
This is the peer reviewed author accepted manuscript (post print) version of a published work that 

appeared in final form in:

Godet, Antoine, Raimondo, Tom, Guilmette, Carl 2022 'Atoll garnet: insights from LA-ICP-

MS trace element mapping', Contributions to Mineralogy and Petrology, vol. 177, no. 6, pp. 

1-15

This un-copyedited output may not exactly replicate the final published authoritative version for 

which the publisher owns copyright. It is not the copy of record. This output may be used for non-

commercial purposes.

The final definitive published version (version of record) is available at:

https://doi.org/10.1007/s00410-022-01924-7

Persistent link to the UniSA Research Outputs Repository: 

https://researchoutputs.unisa.edu.au/11541.2/30670

General Rights

Copyright and moral rights for the publications made accessible in the UniSA Research Outputs 

Repository are retained by the authors and/or other copyright owners and it is a condition of 

accessing publications that users recognize and abide by the legal requirements associated with 

these rights.

Users may download and print one copy for the purpose of private study or research.- 

You may not further distribute the material or use it for any profit-making activity or commercial 

gain

- 

You may freely distribute the persistent link identifying the publication in the UniSA Research 

Outputs Repository

- 

If you believe that this document breaches copyright, please contact us and provide details. We 

will remove access to the work immediately and investigate your claim.

https://doi.org/10.1007/s00410-022-01924-7
https://researchoutputs.unisa.edu.au/11541.2/30670
https://find.library.unisa.edu.au/primo-explore/search?vid=ROR&sortby=rank&lang=en_US
https://find.library.unisa.edu.au/primo-explore/search?vid=ROR&sortby=rank&lang=en_US
mailto:discoveryservices@unisa.edu.au


1 
 

ATOLL GARNET: INSIGHTS FROM LA-ICP-MS TRACE 1 

ELEMENT MAPPING 2 

   3 

Antoine Godet1*, Tom Raimondo2, Carl Guilmette1 4 

  5 

 1. E4m, Département de géologie et de génie géologique, Université Laval, Québec, Canada 6 

2. UniSA STEM, University of South Australia, GPO Box 2471, Adelaide SA 5001, Australia  7 

  8 

Abstract 9 

Atoll garnets are uncommon features that have been recognized in contrasting 10 

metamorphic environments worldwide, but their origin remains largely debated. Several 11 

models have been proposed to explain their formation, including preferential dissolution 12 

of garnet cores by fluid infiltration, polymetamorphism, and the coalescence of subgrains. 13 

We report atoll-shaped garnets in an amphibolite-facies schist from the Paleoproterozoic 14 

New Quebec Orogen, Canada, and investigate their textural and chemical zoning through 15 

petrography, electron probe microanalysis (EPMA) and Laser Ablation Inductively 16 

Coupled Mass Spectrometry (LA-ICP-MS) maps. Textural evidence indicates a subhedral 17 

poikiloblastic core, an inclusion ring composed of matrix minerals, and a euhedral rim. 18 

Major element distribution maps show flat zoning, whereas trace elements show 19 

concentric growth zoning. Such characteristics are consistent with rapid, postkinematic 20 

growth involving Rayleigh fractionation of trace elements and coeval with accessory 21 

phase breakdown. Our observations rule out the preferential dissolution, 22 
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polymetamorphism and coalescence models, and support that the formation of atoll 23 

garnet in these rocks is best explained by a kinetic control and rapid growth. Our study 24 

concludes that the term “atoll” is more descriptive than genetic, and that the physio-25 

chemical mechanisms leading to its formation should be assessed on a case-by-case basis 26 

using complementary tools, primarily including trace element mapping. 27 

Keywords: Atoll garnet, trace element, zoning, mapping, LA-ICP-MS 28 

Corresponding author: Antoine Godet, antoine.godet.1@ulaval.ca 29 

Introduction 30 

Atoll garnets are characterized by an island-core separated from a rim by a continuous 31 

annular-shaped mono-or polymineralic inclusion ring (Passchier and Trouw, 1998). They 32 

have been recognized in different localities worldwide and preserved in contrasting 33 

metamorphic environments, including (ultra) high pressure and eclogite contexts, contact 34 

aureoles, and Barrovian-like sequences. Well documented examples include the Dabie–35 

Sulu HP-UHP metamorphic belt, China (Cao et al., 2018; Cheng et al., 2007; Cheng et 36 

al., 2009); Krusne Hory eclogites, Bohemian Massif (Faryad et al., 2010); UHP eclogites 37 

of the Tso Morari Complex, Himalaya (Jonnalagadda et al., 2017); Ardara pluton aureole, 38 

Ireland (Homam, 2003; Smellie, 1974); Ben Lui Schist, Scotland (Atherton and 39 

Edmunds, 1966); Apennine-Maghrebian orogen, Sicily (Ortolano et al., 2014); Sesia 40 

Zone, Italy (Robyr et al., 2014); Betic Belt, Spain (García-Casco and Torres-Roldán, 41 

1996); Wakatipu Belt, New Zealand (Cooper, 1972); and Salvador–Esplanade Belt, 42 

Brazil (Goncalves et al., 2021), among others. 43 
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Several models and physio-chemical mechanisms have been proposed for the genesis of 44 

atoll garnet. A first model attributes the atoll shape to preferential dissolution of garnet 45 

cores over rims during fluid infiltration (Cheng et al., 2007; Faryad et al., 2010; Green, 46 

1915; Jonnalagadda et al., 2017; Smellie, 1974). In this model, primary textural evidence 47 

is the presence of microveins and cracks, identified in-situ by back-scattered electron 48 

(BSE) imaging for example (e.g. Faryad et al., 2010; Jonnalagadda et al., 2017; Konrad-49 

Schmolke et al., 2007), or resorbed garnet and hydrous phases inferred to result from 50 

garnet breakdown (e.g. Kulhánek et al., 2021). A second hypothesis is "pulsed'' garnet 51 

growth attributed either to polymetamorphism or stoichiometric change of successive 52 

garnet-producing reactions separated by a hiatus (e.g. Cruz, 2011; Konrad-Schmolke et 53 

al., 2008a; Konrad-Schmolke et al., 2008b; Robyr et al., 2014). In this case, contrasting 54 

textural zones (i.e., core and rim) are expected to grow under contrasting P-T conditions 55 

and have a different chemical signature, as revealed by electron probe microanalysis 56 

(EPMA) for example. A third explanation involves multiple nucleation sites and the 57 

coalescence of subgrains (Cooper, 1972; Cruz, 2011; Spiess et al., 2001). Garnet in this 58 

instance is polycrystalline, as shown by electron backscatter diffraction (EBSD) analysis, 59 

and the atoll texture is attributed to fast nucleation of garnet aggregates in the rim 60 

preventing element mobility and diffusion toward the nucleation centre in the core. 61 

Finally, in a fourth model, the atoll texture is attributed to growth kinetics (Atherton and 62 

Edmunds, 1966), with rapid and short-term growth favourable to the development of a 63 

poikiloblastic texture. Overall, no consensus seems to emerge, and it is not clear whether 64 

the formation of atoll garnet derives from a uniformitarian single process, or from single 65 

or combined mechanisms that need to be addressed case-by-case.  66 
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Whereas textural relationships, crystallographic orientation, and major element content of 67 

atoll garnet are routinely investigated by BSE imaging (BSE, e.g. Cruz, 2011), EBSD 68 

analysis (EBSD, e.g. Spiess et al., 2001), and EMPA mapping (EPMA, e.g. Kulhánek et 69 

al., 2021; Robyr et al., 2014), respectively, the trace element distribution remains largely 70 

unassessed and limited to very few published studies (e.g. Goncalves et al., 2021; 71 

Kulhánek et al., 2021). This represents an open opportunity for new insights, given how 72 

useful trace elements are for deciphering garnet growth mechanisms, resorption, and 73 

diffusion processes (e.g. Konrad-Schmolke et al., 2008a; Raimondo et al., 2017; Rubatto 74 

et al., 2020; Skora et al., 2006). A growing number of studies demonstrate the benefits of 75 

Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) maps to evaluate 76 

trace element zoning (e.g. George et al., 2018; Godet et al., 2020a; Godet et al., 2020b; 77 

Guilmette et al., 2018; Raimondo et al., 2017; Rubatto et al., 2020), strengthening its 78 

emergence as the tool of choice to investigate garnet evolution.  79 

Here, we investigate atoll garnet porphyroblasts from an amphibolite-facies schist of the 80 

New Quebec Orogen, Canada, using quantitative major element EPMA and trace element 81 

LA-ICP-MS mapping to discriminate between alternative hypotheses for its formation. 82 

 83 

Geological background and sample petrography 84 

The investigated specimen 3047A (584175-6284083, UTM nad83 zone 19; Godet et al., 85 

2020b) was sampled in the New Quebec Orogen, located in northern Québec, Canada 86 

(Fig. 1a). This Paleoproterozoic accretionary orogen resulted from the collision of the 87 

eastern margin of the Archean Superior Craton, representing the lower plate of the 88 
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system, and the Kuujjuaq Domain, the Archean to Paleoproterozoic upper-plate 89 

(Henrique-Pinto et al., 2017; Wardle et al., 2002). The sample is derived from the 90 

metasedimentary Freneuse Suite (Simard et al., 2013) of the Rachel-Laporte Zone 91 

(Wardle et al., 2002). Quantitative petrochronological approaches and phase equilibria 92 

modeling have been used to date the burial of this supracrustal unit to middle-crust depths 93 

at c. 1795–1805 Ma (Lu-Hf on garnet and U-Pb on monazite dating, Godet et al., 2020b), 94 

and its metamorphic evolution along a clockwise metamorphic P-T path as part of an 95 

apparent Barrovian sequence with estimated peak conditions of 5–7 kbar and 620–650 96 

°C. 97 

Sample 3047A is a texturally homogeneous garnet-biotite schist (Fig. 1b, S1). The matrix 98 

(Fig. 1c) is composed of plagioclase (47 mode %), quartz (42 mode %) and biotite (8 99 

mode %), with minor amounts of chlorite (0.2 mode %) and ilmenite (0.3 mode %; SEM-100 

MLA scanning; Godet et al., 2020b). Accessory phases are zircon, rutile, monazite, 101 

apatite, and staurolite. Monazite, zircon, and apatite are observed in all garnet textural 102 

domains as well as in the matrix (Fig 1c, 2e, 2f). Rutile partially replaced by ilmenite 103 

occurs exclusively in the matrix (Fig 2g). Two preferential orientations of biotite define 104 

weak schistosity planes (Fig 1d). Subhedral atoll-shaped garnet porphyroblasts represent 105 

1.6 mode % and are evenly distributed throughout the rock volume.  106 

All garnet grains (1 to 3 mm in size) contain subhedral textural domains comprising a 107 

core, a polymineralic inclusion ring, and a rim (Fig 2 a-d; Fig. S1). Subhedral cores, 108 

representing ~30% of the garnet volume, have a poikiloblastic texture and contain 109 

variable amounts of relatively small monomineralic inclusions of matrix minerals, 110 

namely plagioclase, quartz, biotite and ilmenite. Polymineralic inclusion rings are evenly 111 
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distributed around cores and likewise contain matrix minerals with similar grain size. 112 

Biotite within the inclusion ring defines two preferential orientations parallel to the two 113 

schistosity plans observed in the matrix (Fig 1d, 2a, 2c). Subhedral to euhedral garnet 114 

rims (~70% of the garnet volume) contain fewer and generally coarser inclusions than the 115 

core and exhibit locally well-developed crystal faces on the outer sides (Fig 2 a-d). On 116 

the basis of inclusion abundances, rims can be further subdivided into a quartz-rich inner 117 

rim, and an inclusion-poor to inclusion-free outer rim (Fig 2 b, d). The core to rim 118 

relative volumes volumes vary from one porphyroblast to another, consistent with 119 

different latitudinal sections. Two atoll porphyroblasts inferred to represent equatorial 120 

sections – largest grains, largest cores, thinnest inclusion rings, and thinnest garnet rims - 121 

were selected for chemical analysis by EPMA and LA-ICP-MS.  122 

Methods  123 

EPMA 124 

Mineral compositions were acquired on a Cameca SX-100 five-spectrometer electron 125 

probe micro-analyzer at the Département de géologie et génie géologique de l’Université 126 

Laval. Analytical conditions for spot analyses were 15 kV and 20 nA, with counting 127 

times of 20 s on peaks and 10 s on background. GEO standard block of P&H 128 

Developments were used to calibrate minerals, and Smithsonian microbeam standards 129 

Mineral Standard Mount MINM25-53 of Astimex Scientific Limited (Jarosewich et al., 130 

1980) were used to calibrate oxides. Transects with an average of 15 to 20 spots were 131 

performed across garnet grains to quantify chemical zoning. Data were reduced using the 132 

PAP model (Pouchou and Pichoir, 1991). All oxides were converted in atom per formula 133 

unit (a.p.f.u) to get end-member compositions. End-member components of garnet used 134 
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in this study are XAlm = Fe2+/(Fe2++ Mg+Ca+Mn); XGrs = Ca/(Ca+Fe2++Mg+Mn); XSps = 135 

Mn/(Mn+Fe2++Mg+Ca); and XPrp = Mg/(Mg+Fe2++Ca+Mn). Major element maps (Fe, 136 

Mg, Ca, Mn) of whole or partial garnet grains were produced with a resolution of 512 by 137 

512 pixels. Analytical conditions for whole grain analyses were 15 kV, 20 nA, and 138 

analysis time was 20 ms per pixel; analytical conditions for partial garnet grain analyses 139 

were 15 kV, 200 nA, and 100 ms per pixel. 140 

 141 

LA-ICP-MS 142 

Trace element zoning in garnet was mapped by Laser Ablation Inductively Coupled 143 

Plasma Mass Spectrometry (LA-ICP-MS). All maps were acquired using a Resonetics M-144 

50-LR 193 nm excimer laser coupled to an Agilent 7700x Quadrupole ICP-MS housed at 145 

Adelaide Microscopy, University of Adelaide. Instrument conditions and mapping 146 

protocols are similar to those described in detail in Raimondo et al. (2017) and Hyppolito 147 

et al. (2018). Pre-ablation of each raster scan was completed to minimise the effect of 148 

redeposition (19 µm, 75% overlap), followed by 20 s washout and 15 s of background 149 

measurement. Ablation was performed in an atmosphere of UHP He (0.70 l/min), mixed 150 

with Ar (0.93 l/min) immediately after the ablation cell. A beam diameter of 16 µm, line 151 

spacing of 16 µm and repetition rate of 10 Hz were employed for all samples, resulting in 152 

an energy density of 3.5 J/cm2 at the target. Standards were analysed in duplicate every 2 153 

hours during the mapping session, including reference glasses NIST 610 and 612 154 

(Jochum et al., 2011a; Pearce et al., 1997) and GSD-1D (Jochum et al., 2011b). A beam 155 

diameter of 51 µm was used for all standard spot analyses, and included 5 pre-ablation 156 

shots (51 µm, 75% overlap) followed by 20 s washout, 30 s background measurement 157 
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and 40 s ablation time. Data acquisition was performed in time-resolved analysis mode as 158 

a single continuous experiment. Data acquisition was performed in time-resolved analysis 159 

mode as a single continuous experiment. Each analysis comprised a suite of 32 elements, 160 

and dwell times were as follows: 0.002 (23Na, 24Mg, 27Al, 29Si, 31P, 43Ca, 55Mn, 57Fe), 161 

0.005 (49Ti, 51V, 53Cr, 178Hf, 232Th, 238U), 0.008 (7Li, 89Y, 90Zr, 139La, 140Ce, 141Pr, 165Ho, 162 

166Er, 169Tm, 172Yb, 175Lu), 0.010 (88Sr, 146Nd, 159Tb, 163Dy), and 0.015 (147Sm, 153Eu, 163 

157Gd). The total sweep time was 0.280 s. Data were reduced in Iolite (Paton et al., 2011) 164 

following the procedure outlined in Raimondo et al. (2017), with quantification 165 

performed using 29Si for internal calibration based on a weighted average of EPMA wt% 166 

SiO2 values across each garnet grain. The Limit of Quantification (LOQ) of each element 167 

was calculated following Howell et al. (2013) and Raimondo et al. (2017). LOQ are 168 

provided as Supporting material Table S1. Background- and drift-corrected ppm data 169 

were then imported into XMapTools (Lanari et al., 2014; Raimondo et al., 2017) as a 170 

numerical matrix for image processing and manipulation.  171 

 172 

Garnet major and trace element chemistry 173 

The EPMA major element chemistry of two garnet porphyroblasts from sample 3047A is 174 

presented in Figures 3 and 4. Qualitative Fe, Mg, Ca, and Mn X-ray maps (Fig. 3) and 175 

quantitative spot transects of both grains (Fig. 4) exhibit homogeneous compositions 176 

from core to rim (XAlm = 0.78–0.80; XSps = 0.01–0.02; XPrp = 0.16–0.17; XGrs = 0.02-177 

0.03). Local compositional changes are observed in both garnet core and rim along some 178 

cracks – but not all of them (Fig 3, zoom 1) and in the immediate vicinity of inclusions 179 

(Fig 3, zoom 1; Fig. S2). 180 
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The trace element chemistry of one garnet porphyroblast was further investigated by LA-181 

ICP-MS mapping. Selected quantitative maps and 1D line profiles are presented in 182 

Figures 5 and 6, respectively. All the garnet textural domains (i.e., core, inner rim and 183 

outer rim) show strong zoning in some trace elements. Approximately concentric zoning 184 

in Lu and Yb is observed (Fig 5), with the highest content at the centre of the core 185 

decreasing toward the outer rim, expressed as a bell-shaped distribution on the 1D profile 186 

(Fig 6a). In contrast, MREE, Y, Ho and Dy show a bowl-shaped distribution across the 187 

entire grain with a flat distribution across the core and the curvature localized at the 188 

inner- to outer-rim transition, and Er, and Tm show flat profiles (Fig 6b, c). Oscillatory 189 

zoning expressed by Dy and Ho is locally observed in garnet outer-rim (Fig. 5). 190 

Transition metal V is high in the entire rim with a drop in concentration towards the outer 191 

rim (Fig 6d). Chromium is patchier (Fig 5) and with higher content in the outer rim (Fig 192 

5, 6c). LREE show flat profiles throughout the core, and comparatively low 193 

concentrations in the inner-rim and high concentrations in the outer-rim (Fig 6e). Higher 194 

Li content (>10 ppm) defines small linear features cross-cutting the zoning pattern 195 

defined by other trace elements, and oriented parallel to the schistosity planes defined by 196 

biotite inside and outside garnet (Fig 5). 197 

The boundary between the inner and outer rim is markedly sharp in the V, Tb, Gd, Eu 198 

and Cr maps (Fig. 5), and is in all cases parallel to crystal faces. On a chondrite-199 

normalized REE diagram (Fig 7), HREE content is progressively depleted from core to 200 

rim, and MREE content is correspondingly enriched. Most LREE do not show a clear 201 

pattern. 202 
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Quantitatively, Lu and Yb in the garnet core show highest values located at the 203 

centremost point (Lu ~5 ppm; Yb ~20 ppm), decreasing towards outer parts (Lu ~1 ppm; 204 

Yb ~10 ppm, Fig 6a). The inner rim is V-rich (~120 ppm), contains moderate amounts of 205 

Dy (~10–15 ppm), Tb (~1 ppm), Lu (~1.5 ppm) and Yb (~8–15 ppm), and shows low Eu 206 

(<0.2 ppm) and Cr (40–80 ppm) content (Fig 6b,c,d). The outer rim is enriched in Cr (up 207 

to 110 ppm), Gd (7 ppm), Tb (~3 ppm) and Sm (~0.5 ppm) relative to the core and inner 208 

rim (Fig 6c,e). Both the inner and outer rims are enriched in Ti (15–40 ppm) compared to 209 

core (5–10 ppm, Fig 6d).  210 

 211 

Discussion 212 

Here, textural evidence coupled with major and trace element distributions are discussed 213 

to test the different mechanisms proposed for the nucleation and growth of atoll garnet, 214 

namely pulsed growth during polymetamorphism (e.g. Robyr et al., 2014), preferential 215 

dissolution (e.g. Faryad et al., 2010; Smellie, 1974), multiple nucleation centres (Cooper, 216 

1972; Spiess et al., 2001) and growth kinetics (Atherton and Edmunds, 1966). 217 

 218 

Textural evidence 219 

Garnet porphyroblasts in sample 3047A are approximately uniform in size, show the 220 

same regular atoll habit, and are evenly distributed throughout the rock volume (Fig. 2). 221 

As opposed to other examples where atoll shapes are confined to specific grains (e.g. 222 

Cheng et al., 2007) or layers (e.g. Faryad et al., 2010), this observation is consistent with 223 

a ubiquitous mechanism for their formation in our sample. All garnet grains 224 
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systematically contain the same subdomains of a subhedral poikiloblastic core, an 225 

inclusion ring, an inclusion-rich inner rim and an inclusion-poor outer rim (Figure 1c-d, 226 

2a-d). Both the poikiloblastic core and the polymineralic inclusion ring are characterized 227 

by plagioclase, quartz, biotite, and ilmenite assemblage in all aspects similar to the matrix 228 

assemblage. Remarkably, the orientation of biotite within the garnet core, inclusion ring, 229 

and garnet rim is parallel to the preferred orientation in the surrounding matrix (Fig 1c-d, 230 

2a, 2c). This strongly supports that garnet was superimposed on the schistosity and 231 

implies a post-kinematic nucleation and growth of at least the inner and outer rim 232 

domains. The preservation of quartzo-feldspathic matrix-assemblage and matrix-parallel 233 

oriented fabric inside the inclusion ring rules out preferential core and/or mantle 234 

dissolution by fluid infiltration, which involves post-kinematic retrogression and 235 

replacement by hydrous assemblage differing from the matrix, as described by Cheng et 236 

al. (2007); Faryad et al. (2010); Smellie (1974), among others.  237 

 238 

Major element distribution 239 

The two investigated garnet porphyroblasts have almost identical chemistries, which we 240 

consider representative of the tens of grains in the investigated thin section as observed 241 

during SEM-MLA particle classification (Fig. 1). The two grains feature overall 242 

homogeneous distributions of major elements (Fig. 3). The homogeneous elemental 243 

distribution of Ca, Fe, Mg, and Mn is explained either by the absence of any initial 244 

growth zoning, or homogenization through intracrystalline diffusion at amphibolite facies 245 

(e.g. Caddick et al., 2010; Spear, 1991). Possible explanations for the absence of initial 246 

growth zoning are that garnet growth occurred in a tight P-T window without chemical 247 
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changes to the matrix in the immediate vicinity of garnet nuclei; that elemental transport 248 

to the advancing interface was limited; and/or that fast kinetic processes operated 249 

throughout the growth history (e.g. Carlson, 2011). 250 

Growth within a tight P-T window was assessed by contouring the P-T pseudosection 251 

calculated by Godet et al. (2020b) for isomodes and isopleths using TCInvestigator 252 

software (Pearce et al., 2015). The method is provided as supporting material (Appendix 253 

1) and the results are presented in Figures 8 & 9. Garnet isomodes are parallel to the 254 

garnet-in reaction and increase from 0 to ~2 mode% with increasing temperature from 255 

~575 to 675 °C. Compositional garnet isopleths show variations in the P-T window of 256 

interest (~575–625 °C; 4–7 kbar), with Fe# (x(Grt)=Fe2+/(Fe2++Mg2+)) content - parallel 257 

to garnet isomodes - decreasing from 0.85 to 0.78 as temperature increases, and XCa 258 

(z(Grt) = Ca2+/(Ca2++Fe2++Mg2+) content slightly increasing (0.02 to 0.03) with 259 

increasing pressure and temperature. Except for the unlikely scenario of isothermal 260 

burial, no tight P-T window with homogeneous composition is therefore predicted during 261 

garnet growth (i.e. crossing isomodes), ruling out a P-T control on the distribution of 262 

major elements. 263 

The alternative hypothesis of limited nutrient transport (e.g. Carlson, 2011) is likewise 264 

considered doubtful because (1) the rock is texturally homogeneous and only shows a 265 

weak structural fabric -by opposition to a layered or gneissic rock volume preventing 266 

distributed nutrient transport; (2) water was considered to be in excess; and (3) trace 267 

elements define sharp zoning suggesting fast uptake of elements liberated by accessory 268 

phase breakdown (see below). This leaves the conclusion that nutrient transport was not a 269 
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limiting factor and that garnet growth benefited from rapid diffusion in a spatially 270 

uniform nutrient reservoir (Carlson, 2011).  271 

On the other hand, the major element distribution is better explained by homogenization 272 

through intracrystalline diffusion under amphibolite facies conditions (e.g. Caddick et al., 273 

2010; Spear, 1991). While the modal proportions of the major phases (i.e. Grt, Bt, Pl, 274 

Chl) are successfully modelled in the field of interest and intersect with the relatively 275 

immobile Ca content of garnet (Vielzeuf et al., 2007), the isopleths predicted for the 276 

ferromagnesian endmembers remain at odds with observations. Using empirical 277 

thermometry and modelling the structural water bulk composition, Godet et al. (2020b) 278 

argued that the Fe-Mg content of garnet and biotite was affected by diffusion upon 279 

cooling. The thermal resetting and homogeneous distribution of the major elements is 280 

therefore interpreted as resulting from post-metamorphic peak conditions and could be 281 

excluded from the list of potential controlling factor in the development of the atoll 282 

shape. 283 

 284 

Trace element distribution 285 

Compared to major elements, garnet trace element zoning is far more resilient to resetting 286 

due to the lower diffusion coefficients of trivalent cations (Kohn, 2009), commonly 287 

leading to their decoupling (Kotková and Harley, 2010; Moore et al., 2013; Raimondo et 288 

al., 2017). Several factors controlling trace element incorporation and distribution in 289 

garnet have been identified, including (1) resorption (or recrystallization); (2) breakdown 290 

of a trace element-bearing major or accessory phase during garnet growth; (3) change in 291 
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the kinetics of garnet growth; (4) overprint zoning; (5) intracrystalline diffusion; and (6) 292 

infiltration of trace element-rich fluid (e.g. Baxter et al., 2017; Carlson, 2012; Konrad-293 

Schmolke et al., 2008a; Pyle and Spear, 1999; Skora et al., 2006).  294 

The presence of crystal-face parallel zoning observed between the inner and outer rim in 295 

sample 3047A, and local oscillatory zoning (Fig. 5) support that growth zoning is 296 

preserved at least in the rim, ruling out any control by resorption, or overprinting, and 297 

consistent with limited intracrystalline diffusion. The analysed grain features concentric 298 

zoning in Lu, Yb and Tm, with highest values located in the core and decreasing 299 

rimward. This reflects progressive garnet uptake and corresponding depletion of the 300 

matrix reservoir, and is attributed to Rayleigh fractionation (Hollister, 1966). We note 301 

that the absence of annular maxima does not fit the model of diffusion-limited uptake of 302 

trace elements (Moore et al., 2013; Skora et al., 2006). It also argues against any open 303 

system behaviour or bulk modification by HREE-rich fluid infiltration during garnet 304 

growth.  305 

Some trace elements (including V, Cr, Eu, Gd, Tb and Dy; Figs 5 and 6) exhibit 306 

concentric zoning with a discrete transition marking the boundary between the inner and 307 

outer rims. This observation is inconsistent with the hypothesis of multiple nucleation 308 

and coalescence proposed for the development of atoll garnet (Spiess et al. 2001) but 309 

would benefit from EBSD analysis (Whitney and Seaton, 2010). The absence of trace 310 

elements redistribution following garnet breakdown (e.g. back-retreat processes) is also 311 

inconsistent with polymetamorphism as a control on the atoll shape, an inference that 312 

concurs with the absence of multiple metamorphic events identified in the 313 

geochronological record of both this sample and the Rachel-Laporte Zone as a whole 314 
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(Godet et al., 2020b). We thus infer that element availability was mainly controlled by 315 

major and accessory phases growth and breakdown. 316 

Compared to the core and outer rim, the inner rim is enriched in V and Ti (Figure 5). We 317 

infer that this enrichment is due to the breakdown of rutile, which may incorporate both 318 

of these elements in its crystalline structure (Zack et al., 2002), with a likely contribution 319 

of white micas breakdown (Yang and Rivers, 2000). This rutile to ilmenite transition is 320 

predicted at higher pressure by phase equilibria modeling (Godet et al., 2020b) and 321 

observed in thin section (Figure 2g). The location of this transition in a P-T space is 322 

highly dependent on fO2 during prograde metamorphism, which is notoriously difficult to 323 

constrain. Godet et al. (2020b) fixed an arbitrary Fe3+/FeTot ratio (O = 0.05), but an even 324 

lower ratio is reasonable, which would favor rutile stability over ilmenite and move the 325 

rutile to ilmenite transition towards the field of observed assemblage. The pseudosection 326 

also predicts a white-mica-out isograd reaction that actually constrains the tield of 327 

observed assemblage at higher P – lower T (Fig. 8). 328 

The outer rim is similarly enriched in Cr, Y, LREE and MREE (Figures 5-7), which we 329 

attribute to allanite breakdown. The allanite-to-monazite reaction, common for such bulk 330 

compositions, is mainly T-dependent and broadly occurs at the garnet-in or staurolite-in 331 

isograd reactions (Kingsbury et al., 1993; Rubatto et al., 2001; Smith and Barreiro, 1990), 332 

with several studies invoking this mechanism to explain trace element uptake in garnet 333 

(e.g. Boston et al., 2017; Gieré et al., 2011; Rubatto et al., 2020). This hypothesis is 334 

consistent with prograde subsolidus monazite identified from sample 3047A, which 335 

returns an age similar to garnet growth ages in the same lithotectonic zone (Godet et al., 336 

2020b).  337 
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High Li content defines linear features, parallel to apparent microfractures or not (Fig. 5). 338 

They are mostly observed in the garnet rim as cross cutting the zoning pattern of other 339 

trace elements (Fig 5), and define two preferred orientations parallel to the two fabrics 340 

marked by biotite in matrix and as inclusion within garnet. This relationship suggests 341 

overprinting zoning inherited from a prior matrix distribution of Li, mainly hosted by 342 

biotite, implying that Li remained immobile and further supporting post-kinematic garnet 343 

rim growth. Similar inherited or remnant zoning has previously been described for Cr for 344 

example (e.g. Raimondo et al., 2017; Yang and Rivers, 2001), however, the reasons for 345 

relative Li immobility remain unclear. 346 

 347 

Potential kinetic control on the development atoll garnet 348 

In summary, the textural and major and trace element arguments explored above lead to 349 

the following conclusions: (i) the matrix mineral assemblage preserved in the atoll ring 350 

rules out its formation by dissolution during fluid infiltration; (ii) the protracted predicted 351 

growth zoning and the absence of garnet consumption; as well as the geochronological 352 

record of the region are inconsistent with polymetamorphism; and (iii) concentric trace 353 

element zoning was controlled by Rayleigh fractionation in the core, and by the 354 

breakdown of accessory phases (rutile and allanite) in the rim, are consistent with growth 355 

around a single nuclei, and inconsistent with the hypothesis of multiple nucleation 356 

centres. An alternative explanation for atoll garnet formation in our sample is that a 357 

switch in the controlling mechanisms during garnet growth explains the development of 358 

the atoll shape. However, such switching has also been described in “non atoll-shaped” 359 

garnet (e.g. George et al., 2018), and is therefore not a discriminating growth model. 360 
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Hereafter, we use phase equilibria modeling to explore chemical and mineral assemblage 361 

changes during garnet growth and explore how the remaining hypothesis of kinetic 362 

processes may have contributed to the development of atoll garnet. 363 

Our phase equilibria modeling approach enables to further investigate chemical and 364 

mineralogical changes during garnet growth (e.g. Konrad-Schmolke et al., 2008a). As 365 

mentioned above, Godet et al. (2020b) identified intra- and inter-crystalline diffusion as 366 

having exerted a strong control on Fe, Mg, and Mn. We will accordingly focus our 367 

analysis on modal proportions, which were not affected by diffusion reactions, and on Ca 368 

isopleths, a slow diffusing cation that potentially preserved some prograde information 369 

(Vielzeuf et al., 2007). A hypothetical prograde P-T path is divided in segments as 370 

follows (Fig. 9). Step 1, starting at the garnet-in isograd reaction, illustrates the 371 

nucleation and growth of the poikiloblastic garnet core (about 30 vol%) in a 372 

homogeneous matrix without any major change of the surrounding mineral assemblage 373 

and low relative free water production rate (dH2O/dT). This segment is parallel to 374 

grossular isopleth (z(g)) and predicts a homogeneous Ca content in the core domain as 375 

observed (Figs. 3 & 4; Table S2). Step 2 corresponds to the staurolite-in and paragonite-376 

out reactions in a tight P-T window, associated with a major change of the matrix mineral 377 

assemblage including devolatilization and release of free water in the system. This 378 

segment is also sub-parallel to garnet isomodes consistent with an interruption of garnet 379 

growth. Finally, Step 3 illustrates the efficient growth of garnet rim (~70 vol%) boosted 380 

by a higher free water production rate and higher temperature conditions and resulting in 381 

euhedral to subhedral shape. The relatively big size of the inclusions in the inner-rim 382 

relative to inclusions in the core is also consistent with the coarser grain size of the matrix 383 
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toward high temperature during step 3. Overall, while the exact mechanism for the 384 

formation of the atoll-shape is still unclear, phase equilibria modeling adequately predicts 385 

apparent major chemical, textural, and mineralogical changes between garnet core and 386 

garnet rim domains with increase of the free water content that may have played an 387 

important role. 388 

In a chemically homogeneous mineral assemblage, nucleation and growth are dictated by 389 

cation diffusion range and rate. Such parameters can influence grain size and shape (e.g. 390 

Atherton and Edmunds, 1966; Carlson, 2011; George and Gaidies, 2017). Due to the 391 

exponential response of crystallization rate to thermal increase, and because nucleation 392 

rates may vary markedly in time and space during crystallization (Kelly et al., 2013), the 393 

most fundamental control on the rate of prograde metamorphism is simply the rate of 394 

temperature increase (Carlson, 2011). Thus, we tentatively propose that the atoll garnet 395 

texture resulted from a rapid garnet rim growth following a rapid temperature increase 396 

and high cation diffusion rate favoured by free water release (step 2 on Fig. 9). The 397 

poikiloblastic texture observed in the garnet inner rim is consistent with rapid and short-398 

term growth (Atherton and Edmunds, 1966). This likely produced the simultaneous 399 

growth of numerous similarly-sized rim domains overgrowing prograde garnet-zone core 400 

cores following a hiatus in garnet growth at the white mica-out and staurolite-in 401 

boundaries. Alternative approaches such as geospeedometry and cation diffusion 402 

modelling could thus be relevant to fully explore the nucleation and growth mechanisms 403 

of atoll garnet (George and Gaidies, 2017). 404 

 405 
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Conclusion 406 

“Atoll garnet” is an expression that has been broadly used in different contexts, generally 407 

to describe garnet characterized by an island-core separated from a rim by an inclusion 408 

ring, or by an annular shape with no proper core. It is a descriptive rather than a genetic 409 

term, and may encapsulate wide range of textural diversity. The kinetic control and rapid 410 

growth hypothesis we prefer here for garnet formation is therefore not necessarily 411 

applicable to all atoll garnets, depending on the specific texture or set of relationships that 412 

are being considered. As such, our trace element arguments should not be taken in 413 

isolation, but rather add the final revealing details to growth processes that may be 414 

cryptically or incompletely recorded by other textural, mineralogical, geochemical and/or 415 

P-T modelling evidence. This integrated approach represents the best means to build a 416 

complete picture of the garnet nucleation and growth history, and thereby discriminate 417 

between the various hypothesis proposed. 418 
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Figure captions 613 
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Figure 1. (a) Sample location within the New Quebec Orogen, indicated by the yellow 616 

star. Coordinates are provided in text; (b) Photograph of the texturally homogeneous 617 

hand sample; (c) False-color scanning electron microscope–mineral liberation analysis 618 

(SEM-MLA) map of the investigated thin section (modified from Godet et al., 2020b). 619 

Modal proportions of rock-forming minerals are provided in the legend. (d) zoom and 620 

interpretation drawing showing the two preferential orientations of biotite (black dashed 621 

lines). Abbreviations: Bt = biotite; Grt = garnet. 622 
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 623 

Figure 2. Garnet textural relationships. (a-d) Representative garnet textural domains. 624 

Both porphyroblasts shown contain a poikiloblastic core, a polymineralic inclusion ring, 625 

an inclusion-rich inner core, and a thin inclusion-poor outer rim; (e) Apatite in garnet 626 

inclusion ring; (f) Monazite and zircon inclusions in garnet; (g) Ilmenite overgrowing 627 
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rutile in the matrix. Abbreviations: Ap = apatite; Bt = biotite; Grt = garnet; Ilm = 628 

ilmenite; Mnz = monazite; Pl = plagioclase; Rt = rutile; Qtz = quartz; Zrc = zircon. 629 

 630 

Figure 3. Garnet major element chemistry. Qualitative EPMA X-ray maps. 631 
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 632 

Figure 4. Quantitative EPMA spot transects. A-B are garnets 1 and 2 respectively. The 633 

locations are shown on figure 3. Data are provided as supporting material (Table S2). 634 

 635 
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 636 

Figure 5. Garnet trace element distribution illustrated by selected quantified LA-ICP-MS 637 

maps. The orientation of the two schistosity plans (yellow dashed lines) and the location 638 

of the 1D profile presented in Figure 6 are indicated on the top-left panel. 639 
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 640 

Figure 6. Quantified 1D profiles across the garnet grain (mean values, 2 SD contours), 641 

extracted from the stitched raster data using the XMapTools strip line mode sampling 642 

function (Raimondo et al., 2017). See Fig. 5 for profile location. Abbreviations: ir = inner 643 

rim; or = outer rim. 644 
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 645 

Figure 7. Chondrite-normalized REE diagram indicating the change in HREE slope from 646 

core (purple) to rim (green). Chondrite normalization follows Taylor and McClennan 647 

(1985).  648 



32 
 

 649 

Figure 8. P-T pseudosection after Godet et al. (2020b), with contoured garnet and 650 

plagioclase isomodes and isopleths (x(Grt) = Fe# = Fe2+/(Fe2++Mg2)); z(Grt) = XCa = 651 
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Ca2+/(Ca2++Fe2++Mg2+). The yellow field highlights the assemblage of interest. Modelled 652 

modal proportions of rock forming minerals including garnet, biotite, and chlorite are 653 

shown. The white star indicates the interpreted peak conditions. 654 

 655 

Figure 9: Schematic growth history of atoll-garnet along a prograde P-T path as discussed 656 

in text. The grey level bar scale represents the free H2O relative content, the color bar 657 
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scale shows the relative modal proportion of garnet, and the color dashed lines show the 658 

grossular content (z(g)) in garnet. 659 


