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Abstract 11 

Lattice defects in zircon can cause trace elements re-distribution and disturbance of 12 

isotopic systems. This study investigates in detail how seismically-induced deformation 13 

microstructures in zircon correlate with trace element and isotope re-equilibration. 14 

Felsic mylonites with pseudotachylyte veins from the Ivrea-Verbano Zone in Northern 15 

Italy were investigated with special focus on deformed zircon. We have revealed the 16 

following post-growth deformation microstructures: planar deformation bands (PDBs), 17 

planar fractures (PFs), non-planar fractures (both healed and open), and finite strain 18 

patterns. PDBs are planar portions of crystal lattice that are strictly parallel to {100} 19 

crystallographic planes, and are rotated to up to 3° with respect to the host grain. They are 20 

from 0.5 to 1 µm wide and have average spacing of 5 µm. PDBs originate in seismically-21 

active environment at elevated differential stress, strain rate and temperature. 22 
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Several grains, in which PDBs are observed, were analyzed with ion microprobe. Ion 23 

maps indicate re-distribution of radiogenic Pb isotopes associated with PDB formation. 24 

Isotopic re-distribution preferably occurs in PDBs with larger crystallographic misorientation. 25 

Profiling demonstrated clear spatial correlation of PDBs with variations of REE abundances 26 

(both gain and loss), and possible correlations with increased and decreased Hf, Ti and P 27 

abundances. Trace elements can be depleted or enriched (compared to the abundance in 28 

surrounding matrix) in deformed domains, depending on the spacing of PDBs and the 29 

proximity of the analyzed volume to grain boundary or to detrital core. 207Pb/206Pb ratio 30 

demonstrates systematic Pb-loss in the PDB-bearing lattice domains with respect to PDB-31 

free domains; in some cases Pb-gain is observed, where the PDBs source radiogenic Pb from 32 

older detrital cores.  33 

Our study has important implications for geochronology and microchemistry of zircon 34 

from seismically-deformed sections of Ivrea-Verbano Zone and from other paleo-seismic 35 

zones of the world. Zircon found in seismically-deformed rocks near pseudotachylyte veins 36 

may demonstrate distorted and even reset isotopic ages, and altered trace element 37 

abundances. Enhanced trace element exchange between deformed zircon and host mylonite 38 

can influence mass balance calculations for the bulk rock. 39 
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Planar microstructures in zircon 46 

Various planar microstructures are commonly identified in shock-deformed zircon. They 47 

include planar deformation features (PDFs) (e.g., Leroux et al. 1999; Timms et al. 2012; 48 

Grange et al. 2013; Erickson et al. 2013a), planar fractures (PFs) (e.g., Bohor et al. 1993; 49 

Kamo et al. 1996; Kalleson et al. 2009; Cavosie et al. 2010; Moser et al. 2011; Erickson et al. 50 

2013a, 2013b; Thomson et al. 2014), micro-cleavage (Leroux et al. 1999), shock twins or 51 

microtwins (e.g., Moser et al. 2011; Timms et al. 2012; Erickson et al. 2013a, 2013b; 52 

Thomson et al. 2014; Cavosie et al. 2015a, 2015b), reidite phase transition along certain 53 

planes (e.g., Leroux et al. 1999; Cavosie et al. 2015a; Reddy et al. 2015), and planar 54 

deformation bands (PDBs) (e.g., Nemchin et al. 2009; Timms et al. 2012). 55 

However, planar microstructures in zircon are rarely documented in seismically-56 

deformed rocks. This might be because they are only visible using specific techniques (e.g., 57 

CL, EBSD), and/or are spatially restricted to specific zones in the rock (e.g., ultramylonites 58 

surrounding pseudotachylyte veins, Kovaleva et al. 2015). Planar microstructures in zircon 59 

from seismic environment were first identified using CL and BSE imaging by Austrheim and 60 

Corfu (2009) in zircon from pseudotachylyte vein from the Svarthumlevatnet metagabbro, 61 

South-Central Norway. The authors describe grains with one or two sets of PDFs, which have 62 

spacing of ~10 μm and are decorated with submicron cavities locally filled with silicates. 63 

Some of PDFs are visible in CL as bright and grey 1 μm-thick features. Formation of these 64 

structures is considered to be related to seismic activity.  65 

Kovaleva et al. (2015) reported PDBs coexisting with PFs in terrestrial zircons from 66 

paleo-seismic zones in Ivrea-Verbano Zone, Northern Italy. Zircon grains with PDBs are 67 

mostly found close to pseudotachylyte veins (within ~1 cm distance) in hosting 68 

ultramylonites. The PDBs are crystallographically-controlled planar lattice volumes 69 
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preserving 0.4ᵒ to 2.7ᵒ misorientation from the host grain. They are 0.3-1 µm wide and have 70 

average spacing of 5 μm (Kovaleva et al. 2015). Similar to shock-induced PDBs (Nemchin et 71 

al. 2009; Timms et al. 2012), seismic-generated PDBs are usually parallel to {100} 72 

crystallographic planes. PDBs are formed by slip along the glide system <100> {010} with 73 

misorientation axis parallel to [001]. Their occurrence was documented in specifically 74 

oriented grains, with the long axis roughly parallel to the stretching lineation (Kovaleva et al. 75 

2015; also demonstrated in the present study). These authors suggested that PDBs are the 76 

result of crystal-plastic deformation and development of parallel low-angle boundaries. The 77 

specific geometry of low angle boundaries occurred due to high differential stresses and 78 

strain rates generated by seismic events, or coevally with them (Kovaleva et al. 2015). 79 

Additionally, formation of PDBs could be facilitated by the elevated temperature conditions 80 

in the vicinity of frictional melts (Kovaleva et al. 2015). PDBs differ from the well-known 81 

shock-induced PDFs and PFs, yielding high-quality EBSD zircon patterns, and therefore 82 

cannot be considered as open structures or amorphous material (e.g., Erickson et al. 2013a). 83 

Furthermore, PDFs described from shock-induced zircon usually occupy the {001}, {110}, 84 

{112} and {320} crystallographic planes (e.g., Timms et al. 2012), whereas the reports of PDFs 85 

occupying {100} are rather rare (Cavosie et al. 2010; Erickson et al. 2013a). As for PDBs, in 86 

most cases they occupy the orientation {100}, and only in one case are parallel to {001} 87 

(Kovaleva et al. 2015). Interestingly, PDBs parallel to {100} were also reported in other 88 

tetragonal accessory minerals analysed by EBSD, including xenotime (Cavosie et al. 2016). 89 

 90 

Diffusion mechanisms in zircon 91 

Zircon is comparatively insoluble in melts and fluids and thus is regarded as chemically 92 

robust and inert. Under a broad range of geological conditions this mineral can document 93 
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and preserve multiple crystallization events within a single grain (e.g., Corfu et al. 2003). This 94 

is due to low volume diffusion rates of trace cations characteristically incorporated in the 95 

zircon crystal lattice (e.g., Cherniak et al. 1997a, 1997b; Hanchar et al. 2001; Cherniak and 96 

Watson 2000, 2003, 2007). Preserved sharp growth zones in crystals of various crystallization 97 

ages represent direct evidence for very slow volume diffusion of trace elements in this 98 

mineral (e.g., Watson and Liang 1995). Extreme conditions, for example, temperatures of 99 

melt-bearing magmatic systems (Bea and Montero 2013) are required to induce diffusion of 100 

trace elements in zircon.  101 

However, other diffusion mechanisms, which can be effective at lower temperatures, 102 

have been identified in zircon. Pb-loss, which leads to younger apparent isotopic ages, has 103 

been well documented in natural samples (e.g., Compston et al. 1986; Ashwal et al. 1999), 104 

but was not consistent with experimental predictions for volume diffusion (e.g., Geisler et al. 105 

2002). Elevated diffusion rates in zircon at low temperature can be attributed to the effect of 106 

self-irradiation that causes metamictization (Cherniak et al. 1991; Cherniak and Watson 107 

2003). Diffusion is especially effective in fluid presence. Fluid-induced diffusion into the 108 

radiation-damaged structure can result in distortion of the U-Pb isotopic systems (e.g., 109 

Geisler et al. 2001, 2003).  110 

Enhanced diffusion in dry conditions is also attributed to crystal-plastic deformation 111 

(Reddy et al. 2006, 2009; Timms et al. 2006, 2011, 2012; Moser et al. 2009, 2011; Flowers et 112 

al. 2010; Piazolo et al. 2012, 2016; MacDonald et al. 2013; Kovaleva et al. 2016; Peterman et 113 

al. 2016; Reddy et al. 2016). One mechanism, which is proposed to be responsible for trace 114 

element re-distribution in plastically-deformed, zircon is “pipe diffusion”, which is caused by 115 

dislocations in the crystal lattice (e.g., Piazolo et al. 2016; Reddy et al. 2016). Another 116 

mechanism is re-equilibration due to defect's local stress field. It modifies the chemical 117 
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potentials of the trace elements and attracts trace elements to dislocation cores (e.g., Timms 118 

et al. 2006; MacDonald et al. 2013; “capture zone” in Piazolo et al. 2016). Some authors 119 

describe deformation-related Pb-loss, which dramatically affects the apparent isotopic ages 120 

in zircon. Specifically, Pb-loss was explained by enhanced out-diffusion of radiogenic Pb 121 

isotopes via dislocations and other lattice defects (e.g., Moser et al. 2009, 2011; Nemchin et 122 

al. 2009; Piazolo et al. 2012; 2016; Timms et al. 2011, 2012; Peterman et al. 2016). Re-123 

distribution of trace elements and disturbance of isotopic systems is different for different 124 

lattice distortion patterns (e.g., Piazolo et al. 2012; Kovaleva et al. 2016). In this study we are 125 

going to specifically describe the effect of planar deformation bands on trace element and 126 

radiogenic isotope abundances. 127 

 128 

Trace element and isotope re-distribution caused by planar microstructures in zircon 129 

The effect of planar deformation microstructures on trace element distribution and 130 

isotopic systems in zircon is rarely documented. It was suggested that Pb-loss in zircon may 131 

be associated with shock-induced planar microstructures. For example, shocked lunar zircon 132 

with PDBs (Timms et al. 2012) revealed the strongest U-Pb age resetting that is spatially 133 

attributed to a PDB with the largest misorientation relative to the host crystal (Nemchin et 134 

al. 2009). This misorientation reached 12° (Timms et al. 2012). Thus younger 207Pb/206Pb ages 135 

were found to be correlated with an increase of shock-induced lattice rotation in zircon 136 

(Nemchin et al. 2009). However, Cavosie et al. (2015b) demonstrated that shock-induced 137 

formation of microtwins and crystal-plastic deformation have no significant effect on U-Pb 138 

isotopic ages in zircon from Vredefort. The reason for such variation in researchers’ results 139 

might be the temperature of deformation. Lattice distortion microstructures in zircon, 140 

attributed to grains affected by shock pressures without heating (e.g., at a significant 141 
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distance from the center of impact structure), have negligible effect on the isotopic system 142 

(Moser et al. 2011). On the other hand, shock deformation accompanied by high 143 

temperatures can lead to significant Pb-loss due to thermally-driven diffusion of Pb along 144 

planar and curviplanar microstructures (Moser et al. 2011). Thus, for planar deformation 145 

microstructures to cause significant age disturbance, elevated temperatures are required. 146 

There are very few studies of trace element and isotope re-distribution associated with 147 

planar microstructures in zircon that are not shock-induced. Austrheim and Corfu (2009) 148 

reported lack of U-Pb age disturbance connected with the formation of seismically-induced 149 

PDFs in zircon. However, they analyzed deformed grains by thermal ionization mass 150 

spectrometry isotopic dilution (ID-TIMS), which averages local effects.  151 

The influence of seismically-induced PDBs on trace elements and isotopic systems 152 

behavior in zircon has not been studied previously. PDBs, being a result of lattice distortion 153 

via formation of dislocations, may potentially be responsible for trace element re-154 

distribution in zircon crystal lattice. In this study for the first time the behavior of trace 155 

elements and Pb isotopes has been investigated in zircon grains with seismically-induced 156 

PDBs. We aim to highlight localized effects on trace element abundances and on Pb isotopic 157 

system resetting, which may be associated with paleo-seismic deformation. Studying these 158 

effects may provide important information for microchemistry and geochronology of zircon 159 

from paleo-seismic zones. 160 

 161 

SAMPLING LOCALITY AND SAMPLE DESCRIPTION 162 
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Samples were collected from mylonitic metapelites from the Ivrea-Verbano zone (IVZ) 163 

close to the village Premosello in the Val d'Ossola (northern Italy). A geological map of the 164 

sampling locality is presented in Pittarello et al. (2012).  165 

The IVZ consists of a NE-SW trending, steeply dipping sequence of meta-sedimentary 166 

and meta-igneous basic rocks, ultrabasic mantle tectonites and a large underplated igneous 167 

complex (Brodie and Rutter 1987; Brodie et. al. 1989). The sequence consists of 168 

predominant metasedimentary rocks in the SE and prevailing metabasic rocks and strongly 169 

depleted metapelites in the NW. Metamorphism increases progressively from amphibolite 170 

facies in the SE to granulite facies in the NW (Rutter et al. 2007), and the metamorphic 171 

temperatures reach > 900 °C in Val Strona di Omegna (Redler et al. 2012). The IVZ is 172 

interpreted as a lower continental crustal section that experienced thinning and high-173 

temperature regional metamorphism during the uppermost Palaeozoic (Rutter et al. 2007; 174 

Quick et al. 2009). The IVZ is transected by a network of high-temperature shear zones, 175 

which are subparallel to the regional NE-SW elongation direction of the tectonic unit and 176 

can be traced for more than 20 km from Anzola (Val d'Ossola) to Forno (Val Strona) (Brodie 177 

et al. 1992). Mylonites in the northern part of the Ivrea-Verbano zone were formed under 178 

granulite-facies conditions during crustal extension and contemporaneous magmatic 179 

underplating between 315 Ma and 270 Ma (Rutter et al. 2007; Quick et al. 2009; Sinigoi et 180 

al. 2011; Klötzli et al. 2014). Peak P-T conditions of the sampled area are estimated at 1.0-181 

1.2 GPa and 800-900 °C in metagabbro in Val d’Ossola (Pittarello et al. 2012). 182 

Pseudotachylytes are found in mylonitic metagabbros and metapelites deformed under 183 

amphibolite to granulite facies metamorphism in the northern part of IVZ (Techmer et al. 184 

1992; Pittarello et al. 2012). The pseudotachylytes were interpreted to have formed coeval 185 

with the main deformation of hosting ultramylonites. Their cross-cutting relationships 186 
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indicate multiple brittle-ductile cycles of deformation that took place in the upper crust at a 187 

depth of ~10 km (Pittarello et al. 2008, 2012). The P-T estimates of pseudotachylyte 188 

emplacement yielded 550-650ᵒ C and 0.4-0.6 GPa confining pressure, based on the 189 

occurrence of dendritic titanomagnetite and the presence of orthopyroxene in the 190 

pseudotachylytic matrix (Pittarello et al. 2012, and references therein). 191 

Samples were collected from two outcrops at Premosello (N 46°00'15.04"/E 192 

08°19'44.11" and N 46°00'23.65"/E 08°19'41.66"); each outcrop reveals tectonically faulted, 193 

mylonitized and foliated felsic metasediments, containing ultramylonites and 194 

pseudotachylytes. Pseudotachylytes are usually visible by the unaided eye as concordant 195 

dark-grey 2-3 mm thick veins, often offset by fractures. They are typically hosted by 196 

ultramylonites and reveal mutually-overlapping relationships with them (Pittarello et al. 197 

2012; Kovaleva et al. 2015). Ultramylonitic shear zones in the felsic mylonites appear as 1-2 198 

cm thick dark rock portions extending parallel to the main foliation. The ultramylonites are 199 

intensively folded and delimited by subvertical fractures (see Supplementary Material for 200 

Kovaleva et al. 2015). 201 

Felsic mylonites represent strongly restitic, dehydrated metasedimentary rocks. They 202 

contain 50 to 500 μm sized garnet porphyroblasts, which are surrounded by a fine-grained 203 

foliated matrix consisting of alternating plagioclase- and quartz-rich layers, with intercalated 204 

biotite-ilmenite layers. Accessory minerals are zircon and monazite. Both pseudotachylytes 205 

and ultramylonites in felsic rocks mainly consist of an ultra-fine-grained matrix composed of 206 

plagioclase, quartz, biotite and ilmenite, with minor amounts of garnet. Pseudotachylytes 207 

are often rimmed by chilled margins composed of single crystal or poly-crystalline garnet 208 

porphyroblasts with dendritic morphology, ranging from 5 to 40 µm in size (Austrheim et al. 209 

1996; Austrheim and Corfu 2009; Pittarello et al. 2012; Kovaleva et al. 2015). Garnet chilled 210 
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margins formed due to late low-temperature (~550ᵒ C) crystallization from the melt 211 

(Pittarello et al. 2012). Locally, pseudotachylytes preserve needle-shaped fine grains of 1 to 5 212 

µm length in the matrix (Pittarello et al. 2012; Kovaleva et al. 2015). Possibly, these are 213 

microlites, resulting from non-equilibrium (re)crystallization of the frictional melt. 214 

 215 

Relationships between deformation microstructures in the analyzed zircon 216 

The analyzed samples have undergone a complex tectono-metamorphic history. Based 217 

on the cross-cutting relationships of the microstructures, it was suggested that zircon grains 218 

in analyzed samples record a minimum of three stages of tectono-metamorphic evolution 219 

(Kovaleva et al. 2015, their Fig. 9a): (1) growing of metamorphic rims on detrital cores; (2) 220 

fracturing and fracture healing with fluid; (3) formation of fractures with displacements, 221 

PDBs and PFs, accompanied by crystal-plastic deformation in a seismically-active 222 

environment.  223 

CL-bright metamorphic rims are cross-cut by all deformation features and thus formed 224 

prior to the revealed deformation events. Healed fractures of stage (2), where present, are 225 

cross-cut by PDBs, PFs and open fractures. Therefore, minor fracturing and subsequent 226 

circulation of fluid (stage 2) happened before shearing and seismicity (stage 3). As 227 

documented by Pittarello et al. (2012), formation of the preudotachylytes via releasing 228 

seismic energy was simultaneous with shearing and formation of ultramylonites in the rocks 229 

of the Ivrea-Verbano Zone (stage 3). Thus, planar microstructures and crystal-plastic 230 

deformation of zircon were forming simultaneously, accompanied by brittle deformation 231 

with fragment displacements due to sudden release of seismic energy. Some of the open 232 

fractures are cross-cut by PDBs, indicating that PDBs formed earlier. In other cases PDBs are 233 

terminated by open fractures, indicating that fractures, in contrast, are pre-existing. These 234 
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observations point to the coeval activation of brittle and plastic deformation in the sample 235 

during stage (3) (Kovaleva et al. 2015). 236 

 237 

ANALYTICAL METHODS AND DATA REPRESENTATION 238 

Sample preparation, scanning electron microscopy (SEM) and cathodoluminescence 239 

(CL) imaging  240 

Zircon grains were studied in grain separates embedded in epoxy discs and in polished 241 

thin sections. Mineral separates allow analyses of numerous zircon grains in a single sample, 242 

and reveal grains of larger sizes (up to 300 µm in diameter). For the epoxy discs zircon grains 243 

were extracted from the host rock by the standard procedure involving rock crushing, 244 

sieving to the size of ≤ 300 µm, density separation on a Wilfley table, separation in heavy 245 

liquids and with a Frantz magnetic separator with subsequent hand picking. Grains were 246 

embedded in Körapox 439 epoxy resin, which is suitable for chemical polishing. The same 247 

epoxy was used for thin section preparation. Samples were mechanically polished with 0.25 248 

µm diamond paste and subsequently chemically polished with alkaline colloidal silica 249 

solution on an active rotary head polishing machine for 4 hours.  250 

Zircons were identified and characterized by secondary electron (SE) and 251 

cathodoluminescence (CL) imaging using a FEI Inspect S scanning electron microscope (SEM) 252 

equipped with an Everhart-Thornley detector and a Gatan MonoCL system (Faculty of Earth 253 

Sciences, Geography and Astronomy, University of Vienna, Austria), or using a Jeol JSM 254 

6490LV SEM coupled with Oxford Inca Energy EDS (Geological Survey of Austria, Vienna, 255 

Austria). Host phases were identified qualitatively by composition using energy-dispersive X-256 

ray spectrometry (EDS). CL images were acquired at electron beam conditions of 10 kV 257 

accelerating voltage and probe current of 4.5-5.0 nA. 258 
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 259 

Forescatter electron (FSE) imaging and electron backscatter diffraction (EBSD) mapping  260 

Zircon grains were examined for potential crystal-plastic deformation microstructures 261 

using orientation contrast images acquired with a forescatter electron detector (FSD) 262 

mounted on the EBSD-tube of a FEI Quanta 3D FEG instrument (Faculty of Earth Sciences, 263 

Geography and Astronomy, University of Vienna, Austria), which is equipped with a Schottky 264 

field emission electron source. Electron beam settings were at 15 kV accelerating voltage, 265 

and a 4 nA probe current using the analytic (high beam current) mode. Stage settings were 266 

at 70° tilt and 14-16 mm working distance. After identification of potentially deformed grains 267 

based on orientation contrast, EBSD orientation mapping was applied to the selected grain 268 

domains. The FEI Quanta 3D FEG instrument is equipped with an EDAX Pegasus Apex 4 269 

system consisting of a Digiview IV EBSD camera and an Apollo XV silicon drift detector for 270 

EDX analysis. EDX intensities and EBSD data were collected simultaneously using the OIM 271 

data collection software v6.21. Hough parameters were set to a binned pattern size of 140 272 

pixels, a Theta step size of 1° and a Rho-fraction of 74-86%. After applying a 9x9 convolution 273 

mask, 3-15 bands with a minimum pattern contrast of 200 and a minimum peak distance of 274 

3-10 pixels in Hough space were used for indexing. At the given settings indexing rates were 275 

between 6 and 24 points per second. EBSD maps were obtained from beam scanning in 276 

hexagonal grid mode at step sizes of 0.1 – 0.16 µm. 277 

EBSD indexing of zircon raw data yielded > 99.9% indexed pixels due to the high pattern 278 

quality, and therefore data cleaning was not required. The EBSD data in form of false color-279 

coded maps (e.g., Fig. 1c) and pole figures (e.g., Fig. 1d) are represented in the sample 280 

reference frame Y-Z and plotted using the EDAX OIM v6.2.1 analysis software. FSE and EBSD 281 

maps of grains in situ (i.e. in thin sections), as well as their pole figures, are oriented with Y 282 
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vertical and Z horizontal. However, for the grains 03b and 17, X is vertical and Z is horizontal, 283 

where X is a direction parallel to lineation, and Z is a direction perpendicular to main 284 

foliation. Colors of the false color-coded misorientation maps and corresponding pole figures 285 

show the relative angular misorientation of each data point with respect to a user-selected 286 

single reference point within the grain (indicated by a white star marker). Local 287 

misorientation EBSD map and misorientation axes density contours in inverse pole figure 288 

plot (Fig. 1e) were generated with the MTEX toolbox for MATLAB (Bachmann et al. 2010; 289 

Bachman et al. 2011; Mainprice et al. 2011). Misorientation axes were calculated using the 290 

threshold of misorientation > 1°. EBSD data are given for the selected subareas of interest as 291 

indicated by black rectangles (e.g., Figs. 1-2) or in overlaying insets (e.g., Fig. 3) in orientation 292 

contrast images.  293 

 294 

Nano-scale secondary ion mass spectrometry (NanoSIMS) 295 

Isotope-selective high-sensitive secondary ion mass spectrometry is able to detect low-296 

abundance isotopes of trace elements (ppb) at nm scale spatial resolution (down to 50 nm) 297 

in zircon (e.g., Kusiak et al. 2009; Hofmann et al. 2009, 2014; Boehnke et al. 2013; Storm et 298 

al. 2014; Bellucci et al. 2016). 299 

All samples were coated with a 30 nm Au layer and analyzed with a Cameca NanoSIMS 300 

50L at Caltech Microanalyses Center, Pasadena, USA. The analytical conditions were similar 301 

to those applied for zircon analyses described in Hofmann et al. (2009, 2014). Zircon grains 302 

were analyzed for Y, Yb, P, Hf, Ce, Ti, and three radiogenic isotopes of Pb. An O- primary 303 

beam of -8 kV was used to sputter the samples, and positive secondary ions of +8 kV were 304 

measured without energy offset using electron multipliers under high mass resolution 305 

conditions. Mass resolving power (MRP) achieved during this analytical session was > 4 000. 306 
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Mass spectrum scans were examined before data collection to exclude any significant 307 

interferences with the masses of interest (see the detail discussion of potential interferences 308 

in Hofmann et al. 2009). Two types of zircon analyses were acquired: ion mapping of 309 

unknowns, and individual spot analyses on standards and on unknowns. For both types of 310 

analyses, the instrument was tuned to generate a probe diameter of ~600 nm from a 311 

primary beam diameter of ~650 nm. Detector dead time was on the order of 44 ns. The 312 

isotope 90Zr was chosen for normalization of point analyses and ion maps following the 313 

technique described in Hofmann et al. (2014). 180Hf was also used to normalize some of the 314 

ion maps, as raw ion images showed that 180Hf has a fairly homogeneous distribution in 315 

zircon. Normalization is done to demonstrate specific features in trace element abundances.  316 

For individual spot analyses along line profiles, samples were pre-sputtered for 210-360 317 

sec with the primary beam of ~80-90 pA rastering across 1x1 µm or 2x2 µm areas. Data were 318 

collected with a primary beam of about 1-3 pA for about 5 minutes. Secondary ion signals 319 

were collected in the “Combined Analysis” mode of the NanoSIMS for the following masses: 320 

31P, 49Ti, 89Y, 90Zr, 140Ce, 174Yb, 180Hf, 206Pb, 207Pb and 208Pb. “Combined analyses” means that 321 

the eight masses were collected, followed by re-analyzing of the same spot to collect the 322 

remaining two masses. All analyzed zircons were subsequently re-examined with the SEM in 323 

order to confirm the locations of ion probe craters and mapping regions. 324 

Ion images of eight masses (31P, 89Y, 90Zr, 174Yb, 180Hf, 206Pb, 207Pb and 208Pb) were 325 

collected in the “Combined Analysis” mode over areas of 10x10, 15x15 and 20x20 µm. 326 

Samples were pre-sputtered with a scanning primary beam of ~80-90 pA across 25x25 µm 327 

areas. Each ion map shown in this study represents a combination of 10 individual maps, 328 

which may cause a slight blurring of the picture, caused by insignificantly small beam shifts 329 

during measurement duration. Qualitative ion image processing was performed using the 330 
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software Look@NanoSIMS (Polerecky et al. 2012).  Due to the low signals (sometimes as low 331 

as 1 count per second) and hence large statistical errors, only qualitative results were 332 

obtained from the ion images. 333 

The mentioned isotopes for the trace elements P, Ti, Y, Ce, Yb and Pb were selected 334 

such that the range of the isotopic masses are possible to resolve with NanoSIMS at a time. 335 

These are the common trace elements in zircon that may reach significant concentrations 336 

(e.g., Ti, Y, Yb) and are potentially characteristic for zircon forming environment and 337 

formation temperature (e.g., Hoskin and Schaltegger 2003; Watson et al. 2006), and thus are 338 

important for zircon microchemistry. Three radiogenic isotopes of Pb (206Pb, 207Pb and 208Pb) 339 

were chosen for calculating relative ages and to compare the relative ages between domains 340 

with differences in total lattice strain and presented microstructures. 180Hf (minor element) 341 

was also used for normalization of ion maps, in cases where it reveled homogeneous 342 

distribution in raw maps and in 180Hf/90Zr maps. Remarkable robustness and stability of Hf in 343 

zircon lattice was demonstrated before (e.g., Halpin et al. 2012), and makes Hf suitable for 344 

normalization of trace elements with very low abundances (e.g., Kovaleva et al. 2016). Heavy 345 

isotopes such as U and Th were not analyzed with the NanoSIMS. It is not feasible to analyze 346 

them simultaneously with the other lighter isotopes selected for analysis. 347 

For correction of Pb isotopes measurement, the measurements of standard zircons 348 

Plesovice (Sláma et al. 2008; Frei and Gerdes 2009) and 91500 (Frei and Gerdes 2009) were 349 

evaluated before and after sample analyses. Mean U concentration in Plesovice zircon is 755 350 

wt ppm; mean Th concentration is 78 wt ppm; U/Pb ages yielded 337.13±0.37 according to 351 

Sláma et al. (2008), and 337.1±0.4 Ma according to Frei and Gerdes (2009). Mean U 352 

concentration in 91500 standard zircon is 69 ppm, mean Th is 37 ppm, and the concordant 353 

U/Pb age is 1064±4 Ma (Frei and Gerdes 2009). Those NanoSIMS standard analyses that 354 
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demonstrated sufficiently high intensities and no correlation between Zr, Hf and Pb were 355 

selected to calculate a combined mass bias and fractionation correction factor for the 356 

207Pb/206Pb ratio (1.016+0.002, 2SD). All Pb isotope measurements were corrected using this 357 

correction factor. 207Pb/206Pb relative ages were calculated using the toolbox Isoplot 4.15 for 358 

Microsoft Excel (Red X® Holdings). No quantitatively correct estimate of the counting error 359 

on the individual 207Pb/206Pb ratios and the error on the correction factor was done. 360 

Therefore, no error-propagation was made for the final 207Pb/206Pb age estimates. The error 361 

propagation could be neglected because the data presented is qualitative, and should not be 362 

taken as quantitative. Each set of compared data (points from each individual grain are 363 

compared with each other) is from one analytical run using the same analytical conditions, 364 

so all the data have the same uncertainty variation and thus can be intercompared. 365 

Considering the counting errors for the reference zircon measurements, an overall error 366 

estimate of 5% (2SD) for the final 207Pb/206Pb ratios is proposed. However, this error is not 367 

propagated into the final 207Pb/206Pb ages reported in the Table 1 and is not shown on the 368 

respective figures, which show only qualitative estimated values. 369 

For the isotopic ratios for each profile see Appendix Table 1. Uncertainties (σmean) for 370 

each isotopic ratio were calculated as a standard deviation for each individual profile. They 371 

are given in the Appendix Table 2, and added to the error bars in the isotopic ratio plots.  372 

 373 

RESULTS 374 

Zircon grains in the analyzed samples have diameters of 30 to 100 µm and are hosted 375 

by the ultramylonitic matrix, which is mainly composed of fine-grained quartz and 376 

plagioclase, and minor amounts of ilmenite and biotite. Zircon is usually rounded, isometric 377 

or slightly elongate, with an aspect ratio 1:1-1:2. In the sampled felsic mylonites, 23-29% of 378 
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all zircon grains are brittlely deformed, whereas 10-11% show preserved crystal-plastic 379 

deformation patterns. The abundance of deformed zircon grains in pseudotachylytes and in 380 

associated ultramylonites is higher, where 63-72% of all grains show cataclastic deformation 381 

microstructures and 19-28% crystal-plastic deformation microstructures, including grains 382 

with planar deformation bands. Fracturing, crystal-plastic deformation and formation of 383 

PDBs are not mutually exclusive, and very often various microstructures can be observed 384 

together in the same grain (e.g., Kovaleva et al. 2015; this publication). Zircon grains with 385 

PDBs are usually found within ultramylonites at the contact with pseudotachylytes, or in the 386 

mylonitic matrix hosting ultramylonites. 387 

 388 

CL imaging 389 

CL imaging of zircon reveals distinct growth features, such as core-mantle structures. 390 

Grains 12 and 26 (Figs. 1 and 2) reveal simple core-mantle CL zonation, showing a darker 391 

unzoned core and brighter rim (Fig. 1b); or a CL brighter unzoned core surrounded by a 392 

darker rim (Fig. 2b). Grain 43 reveals a detrital core with sector zoning with alternating dark 393 

and bright sectors, and a homogeneous CL-bright rim (Fig. 3b). Other analyzed grains show 394 

an oscillatory-zoned CL-dark detrital core surrounded by a CL-bright zoned metamorphic rim 395 

(Figs. 4-7). CL images also show open fractures appearing as dark lines (Figs. 2b; 3b upper 396 

right corner, 6b; 7b), which may produce significant offsets of growth zones (Figs. 2b, 6b, 397 

7b). Healed fractures can be traced by the brighter CL signal (Figs. 1b and 4b, arrows), and 398 

may also occur as thin dark CL features (Fig. 7b, arrows). No planar features or finite strain 399 

patterns were traced in the CL images of analyzed grains. 400 

 401 
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Orientation imaging and mapping 402 

Forescatter electron imaging reveals orientation contrast within the individual grains 403 

and shows the following deformation features in zircon: finite crystal-plastic deformation 404 

(e.g., Figs. 1a, 2a, 3a), planar deformation bands (e.g., Figs. 1a, 3a, 4a, 5a, 6a, 7a), planar 405 

fractures (e.g., Figs. 3a, 4a) and open or healed non-planar fractures (e.g., Figs. 3a, 4a, 5a). 406 

Traces of planar fractures are usually parallel to PDBs (Figs. 3a, 4a). Open non-planar 407 

fractures sometimes generate significant relative displacements of the fragments (e.g., Figs. 408 

6a-b, 7a-b). EBSD maps indicate internal lattice rotations of crystal domains and help to 409 

reconstruct the orientations of the microstructural elements with respect to crystallographic 410 

planes and directions (Figs. 1c-e; 2c-d; 3a, 5a and 6a - insets). 411 

Finite lattice distortion (non-planar) is found in zircon grains from sampled paleo-seismic 412 

zone. Lower right domain of grain 12 shows gradual bending of the lattice, illustrated by 413 

undulated gradient of orientation contrast (Fig. 1a), and by rotation of orientation in EBSD 414 

map with respect to a reference point by about 10ᵒ (Fig. 1c). Additionally, crystallographic 415 

axes are systematically rotated around the [331] axis (Fig. 1d, small circle). Misorientation 416 

axes demonstrate strong clustering close to the [331] direction (Fig. 1e). The boundary of the 417 

grain adjacent to the distorted domain is ragged, contrasting with a smooth boundary trace 418 

limiting the undistorted domain (Fig. 1a-b). 419 

Lattice distortion was also documented in grain 26 (Fig. 2). EBSD mapping yielded local 420 

misorientation with a “chess-board”-like pattern. Lattice rotation reaches more than 3° with 421 

respect to a reference point, showing discrete planar features tracing ENE to WSW (Fig. 2c, 422 

indicated by a dotted white line). These planar features are parallel to the (010) plane (Fig. 423 

2d). In addition, there is a small lattice rotation of less than 1° across subvertical low-angle 424 

boundaries (Fig. 2c, black arrows), which have orientations parallel to the (100) plane (Fig. 425 
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2d). A combination of mutually orthogonal deformation features creates the 426 

abovementioned “chess-board”-like finite deformation pattern. Misorientation bands (Fig. 427 

2c) observed parallel to the (100), and thus parallel to the subgrain boundaries, also have 428 

planar traces. Thus, there are (sub)planar features parallel to both equivalent planes {100}.   429 

Planar deformation bands (PDBs) are visible in orientation contrast images as multiple 430 

thin (500-700 nm) lamellae, spaced from 1 (Fig. 7a) to 15 µm (Fig. 5a), and 4-5 µm on 431 

average (Fig. 4a). PDBs are reflected by orientation contrast and trace in one (Figs. 4a, 5a, 432 

7a) or two directions (Figs. 1a, 3a, 6a). Typically they do not produce any distortion in CL 433 

images (Figs. 1b, 3-7). Sometimes PDBs can be traced across the entire grain (Figs. 1a, 3a, 4a, 434 

5a), or can be delimited by an open fracture (Figs. 6a, 7a). In EBSD maps PDBs appear as thin, 435 

linearly tracing lattice portions that are slightly but systematically rotated with respect to the 436 

host crystal (e.g., Fig. 3a, inset; see also Kovaleva et al. 2015). EBSD maps of grains 43 (Fig. 437 

3), 80 (Fig. 5) and 03b (Fig. 6) show that  the misorientation of PDBs usually reaches 1-1.5° 438 

with respect to the host lattice, and does not exceed 3° (e.g., Fig. 2c). The local 439 

misorientation of the sites, where orthogonal PDBs intersect, is elevated and higher than of 440 

each individual PDB (Fig. 1c, arrows). PDBs are usually parallel to {100} crystallographic 441 

planes (Figs. 1d; 2d; 5c; Kovaleva et al. 2015). 442 

Planar fractures (PFs) are associated with, and are parallel to PDBs. For example, in 443 

grains 43 (Fig. 3a) and 91 (Fig. 4a), some PDBs are traced by continuous and discrete PFs, 444 

which spatially coincide with the PDBs and overlap them (Kovaleva et al. 2015). In our 445 

samples PFs occupy one of {100} planes.  446 

Open non-planar fractures are also characteristic for the analyzed set of zircon grains. 447 

Grain 26 (Fig. 2) reveals a set of curviplanar fractures that are parallel to the “chess-board” 448 

deformation pattern, i.e. form mutually-orthogonal sets subparallel to {100} crystallographic 449 
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planes (Figs. 2a, c-d). Some zircon grains show open microfractures that displaced fragments 450 

and delimited PDBs, e.g., grains 03b (Fig. 6, vertical microfracture and cataclastic zone) and 451 

17 (Fig. 7, subvertical microfracture). 452 

Healed non-planar microfractures revealed in grains 12 (Fig. 1) and 91 (Fig. 4). CL-453 

bright features can be traced in orientation contrast image as trails of pores (Figs. 1a-b, 4a-b, 454 

white arrows). Grain 17 (Fig. 7) has a partially-healed fracture reflected by the linear 455 

arrangement of pores and dark CL signal, and can be traced across the entire grain from SW 456 

to NE (Fig. 7a-b, white arrows). These healed fractures, however, do not affect the 457 

distribution of PDBs. 458 

Detail descriptions of orientation contrast and EBSD data of grains 43 (Fig. 3), 91 (Fig. 459 

4), 03b (Fig. 6) and 17 (Fig. 7) are given in Kovaleva et al. (2015). Some SEM and CL data on 460 

these grains are duplicated here for the reader’s convenience. 461 

 462 

Ion microprobe mapping  463 

Mapping or profiling by NanoSIMS across the domains that contain PDBs has been 464 

performed in order to study the potential influence of PDBs on the spatial distribution of 465 

trace elements in zircon.  466 

The lower portion of zircon grain 26 revealed evidence of crystal-plastic deformation, 467 

including formation of discontinuous (sub)planar features (Fig. 2a, c-d). Isotopic mapping 468 

was set in this deformed domain. Maps for 89Y/180Hf and 31P/180Hf document enrichment 469 

(relative to the undeformed zircon matrix) associated with an open fracture in the upper 470 

right of the ion map (Fig. 2a, e). 174Yb/180Hf is slightly depleted along this fracture. No 471 

features in the spatial distribution of these elements were observed that could potentially 472 
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be linked to crystal-plastic deformation microstructures. Added 206Pb, 207Pb and 208Pb 473 

normalized to 180Hf and presented in logarithmic scale reveal elevated abundance relative to 474 

the surrounding matrix along the open fracture in the upper right (Fig. 2e). Additionally, Pb 475 

isotopes are inhomogeneously distributed, being comparatively enriched between the 476 

planar bands, thus forming patchy distribution patterns (Fig. 2e, white arrows). 477 

Ion maps of grain 43 89Y/180Hf, 174Yb/180Hf, 31P/180Hf and added counts of Pb, normalized 478 

to 180Hf and presented in logarithmic scale, demonstrate enrichment in the CL-dark core 479 

domain (Fig. 3b-c), whereas raw map of 180Hf reveals uniform distribution. Added counts of 480 

206Pb, 207Pb and 208Pb normalized to 180Hf are enriched (relative to the surrounding zircon 481 

matrix) in the spot at the boundary between CL-dark core and CL-bright rim, where this 482 

boundary is intersected by a NW-SE-trending PDB trace (Fig. 3c, white arrow), and close to 483 

the spot where two orthogonal sets of PDBs intersect each other, as indicated in the scheme 484 

(Fig. 3c, inset). The low counting (0.5 counts per second) of added Pb isotopes are within the 485 

noise, thus this Pb cluster might be insignificant. However, consistency in Pb isotopes 486 

behavior (enrichment in the same spot) suggests that this is probably a true feature.  487 

Ion maps of grain 91 89Y/90Zr and 174Yb/90Zr reveal growth zoning features displayed by 488 

CL contrast (Fig. 4b-c). Trace element abundances are elevated compared to surrounding 489 

zircon matrix in the CL-dark detrital core (upper part of the chemical distribution maps, Fig. 490 

4b-c). 89Y/90Zr, 174Yb/90Zr and 31P/90Zr are also slightly enriched in the lower left part of the 491 

map, reflecting faint dark growth zone in the CL-bright rim (Fig. 4b, inset). Furthermore, 492 

89Y/90Zr and 174Yb/90Zr are slightly enriched (relative to the surrounding zircon) along the 493 

healed fracture in the rim, and depleted along the same fracture in the core, while 31P/90Zr is 494 

slightly depleted along the entire fracture (Fig. 4, white arrows). Added counts of Pb 495 
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normalized to 90Zr do not reveal any features, probably because the radiogenic Pb 496 

abundance is very low (Fig. 4c). 49Ti/90Zr map is also featureless (Fig. 4c).   497 

 498 

Ion microprobe analyses 499 

The relative 207Pb/206Pb ages shown in this study do not represent absolute age values. 500 

We have used corrected 207Pb/206Pb isotopic ratios in order to estimate the qualitative 501 

difference between the ages along the NanoSIMS profiles. Relative 207Pb/206Pb ages are 502 

represented as an absolute age difference between each data-point and a reference point 503 

that is selected in the least deformed analyzed portion of the grain (Table 1). All points are 504 

color-coded according to the age difference with the reference point and are superimposed 505 

on top of orientation contrast images (Figs. 5-7). 506 

The ion microprobe profile in grain 80 (fig. 5) was collected within the CL-bright 507 

metamorphic rim, across two PDBs documented by orientation mapping (Fig. 5a). The profile 508 

was positioned within a single growth zone with almost homogeneous CL intensity (CL bright 509 

growth zone), to avoid significant variations of trace element contents. The PDB-bearing 510 

grain portions were measured at points 2-3 and 6-7 of the profile (grey shaded area in Fig 511 

5d). Ratios for 89Y/90Zr, 174Yb/90Zr and 140Ce/90Zr decrease at the sites of intersections with 512 

PDBs, generating a W-shaped profile (Fig. 5d). 180Hf/90Zr and 31P/90Zr ratios do not show any 513 

systematic correlation with PDBs. 49Ti/90Zr is slightly enriched in the domain cross-cut by the 514 

upper PDB, and slightly depleted (relative to undeformed domain) in the domain deformed 515 

by the lower PDB. 206Pb/90Zr, 207Pb/90Zr and 208Pb/90Zr do not show spatial correlation with 516 

PDBs (Fig. 5d). Relative 207Pb/206Pb ages show isotopic resetting in the area of upper PDB, 517 

and older comparative ages in lower PDB area (with respect to the reference point 1). 518 
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For grains 03b and 17 the spacing of PDBs is smaller than the ion microprobe spot (~1 519 

µm in grain 17, Fig. 7a), therefore, for these samples we describe “PDB-bearing” and “PDB-520 

free” domains, rather than domains intersected by individual PDBs. Grain 03b (Fig. 6) is 521 

fractured into two fragments, one of which hosts two sets of PDBs whereas the other does 522 

not contain any PDB (Fig. 6a). Ion probe analysis points were positioned in both fragments 523 

along the same growth zone in the CL-bright rim (Fig. 6a-b), in order to compare the 524 

behavior of trace elements depending on presence of PDBs. Points 1 and 2 were positioned 525 

in the PDB-free fragment, whereas points 3-5 were positioned in the PDB bearing fragment. 526 

89Y/90Zr, 174Yb/90Zr, 180Hf/90Zr and 31P/90Zr ratios are elevated in the PDB-bearing domain, and 527 

140Ce/90Zr is partially elevated (Fig. 6c). 206Pb/90Zr, 207Pb/90Zr, 208Pb/90Zr and 49Ti/90Zr do not 528 

correlate with the presence of PDBs, and are elevated in point 3, which was taken close to 529 

the detrital core and to a microfracture (Fig. 6a-c). Relative 207Pb/206Pb apparent ages of 530 

points 4-5 are younger with respect to the points 1-2, indicating loss and resetting of 531 

radiogenic Pb. Point 3 that is set close to the detrital core and microfracture is, in contrast, 532 

older in apparent age. 533 

Grain 17 (Fig. 7) is fragmented in two parts, one of which bears PDBs (left in Fig 7a-b), 534 

whereas the other is PDB-free (Fig. 7a). Microprobe analyses were taken in one zone along 535 

the homogeneous metamorphic rim in both fragments; points 1-2 are taken in PDB-free 536 

fragment, and points 3-5 are taken in PDB-bearing fragment (Fig. 7a-b). 89Y/90Zr, 174Yb/90Zr, 537 

and 140Ce/90Zr ratios are slightly decreased in the PDB-bearing domain. 180Hf/90Zr ratio is 538 

partially decreased. 206Pb/90Zr, 207Pb/90Zr, 208Pb/90Zr and 31P/90Zr do not show any significant 539 

correlation; 49Ti/90Zr is slightly increased in the PDB-bearing domain (Fig. 7c). Relative 540 

207Pb/206Pb apparent ages are younger in the PDB-bearing fragment, with respect to point 1. 541 

 542 
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DISCUSSION  543 

Planar deformation bands  544 

Formation of PDBs in our samples was simultaneous to mylonitization and crystal-plastic 545 

deformation during seismic activity of the unit (evolution stage 3). This can be shown with 546 

grain 12 (Fig. 1). In this zircon we observe lattice bending that have overlapping relationships 547 

with PDBs in the lower right domain of the grain (Fig. 1a, c). Ragged grain boundary adjacent 548 

to the strained domain is evidence of dissolution. Dissolution may be enhanced by crystal-549 

plastic deformation, as the increased defect density results in increased surface reactivity. 550 

Ragged boundary may also be a result of marginal grain size reduction, which is a part of 551 

mylonitization process (e.g., Kovaleva et al. 2014). 552 

Planar deformation bands, as well as lattice bending (Fig. 1a, c) and low angle 553 

boundaries (Fig. 2c), are the result of crystal-plastic deformation. We suggest that the 554 

discrete (sub)planar deformation microstructures in grain 26 (Fig. 2) are the remnants of 555 

planar deformation bands. These deformation microstructures are parallel to zircon {100} 556 

planes. Such orientation is characteristic for PDBs. One of these (sub)planar bands traces 557 

into the offset fragment (Fig. 2a, pointed by the white arrow). Moreover, the host grain has 558 

the orientation, preferable for PDBs formation with the <c> axis parallel to the mylonitic 559 

lineation (Fig. 2d). The discrete nature of these planar features can be caused by the 560 

formation of overlapping, orthogonal set of low-angle boundaries (Fig. 2c, arrows) that 561 

occurred during superimposed crystal-plastic deformation. Moreover, finite deformation 562 

structures are overlapped and distorted by the orthogonal set of curviplanar fractures that 563 

are stretching in the same directions subparallel to {100} crystallographic planes (Fig. 2a). 564 

Fracturing could be facilitated by the pre-existing lattice distortions (PDBs and low-angle 565 

boundaries) and occurred shortly after crystal-plastic deformation during the evolution of 566 
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the rock stage (3). PDBs might have been also distorted and partially erased due to annealing 567 

in the vicinity of frictional melt. 568 

 569 

Microstructures and textures in zircon that affect trace element distribution 570 

Ion probe mapping resolved inhomogeneities in trace element abundances, spatially 571 

connected with various growth and deformation features, such as growth zoning (Figs. 3c, 572 

4c), healed fractures (Fig. 4c), open fractures (Fig. 2e), and PDBs (Figs. 2e; 3c). 573 

Variations in trace elements abundance due to growth zoning are fairly pronounced in 574 

the ion maps. Grains 43 and 91 reveal CL-dark oscillatory zoned detrital cores that are rich in 575 

89Y, 174Yb and 31P, in contrast with the CL-bright metamorphic rims (Figs. 3c, 4c). The 576 

correlation between CL-dark zones and increased REE abundance is described, for example, 577 

in Cavosie et al. (2006). Their SIMS analyses of a strongly zoned zircon demonstrated that 578 

the CL-dark sectors contain elevated trace element abundance as compared to the CL-bright 579 

sectors. Elevated concentration of Y in CL-dark zones has been also documented by Nasdala 580 

et al. (2010). Our results are also partially consistent with the results derived by Hofmann et 581 

al. (2009, 2014), who demonstrated that CL-dark oscillatory zones in zircon are in most cases 582 

correspond to elevated concentrations of 89Y, 49Ti, 140Ce and 31P. However, we did not 583 

document elevated 49Ti abundance in the CL-dark zones. 49Ti remains homogeneous across 584 

detrital core and metamorphic rim (Fig. 4c). Such Ti behavior is not completely inconsistent 585 

with the result of Hofmann et al. (2014), who documented a common spatial correlation 586 

between abundances of Ti and other trace elements (specifically P, Y and Ce) in magmatic 587 

zircon. Isotopes of Pb are also slightly elevated in the detrital cores (Fig. 3c), which may be 588 

evidence of the older isotopic age of the core. Slight elevations in 89Y, 174Yb and 31P are also 589 

observed in grain 91, in the lower left corner of the ion map (Fig. 4c). This is consistent with 590 
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faint dark growth zone in the metamorphic rim. Variations of trace element abundances 591 

along the growth zoning can be explained by non-equilibrium crystallization and the specifics 592 

of the kinetic mechanisms operating at the crystal/melt (fluid) interface (Hoskin and 593 

Schaltegger 2003; Hofmann et al. 2009).  594 

The other group of features that controls trace element distribution in zircon is various 595 

deformation microstructures, which have significant influence on zircon microchemistry as 596 

post-growth effects. Ion mapping documented a healed fracture in grain 91 (Fig. 4, white 597 

arrows), that is characterized by elevated 89Y and 174Yb abundances in the metamorphic rim, 598 

and decreased abundances of the same trace elements in the CL-dark core (Fig. 4c). 31P is 599 

depleted along that fracture in both rim and core. Such specific REE abundance may be 600 

explained by the composition of the healing Zr-saturated fluid and fluid-mineral diffusional 601 

exchange between the fluid and the zircon grain along the fracture (Rimsa et al. 2007). The 602 

Zr-saturated fluid that healed the fracture was depleted in HREE content compared with the 603 

detrital core, and, in contrast, enriched in HREE compared to the metamorphic rim. Such 604 

diffusional exchange should be possible at the granulite-facies conditions of the 605 

deformation. The bright CL response of the healed fracture might be caused by elevated 606 

LREE elements in the new zircon (Rimsa et al. 2007). P depletion in the fracture may be 607 

evidence of the absence of the xenotime-type substitution during healing. 608 

Open fracture in grain 26 is about 1 µm in width (Fig. 2a) and enriched in 89Y and 31P. 609 

Microfracture in grain 03b is less than 0.5 µm in width (Fig. 6a) and enriched in 89Y, 174Yb, 49Ti 610 

and 31P. 89Y, 49Ti, 140Ce and 31P increased abundances were described before along open 611 

fractures in zircon analyzed by Hofmann et al. (2009). Such enrichment is explained either by 612 

later hydrothermal precipitation of zircon along the fractures, or by a trace element 613 

exchange between fracture wall and the metamorphic fluid (Hofmann et al. 2009).This 614 
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depletion might also be due to sputtering effects associate with the fracture. Fractures in 615 

both analyzed grains (26 and 03b) are enriched in radiogenic Pb (Figs. 2e; 6c), which could be 616 

due to the Pb contamination from the matrix. On the other hand, for the grain 03b (point 3) 617 

radiogenic isotopes enrichment and Pb-gain effects may be connected with the proximity of 618 

the CL-dark core (Fig. 6b). 619 

 620 

The effect of PDBs on trace element abundances  621 

Deformation microstructures in zircon may act as fluid migration and fast element-622 

diffusion pathways that cause local variations in the chemical and isotopic composition of 623 

grains (Timms et al. 2006, 2011; Piazolo et al. 2016; Reddy et al. 2016). PDBs are the result of 624 

crystal-plastic deformation and are forming by dislocation creep along commonly reported 625 

slip system in zircon <100> {010} (Kovaleva et al. 2015). Therefore, the formation of PDBs 626 

may cause re-distribution of trace elements in the distorted lattice domains. We expect 627 

PDBs to affect microchemistry not locally, but in large volumes of zircon lattice (i.e. the 628 

whole grain), because they usually extend through the entire grains (e.g., Figs. 1a, 3a), cross-629 

cutting both detrital cores and metamorphic rims (e.g., Figs. 3a-b, 4a-b, 5a-b). Thus cores 630 

and rims of individual zircon grains with PDBs may exchange trace element orders of 631 

magnitude faster than via volume diffusion. 632 

Consistently, some of the PDBs reveal a slight effect on zircon microchemistry, mostly 633 

on Pb isotopes. Pb isotope re-distribution is observed in zircon grain 26, where they form 634 

enriched clusters ranging from 1 to 1.5 μm in diameter (Fig. 2e, arrow). The presence of 635 

micrometer-scale clusters of Pb isotopes is consistent with the chess-board finite lattice 636 

distortion pattern formed by PDBs and orthogonal sets of low-angle boundaries. Pb-enriched 637 

clusters are spotted between planar microstructures, therefore, the latter may have 638 
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experienced Pb-loss, when the surrounding matrix experienced Pb-gain. Inhomogeneous 639 

distribution of Pb is not uncommon in deformed and metamorphosed zircon. Valley et al. 640 

(2014), Kusiak et al. (2013, 2015), Peterman et al. (2016) and Piazolo et al. (2016) have 641 

demonstrated a highly-inhomogeneous distribution of radiogenic Pb isotopes in zircon 642 

lattice at a very high spatial resolution (10-20 nm-scale). “Patchy” distribution of Pb is a 643 

result of migration of lead in response to (poly)-metamorphism (Kusiak et al. 2013). Our 644 

results are consistent with those of Piazolo et al. (2016), who observed numerous Pb-645 

enriched clusters next to low-angle boundary. 646 

Another example of inhomogeneous distribution of Pb isotopes is observed in grain 43 647 

(Fig. 3). An enriched spot approximately 1.5 μm in diameter spatially corresponds to the 648 

intersection of two orthogonal PDBs and the boundary between CL-dark core and CL-bright 649 

rim (Fig. 3c, arrows, inset). We have demonstrated that the misorientation angle of 650 

deformed lattice is increased at the sites of PDBs mutual intersection (Fig. 1c). In turn, 651 

elevated misorientation means higher dislocation density. Peterman et al. (2016) has shown 652 

that radiogenic Pb can be trapped and moved by dislocation loops due to increased 653 

temperatures associated with metamorphism, forming toroid-shaped clusters. Thus 654 

dislocations that form PDBs may cause and enhance mobilization and re-distribution of 655 

radiogenic Pb. Radiogenic Pb in analyzed sample may be moved from the older core towards 656 

the younger rim and accumulate at the site of PDBs mutual intersection, being trapped in 657 

domain with high dislocation density. Such Pb re-distribution may cause isotopic age 658 

disturbances in the core and rim. If a significant amount of Pb is transported from the older 659 

core to the younger rim via PDB networks, the measured ages of the rim can be increased. 660 

According to Peterman et al. (2016) and Piazolo et al. (2016), radiogenic Pb clusters mark the 661 

timing of metamorphism/deformation (Peterman et al. 2016). 662 
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The most pronounced Pb re-distributions are associated with the PDBs with the greatest 663 

angular misorientation with respect to the host lattice. Misorientation in grain 26 reaches a 664 

maximum of 3ᵒ with respect to the unstrained host lattice (Fig. 2c); and the thickness of 665 

PDBs is about 1-1.5 µm. Re-distribution of Pb in this grain is fairly pronounced. Smaller 666 

misorientations and thicknesses of PDBs, observed in grain 43 (1-1.5ᵒ and 500-700 nm, 667 

Kovaleva et al. 2015; Fig. 3), cause less disturbance in Pb distribution. No EBSD data was 668 

obtained from grain 91 (Fig. 4), so the misorientation degrees of PBDs are not known. 669 

Nevertheless, no Pb disturbance was observed in the mapped domain of grain 91. The 670 

phenomenon has been described by Nemchin et al. (2009) and Timms et al. (2012) in lunar 671 

zircon with PDBs. Abovementioned authors have noted that the PDBs high in misorientation 672 

produce significant U-Pb resetting. Moser et al. (2011) has also documented that the domain 673 

of maximum crystallographic misorientation spatially coincides with the area of maximum 674 

Pb-loss in zircon. High misorientation evidences of larger amount of dislocations 675 

accumulated along the PDBs, which hence would cause higher degree of Pb-loss and 676 

resetting of the isotopic ages. 677 

Evidence of trace element re-distribution by PDBs has been documented by ion probe 678 

profiles, even for PDBs with comparatively low misorientation of about 1ᵒ (e.g., Fig. 5a). In 679 

grain 80 89Y/90Zr, 174Yb/90Zr and 140Ce/90Zr ratios show decreased values where the profile 680 

intersects PDBs (Fig. 5). This may be evidence of Y and Yb transport from the affected lattice 681 

domains through PDBs via associated dislocations. Other trace elements are re-distributed, 682 

but do not show consistent behavior. They are either removed or added through PDBs to the 683 

affected lattice domains. For example, 49Ti/90Zr ratio decreases across the upper PDB (points 684 

2-3) and increases across the lower PDB (points 6-7). The upper analyzed PDB cuts through 685 

metamorphic rim without cutting through the detrital core. In contrast, the lower PDB cuts 686 
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through the CL-dark core. Elevated Ti abundance in points 6-7 shows that Ti might be 687 

derived from the higher-Ti detrital core through lower PDB. Harrison and Schmitt (2007) 688 

showed that elevated Ti abundance in certain zircon domains (and, therefore, elevated 689 

temperatures derived from Ti-in-zircon thermometer) can occur due to Ti inward-diffusion 690 

through lattice defects. Such explanation is consistent with our results and may be applied 691 

to the other trace element abundances, in order to explain inconsistency in their 692 

distribution. Trace elements can be sourced from the CL-dark trace-element enriched 693 

detrital core. In grains 03b and 17 (Figs. 6-7) PDBs have particularly small spacing, thus we 694 

have compared the results gained from affected and unaffected domains of each grain. The 695 

results of ion profiling for these two grains appear to be the opposite: grain 03b shows 696 

enrichment in 89Y/90Zr, 174Yb/90Zr, 140Ce/90Zr, 180Hf/90Zr, and 31P/90Zr ratios in the PDB-bearing 697 

domain with respect to PDB-free (Fig. 6c). In contrast, grain 17 demonstrates the same ratios 698 

to decrease in PDB-bearing domain with respect to PDB-free (Fig. 7c). There may be two not 699 

mutually exclusive possibilities to explain such inconsistency. On one hand, points 4-5 in 700 

grain 03b were analyzed close to the grain boundary (< 5 µm distance), and point 3 was set 701 

close to the fracture (Fig. 6a), where the deformed lattice may gain trace elements from an 702 

external source via dislocations (e.g., Timms et al. 2006, 2011). Whereas analyses of grain 17 703 

were made at a larger distance from the grain boundary (≥15 µm, Fig. 7a), so the trace 704 

elements were removed via dislocations and not gained from the external source. On the 705 

other hand, PDBs in grain 17 are more frequent and have smaller spacing than in grain 03b. 706 

Therefore, they should be more efficient in removing trace elements from the deformed 707 

crystal lattice.  708 

To conclude our results, the ion mapping shows that PDBs can affect spatial 709 

distribution of radiogenic Pb isotopes (Figs. 1e; 3c). The ion probe profiling demonstrates 710 
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that PDBs can affect not only Pb distribution, but also Y, Yb, P, Ce, and, possibly, Ti and Hf. 711 

For this specific analytical session and chosen conditions, ion mapping seems to be less 712 

effective in documenting trace element re-distribution via PDBs than ion profiling. We 713 

suggest that PDBs are so extensive, that they affect larger lattice domains than accessible by 714 

the spatial resolution of mapping, and cause grain-scale re-distribution of trace elements. 715 

Point analyses and profiles covered much wider areas in analyzed grains and were able to 716 

show the trace element re-distribution at a larger scale. Additionally, lattice volume analyzed 717 

by the ion probe profiling is more substantial than the volume analyzed by mapping.  718 

PDBs often cross-cut the whole grain or large grain domains, and thus may facilitate 719 

trace element diffusion at the grain scale inwards and outwards of the affected grain or 720 

domain. Reddy et al. (2006) and Timms et al. (2006, 2011) discussed the potential influx of 721 

REE, Th and U via deformation microstructures towards the interior of zircon grains. Ti- and 722 

Pb-depletion in low-angle boundaries has been found by Timms et al. (2011). MacDonald et 723 

al. (2013) have also documented decreased Ti-content from distorted grains. Consistent with 724 

the abovementioned studies, we observe both gain and loss of REE, Hf, P and Ti, depending 725 

on location; and Pb-loss in all cases. Taking into account the possible effect of PDBs on Ti 726 

(Figs. 5, 7), we suggest that these microstructures may produce disturbances of the Ti-in-727 

zircon thermometer, resulting in both higher- and lower-temperatures (e.g., Harrison and 728 

Schmitt 2007; Timms et al. 2011; Kovaleva et al. 2016). Ti might be gained from the 729 

mylonitized matrix, rich in ilmenite. The potential effect of PDBs on P distribution (Figs. 5-7) 730 

can influence the xenotime-type substitution mechanism ((Y, REE)3+ + P5+ = Zr4+ + Si4+), and 731 

thus affect the dependence of xenotime solubility in deformed zircon lattice (e.g., Hoskin 732 

and Schaltegger 2003; Reddy et al. 2016). In 03b (Fig. 6) the P abundance mimics that of Y 733 

and Yb, which can indicate coupling between P and REE, leading to a xenotime-type 734 
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substitution. Abundances of all three elements are elevated in PDB-bearing domain (Fig. 6c), 735 

thus presence of PDBs possibly enhances the ability of xenotime to dissolve in zircon (Reddy 736 

et al. 2016).  737 

Grains 91 and 80 (Figs. 4-5 accordingly) were studied in mineral separates. Mineral 738 

separation gives an opportunity to study much larger zircon grains (up to 300 µm using our 739 

separation method). However, for separated grains the mineral and textural context is lost, 740 

therefore, we can only speculate about the external sources of trace elements that could 741 

affect trace element abundances in deformed zircon domains. However, taking into account 742 

that all grains with PDBs observed in thin sections are hosted by ultramylonite and have 743 

fairly predictable position (at the contact with pseudotachylyte), we assume that separated 744 

grains had such positions as well, and were hosted by ultramylonite. 745 

It was shown by Moser et al. (2011) that elevated temperatures are required to cause 746 

significant re-distribution of the trace elements and resetting of isotopic ages in zircon via 747 

dislocations. Planar microstructures, generated under low temperatures (“cold shock”) do 748 

not cause isotopic resetting, in contrast with the “hot shock”, where the zircon lattice was 749 

heated. This principle may also be applied to the seismic-related planar microstructures. The 750 

host rock is documented to be heated simultaneously with seismic deformation; and 751 

consistently, the re-distribution of trace elements in zircon, related to the PDBs, is observed. 752 

Zircon grains with PDBs are found in the vicinity of pseudotachylyte veins, where the 753 

elevated temperature of these frictional melts (> 1200 °C, Pittarello et al. 2008) may have 754 

facilitated observed trace element mobility in deformed zircon grains. 755 

 756 

207Pb/206Pb relative ages 757 
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The relative 207Pb/206Pb ages are mostly younger in domains containing PDBs (Table 1). 758 

In grain 80 (Fig. 5) relative isotopic ages, measured in lattice domains cross-cut by PDBs, are 759 

different. Upper PDB is associated with Pb-loss, whereas the lower one causes Pb-gain (Fig. 760 

5a, white and dark-grey colored points respectively). The reason can be the gain of 761 

radiogenic Pb from the detrital core via lower PDB, which cross-cuts the core. In contrast, 762 

the PDB that cross-cuts only through metamorphic rim, causes Pb-loss, indicating Pb transfer 763 

out of the grain towards the grain boundary. However, elevated apparent age in the first 764 

case might also be due to gain of common Pb from the matrix through PDB network (e.g., 765 

Kovaleva et al. 2016). This latter speculation is difficult to prove without knowing the 204Pb 766 

abundances.  767 

It is convenient to compare relative ages in zircon fragments that were broken apart 768 

before formation of PDBs (grains 03a, 17; Figs. 6-7). PDB-free fragments show significantly 769 

older relative ages, presenting evidence of undisturbed or less disturbed Pb isotopic 770 

systems, contrasting with PDB-bearing domains that show relatively younger relative ages 771 

(Figs. 6a, 7a). Point 3 in PBD-bearing domains in grain 03b yielded significantly older relative 772 

age, probably due to proximity to the detrital core and/or the open fracture (Fig. 6a-b). We 773 

speculate that modification of Pb isotopic system may occur due to radiogenic Pb-loss, or 774 

due to gain of common Pb from the matrix, and/or radiogenic Pb from the detrital cores. 775 

Even though, without data on 204Pb it is difficult to evaluate the gain of common Pb from the 776 

matrix, it seems that Pb may have become mobilized along the PDBs that have high 777 

dislocation density and thus act as fast element diffusion and/or fluid pathways (e.g., Reddy 778 

et al. 2016). Local 207Pb/206Pb ages, therefore, are younger due to out-diffusion through 779 

PDBs (grains 80, 03b, 17; Figs. 5a, points 2-5; 6a, points 4-5; 7a, points 3-5 accordingly), or 780 
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older, due to inward diffusion of the radiogenic Pb though PDBs from the detrital cores 781 

(grains 80 and 03b, Figs. 5a, points 6-8; 6a, point 3 accordingly). 782 

Pb-loss and localized resetting of the U-Pb system, connected with crystal-plastic 783 

deformation, has been previously documented by a number of authors (e.g., Nemchin et al. 784 

2009, Moser et al. 2009, 2011; Timms et al. 2011, 2012; Piazolo et al. 2012; Grange et al. 785 

2013; MacDonald et al. 2013). Nemchin et al. (2009) and Moser et al. (2011) documented 786 

that the domain of maximum misorientation in deformed zircon spatially coincides with the 787 

area of maximum Pb-loss and the younger apparent ages. It has been even suggested that 788 

the observed resetting of U-Pb system can potentially yield the timing of deformation 789 

(Nemchin et al. 2009; Moser et al. 2009; Peterman et al. 2016). Our observations on Pb 790 

behavior are generally consistent with the previous data and mostly show resetting of 791 

relative 207Pb/206Pb ages for zircon domains that are affected by PDBs, hence, indicate Pb-792 

loss. It is, however, difficult to access the degree of isotopic system resetting, and to tell 793 

whether deformed domains yield the age of deformation, without analyses of U and Th. 794 

 795 

IMPLICATIONS 796 

The microstructural study of seismically-deformed zircon, coupled with the trace 797 

elements and radiogenic isotopes distribution study demonstrates the effect on trace 798 

elements abundances, caused by co-seismic PDBs. 207Pb/206Pb relative ages demonstrate 799 

systematic resetting of the PDB-bearing lattice domains with respect to PDB-free; and, in 800 

some cases, older relative ages, where the PDBs provide the source of radiogenic Pb from 801 

older detrital cores. Therefore, the formation of PDBs in zircon potentially has important 802 

implications for zircon U/Pb geochronology. If the isotopic ages of deformed zircon are reset, 803 

it may be possible to constrain the timing of the seismic/deformation events that produced 804 
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PDBs, or were coeval with their formation. The zircon grains with potentially reset isotopic 805 

ages and distorted microchemistry should be searched for in ultramylonites adjacent to 806 

pseudotachylyte veins, next to their contacts, where co-seismically deformed zircon grains 807 

are commonly found.  808 

Further investigations of PDBs phenomena and other deformation microstructures, 809 

applying of U/Th/Pb absolute age dating to zircons with PDBs, careful investigation of 810 

associated microstructures should help with the reconstruction of tectono-metamorphic 811 

history of the host rocks. Furthermore, such studies show the micro-effects of seismic 812 

energy released at depth, and help to relate deep earthquakes, high-grade metamorphism 813 

and element transfer in the crust. 814 
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Figure captions 1081 

Figure 1. Grain 12: (a) Orientation contrast image; directions of PDBs are shown by the 1082 

white dotted lines; black frame indicates the area where EBSD map shown in (c) was 1083 

collected; white arrows are pointing to the traces of healed fractures. (b) CL image, white 1084 

arrows are pointing to the traces of healed fractures. (c) EBSD cumulative misorientation 1085 

map of the area highlighted in (a), misorientation is color coded with respect to a user-1086 

selected reference point (white star). Black arrows point to the intersection sites of 1087 

orthogonal PDBs with elevated misorientation. (d) Pole figure for the area of EBSD map, 1088 

color coding correspond to EBSD map shown in (c). Disorientation axis [331] is highlighted by 1089 

a small black circle; black lines indicate the direction of PDBs, red dotted lines are the 1090 

reconstruction of PDBs crystallographic orientation. Labels in square brackets indicate the 1091 

positions of crystallographic axes. (e) Inverse pole figure with density contours of 1092 

orientations of misorientation axes.  1093 

Figure 2. Grain 26: (a) Orientation contrast image; black frame indicates the area 1094 

where EBSD map shown in (c) was collected; white frame indicates the area where ion maps 1095 

shown in (e) were collected; direction of PDBs is shown by the white dotted line. White 1096 

arrow points to the PDB in the offset fragment. (b) CL image; white frame indicates the area 1097 
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where ion maps shown in (e) were collected. (c) EBSD cumulative misorientation map, 1098 

misorientation is color coded with respect to a user-selected reference point (white star), 1099 

location of EBSD map marked in (a). Grey regions indicate the areas with the misorientation 1100 

higher than 3° with respect to a reference point and thus not color-coded. White frame 1101 

indicates the area where ion maps shown in (e) were collected. White dotted line indicates 1102 

the direction of PDBs, black arrows point to the subparallel low angle boundaries, 1103 

orthogonal to PDBs. (d) Pole figure, color coding corresponds to EBSD map shown in (c); 1104 

black lines indicate the direction of (sub)planar deformation features, red dotted lines are 1105 

the reconstruction of their crystallographic orientation. Labels in square brackets indicate 1106 

the positions of crystallographic axes. (e) Ion maps; white frame with lines indicates 1107 

orientation of the deformation features over this area; same lines in the Pb map: solid line 1108 

corresponds to the fracture, dotted lines indicate positions of the discrete planar bands. 1109 

Arrows point to “patchy” enrichments in radiogenic Pb isotopes. Maps are 10x10 µm in size, 1110 

location marked in (a) and (b), intensity in counts per second normalized to 180Hf. 1111 

Figure 3. Grain 43: (a) Orientation contrast image; directions of the PDBs are shown by 1112 

the white dotted lines. White frame indicates the area where ion maps shown in (c) were 1113 

collected. EBSD map is overlaying, misorientation is color-coded with respect to a reference 1114 

point marked by a white marker. (b) CL image. White frame as in (a). (c) Ion maps; white 1115 

frame with lines indicates orientation of the deformation and growth features over this area: 1116 

dashed line indicates the position of CL intensity gradient between CL-dark rim and CL-bright 1117 

core, dotted lines indicate the positions of the PDBs cross-cutting analyzed area, circle 1118 

indicates the position of enrichment in Pb isotopes. Arrows point to local enrichments in Pb 1119 

isotopes. Ion maps are 15x15 µm in size, location marked in (a) and (b), intensity in counts 1120 

per second normalized to 180Hf. 1121 



 

49 

Figure 4. Grain 91: (a) Orientation contrast image, direction of the PDBs and PFs is 1122 

shown by a white dotted line. Inset shows the analyzed area enlarged. (b) CL image, white 1123 

frame in (a) and (b) indicates the area where ion maps were collected (inset shows this area 1124 

enlarged), and white arrows point to the trace of healed fracture resolved by ion mapping. 1125 

(c) Ion maps; white frame with lines indicates orientation of the deformation and growth 1126 

features over this area: solid line indicates the position of healed fracture, dashed lines 1127 

indicate the position of boundary between growth zones, dotted lines indicate the positions 1128 

of PDBs cross-cutting this area. White arrows point to the inhomogeneities in trace element 1129 

abundances caused by healed fracture. Maps are 20x20 µm in size, location marked in (a) 1130 

and (b), intensity in counts per second normalized to 90Zr. 1131 

Figure 5. Grain 80: (a) Orientation contrast image with locations of NanoSIMS point 1132 

analyses, spot size <1x1 µ (see analytical data section), points color-coded according to the 1133 

207Pb/206Pb relative ages; direction of the PDBs is highlighted by a white dotted line. EBSD 1134 

map is overlaying; misorientation is color-coded with respect to a reference point marked by 1135 

a white marker. (b) CL image with locations of analyses. Dotted lines indicate the positions of 1136 

PDBs, which are cross-cut by the microprobe profile. (c) Pole figure corresponding to EBSD 1137 

map shown in (a); white lines indicate the direction of PDBs, red dotted line is the 1138 

reconstruction of the PDBs crystallographic orientation. (d) Microprobe profiles along the 1139 

points 1-9 marked in (a)-(b), gray boxes highlight the points along the profile, which spatially 1140 

coincide with PDBs. Error bars represent uncertainties (σmean). 1141 

Figure 6. Grain 03b: (a) Orientation contrast image with locations of analyses, spot size 1142 

is <2x2 µm, points color-coded according to the 207Pb/206Pb relative ages; directions of the 1143 

PDBs are shown by white dotted lines. Local misorientation EBSD map is overlaying, 1144 

misorientation of each pixel is color-coded with respect to the neighboring pixels. (b) CL 1145 
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image with locations of analyses. (c) Ion microprobe analyses, gray box highlights the results 1146 

obtained in PDB-bearing fragment. Error bars represent uncertainties (σmean). 1147 

Figure 7. Grain 17: (a) Orientation contrast image with locations of microprobe 1148 

analyses, spot size is <2x2 µm, points color-coded according to the 207Pb/206Pb relative ages; 1149 

direction of the PDBs is indicated by a white dotted line. (b) CL image with locations of point 1150 

analyses. White arrows in (a) and (b) point to the trace of healed fracture. (c) Ion microprobe 1151 

analyses, gray box highlights the results obtained in PDB-bearing fragment. Error bars 1152 

represent uncertainties (σmean). 1153 

















Point N 207Pb/206Pb 207Pb/206Pb 
age, Ma 

Grain 80 (Fig. 7) 
1 (ref.) 0.0680 869 
2 0.0491 153 
3 0.0613 649 
4 0.0565 471 
5 0.0629 703 
6 0.0695 915 
7 0.1195 1949 
8 0.0720 985 
9 0.0519 283 

Grain 03b (Fig. 8) 
1 (ref.) 0.0693 907 
2 0.0784 1156 
3 0.1558 2410 
4 0.0479 93 
5 0.0476 78 

Grain 17 (Fig. 9) 
1 (ref.) 0.0844 1303 
2 0.0600 606 
3 0.0549 410 
4 0.0519 284 
5 0.0777 1141 
Table 1. 207Pb/206Pb ratios corrected with the correction factor 1.016. Relative 207Pb/206Pb ages are 
calculated with Excel toolbox Isoplot 4.15. Ref. – user-selected reference age. 
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