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Abstract 25 

 26 

Fractures play an important role as fluid flow pathways in geothermal resources hosted in 27 

indurated greywacke basement of the Taupo Volcanic Zone, New Zealand, including the 28 

Kawerau Geothermal Field. Over time, the permeability of such geothermal reservoirs can be 29 

degraded by fracture sealing as minerals deposit out of transported geothermal fluids. Calcite 30 

is one such fracture sealing mineral. This study, for the first time, utilises combined data from 31 

electron backscatter diffraction and chemical mapping to characterise calcite vein fill 32 

morphologies, and gain insight into the mechanisms of calcite fracture sealing in the Kawerau 33 

Geothermal Field. Two calcite sealing mechanisms are identified 1) asymmetrical syntaxial 34 

growth of calcite, inferred by the presence of single, twinned, calcite crystals spanning the 35 

entire fracture width, and 2) 3D, interlocking growth of bladed vein calcite into free space as 36 

determined from chemical and crystallographic orientation mapping. This study also 37 

identifies other potential uses of combined EBSD and chemical mapping to understand 38 

geothermal field evolution including, potentially informing on levels of fluid supersaturation 39 

from the study of calcite lattice distortion, and providing information on a reservoir’s history 40 

of stress, strain, and deformation through investigation of calcite crystal deformation and 41 

twinning patterns. 42 

Introduction 43 

 44 

Development of natural and enhanced geothermal resources, hosted in crystalline, volcanic, 45 

plutonic or, metamorphic basement reservoirs, has increased over recent years [Wood et al., 46 

2001; Asanuma et al., 2005; Sausse et al., 2006; Blackwell et al., 2007; Bertani, 2012]. In 47 

these reservoir rocks, permeability is dominated by faults and fractures, with small 48 



contributions made by primary permeability [Brace, 1980; Davatzes and Hickman, 2010a; 49 

Dezayes et al., 2010]. As such, the study of how these structures are generated, their 50 

properties (e.g. orientation, spatial distribution, aperture, orientation with respect to the stress 51 

field), how they become filled with precipitated minerals, and their crack-seal cycle history is 52 

vital to understanding the evolution of geothermal systems and to their successful 53 

development. Progressive fracture sealing (i.e. vein formation) is known to create barriers 54 

and baffles to fluid flow in a geothermal reservoir, decreasing overall permeability and 55 

limiting the reservoir’s effectiveness as a resource [Batzle and Simmons, 1976; Dobson et al., 56 

2003; Genter et al., 2010]. Study of this sealing process is vital to discerning the evolution 57 

and sustainability of fractured geothermal systems. 58 

 59 

Fracture sealing creates veins which can be used to determine aspects of the geological 60 

history of the host rock. The mineralogy, geochemistry, microstructure, and fluid inclusion 61 

analysis of vein minerals provides information on pressure and temperature conditions of the 62 

reservoir rock, stress and strain that was occurring at or after the time they were precipitated, 63 

and on the composition and origin of related fluids. Vein formation (fracture sealing) is 64 

achieved by the precipitation of minerals from the circulating fluids, or from water-rock 65 

interactions, within geothermal systems, and can occur as a single precipitation event or as 66 

multiple crack-sealing events [Ramsay, 1980]. Evidence for multiple sealing events comes 67 

from observation of multiple mineral phases, or sequential depositions of the same mineral 68 

phase in a vein. The classification of veins can be broken into i) syntaxial, ii) stretching, iii) 69 

antitaxial, and iv) pressure shadows/fringes (Figure 1) [Bons et al., 2012]. Syntaxial veins 70 

form where mineral growth occurs from one of or both fracture faces toward the centre, with 71 

crystals often becoming elongate in the growth direction. Syntaxial vein minerals often show 72 

lattice preferred orientations that strengthen with distance from the fracture wall as growth 73 



competition eliminates those crystals not oriented to the fast growth direction [Cox and 74 

Etheridge, 1983; Bons, 2001; Nüchter and Stöckhert, 2007; Okamoto and Sekine, 2011]. 75 

Stretching veins grow in a similar way to syntaxial veins [Durney and Ramsay, 1973] but the 76 

crack surface cuts through previously precipitated vein crystals (localised stretching veins) or 77 

wall rock (delocalised stretching veins) as opposed to the mineral growth surface. Due to 78 

their similarity a continuum exists between syntaxial and stretching veins. Localised 79 

stretching veins can seal a crack from both crack surfaces (bitaxial) or from one surface 80 

(unitaxial) [Hilgers et al., 2000]. Antitaxial veins grow from a median suture in a fracture 81 

toward the fracture walls and usually contain fibrous crystals. They are defined by the 82 

presence of a median line/zone across which two-fold rotational symmetry is often observed 83 

in the fibre pattern. It is thought that antitaxial veins grow by crack-seal mechanisms, or that 84 

growth occurs on the closed interface between vein and wall rock. Antitaxial vein growth is 85 

also possible as a result of crystal growth, in a diffusional mass transfer (DMT) system, 86 

exerting outward force that pushes the wall rock apart [Wiltschko and Morse, 2001]. Pressure 87 

shadows/fringes are a unique type of vein that forms in pressure shadows occurring next to a 88 

rigid object in a deforming material.  89 

 90 

Determination of mineral sealing processes from microstructural and chemical data is made 91 

difficult due to the processes being highly sensitive to a wide range of factors; degree of fluid 92 

supersaturation, anisotropic growth kinetics (mineral growth), rates of local deformation, and 93 

rates of fluid transport [Hilgers et al., 2004]. Calcite is a common mineral in many geological 94 

systems and geothermal reservoirs are no exception. Calcite is usually found in geothermal 95 

systems with temperatures of ~140-300°C and where fluids have high concentrations of 96 

dissolved CO2 [Simmons and Christenson, 1994; Browne, 1978] occurring both as a 97 

replacement of parent rock mineral phases, or as cement or vein fill. Hydrothermal calcite 98 



veins have been reported in geothermal systems in North America [Batzle and Simmons, 99 

1976; Dobson et al., 2003], the granite, enhanced geothermal reservoir of Soultz-sous-Forêts 100 

[Hébert et al., 2011], and in several geothermal fields located in the Taupo Volcanic Zone 101 

(TVZ), New Zealand [Krupp and Seward, 1987; Hedenquist, 1990; Wood et al., 2001]. The 102 

precipitation of hydrothermal calcite is controlled dominantly by the movement of CO2 in the 103 

reservoir as governed by boiling, dilution, and condensation, and to a lesser extent by pH, 104 

temperature, and the aqueous calcium ion activity [Fournier, 1985; Simmons and 105 

Christenson, 1994]. As a result, calcite is a highly reactive mineral in a geothermal system 106 

such that varying temperature profiles along fluid flow pathways create zones where it can be 107 

dissolved and zones where it can be precipitated. Colder, circulating fluids often result in 108 

calcite dissolution, which, due to calcite’s retrograde solubility (decreases with increasing 109 

temperature), is then precipitated back out elsewhere as the circulating fluid temperature 110 

increases [André et al., 2006]. Platy calcite (also known as bladed calcite) is commonly found 111 

in veins and voids in geothermal reservoir rocks and is the result of precipitation from boiling 112 

fluids through the exsolution of CO2. Observations of bladed calcite in geothermal wells are 113 

made by Tulloch [1982] who noted that the platy crystals grow outward from the walls in a 114 

direction perpendicular to the c-axis at a rate of ~0.1mm/day.  115 

 116 

The common occurrence of calcite as a fracture sealing mineral in geothermal fields makes it 117 

an ideal case study for examining hydrothermal fracture sealing. This work examines calcite-118 

filled fractures from a sample of greywacke reservoir rock from the Kawerau Geothermal 119 

Field using, for the first time, combined chemical mapping techniques (cathodoluminescence 120 

(CL) and electron diffraction x-ray (EDX)), and electron backscatter diffraction (EBSD). 121 

Similar combinative studies attempting to infer the connection between microstructure and 122 

chemistry in veining are rare [Bons et al., 2012 and references therein] and many are more 123 



focused on detailed chemical and isotopic analyses [Barker et al., 2006; Barker et al., 2009]. 124 

This paper aims to utilise these combined techniques to determine how hydrothermal calcite 125 

growth occurs in geothermal fractures, explore what the microstructure can tell us about the 126 

crack-seal evolution of the greywacke basement of the Kawerau Geothermal Field, and the 127 

implications this may have for reservoir permeability.  128 

 129 

Geological Setting 130 

 131 

The Kawerau Geothermal Field is the most northern, active, high temperature (>300°C), 132 

geothermal field in the TVZ (Figure 2). The TVZ represents the active part of the Central 133 

Volcanic Region (CVR), an extensional intra-arc basin formed as a result of subduction of 134 

the Pacific Plate beneath the North Island of New Zealand [Wilson et al., 1995; Cole and 135 

Spinks, 2009; Begg and Mouslopoulou, 2010; Rowland and Simmons, 2012]. The TVZ is 136 

segmented structurally, by offsets in its rift axis [Rowland and Sibson 2001], and 137 

magmatically, such that the central TVZ is dominated by rhyolitic volcanism, while the north 138 

and south portions experience andesitic-dacitic volcanism [Rowland and Simmons, 2012; 139 

Wilson et al, 1995]. Rifting commenced 1-2 Ma and continues to the present day with 140 

extension rates decreasing from ~15 mm/yr at the coast of the Bay of Plenty to ~3 mm/yr 141 

near the rift termination (south of Lake Taupo) [Villamor and Berryman, 2001; Wallace at 142 

al., 2004; Begg and Mouslopoulou, 2010; Chambefort et al., 2014]. Extension in the TVZ is 143 

accommodated by the Taupo Rift, a series of dominantly NE-SW striking, normal faults with 144 

a vertical maximum principal stress (σ1/Sv), a NW-SE extension/minimum horizontal stress 145 

direction (σ3/Shmin), and a NE-SW maximum horizontal stress direction (σ2/SHmax) [Nicol et 146 

al., 2006, Hurst et al., 2008, McLean and McNamara et al., 2011; Wallis et al., 2012; 147 

Townend et al., 2012; McNamara et al., 2015].  148 



 149 

The Whakatane Graben, which subsides at rates >0.8 m/ky [Nairn and Beanland, 1989], is 150 

situated where the normal faulting of the TVZ intersects with the dominantly strike slip faults 151 

of the North Island Dextral Shear Belt [Begg and Mouslopoulou, 2010; Villamor et al., 152 

2011]. The Kawerau geothermal reservoir is located within the Whakatane Graben where 153 

rhyolite dominated volcanism of the central TVZ transitions into the andesite-dacite 154 

volcanism of the north TVZ segment [Wilson et al., 1995; Nairn, 2002]. The geothermal 155 

resource is hosted in Mesozoic greywacke basement composed of medium-grained, andesite-156 

dacite sourced sandstones with minor argillite and chert. The hosting basement terrane for the 157 

Kawerau geothermal resource has been debated to be either the Torlesse [Wood et al., 2001] 158 

or the Waipapa [Adams et al., 2009]. It is thought that the transition between basement 159 

greywacke terranes in the TVZ occurs under or near the Kawerau Geothermal Field [Adams 160 

et al., 2009; Leonard et al., 2010; Milicich et al., 2013]. The geothermal reservoir is overlain 161 

by ~1km of Quaternary volcano-sedimentary deposits. Fluid flow within the greywacke 162 

basement of the Kawerau system is dominated and controlled by a series of faults and 163 

fractures as evident from NE-SW trending lineaments of hydrothermal features [Christenson, 164 

1987], the spatial relation of structures imaged with borehole televiewers to zones of 165 

permeability (as measured by pressure, temperature, and fluid velocity logs) [Wallis et al., 166 

2012], and the low permeability of the intact greywacke rock itself [Christenson, 1987; 167 

McNamara et al., 2014]. Geothermal well performance indicates that while the north of the 168 

Kawerau Geothermal Field hosts permeability controlled by active structures, similar 169 

structures present in the south of the field, are likely inactive and sealed by hydrothermal 170 

mineral deposition, thus restricting permeability in this area [Christenson, 1997; Bignall and 171 

Milicich, 2012; Milicich et al., 2013].  172 

 173 



Sample Petrography 174 

 175 

A sample of un-oriented, greywacke basement drill-core from well KA30 (comprising the 176 

interval 1098-1100 mRF), in the southern area of Kawerau Geothermal Field, was utilised for 177 

this work. A piece of the drill-core, displaying several intersecting veins, was thin-sectioned 178 

(Figure 3). The greywacke is a clast supported, matrix poor, medium to coarse grained 179 

greywacke sandstone (0.25 – 1.5 mm) consisting of subangular - subrounded detrital quartz 180 

(10%), plagioclase and biotite/phlogopite (30%), and lithic fragments (50%). Lithic 181 

fragments include porphyritic lavas, rare plutonic fragments, and siltstone and sandstone 182 

fragments. The matrix is composed of indurated clay/silt. This greywacke is moderately 183 

altered with a hydrothermal assemblage of chlorite, leucoxene (a granular alteration product 184 

of titanium-rich minerals), hydrothermal clays, and minor amounts of wairakite (zeolite; 185 

Ca8(Al16Si32O96)*16H2O), epidote and disseminated pyrite. 186 

 187 

The greywacke sample used in this study contains a complex set of cross cutting, mineralised 188 

fractures filled with calcite, wairakite, and small amounts of pyrite (Figure 3). The youngest 189 

fracture set tends to be wider (~1 - 1.5 mm) than the older fractures they cross-cut and 190 

contain calcite as their only mineral fill. Calcite in these veins are either elongate (1 - 1.5 191 

mm) in appearance (a texture known as bladed calcite), particularly in the wider veins, or 192 

have a blocky form. Smaller calcite crystal sizes, with irregular shape are observed nearer the 193 

fracture walls. Older fracture generations are filled with mixtures of calcite and wairakite 194 

noted to be in textural equilibrium [Christenson, 1987]. Some of these vein textures show 195 

wairakite at fracture edges with a central calcite fill (Figure 3). The fracture fill sequences 196 

documented here are similar to those described by Absar and Blattner [1985], though we note 197 

the lack of prehnite in our study sample.  198 



 199 

 200 

Fracturing in the Kawerau Geothermal Field reservoir is thought to be hydraulic in origin. 201 

This is supported by observed vein mineral assemblages which follow models for 202 

mineralisation in hydraulic-fracturing [Phillips, 1972; Hedenquist and Henley, 1985] in rock 203 

with high tensile strength and low intrinsic permeability, both of which are true of the 204 

greywacke basement at Kawerau [McNamara et al., 2014]. Additionally, veins are often 205 

noted to contain wall-rock fragments, providing evidence of the explosive nature of the 206 

fracturing events [Christenson, 1987]. The greywacke wall rock proximal to all fractures in 207 

the studied sample shows damage (shattered quartz, feldspar, and lithic grains, and narrow, 208 

micro-fractured, damage zones around the main fracture structures) and supports 209 

interpretation of these fractures forming during an explosive, hydrofracturing process 210 

[Christenson, 1987]. This effect is more pronounced around the older, wairakite/calcite filled 211 

fractures, than around the younger, bladed calcite filled fractures. The younger fracture 212 

generation examined in this study cross-cuts older fractures at a high angle and also cuts 213 

across larger quartz and lithic grains of the greywacke rock. Where shear markers can be 214 

identified either side of these younger fractures, small lateral offsets can be observed. The 215 

most obvious lateral offset noted is where a younger generation fracture offsets an older 216 

wairakite/calcite filled fracture by ~ 0.25 mm (Figure 3c), indicating a shear component to 217 

the younger fracture.  218 

 219 

Fluid inclusion homogenisation temperatures, freezing point depression data, and the 220 

presence of liquid and vapour rich fluid inclusions, indicate that Kawerau basement vein 221 

calcite deposited from boiling fluids [Christenson, 1987]. The implication of a boiling parent 222 



fluid is that the confining pressure in the fracture was likely less than the hydrostatic pressure 223 

at depth. However the modal homogenisation temperatures noted by Christenson [1987] lie 224 

above the boiling point curve for water, indicating that fracture channels were also, at times, 225 

overpressured (above local hydrostatic). It is thought that this over pressurisation is a 226 

prerequisite for initiating the hydraulic fracturing in the Kawerau Geothermal Field in the 227 

first place. A combination of overpressured fluid in the fractures, and volcanic processes 228 

associated with Putauaki are thought to be responsible for the hydro-fracturing [Hedenquist 229 

and Henley, 1985; Phillips, 1972; Christenson, 1987]. Hydrofracturing, which resulted in a 230 

sudden pressure drop, is responsible for the instantaneous flashing, and rapid supersaturation 231 

of calcite in the boiling fracture fluid, which resulted in rapid precipitation of calcite on the 232 

fracture walls, often with bladed crystal morphology [Christenson, 1987]. Bladed calcite in 233 

veins at Kawerau Geothermal Field are thought to have undergone rapid growth due to 234 

observed pitted surfaces under SEM [Christenson, 1987], and observations of rapid growth of 235 

bladed calcite (~0.1 mm/day) in flowing wells at Kawerau [Tulloch, 1982].  236 

 237 

Temperature conditions of calcite formation in veins at Kawerau Geothermal Field have been 238 

determined from fluid inclusion and stable isotope studies [Christenson, 1987; Absar, 1988]. 239 

Temperatures for the deposition of the calcite from fluid inclusion measurements have not 240 

been made on the vein samples investigated in this paper but have been reported from bladed 241 

calcite veins in nearby wells at similar depths [Christenson, 1987]. Fluid temperatures during 242 

bladed calcite precipitation are tentatively placed at ~270-305 °C. Isotope data (δO18) from 243 

this calcite precipitation event indicates precipitation from meteroric fluids with a magmatic 244 

component [Absar, 1988]. The formation depth of the youngest vein generation (bladed 245 

calcite) in the investigated sample can be assumed to be ~1100 m, assuming that the bladed 246 

calcite precipitation event likely represents, at its oldest, the initiation of the modern 247 



geothermal system in Kawerau (~16000 yrs), and little erosion of cover material has occurred 248 

[Milicich et al., 2013]. This postdates the deposition of nearly all the volcanosedimentary 249 

units that overlie the greywacke basement in this area [Milicich, 2014]. Assuming a vein 250 

formation depth of 1100 m, fluid temperatures of ~270-305 °C, water density values of 1531-251 

1846 kg/m3, and the fact that bladed calcite precipitated from fluid under confining pressures 252 

lower than the hydrostatic pressure, an estimation of vein formation pressure is ~16-20 MPa. 253 

Attempting to determine the vein formation conditions for the older wairakite-calcite vein is 254 

more difficult. Wairakite, commonly found in hydrofractures in geothermal fields, is known 255 

to form when measured temperatures are in excess of 160°C at Kawerau, and the later calcite 256 

in this vein, likely precipitated at temperatures similar to those of the younger vein 257 

(>~270°C) [Christenson, 1987]. Isotopic studies (δO18) of wairakite-prehnite veins [Absar, 258 

1988] suggest higher fluid temperatures of 280-300 °C and that this vein fill represents an 259 

earlier deposition event from meteoric fluids that predates the deposition of calcite. The 260 

timing of this older veining event remains equivocal and the depth of its formation, and thus 261 

pressure conditions, are undetermined. 262 

 263 

Methodology 264 

 265 

Sample Preparation  266 

 267 

A 30μm thick thin section (Figure 3b) was mechanically and chemically polished using 268 

diamond pastes down to 1μm followed by colloidal silica. This process minimised negative 269 

effects of surface damage and topography on EBSD mineral indexing [Prior et al., 1996]. The 270 



edges of the prepared specimen were painted with carbon and the sample surface was carbon 271 

coated (~10nm thick) to prevent charging in the SEM.  272 

 273 

Electron Backscatter Diffraction (EBSD) 274 

 275 

EBSD is a technique capable of rapid acquisition of large crystallographic orientation 276 

datasets of a rock’s mineral phases [Prior et al., 1999]. EBSD carried out in this work was 277 

performed using a Zeiss Sigma variable pressure field emission gun SEM fitted with an 278 

Oxford Instruments Nordlys F EBSD camera and an XMax 20 silicon drift EDX detector, 279 

located at the Otago Centre for Electron Microscopy (OCEM) at the University of Otago, 280 

Dunedin. To collect EBSD patterns, the thin section was tilted 70° to the incoming electron 281 

beam allowing for a diffraction pattern to be generated on a phosphor screen. EBSD was 282 

carried out using an acceleration voltage of 30 kV, beam current of ~90nA, and a working 283 

distance of ~20 mm. Both EBSD and EDX data were collected using Oxford instruments 284 

AZTec software which undertook initial processing for both techniques. The mapped EBSD 285 

data was processed with HKL Channel5 software using methods comparable to Bestmann 286 

and Prior [2003].  287 

 288 

Energy Dispersive X-Ray Spectroscopy (EDX) and Cathodoluminescence (CL) 289 

 290 

EDX data were collected using Oxford Instruments AZTEC software with a XMAX20 291 

silicon drift detector. Full spectrum EDX data were collected on a grid using an accelerating 292 

voltage of 15 to 20 kV and ~ 1-10 nA of beam current. Spectra (including map data) were 293 



processed using the TruMap and QCAL procedures within the AZTEC software. Map data 294 

presented here show counts within KD energy windows corrected for peak overlaps and 295 

background counts.   296 

 297 

CL images were taken using a Technosyn cold cathode stage mounted on an Olympus BX41 298 

microscope with a trinoc head fitted with a digital camera. The CL apparatus was operated 299 

under vacuum (0.05-0.08 Torr / 17-20 V) at an accelerating voltage of 15-20 kV and a beam 300 

current of 550-600 PA.    301 

Results 302 

 303 

Cathodoluminescence (CL) 304 

 305 

Figure 4 shows CL images of the fractures in the sample: colours vary from fracture to 306 

fracture. The youngest generation of fracturing shows bright, yellow/orange coloured calcite 307 

(Figure 4b) while the older fractures, cross-cut by the younger fractures, contain wairakite 308 

(dull, purple/blue CL colours) and calcite (dull, darker orange/red CL colours) (Figure 4c). 309 

Individual calcite crystals in all fracture generations show variation of the orange/red CL 310 

colours, implying they are chemically zoned. Yellow cathodoluminesence in calcite is linked 311 

to higher Mn content, whereas red CL response is proportional to Fe content [Long and 312 

Agrell, 1965]. Visa versa, the more red the CL colour the higher the Fe content and lower the 313 

Mn content. 314 

 315 



Zonation in CL is more pronounced in calcite crystals sealing the younger generation of 316 

fractures (Figure 4e). These calcite crystals show complicated zonation patterns. In some 317 

elongate calcite crystals, concentric zonation stretches along the crystal long axes in bands 318 

(Figure 4e, 11). This concentric banding varies in width along the crystal axes; thinner along 319 

the long edges of the crystal and thicker at either end of the elongated crystals (Figure 11). In 320 

some places along the crystal long axes a particular zonation band grows outward 321 

perpendicular to the long axes, creating a ‘bulging’ morphology (Figure 4e). In elongate 322 

crystals that have such bulges, zonation appears as successive bands progressing outward 323 

from the core of the crystal and into the bulging area (Figure 4e). Older fracture calcite 324 

crystals are zoned but have no discernible zonation pattern (Figure 4d). 325 

 326 

Energy Dispersive X-Ray Spectroscopy (EDX) 327 

 328 

EDX elemental count maps were generated for Area ‘1’ (Figure 4b, Figure 5a), the 329 

generation of younger veins filled with bladed calcite (measurement point every 2μm), and 330 

Area ‘2’ (Figure 4c, Figure 5b), the older fracture generation containing wairakite and calcite 331 

(measurement point every 2μm). EDX maps of Area 1 (Figure 5a) show the same chemical 332 

zonation patterns observed in CL (Figure 4b). EDX maps of Area 2 do not show the zonation 333 

patterns observed from CL (Figure 4c). Ca and Al EDX count maps of Area 2 delineate the 334 

older wairakite vein fill from the younger calcite fill due to the differences in their chemical 335 

compositions (Figure 5b).   336 

 337 



An EDX linescan (in weight%) of a profile across zoned calcite crystals in the younger vein 338 

generation is shown in Figure 6 next to corresponding CL and BSE images of the zonation. 339 

This plot shows that darker grey colours on the BSE image corresponds to purer calcite 340 

(CaCO3), whereas lighter grey colours contain higher levels of Fe+Mn. Correlation of the 341 

linescan to the CL image shows more intricate chemical variation. Zones associated with 342 

purer CaCO3 (seen on BSE image) appear as variable shades of dark red or orange CL 343 

colours. This implies additional chemical variation in these calcite crystals beyond Mn+Fe. 344 

Other major elements (O, C, Mg, Si, Al, Na) are ruled out as they display no variation after 345 

investigation by EDX. In places the Fe/Ca ratio is higher than the Mn/Ca ratio which is 346 

related to darker red CL coloured zones (~138-180 μm, 1029-1050 μm; Figure 6). 347 

 348 

Electron Backscatter Diffraction (EBSD)  349 

 350 

EBSD maps of calcite crystals from both the youngest and an older generation of sealed 351 

fractures are shown in Figure 7 and 9, respectively. EBSD grain maps of the younger fracture 352 

sealed by calcite mineralisation (Figure 7) show predominantly large, elongate crystals of 353 

calcite (~0.5-2 mm long), and less frequent, large, blocky calcite forms (~0.5 mm long). 354 

Smaller-sized calcite crystals (~0.05-0.25 mm) are predominantly found near the fracture 355 

walls. Elongate calcite crystals are green and blue in the IPFZ map (Figure 7b); the c-axes are 356 

at low angles to the thin section plane and perpendicular to crystal long axes (i.e. basal plane 357 

trace lies parallel to long axis). Calcite crystals with a blocky form have pink, orange, and red 358 

colours in the IPFZ map (Figure 7b) corresponding to c-axes at high angles to the thin section 359 

plane. Most elongate calcite crystals show continuous distortion (low angle (<2°) 360 

misorientation) along their long axes while blocky calcite crystals show no measureable 361 



internal crystal distortion (Figure 7c). Some calcite crystals (Figure 7a, 7c) have 2°-5° sub-362 

grain boundaries (displaying rotation around the m axes), and 5°-10° sub-grain boundaries 363 

(displaying rotation around the <02-21> axis) (Figure 7d). A small number of misorientation 364 

angle boundaries of 75°-80° are observed, with rotation axes indicative of calcite e-twins 365 

(     , Figure 7d). One point per grain calcite pole figures show calcite has a weak LPO in 366 

this fracture with the c-axes preferentially oriented perpendicular to the fracture wall. 367 

Misorientation angle distribution analyses (Figure 10a, 10b) shows little difference between 368 

random and neighbour pair misorientation angle distributions apart from a slightly higher 369 

frequency of low angle (<10°) and 75°-80° angle neighbour misorientations than the random 370 

frequency. 371 

 372 

EBSD mapping of the older calcite vein (Figure 9) shows calcite crystals of a single 373 

orientation have grown across the fracture. Calcite crystals commonly contain either one 374 

(smaller crystals ~0.13 mm) or two twin (larger crystals, ~0.63-0.75 mm) sets and one large 375 

grain (~0.88 mm) contains three sets of twins. All twin sets in these calcite crystals are e-376 

twins. The host calcite crystals display continuous distortion (<2°). Other host calcite 377 

microstructures, such as common 2°-5° and rare 5°-10° sub-grain boundaries, are present and 378 

have dominant <a> rotation axes (<11-20>). Misorientation angle distribution analyses 379 

(Figure 10c, 10d) shows a slightly higher frequency of low angle (<10°) neighbour 380 

misorientations than the random distribution, similar to the younger calcite vein.  381 

 382 

Discussion 383 

 384 



Insights into Calcite Growth in a Geothermal Fracture 385 

 386 

The bladed calcite crystals in the younger vein investigated here do not appear to have grown 387 

following the typical symmetrical, vein-normal, growth directions expected in crack-seal 388 

fractures [Bons et al., 2012; Figure 1]. Rather the crystal morphology of this fracture implies 389 

calcite nucleated and grew outward in a number of directions with preferred crystallographic 390 

orientation, filling in available space, and eventually sealing the fracture with a 3D 391 

interlocking set of elongated crystals. The chemical zonation patterns observed in bladed 392 

calcite crystals, due to the variable inclusion of Fe and Mn into the calcite crystal structure as 393 

it precipitated, infer that they grew in a free fluid with changing composition [ten Have and 394 

Heijnen], and that they grew preferentially outward in two opposite directions (usually 395 

parallel to the fracture length) producing bladed morphologies. These observations, combined 396 

with information from EBSD texture component maps (Figure 11), and the presence of a 397 

weak calcite vein LPO, show that these elongate calcite crystals grew outward from a central 398 

core along the crystallographic m axis, such that the c-axes are perpendicular to the fracture 399 

wall. This is similar to another observation made of bladed calcite crystal growth in a 400 

geothermal well pipe, where crystals grew perpendicular to their c-axis [Tulloch, 1982], and 401 

to records of elongate calcite vein growth in other studies [Bradshaw and Phillips, 1964; 402 

González-Casado and Garcia-Cuevas, 1999; Friedman and Higgs, 2013].  403 

 404 

Further evidence of a three-dimensional interlocking morphology for these calcite crystals are 405 

the ‘cross-cutting’ relationship that can be observed from EBSD maps (Figure 7, 11). This 406 

and other aspects of the crystal texture in this vein, such as the chemical zonation patterns, 407 

suggest that calcite precipitated and grew long in their preferred direction (parallel to the 408 



plane of the vein) and began to experience space competition in those directions. In effect, 409 

calcite growth along the fast axes became locked as growing crystals intercepted each other. 410 

This left calcite with the option of growing outward parallel to their c-axes giving the bladed 411 

crystals their often observed ‘bulge’ morphology (Figure 11). This continued, along with new 412 

calcite crystal nucleation (evidenced by small calcite crystals within the fracture), until nearly 413 

all the available fracture space was filled.   414 

 415 

Potential models for the calcite morphology and microstructure observed in the younger vein 416 

investigated here include: growth of calcite crystals in 3D from numerous sites at the fracture 417 

wall, and calcite replacement of a pre-existing carbonate vein fill. The latter is unlikely given 418 

that bladed calcite is indicative of the near-instant, flash-sealing of hydro-fractures after they 419 

formed [Christenson, 1987]. Progressive 3D growth from a number of sites provides a more 420 

probable method to generate the observed vein texture here. The walls of the investigated 421 

vein are irregular in shape as observed from hand-specimen and thin section (Figure 3). This 422 

would have provided a number of variably oriented surfaces that allowed calcite crystals to 423 

nucleate, with some then growing rapidly along their m-axes outward and into the open 424 

fracture space, with their long-axes preferably aligned to a given surrounding stress field, 425 

while others form smaller calcite crystal clusters at the fracture wall as observed (Figure 7). 426 

Fast growing elongate calcite crystals would experience space competition with each other, 427 

growing elongate around each other, providing the interlinked bladed texture observed. 428 

 429 

Calcite morphologies in the older vein investigated do not have the bladed morphologies 430 

observed in the younger vein. They appear to have grown across the open width of the 431 

fracture as one single crystal, implying that crystal nucleation of calcite in this fracture was 432 



syntaxial, with initial growth on the wairakite crystals on one side of the vein wall, followed 433 

by asymmetrical growth (i.e. from one wall of the fracture only). Chemical zonation in these 434 

crystals does not appear to have a discernible pattern that can be related to growth. We argue 435 

here that the calcite in this vein does not represent wairakite replacement as the thin section 436 

and SEM observations clearly show textures expected from space infilling, and previous 437 

observations that the minerals in these veins are in textural equilibrium [Christenson, 1987, 438 

Absar and Blatiner, 1985]. However, further work to determine any potential control 439 

wairakite may have on the nucleation, crystal lattice orientation, and growth development of 440 

calcite, would benefit from further EBSD study. Initial attempts to do so in this investigation 441 

were hindered due to poor EBSD indexing of the wairakite phase. 442 

 443 

Different calcite sealing mechanisms are present in the two different veins. Discerning the 444 

dominant cause for this variation is difficult given the large number of variables associated 445 

with calcite formation in the Kawerau Geothermal Field and the limitations of currently 446 

acquired data. Possible insight may come from cathodoluminesence observations. Rate of 447 

calcite crystallisation largely controls the morphology of precipitating calcite crystals [Folk, 448 

1974]. Fe and Mn incorporation into calcite can be affected by fluid composition [Wogelius 449 

et al., 1997], and also by calcite precipitation rates and temperature. Both the Fe and Mn 450 

content in calcite increases with decreasing precipitation rate, or increasing temperature, with 451 

the ratio of Mn/Fe increasing with decreasing precipitation rates [Dromgoole and Walter, 452 

1990]. The observed variation in cathodoluminesence between calcite in the older and 453 

younger vein may have resulted from different precipitation rates, which influenced the style 454 

of calcite growth and thus fracture sealing. We rule out the control of temperature on 455 

cathodoluminesence here as the younger and older vein calcite is thought to have precipitated 456 

from fluids of similar temperatures [Christenson, 1987]. We note here that relationships 457 



between Fe and Mn incorporation into calcite and precipitation rates have not been tested at 458 

the geothermal fluid temperatures the calcite in this study precipitated from, and further 459 

research into that relationship is required.  460 

 461 

Continuous lattice distortion across calcite crystals is observed in both fractures. This may 462 

indicate low levels of dislocation creep activity, enough to subtly deform the crystal lattice 463 

but not enough to create and migrate subgrain boundaries. However, simple grain growth can 464 

also generate the continuous lattice distortion observed here. Studies of the kinetics and 465 

mechanisms of carbonate/calcite growth show that for low levels of supersaturation in the 466 

precipitating fluid, {10-14} calcite face growth occurs at surface defects on the deposition 467 

surface, including screw dislocations, i.e. defect-originated growth, and at higher 468 

supersaturations growth progresses via a homogeneous surface nucleation process 469 

(Lefaucheux et al., 1973; Lefaucheux and Robert, 1977; Teng et al., 2000; Xu et al., 2014). A 470 

crystal growth explanation for the observed diffuse misorientation profiles in calcite crystals 471 

in the younger fracture is supported by its spatial correlation with calcite crystal growth 472 

directions (Figure 11). Continuous distortion is only observed in elongate calcite crystals, 473 

with crystal misorientation increasing away from the crystal core (as determined from calcite 474 

CL maps). Thus as the calcite crystal grows, becoming elongate along its preferred growth 475 

axis (the m axis), it accumulates small lattice defects that subtly alter the crystal lattice 476 

orientation. This observation infers that the bladed calcite in this vein precipitated from 477 

boiling fluids with low levels of supersaturation with respect to calcite. This model of 478 

variable crystal growth direction bears similarities to textures noted in other vein crystal 479 

growth [Urai et al., 1991; Bons, 2001], and to mineral scale build up inside autoclaves 480 

[Timms et al., 2009].  481 



Geothermal Reservoir Conditions from Vein Calcite Deformation 482 

 483 

Calcite crystals in both fractures contain low angle (2° - <10° misorientation) sub-grain 484 

boundaries. While these sub-grain boundaries are restricted to a few calcite crystals in the 485 

younger fracture, they are common in the calcite crystals of the older fracture. Subgrain 486 

development may be the result of deformation via dislocation creep in these calcite crystals, 487 

or, as discussed earlier, potentially a result of calcite growth incorporating surface defects. If 488 

we assume dislocation creep as the cause of subgrains in calcite we can conclude that crystals 489 

in the older fracture have undergone greater deformation than crystals in the younger fracture. 490 

Further to this, the misorientation axes of the subgrain boundaries found in the older and 491 

younger calcite crystals are different. The youngest fracture calcite has dominant m (for 492 

subgrain boundaries of 2-5° misorientation) and sd <02-21> (for subgrain boundaries of 5-493 

<10° misorientation) rotation axes.  Rotation axes are dominantly a in calcite in the older 494 

fracture for all subgrain boundary categories. As such we can propose that that not only has 495 

calcite in each fracture generation undergone different amounts of dislocation creep, the slip 496 

systems by which it was operating also vary. The operation of various slip systems in calcite 497 

has been shown to be temperature dependent under particular strain rates and so documenting 498 

which ones are in operation in geothermal veins can potentially inform us of deformation and 499 

thermal history of a rock (De Bresser and Spiers, 1997). Application of this theory to calcite 500 

veins in geothermal reservoirs bear further study as it may prove a useful tool for estimating 501 

the thermal evolution of the resource. 502 

 503 

Measuring the orientation of calcite c-axes allows determination of the ‘tension’ direction the 504 

rock was under [Gonzàlez-Casado and García-Cuevas, 1999]. The calcite sealing the 505 



youngest fracture generation shows a weak LPO, with calcite c-axes aligned perpendicular to 506 

the fracture wall (Figure 13). As the sample investigated here does not have a geographical 507 

reference frame, we cannot infer the geographical extension direction associated with the 508 

formation of this fracture. We can, however, state that the extension direction during the time 509 

of calcite crystal growth in this fracture was perpendicular to the fracture length. An 510 

extension direction perpendicular to the fracture walls, in combination with the observed 511 

small, lateral offset of an older structure indicates this fracture was created through a 512 

combination of extension (mode I) and shear (mode II/III) kinematics.   513 

 514 

Calcite crystals in both the older and younger fractures contain e-twins. Twinning density is 515 

higher in calcite crystals in the older fracture than the younger fracture. Mechanical twinning 516 

is a common microstructure in calcite and often operates as a deformation mechanism 517 

[Barber and Wenk, 1979; Burkhard, 1993; Larsson and Christy, 2008]. The relationship 518 

between calcite twin structures, temperature, and stress and strain makes them useful for 519 

determining the magnitudes and orientations of the principal stress axes in tectonic 520 

environments [Jamison and Spang, 1976; Laurent et al., 1981; Groshong Jr. et al., 1984; 521 

Rowe and Rutter, 1990; Lacombe and Laurent, 1992; Ferrill et al., 2004; Gonzàlez-Casado et 522 

al., 2006; Chen et al., 2011]. Certain twinning properties in calcite lend themselves to the 523 

determination of stress, for example, determination of strain associated with twinning can be 524 

done by measuring the average thickness of twins (the amount of simple shear deformation is 525 

proportional to the twin thickness) [Groshong, 1972; Groshong et al., 1984; Ferrill, 1991; 526 

Ferrill et al., 2004]. Additionally, paleo-differential stress magnitudes can be determined 527 

from log twin density or the percentage of calcite crystals with one, two, or three twin sets 528 

[Rowe and Rutter, 1990].  529 



 530 

The lack of twinning in the calcite crystals of the younger vein implies that the rock has 531 

experienced little strain since this sealing event. Thus, we suggest that the fracturing 532 

represented by the bladed calcite veins, at least for the basement rock in the vicinity of well 533 

KA30, marks the last significant brittle deformation event (hydrofracturing associated with 534 

volcanic activity of nearby Putauaki). However, the low number of grains captured in this 535 

dataset, and the lack of orthogonal sections to investigate, prevents a full strain and stress 536 

analysis using calcite twins. A preliminary calculation of the log twin density of calcite 537 

crystals in the older vein is presented here in order to highlight the potential of a further, more 538 

robust study of this kind in the future. These measurements of calcite twin density do not 539 

follow the prescribed methodology in Rowe and Rutter [1990], in that twin densities are not 540 

measured from this sample on orthogonal surfaces, rather they have been calculated based on 541 

one observed section. Using EBSD maps of the older calcite vein, we measured the number 542 

of twins/mm for each calcite crystal, defined by Rowe and Rutter [1990] as the rate of change 543 

of the number of lamellae of a given twin set with respect to grain diameter measured normal 544 

to the trace of the twin lamellae. This was done for the two twin sets observed, set 1 and set 545 

2, with set 1 representing the oldest twinning in these crystals determined from cross-cutting 546 

relationships. Differential stress magnitudes are determined from these preliminary calcite 547 

log twin density data using the Rowe and Rutter [1990] equation determined from 548 

experimental and natural data [1990], assuming that the relationship derived from their study 549 

is applicable to all naturally deformed rocks, and that the density of nuclei for twin formation 550 

is constant around calcite crystal boundaries.  551 

  552 



Based on the log twin densities from twin set 1, calcite crystals in the older vein have 553 

experienced high differential stresses at some stage after the calcite precipitated ( ~200 - 250 554 

MPa ± 43 MPa) (Figure 12). This differential stress magnitude recorded by calcite in the 555 

older vein represents a) the stress required to cause the greywacke rock to hydrofracture 556 

resulting in the formation of the younger bladed calcite vein, which may represent the last 557 

stage of brittle deformation of the basement rock in this area as discussed previously or b) 558 

possible deformation events that occurred after the calcite of the older vein has precipitated 559 

but before the hydrofracturing event that generated the younger calcite veins. Assuming that 560 

the calcite twinning in the older vein is recording the stress required to generate the younger 561 

hydrofracturing, differential stresses high enough to overcome the yield strength of the 562 

greywacke (which has UCS values ranging from 164 – 310 MPa) would be required 563 

[Richards and Read, 2007; McNamara et al., 2014]). If the twinning in the older fracture 564 

calcite is a result of this event then the recorded differential stresses of ~205 MPa seem 565 

realistic but a more robust study of the calcite twinning should be carried out before drawing 566 

any final conclusions.  567 

 568 

Fluid Flow 569 

 570 

Petrographic, microstructural and chemical mapping of vein fills in geothermal fractures can 571 

provide useful information on the evolution of structural permeability in the basement hosted 572 

reservoir at the Kawerau Geothermal Field. It is a general concept that progressive 573 

mineralisation within a fracture decreases the porosity and permeability of that structure, but 574 

only if it ceases to propagate and open, and assuming that fracture opening is not concurrent 575 

with mineral precipitation, in which case the structure would potentially host little 576 



permeability at all. Given that the generation of the fractures studied here is associated with 577 

disruptive, energetic hydrofracturing, it is likely they were initially open to fluid flow. Fluid 578 

flow capability of the fractures was then progressively reduced by mineral precipitation, and 579 

gradual mechanical closing of these fractures due to post hydraulic fracturing decreased fluid 580 

pressure.  581 

 582 

It is thought that as fracture sealing minerals grow from fracture walls there is a tendency for 583 

smaller fractures to be sealed off more efficiently and quickly than larger scale fractures. This 584 

would lead to wider fractures dominating the structural permeability of a rock (Marrett and 585 

Laubach, 1997). Fast rates of bladed calcite growth (~0.1 mm/day) [Tulloch, 1982], would 586 

suggest that even wide fractures are sealed quickly. As such, wide fractures may not represent 587 

the dominant permeable structures in a geothermal system as has been suggested by other 588 

studies [Sheridan et al., 2003; Davatzes and Hickman, 2009; McLean and McNamara, 2011; 589 

Wallis et al., 2012]. Observations of the occurrence of wide aperture fractures existing 590 

outside permeable zones in geothermal wells have been noted in other studies, supporting this 591 

theory [McNamara et al., 2015; Massiot et al., 2015]. 592 

 593 

Finally, growth of bladed calcite, despite occurring at rapid rates, has the potential to act as a 594 

mechanism by which to preserve or prolong the permeable lifetime of the hydraulic fractures 595 

observed at Kawerau. Our microstructural and chemical investigation of bladed calcite 596 

crystals shows they can grow quickly from fracture walls to create a complex 3D interlocking 597 

structure. Rapid growth of this calcite crystal morphology may serve to prop open these wide 598 

fractures, acting against their tendency to close. By propping open the hydraulic fractures, 599 



longer time periods of fluid flow are supported until eventually calcite precipitation fills up 600 

all available space.   601 

 602 

Conclusions 603 

 604 

Observations of calcite crystal morphology, chemical zonation, and crystallographic patterns 605 

from two sealed geothermal fractures show different fracture sealing mechanisms in 606 

operation; asymmetrical syntaxial growth, and growth in free 3D space. Examination of a 607 

larger set of calcite fractures will be required to determine if a preferred calcite sealing 608 

mechanism exists in geothermal veins, and whether the sealing mechanisms is dependent on 609 

the how the calcite precipitates (e.g. whether boiling conditions are present at the time of 610 

calcite growth).  611 

Combined EBSD/EDX/CL study of calcite sealed fractures in geothermal reservoirs shows 612 

promise as a useful tool in understanding its evolution: 613 

x Lattice distortion associated with the continual growth of bladed calcite crystals may 614 

indicate defect-originated growth. This provides insight into the geothermal fluid 615 

conditions that precipitated these crystals as this type of calcite growth occurs from 616 

lower levels of supersaturation. 617 

x The lack of significant twinning and micro-deformation (sign of deformation) in the 618 

bladed calcite of the youngest fracture generation implies that this fracture represents 619 

the most recent tectonic event strong enough to create new fractures in the basement. 620 

The low occurrence of twinning also implies that since this fracture was sealed there 621 



has been little strain accumulation in the rock, or if there has none of it is 622 

accommodated by the calcite in this fracture. 623 

x Observations of calcite twinning in older calcite filled fractures may potentially 624 

record differential stress magnitudes that this reservoir rock has been subjected to 625 

over time. A more in-depth study with appropriate orthogonal sections of these calcite 626 

filled fractures is required to obtain more accurate data. 627 

x Determination of calcite lattice preferred orientations from sealed fractures can 628 

provide insight into the tension direction of the structure and possible variation in the 629 

orientation of tension over time.  630 
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 950 

 951 

Figure 1 Schematic models of various fracture sealing processes; a) syntaxial sealing, 952 

b) antitaxial sealing, c) stretching vein showing both delocalised vein growth 953 

(via fracture propagation through wall rock) and localised vein growth 954 

(fracture propagation across already deposited material), and d) vein formation 955 

from a pressure shadows/fringe occurring next to a rigid object. 956 

 957 

Figure 2 Map of the Taupo Volcanic Zone showing the major structural features and 958 

the location of the Kawerau Geothermal Field. Inset provides geographical 959 

context within New Zealand. 960 

 961 



Figure 3 a) Photograph of drill-core sample of greywacke reservoir rock from the 962 

Kawerau Geothermal Field used for study, b) Plane polarised, light 963 

microscopy image of the drill core sample. Red boxes outline individual areas 964 

selected for focused examination using CL, EDX, and EBSD, c) Cross 965 

polarised light microscopy image of the calcite vein from Area 1, d) Cross 966 

polarised light microscopy image of the calcite/wairakite vein from Area 2. 967 

 968 

Figure 4 Cathodoluminescence (CL) images of fractured greywacke reservoir rock 969 

from Kawerau Geothermal Field. a) CL image showing cross-cutting calcite 970 

and wairakite filled veins. Inset white boxes define areas of zoom in Figure 4b 971 

and 4c, b) CL image of a bladed calcite filled vein from the youngest fracture 972 

generation. Inset dashed white box represents area of zoom in Figure 4e, c) CL 973 

image of a calcite/wairakite filled vein cross-cut by a younger calcite filled 974 

vein (white lines mark older generation fracture edges), inset white dashed box 975 

represents area of zoom in Figure 4d. 976 

 977 

Figure 5 a) Fe and Mn EDX count maps of bladed calcite crystals in the younger 978 

generation fracture (zone 1 in Figure 3). White lines define the edge of the 979 

fracture. b) Ca and Al EDX count maps of a calcite and wairakite sealed older 980 

generation fracture (Zone 2 in Figure 3). The dashed white line defines where 981 

the older generation fracture is cross-cut by the younger generation fracture.  982 

 983 

Figure 6 EDX data from a linescan (dashed white line shown in figure 4b) across 984 

chemically zoned, bladed calcite crystals sealing the younger fracture 985 

generation. Fe, Ca, and Mn element wt% linescan data are plotted as Fe/Ca, 986 



Mn/Ca, and Fe+Mn/Ca ratios, such that when ratio = 0, calcite is pure CaCO3 987 

(with respect to Fe and Mn), and when the ratio > 0 there is higher Fe and Mn 988 

content in the calcite. a) Graph showing variation in Mn/Ca and Fe/Ca ratios, 989 

b) Graph showing variation in Fe+Mn/Ca ratio, c) CL microscopy image of 990 

calcite crystals in the younger fracture generation across which linescan data 991 

was collected and d) the same area under as a back scattered electron image.  992 

 993 

Figure 7 EBSD data on calcite fracture fill from the youngest generation of fracturing. 994 

a) Band Contrast map with Grain Boundary overlay, b) Band Contrast map 995 

with an Inverse Pole Figure colour scale in the sample’s Z direction and Grain 996 

Boundary overlay, c) Misorientation profiles of Grains 1 and 2 (labelled in 7b) 997 

following direction indicated by red arrows, insets are Band Contrast maps 998 

with Texture Component overlays for the crystals being profiled (crystal 999 

colour indicates amount of misorientaion from a given orientation on the 1000 

crystal (blue = 0°, red = 10°), d) Contoured inverse pole figures for 1001 

neighbouring calcite misorientations of 2°-5°, 5°-10°, and 75°-80°. 1002 

 1003 

Figure 8 Contoured pole figures of calcite crystal orientations in the younger generation 1004 

fracture using one orientation measurement per calcite crystal (point per grain) 1005 

for 1168 crystals. Pole figures are equal area projection, upper hemispheres 1006 

and are contoured with a half width of 15° and a cluster size of 5° (Halfpenny, 1007 

2010). 1008 

  1009 

Figure 9 EBSD data on calcite fracture fill from an older generation of fracturing. a) 1010 

Band Contrast map with Grain Boundary overlay, b) Band Contrast map with 1011 



Inverse Pole Figure (RGB colour scale) and Grain Boundary overlay, c) 1012 

Misorientation profile of Grain 1 (labelled in 8b) following direction indicated 1013 

by red arrow, inset is Band Contrast map with Texture Component overlays 1014 

for the crystal being profiled (colour indicates amount of misorientaion from a 1015 

given orientation on the crystal; blue = 0°, red = 10°), d) Contoured inverse 1016 

pole figures for neighbouring calcite misorientations of 2°-5°, 5°-10°, and 75°-1017 

80°. 1018 

 1019 

Figure 10 Misorientation angle distribution analyses. Frequencies of misorientation 1020 

angles for neighbour and random pair points for the younger calcite filled 1021 

fracture showing a) relative frequency, and b) cumulative frequency.  1022 

Frequencies of misorientation angles for neighbour and random pair points for 1023 

the older calcite filled fracture showing c) relative frequency, and d) 1024 

cumulative frequency.   1025 

 1026 

Figure 11 a) CL images of two elongate, bladed calcite crystals from the younger 1027 

fracture generation, b) EBSD texture component maps of the same two calcite 1028 

crystals, c) schematic of the same crystals showing their fast growth direction 1029 

(green arrows) and slower growth directions (red arrows). Red dots mark point 1030 

where texture component map misorientations are scaled from, black lines = 1031 

>10° misorientation boundaries (grain boundaries), purple lines = calcite twin 1032 

boundaries, and yellow lines = sub-grain boundaries (2 - 5° misorientation).  1033 

 1034 

Figure 12 Graph showing the determined relationship between differential stress and the 1035 

log number of twins/mm in calcite crystals (from Rowe and Rutter, 1990) with 1036 



two of the twin sets densities observed from calcite crystals in the older 1037 

generation, wairakite/calcite sealed fracture.  1038 

 1039 

Figure 13 Plane polarised light microscopy picture of the younger generation fracture 1040 

sealed with bladed calcite. Inset is a contoured pole figure of the orientations 1041 

of calcite crystal’s c-axes (using one orientation point per crystal) within the 1042 

dashed box (Area 1). Red arrows show the preferred orientation of the c-axes 1043 

on the pole figure and the direction of extension on the photograph 1044 

(determined from the c-axes preferred orientation).  1045 
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