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Abstract--This paper presents a method for calculating the volume change between the various sectors of the 
same heterogeneously deformed layer (fold, shear zone) by comparing the chemical composition of deformed 
sectors with that of a reference sector. The principle consists of considering some minerals as being insoluble 
(illite, chlorite) and passively concentrated in deformed zones because of the loss of more soluble minerals 
(quartz, calcite, dolomite) by pressure-solution. 

Simple observations can be used to test the validity of the assumptions required to calculate volume change (h). 
In the analysis of a slaty matrix around a ptygmatic fold, a map of di values is drawn and these A values are shown 
to be compatible with the general strain pattern. 

For several limb-hinge pairs of straight-limbed folds, the relations between volume change (h), elongation 
parallel to limb layering (dXl/lo) and the angle between limb and hinge (a) are determined. The influence of various 
parameters (such as temperature, pressure, initial composition and structure of the rock) on these relations, is 
also pointed out. 

INTRODUCTION 

ONE OF the main objects of the study of natural rock 
deformation is to restore the state of the rocks to before 
they were deformed. For this purpose, finite deforma- 
tion values and orientations must be estimated for any 
point of a deformed area by means of strain markers 
such as fossils, conglomerate pebbles, or discontinuity 
planes (Ramsay 1967). In most cases, the values and 
orientations of strain vary from point to point; the 
deformation is heterogeneous. To unstrain such struc- 
tures, the simplest method is to divide the whole 
heterogeneously deformed area into small elements 
whose deformations are assumed to be homogeneous 
(Schwerdtner 1977, Cobbold 1979). Each element is 
then individually unstrained. A set of blocks (represent- 
ing the initial state of each element) fitting more or less 
together is thus obtained. Then, a mathematical method 
can be used to achieve the best fit between the various 
blocks so as to restore the initial state of the studied area 
(Percevault & Cobbold 1982, Cobbold & Percevault, 
this issue). 

The problem is finding strain markers to estimate 
strain values. It is still more complicated when deforma- 
tion occurs with a volume change, making it difficult to 
estimate deformation by means of geometric markers 
(Ramsay 1967). However, this case is comparatively 
frequent in natural deformations with mass transfer, for 
example by pressure-solution (Kerrich 1977). Volume 
changes may be substantial and amount to over 50% of 
the initial rock volume (Gratier 1976). 

This paper present a method of estimating the volume 
changes between various zones of the same hetero- 
geneously deformed layer (fold, shear zone, deformed 
matrix around a rigid object) by comparing the chemical 
compositions of the zones. 

PRINCIPLES AND LIMITS OF THE VOLUME 
CHANGE DETERMINATION METHOD 

The principle of this method has already been 
described (Gratier 1979, 1982). It can be summarized as 
follows. It is assumed that a rock undergoing mass- 
transfer deformation (for example by pressure-solution) 
can be classified into two parts. 

Part 1 is composed of soluble mineral elements 
(calcite, quartz, dolomite, etc.) which leave the zones 
undergoing maximum compressive stress (named 
'exposed zones'). These materials may be redeposited or 
not redeposited in the zones undergoing minimum 
(often tensile) stress (named 'protected zones'). 

Part 2 is composed of insoluble minerals (micas, 
chlorites, etc.) which are passively concentrated (be- 
cause of mobile-material loss) in the zones subject to 
maximum compressive stress (Barrouquere et al. 1969, 
Williams 1972, Durney 1972, Gray 1977, Delair & 
Leroux 1978). 

Thus, when two sectors (e.g. fold limb and hinge) 
located in an initially homogeneous layer and undergo- 
ing heterogeneous stress (Stephansson 1974) have been 
deformed by pressure-solution, they reveal a difference 
in chemical compositions. 

Schematically, for the example of Fig. 1, the mass 
decrease of the exposed sector (limb) compared with the 
protected sector (hinge = Mo) is: 

A M / M  o = ( l p / I e ) -  1 = --0.17 ( -17%) ,  

le and Ip being the total percentages of all insoluble 
minerals in the exposed zone (Ie) and in the protected 
zone (Ip). The mass decrease of each soluble mineral is: 

A M ' / M o  = ( I p / l e ) ( M e / M p )  - 1, 

Mp and M e being the percentages of each soluble mineral 
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Fig. 1. Determination of the mass change, within a layer, between limb 
and hinge of a fold. After  a few simple tests have been carried out (see 
text and Figs. 2 and 3) illite and chlorite are considered as being 
insoluble minerals, passively concentrated in the fold limb, by the loss 
of mobile elements by pressure-solution (quartz, calcite, dolomite). 
Mass decrease AM/Mo = (Ip fie) - 1 = -0 .17  ( -  17%), is calculated in 
the limb compared with the hinge; lp being the sum of insoluble 
elements in the hinge and I~ the sum of insoluble elements in the limb. 
The mass decrease of quartz is - 1 9 % ,  and that of calcite - 4 0 %  (see 
text). In this case, the hinge is considered as the initial state, and the 
hinge-limbs pair an open system (see Figs. 4 and 7). This fold is 

represented by a triangle with point in Fig. 7. 

in the exposed sectors (Me) and protected sectors (Mp). 
Thus, a 40% loss for calcite and a 19% loss for quartz are 
observed when the limb is compared with the hinge in 
Fig. 1. 

These results can be obtained only because a number 
of hypotheses are adopted for simplification. Before all 
the results and their applications are given, the validity 
of these hypotheses and the consequences of the non-val- 
idity of some of them on the accuracy of the values 
obtained, will be discussed. 

Initial chemical homogeneity of  layers 

In order to probe the presence of variations in chemi- 
cal composition within the same layer, a horizontal layer 
undergoing sudden dip changes (straight-limbed fold) 
has been taken as an example. Analyses reveal a great 
steadiness in the composition of horizontal parts as well 
as extremely varied compositions in limbs according to 
the angle a between hinge and limb (Fig. 3). 

Calculation of  mineral composition in a rock 

In current analyses, the chemical composition of rocks 
is generally expressed in element or oxide contents. 
Some of these elements (such as Si) which are present 
both in highly soluble minerals (quartz) and slightly 

soluble ones (micas, chlorites) are not easy to interpret 
in terms of mineralogical composition. Direct modal 
analysis was not possible for the rocks concerned here, 
because of the very small size of the mineral. Thus, in 
addition to the chemical composition of the rocks (ex- 
pressed in oxide contents) it is necessary to know which 
minerals are present by X-ray diffraction analysis, as 
well as their chemical formulae. By using a programme 
of computation by successive iterations, it is possible to 
determine the mineralogical composition best fitted to 
particular element contents (Buffet 1981). Some sources 
of inaccuracy comes from this successive process: 

(i) errors in initial analysis (of the order of a few 
percent if analyses of the same rock carried out by 
different laboratories are compared); 

(ii) errors linked with approximations in the chemical 
formulae of minerals and 

(iii) errors linked with the elimination of some min- 
erals which had not been identified by X-rays analysis. 

As the present work was carried out on a series of 
samples of the same rock, deformed in various ways but 
containing the same minerals and analysed by the same 
laboratory, most of these errors cancel out. 

Influence of mineral recrystallization 

As described by several writers (Etheridge & Hobbs 
1974, Boulter & Raheim 1974, Stephens et al. 1979), 
mineral recrystallizations (of micas or chlorites) some- 
times appear in exposed zones. The result may be 
material transfer between exposed zones and protected 
zones if the recrystallization occurs with a change in 
mineral composition (Vernon 1977, Wilson & Bell 1979, 
Caron et al. 1981). In exposed zones, concentrations of 
some elements may be added to the passive concentra- 
tions of insoluble minerals during the pressure-solution 
process. According to Knipe (1981), two transforma- 
tions seem particularly important: the recrystallization 
of illite into phengite, with increase in K, Si, Fe and A1 
and decrease in Na, and the recrystallization of chlorite 
accompanied by increase in A1 and decrease in Fe. In 
both cases, however, we may consider that the concen- 
trations due to these recrystallizations are not identical 
for all the elements concerned. Therefore, one possible 
way of testing the magnitude of these material transfers 
due to recrystallization is to compare the evolution of 
the content of the various elements of the same rock 
subject to increasing deformation. More precisely, in a 
series of samples taken from the same folded layer (e.g. 
Fig. 5a), the horizontal bedding sample (or hinge) is 
considered as a protected zone and the other samples 
(limbs) are considered as exposed zones becoming more 
and more intensely deformed as the layer dip (/3) 
increases. 

The X(p)/X(e)  ratio is called R(X),  X(p) being the 
content of one element Xin the protected zone and X(e) 
the content of the same element in an exposed zone. The 
ratio R(AI) = Al(p)/Al(e) is taken as a reference (only 
because AI is the most abundant of the least mobile 
elements). Thus, the evolution of the ratio normalized 
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Fig. 2. Mobility test of elements Si, Ca, Mg, Fe, Ti and K (compared with a reference element A1) along a folded layer, as 
the layer dip (/3) increases. (a) Fold example (Fig. 5). (b) Evolution of the ratio X(p)/X(e) to Al(p)/Al(e) with angle/3. 
X(p) and X(e) are the concentrations of an element Xin the protected zone (hinge) and in exposed zones (limbs), and Al(p) 
and Al(e) the respective concentrations of AI. Elements whose ratios vary from 0.9 to 1.1 (variation due to various 
inaccuracies, see text) without any perceptible evolution as deformation and/3 increase are considered to be contained in 

insoluble minerals. The calculated A values are given in Fig. 5. 

as R(X)/R(A1) may be related to angle/3 (layer dip for 
each sample) as plotted in Figs. 2 and 3. Two different 
type of behaviour  clearly appear.  

(i) In some cases (Fig. 2), several elements  (Fe, K, Ti) 
show a good stability of the ratio R(X)/R(AI) between 
0.9 and 1.1 without significant change with angle/3, and 
therefore strain intensity. However ,  for other  elements 
such as Mg and especially Ca and Si, this ratio signifi- 
cantly increases as/3 increases. In such cases, if recrystal- 
lization takes place in exposed zones, e lements  such as 
Fe, Ti, K and AI will recombine on the spot, whereas Si, 
Ca and Mg leave the zones. Some minerals such as illite, 
chlorite, pyrite, and Ti oxide may then be considered as 
being insoluble (or passive), whereas quartz,  calcite and 
dolomite are soluble (or mobile).  

(ii) In other  cases (Fig. 3), for almost all the elements,  
there is an evolution of the ratio R(X)/R(A1) as deforma- 
tion increases. As dip increases, a slight decrease for K 
or Na, and an increase for Fe, Mg, Si and Ca are 
observed. Some recrystallization probably appears  with 
transfer of some elements  in exposed zones but the 
interpretation of this transfer is still being carried out. 
Thus,  for the calculation of volume changes due to 
pressure-solution, only passive minerals which contain 
elements whose ratios R(X)/R(A1) do not exceed the 

variations due to analysis inaccuracies are used. A vari- 
ation of + 10% is chosen. In one of the examples pre- 
sented (Fig. 3b), only illite and Ti oxide are considered 
as being insoluble, whereas in the other examples (Figs. 
2 and 3c) chlorite, pyrite, Ti oxide and illite are con- 
sideredinsoluble. The content in Na being very low and 
irregular, it was not taken into account for A calcula- 
tions. 

Equivalence of mass change with volume change 

In the example of Fig. 1, the mass change between the 
exposed zone and protected zone is calculated. For this 
mass change to be equated with volume change, it must 
be demonstra ted  that the density of the two zones is 
constant. Otherwise,  a correction factor (Fd) must be 
introduced to take into account the difference of density 
between two differently deformed zones, 

A = AV/Vo = (AM/Mo)Fd. 

To estimate this correction factor, measurements  of 
density were made along a folded layer which presented 
a clear chemical differentiation (AM/Mo = - 5 0 % )  
between exposed and protected zones (respectively 
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Fig. 3. Mobility test of various elements (compared with a reference element AI) in two limb-hinge pairs of straight-limbed 
folds, as the limb-hinge angle (a) increases. (a) is the fold sketch and (b) and (c) the evolution of the ratio X(p)/X(e) to 
Al(p)/Al(e) with angle a, as in Fig. 2. Elements whose ratios vary from 0.9 to 1.1 are considered to be contained in insoluble 
minerals. The A values for each limb-hinge pair of (b) are given in Fig. 7 (black squares), and in Fig. 9(a). The A values for 

(c) are given in Fig. 7 (black triangles), and in Fig. 9(b). The size of the limb-hinge pair varies from 1 cm to 1 dm. 

s i tua ted  nea r  the  i n t r ados  and  the  ex t r ados  of  an ad ja -  
cent  f o lded  l ayer ,  see  Figs.  5a & c). T h e  m e a n  dens i ty  for  
the  e x p o s e d  zones  was d = 2.762 + 0.01, and  for  the  
p r o t e c t e d  zones  was d = 2.742 + 0.004. T h e  d i f fe rence  
of  dens i ty  (less than  1%)  was thus  an o r d e r  of  m a g n i t u d e  
less than  the  va lue  of  the  mass  t ransfer .  T h e  va lue  of  the  
co r rec t ing  fac tor  m a y  t h e r e f o r e  be  t a k e n  as equa l  to 1 
wi thou t  i n t roduc ing  too  much  inaccuracy  in the  A values .  

Mass transfer and deformation models 

T h e  a r g u m e n t s  he r e  a re  b a s e d  on  the  pa r t i cu l a r  case  
of  v o l u m e  change  in a shea r  zone ,  se l ec ted  for  its s implic-  
i ty and  be c a use  it is a g o o d  m o d e l  for  d e f o r m a t i o n  in 
s t r a igh t - l imbed  folds.  T h e  v o l u m e  change  is ach ieved  
t h rough  a dec rea se  in the  she a r - z one  th ickness  ( R a m s a y  
1980). F o r  a h i n g e - l i m b  pa i r  such as tha t  in Fig.  4, two 
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Fig. 4. Material t ransfer  models  in the l imb-hinge pair of a straight- 
l imbed fold. The limb deformat ion is s imulated by a shear  zone with 
volume change normal  to the shear-zone walls, by loss of  soluble 
e lements .  The quanti ty of  insoluble minerals  (black dots) remains  
constant.  Two types of behaviour  can be dist inguished (see also Fig. 7). 
(a) The soluble e lements  leave the limb and the whole l imb-hinge pair. 
This is known as an open system: A V =  V e - V o ;  l J l e  = 
(1 + A) = (1 + Alf lo)  cos a .  (b) The soluble e lements  leave the 
limb and relocate in the hinge: this is known as a closed system: 
A V  = Ve - Vo = Vo - Vh ; Ip/le = (1 + A)/(1 -- A) = (1 + Al/lo)  cos a" 

models for material distribution by pressure-solution 
may be distinguished. 

(i) The elements of soluble minerals leave the fold 
limb and the whole analysed area, by pressure-solution. 
The hinge represents the initial state of the rock (system 
said to be open on the scale of the limb-hinge pair). 

(ii) The elements of soluble minerals leave the limb by 
pressure-solution but relocate in the hinge, in tension 
gashes normal to the shear zone (system said to be closed 
on the scale of the limb-hinge pair). 

In some favourable cases, this difference can be estab- 
lished by observing or not observing in the hinge, traces 
of solution or deposition through a microscope or by 
cathodoluminescence (Smith & Stenstrom 1965). 

The relationships between limb-volume and limb- 
length changes (A, Al/lo) can be established for the two 
models following previous assumptions and nomencla- 
ture. I e and Ip are the insoluble contents in exposed 
zones (limbs) and protected zones (hinge). AM = AV = 
AS are the mass, volume and area changes (two dimen- 
sions) where AI = le - Io and A V  = V¢ - Vo (I~ and V e a r e  

the final length and volume of limb, lo and Vo are the 
initial length and volume, o~ is the angle between limb 
and hinge). 

In the open system, case (i) 

lp/I  e = Ve/V  o = (1 + A) = (1 + Al/lo) cos a. 

In the closed system, case (ii), Vh and V~ are the final 
volume of hinge and limb, 

Ip/I~ = Ve/Vh = (1 + A)/(1 -- A) = (1 + Al/lo) cos c~. 

The theoretic evolution of the parameters A, Al/lo and a 
are shown in Fig. 7(a) for the open system and Fig. 7(b) 

for the closed system. For a stated limb-hinge pair, it is 
sufficient to choose one of the transfer models and plot 
the A to a values to derive the fold limb elongation. The 
same method may be applied to shear zones with volume 
change. It can also be applied to a wholly coaxial defor- 
mation: the above relations can be simplified by replac- 
ing (le cos ~) by lw (exposed zone width). 

APPLICATIONS TO SOME FOLD EXAMPLES 

Volume change in the matrix around a buckle fold 

Results. Chemical analyses of core samples from two 
slate layers adjacent to a folded competent layer (quartz 
+ calcite) have been carried out (Fig. 5a). The descrip- 
tion of the regional structural environment was given by 
Gratier & Vialon (1980). The fold is in a Jurassic forma- 
tion (Sinemurian) on the Pont d'Oulles road to Villard- 
Reymond (Oisans, French Alps). 

One of the layers is located just above the competent 
layer. Sample 9 (Fig. 5a) has been chosen to represent 
the initial layer composition. It comes from the assumed 
protected sector located near the ptygmatic fold 
extrados; there are no traces of solution or deposition in 
this particular zone. A slaty cleavage with divergent fan 
(Fig. 5b), mineral preferred orientation (subvertical 
strain axis X),  and traces of solution and pressure 
shadows around pyrites is observed in all other samples 
of this layer (nos. 1-11) (Gratier & Vialon 1980). There- 
fore, the layer as a whole is considered an open system. 

The other layer (Fig. 5a), situated further from the 
competent folded layer, is horizontal. Sample 14 is 
chosen as a reference but it does not represent the initial 
state as it is deformed in the same way as the whole layer, 
with a homogeneously dipping slaty cleavage (Fig. 5b). 

As formerly described and illustrated in Fig. 2, the 
evolution of R ( X )  ratios (concentration ratio of an 
element X between a protected zone and an exposed 
zone) may be analysed with respect to strain intensity 
(here characterized by layer dip/3). Figure 2 showed that 
the variations in R(Fe) /R(A1) ,  R (T i ) /R (AI )  and 
R ( K ) / R ( A 1 )  ratios very seldom reach 10% and espe- 
cially that these ratios do not change substantially when 
/3 increases. So these elements are distributed in minerals 
considered as being insoluble (muscovite, chlorite, 
pyrite, Ti-oxide). On the other hand, for other elements 
such as Mg, Ca and Si, R ( X ) / R ( A 1 )  ratios change signifi- 
cantly as /3 varies; so they are distributed in soluble 
minerals (quartz, calcite, dolomite) (see previous sec- 
tion). 

The A value is calculated for each sample (compared 
with the reference sample) from the equation 

A = (AM/Mo)Fd = (Ip/le) -- 1, with Fd = 1. 

The evolution of the A values along a horizontal axis 
normal to the fold axis is given in Fig. 5(c). These A 
values are only relative values of volume change if the 
reference sample did not represent the initial state of the 
rocks (e.g. for the top layer with reference sample no. 
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Fig. 5. Estimation of volume-change values and of their relations with finite strain values in the slaty matrix around the 
buckle fold of a competent layer. (a) Location of core samples, and layer dip (/3) for each sample. The bottom boundary of 
the studied zone is the competent folded layer, the top boundary is a horizontal layer. Principle strain axes X and Z are shown 
(b) Dip of slaty cleavage planes on a cross-section normal to the fold axis. (c) Variations in A values (volume change AV/Vo) 
in two layers, along a horizontal axis. Samples no. 14 (top layer) and no. 9 (bottom layer, just above the competent folded 
layer) are the reference zones for each layer. It will be noted that the two layers have very different behaviours. The chemical 
composition of the top layer (triangles) is almost homogeneous whereas that of the bottom layer (squares) reveals a 
substantial chemical differentiation. (d) Distribution of the A values in the slaty matrix, deduced from the previous values 

and used to calculate the finite strain values in this zone (Fig. 6b). 

14). In  the  case  of  the  l ower  l aye r  nea r  the  p tygma t i c  
fold ,  the  r e f e r ence  s a m p l e  (no.  9),  showing  no  t race  of  
so lu t ion  and  d e p o s i t i o n ,  was c o n s i d e r e d  r e p r e s e n t a t i v e  
of  the  ini t ia l  s ta te  o f  this  l ayer ,  so the  A va lues  ca lcu la t ed  
are  p r o b a b l y  no t  ve ry  d i f fe ren t  f rom the  abso lu t e  v o l u m e  
change .  

T h e  d i f fe rence  of  resul t s  for  the  two layers  is a p p a r e n t  
in Fig.  5(c).  A signif icant  spa t ia l  evo lu t i on  of  A, local ly  

> 5 0 % ,  is to be  o b s e r v e d  for  the  lower  layer .  The  same  is 
no t  t rue  for  the  t op  l ayer ,  in which  A var ia t ions  do  not  
exceed  5 % .  T a k i n g  into  account  ca lcu la t ion  inaccurac ies  
(see  p rev ious  d iscuss ion) ,  the  chemica l  c o m p o s i t i o n  of  
the  top  l aye r  is c o n s i d e r e d  as h o m o g e n e o u s .  The  A 
values  f rom the  lower  l aye r  a re  also p l o t t e d  on  the  
c ross -sec t ion  of  Fig.  5(d)  to  i l lus t ra te  the  spa t ia l  va r i a t ion  
of  A a r o u n d  the  p tygma t i c  fold.  
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Fig. 6. Distribution of principal finite strain values X and Z. Calculation is based on finite strain values at the boundaries of 
the studied zone: horizontal shortening Z = 0.4 (unfolding of competent layer); vertical stretching (top layer) = X = 2.5; 
Y = 1 (truncated belemnites). The whole area is divided into 108 elements whose deformations are considered as being 
homogeneous. Two cases can be distinguished: (a) A = 0 and (b) A = values from Fig. 5(d). The strain distribution obtained 

in the latter case is compatible with the observed deformed state (horizontal top layer). 

Relationship to strain. Unfortunately,  no fossils or 
other  markers  are to be found within the studied area. It 
is therefore impossible to unstrain elemental  sectors to 
restore the initial state (Cobbold 1979). But,  by assum- 
ing the most probable  initial state (parallel and horizon- 
tal layers), it is possible to find finite-strain and volume- 
change values which are compatible  within this 
deformed zone. Indeed,  strain values at the boundaries 
of this zone are known. The overall horizontal shorten- 
ing (Z  = finite length/initial length), given by unfolding 
the competent  layer assuming it did not become thicker 
during deformation,  gives Z = 0.4. Vertical stretching 
(X)  around the studied zone is given by measuring 
truncated belemnites.  With some caution as to the pre- 
cise significance of these values (Grat ier  & Vialon 1980), 
the results are X = 2.5, Y = 1. 

Then,  by means of photographs,  the cleavage planes 
(equated with the XY planes) between the two layers are 
drawn. The whole area is divided into 18 subvertical 
stripes, taking into account the following boundary  con- 
ditions for the two layers: 

(i) deformation is homogeneous  in the top layer 
X = 2.5, Y = 1, Z = 0.4 and consequently A = 0; 

(ii) there is no d6collement at the boundary  between 
the bot tom layer and competent  layer and no change in 
this boundary length compared  with the probable  initial 
state (horizontal layer). 

Z can be est imated at any point of the deformed area 
by measuring the distances between the cleavage planes 

drawn. Then X may be calculated by dividing the subver- 
tical stripes into six elements  whose deformations are 
considered as homogeneous.  The two elements situated 
above the competent  layer fold extrados are not 
deformed:  they represent  the initial state (protected 
zones). In order  to obtain X values, two cases are 
considered, the first by using the A values found through 
chemical analysis (Fig. 6b) and the second, by taking 
A = 0 (Fig. 6a). In the latter case, a significant bend will 
be observed above the ptygmatic fold intrados which 
does not coincide with the finite deformation state. On 
the other  hand if the calculated decrease in volume is 
taken into account, the top layer is found to be almost 
horizontal.  A very slight bend is still present;  it could be 
due to an underest imation of A because variations in 
density were neglected or due to uncertain strain values. 

The volume changes calculated by comparing chemi- 
cal analyses are entirely compatible  with the studied 
strain patterns.  This method,  when systematically 
applied, could thus be used to account for some gaps and 
overlaps occurring when the non-deformed state is 
restored by the unstraining of homogeneous  elements 
(Cobbold 1979). 

Volume change between limbs and hinges in straight- 
limbed folds 

Results. Chemical analysis have been carried out on 
several l imb-hinge pairs of straight-limbed folds of the 
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Fig. 7. Relations between A, Alflo and a for the two transfer models defined in Fig. 4. A is the volume change AV/Vo, Alflo 
the change in length parallel to the layer in the fold limb and a the angle between hinge and limb. (a) is the open system, and 
(b) the closed system. The values obtained for various natural examples are plotted on these diagrams and discussed in the 
text. Each symbol represents one limb-hinge pair. See Fig. 4 for A calculations. Black squares: Jurassic, Col des Saisies, 
Savoie (also in Figs. 3b and 9a). Black triangles: Jurassic, Col du Lautaret, Hte Alpes (also in Figs. 3c and 9b). Other 

symbols: Jurassic, west cover of Belledonne, Isere, France. 

same layer and where possible with various limb-hinge 
angles a as in Fig. 3. Almost all the samples have been 
taken from the Mesozoic cover to the external crystalline 
basements in the French Alps (Pelvoux, Belledonne, 
Mont-Blanc) (Grafter & Vialon 1980). All these folds, 
unlike those of the previous examples (Figs. 2 and 5) 
have one common feature: the presence only of crenula- 
tion cleavage (in some limbs), parallel to the limb-hinge 
boundary (Fig. 3). In all cases also, the hinge is taken as 
a reference (protected zone). As in the previous exam- 
ple, chemical analyses are used to distinguish between 
the elements remaining in the limbs and those leaving 
them (Fig. 3). The mineralogical composition changes 
are then calculated by taking as insoluble minerals those 
containing elements whose R ( X ) / R  (Al) ratios are in the 
range 1.14).9. 

A was calculated from chemical comparative analysis 
with the relations: 

A = (Ip/ le)  -- 1, for open systems (Fig. 7a), 
A = (lp -- Ie)/(I  p + le) , for closed systems (Fig. 7b). 

The two models were used for each limb-hinge pair. For 
the same pair the A values are then different: A varies 
from - 3 6 %  (closed system) to - 5 3 %  (open system) for 
the same fold, at a = 70 ° (black squares, Fig. 7). This 
large difference in A values for the two models under- 
lines the necessity to determine the true transfer model 
(open or closed system for each hinge-limb pair). How- 
ever the relations between t~ and Al/lo are not modified 
by the choice of the model of transfer (see Fig. 7). 
Although the open system would seem more probable 
from the microscopic observations of the hinges (no 
clear traces of solution or deposition for most of the 
samples), the A values have been plotted on the two 
diagrams (Fig. 7) nevertheless. 

Discussion. First, a good correlation of the A values 
can be observed for various hinge-limb pairs of the same 
layer, with identical a angles (clusters of black squares 
and black triangles). Various behaviours in the relations 
between A, Alflo and a are also to be noticed, which may 
be summarized as four different types: 

(1) Limb volume decrease may be high ( - 2 0 % )  even 
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when the elongation parallel to the strata is zero or 
hardly significant, whichever transfer model is chosen. 
Al/l o is about +5% to +10% for some samples (Col du 
Lautaret) with a angles between 32.5 and 42.5 ° (black 
triangles). Alflo is zero for other folds. The dominant 
mechanism of deformation must be a mass transfer 
process by pressure-solution with either diffusion from 
limb to hinge in a closed system (Gresens 1966), or 
infiltration of fluid which transports matter away from 
the fold in an open system. 

(2) Volume change may also be zero (white square 
with point). Limb deformation is a stretching parallel to 
the layer, proportional to the increase of a value with 
fold amplification, without mass transfer in the hinge- 
limb pair. Of course the fact that there is only one fold 
with this behaviour is not statistically representative. 
Folding may often occur without volume change, but the 
examples presented here were chosen by selecting folds 
with apparent difference between hinge and limb. 

(3) The A values may also vary with the angle ~ (black 
squares); the finite elongations Al/lo vary from - 5 %  
(shortening) with a = 30 °, to +40% (stretching), with 
a = 70 °. In this case with a large release of matter, the 
limbs probably show a slight shortening parallel to the 
stratification, at the beginning of folding, and a stretch- 
ing parallel to the stratification, with fold amplification 
and increasing a values. 

(4) Relatively significant stretching (25-45%) occurs 
for relatively low values of A. Such a case is an inter- 
mediate case between the preceding ones (white circle 
and triangle with points). 

Fold examples--general discussion 

The results show that A and Al/lo values may vary 
considerably in otherwise similar geometrical structures. 
The effect of some of the important factors will be briefly 
analysed. 
(1) Comparison of different deformed samples with 

crenulation cleavage (Figs. 3 and 7), and with almost 
identical pressure and temperature conditions (deter- 
mined by the microthermometric study of the fluid 
inclusions of crystals in tension gashes normal to cleav- 
age, Bernard et al. 1977), show two important factors. 
First is the influence of the initial rock composition. 
Using the A values of Fig. 7, and extrapolating these 
values for identical ~ - - 4 5  ° , the volume change 
increases from 10 to 30% when the initial soluble mineral 
content varies from 60 to 80%. Second is the influence of 
another parameter which may be less easy to charac- 
terize and yet is perhaps more important: the structure 
of the rock (Voll 1960, Robin 1979). It is to be noted that 
for identical compositions and geometry, volume 
changes are more substantial as rocks show a well- 
developed initial layering (small micaceous shale 
layers). 
(2) Comparisons of deformed samples with different 
cleavages at various pressure and temperature condi- 
tions, show differences (Gratier 1979) in classifying the 
various minerals into mobility characteristics (Figs. 8 
and 9). In the case of a slaty cleavage, quartz is more 
mobile than calcite and dolomite (Fig. 8). In the case of 
a crenulation cleavage, it is the reverse (Fig. 9). In such 
cases, temperature probably affects the solubility of 
these minerals, slaty cleavage showing evidence of 
higher temperature (Bernard et al. 1977, Jenatton 1981) 
and crenulation cleavage lower temperature. A systema- 
tic study of this effect could perhaps determine if the 
slowest process during pressure-solution is always the 
transport or if dissolution or crystallization could also be 
the rate controlling process (Fisher & Elliot 1973, Raj 
1982, and preliminary results, on experimental solution- 
deposition, by the author). 

The volume-change values of each mineral may also 
change during deformation. For example (Fig. 8), for a 
low layer dip, calcite and dolomite are not mobile 
whereas for a steeper dip, their mobility tends to be 
equal or superior to that of the quartz. 
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Fig. 8. Comparison of the behaviour of the various soluble minerals by pressure-solution and evolution as deformation 
increases (increases in limb dip/3). For the same layer the relative mobility of quartz, calcite and dolomite varies with the 
increase in deformation (increased/3). The volume change A of each mineral is A V / V o  = ( I p / I ~ ) ( M ~ / M p )  - 1, for the open 
system, chosen here. The sketch of the fold is given in Fig. 5(a); an axial plane slaty cleavage is associated with the fold. See 

Fig. 9 for comparison with folds with crenulation cleavage. 
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comparison with fold with slaty cleavage. 

The influence of these various parameters on the 
elements' relative mobilities is currently being studied 
on a larger number of samples. 

CONCLUSIONS 

The proposed method allows estimates of volume 
changes (A) to be made between various sectors of the 
same layer heterogeneously deformed by pressure-sol- 
ution with mass transfer. 

From simple observations the validity of the assump- 
tions required to calculate A and the magnitude of 
transfers due to other processes (recrystallizations) may 
be checked. 

In the analysis of slates around a ptygmatic fold, the 
calculated A decrease values may reach 50% and are 
compatible with the general strain pattern. 

In the study of various limb-hinge pairs of straight- 
limbed folds, the relations between A, Al/lo (limb elonga- 
tion) and a (limb-hinge angle) are determined. These 
variables probably depend on the following parameters: 

temperature and pressure, the initial composition and 
structure (anisotropy) of the rocks, and the evolution of 
these factors with progressive deformation. 

This work also demonstrates that the volume of the 
closed system for mass transfer by pressure-solution 
could be estimated. Therefore, the distance of transfer 
may also be estimated. This could lead to ideas on the 
mechanism of this transfer (diffusion, infiltration or 
coupled process) and also on the mechanism of pressure- 
solution. A larger number of analyses are needed, which 
are being carried out currently. 
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