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Abstract. Synch ro t ron  rad ia t ion  offers several  advan tages  
over  the conven t iona l  X- r ay  sources, a m o n g  which  the m o s t  
i m p o r t a n t  are  its h igh intensi ty,  b r o a d  spectral  range  and  
na tura l  col l imat ion.  A m o n g  the n u m e r o u s  techniques  which  
have  been recent ly  deve loped  we present  a review o f  the 
results concern ing  m o r e  specifically minera log ica l  systems:  
X- ray  abso rp t ion  spec t roscopy concern ing  h igh- reso lu t ion  
edge spectra  and Extended X-ray absorption fine structure 
( E X A F S ) ,  X- ray  d i f f rac t ion  under  high P-h igh  T condi-  
t ions, smal l -angle  scat ter ing,  X- ray  microana lys i s  and  X-  
ray topography .  

F o r  each technique  the basic  pr inciples  are  descr ibed 
toge ther  wi th  the exper imenta l  devices used, before  minera l -  
ogical  examples  are given. T w o  ma in  appl ica t ions  m a y  be 
po in t ed  out :  chemica l  and s t ructura l  charac te r iza t ion  o f  
d i sordered  systems and kinet ic  studies (phase t rans i t ions  
and  evolut ion) .  M a n y  o ther  t echniques  (pho toe lec t ron  spec- 
t roscopy,  X- ray  f luorescence analysis . . . )  which  are  actual ly  
under  d e v e l o p m e n t  as a result  o f  the rap id  increase o f  the 
use o f  s torage  rings are no t  covered  in the present  review 
bu t  will poss ib ly  also be used in the near  future  in Ea r th  
Sciences. 

Introduction 

Synch ro t ron  rad ia t ion  is rapidly  increas ing as a m a j o r  X-  
ray source in m a n y  fields. It  gives quas i -para l le l  beams  char -  
ac ter ized by their  h igh  intensi ty  d is t r ibuted  over  a wide 
con t inuous  spec t rum o f  energies. These  proper t ies  a l low 
var ious  types o f  exper iments  which  cou ld  have  been  real ized 
wi th  diff iculty or  no t  at all by  using X- ray  tubes. Af t e r  
g iving the fundamen ta l  proper t ies  o f  synchro t ron  rad ia t ion  
we will review the var ious  types o f  exper iments  so far rea- 
lized in M i n e r a l o g y  (X-ray abso rp t ion  spect roscopy,  X- ray  
diff ract ion,  small  angle  scattering,  X- ray  t o p o g r a p h y  and 
mic ro rad iography) .  
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Some important topics have been excluded (photoelec- 
tron spectroscopies and diffraction, time-resolved spectros- 
copies, single crystal diffractometry, X-ray fluorescence ~, 
analysis) because they have not yet been used for the study 
of mineralogical systems. However it must be pointed out 
that the development of Synchrotron Radiation is recent 
and that only a limited number of applications have been _. 
made on materials of mineralogical interest. We will then 
limit our review to the studies published or in press which 
largely examplify the characteristics and possibilities of c6 
synchrotron radiation and explain its present development 
in Earth Sciences. 

Synchrotron Radiat ion:  Product ion  and Propert ies  

Emission of radiation by a charged particle when it is acce- 
lerated has been known for a long time. It is predicted 
by the classical electromagnetic theory and has fundamental 
consequences in various domains. High intensity beams are 
now produced by high energy particle accelerators such as 
synchrotrons or storage rings. The interest in the light pro- 
duced by these sources is based on several properties, princi- 
pally its high intensity within a broad continuous wave- 
length spectrum and its quasi-parallel character. Two other 
characteristics, the nearly linear polarization and the pulsed 
time structure, are not so currently used but are giving 
rise to an increasing interest for special applications. 

Initially, over the past ten years, synchrotron radiation 
was considered as a by-product of high-energy physics. 
Now a new generation of storage rings entirely dedicated 
to synchrotron radiation production is appearing in many 
countries. In fact, on account of their higher stability and 
of the smaller size of the source, storage rings are now 
definitely preferred to synchrotrons for the radiation pro- 
duction. 

I. Characteristics of Synchrotron Radiation 

The synchrotron radiation properties were recently re- 
viewed by several authors (Kunz 1979; Winick 1980; Will 
1981). 

1.1. Light Emitted by an Accelerated Particle. The energy 
lost per turn by a particle in circular motion is given by 
equation (1), in the ultrarelativistic approximation (velocity 
of the particle -~ light velocity c) 

A E = 4 H e 2 ( E )  4 
3 R ~ (1) 

where e, E and m are the particle charge, energy and mass 
respectively, and R the cuvature radius of the particle trajec- 
tory. This implies that synchrotron radiation is produced 
efficiently by light particles such as electrons or posi t rons .  
The total intensity emitted is proportional to the AE value 
defined above for a single particle and to the intensity of 
the particle beam inside the accelerator. For a storage ring 
working at approximately I GeV and a few hundreds of 
mA, it results in a radiated power of some kilowatts which 
must be supplied by the radiofrequency sources. For the 
potential user the only problem is to recover the radiation 
so emitted. 

1.2. Spectral Distribution. The energies of the emitted pho- 
tons are distributed over a wide continuous spectrum de- 
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Fig. 1. Variation of the intensity emitted in a given solid angle 
as a function of the photon energy for various machines (see Ta- 
ble 1 for symbol meaning) 

pending on the energy of the particles and the curvature 
of their trajectory at the emitting point. This dependence 
is well characterized by a critical energy e c. With practical 
units, E being given in GeV and R in meters, e c is written 

E 3 
in KeV as ec=2.218 - - .  Half  the total power is radiated 

R 
above this critical energy and half below. The general shape 
of the intensity spectrum is given in Figure 1 for several 
machines; it appears asymmetric as a result of two very 
different limiting forms for high and low photon energies: 

/ N 

the intensity decreases exponentially as e x p ( - ~ )  for 
\ u c /  

e >> e c , while it decreases smoothly in a - "'(e--y/3 form for e ~ e c . 

Two classes of machines can be distinguished according 
to their ec value: 

- for soft X-ray and UV production, machines working 
in the 500 MeV range with R values between 0.5 and 1.5 m; 
the resulting e c is in the range 0.1-1 keV, owhich corre- 
sponds, in wavelengths, to the range 10-100 A; 

- for conventional X-rays, machines working in the 1 to 
10 GeV range with R values between 4 and 40 meters; that 
gives ec between 1 to 10 KeV (and 2c between 1 and 10 A_). 
Up to now the storage rings CESR and DORIS are the 
only machines providing hard X-rays by working with high 
e c values, 35 keV (2c=0.35 A) and 23 keV (2c=0.54 A) re- 
spectively. 

1.3. Geometrical Characteristics. At low, classical velocity 
an accelerated particle is radiating in all the space direc- 
tions. When its velocity is near the c limit, the emission 
is restricted by relativistic effects to a cone of small aperture 
angle (mc2/E), centered on the direction of the particle mo- 
tion (Fig. 2). For particles having a plane trajectory in an 
accelerator, this gives a small vertical divergence on each 
part of the motion plane. It is usually of the order of some 
tenths of m.rad, and allows the use of targets as small as 
I mm for the collimation of a high flux at distances of 
10 m or more from the storage ring. In the horizontal plane 
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Fig. 2. Geometrical characteristics of the radiation emitted by a 
particle under circular acceleration. ~/ is the vertical divergence 
of the beam 

a nearly parallel beam can then be obtained by using the 
emission of a small part of the particle trajectory. 

This geometrical characteristic is an important property, 
which favours the spectral resolution of the monochroma- 
tors, but the small aperture angle implies drastic alignment 
conditions of the beam line and connected experiments. 

1.4. Polarization. Synchrotron radiation is predominantly 
polarized in the horizontal motion plane of the particles. 
Parts of the beam emitted outside this plane are not linearly 
polarized: Figure 3 shows the variation of the polarization 
percentage as a function of angle deflection from horizontal 
plane depending on photon energy. In the X-ray range one 
can practically use 80 percent of  the beam intensity having 
a polarization factor of 0.8. The polarization is currently 
taken into account in the design of the experiments (geome- 
try of  the monochromators, direction of the detectors in 
fluorescence analysis...).  However it has been used only 
recently for studying anisotropic materials. (Hahn et al. 
1982). 

1.5. Pulsed Time Structure. The light is produced in syn- 
chrotrons and storage rings by particle bunches of definite 
length (several cm to more than 10 cm) and number in 
the accelerator. The resulting frequency of emitted pulses 
is related to the radiofrequency system, with values typically 
of some hundred MHz. This property has found little appli- 
cation in the X-ray range, although it may allow, in the 
future, time-correlated studies of  fast phenomena. (Huang 
et al. 1983). 

2. Production of Synchrotron Radiation 

About fifteen sources were in operation in 1982; they are 
all storage rings. High power machines entirely dedicated 
to synchrotron radiation production are under construction 
or are operational in various countries. Table 1 reports the 
main centers, taking into account only those used in the 
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Fig. 3. Relative intensity of parallel (No) and perpendicular (Ne) 
components as a function of the N angle for the DCI storage 
ring working at 1.8 GeV and for various wavelengths. (From Dag- 
neaux et al. 1975) 

conventional and soft X-ray domains. The small storage 
tings which deliver photon beams in the UV range are not 
reported here because radiation in that energy range has 
found only limited applications in Mineralogy. 

The intensity of synchrotron radiation may be com- 
pared to that emitted by X-ray tubes (Kunz 1979). However 
the comparison has to be made between the flux emitted 
through a defined solid angle which is usually very small 
in the synchrotron radiation case ( ~  1 mrad2). I f  one com- 
pares the intensity within a characteristic emission line of 
a powerful tube and the synchrotron radiation at disposal 
in the same spectral bandwidth (few eV), they are found 
to be of the same order of magnitude. On the other hand 
if a continuous spectrum is required, synchrotron radiation 
is much more intense than a bremstrahlung beam by four 
orders of magnitude. The use of new devices (wigglers, un- 
dulators) is now increasing, which allows larger intensities 
in a limited energy range. 

In the production of X-rays at energies larger than 
3-4 keV, a beryllium window is used to separate the storage 
ring from the beam line. This latter may be under primary 
vacuum because absorption is not too severe at these X-ray 
energies. The experiments are then made under atmospheric 
pressure behind a second beryllium window at the output 
of the beam line. In the vacuum UV and soft X-ray range, 
the experiments are set up under high vacuum conditions 
on account of the large absorption by air and because no 
transmitting windows are known at these low energies. The 
experiments are thus more difficult to carry out and no 
applications were made in Mineralogy apart from X-ray 
absorption spectra on light elements (Na, A1, Si). In most 
cases several beam lines are built around the same storage 
ring, each taking the photons emitted in an aperture of 
several tenth centimeters on the ring. Each beam line is 
used for one or more experiments that are placed at various 
distances (10 to 40 meters) from the ring. This provides 
finally to each user a photon sheet 3-5 cm wide, 1-4 mm 
high. According to the type of experiment this beam has 
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Table 1. Storage rings used as sources for synchrotron radiation 
in operation, 1983 

Name Location Particle Current Charac- 
Energy teristic 

Photon 
Energy 

[aeV] [mA] [KeV] 

ACO Orsay 0.55 100 0.32 
(France) 

NSLS (I) Brookhaven, 0.70 500 0.40 
NY (USA) 

ALADDIN Stoughton, 1.0 500 1.07 
Wi (USA) 

ADONE Frascati 1.5 60 1.5 
(Italy) 

SRS Daresbury 2.0 500 3.2 
(G.B.) 

DCI Orsay 1.8 400 3.4 
(France) 

VEPP III Novosibirsk 2.2 100 4.2 
(USSR) 

NSLS (II) Brookhaven, 2.5 500 4.2 
NY (USA) 

PHOTON Tsukuba 2.5 500 4.2 
FACTORY (Japan) 

SPEAR Stanford, 4.0 100 11.1 
Ca (USA) 

DORIS Hamburg 5.0 100 22.9 
(W. Germany) 

CHESS Ithaca (Cornell), 8.0 100 35.0 
NY (USA) 

to be used in its total energy range or in a narrow energy 
bandwidth. In this latter case it must be pointed out that 
the geometry of the beam (namely its quasiparallel charac- 
ter) makes easy the use of monochromators. 

X-ray Absorption Spectra: Edge Structure 

Absorption edges in the X-ray energy range are related 
to the excitation of core electrons from an inner shell (1 s 
for K-edges) to empty levels or to the continuum. This has 
been known for a long time by using conventional X-ray 
tubes, but the low intensity emitted in a continuous spec- 
trum (Bremstrahlung) did not allow precise studies. How- 
ever some important characteristics were emphasized (see 
the review of Srivastava and Nigam 1973). Edge studies 
take advantage of most of the important characteristics of 
synchrotron radiation: white beam character, high intensity 
and collimation. This allowed in recent years the recording 
of absorption spectra of good spectral resolution and high 
signal/noise ratio• 

A typical absorption edge (Fig. 4) can be described as 
a sharp rising structure of arctangent form in the case of 
hydrogen-like atoms. This structure exhibits specific fea- 
tures in the case of atoms embedded in a compound. All 
the transitions responsible for these structures must obey 
the selection rules for electrically dipolar transitions, (e.g. 
s ~ p  in the case of K-edges) in order to have a significant 
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Fig. 4. Manganese K-edgeintephroite(Mn2SiO4) 
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intensity. Three regions can be separated which correspond 
to distinct physical processes: 

- For the transition elements a "prepeak"  is often ob- 
served on the low-energy side of the K-edge. It  corresponds 
to transitions from inner electrons to the first empty levels. 
They have a mainly 3 d-character in the case of transition 
elements of the iron family, with a p -  d mixing which gives 
the prepeak its significant intensity. 

- The region between this prepeak and the absorption max- 
imum is more difficult to interpret and extends over 15 
to 20 eV before the absorption maximum, this energy range 
becoming larger in covalent compounds. It can be tentati- 
vely described as transitions to empty bound states which 
may be correlated in some compounds with molecular orbi- 
tal or band structure models, depending on the type of 
compound. The structures in the region of the maximum 
of absorption are strongly dependent on the local geometry 
of the coordination shell. Resonance effects in the coordina- 
tion cage can be observed which produce very sharp absorp- 
tion maxima (or very high prepeaks). 

- Beyond the maximum, the further shells must be taken 
into account through multiple scattering effects. This region 
is often referred to as X-ray Absorption Near Edge Struc- 
ture (XANES) and makes a transition with the Extended 
X-ray Absorption Fine Structure (EXAFS) which begins 
50-70 eV after the maximum and will be discussed in the 
following section. XANES theory is in fact not well estab- 
lished and its use is still limited to a few compounds 
(Greaves et al. 1981a; Bianconi et al. 1981). 

The edge structure and its energy position give informa- 
tion about the oxidation state, the coordination number, 
the site distortion and the metal-ligand covalency. Carefully 
selected reference compounds have to be used for a reliable 
comparison, due to the lack of a priori theoretical predic- 
tions. Preliminary studies concerning Mineralogy were pub- 
lished by Calas et al. (1980), Petiau et al. (1981), Waychun- 
as et al. (1983) and Calas et Petiau (1984). After a brief 
presentation of the experimental techniques we will discuss 
some potential applications of the study of X-ray absorp- 
tion edges in Mineralogy, investigating successively the var- 
ious crystallochemical parameters which control the edge 
structure and position. Among these parameters, oxidation 
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state is probably the one which has been the most extensive- 
ly studied, through the well-known "chemical shift". How- 
ever the spectral resolution and the large signal/noise ratio 
obtained with synchrotron radiation have pointed out the 
importance of all the other crystallochemical parameters. 
As a consequence the chemical shift cannot be measured 
independently from a careful study of the edge. 

1. Experimental 

Measurement of X-ray absorption spectra may be realized 
with different types of devices. The direct way is the trans- 
mission method which will be described below and which 
is in fact the only one to have been used so far in Mineralo- 
gy. Other devices replace the measurement of transmitted 
intensity (which gives directly the absorbance of the sample) 
by the detection of a physical effect which is proportional 
to X-ray absorption. This may be the X-ray fluorescence 
used for diluted systems (up to 10-5), Auger electrons or 
photo-electron yield which are used for surface studies. The 
latter is the only efficient method to study light elements 
such as oxygen, and is also used for other elements such 
as aluminium. By a combination of various sources and 
detection techniques it is then potentially possible to study 
most of the elements at concentrations varying from those 
of main components to those of trace elements. 

A typical arrangement for transmission measurements 
is shown in Figure 5. The white beam is monochromatized 
using two successive Bragg reflections, in a vertical plane 
for taking into account the polarization of the beam. The 
experimental setting is a "channel-cut" single crystal or 
a two-crystal device. This latter allows the elimination of 
reflections of higher order in the emerging beam. A good 
spectral resolution is necessary in order to separate the var- 
ious edge features. This resolution is limited by the geomet- 
rical conditions and by the intrinsic width of the reflection 
curve; it can be improved by using a large Bragg angle 
and a beam as parallel as possible. At the Fe-K edge 
(7.115 eV), the energy spread, defined as the full width at 
height maximum (FWHM) of the monochromatic beam 
is usually I eV (using a Si 400 reflection). Due to the intrin- 
sic width of  the inner K-level (FWHM ~-1.1 eV), the effec- 
tive overall resolution which can be achieved is 1.3 eV. The 
stability of synchrotron emission allows the study of 
0.1-0.2 eV shifts, and may be controlled by using reference 
compounds in alternance with the studied samples. 

The emerging monochromatic beam goes through a first 
ionization chamber which gives its intensity (Io). The sam- 
ple is put beyond this first chamber and the transmitted 
intensity (11) is measured with a second ionization chamber. 
A computer is used to store for each energy value the corre- 
sponding intensities after voltage-frequency conversion and 
counting; it is also used to monitor the monochromator 
rotation. The energy scale is calibrated with reference com- 
pounds (often a metallic foil of known thickness). A typical 

absorbance spectrum g ( E ) = l o g ~  is thus obtained as a 

function of photon energy. An alternative possibility to this 
point-by-point mode is the energy-dispersive method which 
allows recording the whole spectrum simultaneously to 
study transient phenomena (Phizackerley et al. 1983). 

2. Influence of Local Geometry 

2.1. Coordination Number. a) The Prepeak Region. On high 
resolution spectra the prepeak presents a splitting of about 
1.3-1.7 eV as can be observed on both Fe(II) and Fe(III) 
K-edges (Fig. 6). The transition from octahedral to tetra- 
hedral symmetry is marked by an increase of the prepeak 
intensity, as can be noted in Figure 6 for Fe(II)-containing 
minerals. It can be interpreted as resulting from a larger 
d -p-mix ing  favoured by the absence of an inversion center 
in the tetrahedral symmetry. In the case of Fe(III) com- 
pounds this effect is even more marked owing to the close- 
ness of the two prepeak components (Calas and Petiau 
1983 b). The enhancement of the prepeak was used to show 
the tetrahedral symmetry of Fe(III) in some silicate glasses, 
and the coordination change of Ni and Co in borate glasses 
as a function of their alkalinity (Petiau and Calas 1983). 

b) The Main Part of the Edge. For a given oxidation state 
and with the same ligands, the coordination number has 
a pronounced influence on the main edge fine structure. 
In Figure 7, a marked difference may be noted between 
8-fold Fe(II) in almandine garnet whose K-edge does not 
exhibit any significant feature on a sharp rising slope and 
tetrahedral Fe(II) in staurolite whose edge is characterized 
by two well-marked features between the prepeak and the 
absorption maximum. It is to be pointed out that planar 
4-fold Fe(II) gives edge structure quite different from the 
tetrahedral case, as shown in gillepsite (Petiau et al. 1981; 
Waychunas et al. 1983). 



22 

C 
°°°° °• 

(~ °.°°° °°°° ° °• 

°°. 

° °°° °°~o o~° ~•~ /° 
°°• • 

.°..°°° ~.• .°° °°-° .•° •¢" ° 

I I i I I i I , i 

.° 

.°;• 

°/* 
..°. °-** ...* 

* I 

• •..~ 

..... • ,.,-. 

b 

! I 1 1 I I 

" d 

".L 

• 2 ° 

° q °  • 

>1 eV< ENERGY 
t I I I t I 

Fig.  6. Splitting of the prepeak in iron compounds. The intensity 
is normalized to the tenth of the absolute absorption maximum. 
(a) staurolite; (b) fayalite; (c) acmite 

The origin of these features is not yet firmly established 
as whether or not they can be interpreted by a localized 
model, by using molecular orbital theory. I f  one considers 
the final state symmetry it must be pointed out that the 
intensity of  the involved transitions is related to their 
amount o fp  character• The characteristic features observed 
on tetrahedral Fe ( I )  edge are favoured by the absence of 
inversion center, as is the prepeak enhancement. Similar 
effects were noted for F e l l )  (Lenglet et al. 1983; Way- 
chunas et al. 1983) and for transition elements in spinels 
(Calas and Petiau 1984) and this shape can thus be consid- 
ered as a good indication of tetrahedral symmetry• 

2.2. Distortion Effects. Distortion strongly affects the ab- 
sorption maximum shape• Figure 7c gives the Fe K-edge 
of a low-Fe containing orthopyroxene (19.7% FeO), which 
shows a marked splitting of the maximum without any 
other difference with the regular 6-fold Fe ( I )  edges 
(Fig. 7 a). The absorption maximum can be related to tran- 
sitions to p-states of higher energy and is strongly depen- 
dent upon site geometry• No quantitative explanation was 
given for this effect already noted by Cotton and Hanson 
(1956) on Cu and Zn compounds. They tentatively sug- 
gested the action of low-symmetry crystal field, splitting 
the final p-states. As for the main edge, although not ex- 
plained, these features can be used as an indication of 
strongly distorted sites (Calas and Petiau 1984). 

2.3. Metal-ligand Distances• As can be seen in Figure 7 the 
absorption maximum shifts to greater energies for lower 
coordination numbers and hence shorter metal-oxygen dis- 
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Fig. 7. Iron K-edge in various minerals• (a) almandine; (b) "FeO" ; 
(c) hypersth~ne; (d) staurolite; (e) pyrite 

tances. This was studied by Waychunas et al. (1983) who 
have shown that this evolution is restricted to ferrous com- 
pounds and inverse to that known in ferric and calcium 
compounds. These data are confirmed by those of Lenglet 
et al. (1983) who confirmed in spinels a positive shift of 
2 eV when going from 4-fold to 6-fold Fe( I I ) .  However 
the data concerning model compounds where metal-ligand 
distances are not too widely distributed are too scarce to 
know i f -  for a given oxidation state - the absolute position 
of the maximum can be related with some confidence to 
the metal-ligand distances. 

3. Influence of Chemical Factors 

3.1. Metal-ligand Covalency. K-absorption edges are 
strongly dependent upon metal-ligand covalency. In Fig- 
ure 7 two compounds having similar atomic structures are 
compared, FexO (x = 0.92) and pyrite. Both spectra exhibit 
a significant broadening of their features, perhaps in rela- 
tion with the "solid-state effects" reported by Bell et al. 
(1980) on manganese oxides. The data concerning such con- 
centrated and rather covalent compounds must be interpre- 
tared by taking into account correlation effects through 
electronic band structure calculations. The pyrite Fe-K edge 



is mainly characterized by the intensity of the prepeak and 
the abrupt slope of the second feature of the edge; the 
maximum is strongly shifted towards greater energies and 
the edge extends over more than 25 eV. These features can 
be qualitatively explained through the one-electron energy 
band models (Vaughan 1978). The prepeak represents tran- 
sitions to eg-type levels (t  2 g orbitals are fully occupied in 
low-spin Fe(II) compounds). The sharp rising feature indi- 
cates the beginning of the conduction band, which appears 
to be constituted of distinct sub-bands characterized by 
their p-state density. 

The large extent of the edge is a general feature of cova- 
lent systems and is correlated to the shift to higher energies 
when the metal-ligand distances decrease. It is well illus- 
trated by the Cr K-edge of chromates (see further, Fig. 8). 

3.2. Oxidation State. In absence of any detailed feature, 
old spectra with poor resolution were used to fix a mean 
position of the edge. A marked chemical shift has been 
noted as a function of the oxidation state, and it was conse- 
quently measured quite systematically (Srivatava and Ni- 
gam 1973). On better resolved spectra, the various features 
of the edge exhibit distinct positive shifts for higher oxida- 
tion numbers. This was clearly shown on Mn- and Cu- 
compounds by Belli et al. (1980) and Hannoyer et al. (1982) 
respectively. This is due to the influence of the further pa- 
rameters which affect the edge structure and position, such 
as coordination number, covalency effects ,.. The compari- 
son must be made carefully between compounds with simi- 
lar structures. The most reliable edge feature is the prepeak, 
on account of its more localized character. However its 
shift is very small, 1 eV or smaller for successive oxidation 
numbers, which is near the limit of reproducibility of  the 
experiments. This discussion points out the limited accuracy 
and restricted usefulness of old, low resolution data based 
on the use of conventional X-ray sources. Indeed more de- 
tailed studies are needed in order to clear up the respective 
roles of the oxidation state and of the other crystallochemi- 
cal parameters. 

In the case of amorphous media, it is however possible 
to estimate oxidation states by studying main edge position: 
the structure of these latter are smooth and a simple transla- 
tion of the edge is actually observed as a function of the 
oxidation state. Petiau et al. (1981) have correlated this shift 
to the Fe(II)/Fe(III) ratio in natural and synthetic glasses, 
although with a limited accuracy. 

Another parameter which seems to be reliably connected 
with oxidation numbers is the appearance of "shape reso- 
nances" in the pre-peak region, as can be observed in some 
covalent complexes corresponding to extreme oxidation 
states, such as manganates, chromates, vanadates ... 
(Kutzler et al. 1980). The high intensity of these peaks is 
due to the very strong mixing between metal-3 d and oxy- 
gen-2p orbitals. The strong internal covalent bonds make 
them extremely insensitive to the surrounding and they re- 
tain always characteristic shape in crystals and glasses (Pe- 
tiau and Calas 1983). 

We used the characteristic shape resonance of chromate 
edges to determine the possible presence of Cr(VI) in chlo- 
rites, where it was suspected by Besnus et al. (1975) using 
ESCA. Figure 8 represents Cr K-edges in various com- 
pounds. Chromate complexes are characterized by their 
shape resonant absorption as well as an absorption maxi- 
mum shifted to higher energies as compared to Cr20 3. It 
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Fig. 8. Chromium K-edge in various compounds  : (a) sodium chro- 
mate;  (b) kammererite; (c) Cr203 

can be clearly seen that the prepeak of the Cr K-edge in 
kammererite is very similar to that of Cr2Oa: it traduces 
the absence of resonant shape absorption in the preedge 
region and then the absence of significant amounts of chro- 
mate complexes in this mineral. A similar application was 
published by Bianconi et al. (1982) to obtain vanadium oxi- 
dation states in glasses by using the shape resonance intensi- 
ty. 

X-ray Absorption Spectra: EXAFS 

The decreasing absorption exhibits a modulation above the 
edge in all the polyatomic systems (solids, liquids and gases 
except the noble gases). This modulation is named the Ex- 
tended X-ray Absorption Fine Structure (EXAFS) and ex- 
tends over several hundred eV. This explains why synchro- 
tron radiation has renewed interest in it: high intensity 
white beams are necessary to obtain low noise spectra, the 
spectral resolution being less critical than for edge studies. 
EXAFS carries information about the local order around 
a particular element. It is a method of choice to investigate 
amorphous or disordered compounds and its atomic selec- 
tivity allows the study of multicomponent systems. 

1. EXAFS Theory 

EXAFS can primarily be described as an interference effect 
between the electronic wave emerging from the absorbing 
atom and the wave back-scattered by surrounding atoms, 
once photoelectrons have been ejected by X-ray absorption. 
The theory of the phenomenon took its definite form ten 
years ago (Stern et al. 1975) with the systematic use of 
synchrotron radiation for these studies. The structural in- 
formation which can be obtained concerns the determina- 
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Fig. 9. EXAFS data analysis for Co(II) K-edge in Na20--2SiO 2 
glass (4 wt% COO). (1) experimental absorption spectrum; (b) EX- 
AFS obtained after background substraction; (c) Fourier trans- 
form; (d) inverse transform of the first peak 

tion of geometrical parameters such as interatomic dis- 
tances and coordination numbers. 

Some reviews appeared recently on the theoretical spects 
as well as on the various kinds of applications (Raoux et al. 
1980; Lee et al. 1981 ; Hayes and Boyce 1982). 

1.1. Derivation. The EXAFS spectrum is described as a 
sum of damped sinusoids which depend on the photoelec- 
tron wavevector k according to the relationship 

1 

z(k) = ~  2 As(k) .s in(2kRj  + Os(k)) (2) 
J 

where the index j refers to the scattering by the j t h  atomic 
shell rj is the distance between the absorbing atom and 
the j th  shell, ~bs(k ) is a phase factor due to both central 
and backscattering atoms. 

As(k ) is the amplitude factor defined as 

2 As(k)=,N~ Ifj(k)l e -2~Jk e -2RJ/~ 
K s 

where N s is the coordination number on the j th  shell, f~(k) 
the backscattering amplitude function corresponding to the 
atomic species on this shell, a s is the standard deviation 
of the R s distances and 2 the mean free path length of 
the photoelectron (typically 4 to 6 A for electrons whose 
energy is comprised between 100 and 500 eV). These param- 
eters allow us to discuss some EXAFS characteristics: 

- The periodicity of the lattice is not inferred, so that it 
can be used in amorphous as well as in crystalline media. 

- The various approximations used to derive the EXAFS 
classical theory (namely the single backscattering approach) 
do not allow us to use this formalism in the first 50-70 eV 
above the absorption edge where multiple scattering cannot 
be ignored (see part 2). 

- The damping of the EXAFS oscillations is caused by 
inelastic effects responsible for the mean free path of the 
photoelectrons (in the range of electron energies where it 
is at its minimum value of several A) and by a Debye 
Waller-type factor. This latter however represents only the 
relative fluctuation between the considered atoms and not 
their deviation from their respective mean position. 

The backscattering amplitude function depends on the 
nature of the backscatterer element. It decreases monoto- 
nously as k increases, and more rapidly for light elements 
such as oxygen than for heavier elements such as sulphur. 
For elements like 3 d-transition atoms the amplitude has 
a broad maximum in the range 5-10 ~ - 1 .  This explains 
why in most minerals like silicates, the contribution of the 
first coordination shell disappears 300 to 400 eV above the 
edge, the further metallic shells being observed alone above 
this value. This gives some limitation to the accuracy of 
derived metal-oxygen distances, if one takes into account 
the absence of EXAFS data in the first 50-70 eV. 

1.2. Extraction of the Information. In order to isolate the 
contribution of each atomic shell, a Fourier transform of 
the experimental EXAFS is made after substracting the ab- 
sorption background (Fig. 9). This Fourier transform in 
the real space (Fig. 9 c) has the same significance as a partial 
distribution function, relative to the atomic species at whose 
edge EXAFS is studied, each shell contributing by a corre- 
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sponding peak. It is then possible to select only one shell 
and to obtain its contribution to the experimental EXAFS 
spectrum by Fourier transform of the corresponding peak 
(Fig. 9 d). The corresponding curve is a typical damped sin- 
usoid. By calculating the zeros of this function, obtained 
when 2kR+(b(k)=nH, it is then possible to derive an ex- 
perimental value of R if the function ~b (k) is known. Two 
solutions are possible: the use of theoretical calculations 
of this phase shift tabulated for the various elements (Teo 
and Lee 1979) or the determination of the phase shift from 
the EXAFS data of well-known reference compounds. Both 
solutions imply the transferability of the phase shift. 

Other parameters may also be derived from EXAFS 
data. The coordination number for the various shells and 
their chemical nature may be discussed and in favourable 
cases determined from amplitude analysis. Disorder effects 
can be studied as a function of the temperature in order 
to separate the thermal contribution from the static struc- 
tural disorder. 

2. Experimental 

The same experimental device as for edge studies is used 
(see p. 21). Spectral resolution is however not as crucial 
as for edge measurements. When using "channel-cut" type 
monochromators, glitchs are often observed which in many 
cases limit the precision of the obtained data. The use of 
two-crystal monochromators eliminates these artefacts. In 
order to derive coordination numbers, special care must 
be taken for the sample preparation: thickness effects or 
sample inhomogeneities can result in wrong experimental 
amplitudes. Homogeneous powders deposited on scotch 
tape or thin sections are used, with a thickness of some 
tens of microns for silicates containing several percent of 
transition elements. High pressure studies on minerals have 
not advanced since the pioneering work of Ingalls et al. 
(1978) on pyrite compressibility. 

3. Mineralogical Applications 

As usefulness of EXAFS appeared ten years ago at the 
same time as its theoretical basis, many works were pub- 
lished on various kinds of compounds (glasses, solutions, 
crystals ...), some of which are of  geochemical interest. Two 
kinds of applications of EXAFS were developed in Mineral- 
ogy: crystallochemistry of amorphous media (solutions, 
glasses, gels) and solid-solution behaviour in minerals 
(mainly in clay minerals). The first data were published 
on pyrite compressibility by Ingalls et al. (1978), on transi- 
tion elements in manganese nodules (Arrhenius et al. 1979) 
and iron in silicate glasses (Brown et al. 1979; Calas et al. 
1980). 

3.1. Glasses. EXAFS makes it possible to determine intera- 
tomic distances concerning minor components of amor- 
phous systems. The data are easier to interpret than with 
large angle X-ray scattering, as a consequence of EXAFS 
selectivity. We will summarize two types of results concern- 
ing the network-forming and network-modifying elements 
(for more details, see Calas and Petiau 1983a). We have 
chosen those concerning germanium and iron respectively 
because their EXAFS is easy to record in the conventional 
X-ray range. Main glass components such as Si, A1, Na 
are more difficult to study (Greaves etal. 1981b; Brown 
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Fig. 10. Fourier transforms of Germanium K-edge EXAFS in (a) 
vitreous GeO z ; (b) e-quartz structure of crystalline GeO z ; (c) ru- 
tile structure of crystalline GeO z 

et al. 1983) and need specific devices (soft X-ray machines, 
detection by total electron yield, high-vacuum conditions). 

a) Germanium• Vitreous GeO 2 is a model compound for 
the vitreous silica and is one of the first to have been studied 
by EXAFS (Stern et al. 1975). The first peak in the Fourier 
transform is related to the G e - O  pair and confirms the 
tetrahedral coordination in glass as in a quartz type crystal 
(Fig. 10). The existence of a second peak is an indication 
of a well defined second shell ( G e - G e  pairs), due to 

angles not too widely distributed. Its position 
also proves the similarity with the c~-quartz structure 
(Fig. 10b) and not with the rutile structure (Fig. 10c). The 
structure of some mixed glasses has been studied by Lapeyre 
et al. (1983). When two network-forming elements are 
mixed, as Ge and Si, the peak corresponding to the second 
shell disappears, indicating an interconnection between 

SiO 4 and GeO 4 tetrahedra ( G e -  O -  Ge and S i -  O -  Si an- 
gles are strongly different in GeO 2 and SiO2 glasses: 130 ° 



26 

Fo-O 

Fe-Fe 

Fig. 11. Iron K-edge EXAES during the evolution of a Si~F%O H, 
mH20 gel. (a) initita] gel; (b) maturated gel; (c) reference Garfield 
nontronite 

and 152 ° respectively). On the other hand the mixing with 
a modifying component such as sodium oxide does not 
affect the existence of a G e -  Ge peak at the same position 
as for pure vitreous GeO z, which indicates the permanence 
of a three-dimensional interconnection of GeO 4 tetrahedra 
in the glass. The coordination change of Ge as a function 
of the alkali content may be followed by the G e - O  dis- 
tance, which indicates a maximum of octahedral sites at 
about 20 percent molar Na20, in agreement with the other 
physical properties of this system and with the values ob- 
tained by Cox and McMillan (1981) on G e O z - L i 2 0 .  

b) Iron. Trivalent iron was found to be mainly tetrahedrally 
coordinated (Brown et al. 1979; Calas etal. 1980), with 
F e ( I I I ) - O  distances of 1.89-1.91 A. which are very similar 
to those encountered for tetrahedral Fe(III) in crystals. The 
Fourier transform (Fig. 9 c) does not exhibit any significant 
peak beyond the first F e - O  peak. This is a fundamental 
difference with the Ge behaviour, indicating the absence 
of medium range order. Interpretation of data on divalent 
iron is more difficult: typical Fe(II)-O distances of 2.07/~. 
are found in silicate glasses which are shorter than those 
characterizing octahedral sites in crystals (2.15 2t typically). 
A similar shortening of metal-oxygen distances has been 
encountered for other transition metal ions in silicate 
glasses (Petiau and Calas 1982). This behaviour can be in- 
terpreted as resulting from a site compression in the vitreous 
state as compared to crystalline compounds. However a 
disorder effect cannot be excluded because EXAFS gives 
preferentially the shortest values in the case of a continuous 
distance distribution (Eisenberger and Brown 1979). Final- 
ly, concerning naturally occuring silicate glasses it was 
found (Calas and Petiau 1983 a) that they follow the behav- 
iour of synthetic glasses, with the contribution of only the 
first shell and intermediate F e - O  distances according to 
the Fe(III)/Fe(II) ratio. The absence of medium range order 
is very important because the presence of precipitated iron 

oxides has been shown by Regnard et al. (1981) in these 
glasses: EXAFS proves they are amorphous or at least a 
disordered structure. 

3.2. Solutions. Interesting data were obtained on concen- 
trated solutions, where Lagarde et al. (1980) have shown 
the presence of a medium range organization similar to 
the corresponding crystal. This points out the differences 
with other amorphous matrices as silicate glasses traducing 
distinct metal-matrix correlations. Complexation effects of 
nickel in solution have also been studied by Sandstrom 
(1982) on dilute solutions containing chlorine, which al- 
lowed him to follow the transition between hexahydrate 
and tetrahedral NiC14 z-  complex. There is no doubt that 
similar studies made at high temperatures will give very 
important data on complexation of metals in ore-forming 
solutions. 

3.3. Silicate gels. Decarreau (1982) has studied by EXAFS 
at Fe K-edge the formation of smectites from a gel of com- 
position Si4Fe/Oll,  nH20. In Figure 11 are reported the 
Fourier Transforms of the initial gel (11 a), of the resulting 
smectite as obtained by heating the gel at 150°C ( l l b )  
and of a reference Garfield nontronite (11 c). The distribu- 
tion curves l i b  and 11c are quite similar; they exhibit a 
first intense F e -  O peak (measured distances of 2 2t result- 
ing from a slightly distorted octahedral site) and two further 
peaks related to F e -  Fe pairs. The intensity of these latter 
is however smaller for the synthetic smectite than for the 
Garfield nontronite due to distribution effects. The most 
important point is the existence in the gel of F e -  Fe atomic 
pairs indicating a beginning of organization at a middle 
range scale which is similar to that of  the resulting mineral. 
At a long range scale X-ray diffraction data have shown 
the absence of crystalline order. EXAFS specificity is thus 
pointed out as a sensitive tool to investigate the first stages 
of crystalline organization. Similar studies on phophate gels 
and apatite crystallization were published by Hasnain and 
Hukins (1981) who have followed the maturation of amor- 
phous calcium phosphate using EXAFS at the Ca K-edge. 

3.4. Clay Minerals. Iron in kaolins was studied by Bonnin 
et al. (1982). Iron oxide phases already detected by ESR 
and Mossbauer experiments were investigated by EXAFS 
at the Fe K-edge. The complementarity between these tech- 
niques allowed them to discuss the nature and average size 
of these phases, as well as their crystalline organization. 
The existence of an important disorder beyond the first 
coordination shell, although not detectable by Mossbauer 
spectroscopy, was proved by EXAFS. 

N i - F e - M g  hydrated secondary silicates from ore de- 
posits of New-Caledonia were studied by Manceau and Ca- 
las (1984). Fourier transform of the EXAFS of Ni in lizar- 
dire (Fig. 12) exhibits two well marked peaks: the first peak 
corresponds to N i - O  pair and confirms the octahedral 
coordination of Ni with N i - O  distances slightly reduced 
as compared to NiO reference; the second peak is more 
complex because it traduces the nickel-metal pair. With the 
expected distances for octahedral layer cations it is impossi- 
ble to separate Fe from Ni on the second shell, because 
they have nearly the same amplitude and phase backscatter- 
ing factors. The presence of the light element Mg is evi- 
denced by a lower intensity of this peak in relation to its 
lower backseattering factors (both phase shift and ampli- 
tude). It is hoped to discuss substitution mechanisms (regu- 
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lar substitution, microdomains ...) by using this second 
peak intensity, in order to correlate them with geological 
formation conditions. Similar studies were made by Bonnin 
et al. (1984) on M g - F e  substitution in various phyllosili- 
cates. A good agreement with X-ray diffraction was found 
concerning F e - O  distances data, but the Fe-(Mg, Fe) dis- 
tances were found at slightly shorter values• The peak inten- 
sity was again correlated with the Fe-content of the second 
shell (thus depending on the substitution ratio) and also 
with the tri-or di-octahedral nature of the phyllosilicate. 

Energy Dispersive X-ray Diffraction 

Synchrotron radiation has not yet found general applica- 
tion to structure determination of minerals by conventional 
techniques such as single crystal diffractometry or high- 
resolution powder diffractometry. On the contrary specific 
methods have received more attention, mainly energy-dis- 
persive X-ray diffraction. Anomalous dispersion has also 
been used to resolve ambiguities in structures containing 
elements with similar atomic numbers; it has been applied 
to the determination of cation site occupation in spinels 
(Yakel 1980). 

The energy dispersive method makes possible fast struc- 
ture identification, particularly in studies of phase transfor- 
mations at elevated temperatures and high pressures. 
Synchrotron radiation has proved to be particularly useful 
for studies made with the diamond anvil cell in which the 
sample is very small. The features of synchrotron radiation 
which make it desirable for this kind of research are: 

1. the high intensity which makes it possible to collect data 
on a very small sample over a very short time period; 

2• the smooth dependence of intensity on energy which 
makes it ideal for energy dispersive techniques; 

3. a high collimation; 

and 4) the high energies available, especially at the Cornell 
High Energy Synchrotron Source (CHESS), which allow 
the X-rays to enter and leave the pressure vessel with a 
minimum of absorption. 

The first studies made on minerals concerned FeS com- 
pressibility up to 70 kbar and at room temperature (Buras 
et al. 1977; Will 1981). More recently structural modifica- 
tions at phase transitions were studied in KC1 and KI (Skel- 
ton et al. 1982), in fayalite (Furnish and Bassett 1983) and 
magnetite (Bassett, unpublished). 

1. Experimental 

Mechanisms of the structural changes occuring at phase 
transitions are studied at the Department of Geological 
Sciences at Cornell University by using a diamond cell with 
small resistance heater wound around the diamond anvils 
seats. A thermocouple placed in contact with one of the 
diamond anvils is used to measure the temperature. The 
apparatus is placed in a cave on one of the white beam 
lines of CHESS and diffraction patterns are obtained by 
energy dispersion using an intrinsic germanium detector 
(Fig. 13). The pressure is increased by remote control from 
outside the cave using a synchro motor and a set of worm 
gears to turn a screw that drives the diamond anvils togeth- 
er. The temperature is also controlled from outside the cave 
by variable transformers. Conditions up to 300 kbar and 
600 ° C are easily and rapidly achieved. 
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Fig. 12. Fourier transform of the Nickel K-edge EXAFS of N i -  
Mg-  Fe lizardite 

Diamond Anvil Cell 
White  

X-rays ol~e e ~ ~ ~  
Pinh 

Ge Detector 
Fig. 13. Instrumentation for energy dispersion X-ray diffraction 
of a sample at high pressure and temperature. A white X-ray beam 
from the synchrotron enters the diamond anvil cell through a pin- 
hole I00 microns in diameter, passes through the first diamond 
to impinge on the polycrystalline sample under pressure and at 
high temperature between the diamond anvils. Scattered X-rays 
pass through the other diamond, through the slits and enter the 
intrinsic germanium detector. The intensity of the scattered X-rays 
is then displayed on a cathode ray tube as a function of energy 

2. Mineralogical Applications 

2.1. Olivine-Spinel Phase Transition. It had been suggested 
by Poirier (1981) that olivine may undergo a martensitic 
type of phase transformation as the anions glide from ap- 
proximately hexagonal close packed arrangement in the oli- 
vine structure to the cubic close packed arrangement in 
the spinel structure• Furnish and Bassett (1983) suspected 
that the anions might undergo the martensitic type of chan- 
ge, but the cations might require more time to become or- 
dered in the spinel structure• As a consequence, there might 
be an intermediate stage during the transformation when 
the anions had undergone the rearrangement but the ca- 
tions had not. This would place the anions in a cubic close 
packed arrangement while the cations remained in an essen- 
tially disordered arrangement• The effect of this would be 
to produce a cubic unit cell that is half as large as the 
spinel unit cell because it is the cations which establish the 
larger size of the spinel cell. Consequently, the intermediate 
stage should produce a pattern with peaks consistent with 
the smaller unit cell (hi2, k/2, 1/2 all even or all odd) and 
the peaks consistent with only the larger unit cell should 
appear later (Fig. 14). 
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Fig. 14. Dif f rac t ion  pa t te rns  o f  a fayalite as pressure  is increased 
t h r o u g h  the  t rans i t ion  f rom olivine to spinel s t ruc ture  at 520 de- 
grees centigrade.  No te  tha t  as the  t rans i t ion  progresses  f r om the 
b o t t o m  toward  the  top,  the 400 reflection o f  the  spinel s t ruc ture  
appears  before the  331 reflection 

At approximately 520 degrees centigrade, increasing 
pressure produced a transient intermediate stage having the 
peaks described above. At 400 degrees centigrade the inter- 
mediate stage lasted for considerably longer and could be 
quenched and examined by the Debye-Scherrer method 
which has better resolution than the energy dispersion 
method. The Debye-Scherrer patterns revealed additional 
peaks whose behavior confirmed the existence of the inter- 
mediate stage in which the anions are in a cubic close 
packed arrangement while the cations are not ordered in 
the cubic spinel arrangement. 

2.2• Phase Transition of Magnetite. Another study which 
takes advantage of the rapid rate of data acquisition possi- 
ble with synchrotron radiation is the mapping of phase 
boundaries. It is possible to make a rapid survey of phases 

present over a range of pressures and temperatures and 
by so doing to establish the locations and slopes of phase 
boundaries. With this technique it is possible to acquire 
a new data point every two minutes, and so a whole phase 
diagram can be determined in a few hours. 

This technique was applied to the determination of the 
phase boundary separating the low pressure phase from 
the high-pressure phase of magnetite• A thermocouple 
placed in contact with one of the diamond anvils was used 
to measure the temperature and metallic gold was mixed 
with the sample as a pressure calibrant. 

The results of this study are preliminary. However, it 
was established (Bassett, unpublished) that the boundary 
has a slope that lies between - 2  and - 6  ° C/kbar. The 
transition occurs in the pressure range from 150 to 
250 kbar. This phase boundary does not necessarily corre- 
spond with the equilibrium phase boundary because the 
transition is more sluggish at lower temperatures• 

Small-Angle Scattering 

The field of application of such a classical method has been 
considerably extended owing to the use of synchrotron radi- 
ation. The principal advantages of this latter source which 
are used here are its high intensity, white beam character 
and small vertical divergence. 

1. Experimental 

The small angle scattering assembly working at LURE- 
DCI, Orsay (France) is represented in Fig. 15. Due to the 
small vertical divergence of the beam (0.2 mrad) it uses a 
singly curved monochromator in order to focus the beam 
in the horizontal plane and to obtain an almost punctual 
image (Lemonnier et al. 1978). This device is constituted 
by a germanium crystal plate with variable curvature: it 
focuses at 2 m an image of 800 gm width and 8 mm height. 
A simple parallel collimation device allows the image to 
be reduced in height in the vertical plane to 300 ~tm. It 

- ~  ~ F  

P----D 

Fig. 15. Exper imenta l  assembly :  F = ant id i f fus ing slits; CI = ioniza- 
t ion chambe r ;  P = t rap ;  M = m o n o c h r o m a t o r ;  C = sample ;  D = de- 
tector 
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is thus possible to realize almost punctual collimation con- 
ditions for S > 1 0  3~, 1 (S=e/2 where e is the scattering 
angle and 2 the wavelength of the monochromatized beam). 
The spectral resolution obtained A2/2 is about 4.10 3. 
Under usual run conditions at LURE-DCI  (1.8 GeV and 
150 mA) the total incident flux is about 1011 photons/s. 

Small-angle scattering diagrams obtained in these condi- 
tions can be considered as free of instrumental distortions 
due to beam shape and spectral composition (Tchoubar 
et al. 1978). Data processing is then considerably simplified 
either when considering the direct processing by Fourier 
transform methods, when finding characteristic laws or 
when comparing experimental curves to simulated spectra. 

Due to the high beam intensity the recording time of 
an experimental spectrum is then considerably reduced with 
respect to that required when using a conventional source. 
The reduction factor attains 200 to 500 and this allows 
one to watch weakly diffusing or quickly evolving systems. 
It is also possible to study the precise morphology of the 
diffusing particles and their mutual relations. With this 
powerful tool the way is open for a new generation of " in 
situ" kinetic studies as a function of various parameters. 

2. Mineralogical Applications 

2.1. Gel Formation by Swelling of Smectite in Water. The 
evolution of smectite-water systems, with a fixed water con- 
tent, has been studied by cooling at - 70 ° C and subsequent 
slow heating up to room temperature (Pons et al. 1981 and 
1982). The scattering diagrams were recorded "in situ" (i.e. 
non destructive experiment) and are characterized by a very 
low noise. The experimental curves have been compared 
to simulated spectra. A good agreement can be obtained 
by considering two factors: first the position and width 
of the 001 peak correspond to the interlayer distance values 
inside the particles and to their distribution; secondly the 
intensity of this 001 peak and the scattering in the very 
low angle range give the layer content and average size 
of the particles. 

Diagram evolution as a function of the temperature 
(Fig. 16) shows that the macroscopically continuous swell- 
ing process, which allows the transition from a solid clay 
to a thixotropic gel, actually develops through a succession 
of states defined at the level of the interaction between 
neighbouring layers. The resulting gel is characterized by 
parallel layers within unit stackings (homogeneous hydra- 
tion domains) accompanied by a disorientation between 
these stackings. These results show that there exists a first- 
order transition corresponding to the change from attrac- 
tive to repulsive mode of the electrostatic interactions. The 
possibility of such a system for crossing the threshold of 
this transition is closely connected to the charge of the layer 
and to the hydration energy of the cations and their chemi- 
cal potential of specific adsorption. 

2.2. Hydrolysis-Precipitation Process of Aluminium Hydrox- 
ide from Aqueous solution. Aluminium geochemistry is of  
first interest in surface geology; solubilization and precipi- 
tation processes are still greatly unknown. The first steps 
of hydrolysis processes have recently been studied by small- 
angle scattering based on synchrotron radiation by Bottero 
et al. (1982). Using refined models, these authors were able 
to define the morphology of the particles at various stages 
of their evolution. As the experimental spectra were not 
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Fig. 16. Evolution of the swelling as a function of temperature 
(Kozakov saponite Li) 

deformed, it was quite easy to observe the characteristic 
laws of largely dispersed colloidal particles or diluted micels 
(Guinier and Fournet 1955; Glatter and Kratky 1982). 
These laws allow the determination of some mean geometri- 
cal parameters whose significance is shortly given thereaf- 
ter: 

1) The mean volume V of a particle is given by V= I(O)/ 
P(O), where I(O) is the value at the origin of the intensity 
scattered by the solution and P(O) is its total scattering 
power. 

2) The radius of giration Rg can be deduced directly 
from the experimental curves by using the Guinier relation 
for the innermost part of the scattering 

I(S) = I ( O ) e x p (  - -4H2R2  S 2) (4) 

where I(S) is the scattered intensity at the scattering vector 
S. 
Similar laws can be observed for anisotropic particles and 
verified in the intermediate range of scattering angles. 

3) The specific surface is deduced from the Porod'law 
in the outermost part of the scattering 

lim 8 H 2 S 4 I(S) + _ ( a )  (5) 
P(O) (Vp) 

where (o-) is the mean external surface per particle and 
(Vp) the mean value of the particle volume. 

By comparing these various parameters, Bottero et al. 
(1982) have deduced a model for a mean particle evolution 
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Fig. 17. (a) Scattering curve of the polymeric ion Al13. (b) Charac- 
teristic experimental curve for rod-like particles in the solution 
R = 2 . 5  aged 90'. (c) Characteristic experimental curve and simu- 
lated curve for plate like particles in the solution R = 2.5 aged 24 h 

in aqueous solutions of A1C13 0.1 M partially neutralized 
NaOH 

at neutralization ratios R = - -  equal to 2 and 2.5. The 
A1 

evolution is schematized in Figure 17. For the solution R -  
2, there is a linear evolution of in I(S) against S 2 in the 
angular domain considered. By using the Guinier law (4) 
the giration radius is 9.8 A. Previous N M R  results (Bottero 
et al. 1980) have shown the existence ofAl1304(OH)23~ - with 
an icosahedral symmetry of A1 atoms. The use of a spherical 
model gives an effective radius of 12.6 A which confirms 
the hydration of the central unit. These polymers are either 
isolated or counterbalanced by C1- ions, The R =  2.5 solu- 
tion contains particles which develop very quickly with the 
time during the first 24 h, after the preparation. The agein~ 
process first gives after 1.30 h cylindrical particles (300 A 
long and 30 A diameter) which can be considered as associ- 
ations of the above-mentioned particles. There is a subse- 
quent densification of these particles by the reorganization 
of internal bonds and release of C1- ions in the solution, 
as probably some of the elementar polymers. Afterwards 
these thread-like clusters are associated in the form of plate- 
lets with an average thickness of 60/~ and average diameter 
of 1,000 A after 24 h ageing. These particles retain a great 
specific surface which explains their floculating efficiency. 

By using the advantages of synchrotron radiation the 
small-angle scattering experiments have given the first direct 
structural data on the elementary stages of the formation 
of aluminium hydroxides: the evolution is towards the for- 
mation of an amorphous gel of pseudo-boehmite type. They 
explain also the role of C1- ions as crystallization inhibitors 
in these systems. 

X-ray Microradiography 

Most geological samples are heterogeneous. Thus, in addi- 
tion to classical optical study of thin sections, several meth- 
ods (electronic and ionic microprobes, scanning electron 
microscope coupled with EDAX systems, scanning trans- 
mission electron microscope equipped with energy loss 
spectrometer e tc . . . )  have been developed during the last 
decades in order to study the spatial distribution of chemi- 
cal elements. Because of these instruments it is now possible 
to analyse with considerable accuracy very small samples 
or to demonstrate the distribution of elements on very small 
scales. Although these methods are certainly very useful, 
in some cases, it is important to chart elements on some- 
what larger scales, i.e. a few cm 2. Pedological concretions 
or manganese nodules, for instance, composed of fine, 
opaque F e - M n  oxides, exhibit textures visible only on 
thin-section scale and it is impossible to obtain a compre- 
hensive view of this texture with methods such as micro- 
probe. This method may not be considered as competing 
with microanalysis techniques but, on the contrary, to de- 
fine the spatial distribution of elements over relatively large 
fields with a resolution as accurate as possible. 

For this purpose, synchrotron radiation is useful in both 
its very good geometrical definition and collimation, which 
avoids experimental distortion of the image, and its intense 
white beam character, which allows one to study selectively 
all the elements heavier than K. 

1. Principle of the Method 

X-ray microradiography takes advantage of the existence 
of X-ray absorption edges (see part 2). On both sides of 
the edge the marked variation of the absorption coefficient 
(Fig. 18) makes it an analytical method. It  takes advantage 

to 
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Fig. 18. Variations of the coefficient of absorption in function of 
the wavelength for a given element (Fe(III) K-edge in a silicate 
glass as an example) 



of the selectivity of X-ray absorption spectra, allowing the 
study of complex compounds. The analysis may be per- 
formed by recording two contact microradiographs, the 
first with a wavelength corresponding to the maximum of 
absorption, (2A, Fig. 18), the second with a wavelength cor- 
responding to the minimum (2B, Fig. 18). At maximum ab- 
sorption, areas containing relatively high concentration of 
the studied element absorb more photons and appear whiter 
on the photographic plate; at minimum absorption, X-rays 
are not absorbed and the plate is darker. 

This principle has been known for more than thirty 
years (see e.g. Cosslet and Nixon 1960) but the development 
of an X-ray microscope was confronted with two difficul- 
ties: (1) the too lowpower of traditional X-ray sources, (2) 
their too low width of spectrum. This was overcome using 
synchrotron radiation because its luminance is very high 
and, furthermore, it is a white light covering most of the 
X-ray energy field (Polack et al. 1978; Kirz 1980). 

2. Experimental 

The schematic diagram of the recording experiment is given 
in Figure 19 (Bigler et al. 1982). The mains units are: (1) 
the synchrotron radiation, (2) a tunable monochromator,  
(3) the detector which is a photographic plate and (4) an 
automatic exposure meter. The first and so far the only 
studies published on minerals used the synchrotron radia- 
tion delivered by the storage ring D.C.I. (LURE, Orsay, 
France) which presents a very small divergence. The experi- 
ment is set up at 24 m from the source and, in this condi- 
tion, the area of the beam is about 8 x 30 ram. Thus approx- 
imately 3 c m  2 of the sample can be illuminated. A channel- 
cut monochromator made of silicon (220) is used which 
is held under vacuum and does not change the area of 
the beam. The monochromator being tunable it is possible 
to change the wavelength of the emergent beam and thus 
to study several chemical elements in the same sample (the 
use of synchrotron radiation is essential for this purpose 
because of its white beam character. 

The sample is a thin section approximately 30 gm thick 
glued to a mylar foil and fixed to the detector which is 
a high resolution photographic plate (Kodak H.R.). During 
the first experiments, the images obtained (Polack et al. 
1978; Steinberg et al. 1979) presented some defects appear- 
ing as horizontal white or black lines. These are related 
to imperfections in the silicon crystal surface of the mono- 
chromator. In order to average these defects, plate and sam- 
ple are translated horizontally in a sinusoidal way during 
the exposure. 

Because the intensity of the synchrotron radiation de- 
creases during the course of time, an exposure meter was 
built (Bigler 1982; Bigler et al. 1982). It is based on a flow- 
ing gas X-ray counter which measures the radiation scat- 
tered by air (Fig. 19). An electron digital preselection 
counter follows, and stops the exposure when each plate 
has received the same number of photons. Usually exposure 
times are between 6 and 10 min. Thus, for each sample, 
and for each element studied two photographs are obtained. 

The information concerning the location of the element 
and, eventually its concentration, can be obtained by com- 
paring the two plates. In a first approach, the relative varia- 
tion of the number of photons transmitted by a sample 
on both sides of an absorption edge is related to the concen- 
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Fig. 19. Schematic diagram of the recording experiment used for 
X-ray microradiography 

tration of the element through the following expression (Po- 
lack et al. 1978) 

AN/N=I --exp(--peA/~ C). (6) 

In relation (6) A/~ means the variation of the absorption 
coefficient on either side of the absorption edge, p the den- 
sity of the sample, e its thickness and C the concentration 
of the studied element. 

Visual estimation of the relative darkness of photo- 
graphic plates is unreliable and thus experimental images 
are analysed by a digital process (Bigler 1982). The images 
are digitized with a microdensitometer that offers a mini- 
mum aperture of 5 x 5 lain 2. Usually, we work with a 
20 x 20 lam a aperture and record 256 x 256 pixel image cov- 
ering 5.1 x 5.1 mm 2 field of the sample. Subsequently, im- 
age is digitized to 12 bits. Digital processing involves the 
calculation of: Ln(Dmin)- Ln(Dmax), where Dml . = density 
of the image recorded at the minimum of absorption of 
the element and Dma x recorded at maximum absorption. 
The final image resulting of this subtraction is displayed 
on television monitor. 

3. Element Distribution in Manganese Nodules 

Figure 20 illustrates portion of a manganese nodule from 
the Clarion-Clipperton area, N.E. Pacific Ocean. The bo- 
tryoidal texture lies near the cortex of the nodule. On these 
illustrations, the presence of an element appears as white 
areas while dark denotes its absence. Nickel is clearly lo- 
cated in areas containing much manganese and where iron 
is depleted or absent. Similar results have been obtained 
by chemical analysis or microprobe studies but, to our 
knowledge, the spatial correlation between Mn and Ni (and 
the inverse correlation between Fe and Mn) has never been 
imaged on such a scale. Using the same method, we were 
able to compare textures in recent nodules, in nodules em- 
bedded in oceanic sediments and in fossil nodules outcrop- 
ping on land (Steinberg et al. 1983). 

Finally, one may evaluate this method to see if it leads 
to quantitative data. Theoretically, the final images show 
the spatial repartition of the element expressed as mass 
per unit area (in); the concentration can be deduce if one 
knows the sample density (p) and its thickness (e) because 

m 
C =  . If, for the illustrated sample whose thickness is 

p .e  
30 gin, one assumes 4 as being its average density, we obtain 
the results summarized on Table 2 (Bigler 1982). They are 
compared with data obtained on S.E.M. equipped with an 
EDAX system. 
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A B 

Fig. 20. Polymetallic nodule from the Clarion-Clipperton area (NE 
Pacific-Each image covers a 5.1 x 5.1 cm 2 field. The presence of 
an element appears as white areas while dark denotes its absence. 
(A) Iron (B) Manganese (C) Nickel 

Table 2. Chemical analyses obtained on a manganese nodule 

Mn Fe Ni 

(1) (2) (t) (2) (1) (2) 

Areas rich 28% 37% >1.5% 1.7% 3% 3.4% 
in M n -  Ni 

Areas rich 15% 29% 10% 16% >1% 0.3% 
in Fe 

(1) X-ray contact analysis near an absorption edge 
(2) S.E.M. equipped with EDAX 

These results show that (1) for the elements studied, 
amounts less than 2-3 percent are not detected although 
the detection limits are certainly better for light elements 
because the A/~ variations at the level of  absorption edges 
are more important;  (2) on the average, our results appear 
underestimated. Several parameters may interfere, for in- 
stance, the estimation of  the local density of  samples such 
as nodules, is difficult. However, these initial quantitative 
results are relatively satisfying and better versatility should 
be obtained using detectors such as an array detector 
(C.C.D.). 

In conclusion, this method which may be called a "  mac- 
roprobe",  enables one to locate major elements over rela- 
tively large fields, i.e. a few cm 2 of  thin sections, and thus 
is particularly interesting for samples having complex tex- 
ture. 

X-ray Topography 

X-ray topography is an imaging technique which has been 
applied to several minerals (quartz, fluorite, topaz, beryl ...) 
by using conventional sources (Scandale and Zarka 1982). 
It is sensitive to reflecting power differences due to the 
strain fields generated around the defects in crystal and 
are mainly used for the study of  dislocations, planar defects 
or large precipitates, with a resolution lying in the micron 
range. This kind of  information obtained is related to the 
sample history (growth conditions, plastic deformation ...). 
The characteristics of  synchrotron radiation which can lead 
to an improvement of  topographic studies vs the use of  
classical generators are: the small angular spread, continu- 
ous spectral distribution, high intensity and lateral exten- 
sion of  the incident beam. Two types of  studies can be 
developed with synchrotron radiation (Sauvage and Petroff  
1980): white beam topography and tunable monochromatic  
topography. After giving the experimental characteristics 
of  both techniques, we will give their recent application 
to quartz (with respect to c~-fl phase transition and growth 
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defects, respectively). Grown-in lattice defects were also re- 
cently studied in beryl (Herres and Lang 1983) and diamond 
(Lang et al. 1983). 

1. White Beam Topography 

1.1. Experimental. The crystal is immersed in the white X- 
ray incident beam and a number of lattice planes select 
out of the continuous spectrum the proper wavelength to 
be reflected according to the Bragg law. This property is 
well known (Laue method) but in this case each diffraction 
spot is a high resolution topograph due to the low diver- 
gence of the beam delivered by the storage ring. The possi- 
bilities of this technique have been investigated by Tuomi 
et al. (1974) and Hart  (1975). The advantages are impor- 
tant: 
- no great need is necessary for positioning the sample; 
- there is no scanning of the sample needed; 
- several diffraction spots may be simultaneously recorded; 
- it is possible to record homogeneous images even with 
warped samples, subgrain structures or even polycrystalline 
materials. 

However the white beam topographic technique pres- 
ents the drawback that the images result in many cases 
from the superposition of several harmonics whose relative 
importance can be estimated from various parameters: 
emission spectrum of the source, structure factors, absorp- 
tion of the beam by the beryllium window, the air and 
the sample, and finally by the detector response. 

White beam topography corresponds to a very simple 
experimental setting allowing special devices such as fur- 
naces to be installed. One of the main parameters for higher 
resolution is the local divergence of the incident beam: it 
is mainly governed by the characteristic emission of the 
storage ring (see page 18) it is however lower than the in- 
trinsic reflection width of the crystal. The reflected light 
can be recorded on photographic plates or even by a video- 
system owing to the high intensity of the beam. In this 
latter case the geometrical resolution is not as good as on 
usual nuclear photographic plates; however it is used to 
do kinetic studies like phase transitions, twinning or plastic 
deformation. The size of the beam at a topographic station 
is usually about 1 cm high and a few centimeters wide, 
which needs a remote position of the experiment with re- 
spect to the storage ring output. 

1.2. Observation of Phase Transitions in quartz. Quartz un- 
dergoes the well-known ~-fl phase transition at 846 K; 
moreover 0~ quartz presents frequently Dauphin6 twin (180 ° 
about c axis). The different phases, e and fl (respectively 
32 and 622 symmetry), and the twinned regions el and ~2 
satisfy simultaneously the Bragg condition for all lattice 
planes. However, for some reflections the structure factors 
differ for the ~1, c~ 2 and fl phases. By taking X-ray topo- 
graphs of e.g. 3031 reflection, ~ and/q phases (at the transi- 
tion temperature) or cq and oc 2 regions (at lower tempera- 
tures) can be identified using intensity differences (Lang 
1965). 

A z-cut plate of quartz (10 x 10 x 1 mm) was mounted 
on the sample holder of the heating unit designed by Gas- 
taldi et al. (1982) and studied by using the white-beam tech- 
nique. After indexing the Laue pattern, several temperature 
cycles through the transition temperature were followed by 
adjusting the TV camera on various diffraction spots. It 
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Fig. 21. Synchrotron Radiation X-ray topographs. 3031 reflection. 
Inverted contrast. Mounting of the different stages of the develop- 
ment of the ~ phase (~1 and ~2 dorriains) on cooling the sample 
through the transition temperature. The arrow indicates the posi- 
tion of the front between ~ and fl phases. Below each photograph 
obtained from the video tape we have noted the time in seconds 

was thus possible to follow continuously the features asso- 
ciated with the transition during the heating or the cooling 
of the sample by direct viewing on the TV monitor and 
storing on a video tape recorder. 

Such an evolution is illustrated in Figure 21 : the phase 
(el and ~2 domains) develops on cooling the sample 
through the transition temperature. Below each photograph 
from video tape, representing a 3031 diffraction spot topo- 
graph, the time is indicated in seconds. The progression 
of the c~-fl boundary can thus be followed and the velocity 
of progression measured as well as the influence on this 
latter of the various lattice defects. Such an example illus- 
trates the usefulness of synchrotron radiation for obtaining 
original data on kinetic phenomena concerning structural 
modifications: together with phase transition studies, other 
types of topographic studies can also be performed, con- 
cerning e.g. plastic deformation of natural monocrystal. 

2. Monochromatic Topography 

2.1. Experimental. Among the different topographic tech- 
niques, two-crystal spectrometers have been frequently used 
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Fig. 22. Raypath in the multiple reflections monochromator. 

to reveal and measure minute distortion in crystals. Gener- 
ally a reference crystal both perfect and identical to the 
investigated sample is required and such condition prevents 
double-crystal studies on numerous materials for which no 
perfect crystals exist: this is a serious limitation for mineral- 
ogical applications. In order to overcome this difficulty two- 
axis spectrometers have been designed which use on the 
first axis high-resolution monochromators.  These latter are 
based on the multiple reflection system (Petroff et al. 1980) 
which implies three successive reflections (Fig. 22). The re- 
flections 1 and 2 define the output wavelength and the spec- 
tral resolution, and the reflections 2 and 2' define the angu- 
lar divergence of  the exit beam. It is then possible to extract 
from the incident beam an extended plane wave with a 
spectral resolution A2/2 better than 10 -3. On the second 
axis of  the spectrometer the samples are adjusted at the 
chosen reflection. 

With this highly monochromatized beam it is possible 
to record series of  reflection topographs taken at different 
positions on the rocking curve of  the crystal. Very minute 
defects can thus be evidenced such as rotation or dilatation 
of  lattice planes. The high intensity of  the synchrotron radi- 
ation allows one to get a greater quantity of  data which 
is primordial when one considers the exploration of  the 
rocking curve for various rotations of  the crystal in a plane. 

2.2. Local Variations on Spacing and Orientation of Lattice 
Planes in Hydrothermal Synthetic Quartz. Accurate lattice 
distortion measurements were performed on Y-cut and Z- 
cut plates of  different quartz monocrystals, placed on the 
second axis of  the monochromator .  Four  reflection profiles 
were obtained, corresponding to four azimuthal positions 
of  the sample recorded at 0 °, 180 °, 90 ° and 270 °, for differ- 
ent regularly-spaced positions, about 10 on each profile. 
Analysing these data lead to the A did and A ~b values, re- 
spectively the variation of  the lattice parameter (corre- 
sponding to the spacing between planes parallel to the sam- 
ple surface) and the rotation of  the various zones vs a refer- 
ence zone (Zarka and Liu Lin 1983). This latter is usually 
chosen as the best one. 

The different studies have shown that the interplanar 
spacing d for (010) (Y-cut plate) or (001) (Z-cut plate) varies 
by following the different growth sector in the range 0 < A d/ 
d <  3.10-5. Such an example is illustrated in Figure 23 con- 
cerning a Y-cut plate in a synthetic quartz. In Figure 23 a 
is represented the rocking curve obtained for the 040 reflec- 
tion. The Bragg angle is 35°6 for the 2 = J.2378 A radiation 
delivered by the monochromator .  In this case the estimated 
width of  the rocking curve is about 1.3" for a perfect crys- 

a 

Fig. 23. (a) Reflection profile obtained for the 040 reflection of 
a Y-cut sample. (b) Plane wave topograph corresponding to the 
position 22 on the reflection profile. Note that the S and a part 
of J? sectors are out of contrast. (e) Plane wave topograph corre- 
sponding to the position 24 on the reflection profile. The X, Z 
and Z growth sectors are out of contrast 

tal; due to the different zones present in the crystal, the 
actual rocking curve is only 2.15" wide. Figures 23b and 
c represent the two reflections topographs obtained for po- 
sitions 22 and 24 on the rocking curve. We may point out 
that the X, Z, Z growth sectors are out of  reflection in 
Figure 23 c. In Figure 23 b the X, Z, Z sectors are clearly 
visible while J( and S sectors are quite out of  contrast. 

The analysis of  the 4 series of  topographs corresponding 
to the 4 azimuths has shown that the most  dilated zones 
are the S and 2 zones, where Ad/d is about 2 to 3.10 .5 
in regard to the Z zones. Correlatively the calculation of  
the rotations of  the lattice planes have shown that they 
are most effective around the J~ axis (Zarka et al. 1983) 
in the X and S regions (about 2':). Such a detailed analysis 
is a potentially powerful tool for a better understanding 
of growth conditions of  the crystal. 

Conclusion 

Synchrotron radiation offers new prospects in Mineralogy 
owing to its specific unique properties, namely high intensi- 
ty, white beam character and geometrical definition. We 
have presented in this paper some of  the methods which 
take advantage of  these properties and are in course o f  
application to minerals and related compounds. We can 
summarize two kinds of  progress which have been made:  
- Observation of  kinetics of  phase transition and transfor- 
mation processes, by using X-ray diffraction under high 
T, high P conditions, small-angle scattering and white beam 
topography. In this latter case some extension is also ex- 
pected to the plastic deformation processes. 
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- Structural and chemical information given by X-ray ab- 
sorption spectroscopy and microanalysis, which takes ad- 
vantage of the white light character of this radiation. In  
particular EXAFS appears as one of the most powerful 
techniques - in spite of its intrinsic limitations for studying 
disordered systems and local order in crystals. 

Progress is expected in two distinct ways: kinetic studies, 
owing to the development of real-time acquisition of data 
for most techniques, and studies of diluted systems because 
of the improvement of sensitivity with techniques such as 
X-ray fluorescence analysis or fluorescence detection of EX- 
AFS. Taking also into account the possibilities of the ex- 
isting techniques and the fact that the number  of storage 
rings is increasing around the world with entirely dedicated 
high power machines, it is to be expected in the near future 
a strong increase of the use of synchrotron radiation in 
Mineralogy and related fields. 
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