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Abstract

The production of H2O during metamorphism along active plate boundaries is inferred to contribute to low-frequency tectonic

tremor seismicity. This study combines predictions from phase equilibria and mechanical modelling of coincident volume

changes to investigate links of tremor with hydrofracturing and fluid migration under the actively forming Southern Alps,

New Zealand. Our predicted location of metamorphic fluid production correlates with published geophysical images of inferred

permeability enhancement, fluid accumulation and potential fluid flow. As the hanging-wall rocks are translated towards the

surface by motion along the Alpine Fault, they can undergo metamorphic reactions that involve positive volume changes.

Production of metamorphic fluids leads to hydrofracturing and the development of tremor hypocentres in regions along, and

above deep reflectors of the Alpine Fault. The capacity of metamorphic rocks to generate or consume fluid along portions of

the pressure–temperature path exerts a fundamental control on the distribution of stresses in the crust.
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Key points 13 

 Links between metamorphic dehydration and hydrofracturing are investigated in the 14 

Southern Alps of New Zealand 15 

 Metamorphic fluid production leads to the development of tremor hypocentres in 16 

regions along, and above deep reflectors of the Alpine Fault  17 

 The capacity of metamorphic rocks to generate or consume fluid along portions of the 18 

P–T path exerts a control on stresses in the crust. 19 
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ABSTRACT 27 

The production of H2O during metamorphism along active plate boundaries is inferred to 28 

contribute to low-frequency tectonic tremor seismicity. This study combines predictions from 29 

phase equilibria and mechanical modelling of coincident volume changes to investigate links 30 

of tremor with hydrofracturing and fluid migration under the actively forming Southern Alps, 31 

New Zealand. Our predicted location of metamorphic fluid production correlates with 32 

published geophysical images of inferred permeability enhancement, fluid accumulation and 33 

potential fluid flow. As the hanging-wall rocks are translated towards the surface by motion 34 

along the Alpine Fault, they can undergo metamorphic reactions that involve positive volume 35 

changes. Production of metamorphic fluids leads to hydrofracturing and the development of 36 

tremor hypocentres in regions along, and above deep reflectors of the Alpine Fault. The 37 

capacity of metamorphic rocks to generate or consume fluid along portions of the pressure–38 

temperature path exerts a fundamental control on the distribution of stresses in the crust. 39 

PLAIN LANGUAGE SUMMARY 40 

As continents collide rocks traverse through the mountain belt and undergo prograde 41 

metamorphism. This releases water that has been bound in minerals in the rocks because of 42 

the effects of both heating and decompression. The production of water from these rocks 43 

contributes to the generation of low-frequency and low-energy earthquakes. This study is the 44 

first to couple mineral phase equilibria of dehydration processes with mechanical modelling 45 

of the resulting volume changes to investigate the potential links between hydrofracturing 46 

and seismicity under the Southern Alps of New Zealand. The positive volume changes that 47 

accompany dehydration during exhumation can induce hydrofracturing and the development 48 

of low frequency earthquakes at mid-crustal depths. 49 

 50 
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INTRODUCTION 51 

In active collisional plate boundaries, such as the Alpine Fault in New Zealand, zones of high 52 

pore fluid pressures at depth are correlated with regions of high seismic reflectivity and 53 

electrical conductivity (Wech et al., 2012). These anomalies mark domains of metamorphic 54 

dehydration and the accompanying development of fluid connectivity (Alvizuri & Hetényi, 55 

2019; Hetényi et al., 2020). Elevated fluid–rock ratios can lower effective stress, leading to 56 

shear failure and hydrofracturing (Hobbs & Ord, 2018). The development of high pore fluid 57 

pressures in domains experiencing shearing can thus contribute to the generation of non-58 

volcanic tectonic tremor – a low-frequency seismicity that is linked to slow slip in the crust 59 

(Obara, 2002; Shelly et al., 2007; Thomas et al., 2009; Wech et al., 2012). The operation of 60 

low-energy slip is also dependent on the rate of state of friction in the crust (Shelly et al., 61 

2007; Bernaudin & Gueydan, 2018). In detail, the development of tremor hypocentres will be 62 

influenced by the capacity of metamorphic rocks to generate fluid along different parts of 63 

their P–T path (Fagereng et al., 2011a). 64 

 Hydrofracturing in the crust is caused by increases in fluid pressure that are 65 

intrinsically dependent on volume changes generated by deformation or mineral reactions 66 

that create capacity for fluid movement (Yardley, 1981; Walther & Orville, 1982; Etheridge, 67 

1983; Connolly et al., 2010). The generation of metamorphic fluids has traditionally been 68 

attributed to the effects of progressive heating, with partial fluid consumption accompanying 69 

subsequent cooling (Yardley, 1981; Fagereng & Diener, 2011b). This ignores the potential 70 

for metamorphic dehydration to occur during the early exhumation history (Vry et al., 2010). 71 

The actual production of fluid in the crust will depend on the bulk-rock compositions 72 

involved, and the slopes, in P–T space, of the metamorphic reactions that those rocks 73 

encounter as they travel along their individual P–T paths (e.g. Guiraud et al., 2001). 74 

Previously metamorphosed rocks may be capable of releasing less water during subsequent 75 
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events, depending on the metamorphic P–T path (Guiraud et al., 2001; Clarke et al., 2006; 76 

Tenczer et al., 2006). Any metamorphic fluid produced can induce fluctuations in effective 77 

stress that contribute to cycles of slip failure and tectonic tremor (Bernaudin & Gueydan, 78 

2018). 79 

 The Southern Alps of New Zealand represents an ideal location in which to study the 80 

interplay of metamorphism and its association to stress distribution and tremor in the crust. 81 

Results of previous studies in the area have yielded a remarkable abundance of high-82 

resolution geophysical data, which record regions of metamorphic fluid generation and 83 

developing zones of fluid connectivity (Wannamaker et al. 2002; Stern et al., 2007; Wech et 84 

al., 2012; Chamberlain et al., 2014). These domains correspond to observations of veining, 85 

deformation and in places gold mineralisation in the exhumed portions of the orogen, which 86 

are consistent with predictions from phase equilibria modelling of metamorphic fluid 87 

production (Koons et al., 1998; Little et al., 2002; Wightman et al., 2006; Toy et al., 2010; 88 

Vry et al., 2010). In this study, we employ for the first time a coupled mechanical and phase 89 

equilibria modelling approach to investigate the links between metamorphic fluid generation 90 

and tectonic tremor along, and in, the hanging-wall above the Alpine Fault on the South 91 

Island of New Zealand (Fig. 1). 92 

GEOLOGICAL SETTING OF SOUTHERN ALPS 93 

The Southern Alps orogen on the South Island of New Zealand (Fig. 1) is one of the most 94 

active mountain belts in the world. The orogen is forming by the ongoing oblique continental 95 

convergence of the Pacific Plate and the Australia Plate, at ~40 mm yr
-1

 (De Mets et al., 96 

2010). Dextral-reverse slip on the southeast-dipping Alpine Fault is accompanied by burial, 97 

uptilting, rapid uplift, and erosional exhumation of the Alpine Schist at ~10 mm yr
-1

 (Norris 98 

et al., 1990). The tilted section comprises a Mesozoic accretionary complex comprised 99 

mainly of metamorphosed greywacke, with minor pelite, calc-schist, and mafic rock types 100 
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(Mortimer, 2004). The metamorphic grade increases towards the fault over distances of 15–101 

20 km (Fig. 1), from prehnite–pumpellyite facies in the east to greenschist and amphibolite 102 

facies conditions nearer the fault (Grapes & Watanabe, 1992; Vry et al., 2004; Briggs et al., 103 

2017).  104 

 105 

Figure 1. (a) Configuration of the Alpine Fault on the South Island of New Zealand, 106 

including the distribution of the Alpine and Otago Schist and their metamorphic isograds 107 

(adapted from Heron, 2018). (b) Cross section (A–A´) displays the distribution of mineral 108 
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isograds and isotherms in the Alpine Schist beneath the Southern Alps. (c) Detailed 109 

geological map of the Mt Cook and Franz-Josef/Fox Glacier area displaying the locations 110 

and depths of tremor and low frequency earthquake (LFE) hypocentres (Wech et al., 2012, 111 

2013; Chamberlain et al., 2014; Baratin et al., 2018).  112 

 In the Southern Alps minerals associated with the Jurassic orogeny (Otago Schist) 113 

were effectively consumed by greenschist and amphibolite grade metamorphism during the 114 

Late Cretaceous (c. 97–64 Ma) and late Cenozoic (6 Ma–present: Vry et al., 2004; Briggs et 115 

al., 2017). The younger events affecting the Alpine Schist involved higher heat flow along a 116 

clockwise P–T path. Initial prograde burial from T = 300–380˚C and P = 0.25–0.35 GPa to T 117 

of 450–480˚C at P of 0.8 GPa (S2) occurred in the Cretaceous (Vry et al., 2004). The 118 

dominant Cenozoic high-grade mineral assemblages define steeply dipping fabrics (S3) and 119 

isograds that strike obliquely to the Alpine Fault (Grapes & Watanabe, 1992; Grapes, 1995; 120 

Little et al., 2002; Toy et al., 2010; Beyssac et al. 2016).  121 

 The Cenozoic Southern Alps orogenic event involves fluid generation, with new 122 

mineral growth accompanying peak metamorphism (T of 570–650˚C and P of 0.9–1.2 GPa) 123 

and subsequent near-isothermal uplift of rocks near (~10 km) the Alpine Fault (Batt & Braun, 124 

1999; Little et al., 2002, Vry et al., 2004, Menzies et al., 2016). Recent thickening of the 125 

Southern Alps contributed to widespread amphibolite grade overprinting of the Alpine Schist 126 

in the crustal root (Ring et al., 2019). The clearest representation of this event are mylonites 127 

exposed within 1–2 km of the Alpine Fault that record amphibolite grade metamorphism at c. 128 

10–14 Ma (Little et al., 2002). Young c. 1–2 Ma 
40

Ar–
39

Ar and Rb–Sr ages in muscovite and 129 

biotite record the rapid ongoing cooling (T of 450–500˚C) and exhumation (from depths of 130 

10–15 km) of the Alpine Schist to shallower conditions (Ring et al., 2019). Metamorphism is 131 

presently ongoing as rocks are translated along the Fault ‘ramp’ from the lower crust to the 132 

surface. 133 

 134 

Phase Equilibria and Mechanical Modelling 135 
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Calculated phase equilibria for the Alpine Schist provide a basis for quantifying the 136 

formation of H2O-rich fluid and the mechanical pore fluid pressure (Fig. 2). Phase equilibria 137 

modelling of a representative Alpine Schist bulk-composition was performed using 138 

THERMOCALC version 3.47 in the MnNCKFMASHTO chemical system (MnO–Na2O–139 

CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O) utilising the internally consistent 140 

thermodynamic dataset 6.2 (updated 6
th

 February 2012: Holland & Powell, 2011) and activity 141 

composition models as outlined in the supplement.  142 

 The inferred P–T history of the Alpine Schist relates primarily to a Cretaceous 143 

prograde burial geotherm that approaches gradients of 20˚C per km (Fig. 2a: Vry et al., 144 

2008). Renewed metamorphism starting in the Miocene includes peak-P–T and associated 145 

near isothermal decompression to define the ‘Cenozoic’ portion of the P–T loop (Grapes & 146 

Watanabe, 1992; Vry et al., 2010; Beyssac et al., 2016). Mineral assemblages involving 147 

garnet, plagioclase, clinozoisite, and hornblende preserved in components of calc-schist and 148 

greyschist are consistent with limited heating (30–50˚C) during decompression (~0.5 GPa) 149 

and the onset of mylonitization (Fig. S4: Ring et al., 2019). Alpine Schist distal from the 150 

Alpine Fault experienced decompression at successively lower T during their exhumation 151 

from differing depths (Figs 2a & 2b). Partial retrogression in the late Cenozoic occurred at 152 

greenschist facies conditions, though most rock types retain assemblages from higher-T that 153 

define the metamorphic field array (Grapes & Watanabe, 1992; Vry et al., 2008). Detailed 154 

petrographic relationships that constrain the P–T path and the phase equilibria are provided in 155 

the supplement.  156 
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 157 

Figure 2. (a) P–T pseudosection for the Alpine Schist showing conditions of the metamorphic 158 

facies and isopleths of H2O (mole %, detail in Figs S1 & S2). Thick lines represent the 159 

‘Cenozoic’ and dashed lines the ‘Cretaceous’ portions of the P–T path. White filled circles 160 

are the exposed P–T conditions of the schist (after Grapes & Watanabe, 1992). (b) Predicted 161 

fluid generated (mole %) during prograde, peak, and decompression metamorphism of the 162 

Alpine Schist. The decompression history is shown by the black lines until they intersect the 163 

field array. Fluid is released during decompression to depths of 8–22 km at T of 450–600˚C. 164 
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Pre-conditioning from the Cretaceous metamorphism induces fluid-poor decompression for 165 

schists formed at T <470˚C.  166 

 167 

 Extracted molar volumes of phases along the P–T path of the Alpine Schist (Figs 2 & 168 

S2) enables mechanical calculations of the evolving pore fluid pressures associated with the 169 

effects of thermal expansivity and compressibility between the fluid and solid framework. 170 

The quantification of pore-fluid pressure (Pf) over a certain PT increment (δPT) was 171 

undertaken following equations of Etheridge et al. (2020): 172 

𝑃𝑓(𝑃𝑇+δ𝑃𝑇)

𝑃𝑓(𝑃𝑇)
=  

𝑉𝑓(𝑃𝑇)+(δ𝑉𝑓(𝑃𝑇+δ𝑃𝑇) +δ𝑉𝑠(𝑃𝑇+δ𝑃𝑇))

𝑉𝑓(𝑇)
   (1) 173 

where Vf(PT) is the molar volume fraction of fluid corrected for the non-linear equation of 174 

state and mode; δVf(PT+δPT) is the increase fluid molar volume due to δPT; δVs(PT+δPT) is the 175 

change in molar volume of the solid phases (-δVs(PT+δPT) representing the transient change in 176 

porosity still in equilibrium with the system: Powell et al., 2019); Pf(PT) and Pf(PT+δPT) are the 177 

respective fluid pressures (Fig. 3). As the phase equilibria modelling is a closed system 178 

approach, each increment was based only on the change in molar volume of the reaction 179 

products (Fig. S2 shows the progressive change of both). Differences in the thermal 180 

expansivity and compressibility between the fluid and solid framework is accounted for by 181 

using internal thermodynamically calculated molar volumes of each phase (e.g., Chapman et 182 

al., 2019). A closed system approach in terms of excess H2O is reasonable as metamorphic 183 

progress in the Alpine Schist is consistent with fluid saturated assemblages.  184 

 185 

 186 

 187 

 188 

 189 

 190 
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 191 

 192 

Figure 3. (a) Pore fluid pressure along the prograde and peak P–T path of the Alpine Schist 193 

defining domains of fluid undersaturation and production. (b) Pore fluid factor during the 194 

isothermal decompression as black lines until they intersect the field array or retrograde 195 

trajectories. Each isotherm represents its own portion of a pore fluid factor diagram that are 196 

collectively stacked. Pronounced overpressure occurs during decompression at depths of 15–197 

30 km (shaded blue). Cooler portions of the Alpine Schist are defined by fluid 198 

undersaturation and act as sinks (orange regions).  199 

 200 

METAMORPHIC FLUID PRODUCTION  201 

The interplay between prograde metamorphism and deformation in the crust is a key 202 

controlling agent for fluid production and migration (Fagereng & Diener, 2011a). The 203 

recorded peak mineral assemblages in Miocene portions of the Alpine Schist are consistent 204 

with prograde burial to amphibolite facies conditions (500–650˚C, P = 0.9–1.2 GPa: Fig. S4) 205 

greater than those experienced during the Cretaceous (T = 450–480˚C, P = 0.8 GPa: Vry et 206 
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al., 2004; Ring et al., 2019). Closure of mineral isotopic systems also support rapid uplift 207 

with limited cooling (100–150˚C) of the rocks to depths of 10–15 km in the period of c. 2–12 208 

Ma (Little et al., 2005; Ring et al., 2019). The recent heating and decompression of the 209 

exposed portions of the Alpine Schist involve a P–T loop that continually intersects H2O 210 

isopleths of higher value (Fig. 2a). In the Southern Alps of New Zealand pronounced fluid 211 

generation (20–50% of the total fluid capacity) occurs therefore both as a consequence of 212 

metamorphism during burial, and also exhumation. The production of fluid via latent heating 213 

during decompression compounds typical interpretations of fluid sources during active 214 

orogeny (Vry et al., 2010; Menzies et al., 2016).  215 

 The low electrical resistivity anomaly adjacent to the Alpine Fault (Fig. 4b: 216 

Wannamaker et al., 2002; Stern et al., 2007) is consistent with our interpretations of the 217 

recent record (c. present–6 Ma) of rocks transitioning across the boundary of the greenschist 218 

and amphibolite facies during decompressive unroofing (T of ~450–600˚C at P of ~0.5–219 

1.0 GPa: Fig. 2). The boundary is delineated by the breakdown of epidote and chlorite, with 220 

or without paragonite near the albite–oligoclase peristerite gap (Fig. 2a). Together the 221 

reactions contribute the release of 30% of the total fluid capacity (~3.2 mole % of H2O) 222 

within a narrow depth interval as the wedge is exhumed (~10 km: Figs 2b & 4a). The 223 

spatially defined locations of this dehydration in the crust are consistent with observations 224 

from equivalent rocks now exposed between the Alpine Fault and the main divide of the 225 

Southern Alps (Fig. 1). Clear evidence for the escape of significant amounts of fluid exists in 226 

the form of thick arrays of regularly spaced, vein infilled faults inferred to have formed at T 227 

of 450–500˚C and depths of ~18–23 km are now at the surface in the central Southern Alps 228 

(Little et al., 2005; Wightman et al., 2006). The deformed veins formed during exhumation 229 

(c. 4 Ma) and derived fluid from the surrounding or deeper portions of the dehydrating 230 

Alpine Schist (Wightman et al., 2006). Additionally, the Alpine Schist adjacent to the fault 231 
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contains grain-boundary tubules in garnet porphyroblasts that were generated by the 232 

breakdown of clinozoisite and chlorite to form oligoclase (Fig. S1: Grapes & Watanabe, 233 

1984; Grapes, 1995; Vry et al., 2001). Some of these domains are accompanied by instances 234 

of substantial localised retrogression to chlorite-rich assemblages (Vry et al., 2001). 235 

  236 

 237 

Figure 4. Schematic cross section (A–A´ Fig. 1) of the Southern Alps displaying (a) the 238 

predicted domains of fluid production, undersaturation, and veining (Wightman et al., 2006). 239 

The arrows represent P–T paths of Alpine Schist experiencing decompression at T of 600, 240 

550 and 500˚C. The predictions of fluid production and veining correspond to observations 241 

of seismic reflectors (a: Stern et al., 2007) and (b) the distribution of hydrofracturing, 242 

magnetotelluric anomalies (Wannamaker et al., 2002) and tectonic tremor and low frequency 243 

earthquake hypocentres (Wech et al., 2012, 2013; Chamberlain et al., 2014; Baratin et al., 244 

2018).  245 

 246 

 The active extent of prograde dehydration in the unexposed portions of the Alpine 247 

Schist is limited (15–20% fluid production: Fig. 4), but consistent with the lateral protrusion 248 

of resistivity anomalies towards the eastern portions of the crust beneath the Southern Alps 249 

(Eberhart-Phillips et al., 2008). It is mostly assumed that this dehydration is related to the 250 

attainment of P–T conditions near the discontinuous reactions at the upper-T end of the 251 
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greenschist facies (Fig. 2). The existence of metamorphic mineral assemblages in the exposed 252 

Alpine schist that are largely inherited from the Late Cretaceous, means that the rocks had 253 

already undergone significant prior dehydration and potential tremor (e.g. Fagereng et al., 254 

2018). The exposed field array supports fluid-saturated progress across pumpellyite, chlorite 255 

and garnet zones (Grapes & Watanabe, 1992; Vry et al., 2008). The early prograde 256 

dehydration occurred in portions of the Cretaceous Alpine Schist and the Jurassic Otago 257 

Schist inducing veining and mineralisation (Mortimer et al., 2004). This pre-conditioned 258 

history presents limitations to subsequent fluid production rates of the Alpine Schist without 259 

additional heating or subsequent ingress; any meteoric fluid flow is restricted to shallow 260 

levels (<10 km: Fig. 2b: Koons & Craw, 1991; Menzies et al., 2016). Fluid production of 261 

>1.5 mol.% in these pre-condition circumstances is only feasible via the crossing of H2O 262 

isopleths of higher value than those obtained at the peak metamorphic conditions (Figs 2a & 263 

b: Guiraud et al., 2001; Fagereng & Diener, 2011b). The recent metamorphic progress 264 

starting from at c. 6 Ma, across the peristerite gap and into amphibolite facies conditions is 265 

consistent with renewed fluid production in the crustal root and during decompression along 266 

the Alpine Fault.  267 

 Portions of the Alpine Schist distal to the Alpine Fault that had previously attained 268 

conditions in the T range of 300–450˚C during the Cretaceous are predicted to follow fluid-269 

undersaturated exhumation paths during the ongoing Southern Alps orogeny, retaining 270 

chlorite, sodic white mica and garnet greenschist assemblages (Figs 2 & 3: Grapes & 271 

Watanabe, 1992; Vry et al., 2008). The assemblages are consistent with the limited record of 272 

metamorphism initiated in the Miocene in distal portions of the Alpine Schist. The defined 273 

occurrences of these currently fluid-poor packages in the mid-crust are consistent with 274 

identified high-seismic velocity domains beneath the main divide of the Southern Alps (Fig. 275 

4: Eberhart-Phillips et al., 2008).  276 
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 Preserving fluid undersaturated rock along lower T (300–450˚C) portions of the 277 

decompression evolution, would control the direction of vertical and lateral fluid flow in the 278 

central and eastern portions of the Southern Alps (Fig. 4: Wannamaker et al., 2002; Stern et 279 

al., 2007). Fluid-undersaturated domains with lower pore-fluid pressures act as local sinks for 280 

H2O migration, pumped from adjacent hotter portions of the crust, if mechanical processes 281 

can propagate porosity (Fig. 3: Connolly, 2010; Hobbs & Ord, 2018; Bernaudin & Gueydan, 282 

2018). The migration of fluid ~10–15 km towards the east of the fault is consistent with 283 

geophysical resistivity anomalies (Fig. 4) and weakened crustal domains that have focussed 284 

back-shearing and retrogression to chlorite-rich assemblages (Fig. 3: Koons et al., 1998; Vry 285 

et al., 2001; Little et al., 2002).  286 

  287 

INITIATING TREMOR EPISODES 288 

The location of low frequency tremor seismicity in active plate boundaries is well correlated 289 

to slow slip domains in the crust that retain high pore-fluid pressures (Obara, 2002; Shelly et 290 

al., 2007). In the Southern Alps tremor hypocentres are mostly focussed at depths of 10–291 

30 km near deep reflectors of the Alpine Fault, or the inferred extensions of the plate 292 

boundary (Wech et al., 2012; Chamberlain et al., 2014; Baratin et al., 2018). Periodicity of 293 

tremor events along deep-seated fault zones is commonly ascribed to slip failure in rock piles 294 

experiencing metamorphic devolatilization, inducing lower effective stress and cycles of 295 

hydrofracturing and fluid pumping (Fagereng & Diener, 2011a; Chamberlain et al., 2014; 296 

Bernaudin & Gueydan, 2018; Thomas et al., 2009). Such behaviour is consistent with 297 

geophysical and geological observations along the Alpine Fault (Wech et al., 2012).  298 

 The depth of fluid production and hydrofracturing in the Southern Alps is temperature 299 

sensitive. Domains of fluid production correspond closely to hypocentres of tremor 300 

seismicity and fault reflectors at depths of 10–30 km along isotherms of 450–600˚C in the 301 
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hanging wall (Figs 1, 3 & 4: Wech et al., 2012). Most zones of prograde dehydration in the 302 

crustal root are distal (eastwards) from active slip (Figs 3a & 4). Additional dehydration in 303 

the footwall is consistent with the intersection of the greenschist–amphibolite transition at 304 

depth, though is more difficult to validate on account of the active burial of the Palaeozoic 305 

metasedimentary sequence (Menzies et al., 2016). 306 

 In regions of high fluid to rock ratios (high effective stress) brittle shear failure is 307 

enabled at lower differential stress, as hydrological conditions approach lithostatic values 308 

(Hobbs & Ord, 2018). For commonly determined rock strengths in anisotropic foliated rocks 309 

of transpressional settings, like the Alpine Fault, the pore-fluid pressure need only exceed 310 

lithostatic values by 0.005–0.01 GPa to induce brittle failure (Fig. 3: Etheridge et al., 1983). 311 

This contrasts with low-porosity rocks at the same imposed conditions that mostly deform by 312 

elastic mechanisms at the prevailing hydrostatic conditions (Cox, 2010; Fagereng et al., 2014, 313 

2018). 314 

 Pore fluid pressure in metamorphic rocks is inherently controlled by the amount of 315 

fluid produced during dehydration and the accompanying volume change of fluid and solids 316 

during reaction or strain. The change in volume of the reaction must be accommodated by 317 

dissipation from concomitant deformation that takes a net dilatational (𝛥V>0) or 318 

compressional (𝛥V<0) form depending on the P–T slope of the reaction. Rapid 319 

hydrofracturing is induced when the pore-fluid pressure exceeds the tensile strength of the 320 

rock during these dilatational reactions (Etheridge et al., 1983, 2020; Connolly, 2010). In the 321 

Alpine Schist this requires overpressures of 0.4% (0.005 GPa > confining P) to intersect the 322 

brittle shear failure envelope (Fig. 3: Cox, 2010; Etheridge et al., 2020). The positive dP/dT 323 

form of the epidote dehydration reaction predicted to be experienced by the exhuming 324 

metamorphic pile at T >450˚C would induce expansion of pore fluid forces greater than the 325 

tensile rock strength (𝜎3), suitable to induce hydrofracturing and fluid migration (Fig. 3). The 326 
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drained system would then relax back to the P of the confining lithostatic load as the rock 327 

passes through the orogen. Evidence for the breakdown of epidote is supported by the 328 

restriction of clinozoisite inclusion to garnet cores and the prevalence of oligoclase in the 329 

matrix of Alpine mylonites (Ring et al., 2019). Comparatively, epidote forms part of the peak 330 

mineral assemblages in the Cretaceous schists to the east (Fig. S1: Vry et al., 2004). The 331 

location of zones of fluid overpressure and hydrofracturing would propagate to shallower 332 

depths with cooler T as the rocks passively move to the surface (Fig. 3b). The distribution of 333 

tremor hypocentres in the central Southern Alps is consistent with domains of rapid 334 

exhumation of the Alpine Schist (Little et al., 2005). By coupling models for dehydration 335 

reactions and volume changes, we can demonstrate the likelihood and location in the crust 336 

where tectonic tremors can be predicted during uplift.  337 

 The transpressional tectonic regime of the Alpine Fault would support multiple 338 

failures, as the confining pressure is continually exceeded during the dehydration event 339 

(Koons et al., 1998; Etheridge et al., 2020). Instantaneously after failure, both fluid pressure 340 

and differential stress will be lowered by fracture porosity and seismic or aseismic stress 341 

relief. Each individual episode of hydrofracturing would be followed by recovery, then 342 

repeated multiple times during ongoing fluid production as the rocks travel through the 343 

orogen (Fig. 3: Cox, 2010). Shear failure could also be initiated at constant high pore fluid 344 

pressures by increasing the differential stress. In exhumed high-strain mylonite the 345 

occurrence of extensive quartz–biotite vein sets, and local chlorite-rich domains is consistent 346 

with the progression of these cycles of reaction, hydrofracturing, deformation and tremor at 347 

greenschist facies conditions (Vry et al., 2001; Toy et al., 2010; Ring et al., 2019). Dynamic 348 

feedbacks between these processes at the grain- to rock-scale are considered to be additional 349 

drivers of the cyclicity of tremor episodes (Thomas et al., 2009; Bernaudin & Gueydan, 350 

2018). 351 
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