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The interpretation of the rock-forming conditions f rom fluid inclusion data requires knowledge about the f luid inclusion 
forming mechanisms and later modificat ions in lower-crustal rocks during uplift. Cathodoluminescence (CL) techniques are 
helpful in identifying such modifications as well as other evidence of fluid-mineral interaction (Van den Kerkhof , Hein , 2001) . 
In this way a wide variety of micro-textures which are not visible in normal transmitted light can be identif ied in quartz. 
Furthermore, information can be obtained about the mechanical and physico-chemical processes during fluid (re) t rapping and 
subsequent changes including the partial leakage of fluid inclusions. Observations in ca thodoluminescence show evidence for 
micron-scale mechanisms, which act at different depths and result in the present appearance of fluid inclusions on the Ea r th ' s 
surface. 

Cathodoluminescence of quartz is essentially caused by point defect structures which are mostly related with the 
incorporation of trace elements in the quartz crystal lattice. The interaction with fluids may result in the local redistr ibution of 
trace elements or the development of secondary quartz with a different trace element content compared to the precursor quartz . 
These changes produce variations of the C L wavelengths and intensities, which can be visualized in images. 

Analy t ica l m e t h o d s 
W e combined CL-imaging and wavelength resolving trace element analysis ( E P M A ) by means of an electron mic roprobe 

(JEOL JXA 8900RL) equipped with a CL-detector (200-900 nm). In this way the main trace e lements (Al, Ti, Fe, K and Na) in 
quartz can be measured. Quantitative trace element analysis by E P M A require opt imized equipment settings and sample 
preparation (see also Miiller et al., 2002). The possible errors caused by overlapping of characteristic X-ray emiss ion lines, 
curved behavior of the background signal ( 'Bremsstrahlung') and defects in the sample and the surface coat ing induced by 
electron beam irradiation, have been taken into account. The ranges of the detection limits (in ppm) are Al (25-74), Ti (18-43), 
Fe (14-31), K (11-20). Somewhat lower detection limits could be achieved by measur ing with a time delay which takes the 
surface damage caused by the electron beam irradiation into account. Trace element profi le lines have been recorded which 
include both the contrasting textures and host quartz. 

Resul ts 
A number of C L micro-textures have been distinguished which are indicative of lower crystal order (higher densi ty of 

defect structures), whereas other textures indicate higher crystal order (healing). Structural water in quartz causes reduced 
crystal order. Quartz with high concentrations of micropores shows dark contrasts in CL. After some minutes of electron b e a m 
irradiation micropores are contrasted as d i f fuse dark spots of 1-5 /¿m in size (e.g. Van den Kerkhof, Grantham, 1999). T h e 
changes during the measurement are interpreted to be the effect of amorphization by the release of structural water fo rmed by 
electron capturing. Intra- and transgranular textures in CL include di f fus ive zones with lower trace elements , late vein quartz 
fillings and altered zones along open fractures. Decorated grain boundaries in C L include grain boundary alteration (d i f fus ion) 
and the formation of intergranular secondary quartz. Both phenomena are often associated with small aqueous fluid inclusions 
(Fig. 1). The quartz along the grain boundaries is characterized by reduced trace element concentrat ions. 

CL micro-textures around single fluid inclusions (primary or secondary in origin) can be grouped in (a) d i f fus ion textures 
(b) healing textures associated with micro-fracturing, and (c) quartz recovery textures: 
(a) Diffusion textures (leaked fluid inclusions) are essentially dislocations around fluid inclusions and visible in C L as f ine 
darkly contrasting lines. These structures may form as a reaction to stress concentrat ion and probably present the pa thways of 
partial water loss (Bakker, Jansen, 1991; Hurai, Horn, 1992). The C L of quartz around fluid inclusions which show halos of 
small secondary inclusions -interpreted as a result of implosion-decrepitation- reveal low contrasts (Fig. 2). 
(b) Healing textures (secondary quartz) typically consist of a pattern of irregular patches of non-luminescent secondary quartz 
interconnected by f ine healed micro-fractures (Fig. 3). Microfractur ing is mainly controlled by the fluid inclusions. 
(c) Quartz recovery textures (growth nuclei) have been observed as pure idiomorphic quartz nuclei with low C L intensity (Fig. 
4). They show the same crystallographic orientation as the host quartz and have been observed in highly impure host quartz 
with Al and Ti-concentrations of up to 175 and 190 ppm, respectively. The nuclei are superimposed on brightly contrast ing 
microcracks which are assumed to form at the a - P transformation and evidently formed at lower temperatures. However , they 
may be transected by healed microfractures and therefore must have formed at higher temperatures than the brit t le-ductile 
transition. Relics of alkali elements in the center may indicate that now disintegrated fluid inclusions may have funct ioned as a 
nucleus. The quartz nuclei are assumed to form by volume dif fusion of trace e lements through lattice defects. 
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Interpretation 
W e m a y largely d is t inguish b e t w e e n fea tu res f o r m e d in the duct i le and in the bri t t le d e f o r m a t i o n r eg ime . In the duc t i l e 

r e g i m e d i f f u s i o n of wa te r and t race e l emen t s are r e spons ib le for the C L - c o n t r a s t i n g textures , whereas the brit t le r e g i m e is 
charac te r ized by the f o r m i n g of pure s e c o n d a r y qua r t z in faul ts , mic ro - f r ac tu res and ca tac las t ic d o m a i n s . T h e mic ro - f r ac tu r ing 
is largely cont ro l led by tens ion concen t r a t ion a round f luid inclus ions . D u r i n g upl i f t f lu id inc lus ions b e h a v e as large me ta s t ab l e 
de fec t s t ruc tures in the quar tz : they tend to be hea led b y d isso lu t ion-prec ip i ta t ion , d i f f u s i o n and quar tz re-crys ta l l iza t ion . 

C h a n g e s in f lu id inc lus ions k n o w n as 'decrepi ta t ion ' are ac tual ly the resul t of very d i f f e r e n t p rocesses which act at a w ide 
range of p re s su res and t empera tu res . V a r i o u s fea tu res l ike gra in bounda ry a l tera t ion or s e c o n d a r y quar tz f i l l ings a re n o r m a l l y 
assoc ia ted with the t ex tu res a round f lu id inc lus ions . M a n y f luid inc lus ions which are c lass i f i ed f r o m opt ical obse rva t ion as 
'decrepi ta ted ' should be actual ly cons ide r ed as re - t r apped f lu ids in s econda ry quar tz . 

C L t echn iques not o n l y he lps in f i n d i n g e v i d e n c e of the t iming of f lu id inc lus ion e n t r a p m e n t (p r imary , s e c o n d a r y 
inc lus ions) , bu t a lso s h o w late re -equi l ibra t ion p h e n o m e n a wh ich f o r m e d a f te r the d e v e l o p i n g of the f luid inc lus ion cavi ty . T h e 
var ious C L tex tures a round fluid inc lus ions s h o w that f lu id inc lus ions can be g rouped pr inc ipa l ly in l eaked ( 'decrepi ta ted ' ) 
inc lus ions and inc lus ions assoc ia ted with s e c o n d a r y quar tz which prec ip i ta tes at the f lu id inc lus ion sites. T h e latter 
p h e n o m e n o n is ve ry c o m m o n in a lmos t all r ock types and tenta t ively des igna ted as ' r e t rapping decrepi ta t ion ' , i.e. c o m b i n e d 
f r ac tu r ing and recrys ta l l iza t ion , assoc ia ted with the f o r m i n g of pu re s e c o n d a r y quar tz wh ich s h o w s low C L intensi ty . T h e resul t 
o f both m e c h a n i s m s m o s t l y can not be d i s t ingu i shed b y normal mic roscop ic obse rva t ion . H o w e v e r , the c o n s e q u e n c e s f o r the 
f lu id inc lus ion dens i ty and compos i t i on are a s s u m e d s ign i f ican t : dens i ty and mola r v o l u m e of decrep i ta ted (and se lec t ive ly 
leaked) f lu id inc lus ions m a y be in par t con t ro l l ed by su r f ace e f f ec t s and therewi th not necessar i ly in equ i l ib r ium with t he 
ambien t p re s su re and t empera tu re . O n the o ther hand re - t r apped inc lus ions are e x p e c t e d to re -equi l ib ra te comple t e ly . F lu id 
inc lus ions and quar tz p rec ip i ta t ions m a y f o r m the n u c l e u s for pu re quar tz zones wh ich rep lace the p recursor quar tz . 

Examples of fluid-inclusion related CL-images 
1. F lu id inc lus ions a l o n g gra in b o u n d a r y s e a m e d by quar tz wi th da rke r C L caused b y r e d u c e d t race e l e m e n t concen t ra t ions . 
2. Fluid inc lus ions wi th ha los of satel l i te inc lus ions in te rpre ted as a resul t of implos ion-dec rep i t a t ion . T h e i m m e d i a t e 

s u r r o u n d i n g quar tz s h o w s d i f f u s i v e tex tures within a z o n e with s l ight ly b r igh te r CL-con t r a s t . 
3. Fluid inc lus ions wi th pa t chy seconda ry quar tz . A n e x a m p l e of ' r e - t rapp ing dec rep i t a t ion ' . 
4 . I d i o m o r p h i c quar tz nucle i in terpre ted as a resul t of p rogress ive quar tz r ecove ry and re la ted f luid inc lus ion d i s in tegra t ion . 
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