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Mos t petrol ogi cal processes i nvol ve a f luid  phase , ei ther to in i ti ate a mi neral 
reacti on , or to transport e lement duri ng subsol i dus recrystal l i zation, to pro
vi de energy for the mass transport of mol ten magmas , etc . Recent years have seen 
a tremendous amount of work and deci s i ve progress in the characteri zati on of 
fl ui ds of the l i thosphere , but one prob lern i s  obvi ous : fl uids are by defi niti on 
chang ing and fugace , they vanish  as soon as the process i n  wh i ch they parti ci
pate - i n  many cases that they i nduce - comes to an end . Even for geol ogi cal 
phenomena whi ch are di rectly observabl e ,  l i ke Sedimentation of vol can ism,  
the i n  s itu anal ys i s  of fl uids is  imposs ib le  or at best very di ffi cul t .  There
fore most of the knwol edge deri ves from ind irect sources : i nteraction wi th mi 
neral s ,  theoretical (mostly thermodynami cal ) cal cul ations ,  compari son wi th ex
perimental data . In some fiel ds of geology, notably in metamorphic  petrology , 
the theoreti cal predi ction of fl u ids i nvol ved i n  mi neral reactions has come to 
a h igh degree of prec i s i on ,  as aptly summarized in a recent book ( Ferry 1982 ) .  

The di rect approach : F lu id  i nc l us ions 
Si nce the early days of modern petrography - i n  fact as soon as the mi croscope 
was app l i ed to rock studies (Sorby 1858) - i t  i s  known that some rock formi ng 
mi nera l s  may contai n samples of the "now mi ss ing"  fl ui d  phase in c losed cavi 
ties , the so cal led fl ui d i ncl usi ons . The s i ze and abundance are very vari ab l e ,  
but upper l imi ts are real ly spectacul ar :  For the s ize,  a t  least several l i ters 
in some gi ant crystal s from pegmati tes ; for the abundance , Z i rkel i n  1873 ( c i 
ted in  Roedder,  1972 ) ,  had estimated a number of  3 . 6x1011  ( 360 bi l l i ons ! ) per 
cm3 in an hauyne from the Vesuve . Such an abundance leöds evi dently to an ex
tremely smal l si ze :  an average di ameter of 1 �m or so ,  not enough to be studi ed 
correctly by present day mi croscope . But "good" i ncl us i ons , i n  the range 5-100 
pm , are present i n  almost any rock sample , sedimentary ,  i gneous or metamorphi c .  
At least on earth and i n  some stony meteori tes ( Fieni e t  al . 1978) , as n o  fl uid  
i nc lus i ons - but plenty g l ass i nc l us i ons - has  ever been observed in  any l unar 
sample despi te an i ntense and systemati c search . 
One wou ld  expect that these di rect samples , sometimes preserved for bi l l i ons of 
years i n  archean rocks , woul d come as a pri me  evi dence of fl uid  composi ti on 
duri ng petro logi cal processes . Clearly,  th i s  i s  not the case . For many years , 
because of a l ack of sui table equipment and a poor knowledge of fl u id  proper
ti es at h i gh P-T, they have been completely i gnored and they are sti l l  not even 
seen by many petrol ogi sts , who may confuse them wi th dus t ,  arti facts , holes etc . 
The reverse i s  also true , and there are several we l l  known examples quoti ng 
beauti ful arti facts ( ai r bubbles , droplets of epoxy ) mistaken for natural i n 
cl us i ons.  Unti l the l ate s ixties , a handful l of  special i sts , at l east i n  the 
Wes tern Worl d ,  avoi ded the complete di sappearance of the discip l i ne ,  but thei r 
i nvesti gati ons were mostly confi ned to id iomorphi c  crystal s  i n  Alpi ne type 
vei ns and i n  mi neral deposits . 

A new s i tuati on came about 15 years ago , as a resu lt  of several i ndependent ad
vances : i n  the techno logy,  notably when s imple and effi cient heati ng and free
zi ng mi croscop ic  devi ces became avai l ab le ,  in the knowledge of the theory and 
the physi cal properties ( PVT) of natural fl ui d sys tems at hi gh pressure and 
temperature , and i n  the predi cti on of fl uid  composi ti on through mi neral equi 
l i bri a .  Now fluid  i nc lus i ons may be studi ed by a remarkab le array of techniques , 
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from most s imple  ( crush ing stage ) to very sophi sti cated : Mi croRaman spectroscopy , 
Ion probe , Gas chromatography, Mass spectrometry, El ectron microscopy, etc . The 
analyti cal resu l ts compare wel l  wi th c lass ical  s tudi es of sol i d  phases , the 
smal l s i ze of the samples bei ng somewhat compensated by the eas ier analys i s  of 
fl uid system. ( For an up to date and complete review of the "state of art" i n  
fl ui d i ncl usi ons studies , see Hol l i ster and Crawford , 1981 ) .  

Fl ui d i nc lus i on data : Possibi l i ti es and l i mi tati ons 
Fl uid  i nclus ions have i n  pri ni cple a deci s i ve advantage on sol i d  phases : they 
gi ve an i nformati on , not only on the chemi cal composi ti on as to the sol i d  mi 
neral s ,  but a lso  on the dens i ty ,  or mol ar vol ume , of the system. Th i s  l ast pa
rameter remai ns constant for the sol i d  phases , at l east in fi rst approximati on , 
and i s  consequently commonly i gnored as a variable of state . For fl ui ds , we have 
a pri ori the choi ce between 3 vari ab le  of state , namely temperature , pressure ,  
and molar  vol ume ,  but o f  course only 2 are i ndependent as they are related by 
the equation of state , But then,  i f  the fl u id  trapped i n  the cavi ty i s  repre
sentati ve - no leakage ,  homogeneaus fluid  at the time of the trapping - we have 
an unique way to reach vol umi c properties duri ng deep seated processes . 
The i deal case i s  not often reached , as l i mi tati ons are severe ; mul ti p le causes 
of error do exi st ,  we l l  known and abundantly descri bed i n  the speci al i zed l i te
rature : heterogeneaus trappi ng,  "necki ng down" ( Roedder 1972 ) ,  leakage , reacti on 
wi th the enclosing mi neral etc . The l i mi tati ons are often quoted , expl i ci tly or 
not ,  as a k ind of excuse to i gnore the fl ui d i nc lus i ons , starting from the point 
of vi ew that thei r i nformati on wi l l  be certain ly meani ngless . Thi s  posi ti on i s  
evi dently not quite sci enti fi c :  the i ncl us i on are there ,  they a re  part o f  the 
rock , and si nce the techni ques exist ,  they have to be � tudi ed as any other 
consti tuent.  Wou l d  any petrol o9i st accept to di sre9ard z i rcons or any other 
accessory mi nerals  in an i gneous rock? After al l ,  the distincti on between 
"fl ui d" and "sol i d" i s  just  a questi on of reference temperature : i f  Observa
tions were made near absol ute zero , a l l  flui d i ncl us i ons wou l d  i ndeed be 
sol i d .  But th i s  hesi tati on to engage in the tedi ous , time consumi ng ,  often 
frustrati ng Observati on of fl u id  i nc l us i ons - al l those who have spent hours 
before fi ndi ng a "good" i ncl usi on whi ch preci sely decrepi tates j ust before 
homogeni zati on wi l l  understand me - is essential ly due to a l ack of educati on .  
Wi th the poss i bl e  exception o f  some pl aces i n  the USSR, there i s  n o  uni versi ty 
i n  the Worl d where the bas i c  pri ni ples of fl u id  inc lus i on Observati on , wh i ch 
requ ires nothing but the normal petrograph ic  mi croscope , are taught with the 
opti cal mi nera logy.  As a resul t a great deal of i nformation i s  l os t :  s i ze ,  
abundance , even nature of some flui ds shou ld  be standard data i n  any rock 
descri ption ,  and the i nc lus i ons remai n  mysteri ous to most researchers ,  who 
have not the experience to eval uate the ir  informati on and to sel ect the impor
tant from the tri vi al . I shal l i l l ustrate th i s  comment by an examp le :  most 
mi nera l s  from endogenaus rocks are more or less a l tered, weathered.  Th i s  
mi ght be a object o f  study , but normal ly  the researcher wi l l  i nstincti ve ly 
reject the most al tered parts and concentrate on the fresher ones , wi thout 
even menti oning  i t. The si tuati on i s  exactly the same for f lu id  i nc lus i ons : 
many i ncl usi on s ,  someti mes by far the most abundant ,  may be very l ate and 
preci sely rel ated to thi s weatheri ng.  After some trai n ing ,  the observer wi l l  
spot them immedi ately and concentrate on the deeper ones . Thi s  i s  just one 
aspect of a more seri ous problem that we are facing at the moment ,  namely the 
widening  gap between speci al i sts and not specia l is ts .  Things are goi n9 fast 
and the theory of fl u id  sys tems devel ops at an astanishing rate . We can now 
handle bi nary and even some ternary systems , throu9h comp l i cated phase di a
grams whi ch requi res many hours of study (see e . g .  Wal ther 1982 ) .  Fl uid inc l u
s ion ists consti tute an active , re l atively young group which obvi ously advances 
at great speed. There i s  a real danger of segregation whi ch cal l for a fi ght an 
both s ides : for the speci a l i s ts , not being too semantic ,  too needlessly comp l i 
cated;  but a l so for the rest o f  the geologi cal cammuni ty ,  the need to assimi l ate 
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and to practice the basi c principles of fluid incl usion Observation and not to 
rely on the supposed expertise of a few individuals .  
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Fi g .  1 .  Model of the fl ui d distri buti on i n  the continental crust and i n  the 
Upper Mantle as inferred from fl uid incl us ions studies ( see Touret 
and Di etvorst 1983 ) .  m and i refer to the miscib le/immi scible state 
of di fferent fl uids at the time of the trapping.  T and 8 :  supposed 
pos i tion of the Telemark ( T )  and Bamble (B r;-both in Norway ( N )  as 
they are exposed today ( See Touret ,  1981 ) .  

33 



Some general resul ts :  a mode l of the . fl u id  di stri but iön in the Earth ' s  Crust 
and Opper Mantle 
I have suffi ciently i ns i sted on the di ffi cul ty and on the l imitati ons of fl u id  
i ncl usion studi es to fee l now at  ease to  present some general resul ts whi ch 
show the i nterest of thi s  type of research . They deal which a )  the nature of 
the fl u ids invo l ved i n  deep seated processes and b )  the ir  distributi on wi thi n  
the earth ' s  crust and upper mantl e .  

a )  Nature o f  the fl ui ds 
The total number of pure fl uids encountered in i ncl us i ons i s  remarkably smal l .  
On ly 4 ,  namely H20 ,  C02 , CH4 , N2 are common and the 2 fi rst ones are by far 
the most abundant. Sul fur bearing species are exceptional (SHz , SOz ) ,  
Hz and noble gases coul d be more abundant than norma l ly  assumed , but they 
are di ffi cul t to detect, and Oz i s  only found in llrani um depos i ts ,  when 
water i s  destroyed by radi oacti ve radi ati on ( Dubessy , pers . comm . ) .  These pure 
f lu ids may be mi xed i n  any proportion and the aqueous fl u ids common ly contain 
di sso lved i oni c species , notably ch l ori des , often in such a quantity that the 
result i s  c loser to a mol ten sal t than to an aqueous sol ution . Among the un
expected resu lts wh i ch cou ld  only be obtained by fluid  i nc lus ion studies , we 
can menti on the hi gh sal i n i ty of mos t aqueous i ncl usi ons i n  many i gneous rocks 
- almost al l al kal i grani tes contai n  i ncl usi ons with NaCl as daughter mi nera ls  -
and the discoverr of fl uids whi ch , for some reason ( pressure or temperature 
condi ti ons , absence of necessary cati ons to bui l d  up a mi neral structure) , can
not be i ncorporated i n  the enc los ing mi neral : thi s  re lates essential ly to COz , 
but also CH4 and Nz , i n  lower crustal and upper mantle rocks ( granul i tes , al 
kal i basa l ts ,  ul trabas i tes ) .  

b )  Di stributi on of the fl uids 
The repeated Observati on of s imi l ar ( or comparabl e )  inclusi ons in rocks having 
been submi tted to the same P-T regime Ieads to the concl us i on that fl u id  distri 
buti on obeys to some s imple and general rules . Practi cal ly al l surface i nc lu
s i ons are water ri ch , whi le COz , to a lesser extent CH4 and Nz , grossly domi 
nates i n  the l ower leve l s .  In the Al ps , prograde metamorphism i s  marked by a 
progressive and regu l ar change i n  f luid  compos it ion i n  a lp ine type vei ns ( i n
crease of COz content wi th i ncreasi ng metamorphi sm ) .  Al l these observati ons 
have l ed to a model of the d istri bution of fl u i ds in the l i thosphere based on 
an antipatheti c behavi our between HzO at the surface , and C02 at depth ( Fi g .  1 ) .  As thi s  model has been previously descri bed i n  some deta i l  (Touret , 1974 , 
Touret and Di etvorst 1983) , i ts el aborati on wi l l  not be discussed here ,  but 
some comments are appropri ate concerni ng some key aspects of the model , and 
the mechan i sms or processes whi ch mi ght be involved. 

Fl ui d/Sol i d  interaction in metamorphi c  rocks : Internal versus external buffering 

Any l arge scale mode l supposes some oversimp l i fi cati on ,  as compositi ons remain  
constant for, at least, some ki l ometers . The val i di ty of  thi s hypothes i s  depends 
obvi ous ly from the buffering mechani sm : ei ther "i nterna 1 buffer" , the flui d com
pos i ti on bei ng control l ed by the l ocal mi neral assembl age , of "external buffer" 
( i nfi ltrati on , Rice and Ferrr 1982 ) ,  large masses of flui ds connected to an ex
ternal source be ing able  to fl ow through the rock .  
Since Greenwood ( 1975 ) ,  i t  i s  wel l  known that most metamorphi c assembl ages have 
a large buffering capaci ty for sma l l  quanti ti es of fluids , roughly the i ni ti al 
pore fl ui ds p l us the vol ati les ( HzO,  COz ) l iberated duri ng prograde mi neral re
acti ons . But there are a l so cases where l arge amounts of flui ds must perco l ate 
through the rock ,  as i ndi cated by mass transfer calcul ati ons for most metasoma
tic  processes ( a l teration in porphyri es , formati on of skarns or grei sen etc . ) .  
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Both types of buffers must therefore exist  i n  nature and they have i ndeed been 
i nferred from thermodynami cal cal cu l ations i n  fl ui d/mi neral interacti on (R ice 
and Fer� . 1982 , p . 289 ) .  
Fl ui d i nclusions provi de a qul i tati ve way to check out whi ch mechani sm prdomi 
nates : For i nternal buffering, the composi ti on of the flui d inclus i on wi l l  de
pend stri ctly from the surroundi ng rocks and i t  wi l l  remain  rel ati vely constant 
in a homogeneaus rock . For external bufferi ng , fl uid  i nc lus i ons mi ght remain  the 
same for di fferent rock compos it ions , but the may a lso  be ve� vari able  at a 
gi ven spot i f  several independant fl ui d pul ses went through the rock . 
The resul ts are extremely i nstructive ,  as they show a constant competi ti on bet
ween the two trends . But , fi rst of al l ,  they i ndi cate a strong di fference bet
ween a re l ati vely l ow-grade ( rough ly , from di agenesis  to the beginning of ana
texi s )  and a "high-grade " metamorphi c  domain whi ch compri ses mi gmati tes ,  gra
nul i tes and ul trabasi c  rocks from the Upper Mantle . In the fi rs t domain ,  i n
ternal buffering is the rule for mass ive rocks and for l ocal ly deri ved meta
morphi c segregati ons . Inclus i ons in rocks seem to be stri ctly control led by the 
rock compos iti on ,  but they are i n  general so sma l l  that they can hardly be i n
vesti gated i n  some detai l .  The s i tuati on i s  more complex for segregati ons , 
where mos t warkable i ncl us i ons are to be found .  In intermediate ( caledoni an)  
and , more characteri stical ly,  i n  hi gh pressure ( al pi ne )  type of metamorphi sm , 
the flui d compos it ion evol ves regulary from H20 ( +/- NaCl ) to H20 + CH4 
( heavi er hydrocarbons i n  the ve� early stages ) and H20 + increas ing C02 con
tent ,  up to about 20/30 moles % near the begi nning of anatexi s ( 2nd si l l ima
ni te i sograde ) .  Thi s  evol ution corresponds exactly to the "graph ite" buffer at 
increasing P and T ;  it suggests that:  
- vari ati ons in rock composi ti ons ( e . g .  l i mestones/P.e l i tes )  are mi nor compared 

to the i nfl uence of graphi te ,  most l i kely deri ved from organi c  matter.  
- the fl u id  composi ti on depends from the P-T condi ti ons at or ·near peak meta-

morphi c  condi ti ons . 
The l ow pressure type of metamorphi sm (hercynian,  notably pyrenean ) seems to 
be ve� di fferent , at least i n  the few cases whi ch have been i nvesti gated so 
far ( see references in Hol l i ster and Crawford 1981 ) .  Most Segregati ons contain  
a flui d ,  general ly C02 ri ch ,  i ndependant from the nature of  the host rock and 
from the metamorphi c grade . Thi s  compos i ti on poss ib ly i ndi cates a di stant con
trol by anatecti c masses (see be low) . 

In h i gh grade metamorphi c rocks , the si tuation changes drasti ca l ly i n  two ways : 
- "Segregation "  are now quartzo-fel dspath i c ,  approachi ng grani ti c compos i ti on .  
They correspond t o  "mobi l i sates" ,  wh i ch i ndeed are richer i n  i ncl usi ons than 
the surrounding rock ( Touret and Di etvorst 1983 ) , but on ly rel ati vely : Warkable 
i nc lus i ons are present in many rock formi ng mi nera l s ,  notably quartz . 
- External bufferi ng seems to be the rule ,  as 
a )  the same fl ui d - C02 ri ch , "carboni c" flui d (Touret 1974 ) - occurs i n  rocks 

from varying composi ti on 
b )  C02 i s  most abundant i n  or near rocks whi ch obvi ous ly cannot generate i t  

duri ng progressi ve metamorphi sm: anatecti c me l ts ,  metagabbros o r  metaba
sal ts ,  ul trabas i tes etc . 

There are i ndeed excepti ons and we find more and more examples  of rocks i n  
whi ch C02 does not predomi nate : CH4 and especi a l ly N2 i n  metasediments and i n  
mi gmati tes ( Kreulen and Schui l i ng 1982 ) ,  hi ghly sal i ne bri nes i n  metasediments 
and in some grani toids of the l ower crust etc . As more documented studies be
come avai 1 ab le ,  the s i tuation i s  thus more complex than in it ia l ly assumed 
(Touret 1974) , but the general concl us i on remai ns : Most fl u ids encountered i n  
h i gh grade metamorphi c domains ( al l  i n  granu l i tes and rel ated rocks ) tend to 
l ower dras ti cal ly the acti v i ty of water and C02 , at worl d scale , i s  by far 
the most abundant consti tuent. 
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the i s ochores = dens i ty 1 n  g/cm3 (sol i d  numbers : H20 ,  bracketted 
numbers : C02 ) .  Sol i d  squares : I nvers i on dens i ty l i ne : be l ow thi s  
l i ne ( heavy semi sol i d ) ,  H20 is  denser than C02 , above i t  the re
verse i s  true . Examp le :  at poi nt A, i ntersecti on of a gi ven , most 
usual (Hol l i ster and Crawford , 1981 ) upl i ft path and the C02 i so
chore 1 g/cm3 , the correspondi ng density of water is 0,8 g/cm3 . 
Crosses : projection of the cri ti cal l i ne in the system H20-co2 . 

Ori gi n of the C02 . Bufferi ng mechani sm i n  the l ower crust 
If the importance of the C02 of the l ower crust cannot be overemphazi sed 
(Newton et a l . 1980 ) , there i st currently a cons i derable  debate concerning 
i ts ori gi n ,  and , even if thi s  poi nt i s  not often exp l i c i tly stated , about the 
mechani sms by whi ch a free C02 fl ui d phase can be mai ntai ned at these l eve l s .  
C02 may be e i ther j uveni l e ,  i ntroduced by the synmetamorphi c bas i c  i ntrus i ves , 
whi ch are so typi cal for some sectors of the l ower crust (Touret 1969 ) ,  or 
deri ves from the metamorphi sm of carbonate or carbon beari ng sediments . Stab le  
i sotope data are not enti rely conyi nci ng ( Pi neau et a l . 1981 , Hoefs et a l . 
1981 ) ,  but the very l ow  val ues ( 1 jc about -20 %0 ) found for the co2 of fl u id  
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i nc lus i ons seem to ru le out a l arge scale parti cipati on of carbonates .  However, 
di fferent results are obtained from mass bal ance calculations ( Gl ass ley 1983 ) 
and the problern remains open . However,  the major point i s  not so much the 
source of the C02 than the process by whi ch pure C02 may be obtained and mai n
tai ned at depth . For the fi rst part , the obv ious rel ation between C02 and ana
tectic me l ts - not wi th metacarbonates wh i ch contai n  commonly CH4 of H20 i n
cl usi ons - immediate ly ca l ls for a separati on between C02 and H20 by di fferen
ti al  sol ubi l i ty i n  graniti c mel ts . Deta i l s  may be ve� comp l i cated ( Touret and 
Dietvorst 1983 ) ,  but i n  general th i s  process is certainly ve� effi cient . For 
the second , namely how C02 can be mai ntai ned be low H20 fl ui ds , we can only 
propose some worki ng hypothesi s  whi ch need to be checked and further elaborated : 
i t  seems that C02 densi ty rough ly i ncreases with pressure , i .e . wi th depth : 
hi gh pressure granul i tes contai n denser fl uids than l ow pressure granu l i te 
( Touret 1981 ) .  A simple gl ance to C02 and H20 i sochores shows that at depth 
C02 is denser than H20 ,  whi le the reverse i s  true near the surface . Thus the 
anti patheti c repartition of C02 and H20 may s imply resul t of gravi ty l ayered 
fl u id  masses in a rel ati vely porous evi ronment . ( Fi g .  2 ) .  

Concl us i on 
The di ffi cul ty of fluid  inc lus i on studies , the many hypothes i s  whi ch mus t be 
done for any i nterpretati on mus t not hi de the fact that several "unexpected" 
results , whi ch l ater has proven to be very va l uable  for many petrol ogi cal 
theories , cou l d  on ly be obtained from thei r observati on . Only a handful l of 
cases have been studied and the l i st of potenti al  probl ems i s  almost endl ess . 
As methods and equi pment are now routinely avai l able , there i s  no excuse to 
ignore thei r i nformation and ,  after an interupti on of a good century ,  we 
have now to conti nue Sorby ' s  work. 
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