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Abstract

The dynamic fracture of natural polyphase ceramic (granite) blocks by high-speed impact at

207 m/s, 420 m/s and 537 m/s has been investigated. An electromagnetic railgun was used

as the launch system. Results reveal that the number of fragments increases substantially, and

the dominant length scale in their probability distributions decreases, as the impact energy

is increased. Micro-scale studies of the fracture surfaces reveals evidence of localized tem-

peratures in excess of 2000 K brought on by frictional melting via fracturing and slip along

grain boundaries in orthoclase and plagioclase and via transgranular fracture (micro-cracking)

in quartz. The formation of SiO2- and TiO2-rich spheroids on fracture surfaces indicates that

temperatures in excess of 3500 K are reached during fracture.

Keywords: sub- and supersonic impact, dynamic brittle fragmentation, railgun impact

experiment, brittle fracture, thermal effects in cracking, microscale energy dissipation, planar

fractures quartz, elastic heat dissipation in fracture, non-crystalline fracture.

Email address: v3679@unb.ca (James D. Hogan)

Preprint submitted to International Journal of Impact Engineering March 2, 2011

*Revised Manuscript
Click here to view linked References

http://ees.elsevier.com/ie/viewRCResults.aspx?pdf=1&docID=1194&rev=1&fileID=44425&msid={900504BA-6FB0-4E95-AD14-C163793DA65C}


1. Introduction1

The dynamic fracture and fragmentation of solids has been an area of continued research2

since the early works by Mott [1, 2]. The dynamic fracture of ductile materials [3–8] is better3

characterized and understood than in brittle materials [1–3, 9–13]. This stems from the large4

variability in quantifiable measurements when experiments are observed and, more importantly,5

repeated over a broad range of conditions for ceramics.6

Many investigations into the dynamic fracture of brittle materials have been made through7

machining [14, 15] and, as in the present study, via high-speed impact testing. Impact testing8

of the fracture behaviour of natural ceramics1 has been used to study terrestrial impacts [16],9

and in mining and rock blasting applications [17]. The fracture response of synthetic brit-10

tle materials2 has been studied in crack-propagation experiments [18–21], where transparent11

polymethyl-methacrylate (PMMA) was used to visualize a propagating crack, and has been12

studied in the context of the ballistic protection of metal-ceramic or composite-ceramic shield-13

ing systems [22–29]. Most dynamic loading tests are primarily concerned with the ability of the14

ceramic to withstand the loading energy (e.g., defeating an incoming projectile, or fracturing15

under a given load of explosives). Less attention is given to characterizing the actual damage16

to the specimen, and often no attention is given to the complex energy dissipation processes17

that lead to the final damaged state. Understanding these processes will ultimately lead to more18

efficient use of ceramic materials and an increased performance in their application. The focus19

of the current investigation is on the fracture response and energy dissipation mechanisms of20

granite.21

Energy dissipation during high-speed fracture has many forms. During impact testing some22

1Examples include rocks, planetary regoliths, minerals.
2Examples include polymethyl-methacrylate (PMMA) and Al2O3.

2



of the energy of the projectile is transferred into kinetic energy of the target’s ejected fragments.23

Nakamura and Fujiware [30] estimate roughly 1% of the initial kinetic energy is transferred into24

the kinetic energy of ejected fragments. Acoustic emission is also considered a comparably25

minor energy sink as well [31, 32]. The primary mechanism for energy dissipation in ceramics26

is the generation of new surface area [33] via fracture and fragmentation [3–5, 9–13, 34–36].27

This, in turn, is related to crack propagation [18], flaw distribution [37], grain size [38] and28

crystallographic orientation [39]. Investigations of crack propagation have been made both29

analytically [40] and experimentally [18–21]. In impact studies (for example soda-lime glass30

spheres impacting glass targets [41]), three-dimension crack propagation has been studied in31

the form of Hertzian cracking [41–44], where the fracture surface through the body forms a32

geometrically self-similar cone over a wide range of impact conditions.33

A bi-product of crack propagation is heat, which Griffith [40] noted could represent a sig-34

nificant portion of the energy dissipated during rupture (or crack extension). The study of heat35

dissipation at the tip of a moving crack has received attention in non-crystalline materials, such36

as polymethyl-methacrylate (PMMA) [45–47], glass [14, 48] and in various crystalline mate-37

rials [14, 48, 49]. Weichert and Schönert [48] developed and used a radiation thermometer38

to record radiated heat from a crack tip for quartz and glass, and by crude comparisons with39

black body radiation, estimated temperatures of 3200 K for glass and 4700 K for quartz during40

crack tip extension. Chapman and Walton [14] performed machining experiments on quartz41

and various types of glasses. By measuring the emitted triboluminescence, they estimated that42

temperatures between 1850 K and 2300 K were realized for glass and 2800 K for quartz during43

the dynamic fracture (cutting) process. The goal of the current investigation is to gain further44

insight into the dynamic fracture of ceramics, and, in particular, micro-scale energy dissipa-45

tion via heat generation, micro-cracking and micro-plastic deformation in a polyphase natural46

ceramic.47
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2. Experimental Set-Up and Analysis Methods48

Experiments were conducted at the French-German Research Institute of Saint-Louis (ISL),49

France, using the facility’s SR/3-60 electromagnetic railgun (Fig. 1) [50]. Its copper-alloy rails50

are encased in a non-conductive composite housing. The SR/3-60 is a segmented railgun,51

whereby current is delivered to the rails at multiple locations along its 2.25 m length. Mul-52

tiple injections reduce resistive losses and, therefore, offer the potential of increasing launch53

efficiency in comparison to continuous injection at the breech [50]. The ”3-60” refers to the54

number of separate rail-pair configurations through which the armature (projectile) makes con-55

tact; with each rail pair being oriented at 60◦.56

A hexagon-shaped projectile is deployed in the SR/3-60 (Fig. 2). The distance between57

diagonal vertices is 20 mm and the projectile length is 30 mm. Projectiles comprise a woven58

glass-fiber reinforced plastic composite sabot enclosing a single Cu-Cd brush, which consists59

of multiple fibres 32 mm in length. The total mass of the brush is ∼23 g and the total mass of60

the projectile, including the brush, is ∼45 g. The projectiles are custom-fabricated in-house.61

Three shots were made at muzzle velocities of 207 m/s, 420 m/s and 537 m/s (measured using62

Doppler radar), corresponding to kinetic energies at impact of 0.96 kJ, 3.96 kJ and 6.44 kJ. A63

summary of projectile values for each shot is presented in Table 1.64

The polyphase ceramic (granite) targets have a density of 2600 kg/m3. The granite mainly65

comprises the minerals orthoclase (KAlSi3O8, pale pink in colour), plagioclase (NaAlSi3O8 to66

CaAl2Si2O8, white in colour) and quartz (SiO2, translucent and glassy), with traces of biot-67

tite (dark brown in colour) and ilmenite (FeTiO3 and black in colour). The volume percentage68

composition is approximately 5% mica, 50% plagioclase, 30% quartz and 15% orthoclase. Ap-69

proximately 2 cm of the outer area of each target was confined between two pieces of plywood,70

which were mounted to the target holder (Fig. 3). This allowed the blocks to expand laterally71
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following impact. A summary of the target dimensions and masses for each shot is given in72

Table 2, where a and b are the target height and width, and z is the target thickness.73

Following each shot, fragments larger than 3 mm in length were weighed and counted using74

a Scientech S120 scale with resolution of ±1×10−4 g. Fragments smaller than 3 mm were sized75

and counted with a Parsum IPP70 gravity-feed probe.76

Secondary electron (SE) and back-scattered electron (BSE) images of the ceramic frag-77

ments were obtained using a Hitachi SU-70 analytical Field Emission Scanning Electron Mi-78

croscope (FESEM). The acceleration voltage range was 100 V to 30 kV with a beam current79

of a few nano-amperes. The resolution of the FESEM is 1.0 nm at 15 kV and 1.4 nm at a land-80

ing voltage of 1 kV. The samples were sputter coated with carbon prior to analysis to ensure81

conductivity.82

The composition of the mineral phases was determined by Energy Dispersive X-ray Spec-83

troscopy (EDS) using an INCAx-act LN2-free Analytical Silicon Drift Detector at 15 kV ac-84

celerating voltage and 5 nA beam current, with acquisition times of 100 s for all elements.85

With these conditions, weight percent chemical compound detection limits were 0.040 SiO2,86

0.063 TiO2, 0.045 Al2O3, 0.110 FeO, 0.070 Cr2O3, 0.074 MgO, 0.080 MnO, 0.039 CaO,87

0.028 Na2O and 0.031 K2O.88

3. Experimental Results89

3.1. General analysis of target damage90

The damage states of the targets following each shot are shown in Fig. 4. The target im-91

pacted at 0.97 kJ (207 m/s) cracked into four, roughly equal size pieces. As the the impact92

energy increases (b and then in c), a fracture cone forms in each block, which then increases in93

volume as the impact energy is increased. The formation of a cone, or fragmentation zone as94

it will be referred to here is the result of Hertzian cracking [42–44]. A similar response in the95
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present experiments is to be expected when projectiles with a hexagonal cross-section are used.96

The total volumes encompassed by the fragmentation zones are estimated as 1.59×105 mm3
97

and 2.29×105 mm3, corresponding to a 44 % increase, for impact energies from 3.96 kJ to98

6.44 kJ, respectively.99

Features of the fracture patterns in the damaged targets were examined (Fig. 4). Crater100

diameters of 41.3 mm and 54.6 mm, corresponding to 2.1 and 2.7 projectile diameters, were101

estimated on the front surface of the target for impact energies of 3.96 kJ and 6.44 kJ, respec-102

tively. The rear diameters of the fragmentation zone were estimated as 78.1 mm and 89.6 mm,103

corresponding to 3.9 and 4.5 projectile diameters, for impact energies of 3.96 kJ and 6.44 kJ,104

respectively. The Hertzian fracture angle, defined as the angle between the normal surface and105

the cone edge, is typically reported as 22◦ ±1◦ [44]. These angles were measured from the two106

targets, and an average taken from three of the largest fragments for each of the 3.96 kJ and107

6.44 kJ samples. An angle of approximately 30◦±2◦ was determined for both cases. The dif-108

ference in angles might suggest that impact geometry and the use of a non-crystalline materials109

plays a role in the generation and propagation of Hertzian cracks. This is an area that warrants110

future work.111

3.2. Fragmentation results112

Typical fragments from these experiments are shown in Fig. 5. There was no shape vari-113

ation found between each impact energy (Fig. 5a and b). The fragments have an aspect ratio114

close to one and primarily contain quartz (clear) and orthoclase (pale pink) on their fracture sur-115

face. Mott [1, 2] is credited with pioneering research into the dynamic fragmentation of solids.116

To display his fragmentation results, Mott plotted the logarithm of the cumulative number of117

fragments larger than the individual fragment size (r) on the independent-axis. Fragmentation118

data is plotted in a Mott representation in Fig. 6 for loading energies of 3.96 kJ and 6.44 kJ.119
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The number of fragments for 6.44 kJ loading energy is 26,733, which is 12.2 times larger than120

a total of 2,187 fragments for the 3.96 kJ case. This increase is much greater than the 1.44-fold121

increase in cone volume generated from the impacts. The largest fragment sizes are in the order122

of the target block thickness (55 mm).123

The size distributions of the fragments are plotted in Fig. 7 for impact loadings of 3.96 kJ124

and 6.44 kJ. For the 0.97 kJ case, the ceramic block merely fractured into four large pieces125

(Fig. 4a). The ordinate axis label ”Q0” refers to the fragment size density distribution; later126

”Q3” will be used to describe the volume density distribution. For clarity, the fragments are127

grouped into 42 bins. The first bin consists of fragments between 100.90 µm and 101.00 µm. The128

total number of fragments between these values are plotted at the center point of 100.95 µm. The129

second bin consists of values between 101.00 µm and 101.10 µm, with values plotted at 101.05 µm.130

The remaining data is plotted in this way. The highest percentage in the fragment-size density131

distribution for a loading of 6.44 kJ occurs at a smaller fragment size than for a loading of132

3.96 kJ (100 µm and 178 µm, respectively). There are also smaller peaks in the distribution133

at 12,200 µm for 3.96 kJ and 4,470 µm for 6.44 kJ. These are believed to be associated with134

the numerous fragments that come from the rear surface of the target following impact. An135

example of one of these fragments is shown in Fig. 8.136

The average fragment sizes for loading energies of 3.96 kJ and 6.44 kJ are 967 µm and137

358 µm, respectively. These values are much larger than the values of the peaks in the Q0138

distribution. This suggests that using an average value is not appropriate when determining139

the dominant fragment length of the whole sample. If only fragments smaller than 3 mm are140

considered (i.e., those that are believed to be from the fragmentation zone and, perhaps, a141

true measure of the dominant fragment scale) then the average fragment sizes are 382 µm for142

3.96 kJ, and 209 µm for 6.44 kJ. This, once again, overestimates the dominant length scale143

in the sample. Together, these values indicate that larger impact energy results in a smaller144
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dominant fragment size.145

Knowing the probability distribution of the fragmentation data yields insight into the length146

scale distribution based on the total number of fragments generated in the dynamic event. How-147

ever, for modeling purposes the number of fragments is difficult to determine and would vary148

greatly depending on, for example, the size of the target and the impact conditions. It is thus im-149

portant to know the volume density distribution, Q3, for such events. Fig. 9 shows the volume150

density distribution of the fragments sized and counted by the gravity-feed probe (i.e., those151

estimated to be <3 mm, with some fragments as large as 5 mm) for the 3.96 kJ and 6.44 kJ152

cases. Here, only those fragments believed to be associated with the fragmentation zone are153

used because they are assumed to be independent of the target size, and hence useful for mod-154

eling. It was also assumed that each fragment was spherical based on their aspect rations being155

approximately unity. The data is separated into 32 bins and normalized over the total volume of156

the sample, with the first bin centered at 102.05 µm and consisting of values between 102.00 µm157

and 102.10 µm. The other bins are organized in the same way. The peak in the Q3 distribution158

(≈25% for 3.96 kJ) corresponds to a fragment size of 2,800 µm . This is larger in both value159

and percentage of the total volume than the peak for 6.44 kJ loading case (corresponding to160

1,775 µm at Q3 ≈17%). A summary of the length scales from these experiments is shown in161

Table 3.162

Next, the total generated fracture surface area for each case is estimated. For a loading163

energy of 0.97 kJ, only four fragments were generated following impact. It was assumed that164

each fragment was in the shape of cube, resulting in a generated surface area of 0.025 m2.165

The larger fragments for the 3.96 kJ and 6.44 kJ loading cases, the ones shown in Fig. 4, were166

measured directly, while the fragments in the fragmentation zone were assumed to be spherical167

based on Fig. 5. The total surface area generated for the 3.96 kJ and 6.44 kJ cases was estimated168
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as 0.051 m2 and 0.126 m2, respectively. If a fracture surface energy3, Γ′′, of 29 J/m2 is taken169

then the total energy consumed by generating the fracture surfaces is 0.73 J, 1.48 J, and 3.65 J.170

These values represent much less than 1% of the values for the total impact energies of 0.97 kJ,171

3.96 kJ and 6.44 kJ. Similar conversion values have been previously reported by Woodward et172

al. [53]. Realistically, this conversion is largely underestimated because, as will be shown later,173

high magnification of the fracture surface indicates that much more surface area is actually174

created. The exact amount of surface area generated during fracture for various size ranges175

warrants future work.176

3.3. Microscale fracture surfaces and energy dissipation mechanisms177

The textures and compositions on the fracture surfaces were examined using analytical178

scanning electron microscopy. Examples of dynamic fracture features in orthoclase, plagio-179

clase, and quartz for an impact energy of 6.44 kJ are shown in Fig. 10a, c and e, respectively.180

Fracture in the orthoclase is primarily via mode 1 transgranular fracture that occurs along cleav-181

age planes, which are parallel to crystallographic faces {001} and {010} (Fig. 10a). The step-182

height is roughly 120 µm at this scale. Fracture in the plagioclase (Fig. 10c) occurs along183

cleavage planes, with some fracture across the cleavage planes (mainly {001}), as indicated by184

uneven fractured surfaces. The thickness of each of the cleavage planes in roughly 3.5 µm. Dy-185

namic fracture associated with quartz occurs primarily along grain boundaries (intergranular),186

with fracturing also occurring along inherent flaws in the grain (transgranular) (Fig. 10e).187

Fracture surfaces in orthoclase, plagioclase and quartz are further revealed in Fig. 10b, d188

and f. Cleavage fracture patterns in orthoclase are shown at this scale, with local areas of189

roughened patterns indicated by arrows (Fig. 10b). In the plagioclase, there is evidence of190

3Γ′′=K2
c /2Bo [12], where Kc=1.79 MPa

√
m [51] is the fracture toughness, ρ=2,600 kg/m3 is the density, and

c=
√

Bo/ρ=4,620 m/s, where Bo is the bulk modulus and is taken as 55.5 GPa [52].
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localized melt/plastic deformation at grain or crystal boundaries (Fig. 10d). Cracks are seen in191

the quartz samples with elevated roughened edges crossing at 90◦ to each other (Fig. 10f).192

3.3.1. Localized heat dissipation on fracture surfaces193

Evidence of localized melting in a quartz grain micro-crack is shown Fig. 11a in the form194

of an SiO2-connection and glass deposit between the adjacent cracked edges. The distance195

between these surfaces is about 1 µm. Temperatures needed to melt quartz are approximately196

2000 K [54]. Evidence of higher localized temperatures are indicated in Fig. 11b in the form197

of a TiO2-rich spheroid (derived from FeTiO3 ilmenite breakdown to FeO and TiO2), approx-198

imately 4 µm in diameter. The temperature needed to vaporize and cause the breakdown of199

ilmenite is in the order of 3000 K [55]. Results here suggest that these localized tempera-200

tures are reached during the high-speed impact tests and, more specifically, during the fracture201

process.202

More evidence of high localized temperatures at the microscale in the form of plagioclase-203

like and alkali-felspar-like spheroids are shown in Fig. 11c and d. The albite spheroid in204

Fig. 11c is approximately 1.0 µm in diameter, while the orthoclase spheroid in Fig. 11d is205

roughly 8.0 µm in diameter. Temperatures in excess of 3500 K [54] are needed to vaporize206

these silicate minerals. An additional spheroid composed of alkali-feldspar-like mineral, and207

a CuO spheroid are shown in Fig. 11e and f, respectively. The CuO-rich spheroid is derived208

from the vaporization and re-condensation of the copper brushes from the projectile. Typical209

orthoclase and plagioclase mineral compositions and corresponding compound-% of oxides in210

each of the spheroids and glass from Fig. 11 are given in Table 4.211
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4. Discussion212

The dynamic fragmentation experiments indicate that an increase in impact energy results213

in a dramatic increase in the number of fragments and, more specifically, the generated surface214

area. The generation of more fragments, for a small increase in the fragmentation zone volume,215

resulted in a decrease in the dominant fragment size for the two cases studied.216

The primary focus of this study was to examine micro-scale energy dissipation mechanisms217

on fracture surfaces. Roughened areas over a large landscape of local fracture surfaces in218

plagioclase and orthoclase (Fig. 10b and c) suggest the action of intragrain motions/vibrations219

operating prior to fragmentation. Evidence of localized melting and/or plastic deformation at220

these boundaries is presented in Fig. 10d; again suggesting that grain motion, and subsequent221

frictional heating, occurs during and possible just after fracture.222

Micro-cracking in quartz (Fig. 10f) reveals evidence of roughened surfaces on adjacent223

cracked edges brought on by motion/vibration. Fig. 10a extends this discussion and suggests224

that friction between these two sides, or the generation of the micro-crack itself, provides a225

very localized energy source great enough to melt the quartz (>2000 K [54]). Further evidence226

of very localized temperatures in the order of 3500 K are suggested by the formation of the227

spheroids on the fracture surface (Fig. 11b to f). Energies required to form these spheroids228

represent a small portion of the incoming kinetic energy of the projectile.229

5. Conclusions230

The dynamic fracture of natural polyphase ceramic blocks subjected to high-speed impact231

was investigated experimentally for impact loadings of 0.97 kJ, 3.96 kJ, and 6.44 kJ. Fragmen-232

tation results indicate that the onset of fragmentation in the ceramic occurs at a loading energy233

between 0.97 kJ and 3.96 kJ. As the impact energy is increased beyond this critical value, the234
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number of generated fragments increases and the dominant length scale in their distributions235

decreases.236

Micro-scale energy dissipation on the fracture surfaces of the granite fragments were also237

examined. Evidence of melt and plastic deformation along grain boundaries and in transgranu-238

lar fracture (micro-cracking in quartz and rupturing in orthoclase and plagioclase) indicate that239

frictional heating caused by adjacent fracture surface motions result in temperatures greater240

than 2000 K. The formation of SiO2- and TiO2-rich spheroids on fracture surfaces indicate that241

temperatures in excess of 3500 K were reached during fracture.242
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Table 1: Projectile values for each trial.

Trial mass of v (m/s) KE of Mach
number projectile mass (g) projectile (kJ) number

1 45.3 207 0.97 0.6 subsonic
2 44.9 420 3.96 1.2 transonic
3 44.7 537 6.44 1.6 supersonic

Table 2: Target values for each shot.

Shot a × b (mm) z (mm) mass of
number target (kg)

1 115 × 112 55 1.845
2 109 × 112 55 1.750
3 113 × 112 55 1.807

Table 3: A summary of dominant fragment size values.

0.97 kJ 3.96 kJ 6.44 kJ
No. of frag’ts 4 2,187 26,733

Peak Q0 − 178 μm 100 μm
Avg. < 3 mm − 382 μm 209 μm

Avg. − 967 μm 358 μm
Peak Q3 − 2,800 μm 1,775 μm
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160 mm

Fig. 1. The SR/3-60 electromagnetic launcher.



30 mm

Fig. 2. Projectile type used with the SR/3-60



target location

115 mm

Fig. 3. Photograph of target set-up.



112 mm

Front

Fig. 4a. Front side of impacted target for 0.97 kJ loadi



112 mm

Back

Fig. 4b. Back side of impacted target for 0.97 kJ loading.



112 mm

Fig. 4c. Front side of impacted target for 3.96 kJ loading.



112 mm

Fig. 4d. Back side of impacted target for 3.96 kJ loading.



112 mm

Fig. 4e. Front side of impacted target for 6.44 kJ loading.



112 mm

Fig. 4f. Back side of impacted target for 6.44 kJ loading.



10 mm

Fig. 5a. Photograph of typical fragments for 6.44 kJ.



Fig. 5b. Photograph of typical fragments for 6.44 kJ.



Fig. 5c. Photograph of typical fragments for 3.96 kJ.



Fig. 5d. Photograph of typical fragments for 3.96 kJ.
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Fig. 6. Mott plot of fragmentation data.
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Fig. 7. Probability density distribution of fragments.



20 mm

Back of 

target

Fig. 8. Typical fragment from the back of the target.
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Fig. 9. Volume density distribution



step height

Fig. 10a. SEM image of dynamic fracture features in orthoclase.



Fig. 10b. SEM image of dynamic fracture features in orthoclase.



Fig. 10c. SEM image of dynamic fracture features in plagioclase.



plastic deformation at 

grain boundary

Fig. 10d. SEM image of melt-coated plagioclase surface.



trans-grannular 

fracture

inter-grannular 

fracture

Fig. 10e. SEM image of dynamic fracture features in quartz.



Roughened 

surface

micro-crack

Fig. 10f. SEM image of micro-fault offset in quartz.



melt 

connection

Fig. 11a. SEM image of localized melt in quartz micro-crack.



Fig. 11b. SEM image of titanium-oxide rich spheroid.



Fig. 11c. SEM image of plagioclase-like spheroid.



Fig. 11d. SEM image of alkali-feldspar-like spheroid.



Fig. 11e. SEM image of alkali-feldspar-like spheroid.



Fig. 11f. SEM image of CuO spheroid.
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