
Elastic stresses can form metamorphic fabrics 

James Gilgannon1, Damien Freitas1, Roberto Emanuele Rizzo1,2, John Wheeler3, Ian B 

Butler1, Sohan Seth1, Federica Marone4, Christian M Schlepütz4, Gina McGill1, Ian Watt1, 

Oliver Plümper5, Lisa Eberhard5, Hamed Amiri5, Alireza Chogani5, Florian Fusseis1,6 

1School of Geosciences, The University of Edinburgh, The King's Buildings, Edinburgh EH9 

3FE, UK 

2Department of Earth Sciences, University of Florence, Via La Pira 4, 50121, Florence, IT 

3Department of Earth, Ocean and Ecological Sciences, University of Liverpool, 4 Brownlow 

Street, Liverpool L69 3GP, UK  

4Swiss Light Source, Paul Scherrer Institut, Forschungsstrasse 111, 5232 Villigen PSI, CH 

5Department of Earth Sciences, Utrecht University, Budapestlaan 4, 3584CD Utrecht, NL 

6Applied Structural Geology, RWTH-Aachen University, Lochnerstrasse 4-20, 52064 Aachen, DE 

ABSTRACT 

Detailing the relationship between stress and reactions in metamorphic rocks has been 

controversial and much of the debate has centred on theory. Here we add to this discussion and 

make a major advance by showing in time-resolved synchrotron microtomography experiments 

that a reacting and deforming sample experiencing an elastic differential stress produces a fabric 

orthogonal to the largest principal stress. This fabric forms very early in the reaction and can be 

shown to be unrelated to strain. The consequences of this are significant because a non-

hydrostatic stress state is a very common geological occurrence. Our data provide the basis for 

new interpretations of the classical, and enigmatic, serpentine fabrics of Val Malenco and Cerro 



del Almirez, where we relate the reported fabrics to transient, and cyclical, differential stresses 

from intrusion and the earthquake cycle. 

INTRODUCTION 

 Many naturally metamorphosed rocks have mineral fabrics that define structural elements 

such as foliations and lineations. It is often unclear what the relative contributions of 

metamorphism and deformation are in the production of these fabrics. This is a fundamental 

question because it drives at the heart of the role of stress in metamorphism.  

 There are two states of stress that are of interest to the tectono-metamorphic community: 

one where all principal stresses are equal (hydro or lithostatic pressure) and another where at 

least one of the principal stresses is larger than the others (differential stress, σdiff). Pressure has 

been shown experimentally to affect mineral stability and this fits well with our understanding of 

equilibrium thermodynamic predictions of metamorphic reactions (e.g. Powell and Holland 

2010; Lanari and Duesterhoeft, 2019). It is also well established that metamorphic fabric 

development can be controlled by σdiff through pressure solution (e.g. Beach, 1979; Ishii, 1988; 

Wheeler, 1991; Gratier et al., 2013). In this sense, fabric development has been viewed in the 

context of accumulated irreversible strain, both volumetric or shear, during or after a 

metamorphic reaction (e.g. March, 1932; Ramsay and Graham, 1970; Sintubin, 1994). However, 

there exist theoretical predictions of fabric development from elastic deformation (Kamb, 1959), 

results of anisotropy during reaction and elastic deformation (Schrank et al. 2021) and natural 

examples of fabrics away from deformed regions (e.g. Clément et al., 2019). These run contrary 



to the expectations of how fabrics form and invites experiments that test whether an elastic σdiff 

can directly influence a metamorphic reaction to form a fabric. 

 To investigate the relationship between stress, metamorphism and fabric development, we 

dehydrated gypsum in a series of experiments with different elastic stress states while 

documenting their progress with time-resolved (4D) synchrotron microtomography (µCT). Our 

results provide evidence for how an elastic stress field imposed during a metamorphic reaction 

can determine the mineral fabric of a transformation. 

METHODS 

We dehydrated cylindrical samples of Volterra Alabaster (gypsum, ) 

inside our X-ray transparent triaxial Mjölnir rig (Butler et al., 2020; Marti et al. 2021). The rig 

has been modified to have pore fluid pressure control via an independent fluid channel (fig. S1). 

The 4D µCT data were acquired at the TOMCAT beamline of the Swiss Light Source with one 

hydrostatic experiment imaged on the University of Edinburgh’s (UoE) inhouse µCT system. At 

the conditions of our experiments gypsum dehydrates to produce bassanite ( ) 

and water. For a constant temperature and pressure, in two main suites of constant pore fluid 

pressure, we varied σdiff to capture its effect (table S1). Elasticity was demonstrated in 

experiments offline at UoE (fig. S8). The results of these experiments were then compared to a 

simple strain model. 

Details of the apparatus, data acquisition, conditions, segmentation and model are found 

in the supplemental material.  

RESULTS 

Reaction microstructure 

CaSO4 ⋅ 2H2O

CaSO4 ⋅ 0.5H2O



In all experiments the gypsum reacts to produce bassanite needles (figs. 1 and 2) with 

porous "moats" surrounding the needles (fig. 1). These moats never fully envelope bassanite and 

contact points exist between reactants and products. The reaction occurs fairly uniformly through 

the samples and there is no evidence of irreversible compaction of pores (fig. 3a). This is 

supported by an observation of the reversibility of axial strain accumulated (fig. S8). Some 

experiments show nucleation and growth along the central axis of the samples, related to a more 

efficient drainage near the pore fluid pressure outlets (fig. S1). The most notable result is that the 

orientation of bassanite crystals systematically changes with the imposed stress field (figs. 1 and 

2). When all of the principal stresses are equal, or very close to equal, bassanite needles grow in 

many different orientations (fig. 1). In contrast, when σdiff is increased, bassanite develops 

orientations perpendicular to the largest principal stress (figs. 1 and 2). 

Orientation analysis of bassanite  

Our 4D µCT data shows that for reaction extents of <30% and axial strains of <0.3% 

bassanite needles show preferred orientations (fig. 3b). Once established, the orientations do not 

change and are observed in post-mortem analyses. To a first approximation the alignments reflect 

the radial symmetry of the imposed stress (fig. 2) but there are some “symmetry-breaking” 

features (fig. 3b).  When the largest stress is applied axially the needles develop girdles in the XY 

plane, with one sample’s girdle also containing a maximum (symmetry breaking). The 

development of a fabric early in the reaction cannot be attributed to the starting material because 

it is seen in both VA_s_1 and VA_A, a sample pair that were cored perpendicularly to each other. 

Strain cannot explain the reaction fabric 



 Fabric formation from the rotation of minerals during deformation requires larger 

compaction strains than we observe in our samples (cf. Sintubin, 1994). This is demonstrated by 

a kinematic model for the “passive” rotation of material lines during axial compaction (fig. 4). 

Figure 4 shows the passive rotation of lines during a strain path in which the Z-axis is 

continually shortened. The initial orientations of the lines make up a uniform distribution. The 

kinematic model shows that axial strains in excess of 50% are required to develop a fabric in a 

rock where reaction products have nucleated without a preferred orientation. This is at odds with 

the strong fabrics observed early in the reaction at strains of <0.3% in our axially compressed 

experiments. 

DISCUSSION 

Our results show that a macroscopic elastic σdiff can have a direct control on the 

formation of a fabric. Our fabrics cannot be explained by strain and it is the orientations and 

magnitudes of the imposed principal stresses that exert a primary control on reaction product 

geometry. When the largest principal stress is imposed radially a lineation is formed, whereas an 

axial principal stress produces a foliation girdle. These results are important because they reveal 

aspects of the complex relationship between microscale dissipation of energy during reaction and 

the bulk mechanical behaviour of a rock. 

We are mindful that preferred orientations can be inherited from initial minerals which 

may be “templates” for nucleation and new growth (e.g. McNamara et al. 2012). Volterra gypsum 

can have a crystallographic preferred orientation (CPO) (Hildyard et al., 2009) and this will have 

a role in producing a fabric (Hildyard et al., 2011). In our reacted samples there are some 

“symmetry breaking” aspects to the fabrics that are likely to be related to inheritance. However, 



the fact that we observe fabrics that develop with a clear relationship to the experimental 

geometry over multiple samples, including in a pair of perpendicular cores, suggests that 

inheritance only has a secondary effect. This is further supported by other similar results of 

fabrics in dehydration experiments where an elastic differential stress was applied (Schrank et 

al., 2023). These results raise several important questions and have far reaching implications. 

Nucleation or growth? 

There are several key observations that might help distinguish whether the stress field is 

influencing nucleation or growth during the metamorphic reaction: Bassanite crystals appear to 

grow with a similar habit and rate in all stress states, regardless of crystal orientation (fig. 1); 

crystals are thinner at higher σdiff (fig. 1); there are load bearing contact points between gypsum 

and bassanite and lastly, the earliest fabrics are observed when there is no axial strain (fig. 3b) 

and no irreversible pore compaction recorded (fig. 3a), and all eventual strain can be recovered 

during unloading of an experiment (fig. S8).  

We can thus establish that: 1) bassanite is anisotropic in all experiments - it is a feature of 

bassanite growth and not experimental conditions ; 2) crystals in unfavourable orientations with 

respect to the imposed stress field can grow unhampered; and 3) local stress variation contributes 

to material transfer through dissolution/precipitation, the proposed reaction mechanism at this 

temperature (cf. Bedford et al., 2017), but no irrecoverable strain (fig. S8) or sample shape 

changes are incurred (fig. S9). This suggests that the stress field is not affecting growth but some 

early step in the reaction, which we think is the nucleation step - possibly influencing the 

orientation of nucleation - to produce the fabric.  



This is supported by recent SAXS observations from gypsum dehydration in which 

smaller reaction products could be resolved earlier than in our experiments. Schrank et al. (2021) 

found these early products to also have a bulk fabric anisotropy related to the stress field. The 

explanation offered in this case was that minor slip on suitably oriented gypsum (010) planes 

intersecting grain boundaries created sites for bassanite nucleation that when combined with the 

orientation of the principal stresses lead to a preferred orientation of nuclei, which is compatible 

with our results. This highlights the varying role of stress at different scales: a grain scale 

dissipation of energy but with a bulk mechanical response that is elastic. 

Comparison to natural examples 

Two examples of enigmatic natural metamorphic fabrics are worth comparing to our 

results because they occur in settings where large elastic stress perturbations will have occurred 

during fabric formation.  

The serpentinites of Val Malenco were intruded by the Bergell composite igneous body 

and this triggered dehydration reactions (Clément et al., 2019; Kempf et al., 2022). This section 

of the high grade contact metamorphism experienced low strain (cf. Hermann et al., 1997) but 

hosts a foliation defined by elongated metamorphic olivine crystals (Clément et al., 2019). The 

CPO of the metamorphic olivine was suggested to be inherited from the unreacted antigorite, but 

it was also noted that the association of the CPOs was too oblique ‘to establish a clear 

crystallographic relationship’, that it became more variable with distance from the intrusion, that 

solid-state deformation could not be responsible for foliation development, nor could a link 

between CPOs and a regional deformational reference frame be easily established (Clément et 

al., 2019). With our new experimental data, one could propose that the enigmatic olivine CPO is 



the result of the transient state of stress imposed by the Bergell intrusion. This notion finds 

support in the other experiments and field data. The dehydration at Val Malenco occurs at lower 

temperatures than predicted by equilibrium which can be explained by the efficiency of an elastic 

σdiff compared to heating in triggering a reaction (Schrank et al., 2021). Additionally, evidence 

from contact metamorphism in the Kitakami mountains, Japan (Ishii, 1988), showed the CPO 

strength of newly grown chlorite and illite in cleavage planes and within aureole country rock 

matrix increased significantly with proximity to the intrusion (cf. fig 9 in Ishii, 1988). The spatial 

pattern of slaty cleavage development could not be related solely to metamorphic isograds, nor 

could the fabrics be explained by templating alone, with the authors ruling out strain and 

suggesting stress as the controlling factor.  

The serpentinites of Cerro del Almirez contrast those of Val Malenco because they 

dehydrated in a nascent subduction zone (Jabaloy-Sánchez et al., 2015). The dehydration 

reaction here produces a chlorite-harzburgite that has granofels and spinifex-like microstructures 

(Trommsdorff et al. 1998). The reaction products, olivine and orthopyroxene, within the spinifex 

domains show a shape preferred orientation (SPO) and CPO in the plane perpendicular to the 

largest paleo-stress. Olivine within the granofels microstructure shows no CPO but has a weak 

layering, in the same plane as the serpentinite foliation (perpendicular to the least paleo-stress) 

(cf. fig. 13 in Dilissen et al., 2018). Two explanations have been offered for the bimodal texture: 

(1) that fast and slow drainage of fluid formed the spinifex and granofels textures respectively 

(Padron-Navarta et al., 2011); and (2) that spinifex olivine record crystallisation after coseismic 

melting (Evans and Cowan, 2012). Our results can provide an alternative explanation for the 

bimodal microstructure: a changing stress field may have affected the reaction fabric. Subduction 



zones are known to build up and release elastic stresses during the earthquake cycle, where σdiff 

is raised and lowered cyclically. The spinifex microstructure, forming at a high angle to the 

largest principal paleo-stress of the subduction interface (Dilissen et al., 2018), might reflect 

times of loading towards a peak σdiff. The granofels microstructure, which has no olivine CPO 

and a weak foliation aligned with the serpentinite fabric, could record post-seismic periods. 

There is a switch in the orientations of the largest and least principal stresses and a reduction in 

σdiff during this part of the cycle (cf. Hasegawa et al., 2012; Lin et al., 2013; Dielforder et al., 

2015) which could allow inheritance to dominate and establish the weak SPO observed in the 

granofels. Thus the dehydration products found at Cerro del Almirez might evidence ongoing 

reaction in a tectonic setting where an oscillating non-hydrostatic stress state can determine 

fabric elements. 

IMPLICATIONS AND CONCLUSIONS 

We can conclude from our experimental results that the state of stress during a 

metamorphic reaction matters. There is a measurable effect of an elastic σdiff on metamorphic 

reactions by way of fabric development. This is an important finding, because it is very common 

for reacting rocks to experience a σdiff. Our results provide a new way to interpret many natural 

metamorphic fabrics and have implications for the hydraulic, mechanical and geophysical 

properties of reacting and deforming rocks. For example, a girdle or lineation reaction fabric will 

influence the permeability and seismic anisotropy differently. A lineation of product phases may 

channel fluid more effectively than a girdle fabric and these two fabrics will produce opposite 

transverse seismic wave anisotropy (e.g. Ji et al., 2015). This means that the hydrodynamics of a 

dehydration reaction might be uniquely determined by the geometry of the stress field and any 



resulting irreversible compaction. Our results also have implications for the interpretations of 

strain from metamorphic fabrics. It is well documented that fabrics can form because of 

irreversible mechanical creep and criteria should be developed to distinguish these from earlier 

fabrics forming when a rock is still purely elastic. This will be difficult in highly deformed rocks 

because there are inevitable cycles of overprinting of microstructural elements. However as most 

metamorphic rocks have not suffered extreme strain localisation there will be many examples in 

the field where criteria can be developed to discriminate between stress and strain related fabrics. 
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FIGURES 

Figure 1. Microstructures from three stress states (gypsum = dark grey; bassanite = light grey; 

pores = black; celestite = white; σdiff error = ±0.9 MPa). Hydrostatic experiments have bassanite 

needles with a variety of orientations. A σdiff produces needles with long axes perpendicular to 

the largest principal stress (red arrows). ⊥ = perpendicularly cored sample. 

 



Figure 2. 3D rendering of bassanite in different experiments (VA17 reaction extent = 30%; VA10 

reaction extent = 0.7% ). Box heights are 500 µm. 

 



Figure 3. Reaction evolution in four samples. a) Segmented data compared to the theoretical 

curves for phases with no compaction (coloured line) and 5% accuracy envelopes (shaded areas). 

b) Bassanite orientations (lower hem., equal area; m.u.d. = multiples of uniform distribution) 

contextualised in strain. Grey region is ±0.003, the strain resolution, while the error bars are the 

uncertainty. ξ = reaction extent. 

 



Figure 4. Comparison of a kinematic model of line rotations with axial strain (ε) and 

experimental observations.


