747 

garnet compositions will potentially react. In theory, the staurolite-producing 748 

reaction identified in this study should be dependent on garnet composition with 749 

garnet stability extended to lower pressures by the presence of Mn (Holdaway et 750 

al., 1982; Mahar, Baker, Powell, Holland, & Howell, 1997). This may be partially 751 

countered by the effects of Zn on staurolite stability (Guidotti, 1970), although Zn 752 

contents are low in these rocks. In the absence of fluids, garnet will be essentially 753 

inert and the timing of fluid access is thought likely to be crucial and result in 754 

significant overstepping. Therefore it is only during periods of enhanced 755 

permeability that reaction and coupled dissolution-reprecipitation occurs and it 756 

is the location of those fluids that appears to control reaction progress. 757 

Structurally-controlled mechanisms, allowing small volumes of fluids to gain 758 

access to the garnet, appear crucial for this reaction to occur. It is interesting to 759 

note that it appears that similar access routes appear to have subsequently been 760 

used as pathways for late retrograde fluids. Such garnet breakdown reactions 761 

provide unique opportunities to study permeability in prograde regional 762 

metamorphism, and test common assumptions of fundamentally different 763 

behaviour during retrograde and prograde metamorphic processes (Jamtveit & 764 

Austrheim, 2010). 765 

Limited fluid availability in these schists appears to be the dominant control on 766 

staurolite formation. Indeed disequilibrium peak metamorphic assemblages 767 

lacking staurolite in pelites are dominant in the presumably fluid-absent 768 
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conditions in this area. In terms of commonly assumed fluid-present conditions 769 

during prograde metamorphism (e.g. Ferry, 1994) these represent 770 

disequilibrium assemblages and such kinetic paralysis may then impact on 771 

further mineralogical changes. Thus the absence of staurolite would obviously 772 

then inhibit kyanite formation (Chinner, 1965). Garnet breakdown reactions 773 

such as this with low reaction affinity have the potential to create significant 774 

cascade effects following overstepping (Kelly, Carlson, & Ketcham, 2013; 775 

Pattison, De Capitani, & Gaidies, 2011) associated with fluid influx triggered by 776 

deformation.  777 

There is a common assumption that the long time scales, presence of fluids and 778 

active deformation associated with regional metamorphism will allow 779 

equilibrium (e.g. Pattison & Tinkham, 2009). These assumptions may be flawed. 780 

The lack of chemical equilibrium also questions the applicability of traditional 781 

graphical schemes for identification of metamorphic reactions, especially those 782 

involving reactant phases where volume and grain boundary diffusion is sluggish 783 

(Dempster et al., 2017) and participation may be kinetically difficult. This 784 

inevitably leads to the question of how common the coupled dissolution-785 

reprecipitation processes identified in this study are, and hence how applicable 786 

the conclusions are to other situations. Such characteristics crucially apply to 787 

garnet behaviour in staurolite- and kyanite-zone Barrovian metamorphism, 788 

perhaps particularly in relatively high pressure conditions. It is uncertain 789 

whether this reaction type is restricted to those involving garnet consumption. 790 

This seems unlikely and garnet may be simply better at preserving the evidence 791 

than other phases, such as plagioclase and muscovite, which are similarly 792 
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characterized by sluggish volume diffusion in lower amphibolite-facies 793 

conditions (Dempster, 1992). 794 

Despite the acknowledged importance of the staurolite-isograd reaction in 795 

pelites as defining a major facies boundary (cf. Carlson et al., 2015), it is widely 796 

assumed both that chlorite and or chloritoid are involved in the reaction, and 797 

that garnet dissolution occurs. The evidence for this often appears to be lacking. 798 

We have identified a potentially common garnet breakdown reaction responsible 799 

for forming staurolite in the Dalradian Leven schists of Scotland that produces 800 

distinctive textural and chemical zoning in garnet, but may be difficult to 801 

recognize in higher grade conditions. However the presence of cloudy garnet and 802 

the irregular zoning patterns linked to abundant quartz inclusions within garnet 803 

porphyroblasts in amphibolite-facies pelites may be indicative of this coupled 804 

dissolution-reprecipitation reaction. As a consequence a cautious approach to 805 

the identification of metamorphic reactions involving garnet might be advised 806 

rather than assuming a suite of expected reactions associated with a suite of 807 

expected zoning patterns. In the light of our results a fresh look at garnet 808 

behaviour may be required.  809 
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Appendix S1. Movie showing 3D reconstruction of garnet porphyroblast surface 1113 

from X-ray computed microtomography. 1114 

 1115 

FIGURE LEGENDS 1116 

Figure 1. Thin section photomicrographs of staurolite schist and garnet 1117 

porphyroblasts within staurolite-bearing and staurolite-free schists. (a) 1118 

composite image shows typical position of staurolite (st) adjacent to garnet 1119 

porphyroblasts (sample GR01), arrow indicates the orientation of the muscovite-1120 

rich S2 fabric; (b) shows typical garnet porphyroblast from staurolite-free schist 1121 

(sample GR05); (c) shows “cloudy” garnet from staurolite-bearing schist (sample  1122 

GR01); and (d) shows syntectonic garnet porphyroblast from schist with very 1123 

low modal proportions of staurolite (sample GR03). 1124 

 1125 

Figure 2. (a) Plot showing the spatial relationship between the position of 1126 

staurolite and proximity to the nearest garnet porphyroblast in each of the three 1127 

staurolite-bearing schists (GR01, GR03, GR04).  Also shown is the theoretical 1128 

distribution of staurolite based on random positions within the matrix of thin 1129 

section GR01. (b) Rose diagrams for each of the staurolite-bearing samples 1130 
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 47

showing the angular relationship between the centre of staurolite that are within 1131 

400 µm of the nearest garnet porphyroblast and the centre of the garnet. Angular 1132 

relationships are measured relative to the 90o-270o orientation of the micaceous 1133 

fabric. 1134 

 1135 

Figure 3. Plot showing the modal abundance of cloudy garnet vs the modal 1136 

abundance of staurolite. Dashed line illustrates the theoretical proportions of 1137 

staurolite to cloudy garnet associated with an inferred reaction (see text for 1138 

details). 1139 

 1140 

Figure 4. (a) and (b) 3D triangular-meshed surface view from X-ray tomography 1141 

of a garnet porphyroblast, porphyroblast is rotated into two positions and 1142 

illustrates both inclusion poor surfaces (a) and inclusion-rich surfaces (b), in 1143 

both instances overall outline shapes of the porphyroblast are euhedral. Cartoon 1144 

crystal lattice models show porphyroblast orientations. Movie of rotating 1145 

porphyroblast presented in appendix S1; (c) Backscattered electron image of 1146 

garnet porphyroblast surface showing areas of perfectly planer surface and areas 1147 

with localized micro-scale pitting (marked by arrow). All garnets from sample 1148 

GR01. 1149 

 1150 

 Figure 5. Images showing the nature of cloudy garnet. (a) photomicrograph of 1151 

transmitted light view of aligned micro-inclusions within garnet. Area of 1152 

inclusion-free “clear” garnet to lower left of image. Note transitional nature of 1153 

the contact; (b) Backscattered electron image of fractured surface of cloudy 1154 

garnet showing abundant micropores; (c) Backscattered electron image of 1155 
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polished thin section showing fine scale pitting on the surface adjacent to quartz-1156 

filled (dark BSE signal) fracture within a garnet porphyroblast; and (d) 1157 

Transmitted light photomicrograph of dark cloudy garnet (from same area 1158 

adjacent to fracture as image (c).  All garnets from sample GR01. 1159 

 1160 

Figure 6. (a) Plot showing the proportions of quartz inclusions within the cloudy 1161 

and clear portions of eleven individual garnet porphyroblasts in sample GR01; 1162 

(b) Backscattered electron image of abundant large quartz inclusions (dark) in 1163 

cloudy garnet. Note inclusion have finely “scalloped” boundaries; (c & d) 1164 

Backscattered electron image of garnet porphyroblast showing areas of cloudy 1165 

(cl) garnet marked by larger quartz inclusions; (e) Transmitted light 1166 

photomicrographs showing relationship between the cloudy (dark) garnet and 1167 

both fractures and larger quartz inclusions.   1168 

 1169 

Figure 7. Chemical characteristics of garnet in staurolite-free sample (GR05). (a) 1170 

X-ray map showing Mn concentration (orange colours show high Mn content) 1171 

superimposed on BSE image of garnet porphyroblasts in sample GR05. Location 1172 

of compositional zoning profile marked by line A-B; (b) Compositional zoning 1173 

within garnet porphyroblast along line A-B showing variation in garnet end-1174 

member compositions. 1175 

 1176 

Figure 8. Chemical characteristics of garnet in staurolite-bearing sample (GR01). 1177 

(a) BSE image showing location of compositional zoning profile A-B, and areas of 1178 

cloudy garnet (cl) outlined in dashed red lines; (b) Transmitted light image of the 1179 

garnet shown in (a) showing dark areas of cloudy garnet; (c) Composite X-ray 1180 
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map showing Mn distribution (green), Ca-distribution (orange) superimposed on 1181 

BSE image of porphyroblast; (d) Composite X-ray map showing Mg-distribution 1182 

(red-high, yellow-low)) superimposed on BSE image of porphyroblast. Note that 1183 

vertical and horizontal colour variations are artifacts of combining four 1184 

individual maps to produce the composite image; (e) Composite X-ray map 1185 

showing Ca-distribution (red-high; yellow-low) superimposed on BSE image of 1186 

porphyroblast; (f) Compositional zoning within garnet porphyroblast along line 1187 

A-B, showing variation in garnet end-member compositions. Areas of cloudy 1188 

garnet along profile are marked by positions of grey bands. 1189 

 1190 

Figure 9. Composition traverses across cloudy-clear garnet junctions in 1191 

porphyroblasts from sample GR01. (a) BSE image showing locations of traverse 1192 

A-B. Approximate position of junction (transitional) between clear and cloudy 1193 

garnet shown by dashed line; (b) Compositional zoning along traverse A-B 1194 

showing variation in garnet end-member compositions; (c) BSE image showing 1195 

locations of traverse C-D. Approximate position of junction (transitional) 1196 

between clear and cloudy garnet shown by dashed line; (d) Compositional 1197 

zoning along traverse A-B showing variation in garnet end-member 1198 

compositions. 1199 

 1200 

Table 1. Modal mineralogy of samples of Leven schist. Cloudy Grt (%) represents 1201 

the percentage of cloudy garnet in the total amount of garnet present. Mineral 1202 

abbreviations follow Whitney & Evans (2010). 1203 
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Figure 9



GR01 GR02 GR03 GR04 GR05

Grt (clear) 4.4 8.2 5.1 3.8 6.8

Grt (cloudy) 6.2 0 2.8 2.5 0.2

Bt 11.8 17.3 12.1 7.8 14.7

Ms 38.4 33.5 29.4 34.2 38.1

Pl 12.3 10.4 21.1 15.9 9.6

Qz 30.8 28.9 27.8 29.8 28

St 3.7 0 0.6 0.9 0

Chl 3.3 0.9 4.1 0.5

Opq 0.9 1.6 0.9 1.2 0.5

cloudy Grt (%) 58.5 0 35.4 39.7 2.9
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 1 

Table 1. Modal mineralogy of samples of Leven schist. Cloudy grt (%) represents 

the percentage of cloudy garnet in the total amount of garnet present. Mineral 

abbreviations follow Whitney & Evans (2010). 
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Appendix S1 

 

Movie showing 3D reconstruction of garnet porphyroblast surface from X-ray 

computed microtomography, smooth areas represent euhedral garnet surfaces, 

irregular areas of the surface containing extensive pits and hollows are characterized 

by abundant partially enclosed quartz and plagioclase matrix grains.  
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