
Journal otStructural (;eol,g~. Vol  0. N o  1/2. p p  1~9 to 200. 1984 0191 -8141/84 $(13 [1~1 + II.0~1 
Printed in Great  Britain Pergamon Press IAd 

Deformation by solution-deposition, and re-equilibration of fluid inclusions 
in crystals depending on temperature, internal pressure and stress 

J. P. GRATIER and L. JENATTON 

I . R . I . G . M . .  BP 68,  384112 Sa in t  M a r t i n  d ' H e r e s  C e d e x .  F r a n c e  

( A ccepwd in re~'ised fi~rm 311 June 1983 ) 

A b s t r a c t - - C h a n g e s  of shape and density of fluid inclusions in crystals were demons t ra ted  when these crystals 
were subjected to t empera tu res  and internal pressures  greater  than those of their growth. Exper imenta l  relations 
have been establ ished between the rate of length-change of the inclusions and the different paramete rs  of the 
exper iment :  na ture  of the crystal, t empera tu re  and internal pressure ,  state of  stress on the crystal, geometr ic  
characters  of the inclusion ( length,  width),  orientat ion of the inclusion with respect to the optical axes of  host 
mineral .  It is essentially the effect of  the variation of surface energy with the curvature  a round  the cavity which 
causes a mass  t ransfer  of the host crystal by diffusion through the fluid under  pressure.  The  rate of  length-change 
is limited by the rate of dissolution at the median  part of elongate inclusions. This change of shape and density is 
known to occur in naturally deformed crystals. An example  of such a behaviour  is given which allowed us to use 
the inclusions as markers  of the condit ions of t empera tu re  and pressure  subsequent  to the growth ot crystal. 

INTRODUCTION 

FLUID inclusions are usually used as markers of the 
conditions of growth of crystals (e.g. Weisbrod et al. 
1976). One of the basic postulates of these studies is that 
the inclusions behave as closed systems from the time 
they are t rapped until their characteristics are measured 
in the laboratory.  This has been shown to be the case by 
Roedder  & Skinner (1968), when the conditions of 
temperature  and pressure to which the crystals are sub- 
jected are less than those of their growth. However ,  it 
seemed interesting to us to test experimentally the 
behaviour of the fluid inclusions in the crystals when 
these are subjected to conditions of temperature ,  pres- 
sure and stress greater  than those of their growth. Under  
these conditions, partial or complete reequilibration of 
the density of the fluids (P6cher 1981), and slow but 
significant changes in shape of the inclusions (Grat ier  
1982) have been observed,  in qtrartz and calcite. 

Such changes of shape were observed clearly only in 
synthetic crystals heated at a temperature  equal or 
greater than the homogenizat ion temperature.  In other  
cases (heating of natural crystals, and superimposition 
of a state of stress on synthetic crystals) no change was 
observed,  but it is possible that this change was too slow. 
Hence it is necessary to establish, precisely, the relations 
between the rate of change of length and the various 
parameters  involved in these changes, in order  to know 
the mechanism or mechanisms of the "deformations'.  
The objective is to determine whether  the processes are 
involved in natural deformation,  at probably much lower 
rates, but which are sufficient to allow the inclusions to 
be considered as markers of the conditions of tempera- 
ture. pressure or stress subsequent to the growth of the 
crystals. 

Another  aim of this study was to conduct a preliminary 
experimental  study on deformation of quartz and calcite 
by solution-deposit ion with mass transfer by diffusion 
through fluid. Theoretical  models of this process (Raj & 

Ashby 1971, Elliott 1973, Rut ter  1976) are based on the 
hypothesis that the diffusion rate is the controlling fac- 
tor. To compare  experiments with theoretical results. 
we intend to determine:  (a) the best experimental  con- 
ditions to have the solution-deposit ion process measur- 
able in laboratory and (b) the rate controlling process of 
this mass transfer: interface rate process (kinetics of 
dissolution or crystallization), or diffusion rate through 
fluid. 

EXPERIMENTAL METHOD 

Development o f  an internal overpressttre in the 
inclusions by heating o f  the crystals 

In order  to subject fluid inclusions to an internal 
overpressure (Pi). crystals containing these inclusions 
were heated under a microscope with a Chaixmeca 
microthermometr ic  heating stage (Pot}' et al. 1976) to a 
temperature  Ti equal or greater  than the temperature  of 
homogenization (Th) of the fluid in the inclusions, and 
kept for several weeks or months at this temperature  Ti. 

As long as the system remains closed, it is possible to 
estimate the overpressure (Pi) in the inclusion (Fig. l a), 
if the nature of the fluid, the degree of filling determined 
from Th (Weisbrod etal. 1976), and the PVT data of the 
fluid are known. For the natural crystals used here,  the 
content in equivalents of NaCI in the water of the 
inclusions was determined from the melting point of 
frozen inclusions (Weisbrod et al. 1976). The PVT curves 
are known for pure water (Kennedy 1950) and for 
various NaC1 contents (Potter  & Brown 1977, Burnham 
et al. 1969, Haas 1976). These curves are less complete 
for the system H,O + N aO H  (synthetic quartz, Regreny 
1973) and for H20 + NH4CI (synthetic calcite, Ikorni- 
kova 1961. Lefaucheux 1974)' however their use is 
possible without too much approximation. In this kind 
of test. the combined effect of temperature  and fluid 
pressure was thus tested. 
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Fig. 1. Development of internal pressure within fluid inclusions in a crystal by heating of the crystal under a microscope. (a) 
The relation between internal pressure and temperature is given by the PVT diagram of the fluid if the system remains dosed 
throughout the test (density of fluid constant). Th, temperature of homogenization: Ph, internal pressure at temperature 
Th: Ti, temperature imposed for several months; Pi. internal pressure at temperature Ti. (b) Experimental arrangement for 
the development of a uniaxial stress state on a cube of crystal (edge = 1.5 ram) containing fluid inclusions, The whole 

apparatus was placed for several months in a thermostatic cell at the temperature. Th. of the fluid in the inclusions 

If the system does not stay closed, for example ,  if a too 
strong overpressure  is imposed,  the inclusion fractures 
(decrepi ta t ion)  and the fluid escapes f rom the cavity. In 
this case, there were two possibilities. (1) There  was no 
longer any fluid in the inclusion, hence no pressure 
either. This was the general  case when inclusions frac- 
tured. It was thus possible to test the role of  t empera tu re  
alone in the change of shape. (2) Some of fluid remained  
t rapped  in the inclusion. Usually the density showed a 
complete  re-equil ibrat ion with the imposed t empera tu re  
conditions. Under  these conditions, the internal pres- 
sure should be practically Ph, but it was never  precisely 
known how this pressure develops after the fracture.  It is 
thus impossible to dissociate complete ly  the effect of  the 
presence of fluid from that of  its pressure.  It is only 
possible to have some indications of  the effect of  a 
certain lowering of pressure following the fracture of 
cavities on the rate of change of shape of inclusions. 

Development of  a state of  stress in crystals 

In order  to establish a stress state around the inclu. 
sions ( independent  of the effect of internal pressure) ,  a 
cube of crystal containing fluid inclusions was subjected 
to a permanent  uniaxial compressive stress (with stan- 
dardized springs, Fig. lb).  This device was placed in a 
thermostat ic  cell at a t empera tu re  equal  to Th,  the 
t empera ture  of homogenizat ion of the fluid phase. An 
internal overpressure ,  Ph, was thus also imposed in the 
cavity, but its value remained very low (Fig. l a). 

Change of  densio' 

RESULTS 

The density of the fluid of the inclusions was periodi- 
cally examined (by measurement  of the homogenizat ion 
tempera ture ,  Weisbrod et al. 1976). The aim of these 
measurements  was not only to know the evolution with 

t ime of the density (which is the object  of work in 
progress,  Pficher & Boullier in press), but especially to 
know the evolution of the internal pressure in the inclu- 
sions. An increase in Th (thus a decrease in density) 
reveals a decrease in internal pressure (Fig. l a). 

Examples  of the evolution of these densities with time 
are given in Fig. 2. A large difference in behaviour  can 
be noted between the inclusions which can be summed 
up as in Fig. 3 by two types of behaviour.  

(1) The density decreased suddenly bv fracture of the 
inclusion and leakage of the fluid, when the internal 
pressure reached the fracture threshold of the cavity 
(decrepitat ion,  Leroy 1979). Usually (see A I ,  A ' I  in 
Fig. 3) the new density of the fluid corresponded to the 
values of the t empera tu re  and pressure imposed at the 
fracture (P6cher 1981). However ,  in certain cases, the 
leakage was probably very rapidly sealed because a 
weak overpressure  persisted in the inclusions (density of 
the fluid less than that of a complete  re-equilibration) 
(see Q2 in Figs. 2a & b: C2 in Fig. 2c and A2 in Fig. 3). 

The shape of the fracture surfaces is very characteris- 
tic. For quartz (Fig. 4) the orientation of fracture was 
always parallel to one of the three planes ( 1100, 10]0, 
0] 10) when the ellipsoidal inclusion was parallel to the 
"c' axis (without external stress on the crystal, Fig. 4a). 
These planes were extended by a network of small 
inclusions organized in small channels, the whole pre- 
senting the form of a butterfly's wing around the inclu- 
sion (Fig. 4b). Such structures have been described in 
naturally deformed crystals (fig. 4c in Jenat ton 1981, and 
also Swanenberg 1980. Eadington & Wilkins 1980). 
They show in a simple way the presence of thermic or 
stress effects on the crystal posterior  to its growth. 

(2) The density decreased very slowly with time, but 
these results should be confirmed in a linear fashion as a 
function of VT, t being the duration of the experiment 
(Q1 in Fig. 2: B, B' in Fig. 3). This decrease was 
probably due to very slow leakages from the cavity by 
diffusion (P6cher & Boullier in press). Anyway, a 
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Fig. 2. E~ olution of the density of fluid inclusions under internal pressure. Histograms of Th measured for different samples 
before (A) and after (B) the heating of crystals. Ci, closed inclusions; Fi, fractured inclusions. (a) Quartz QI:  Ti = 29g°c, 
Pi = 70 MPa, t = 80 days, fluid = NaOH (0.5 N) and Q2: Ti = 303°C, Pi = g0 MPa, t = 7 days, fluid = NaOH (0.5 N). (b) 
Quartz Ti = 180°C, Pi = 80 MPa, t = 90 days, fluid = H20 + 1% NaC1. (c) Calcite Ch Ti = 217°C, Pi = 5 MPa, t = 7 days, 

fluid = H,O + NHaCI (5%) and C2: Ti = 246.5°C, Pi = 50 MPa, t = 7 days, fluid = H,O + NHaCI (5%). 

change in shape of the inclusions then occurred with an 
internal pressure which only decreased very slowly with 
time and which can be considered as constant over 
several weeks. 

In a general way, the rate of the process of re-equilib- 
ration was affected by changes in various parameters: 
(a) the value of temperature and internal pressure 
imposed within the cavity: (b) the nature and structure 
of the mineral and (c) the geometric characteristics of 
the inclusion (form, size, orientation with relation to the 
optic axis. etc. ). 

('hange o f,shalw 

Two types of change of shape appeared, one (i). very 
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Fig. 3. Evolution or the temperature of homogenization (Th) of the 
fluid m the inclusions, with the length of heating of the inclusions ( X t). 
Example of synthetic quartz. A1. A ' I .  A2: Fracture of inclusions. 
complete rehomogenization Th (after fracture) = Ti with P = Ph 
(AI .  A ' I )  or partial rehomogenization (A2) with. in the latter case, 
maintenance of a weak overpressure in the inclusion. B, B': Inclusions 
without apparent fracture, slo~ leakage of the fluid by diffusion in the 
solid. Permanent ox erpressure (Pi) in the inclusion, but stow decrease 

ot densitx and Pi with time. 

rapid from the beginning of heating (after some hours at 
a maximum); the other (ii), very slow and regular during 
a heating of several weeks, even months. 

Changes of type (i) have always very low values, and 
they have been neglected. These are volume changes 
due to elastic deformations (Eadington & Wilkins 1980) 
and to increases in volume due to solution of the walls of 
the inclusions (Leroy 1979) when the temperature is 
raised, since the solubility increases. To avoid these 
effects, all the successive measurements of length and 
width were made at the same temperature (Ti). 

The slow type (ii) changes which appeared with time, 
were sufficiently large to be measured without doubt in a 
certain number of cases, particularly for synthetic crys- 
tals. In a general way. at the time of heating, the 
inclusions, initially elongate, became shorter and wider 
and fnally rounder. The inclusions initially almost round 
tended to acquire the shape of a negative crystal (thus 
becoming slightly longer). The shortening of initially 
elongate inclusions was studied principally for synthetic 
quartz since it reaches significant and easily measurable 
values, and inclusions have an initially regular cigar-like 
ellipsoid shape. Considering that the volume of the 
cavity is constant, the best marker of the change of shape 
is the change of length of the cavity. 

The change of length of the fluid inclusions was esti- 
mated by successive weekly photographs (Fig. 5), or by 
periodic measurements directly under a microscope with 
an ocular micrometer. 

The rate of length change is defined as Al/..Xt. 

with Al = l~l- l]. 
A t  = t I - -  t ( j ,  
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10 = length of inclusion at time t0, ll = length of inclusion 
at time t~. 

This length-change was considered in relation to the 
various parameters  operating in the experiment.  It is 
possible to sum up the different factors operat ing in the 
experiments as follows. 

(i) The behaviour  of the inclusions in the different 
crystals were compared.  These were: calcite and natural 
quartz,  in which the fluid phase of the inclusions was 
consti tuted by H20  plus a certain percentage of NaCI 
(Jenat ton 1981); synthetic quartz with H20  + N a O H  
(0.5 N) (Regreny 1973); and synthetic calcite with H20  
+ NHaCI (5%) (Lefaucheux 1974) obtained by hydro- 
thermal growth. The nature of the fluid influences the 
concentrat ion of solid (c) and the diffusion coefficient of 
the species migrating in the fluid (D). 

(ii) The presence of fluid and its density were checked 
at each series of measurements ,  thus fixing the internal 
pressure (Pi) for a tempera ture  of heating (Ti). 

(iii) Inclusions of simple initial form were selected. 
They varied between an ellipsoid in the form of a cigar to 
a cylinder terminating in two hemispherical domes. The 
length of the inclusions (l 0, It . . . . .  l ,) and width 
(w~, w L . . . . .  w,,) were periodically measured at t0, 

l l  , . . . .  I n . 

(iv) The initial orientations of inclusions with respect 
to the optic axes of the host mineral and with respect to 
the direction of the uniaxial stress were likewise noted. 

Behaviour of synthetic quartz, role of the different 
parameters 

Role of the presence of fluid in the inclusions. The 
inclusions only changed shape if there was a fluid phase 
present in the cavity; if not, for example,  if there was a 
fracture of the inclusion and complete leakage of the 
fluid, no change appeared even at high temperatures  
(400°C maintained for several months).  

Role of the geometry of the inclusions. We compared 
inclusions in quartz (Th = 248°C) under  the same inter- 
nal pressure of 50 MPa, at the same temperature  
Ti = 282 + 2°C, oriented initially with their long axes 
parallel to the "c" axis of the quartz, and having similar 
geometric characteristics but with varied length and 
width. Inclusions having either the same class of length 
(i.e. a length between two limits), or the same class of 
width, are first compared: (a) for inclusions having the 
same initial class of width (w), the rate of length change 
increases linearly with the increase of the length value 
(Fig. 6a): and (b) for inclusions having the same initial 
class of length (l), the rate of length change increases 
linearly with the inverse of the square of width (1/w z) 
( Fig. ¢~b). Using all the inclusions (with varied length and 
width values) a linear relation between M/At and the 
ratio l/w'- may be established. The slope of the line being 
independent  of the geometry of the inclusions, all these 
inclusions together may be used to study the effect of the 
other  parameters (Fig. 7a). 

Role ¢{t the initial orientation of the inclusions with 
respect to the 'c' axis. Most of the inclusions were initially 

elongated parallel to the "c" axis, but in certain crystals 
we found inclusions elongate at 60 or 90 ° to 'c'. In these 
cases, it was noted that for inclusions having initially the 
same ratio, l/w'-, subjected to the same temperature  and 
internal pressure, the rate of shortening, Al/At. was 
higher for inclusions oblique to the "c" axis than for those 
parallel to 'c' (see Fig. 5, for the same experiment,  the 
difference between g, h, i, and j, k). 

Role of uniaxial stress. No change of shape appeared 
clearly linked to the application of a uniaxial stress of 
20-60 MPa at 265°C, applied for several months on 
inclusions where Th = 265°C. On the other  hand, certain 
inclusions fractured,  with at the same time the appear- 
ance of a network of secondary inclusions. 

Evolution of the rate of length-change with time, This 
rate decreases with time for all the inclusions but the 
progressive change in shape of the inclusions should be 
born in mind. Grouping inclusions heated at the same 
tempera ture  but measured after different times of heat- 
ing (12 days, 1 month,  2 months) ,  an appreciable differ- 
ence was not observed (Figs. 7a & b). The slight decrease 
of the rate of length-change could be due to the slight 
decrease of the density of the fluid, since decrease of 
densi.ty is also accompanied by a decrease of the internal 
pressure, and it is shown below that the rate of length- 
change is dependent  on the internal pressure. 

Role of internal pressure and temperature of the fluid. 
In a general way, a decrease in density of the fluid during 
heating, hence a decrease in the internal pressure in the 
inclusion, was accompanied by a decrease in the rate of 
length-change but apparently also by a difference in the 
equilibrium shape to which the inclusion was tending. 
With internal pressure, the inclusions became rounder  
(Figs. 5a--c) and the change of shape reached significant 
measurable values. On the other  hand, if the internal 
pressure was low Ph, and when inclusions had an initial 
squat form, these inclusions tended rather to become 
angular (Figs. 5g & h). In some of these cases, inclusions 
showed a slight increase of length, but this process never 
gave a clearly measurable change of shape and was 
neglected since for the same experiment,  initially elon- 
gate inclusions alwavs showed a decrease in length (Fig. 
5i). 

Most of the time, the equilibrium shape of inclusions 
after long duration of heating was therefore a negative 
crystal shape with more or less rounded angles. In some 
very rare cases, the form of the cavity became extremely 
irregular with deep pits which were perhaps the ends of 
dislocations (dislocations have been indicated in these 
synthetic quartzes by Regreny 1973). In this last case, 
the rate of length-change was independent  of the shape 
of the inclusion. The small number  of inclusions showing 
this behaviour does not allow us to present a serious 
discussion of the problem. 

To separate the influence of pressure 5tom that of 
temperature ,  the rate of length-change of inclusions 
having the same ratio, l /we= 1, are compared (for 
example l = 10(I /xm, w = 10/xm). The measures for 
more than 500 inclusions are plotted on an Arrhenius 
plot: Iog(5l /At)  = f (103/T) .  In some experiment;  
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(a) 
Fig. 4. Fracturing of fluid inclusions by decrepitation when developing a high internal pressure (superior to 100 MPa) in the 
inclusions. Example of synthetic quartz, appearance of the fracture, butterfly wing shape (a) Transverse section (b) 
Longitudinal section. The surface of the fracture is extended by a network of secondary inclusions. (c) Detail of a network 

of secondary inclusions (cluster) in naturally deformed crystals which shows a natural fracturing around an inclusion. 
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Fig. 5. Change of shape of fluid inclusions with temperature and internal pressure: initial shape on the left, shape after 
permanent  heating on the right. (a), (b) & (c) Th = 252°C, Ti = 298°C, Pi = 70 MPa, t = 80 days, fluid = NaOH (0.5 N). 
(d), (e] & ( f )Th  = 212°C, Ti = 217°C, Pi = 5 MPa, t = 120 days, fluid = H,O + NH~CI (5%). (g), (hL (i), (jt & tk )Th  = 
265°C, Ti = 265°C, Pi = 5 MPa, t = 40 days, fluid = NaOH (0.5 N). Th, temperature of homogenization of the fluid phase: 

Ti. temperature of heating: Pi, internal pressure deduced from PVT data (see Fig. 1), t, duration of heating. 
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inclusions having the same class of  length.  Same exper iment  as in (a). 
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(squares in Fig. 8) fluid inclusions were fractured by 
imposing a large overpressure in cavities. Sometimes a 
fluid phase remained in these cavities, then length 
changed. In such cases, the internal pressure could not 
be exactly known but we admitted that its value 
remained low, through the heating, as for the heating of 
inclusions at Ti = Th (squares with point, Fig. 8). In 
other  experiments (circles, Fig. 8) fluid inclusions 
remained closed during heating at Ti > Th. The slight 
decrease in density did not disturb the results since 
homogenizat ion temperatures  were measured before 
and after each measurement  and a mean value of the 
internal pressure, Pi, was then estimated using PVT 
relations. The relative scattering of the results may be 
noted, especially when inclusions were fractured. This is 
probably because in this case the internal pressure values 
may have varied from one inclusion to another.  In some 
cases, rapid sealing of the fracture may have allowed a 
permanent  overpressure in some inclusions. This could 
explain some high values of the rate of length-change in 
experiments per formed at high tempera ture  (squares in 
Fig. 8). 

Behaviour of  synthetic calcite, natural quartz and calcite 

The inclusions in synthetic calcite (Th = 212 °, heated 
to 217°C, with Pi = 5 MPa, for 4 months) showed very 
definite changes of shape (Figs. 5d-f) ,  the initially elon- 
gate inclusions tending to become round. It was difficult 
however to find initial regularly shaped inclusions. The 
rate of length-change is plotted vs the ratio l/w 2. The 
slight scattering is due to the fact that inclusions initially 
differently oriented in the crystal were plotted together.  
For this reason, these results are not readily comparable 
with those for synthetic quartz (Fig. 10, p. 199). The 
inclusions in natural quartz (Th = 135°C, Ti = 180°C, Pi 
= 80 MPa, fluid = H~O + 1% NaCI, heated several 
months) showed no change of shape. The inclusions in 
natural calcite (Th = 196°C, Ti = 215°C, Pi = 35 MPa, 
fluid = H~O + 1% NaCI, heated several months) 
seemed to show a rounding of their angles, but this was 
not measurable with precision. 

In conclusion to this presentation of the results, the 
change of shape of inclusions is considered to be a mass 
transfer process with, for most of the cases, dissolution 
at the median part (or on convex solid surface) and 
deposition at the extremities of each cavity (on concave 
solid surface). Discussion of t he  driving force for the 
mass transfer, the equilibrium shape of inclusions, the 
rate controlling process, and the behaviour of natural 
crystals, is given below. 

DISCUSSION 

Experimental deformation of synthetic quartz 

Driving force )~or mass transfer and equilibrium shape 
of inclusions. The various effects of temperature  and 

internal pressure on the equilibrium shape of fluid inclu- 
sions will be discussed first. The equilibrium shape of an 
inclusion in a crystal depends critically upon the vari- 
ation of surface energy with surface curvature and sur- 
face orientation. An inclusion in thermal equilibrium 
should have flat surfaces of low surface energy connected 
by smoothly rounded,  or sharp, edges and corners,  
depending on the detailed variation in surface energy 
(Herring 1953). If such an inclusion is heated,  the inter- 
nal pressure increases, and a compressive elastic stress 
appears in the solid around the cavity. To approach 
equilibrium, the inclusion will change its shape, so as to 
increase its surface energy (Nelson et al. 1964). This may 
be achieved by developing the high-energy plane 
between adjacent low-energy planes, for example by 
rounding the cavity corners. On the other  hand, a 
decrease in internal pressure leads to a change of shape 
to provide the lowest possible surface energy, tending to 
a negative crystallographic shape. 

With respect to initially squat inclusions, this rounding 
of angles seemed to appear  with high internal pressure, 
while sharp corners developed at low internal pressures 
but this change of shape was not measurable.  However ,  
when inclusions are essentially elongate,  another  effect 
may be stronger, namely the difference in curvature 
between the extremities and the middle part of the 
inclusion. When heating such an inclusion, a difference 
of chemical potential (A~) related to the difference of 
curvature should occur (Kingery et al. 1976). 

with y = surface energy, [l  = molecular volume of solid, 
C e and Cm = principal curvatures of solid/fluid surface 
near extremities (Ce = -2 /w)  and middle part (Cm = 0), 
respectively of the inclusion with cylindrical shape ended 
by hemispherical domes. The observation that heated 
elongated inclusions were always transformed into ellip- 
soidal cavities with low l/w ratios is consistent with the 
effect of a driving force, due to the curvature difference 
around the inclusions. This curvature difference induces 
mass transfer from convex solid surfaces or from concave 
solid surfaces with large principal curvatures,  to concave 
solid surfaces with low principal curvatures. This is the 
observed change of shape. The equilibrium shape is then 
a negative crystal shape, with more or less rounded 
angles, since it is the shape with the minimal surface 
energy. The difference in surface energy with orienta- 
tion may explain the difference in behaviour between 
elongate inclusions parallel or oblique to the ~c" axis. 

The increase of internal pressure within elongate 
inclusions, also increases the difference of elastic strain 
energy in the solid between the extremities and the 
middle part of the inclusions (Jaeger & Cook 1969). This 
could have an inverse effect on the change of shape of 
inclusions since the density of elastic strain energy is 
greater at the extremities of the cavity, the dissolution 
should be maximal there (Paterson 1973) and the inclu- 
sions should elongate. This elongation is not observed 
because the effect due to the variation of surface energy 
with curvature which causes a shortening, could mask 
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this process. This could also explain why the application 
of stress on the crystals did not produce change of shape 
of inclusions. In fact this stress simply produces a differ- 
ence of elastic strain energy around the inclusions, and 
this difference can remain less than that due to the 
difference of surface energy, 

Rate control  q f  the so lu t ion -depos i t ion  process .  In the 
general case, the driving force for mass transfer is 
expended partly in driving the interface reactions (dis- 
solution or crystallization) and partly in driving diffusion 
through fluid (Raj 1982). A simple way to solve this 
problem is to write for the three cases, independently,  
the relation between the rate of length-change and the 
various parameters.  One of these three processes is 
often much slower than the others and its rate controls 
the rate of the change of shape. Assuming that inclusions 
are of cylindrical shape, terminated by hemispherical 
domes,  the difference of chemical potential A/z is 

Ap. = 2"),(1 (see above).  
14' 

If diffusion rate is the slowest process, the rate of 
length change, Al/..Xt, must be proport ional  to the driving 
force,  (A~). and inversely proport ional  to the distance 
of transfer (Robin 1978) 

_Xl/At ~ Atz/l ~ 2yl2/lw 

this is not the observed relation between A/z and l, w. 
Assume that the interface-process velocity (dissolution 
or crystallization rate) is linearly proport ional  to the 
driving force (Fyfe et al. 1975, Raj 1982) and that 
crystallization is the slowest process, then M / A t  must be 
proport ional  to ..Xp_ 

~ l / ~ t  ~ Akt ~ 2yf~/w.  

This is not the observed relation between Atz and l, w. If 
dissolution is the slowest process, Al /A t  must be propor-  
tional to A/x and to the ratio: surface of dissolution (Trwl) 

over surface of deposition (,-rw:) 

~ l / ~ t  ~ .,k#. l w / w  2 ~ 2 y ~ .  l lw  2 

this relation between ~ and I. w, is the observed 
relation (Figs. 7-- 10). Dissolution rate is then the control- 
ling rate for solution-deposit ion,  of course in the particu- 
lar case of fluid inclusions initially elongate parallel to 
the "c" axis of synthetic quartz. 

Raj (1982) also found that interface rate process may 
be the rate controlling process in solut ion-deposi t ion,  
with diffusion through fluid. Following this author,  the 
term k ' (  may be defined as the linear dissolution velocity 
(m s - ' )  of the crystal interface, under a driving force of 
1 kT per molecule,  (k' represents the jump frequency of 
the solute atom from the crystal into the fluid across the 
interface, ( represents the solubility of the crystal 
molecule in the fluid, mole fraction of the solute dissol- 
ved in the fluid). A complete relation between _Xl/At and 
the various parameters may then be written 

k '(...Xt.t. lw _ 2k ' ( l y ~  
,kl/,.kt - 

k Tw'- k Tw z 
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Fig, 8. C h a n g e  of l eng th  o t  f luia inc lus ions  in h e a t e d  syn the t i c  qua r t z  
Re la t i on  b e t w e e n  log (M/At) vs IO;/T. AI/..kt in ~trn ~ ~, T in K 
( A r r h e n i u s  p lo t ) ,  for fluid inc lus ions  wi th  I/w: -- I. The  ver t ica l  bar~ 
show the sca t t e r ing  of  AI/~,t va lues  for each e x p e r i m e n t :  squa re s  = 
f r ac tu red  inclus ions :  s q u a r e s  wi th  po in t  = inc lus ions  h e a t e d  at Ti = q'11 
(in the two  cases  the in t e rna l  p res su re  is s u p p o s e d  to bc very  Io~ ): 
P = Ph. As  Ph inc reases  wi th  Th (Fig.  1) a co r r ec t ion  was  m a d e  or  
s o m e  of the M/At values ,  All  the  s q u a r e s  c o r r e s p o n d  to a p ressu re  o15 
MPa) :  circles ,  c losed  inc lus ions  h e a t e d  at Ti > Th with the value  ol 

in t e rna l  p r e s su re  (Pi)  d e d u c e d  f rom P V T  da ta  (scc F i g  1 ). 

where k is the Boltzmann constant and T is the absolute 
temperature .  

This relation is analogous to the relation defined by 
Raj (1982) for the change of shape of an aggregate with 
intergranular fluid. The difference is only on the driving 
force: surface energy difference here,  instead of normal 
stress difference in his experiment.  The difference of 
surface energy with the orientation must be taken into 
account. The kinetics of the interface process (dissolu- 
tion or crystallization) also varied widely with the orien- 
tation in the crystal. For the case of elongate inclusions 
parallel to the "c' axis, this could explain why dissolution 
on faces parallel to the 'c" axis is the rate controlling 
process, since deposition occurs on the (0001 > face, and 
the crystallization rate is always maximal for this face 
(Barns et al. 1976). 

The effect of tempera ture  and pressure must be con- 
sidered to test the relation previously established. 

Ef fec t  o f  temperature .  Using only fractured inclusions 
or inclusions heated at Ti = Th,  thus inclusions with 
equal low internal pressure (Fig. 8), an activation energy 
value may be estimated, about 70 kJ mole- '  K -t. This 
is only an approximate value by reason of the impreci- 
sion of the internal pressure value. The activation energy 
of the kinetics of the dissolution of quartz in N a O H  
(0.5 N) is not known but this activation energy is known 
for the kinetics of crystallization: about 70- 
90 kJ mole - '  K - '  (Regreny 1973, Barnes eta l .  1976). It 
is therefore  the same order  of magnitude as our  esti- 
mated value. This value being much higher than the 
activation energy for diffusion in aqueous solutions 
(13 kJ mole -1 K - ' ,  Robinson & Stokes 1959). this also 
confirms the rate control by an interface process. 

Ef fec t  o f  internal pressure .  This effect appears in Fig. 
8. For  the same temperature ,  the M / A t  value for closed 
inclusions (with internal pressure) is always higher than 
the A l / ~ t  value for fractured inclusions or inclusions 
heated at Ti = Th (low internal pressure). To present 
this effect more clearly, the internal pressure is plotted 
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Fig. 9. Change of length of fluid inclusions in heated synthetic quartz. 
Relation between internal pressure (Pi in. Pa) and the difference 
between the observed rate of length change ( A l / A t )  and the rate of 
length change ( & l / A t ) T a t  the same temperature with 5 MPa of internal 
pressure (square line in Fig. 8). The relation is linear for almost all the 
range of pressure except perhaps for high pressure, Pi > 70 MPa (see 

the text for discussion). 

vs the difference between the M/At  values for inclusions 
with internal pressure and the (A//At)T values for inclu- 
sions for which internal pressure is low (5 MPa) (for the 
same temperature of heating). 

The relation log (M/At)  - log (Al/At)T = f(Pi)  n is 
obtained (Fig. 9) with a value for n equal to 1 for most of 
the experiments, and a value tending to 2 for high 
internal pressure (Pi > 70 MPa). Linear dependence of 
the kinetics of growth of synthetic quartz vs the 
pressure was also observed by Regreny (1973) for an 
equivalent range of pressure in the same solution of 
NaOH (0.5 N). At least two explanations may be 
advanced for the apparent non-linear behaviour at high 
pressure. (1) The rate of length change is dependent on 
the concentration of the solution which is also pressure 
dependent with the following relation (Kern & Weis- 
brod 1964) 

C = C 0 e - p ' x V / k r  

with p = pressure, AV = difference in the partial 
molecular volume of the solute in the fluid and the 
crystal phase. (2) The high internal pressure may induce 
plastic deformation around the cavity, especially for 
synthetic quartz with hydraulic weakening, the n value 
could then tend to 3-4 (Balderman 1974). 

Experimental deformation of  natural minerals 

Contrary to synthetic quartz, no change of shape 
clearly appeared for natural minerals. Several explana- 
tions may be advanced. We shall consider only the case 
of quartz since the results for synthetic calcite are not 
sufficient for discussion. The first difference between 
natural and synthetic quartz is the temperature of heat- 

ing. Because of the relatively low temperature of 
homogenization of natural quartz, the heating tempera- 
ture for our experiments did not exceed 180°C (above 
this temperature, the inclusions fractured). The 
behaviour of synthetic quartz may be extrapolated to 
this temperature. At 180°C without pressure, the M/At  
value is about 10 -s ~m s -~ (Fig. 7). With the effect of a 
80 MPa pressure, M/At could rise to 2.10 -7/xm s -~ for 
an inclusion with l/w 2 -= 1 (Fig. 8). The second differ- 
ence is in the concentration (c) of the solution. We do 
not know exactly the c value at 180 ° for synthetic quartz 
but at 310°C and 80 MPa, the ratio of concentration in 
NaOH (0.5 N) and in water is equal to 2.17/0.094 = 23 
(Regreny 1973, Kennedy 1950). Admitting the same 
ratio at Ti = 180°C and Pi = 80 MPa (with 
Th = 135°C), the rate of length change could be 8.7 
10 -9 p~m s -I. The lower limit of measurement being 
1 /~m, it would take at least 3.6 years to observe a change 
of shape! The effect of these two factors (Ti and c) are 
sufficient to explain the fact that natural fluid inclusions 
did not apparently change shape after several months of 
heating. 

Of course other factors may also affect the differences 
in Al/At values between natural and synthetic minerals 
such as the difference of the kinetics of dissolution. Very 
little is known about this problem for the temperature-  
pressure conditions used here (Fyfe et al. 1975). For 
these reasons, no attempt is made to directly extrapolate 
the behaviour of synthetic minerals to natural minerals. 
The established relation for the former must be experi- 
mentally confirmed for the latter. This experimental 
change of shape could perhaps be observed when heating 
at a high temperature natural elongate inclusions with a 
high temperature of homogenization. However the 
problem is that this kind of elongate inclusion is very 
rare. With such a high temperature of trapping, the 
natural inclusions perhaps always change shape and tend 
to an equilibrium shape. 

Natural deformation 

The rates of shape-change by solution-deposition 
which could be expected for natural quartz and calcite, if 
they are not measurable in the laboratory, could be 
significant for natural deformations. Crystals having 
been subjected to natural heating after their growth 
should have both rounded and fractured inclusions. 
Such research has been carried out on crystalline fillings 
of quartz and calcite in tension gashes in the sedimentary 
cover of the Pelvoux massif, French Alps (Bernard et al. 
1977, Jenatton 1981). 

Rounded inclusions, having Th less than those of 
fractured inclusions (Fig. 4c), were observed in the same 
crystals, with all the intermediate values of Th between 
rounded and fractured inclusions. Classically, these 
rounded inclusions are interpreted as primary inclusions 
which mark the conditions of growth of the crystals. 
Because generally the density increases after growth, 
the Th of these rounded inclusions should be greater 
than those of the inclusions of irregular shape, which are 
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usually interpreted as secondary inclusions linked to 
tectonic effects. With the hypothesis that inclusions both 
changed shape and density, this association was inter- 
preted as a marker of a thermal effect after the formation 
of the veins. The rounded inclusions would be inclusions 
which have preserved their fluid under pressure; thus 
their shapes have been changed. Their densities have 
also come back into equilibrium, but at different rates as 
observed in laboratory tests (Fig. 2). The densities of the 
fractured inclusions are completely in equilibrium with 
the thermal effect: they have angular shapes as observed 
in the laboratory, when there is low pressure in the 
inclusions. This thermal effect has been confirmed by a 
geological study. The sedimentary cover was in the 
proximity of a hotter basement, caused by thrusting of 
the basement onto the sedimentary cover (Gratier & 
Vialon 1980). In the case of crystals subjected to condi- 
tions of temperature and internal pressure greater than 
those of their growth, the inclusions not only marked the 
conditions of growth, but could also mark the conditions 
subsequent to the formation of the crystals. 

CONCLUSIONS 

Experimental solution-deposition may be studied by 
observing the change of length (Al/At) of elongated fluid 
inclusions in heated synthetic minerals (quartz or calcite 
obtained by hydrothermal synthesis). 

The driving force for mass transfer is the difference of 
surface energy around the cavity, linked to the difference 
of curvature (mass transfer from median part to 
extremities of inclusions). Consequently no apparent 
effect of an imposed state of stress on crystals was 
observed on the AI/At values. But theoretical and experi- 
mental work is in progress for the effect of high stress 
values. 

The kinetics of dissolution is the rate-controlling pro- 
cess for elongate inclusions parallel to the 'c' axis of 
synthetic quartz. A relation is proposed between Al/At 
and the other parameters. 

No change of shape was observed when heating (at 
relatively low temperature) natural crystals with fluid 
inclusions. The M/At values being proportional to the 

at'/a, 
0.15 '10 -4 

0.1 

0,05 

0.2 0.4 0.6 0.8 

fqg. 10. t_nange of length of fluid inclusions in heated synthetic calcite. 
Relation between Al/At (in ~-m s -t ) and the ratio l/w'-(in tzm -~ ). The 
inclusions did not have the same initial orientation in the crystal. Th, 
212°C: Ti. 217°C: Pi. 5 MPa: t = 60 days: fluid. H,O + NH~C'I (5%). 

concentration of the solution, corrosive fluid must be 
used to have observable change of shape by solution- 
deposition. Such an activation of the solution-deposi- 
tion process is also necessary for the experiment on 
pressure solution-deposition of an aggregate with inter- 
granular fluid (Gratier 1984). 
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