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Native copper formation in mine-prop wood from Cyprus illustrates 
displacive growth by force of crystallization 
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A B S T R A C T   

A long-standing issue in the study of metamorphic rocks concerns the question in how far replacement of the 
protolith assemblage during the growth of metamorphic porphyroblasts is accompanied by the additional 
operation of a displacive mechanism due to an alleged ‘crystallization force’ exerted by the growing porphyr-
oblast. Whilst in few cases a component of displacive growth can be corroborated, unequivocal criteria to 
identify such displacements are lacking. It follows that the concept of a so-called ‘crystallization force’ is sur-
rounded by uncertainties on the viability and operation of displacive growth in natural systems. We investigate 
the growth of Cu porphyroblasts in a sample of mine-prop wood from a Bronze Age copper mine in Cyprus. The 
pit prop became infiltrated with copper-saturated, polluted mine water during collapse of an ancient mine 
gallery. The microstructures associated with the copper porphyroblasts strongly indicate displacive growth, 
whilst the matrix wood has not been affected by any externally imposed deformation. We suggest that the 
displacement microstructures associated with the copper porphyroblasts substantiate the existence of ‘crystal-
lization forces’.   

1. Introduction 

Laboratory experiments show that chemical reactions involving an 
increase in solid volume in a confined space can under certain conditions 
generate mechanical stresses on the confining boundaries – a phenom-
enon known as the development of a ‘force of crystallization’ or ‘crys-
tallization pressure’ (Becker and Day, 1905; Correns, 1949; Weyl, 1959; 
Schuiling and Wensink, 1962; Ostapenko, 1976; Wolterbeek et al., 
2018). Recent studies have shown that certain mineral reactions are 
capable of generating stresses exceeding 150 MPa under laboratory 
conditions (Lambart et al., 2018; Skarbek et al., 2018; Wolterbeek et al., 
2018; Zheng et al., 2018). This crystallization force is thought to be an 
important factor in a variety of geological processes, including mineral 
vein formation (Taber, 1916; Fletcher and Merino, 2001; Merino et al., 
2006; Means and Li, 2001; Gratier et al., 2012), (pseudomorphic) min-
eral replacement (Maliva and Siever, 1988; Merino and Dewers, 1998; 
Fletcher and Merino, 2001; Putnis, 2009), spheroidal weathering (Røyne 
et al., 2008) and reaction-driven fracture (Jamtveit et al., 2008; Plumper 
et al., 2012; Putnis et al., 2009; Kelemen and Hirth, 2012; Van Noort 
et al., 2017). However, while envisioned to have a role in many 
geological processes, it is on the basis of the microstructures in natural 

examples by no means trivial to ascertain that displacive growth indeed 
occurred due to a force of crystallization. 

The deflection of matrix schistosity around metamorphic porphyro-
blasts has classically been related to the question if growing crystals 
create space by concretionary growth, i.e. growth involving displace-
ment of the surrounding matrix, or by volume-constant chemical 
replacement (Ramberg, 1952; Putnis, 2009). Distinction between these 
two mechanisms is important because in some cases they produce 
identical microstructures which, however, may reflect different 
structural-metamorphic histories (Zwart, 1962; Spry, 1969; Zwart and 
Calon, 1977). Displacement of the matrix by growing crystals has been 
ascribed to a crystallization force already by Lavalle (1853), Becke 
(1904) and Harker (1931). In an attempt to identify the effect of crys-
tallization force during the growth of metamorphic porphyroblasts in a 
schistose matrix, Misch (1971) proposed and illustrated microstructural 
criteria. He recognized three types of relationships, labelled A, B and C, 
which are summarized in Fig. 1. Type A microstructures are character-
ized by the absence of any deflection of the matrix schistosity near the 
porphyroblasts, which truncate the undeformed schistosity. In type B 
microstructures, the porphyroblasts in part truncate foliation planes but 
the foliation also curves around the porphyroblasts. Type C 
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microstructures constitute an opposite end-member as all of the matrix 
schistosity bows around the porphyroblasts whilst there is no evidence 
of any truncation of the matrix foliation. 

Type A microstructures (Fig. 1a) are conveniently explained by 
chemical replacement without any deformation of the matrix, i.e. 
replacement at constant volume. This is all the clearer when tiny par-
ticles not involved in the porphyroblast forming reaction have been 
enclosed as an internal fabric (Si) apparently continuous with the sur-
rounding external matrix schistosity (Se), as shown in Fig. 1a, A-1a and 
A-1b. This microstructure has been extensively documented and the 
growth of the porphyroblasts is commonly referred to as post-kinematic 
(Zwart, 1962) or post-tectonic (Passchier and Trouw, 2005). 

Misch (1971) suggests that type B microstructures (Fig. 1b) may 
reflect a replacement pattern combined with variable increments of 
volume increase in the space occupied by the growing porphyroblasts, 
and as the co-existing replacement relationship shows that the por-
phyroblast postdates the matrix foliation which it truncates, he con-
siders this type of microstructures unequivocal evidence for pushing-out 
of a pre-existing matrix foliation. This argument was strongly challenged 
by Spry (1972), who emphasized that the difficulty of interpretation 
arises because the geometry of a crystal pushing outward against folia-
tion is indistinguishable from that of the foliation being pushed inward. 
Likewise, Ferguson and Harvey (1972) questioned the interpretation of 
type B microstructures by Misch (1971), and noted that there are in fact 
three cases at stake, namely (1) replacive growth, followed by flattening 
about the porphyroblast perpendicular to the foliation (shown in Fig. 1b 

as type B1), (2) synkinematic replacive growth during flattening, lead-
ing to geometries with progressively arched inclusion patterns as 
described by Zwart (1962), and (3) both replacement and displacement 
of a pre-existing matrix as envisaged by Misch (1971), that would lead to 
the same Si pattern as case (2) shown in Fig. 1b as type B2. with in-
clusion patterns shown in B-2a and B-2b. Ferguson and Harvey (1972) 
emphasize that in the absence of inclusion trails these three cases are 
indistinguishable, such that, as opposed to what is suggested by Misch 
(1971), the type B microstructures without Si patterns are not an un-
equivocal criterion for a component of displacive growth. 

In type C microstructures (Fig. 1c) the matrix schistosity bows 
completely around the porphyroblasts. Misch (1971) emphasizes that in 
the absence of evidence for replacement, i.e. if the porphyroblasts have 
no internal fabric, interpretation of this microstructure may be difficult. 
There are two options in this case: (1) concretionary growth of the 
porphyroblast such that during growth the matrix and its pre-existing 
structure was pushed aside suggesting crystallization force, and (2) 
the matrix structure represents later flow around a pre-existing por-
phyroblast. As we may expect that metamorphic porphyroblasts grow 
mainly at the expense of the matrix, hence by replacement, genuinely 
displacive growth seems unlikely unless in the exceptional case that the 
mineral chemistry of the porphyroblasts is not indigenous to the matrix 
such as in the case of sulfide porphyroblasts (Misch, 1971). However, the 
common presence in such cases of early formed inclusion trails points to 
a stage of replacive growth prior to intense deformation of the matrix (e. 
g., Fig. 1c, C-1a and C-1b). 

2. Can displacive growth be identified, and is it viable? 

2.1. Displacive growth in natural rocks 

In their discussion, Ferguson and Harvey (1972) emphasize that two 
issues need to be distinguished, i.e. (1) the question if a mineral, by 
virtue of its growth under metamorphic conditions, can displace its 
matrix, and (2) in case this does occur, if there are unequivocal criteria 
to recognize such displacement. Spry (1972) suggested that one would 
presumably look for proof in undeformed types, such as simple thermal 
metamorphic rocks. This led Saggerson (1974) to investigate a sequence 
of shale converted into porphyroblastic hornfels adjacent to the Bush-
veld Igneous complex. There is no evidence whatsoever for any post-
metamorphic deformation of this sequence on the large scale nor on the 
outcrop- or hand specimen-scale, whilst helicitic porphyroblasts of 
cordierite and staurolite occasionally show discontinuous Si–Se re-
lationships and bowed Se adjacent to staurolite coigns, somewhat 
reminiscent of Misch, (1971) type B structures. The microstructures 
indeed suggest operation of a displacive mechanism in addition to 
largely replacive growth. In view of the mineralogy of the Bushveld 
aureole rocks these processes may have operated at ~ 3–4 kbar over-
burden pressure (e.g. Pattison et al., 1999). However, whilst in few cases 
like the Bushveld hornfelses and the Dalradian chloritoid-bearing schists 
a component of displacive growth can be corroborated, unequivocal 
criteria to identify such displacements are generally lacking. 

Quite remarkably, Ferguson and Harvey (1972) mention a type B 
chloritoid with an arched inclusion pattern from a Dalradian 
chlorite-muscovite-chloritoid-ilmenite-garnet schist that may indeed 
reflect displacement rather than growth during flattening, because other 
chloritoids in the same sample show posttectonic type A microstruc-
tures. On the other hand, a detailed study by Zwart and Calon (1977) of 
a Liassic chloritoid-bearing micaschist from the Urseren Garvera syn-
cline near the village of Curaglia reveals type B microstructures with 
arched inclusion patterns in chloritoids oriented at a high angle to the 
schistosity, but also strong evidence in the same sample for rotation of 
chloritoids during synmetamorphic flattening. These two different re-
sults show that the microstructure of an arched Si is an ambiguous cri-
terion which at best suggests that it may either reflect displacive growth 
or synmetamorphic flattening. 

Fig. 1. Microstructures to identify replacive and/or displacive components of 
porphyroblast growth; terminology and sketches modified after Misch (1971). 
(a) Type A microstructures showing no deflection of the matrix schistosity near 
the porphyroblasts, which truncate the undeformed schistosity. Cases A-1a and 
A1b respectively show spherical and elongate porphyroblastst with straight 
inclusion patterns. (b) type B microstructures where the porphyroblasts in part 
truncate foliation planes but the foliation also curves around the porphyroblasts 
that may preserve either straight or arched inclusion patterns. B-1a and B-1b 
show spherical and elongate porphyroblasts with straight inclusion patterns, 
B-2a and 2b show the case of arched inclusion patterns. (c) type C micro-
structures in which all of the matrix schistosity bows around the porphyroblasts 
whilst there is no evidence of any truncation of the matrix foliation. Early 
formed inclusion trails shown in C-1a and C-1b suggest a stage of replacive 
growth prior to intense deformation of the matrix. For further explanation 
see text. 
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2.2. Is displacive growth viable? 

Both Rast (1965) and Spry (1969) have argued that a growing por-
phyroblast must overcome the load pressure to displace the surrounding 
matrix. This notion, however, was challenged by Yardley (1974) who 
argued that, in metamorphic rocks, all grains are in contact with a 
random pore phase analogous to a fluid. Yardley (1974) notes, that 
when a porphyroblast grows at a boundary with a mineral, not all of 
whose molecules will be incorporated in the porphyroblast, then surplus 
molecules of that mineral will be removed in the fluid. If the matrix 
mineral is rather insoluble, and other more soluble matrix minerals are 
present nearby, then the growing porphyroblast may push the insoluble 
mineral ahead of it into space created by the solution of soluble ones. 
Yardley (1974) suggests that in this way it is possible that displacement 
of matrix fabrics may occur and produce textures similar to some of 
those described by Misch (1971). Yardley (1974) continues to argue, 
that in case a porphyroblast, growing in response to a metamorphic 
reaction, partially makes room for itself by displacing the matrix, it only 
needs exert sufficient stress to overcome any yield strength of the matrix, 
and then to strain the matrix at a rate dictated by the porphyroblast’s 
rate of growth. Assuming a simple viscous model for the behavior of the 
matrix, the stress σ that the crystal need exert is given by σ ¼ μ de/dt, 

where de/dt is the rate of strain of the matrix, and μ is its coefficient of 
viscosity. As the rate of growth of the crystal, itself dictated by the re-
action rate, becomes vanishingly slow, the stress the crystal need exert 
to displace the matrix likewise becomes vanishingly small. 

From the foregoing it may be concluded that the existence of a 
‘crystallization force’ in natural rocks is surrounded by uncertainties on 
possible criteria to identify displacive growth, as well as on the viability 
of such processes. This suggests that insight in the issue of displacive 

Fig. 2. Geological sketch map of the northern Troodos massif, slightly modified after Bickle and Teagle (1992), indicating the main massive sulfide deposits mined 
since the Bronze Age. 

Fig. 3. Slice of pit prop sample studied. Note fine light-colored grains of native 
copper. Approximate size of sample 7.5 cm long, 1 cm wide, and about 
2 cm high. 

Fig. 4. Microstructure of pine wood modified after Bowyer et al. (2003), shown 
as a block diagram with transverse, tangential and radial faces. Note domi-
nantly longitudinal structure made up by the elongate tracheid cells, and the 
occurrence of resin canals parallel to the tracheid cells, mantled by flat 
epithelial cells (E). There are also radially oriented transverse resin canals (I) 
equally mantled by epithelial cells (labelled J) and well visible in tangential 
section. Note that both sets of resin canals are locally connected (L). 
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porphyroblast growth may be better obtained via experiments that are 
not hampered with the uncertainties posed by naturally deformed and 
metamorphosed rocks. In this study, we address an uncommon case of 
porphyroblast growth, probably best described as an unintentional long- 
term analog experiment. It concerns the growth of porphyroblasts of 
native copper in a piece of mine wood contaminated with acid mine 
water from a Bronze Age copper mine in Cyprus. 

3. Pit props from the Troodos Cu mines 

3.1. Geological background 

The Troodos massif on Cyprus (Fig. 2) is generally considered to be a 
fragment of Mesozoic ocean floor (Gass, 1968; Moores and Vine, 1971), 
emplaced during the collision between Eurasia and Africa. It is often 
cited as a type example of an oceanic crustal section and is one of the few 
ophiolites with an undisrupted stratigraphy. The Pillow Lava Series of 
the Troodos ophiolite hosts numerous small massive sulfide mines 
(Bickle and Teagle, 1992; Antivachis, 2015) dominated by pyrite (Fe) 
and chalcopyrite (Cu) that were already exploited in historical times. 
Copper mining in Cyprus dates back to the Early Bronze Age and 
continued in Phoenician and Roman times (Knapp et al., 1998). With the 
collapse of the Roman empire, mining in Cyprus declined and eventually 
ceased sometime around the fourth century. Around the beginning of the 
twentieth century several ore companies explored the area which led to 

larger-scale mining activities, mostly since the second world war till 
about the nineteen-eighties. The remnants of these activities are char-
acterized by large piles of mine spoil, acidic pit waters and metal-rich 
sediments such as around the abandoned Mathiatis mine (Fig. 2; Hud-
son-Edwards and Edwards, 2005; Stylianou et al., 2014). 

Evidence uncovered by the twentieth-century mining operations 
shows that the Romans worked the ores by opencast methods as well as 
by underground mining. The latter required timber as pit props in the 
mining galleries, for which local pine trees were used (Constantinou, 
1992; Knapp et al., 1998). As the Romans were only interested in 
high-grade copper ore, the lower grade ore served as back fill, and albeit 
at a much smaller scale than due to recent mining, this must have led to 
strongly polluted waters in the abandoned mines, as evidenced in studies 
of about two millennia old spoil tips (Pyatt, 2001). Pit props in deteri-
orating abandoned mine galleries occasionally became infiltrated with 
these polluted waters, leading to growth of porhyroblasts of native 
copper within the wood. Here we investigate a sample of such 
copper-bearing mine wood (Fig. 3). The precise location of the sample is 
unfortunately not documented, but copper-bearing wood props are oc-
casionally reported on the internet (e.g. Crystal Classics website) from 
the ancient Mavrovouni mine in the Skouriotissa area (Fig. 2). 

3.2. Microstructures of Cu-bearing pine wood 

With reference to Constantinou (1992), Knapp et al. (1998) mention 

Fig. 5. Microstructures of copper porphyroblasts 
observed in tangential sections. (a) Diagram illus-
trating principal wood sections, tangential section 
(T) accentuated in red. (b) Polished surface of 
tangential slice, with dark grains representing 
native copper grains. Note string of copper grains 
(arrow). Rectangles indicate detailed micrographs 
shown in c, d and e. The two different shades result 
from a slightly oblique sectioning of year ring. (c) 
and (d) SEM micrographs of wood structure and 
copper porphyroblasts. Note deflection of tracheid 
structure adjacent to copper crystals; dashed lines 
delineate boundaries between domains of deflected 
tracheids and domains of virtually undeformed 
tracheids. (e) SEM micrograph showing detail of 
string of copper crystals, suggesting amalgamation 
of copper grains presumably grown in pre-existing 
resin canals. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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that examination of timber preserved in mining galleries at Skouriotissa 
has shown that Pinus brutia, a species that grows particularly well on 
Cyprus’s pillow lavas, was most commonly used as pit props. This is 
corroborated by the main characteristics of our wood sample under the 
scanning electron microscope (SEM). For present purposes it is impor-
tant to note that the wood microstructure is dominated by elongate cells 
called tracheids, lending a fibrous, linear structure to the material as 
opposed to the commonly planar foliated structure in natural rocks. As a 
result, wood is an orthotropic material, i.e. it has material properties 
that differ along three mutually orthogonal twofold axes of rotational 
symmetry, and as a consequence, physical properties such as shrinking 
upon drying do strongly differ in the three main section directions 
illustrated in Figs. 4, 5a and 6a. The elongate tracheid structure of Pinus 
brutia moreover includes conspicuous irregularities in the form of resin 
ducts (Fig. 4), forming canals rimmed by flat epithelial cells and 
embedded in a virtually straight longitudinal tracheid structure (Cri-
vellaro and Schweingruber, 2013). We note that resin canals also occur 
as transverse canals parallel to the radial direction (Hoadley, 1990) and 
that the longitudinal and transverse resin canals are locally connected 
(Bowyer et al., 2003). 

At the microscale, grains of native copper up to a few 100 μm in size 
form porphyroblasts wrapped by the tracheid cell structure. This is 
particularly clear in tangential sections such as shown in Fig. 5b, c and d. 

The tracheid structure mostly bows around the porhyroblasts reminis-
cent of the type C microstructures distinguished by Misch (1971). The 
microstructure in radial sections (e.g. Fig. 6b, c and d) is very similar to 
that seen in tangential sections. In both sections there are aligned and 
amalgamated porphyroblasts of native copper, possibly grown in 
tube-like resin canals. In transverse cross sections, the tracheids are 
nearly equant as illustrated in Fig. 7, but adjacent to the copper por-
phyroblasts they are clearly flattened, with the long axes of the flattened 
tracheids trending parallel to the porphyroblast margin. This suggests 
some form of constriction, consistent with the microstructures in 
tangential and radial sections. 

With the aim to quantify the deformation associated with porphyr-
oblast growth we first note that this deformation is commonly confined 
to a relatively narrow band, outside of which the tracheid microstruc-
ture is apparently undisturbed as seen, e.g., in Fig. 5c, d and 6c. We may 
quantify such deformed bands and the associated strain by comparing 
the size d of the porphyroblast with the width w of the deformed band. 
Because the tracheids within the band of width w are flattened to a width 
w – d (Fig. 8a), the magnitude of the associated flattening (shortening) 
strain should be e ¼ d/w. As shown in Fig. 8b, measurement of 12 por-
phyroblasts and their enveloping deformed bands in tangential section 
and of 16 porphyroblasts and their deformed bands in radial section 
yield shortening strains e between 40% and 70%, with a slight tendency 

Fig. 6. Microstructures of copper porphyroblasts 
in radial sections. (a) Diagram illustrating principal 
wood sections, radial sections (R) accentuated in 
blue. (b) Polished surface of radial slice, with 
mostly dark and occasionally light grains of native 
copper. Note strings of small copper grains (ar-
rows) possibly formed in resin canal. Details shown 
in c and d as indicated. (c) SEM micrograph of 
copper porphyroblast. Note flattening and deflec-
tion of tracheid cells adjacent to the copper por-
phyroblast; dashed white lines accentuate 
boundaries with domains of virtually undeformed 
tracheids. (d) SEM micrograph showing string of 
copper porphyroblasts presumably grown in resin 
canal. (For interpretation of the references to color 
in this figure legend, the reader is referred to the 
Web version of this article.)   
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towards higher strains at larger porphyroblast sizes. Since it is possible 
that the native copper porphyroblasts formed preferentially inside resin 
canals, we must consider the effect of preexisting wood microstructure 
(Fig. 8c). Analogous to the above, the flattening strain would then be 
given by e ¼ (d – r)/(w – r), where r is the width of the original resin 
canal. For species from section Pinus, like Pinus brutia (subsection 
Pinaster), axial resin canals generally range 40–170 μm in size when 
measured in cross-sections (Richter et al., 2004). Taking r ¼ 170 μm, 
Fig. 8d shows the corresponding shortening strains for the 28 measured 
porphyroblasts. 

4. Discussion and interpretation 

The microstructures associated with porphyroblastic growth of 
native copper grains in the studied mine wood sample are similar to the 
type C microstructures distinguished by Misch (1971), albeit that the 
linear structure of the tracheid cells clearly differs from the commonly 
planar schistose structure in most metamorphic rocks. The tracheid 
microstructure bends around and is flattened adjacent to the porphyr-
oblasts both in tangential and radial sections (Figs. 5 and 6), whilst in 
transverse cross section the elsewhere equant tracheid cells are stretched 
and flattened adjacent to the copper crystals with the stretched di-
mensions parallel to the copper grain margins (Fig. 7). This is consistent 

Fig. 7. Transverse cross section of the mine wood 
sample, viewed parallel to the tracheid long axes. 
(a, c and e) Reflected light micrographs of copper 
porphyroblast in wood matrix showing an equant 
tracheid cell geometry away from the copper 
grains. Red and blue lines in (a) indicate orienta-
tions of respectively tangential and radial sections. 
(b, d and f)) SEM micrographs of same copper 
porphyroblasts. Note intense flattening of the 
tracheid cells close to the copper grains, with the 
long axes of flattening oriented parallel to the 
porphyroblast margins. (For interpretation of the 
references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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with flattening of the matrix adjacent to the copper grains in two 
mutually perpendicular directions. Note in addition that there is hardly 
evidence for truncation of the linear tracheid structure, nor is there clear 
evidence for shortening in the direction of the tracheid linear fabric. 

Aside isolated copper porphyroblasts seen in the different wood 
sections, both the tangential and radial slices contain trails of copper 
that seem to have grown as amalgamating porphyroblasts in channel- 
like features probably representing preexisting resin canals. This may 
indicate that the resin canals acted as pathways for copper-saturated 
polluted mine waters to penetrate pit props such as the one studied 
here. The local coupling between longitudinal and radially oriented 
resin canals (Bowyer et al., 2003) shown in Fig. 4 may have facilitated 
this process. 

We have noted that there are two options to explain type C structures 
in natural rocks, i.e., (1) concretionary, displacive growth of the por-
phyroblast such that the matrix is pushed aside, suggesting the existence 
of a crystallization force, and (2) that the matrix might result from later 
flow around the porphyroblast. For the case of the mine wood sample, 
this latter option must be rejected because, albeit deformed, the 
microstructure clearly predates the growth of the copper grains. The 
question remains if the wood microstructure deformed due to any 
externally applied force comparable to tectonic forces acting on natural 
metamorphic rocks, or if the observed flattening is indeed due to 
concretionary expansion of the growing copper porphyroblasts. At this 
stage, we note that there is one factor that might affect the developing 
microstructures, i.e., shrinking upon drying of the wood. The magnitude 
of such shrinking, however, differs in different directions, being largest 
in tangential sections with values up to about 8% for most pine woods, 
equal or smaller in radial directions (down to ~ 4%), and almost negli-
gible in the (longitudinal) tracheid fibre direction (~0.5–1%, e.g., 
Ozkaya, 2013). Careful inspection of the porphyroblast microstructures 
clearly shows that the flattening deformation adjacent to the 

porphyroblasts is confined to relatively small domains, indicated in 
Figs. 5, 6 and 8, as deformed bands in which the magnitude of the 
flattening is much larger, i.e. of the order of 40–70% as shown in Fig. 8b. 
Even after correction for a pre-existing resin canal microstructure 
(Fig. 8c and d), these flattening strain values can clearly not be explained 
by shrinking upon drying of the wood. As there is no evidence for large 
strains resulting from externally applied forces, and because in the case 
of a mine-prop remnant such externally induced strains are unlikely, we 
conclude that the observed flattening of the wood microstructure adja-
cent to the copper porphyroblasts indeed reflects concretionary dis-
placive growth and associated pushing aside of the surrounding matrix. 
The microstructures associated with the copper porphyroblasts seem 
therefore genuine proof to demonstrate the existence of a crystallization 
force. Note that porphyroblastesis in this case concerns the growth of a 
mineral that is obviously not indigenous to the wood matrix, comparable 
to the case of the growth of sulfide porphyroblasts in metamorphic rocks 
such as mentioned by Misch (1971). 

5. Conclusions 

There is general agreement that the growth of metamorphic por-
phyroblasts involves replacement of the protolith assemblage, but it is 
less clear if this process is accompanied by the additional operation of a 
displacive mechanism. Whilst in few cases such as the Bushveld horn-
felses and the Dalradian chloritoid-bearing schists a component of dis-
placive growth can be corroborated, unequivocal criteria to identify 
displacive growth are lacking. It follows that for natural metamorphic 
rocks the concept of a ‘crystallization force’ is surrounded by un-
certainties on criteria to conclusively identify growth-related displace-
ment as well as on the viability of displacive growth. In other words, 
based on microstructures in metamorphic rocks it is impossible to un-
equivocally demonstrate the existence of a crystallization force. In this 

Fig. 8. Estimates of shortening around copper porphyroblasts in tangential and radial sections. (a) Sketch showing porphyroblast of size d (measured perpendicular 
to tracheid fabric), surrounded by band of width w of deformed matrix material. (b) Shortening (e ¼ d/w) versus porphyroblast size, with red and blue dashed lines 
indicating least squares best fits to shortening values for respectively tangential (red diamonds) and radial sections (blue dots), and green line for all measurements. 
(c) Sketch showing porphyroblast of size d, grown in a pre-existing resin canal of size r (measured perpendicular to tracheid fabric), surrounded by band of width w – 
r of deformed matrix material. (d) Shortening (e ¼ (d – r)/(w – r)) versus porphyroblast size assuming growth occurred inside an initially 170 μm-wide resin canal. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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study we have investigated wood microstructures in a pit prop from a 
Bronze Age copper mine in Cyprus containing Cu porphyroblasts. The 
pit prop became infiltrated with copper-saturated, polluted mine water 
during collapse of an ancient mine gallery. The microstructures associ-
ated with the copper porphyroblasts strongly indicate displacive growth 
whilst the matrix wood has not been affected by any externally imposed 
deformation, suggesting that the displacement microstructures associ-
ated with the copper porphyroblasts indeed reflect the existence of a 
‘force of crystallization’. 
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