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INTRODUCTION

Human societies have, in all ages, modified the original form of metals and
metalloids in their living environment for their survival and technical development. In
many cases, these anthropogenic activities have resulted in the release into the
environment of contaminants that pose a threat to ecosystems and public health.
Examples of local and global pollution are legion worldwide, and the reader of the
environmental science literature is forever faced with ever more alarming reports on
hazards due to toxic metals. For example, extensive mining and associated industrial
activities have introduced large amounts of metal contaminants in nature at the local, but
also global, scale since anthropogenic metals are detected in remote areas including
Greenland ice (Boutron et al. 1991). Industrialized countries have countless polluted
sites, and the major consequence in terms of contamination by heavy metals are areas of
wasteland and sources of acid and metal-rich runoff from tailings piles and waste-rock
heaps, and the subsequent pollution of coastal areas. Water supplies in many areas of
many countries are also extensively polluted or threatened by high concentration of
metal(loid)s, sometimes from natural sources, but most often from the activities of
humans (Smedley and Kinniburgh 2002). Pollution of ground and surface waters, and
hence of lands, by arsenic from alluvial aquifers in the Bengal Delta plain and in Vietnam
are probably the two most catastrophic actual examples of the second type, where a
modification of the chemistry of deep sediment layers by intensive well drillings and
pumping of drinking water has led to vast arsenic remobilization and poisoning of
ecosystems (Chatterjee et al. 1995; Nickson et al. 1998; Berg et al. 2001).

Soils and sediments, being at the interface between the geosphere, the atmosphere,
the biosphere and the hydrosphere, represent the major sinks for anthropogenic metals
released to the environment. In industrialized countries, an estimation of background
levels of trace metals is almost impossible because truly pristine ecosystems no longer
exist. Indeed, in contrast to organic contaminants, which can undergo biodegradation,
heavy metals remain in the environment, and no one now expects to return the earth to a
pre-hazardous-substance state. Fortunately, the toxicity of metals largely depend on their
forms, the rule being that the less soluble form is also the less toxic. To give two
examples, arsenic is extremely toxic in its inorganic forms but relatively innocuous as
sparingly soluble arsenobetaine and arsenoribosides, the main arsenic compounds that are
present in marine animals and macroalgae, respectively (Beauchemin et al. 1988; Shibata
and Morita 1989; Kirby et al. 2002). The semi-quantitative link between solubility and
toxicity is illustrated in Table 1 with cobalt compounds. Elemental cobalt and cobalt
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Table 1. Relation between metal concentration,
solubility, and toxicity.

Compound Toxicity upon ingestion Solubility [Co]
(mg /kg)
Cobalt > 7000 2 mg/l 100%
Co oxide > 5000 8 ng/l 71%
Co sulfate 768 60 g/ 22%
Co chloride 766 76 g/l 24%
Co nitrate 691 240 g/l 20%
Co acetate 503 237 g/l 23%

oxides have a solubility in the mg/l to pg/l range and can be ingested in significant
amount without risk, whilst cobalt salts are several orders of magnitude more soluble and,
hence, more toxic. The main interest of this working example comes from the inverse
relationship between toxicity and metal concentration, because the two less toxic species
are also those in which cobalt is the most concentrated. Therefore, the potential human
and ecological impacts of hazardous heavy metals can be addressed by transforming
soluble species to sparingly soluble forms, either in situ or in landfills after excavation.
To this end, determining, as quantitatively as possible, all the forms of potentially toxic
metals in soils, sediments, and solid wastes, is a key to assessing the initial chemical risk,
formulating educated strategies to remediate affected areas and, eventually, to purity
assessment and site monitoring.

Comprehending in full detail the environmental chemistry of an element is clearly an
impossible dream, because characterizing in full the nature and proportion of all the
various forms of a metal is beyond all existing analytical capabilities. We shall show in
this chapter that speciation science can benefit from advanced X-ray techniques
developed at 3™ generation synchrotron facilities. Whilst it is clearly impracticable to
identify and quantify all species present in a bulk sample, at least the inorganic forms,
and to a lesser extent the organic ones, can be characterized with unprecedented
precision. This information can then be used to understand and predict the
transformations between forms, to infer from such information the likely environmental
consequences of a physico-chemical perturbation of the system and, in turn, to control the
mobility of metal contaminants. Before discussing which analytical approach and tools
are available to achieve these goals, it is essential to have in mind what are the main
forms of metals in soils.

Chemical forms of metals in soils

Soils are multicomponent and open (complete equilibrium is never reached) systems
in which elements can be partitioned between the solid, the gaseous, and the aqueous
solution phases. Although the gaseous and liquid phases, being at the interface between
the hydrosphere and the atmosphere, are the transport medium of most labile species,
they generally contain a small fraction of the total amount of metals. Therefore, in the
following speciation will be discussed by considering solid-phase species, thus neglecting
gaseous and aqueous species. Comprehensive reviews on the two last forms can be found
in monographs by Schlesinger (1991) and Ritchie and Sposito (1995).

The solid fraction is a complex heterogeneous assemblage of minerals, small organic
molecules and highly polymerized organic compounds resulting from the activity of
living organisms (bacteria, fungi, roots...). The minerals present consist usually of so-
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called primary minerals, either inherited from the parent material (quartz, titanium
oxides, feldspar...) or introduced to the environment by industrial activities (e.g., zinc
and nickel oxide, willemite, franklinite... released by smelters), and secondary minerals
such as phyllosilicates, oxides of Fe, Al and Mn (in this paper we refer to oxides,
oxyhydroxides, and hydrous oxides collectively as oxides), and sometimes carbonates,
which may also have a lithogenic origin. The organic matter comprises living organisms
(mesofauna and microorganisms), dead plant material (litter) and colloidal humus formed
by the action of microorganisms on plant litter. These solid components are usually
clustered together in the form of aggregates, thus creating a system of interconnected
voids (pores) of various size filled with gases and aqueous solution. The inorganic as well
as organic solid soil constituents are variable in size and composition. The finest
particles, the smallest of them being colloidal in size, are the result of a more advanced
weathering of rocks or a more advanced decay of plant litter. While the coarse fraction of
the soil may be more important from the standpoint of soil physics and to trace the origin
of the pollution, the fine materials are typically the most reactive soil portion from a
chemical point of view, and hence the most important in order to assess the impact of
metal contaminants to ecosystems. The mineral colloidal fraction consists predominantly
of phyllosilicates and variable amounts of oxides (Fe, Mn), while the organic colloidal
fraction is represented by humic substances. These nanoparticles have a large surface
area per unit weight, and are characterized by a surface charge originating from surface
functional groups, which attracts labile ions. Environmental physical, chemical, and
biological conditions are continuously changing and, therefore, these assemblages
become unstable from place to place and progressively modify the original,
anthropogenic or lithogenic, forms of trace metals. In the transitory stage of their
incorporation to the soil, trace metals can be present in many different forms but, with
time, the more labile fractions transform into more stable forms that better correspond to
the new conditions (Han et al. 2001). Some of the possible molecular-level forms of
metals and some pathways of their sequestration are illustrated in Figures 1 and 2. Five
principal uptake mechanisms have been identified so far, and can be conceptually
described as follows (Sposito 1994; Sparks and Grundl 1998; Brown et al. 1999; Ford et
al. 2001):

(1) Outer-sphere surface complexation (OSC). In this mechanism the sorbate ion
keeps its hydration sphere and is retained at a charged surface within the diffuse ion
swarm by electrostatic interactions. The sorbate species is screened from the sorbent
metal typically by two oxygen layers, that is, is distant from it by at least 4.5 A (Schlegel
et al. 1999a). OSC frequently occurs in the interlayer space of minerals having a negative
(phyllosilicates) or positive (layer double hydroxides, LDHs, Hofmeister and Von Platen
1992; Bellotto et al. 1996) permanent charge (i.e., pH-independent) arising from
aliovalent isomorphic lattice substitutions. Since outer-sphere surface complex are
loosely bound and can be easily replaced by an ion exchange mechanism, metals and
metalloids held on exchangeable sites are highly mobile and readily available to living
organisms. For many soils in the temperate region, the average cation exchange capacity
(CEC) of the clay fraction as a whole is typically 50 meq/100 g. Each class of constituent
has a characteristic range of CEC values, for instance, the organic matter has a CEC of
about 200 meq/100 g, montmorillonite, ~100 meq/100 g, illite, ~30 meq/100 g, and
kaolinite, ~8 meq/100 g, whereas Fe and Al oxides have almost no CEC. Among Mn
oxides, only monoclinic birnessite exhibits CEC properties (~300 meq/100 g), but this
mineral is seldom present in the environment (Usui and Mita 1995) because it is unstable
and transforms to hexagonal birnessite, losing its CEC (Silvester et al. 1997). Since
phyllosilicates are, together with Fe oxides, the two major constituents of the great
majority of soils, and that the organic fraction is generally lower than a few percents,
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Figure 1. Basic processes of adsorbate molecules or atoms at mineral-water interface (homogeneous
precipitation not represented). a) physisorption; b) chemisorption; ¢) detachment; d) absorption or
inclusion (impurity ion that has a size and charge similar to those of one of the ions in the crystal); e)
occlusion (pockets of impurity that are literally trapped inside the growing crystal); f) attachment; g)
hetero-nucleation (epitaxial growth); h) organo-mineral complexation; i) complexation to bacterial
exopolymer and to the cell outer membrane. The photo in the background shows how mineral surface
processes can be used to reduce the mobility and bioavailability of metal(loid) contaminants in the
environment. The vegetation shown was established at the Barren Jales gold mine spoil (Portugal) as
described in the text and shown in Figure 25. The SEM image of the bacteria is from Banfield and
Nealson (1997) (credit: W.W. Barker) and the background photo from Mench et al. (2002) and Bleeker
et al. (2002).

OSC essentially occur on smectitic clays (e.g., montmorillonite, bedeillite, nontronite...)
and, therefore, these unstable metal species are quantitatively more abundant in clay-
containing soils. The fraction of heavy metals taken up by this mechanism in soils can be
greater than ten percent in contaminated acid soils (Roberts et al. 2002), but in the vast
majority of soils it amounts to less than a few percent. This highly mobile pool can be
easily leached or translocated to another form by increasing the pH or amending the soil
with sorbent minerals (Vangronsveld et al. 1995; Mench et al. 2002).

(2) Isolated inner-sphere surface complexation (ISC). Isolated sorbate cations or
oxyanions (e.g., metalloids) bond separately to the surface by sharing one or several
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Figure 2. Schematic representation of
principal surface sorption processes. (a)
Projection of the CoOOH structure in the ab
plane. MSC, multinuclear surface
complexation represented by an epitaxy of
a—FeOOH  (left); ISC, mononuclear
monodentate (middle right), mononuclear
bidentate (top right) and binuclear bidendate
(lower right) inner-sphere complexation;
OSC, outer-sphere surface complexation
(top); LD, lattice diffusion (center). (b)
Example of epitaxy without sharing of
oxygens (Van der Waals forces). The
...AB-AB... close-packed anionic layer
sequence of Co(OH),(s) is coherently stacked
on the ...AB-BC-CA... layer sequence of
CoOOH. Co(OH)y(s) has a 1H polytypic
structure, and CoOOH a 3R. Small circles are
H. Adapted from Manceau et al. (1999b).
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ligands (generally oxygens) with one or several cations from the sorbent. Then the sorbed
ion may be incorporated progressively in the sorbent structure during crystal growth
(Watson 1996). This sorption mechanism generally results from the disruption of the bulk
structure of solids at their surface. Dangling chemical bonds on particle edges generate a
pH-dependent macroscopic variable charge, the magnitude of which much depends on
the specific surface area of the solid (the more highly divided the particles, the more
reactive surface sites there are). The occurrence of this sorption mechanism in soils
results in metal sorption to a far greater extent than would be expected uniquely from the
CEC of a soil. Ions sorbed in this way are inherently much less reversibly released in the
environment than ions sorbed by ionic exchange. The metal and metalloid polyhedra
(generally octahedra or tetrahedra) usually share edge(s) and corner(s), and occasionally a
face, with the sorbent metal polyhedron, yielding a characteristic metal-metal (Me-Me)
distance for each type of polyhedral association. Accordingly, for a given metal-sorbent
system, the crystallographic nature of the sorption site can be determined from the
knowledge of the Me-Me distance using a polyhedral approach (Manceau and Combes
1988; Charlet and Manceau 1993). ISC is the primary form of metal uptake by most
minerals (at least in the transitory stage), and in the last decade examination of the
manner in which aqueous metal ions sorb on mineral surfaces has led to mushrooming
research on model systems using synchrotron radiation. In the real world, these species
are thought to be abundant but are overwhelmingly difficult to identify by conventional
analytical techniques. As will be shown below, the higher brightness of 3™ generation
synchrotron sources now allows the key identification of these species in unperturbed
natural matrices. The first surface complex to have been positively identified in soil is
tetrahedrally coordinated zinc sorbed in the interlayer space of hexagonal birnessite at
vacant Mn layer crystallographic positions (Manceau et al. 2000b) (Fig. 3).

(3) Multinuclear surface complexation (MSC). Sorbate cations polymerize on the
substrate and form a heteroepitaxial overgrowth, the sorbent acting as a structural
template for the sorbate precipitate (Charlet and Manceau 1992; Chiarello and Sturchio
1994; Schlegel et al. 2001a). The presence of the mineral surface may reduce the extent
of supersaturation necessary for precipitation to an extent determined by the similarity of
the two lattice dimensions (Mc Bride, 1991). Heterogeneous nucleation is probably the
most important process of crystal formation in soil systems. The mineral surface reduces
the energy barrier for the nuclei of the new crystals to form from solution by providing a
sterically similar, yet chemically foreign, surface for nucleation. The energy barrier arises
from the fact that the small crystallites, which must initially form in the crystallization
process, are more soluble than large crystals because of the higher interfacial energy
between small crystals and solution. From a crystallographic standpoint, the template and
the new crystal may share anions if the sorbate precipitate is bonded to the sorbent
surface, or they may not if the two solids are maintained in contact by electrostatic
interactions, hydrogen bonds or Van der Waals forces (Fig. 2). But in both situations,
anionic frameworks of the substrate and the surface precipitate are coherently oriented.
This is exemplified in Figure 2b where the ...AB-AB... close-packed anionic layer
sequence of Co(OH),(s) is coherently stacked on the ... AB-BC-CA... layer sequence of
CoOOH. The multinuclear surface complex may form an epitaxial solid-solution if the
sorbent and sorbate phase grow simultaneously or an intergrowth if they grow in
alternating layers, leading in the former case to a mixed-solid and in the latter to a mixed-
layering (Chiarello et al. 1997). The latter situation is encountered in many natural
materials including manganese oxides, such as lithiophorite, which is built up of a MnO,-
AI(OH)s(s) interlayering (Wadsley 1952), and Ni-rich asbolane consisting of a MnQO,-
Ni(OH),(s) interlayering (Manceau et al. 1992), in clay minerals such as rectorite and
corrensite (Brindley and Brown 1980; Beaufort et al. 1997), and in the valleriite group of
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Figure 3. Idealized structures of phyllomanganate, phyllosilicate, and Fe oxyhydroxide minerals
discussed in the chapter. Phyllomanganates include hexagonal birnessite (Drits et al. 1997; Silvester et
al. 1997), Zn-sorbed hexagonal birnessite at high and low surface coverage (Lanson et al. 2002;
Manceau et al. 2002a), and Zn-containing lithiophorite (Manceau et al. 2000c). Phyllosilicates include
Zn-substituted kerolite (Siy(Mg3;-Zn,)O;o(OH),'nH,0) and Zn-kerolite (Schlegel et al. 2001a; Schlegel
et al. 2001b). Oxyhydroxide includes goethite and defect-free ferrihydrite (Drits et al. 1993).
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minerals where sulfide and brucitic layers alternate regularly (Organova et al. 1974).
Heterogeneous nucleation is partly responsible for the widespread formation of coatings
on mineral surfaces, but the role of microorganisms in this process is also often
determinant (Banfield and Nealson 1997). Surface precipitates generally have a low
solubility and may represent a valuable form of metal immobilization.

(4) Homogeneous precipitation (HP). Dissolved cationic species polymerize and
precipitate in solution without structural link to the substrate (Espinose de la Caillerie et
al. 1995; Scheidegger et al. 1997; Towle et al. 1997). The concentration of the sorbate
may be lowered below that determined by the solubility of a pure sorbate hydroxide
phase owing to the formation of a mixed phase incorporating dissolved species, generally
from the substrate in simplified laboratory systems (Ford et al. 1999; Manceau et al.
1999b; Scheckel et al. 2000; Dihn et al. 2002a). This mechanism can be referred to as a
“dissolution-induced homogeneous precipitation” (DI-HP). Homogeneous precipitates
may further deposit on the substrate to form a surface coating. Since solid solutions and
mixed precipitates are less soluble than pure metal phases, this mechanism can durably
immobilize metals in soils.

(5) Lattice diffusion (LD). The sorbed single ion diffuses into the sorbent, filling
vacancies or substituting for sorbent atoms. This phenomenon has been said to be
responsible, together with DI-HP, for the progressive decrease of metal mobility in soils,
that is to natural attenuation processes that convert metals over time to less detrimental
forms. Direct and indirect evidence of the kinetically-controlled sequestration of metals
in soil minerals by solid state diffusion has been reported for various species, including
goethite, calcite, and birnessite (Briimmer et al. 1988; Stipp et al. 1992; Manceau et al.
1997).

Identifying these molecular mechanisms of trace element reactions with mineral
phases is a difficult task on model compounds, but dealing with natural samples is even
more challenging. The principal reasons for this include relative low metal concentrations
relative to the detection limit of conventional laterally-resolved analytical and
crystallographic probes; partitioning into coexisting minerals; the nanoscale size of most
reactive soil particles; the difficulty of identifying the mineral species into which trace
metals are bound; and the multiplicity of sorption mechanisms. In the following we shall
see how these long-standing impediments to determining and quantifying at the
molecular level how trace metals interact and are sequestered by soil constituents are now
yielding to investigations by X-ray techniques developed at 3™ generation synchrotron
facilities.

ANALYTICAL APPROACH
Electrons vs. X-rays

Since environmental materials are heterogeneous down to the nanometer scale, and
the information sought is structural in essence, electrons rather than X-rays are, a priori, a
better probe because electrons can be focused with magnets down to the angstrom scale.
In addition, and like photons, they are absorbed, scattered and diffracted by matter,
yielding the desired chemical and structural information (Buseck 1992). The unrivalled
lateral resolution of transmission electron microscopy is well exemplified in the recent
works by Hochella et al. (1999), Buatier et al. (2001), and Cotter-Howells et al. (1999).
The first team investigated the forms of Zn and Pb in two acid mine drainage systems
from former silver, gold, zinc and copper sulfide vein deposits in Montana, USA, the
second the forms of Zn and Pb in smelter-affected soils from northern France, and the
third the form of Pb in the outer wall of the root epidermis of Agrostis Capillaris grown
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in a soil contaminated by mine-wastes. A number of metal precipitates were identified,
including gahnite (ZnAl;O4), hydrohetaerolite (Zn,MnsOg.H,O), plumbo-jarosite
(PbosFe3(SO4)2(OH)g), sphalerite (ZnS), and pyromorphite. Interestingly, most
crystallites had a nanometer size, and were never uniformly distributed but aggregated in
micrometer-sized aggregates, similarly to ZnS nanocrystallites precipitated by biofilms
(Labrenz et al. 2000). These independent observations support the view that highest
resolution is not necessarily warranted to study most divided environmental materials,
and that the micrometer scale of resolution is also appropriate, therefore the relevance of
micro-X-ray diffraction (uXRD) for detecting minute precipitates. In addition to
precipitated forms, ferrihydrite (hydrous ferric oxide) and phyllosilicates held significant
portions of heavy metals, as attested to by elemental correlations in EDX analyses. But
electron microscopy failed to identify the structural form of metals associated with these
secondary minerals.

Clearly, electron diffraction as an adjunct to transmission electron microscopy is the
tool needed to identify unambiguously metal precipitates in natural samples, at least
when their structure is not too defective. However, as powerful as electron microprobe
techniques are, none of them are at the same time element-specific and sensitive to the
type and distance of neighboring atoms. The first attribute is necessary to determine the
local structure around a metal contaminant, from which its containing matrix and uptake
mechanism can be inferred. Electron energy loss near edge structure (ELNES) and
electron energy loss structure (EELS) spectroscopy are element-specific via core-level
electronic excitations, just as their X-ray equivalent, extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near-edge structure (XANES) spectroscopy, but
the strong interaction of electrons with matter can induce amorphization or change of the
oxidation state, especially in environmental samples which are often hydrated and very
beam-sensitive. In the previous examples, these limitations prevented the determination
of the molecular-scale environment of Zn associated with hydrous ferric oxide and
phyllosilicate. Indeed, an association between an element £ and a mineral M does not
necessarily imply that £ is chemically bound to or included in the structure of M. In soils,
phyllosilicates are often coated by Fe oxides, the two phases being sometimes epitaxially
related as was observed for hematite and goethite on kaolinite (Boudeulle and Muller
1988; Vodyanitskii et al. 2001), making it quite difficult to ascertain which mineral the
trace metal is associated with. The answer came from the combination of micro-EXAFS
and polarized-EXAFS spectroscopy, which showed that Zn is tied up at the molecular
scale by both Fe oxides and phyllosilicates (Manceau et al. 2000b). Electron microscopy
also suffers from relatively poor elemental detection limits and typically requires a UHV
environment, which may modify the original speciation of the probed element. Finally,
macroscopic quantification of the various species detected at the microscopic scale is
usually impossible, as averred by Hochella et al. (1999): “The drawback in applying the
methods presented here (or any other high-resolution technique) ... is one of sampling.
...we are actually looking at only an infinitesimally small portion of an otherwise highly
complex, dynamic, and extensive system.... Transmission electron microscopy cannot
avoid the collection of detailed information from vanishingly small amounts of material.”
With synchrotron radiation it is possible to probe a sam?le with an X-ray beam having a
lateral size between about 10 mm? and less than one pm?, and X-rays have a much higher
penetration depth than electrons, which is an advantage to determine the proportion of
metal species in the bulk.

Another useful complementarity between electrons and X-rays for the study of
environmental materials is their difference of structural sensitivity to long and short range
order. Electron diffraction is quite sensitive to the superstructure of minerals. This
capability was used to determine the layer structure of triclinic and hexagonal birnessite
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and, specifically, the layer distribution of Mn®" cations and octahedral vacancies which,
together, account for the layer charge and, hence, the primary surface reactivity of this
widespread mineral (Drits et al. 1997, 1998). Electron diffraction allowed also the two-
dimensional distribution of trace elements (Ca, Zn, Pb) in the interlayer space of
birnessite to be unraveled with unequalled precision (Drits et al. 2002). In contrast,
electrons are less sensitive than X-rays to the defective structure of minerals, which is a
strong disadvantage for the study of environmental nanoparticles because the most
reactive ones are also those that contain the highest density of defects. This limitation can
be exemplified with the hydrous ferric oxide, 6-line ferrihydrite, whose structure was
examined recently in great details by X-ray diffraction and high resolution transmission
electron microscopy (HRTEM) (Drits et al. 1993; Janney et al. 2001). Three components
were necessary to simulate the XRD pattern: (i) defect-free ferrihydrite particles,
consisting of ordered crystallites having a double-hexagonal (ABAC) stacking of close-
packed oxygen layers (Fig. 3); (ii) defective ferrihydrite in which ABAB and ACAC
structural fragments occur with equal probability and alternate completely at random; and
(ii1) hematite nanoparticles with mean dimension of coherent scattering domains of 10-20
A. Of these three components, only the first was identified by HRTEM. Hematite
nanoparticles were sensitive to vacuum and beam exposure and transformed to spinel
(maghemite or magnetite) in the microscope (Drits et al. 1995), and the most defective
second component was not detected by this technique. Therefore, the diffraction pattern
calculated from HRTEM data did not match the experimental pattern (Fig. 7 in Janney et
al. 2001), in contrast to the one calculated by X-ray diffraction (Fig. 13 in Drits et al.
1993).

Synchrotron-based X-ray radiation fluorescence (SXRF)

X-ray fluorescence was the first synchrotron radiation technique to take advantage of
the ever-increasing brightness of X-ray sources in implementing focusing optics yielding
a lateral resolution of a few pum? (Thompson et al. 1988; Newville et al. 1999; Sutton and
Rivers 1999). The sampling depth is usually determined by the escape depth of the
fluorescence X-ray of interest. For 3d transition metals, typical escape depths are on the
order of 10-80 um and, consequently, the analyzed volume depends strongly on the
apparent sample thickness. The exquisite sensitivity to trace elements and high spatial
resolution of this widely used technique explains its pervasive impact in environmental
science. However, the difficulty of quantifying precisely matrix effects is a real limitation
as it prevents determining elemental concentrations and, hence, the actual structural
formula of the host phases identified by XRD. Note that in modern X-ray
crystallography, crystals are still widely analyzed by wet chemistry. This drawback is less
pronounced with particle-induced X-ray emission (PIXE), which achieves comparable
lateral resolution, but is less sensitive than SXRF (Maxwell et al. 1995; Mesjasz-
Przybylowicz and Przybylowicz 2002).

Recording elemental maps to locate trace metals within the heterogeneous matrix
and to correlate trace and major elements is generally the first step towards any speciation
analysis by XRD and EXAFS spectroscopy. Anti- and cross-correlations of trace
elements with Fe, Mn, P and S can provide suggestive evidence for an association with
Fe or Mn oxides, or with a phosphate or sulfide. Our extensive analyses of natural soils
and sediments led us to the following experience. Mn is most often speciated as
phyllomanganate (birnessite), and this mineral generally contains Ca (and in lesser
amount Ba) in its interlayer (Taylor et al. 1964; Drits et al. 1998). Therefore, the Ca maps
may not be representative of calcite (CaCOs) distribution. Likewise, K is present in
feldspars and micaceous materials. In general, it is hardly possible to obtain compelling
evidence for trace element — phyllosilicate association by this technique because the vast
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majority of soil clay minerals have a dioctahedral structure, and that Fe’", AI’" and Si**
are present in a variety of minerals (oxides, feldspar, quartz...).

The result of uSXRF is a set of maps, one for each element or fluorescence line
observed. Thus, for one run, one can end up with a three-dimensional array of size
500 % 500 x 10 (height x width x number of elements) or more pixels. It is thus non-
trivial to make sense of this large amount of data. The most obvious thing one can do is
to make a gray-scale map for each element and compare them side-by-side. Such a set of
plots is shown in Figure 4, which shows a nodule viewed in the “light” of several
elements. These maps are shown in negative contrast, so that high concentrations are
shown as dark areas. Letting one’s eye roam around this figure lets one gather much
information, for instance, that Ca is in the form of grains which appear to be unrelated to
the other metals. There is an outer “rind,” which appears to be enriched in Cr, Mn, Ni, Zn
and Pb relative to the other areas. The maps for Ni and Mn are strikingly similar, as are
those for As and Fe.

The next level of sophistication is the RGB tricolor map. In this method, one makes
an image in which the R (red), G (green) and B (blue) values of each pixel are
proportional to the amounts of three elements. If the elements are all the same, then
R=G=B and one has a grayscale image, like one of the ones shown in Figure 4. If they
are all different, one can get images that are at once informative and esthetically
appealing. The overall brightness of a region is related to the sum of the concentrations,
and the hue is related to the difference. An example of such a map is shown in Figure 5.
There are two tricolor maps shown, one with As as green, Fe red and Mn blue, and the
other showing Pb as green, Fe as red and Mn as blue (Pb was obtained by subtraction of
the normalized maps taken 50 eV above and below the Pb Lj-edge to eliminate the
contribution from As). At the top is a two-color (red-blue) map showing just the Mn and
Fe. From that two-color map, we see that Fe is found principally in the middle of the
nodule, and Mn shows up on the outside and in veins or cracks running through the Fe-
rich region. The relatively pure red and blue colors suggest that Mn and Fe “avoid” each
other, though there are some areas whose purple coloring shows the presence of both
elements. The middle map (Pb-Fe-Mn) shows a greenish cast everywhere, indicating that
Pb is widespread, but the outer surface is green or blue-green, suggesting Pb is enriched
there and associated with Mn. The lower map (As-Fe-Mn) shows the Fe-rich region as
yellow and orange, colors that come from mixing red and green. Thus, As is found with
Fe. The outer surface is blue, showing a lack of As where the Mn is highest. There is a
pocket on the bottom right of the nodule in which there is neither Fe, Mn or As, but there
is Pb. While it takes many words to describe the features just noted, the practiced eye can
spot them quickly. It should be noted, however, that the choice of how the R, G and B
channels are scaled can make a big difference in the appearance of an image and the
impression the viewer gets about features in it. For instance, suppose we pick one
element to be represented by red, and some areas have more of this element than others.
It is then tempting to set the levels for the red channel so that the redder areas show a
range of colors and are not saturated in red. However, other areas containing less of this
element may not give any visual impression of redness, so it may not be obvious that
such areas contain any of the elements in question at all. Therefore, it may take more than
one image to show all the details that exist in the data.

The above methods can be effective because the human visual system is a very
powerful computer specialized for handling two-dimensional data in up to three channels.
The tricolor map is a way of providing input to that computer in its accustomed format.
However, this method provides only qualitative information about the associations
between elements. The cross-correlation function is a more quantitative tool. If the
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Figure 4. Gray-scale synchrotron-based micro-X-ray radiation fluorescence (USXRF) maps in negative
contrast showing the distribution of some elements in a soil nodule from the Morvan region, France (Baize and
Chrétien 1994; Latrille et al. 2001; Manceau et al. 2002b). All maps except Pb were obtained by scanning the
soil nodule under a monochromatic beam with an energy of 12,985 eV (Pb L;-edge - 50 ¢V). The Pb map was
obtained by subtraction of the normalized maps taken 50 eV above and below the Pb L;-edge to eliminate the
contribution from As. Nodule size: 3 x 3.5 mm, beam size 16 um H x 6 pm V; step size: 16 x 16 pm; dwell
time: 250 ms/point. Data were recorded on beamline 10.3.2 at the ALS (Berkeley).
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Above Pb L,

Fe

Pb

Below Pb L,

Fe

Figure 5. Two-color (RB) and tricolor (RGB) maps of the distribution of Fe, Mn, Pb and As in the
nodule presented in Figure 4. Pb is present everywhere as indicated by the greenish cast of the middle
map, but is enriched in the ‘rind” and associated with Mn as indicated by the green or blue-green color
of the outer surface. As is found with Fe as shown by the yellow and orange colors from the bottom
nodule (mix of red and green). The outer surface is blue, showing a lack of As where the Mn is highest.

There is a pocket on the bottom right of the nodule in which there is neither Fe, Mn or As, but there is
Pb.
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Figure 6. Demonstration of the isolation of distinct populations according to regions on a scatterplot.
The sample is an organic soil used for truck farming and contaminated by sewage irrigation
(Kirpichtchikova et al., unpublished). a) Bicolor map of Cu (red) and Zn (green). The large reddish (Cu-
rich) area in the center is identified by light microscopy as organic matter with a reticular structure,
which is visible in this image. Wherever there is Cu, there is also Zn, but the Cu/Zn ratio varies
throughout the image. b) Cu vs. Zn scatterplot. There are two prominent branches and a significant
number of points in a fan-shaped region between the branches. Populations were selected by defining
polygons on the plot and then assigned colors: red for the branch characterized by a Zn/Cu count ratio
near 1, green for the high-Zn branch (Zn/Cu around 4), and blue for the “in-between” points. The
polygons used to define the “red” and “green” populations are shown in gray lines; the polygon
defining the “blue” population is not shown. ¢) Grayscale maps for Cu and Zn colorized according to
membership in the populations defined as in part b. Each pixel is colored red, green or blue depending
on whether it belongs to the low-Zn/Cu, high-Zn/Cu or “in-between” populations. The brightness of
each pixel is related to the Cu or Zn concentration at that location. Note that these are colorized
grayscale maps and not true tricolor maps as in Figure 5. Also, these are not color-contour maps of the
sort where red and blue represent different intensities.
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intensities of two elements are /,(¥)and I,(7), with positions » defined on a rectangular
grid that covers the area of interest, then the normalized cross-correlation function is
given by

e (LG =(1))(LG +8)~(L))) "

Wao-wy)(mo-n)y)

where <> represents an average over position on the sample. This function is 0 for a
sufficiently-large sample of uncorrelated data, and equals 1 for a perfect cross-correlation
(/yand I, are linearly-related) and —1 for a perfect anti-correlation. The argument
o represents a position offset, such that if 6 =0, the values of /,at each position are
compared with the values of /,at the same positions. Equation (1) is normalized so that
p(0 =0) is just the Pearson correlation () between I, and I,. If the structures in the
sample are of finite size, or the size of the probe beam is more than one pixel, then
p(0)will be non-zero over a range of J corresponding to the size of the structures or the
beam. We see from the above material that the autocorrelation function for one element,
that is the correlation of 7, with itself, will have a peak value of 1 at 6 =0 and fall off to
0 in a distance related to the size of the features in the sample and the size of the beam.
The special feature of correlation analysis is that it looks at the whole sample at once,
thus enabling one to detect patterns which are globally present, rather than just locally.
Also, one can sometimes detect correlations that are too weak to be seen visually. One
should bear in mind, however, that the correlation-function technique can be misleading
if there are two or more distinct populations of minerals, each with its own behavior. For
instance, a positive cross-correlation between two elements may be due to a small
fraction of the sample, while the rest of the sample is devoid of one of the elements
involved (Manceau et al. 2002b).

The obvious way to evaluate Equation (1) is to sum on each pixel, but that is very
slow. A much better way is to use the convolution theorem and the fast Fourier transform
(FFT). This topic, and the procedure for taking a two-dimensional FFT, are described in
Press et al. (1992). This method involves the assumption that there are meaningful data at
all points in a rectangular map. However, the sample is often an irregular shape
surrounded by “blank” areas, such as the areas around the nodules in Figures 4 and 5. If
one leaves these regions filled with zeroes, then one gets a large, illusory correlation due
to the fact that sample itself is a feature which will be picked up in correlation analysis. A
cure for this problem is to fill the external areas in with a value equal to the mean of the
data in the region of the sample. This region can be defined by a simple threshold
algorithm: a pixel is in the sample area if its value for the given element is greater than a
given threshold, and is considered blank if its value is less. Our software allows the user
to set the threshold and see on a binary (black/white) image what pixels are included in
the sample area.

Another useful technique for understanding the data is the scatterplot, in which one
plots the counts in one channel against the counts in another (Manceau et al. 2000b).
Again, one uses a threshold algorithm to exclude points from the plot that come from
areas not actually part of the sample. To show how this method can help us understand
the data, let us assume that there is a mineral that contains Zn and Mn, and another that
contains Zn and Fe. Let us suppose that both minerals occur in varying amounts
throughout the sample and that Zn and Mn occur in no other forms. Now, if we plot the
Zn counts on the y-axis vs. the Mn counts on x-axis, we will find a cloud of points along
a diagonal representing the places in the sample in which the Zn-Mn species is dominant,
and another cloud hugging the y-axis, representing the areas which have Zn and little Mn
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because the Zn is in the Zn-Fe mineral. One could, in principle, then use automatic
classification techniques to define regions in this Zn-Mn space that would correspond to
the different Zn environments. To our knowledge, this application has not been tried.
Once one has defined an interesting region in this scatterplot, say the diagonal cloud, then
one can work backwards and determine which points in the image fell in that cloud, and
thus what areas in the sample contained Zn in the Zn-Mn form.

Figure 6 shows an example of the use of this population-segmentation method. The
sample is a soil contaminated with both Zn and Cu by sewage irrigation (Kirpichtchikova
et al., unpublished). Figure 6a shows a bicolor map in Cu (red) and Zn (green). Light
microscopy shows that the large reddish (Cu-rich) area in the center is organic matter.
There is Cu and Zn everywhere in the sample, but in varying amounts and proportions.
The scatterplot for [Zn] vs. [Cu] is shown in Figure 6b. There are two distinct clouds of
points with roughly constant [Zn]/[Cu] ratios in each population. The high-[Zn]/[Cu]
points were colored in green and the ones with the low ratio in red. Points in between are
in blue. Now, reconstructing the map from these three sets of points yields the images
shown in Figure 6¢. On the left, we have a grayscale map in which high-[Zn] regions are
bright, and on the right a similar grayscale map for Cu. However, each pixel has been
colored red, green or blue depending on which region it occupies in the scatterplot. The
scatterplot separates out three regions, within the organic area, outside the organic area,
and a border region. While the green region is relatively brighter in Zn than the red one,
and vice versa for Cu, the two metals are present in all regions, but probably in different
forms. Just looking at [Cu] or [Zn] alone does not yield such a separation. In principle, it
should be possible to use automatic classification methods to define regions in
scatterplots with more than two dimensions, with less subjectivity than is presently
involved in the process.

Figure 7 shows the correlation maps (a) and scatterplots (b) for Fe correlated with
Mn (left side) and As (right side) in the same soil nodule as was discussed above with
reference to gray-scale and tricolor maps (Figs. 4 and 5). The correlation map for Fe-Mn
shows a negative correlation at y =0, confirming that Fe and Mn tend to stay away from
each other. The anti-correlation is not very strong, being only —0.22. However, the map
shows a distinct “hole” at y =0 which is deeper (more negative) than any other feature,
suggesting that the anti-correlation is real. If it were just random noise, one would expect
to see similar features at other positions. However, As and Fe (right half of the figure)
show a strong correlation (0.89 at the center), showing that if we know [Fe] at any point,
we have a very good estimate of [As] there. The FWHM of the central feature (dip or
peak) in both maps is about 100-150 pum, which is much bigger than the pixel size (16
pm) or the beam size (16 x 6 um). There may therefore be a scale range of 16-100 um
over which the material is relatively homogeneous. The scatterplots are graphs of the
counts in the Fe channel vs. the counts in Mn, and of the counts in the Fe channel vs.
those in As. The Fe-Mn plot shows two, maybe three distinct “clouds” of points. One
cloud is composed of points with low Fe counts, and the other has a similar appearance
but with more Fe. The latter is the material near the center of the nodule, where most of
the Fe resides. Within each cloud, there is a strong anti-correlation of Fe and Mn. Each
cloud represents a distinct population of points in the nodule. Without the scatterplot, it
would be difficult to see that there are two or more populations and that there is a strong
Fe-Mn anti-correlation within each population.

We can now look at the same nodule using scatterplots displaying more
relationships as shown in Figure 8. This figure shows scatterplots for As and Pb plotted
against Fe and Mn. The numbers quoted by each graph are the cross-correlations at the
origin of the correlation map. By definition, the correlation numbers are the Pearson r
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Figure 7. Cross-correlation maps (a) and scatterplots (b) for Fe-Mn and Fe-As elemental pairs in the
nodule presented in Figure 4. Fe and Mn are slightly anti-correlated, and Fe and As are strongly
correlated.

(p(0) in our notation) values for the scatterplots. The figure shows some obvious
trends:

(1) The As is highly correlated with Fe, such that the As/Fe ratio is roughly the same
everywhere in the nodule.

(2) Although Pb is strongly correlated with Mn, the Pb/Mn ratio is not constant,
but instead shows two different trends. Application of the population-
segmentation method showed that the upper branch represents the material in
the “rind,” while the lower branch, which itself seems to be split, represents the
interior.
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0=0.89 p=-0.36

p=-0.20 0=0.69

Figure 8. Scatterplots for As and Pb against Fe and Mn. As is highly correlated with Fe as suggested
from the bottom tricolor map of Figure 5. As expected from the Fe-Mn-Pb tricolor map of Figure 5,
there exists two dominant Pb-Mn populations, one with a high Pb/Mn ratio representing the material in
the “rind,” and one having a lower Pb/Mn ratio, which represents the interior. The numbers with each
scatterplot are the Pearson r-coefficients (p(0) in our notation).

(3) The positive correlations between As and Fe, and between Pb and Mn are
stronger than the negative correlations (As-Mn, Pb-Fe). This suggests that the
main determinant of trace-metal concentrations in this nodule is the association
of the trace element with a major constituent, rather than an exclusion of the
trace element from any specific material.

The fluorescence radiation is typically detected using a solid-state detector. The
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resolution of this type of detector is limited to 100-300 eV, the lower figure being
obtainable only at very low count rates. There are also pileup and background effects
such that a large signal for one element can induce a background in other spectral
regions. Thus, one must be careful about choosing the excitation energy and the regions
of interest. For instance, it can be difficult to detect Cr in ferromanganese nodules
because of the huge Mn and Fe signals. The tail of the Mn peak may spill over into the Cr
channel, thus causing a background that is proportional to the Mn signal. Thus, the Cr
map may look just like the Mn map, giving a false impression of the concentration and
distribution of Cr. In practice, one is often forced to make a map at an energy above the
edge of the concentrated element and another below, wherein lighter elements are seen
without the interfering background of the heavier one.

A variation of this method is useful when Pb and As are present in a sample. The As
K, line (Ky; = 10,544 ¢eV) is close enough to the Pb L, line (L, = 10,551 eV) to be
inseparable with a solid-state detector. However, the Pb Ls-edge is above the As K edge.
Thus, if one does a map between the As K and Pb L;-edges, one gets only the As signal.
Then, one can do a map above the Pb Ls-edge and get the Pb signal by subtraction of the
signal normalized to the incident intensity. This is how the Pb and As images in Figures 4
and 5 were produced. This method of mapping just above and just below an edge and
taking the difference may be useful anytime an element of interest is present in very
small quantity.

It is important to be aware not only of interfering signals from K, and L, lines, but
also from K, and Kg lines as well. For instance, the Mn Kg line sits atop the Fe K, line.
Thus, if there is both Mn and Fe, one must record the Mn K, line to get the Mn and the
Fe Kg line for Fe. If there is also Co, then the chain grows by one link. For the 3d
elements, the Kg line of one element overlaps the K, line of the next. In the future, new
detector technologies such as superconducting tunnel junctions may yield good enough
resolution to separate these spectral features at an acceptably-high count rate. Another
interesting possibility is the use of high-throughput crystal optics to select the
fluorescence from the element of interest, as in Karanfil et al. (2000).

X-ray diffraction (XRD)

X-ray diffraction is the most commonly used technique to solve the atomic structure
of crystalline materials, and it has provided one of the cornerstones of soil science
research in determining the structure of soil inorganic constituents (Brindley and Brown
1980). The arrangement of atoms in a crystal can be determined using either single
crystal diffraction or powder diffraction. Single crystal diffraction is the most
straightforward and precise technique and is preferred to powder diffraction for structure
refinement. However, a major limitation for its systematic use is the availability of
sufficiently large good quality single crystal to obtain a workable set of reflections. For
example, chalcophanite (ZnMn3O7*3H,0) still is the only phyllomanganate whose
structure has been determined on single crystal, and that was done almost 50 years ago in
the pioneering work by Wadsley (1955). X-rays produced by synchrotron radiation are
several orders of magnitude brighter than those produced from X-ray tubes and rotating
anodes in laboratory equipment. The high collimation and brightness of synchrotron
radiation fostered the development of X-ray microfocusing optics, yielding the structure
of micrometer sized crystals to be investigated, as recently achieved for 8 and 0.8 pm’
kaolinite crystals (Neder et al. 1999). However, environmental materials are
heterogeneous multi-phase systems of generally poor crystallinity, such that the quality of
their diffraction patterns is dominated by sample-related peak broadening. In addition,
many minerals can only be found as aggregates of nanometer-sized particles eluding the
possibility of their study by single crystal diffraction techniques. For these types of
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sample, the powder diffraction technique has to be used. The superior collimation of the
synchrotron X-ray beam, which is generally used to reduce instrumental broadening of
diffraction peaks, so that peak overlap is kept to a minimum, is not critical in soil
research as medium instrumental resolution is most often sufficient. The advantage of
synchrotron radiation for these samples lies in the lateral resolution of the incident beam,
which allows one to reduce in many cases the heterogeneity of the sample in the
diffraction volume, and the high intensity of the X-ray beam, which enables the
collection of diffraction patterns with excellent counting statistics. The tunability of the
synchrotron radiation also permits one to avoid the fluorescence of a constituent atom in
the sample (generally Fe, sometimes Mn). In the following, emphasis is placed on the use
of synchrotron-based X-ray microdiffraction to study the mineral composition and
distribution in soil samples, and its synergistic use with uSXRF and pnEXAFS.

An X-ray microdiffraction beamline end-station (7.3.3) suitable for this type of
application is being operated at the Advanced Light Source (ALS, Berkeley) (MacDowell
et al. 2001). The bending magnet source of 240 (H) x 35 (V) um size is refocused to a
sub-micron size using a pair of elliptically bent mirrors in the Kirkpatrick-Baez (KB)
configuration (Kirkpatrick and Baez 1948). There are several ways to focus X-rays to the
micrometer scale, including zone plates, capillaries and refractive lenses (Dhez et al.
1999). However, the Kirkpatrick-Baez optics are the only ones to provide high efficiency,
quality achromatic focusing, a long working distance and energy tunability over a large
energy range without moving the beam focus. On the 7.3.3 beamline, the maximum beam
divergence on the sample is 3.7 (H) % 1.6 (V) mrad, which translates to an instrumental
resolution of A8/ ~3x1072 to 3x10° in the 5-50° @ interval. Monochromatic beam is
obtained via a 4-crystal Si monochromator placed upstream of the KB mirrors. The
beamline optics was designed to meet the requirement of a stable beam position and size
on the sample while changing the radiation wavelength. The energy range available on
this beamline is E = 5.5-14 keV (1 = 0.885-2.25 A). The pXRD technique greatly
benefited from the concomitant development of fast and high resolution CCD (charge
coupled device) detectors, making two-dimensional diffraction pattern analysis a widely
used tool in crystallography and condensed matter physics during the past decade. The
7.3.3 beamline is equipped with a Bruker SMART 6000 CCD detector offering an active
detection area of 9 X 9 cm, and a pixel dimension of 88 um in the 1K x 1K mode. The
resulting 26 angular range is about 30-40° for an experimental (i.e., pattern) resolution of
~Af = 0.03°, which is amply sufficient to record the Akl reflections of minerals.
Fluorescence signals are collected via a high purity Ge ORTEC detector coupled with a
multi-channel analyzer (MCA).

CCD uXRD patterns can be recorded in reflection or transmission modes. In the
former configuration, Bragg reflections are collected by inclining the sample (generally a
glass or quartz mount) to 2 ~6° from the XY horizontal plane, and placing the CCD
detector in the vertical plane (Fig. 9). In this geometry a higher volume of the sample is
probed (better statistics) since the beam impinging the sample has an effective vertical
dimension 1/sinQ2 larger than the incoming beam. The Q value determines d(/kl)max,
which formally equals A/[2sin(£2/2)], that is ideally dmax = 18 A for 6.3 keV (1= 1.968 A,
E < Mn K-edge), dmax = 16 A for 7.05 keV (A =1.759 A, E < Fe K-edge), and dpmax = 11 A
for 10 keV (1 = 1.240 A). Since in fluorescence-yield EXAFS spectroscopy
measurements are usually carried out by placing the detector in the horizontal plane at
90° from the X-ray beam to minimize elastically scattered X-rays in the fluorescence
spectrum, and the sample vertically to 45° to both the X-ray beam and the detector, in the
reflection diffraction geometry the sample has to be repositioned in going from uXRD to
LEXAFS. Regions-of-interest are then re-imaged by uSXRF since fluorescence is
isotropic. Higher lateral resolution (equal to the actual beam size) is obtained in
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Transmission mode Reflection mode

-

Figure 9. Side views of the sample regions of the experimental setups used on station 7.3.3 at the ALS
for combined X-ray fluorescence and diffraction in transmission and reflection mode. The white wedge
to the left of each frame represents the focused beam (width not to scale) coming from the vertical-
focus mirror on the left. The large black object is the diffraction detector. The cylindrical object coming
in from the upper left is the Si detector used for fluorescence mapping.

transmission mode with the sample placed vertically and the diffraction detector behind
the specimen, but this configuration requires the availability of an X-ray transparent
sample and a higher flux since the diffracted volume is significantly reduced. Another
advantage of the transmission configuration is that uSXRF, uXRD and tEXAFS data can
be collected in situ without modifying the sample orientation. Still, uXRD and tEXAFS
cannot be recorded simultaneously because the wavelength is constant in the former, and
variable in the latter, experiment. All patterns presented below were collected in
reflection geometry.

Characteristic two-dimensional uXRD patterns from a soil sample are displayed in
Figure 10a. Two types of diffraction features are almost always observed, with all
possible intermediate types: sharp spots from micron to sub-micron crystallites and
Debye rings of constant intensity arising from nanometer-sized particles. Since in this
example the illuminated area was 14 um (H) x 11 pum (V), leading to a diffracting
volume of about 7x10° pm’ (E = 6 keV), coarse grains yield spotty and discontinuous
rings due to the diffraction of a finite number single crystals inside the diffracting
volume. When crystallites are coarser, only a few individual crystals satisfy the Bragg
condition and some #hkl reflections are not even observed, as it is the case for the 004
reflection of anatase (2.38 A) in Figure 10a, where only the 101 reflection (3.52 A) is
detected. In environmental materials, quartz, feldspars, carbonates, and titanium oxides
are the most common minerals giving rise to point diffraction spots. Micaceous minerals
and kaolinite often give moderately textured two-dimensional XRD. Texture effects can
be used to differentiate mineral species having strongly overlapping XRD lines, such as
kaolinite and birnessite. These two last minerals are notoriously difficult to identify
unambiguously in soils because both have intense 00/ reflections at 7.1A. When the
analyzed sample is rich in manganese, and therefore birnessite is suspected to be present,
attempts to distinguish these two minerals can be made by dissolving either kaolinite with
NaOH or birnessite with NH,OH.HCI (Taylor et al. 1964; Ross et al. 1976; Tokashiki et
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al. 1986). However, this treatment may introduce some artifacts, such as the
recrystallization of poorly crystallized Mn species (Rhoton et al. 1993). Since birnessite
particles are generally very small, they tend to produce continuous diffraction rings,
whereas kaolinite particles tend to be large enough to produce spotty rings. Figure 10a
shows examples of both minerals. Thus, uXRD offers a way to differentiate these two
species in situ, which is without perturbing the soil matrix. Also, birnessite layers are
most often randomly stacked giving rise to weak and broad 00/ reflections as in synthetic
0-MnO,, whereas kaolinite platelets or books have a large X-ray coherent size along c*
resulting in relatively thin and intense 001 and 002 lines. Therefore, integrating the
diffracted intensities along the Debye rings and fitting the corresponding peak profile
affords a clue to differentiate these two minerals in case of mixture.

The good lateral resolution of X-ray microdiffractometers allows not only the
detection of finely divided environmental particles but, more interestingly, also the
mapping of their distribution in the sample from the quantitative analysis of their powder
XRD pattern. Mineralogical maps of finely dispersed minerals can be obtained by
rastering the sample in an XY pattern, collecting point XRD patterns at each point, and
integrating the diffracted intensity along the Debye rings of X-rays. The closest
equivalents to the scanning X-ray microdiffraction (WSXRD) technique in the field of
electron microscopy are STEM (Scanning Transmission Electron Microscopy) and EBSD
(Electron Back Scatter Diffraction). Though X-ray-based techniques have a lower spatial
resolution than electrons, X-rays offer several advantages, such that the possibility of
performing in parallel and without disrupting the sample, uSXRF and pnEXAFS, thereby
allowing on the same experimental station to spot a trace metal (LSXRF), to identify the
mineral host (WSXRD), and to determine the mechanism of metal sequestration at the
molecular scale (WUEXAFS).

An example of the synergistic use of uSXRF and uSXRD is presented in Figure 10b.
The mineral distribution maps of phyllosilicate, goethite, birnessite and lithiophorite in a
soil ferromanganese nodule from the Morvan region in France (Latrille et al. 2001) were
recorded in reflection diffraction mode (8° < 20< 59°; 2.1 A <d <15 A; E = 6 keV)
(Manceau et al. 2002¢). The distance between the analyzed spot on the sample and CCD,
and thus the 260 scale, were precisely calibrated using the reflection peaks of quartz grains
contained in the sample. Mineral abundance maps for the four designated species were
produced by integrating at each point-of-analysis the diffracted intensities of the non-
overlapping 020 and 200 reflections at ~4.45 A and ~2.57 A for phyllosilicate, the 101
and 301 reflections at 4.19 A and 2.69 A for goethite, the 001 reflection at 7.1-7.2 A for
birnessite, and the 001 and 002 reflections at 9.39 A and 4.69 A for lithiophorite. The
reliability of the quantitative treatment was verified by comparing mineral maps for a
same species established using different Akl reflections. The main interest of uSXRD lies
in the comparison between uSXRF and pSXRD maps. If an element and a mineral
species have the same contour map, as it is the case here for nickel and lithiophorite, then
one can deduce with a good degree of certainty that this element is bound to this
particular mineral phase. Unlike nickel, the Zn map does not resemble any of the four
mineral species maps, nor can it be reconstructed by a combination of several. Therefore,
some Zn-containing species are missing, and the most likely host phase candidate are
vernadite (8-MnO,) and feroxyhite (§-FeOOH, Fx), which yield broad lines at 2.5-2.4 A,
2.25-2.20 A, 1.70-1.65 A (Fx), and 1.45-1.4 A (Carlson and Schwertmann 1981;
Varentsov et al. 1991; Drits et al. 1993). To map these species requires recording XRD
patterns at high 26 angle to get rid of peak overlaps with other mineral species in the 2.5-
2.2 A interval (birnessite, ferrihydrite, phyllosilicate...) (for more details see last section).
Clearly, the technique will benefit from a better lateral resolution and, hence, from
progress in microfocusing technology. Higher flux is also desirable to decrease the CCD
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data collection time for uSXRD measurements. On a bending magnet at the ALS, a
typical collection time per point for soil samples is between several tens of seconds to a
few minutes, making one uSXRD scan last for hours. Also, a smaller collection time
would allow one to obtain higher resolution mineralogical maps by reducing the raster
step size. Another important aspect to consider is the reduction of pSXRD data. The
availability of robust user-friendly software adapted to the analysis of environmental
samples is essential to make the combined use of uSXRD and uSXRF a routine tool. In
the future, the larger availability of bright sources in the X-ray range will open more
mapping and analysis possibilities, and this new combination of nSXRF and pSXRD
should add to the arsenal of analytical methods available in mineralogy and
geochemistry.

Extended X-ray absorption fine structure (EXAFS) spectroscopy

Of the three techniques covered in this chapter, EXAFS is indisputably the technique
of choice for probing the speciation of metal contaminants at the molecular level. Its
contemporary success in environmental science directly results from its physical
characteristics (Stern and Heald 1983; Sayers and Bunker 1988; Rehr and Albers 2000).
Briefly, the EXAFS experiment measures the variation of a material’s X-ray absorbance
as a function of the incident X-ray energy up to typically 800 eV beyond the absorption
edge of a specific element. Beyond the edge, oscillations are observed, which arise from
interference effects involving the photoelectron wave ejected from the absorbing atom
and the fraction of the photoelectron wave backscattered by atoms surrounding the
absorbing atom. Fourier transformation of the oscillatory fine structure (obtained after
background subtraction) yields a radial structure function (RSF) in real space with peaks
revealing the local environment of the target atom. In contrast to diffraction techniques,
EXAFS does not rely on long-range order in the material and can be used to probe the
local structure in both crystalline and amorphous solids. Chemical specificity is another
asset, which can be used to differentiate between different components. If the probed
element is concentrated, then EXAFS enable identification of the mineral host in
complement to diffraction, or determination of its local structure in case of poorly-
crystallized particles. If the probed element is diluted, then fluorescence-yield EXAFS
spectroscopy provides the mechanism of its sequestration by the host matrix at the
molecular scale (Brown et al. 1999). These two aspects are detailed successively below.
A major obstacle to achieving a precise identification of metal species, however, is that
EXAFS spectroscopy averages over all the atoms of a certain Z in the system under study
regardless of their chemical state. Only recently, with the advent of high-brilliance
synchrotron radiation sources, has it become possible to overcome this difficulty by using
X-ray microprobes and principal component analysis of UEXAFS spectra. The
fundamentals of this approach is described in this section, and the first working example
of this new tool is given in the last section of the chapter.

Identification of the host mineral. Diffraction indisputably is the most relevant
technique to identify the nature of mineral species. However, when the sorbent phase has
extensive crystalline defects (stacking faults, homovalent and aliovalent substitutions,
vacancies...), the size of its coherent scattering domains can be as small as a few tens of
angstroms, thereby greatly decreasing the efficiency of diffraction. All structural works
on poorly-crystallized environmental particles (ferrihydrite...) have shown that, even in
their most disordered state, metal polyhedra (generally octahedra, less frequently
tetrahedra) form coherent building blocks in which interpolyhedral bond angles (e.g., Me-
(O,0H)-Me) are almost identical for a given type of bridging (face, edge, corner) and,
therefore, so are Me-Me distances. This stands in strong contrast with glasses and
amorphous metals, in which interpolyhedral bond angles are distributed typically over
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several tens of degrees resulting in a large spread of Me-Me distances. An example is
amorphous silica in which SiOj4 tetrahedra are connected by their apices forming a three-
dimensional network with a mean Si-O-Si bond angle of 144° as in quartz. But in
contrast to the crystalline form, in the vitreous state Si-O-Si bond angles shows a large
distribution extending all the way from 120° to 180°. As a result, Si-Si correlations are
underrepresented in EXAFS because the Si-Si distances are too incoherent. This
difference between the truly amorphous state and the long range disordered, but locally
ordered, state is crucial because, even in most disordered natural compounds, EXAFS
yields a metal shell contribution from which the local structure of the sorbent metal atom
can be retrieved using a polyhedral approach. An illustration is given in Figure 11, which
compares powder XRD patterns and RSFs of a-GeO, (quartz structure), amorphous
germania, feroxyhite (6-FeOOH), and hydrous ferric oxide (HFO, 2-line ferrihydrite)
(GeO, was chosen as an example instead of SiO, because the Ge electron scattering
amplitude is closer to that of Fe). Amorphous germania and HFO both give broad X-ray
scattering bands in XRD, but little Ge-Ge interaction is detected in EXAFS whereas two
prominent Fe-Fe contributions similar to the crystalline forms are at R+AR ~ 2.7 A and
R+AR ~ 3.2 A (distances in the RSFs are uncorrected for phase shift, AR ~ -0.3-0.4 A).
Exhaustive analysis of the crystal structure of Fe oxides showed that the former distance

Ferrihydrite 3.80A Silicate glass

5 15 25 35 45 55 65 75 5 15 256 35 45 55 65 75

Degree 26 (Cu Ka) Degree 26 (Cu Ko)
—— Ferrihydrite —— 0GeO2 (amorph)
------- Feroxyhite

(5FeOOH)

FT(ky)
FT(kx)

R+AR (A) R+AR (A)

Figure 11. X-ray diffraction patterns and EXAFS radial structure functions of two poorly-crystallized
compounds. Both ferrihydrite and silicate glass look “amorphous” through XRD, but the former is as
well short-range ordered as feroxyhite, whereas the latter is disordered even at the local scale. GeO, is
used as the EXAFS example instead of SiO, to better match the second-neighbor scattering factors for
the Fe oxides.
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is characteristic of edge-sharing and the latter of corner-sharing Fe octahedra. This
polyhedral approach was initially developed on Fe and Mn oxides (Manceau and Combes
1988), and is now currently used to determine the nature of metal surface complexes on
mineral surface inasmuch as mononuclear or polynuclear tridentate, bidentate, or
monodentate surface complexes give rise to specific sorbate—sorbent metal EXAFS
distances (see e.g., Spadini et al. 1994; Bargar et al. 1997, 1998).

It is clear from this discussion that EXAFS, through its ability to register metal-metal
pair correlations, has the necessary sensitivity to identify host species and, accordingly,
any sorbate precipitates. The uniqueness of spectra to different structural environments of
the same metal atom is well illustrated with the manganate family of minerals, which
encompasses an almost countless number of forms. Manganates essentially differ by their
relative number of edge- to corner-sharing octahedra, Mn’" to Mn*" ratio, and framework
structure (i.e., 3D vs. 2D structures). Figure 12 shows structures and EXAFS spectra for a
number of different manganates. For each structure, the solid curve is the EXAFS
spectrum for hexagonal birnessite, shown for reference, and the dashed line is that of the
structure shown to the left of the curves. EXAFS spectroscopy possesses the sensitivity to
even small variation in coordination geometries, interatomic distances and average
oxidation state. For instance, though todorokite and hexagonal one-layer birnessite have
similar proportion of edge- to corner-sharing octahedra per Mn (Ng/N¢ = 4.7/2.7 and
3.5/2.5, respectively), and hence similar RSFs, their EXAFS spectra are significantly
distinct, essentially because the photoelectron has different multiple-scattering paths in
tectomanganate (3D) and phyllomanganate (2D) structures.

This example, wishfully extreme in choosing these overwhelmingly complex
materials, clearly demonstrates that EXAFS spectroscopy possesses the intrinsic
sensitivity to speciate a great number of soil minerals (mostly oxides), and it can be
realized using the spectra of model compounds as fingerprints to the unknown spectrum.
In practice, the main limitation resides in our capacity to obtain a good enough EXAFS
spectrum of the unknown species, and our ability to interpret the experimental signal
whenever the unidentified species is absent from the library of model compounds.
Distinguishing phyllosilicate species by this fingerprinting approach is hopeless because
these minerals are at the same time chemically and structurally quite complex since they
can accommodate in their structure a large variety of cations (Al, Si, Fe, Mg....) and in
various proportions (trioctahedral vs. dioctahedral, 1:1 vs. 2:1 vs. 2:1:1 structures...).

Identification of metal species. The following is an attempt to convey how the
structural identity of the metal species (surface complex, sorbate precipitate...) can be
recovered by EXAFS spectroscopy. For pedagogic purposes, we first consider a
laboratory system aimed at showing how EXAFS spectroscopy enables to distinguish all
sorption mechanisms described in the introduction (Figs. 1 and 2), then a case study taken
from a real-world system is presented.

The selected model system is Zn — phyllosilicate because of its obvious relevance to
soils and sediments, and the high reactivity and diversity of surface and bulk
crystallographic sites of phyllosilicates. Phyllosilicates are built of layers made by the
condensation of one central octahedral sheet and two tetrahedral sheets (Fig. 3). Two
types of surface sites exist: permanent negative structural charge on basal planes resulting
from aliovalent cationic lattice substitutions, and pH-dependent sites at layer edges
resulting from the truncation of the bulk structure yielding oxygen dangling bonds. Metal
cations sorbed on basal surfaces form outer-sphere (OS) surface complexes and,
therefore, are easily exchanged with solute ions by varying the cationic composition of
the solution (i.e., ionic strength), or may diffuse to another site (e.g., layer edges) where
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Hexagonal birnessite

2+ 3+ 4+ \pn3+
(Mn‘gs M6 (Mn"7, Mg, D.167)O1.7(OH).3)

116

Hexagonal Co-sorbed birnessite
2+ 2+ 3+ 3+ 4+ 3+ 3+
(Mn“53C0%5eMng; Cots (M7, M Co D.10)O1.72 (OH),g)

A

Figure 12. (On previous page and above.) Polyhedral representations of the structures of Mn oxides
(manganates). All compounds yield distinctly different EXAFS spectra, which can be used in a spectral
library to speciate Mn in unknown samples. The structure of phyllomanganates and EXAFS spectra
(Ky) are from Silvester et al. (1997), Manceau et al. (1997), and Lanson et al. (2002). In each row is
shown a structural building block, a close up of a representative local Mn environment, and the EXAFS
spectrum in dotted lines. The solid line in each row is the spectrum of hexagonal birnessite, shown for
reference.

they are more strongly bound (Fig. 13a). Uptake on border sites is favored at near-neutral
pH and high ionic strength, and is interpreted by the formation of inner-sphere (IS)
complex. IS and OS mechanisms are readily differentiated by EXAFS spectroscopy since
the sorbate metal is surrounded by a sorbent metal shell in the former case and not in the
latter (Chen and Hayes 1999; Schlegel et al. 1999a,b; Strawn and Sparks 1999; Hyun et
al. 2001; Morton et al. 2001; Schlegel et al. 2001a; Déhn et al. 2002b). At higher pH or
solution cation concentration, the sorbate metal may polymerize and form various kinds
of precipitates (neoformed phyllosilicate, hydrotalcite, metal hydroxide), attached or not
to the surface (Scheidegger et al. 1997; Towle et al. 1997; Ford et al. 1999; Manceau et
al. 1999b; Scheinost and Sparks 2000; Schlegel et al. 2001a; Dédhn et al. 2002a). All these
compounds have distinct EXAFS spectra, which can be used as fingerprints to speciate
the metal forms in an unknown sample. However, detecting this metal pool in natural
samples can be really difficult because most phyllosilicates are essentially
aluminosilicates (i.e., montmorillonite, illite), and the EXAFS signal scattered by their
constituent “light” elements (Si, Al, Mg) is weak and can be hidden by the intense
scattering of metal species bound to Fe and Mn oxides in case of mixtures. This problem
can be overcome sometimes using tEXAFS (Roberts et al. 2002), but more generally by
polarized EXAFS (P-EXAFS) spectroscopy (Manceau et al. 1999a).
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One of the important attributes of synchrotron X-ray beams is that the radiation is
horizontally polarized in the plane of the electron orbit (Koningsberger and Prins 1988;
Hazemann et al. 1992). This property can be used to enhance the sensitivity of EXAFS to
the various metal species tied up to layered minerals in performing angular measurements
on textured samples. In P-EXAFS, the amplitude of the EXAFS contribution of an atomic
shell S coordinated to an element £ can be written in the plane wave approximation and
at the £ K-edge

N cryst

Xes(k,¢)=3< cos’ Grs > xps(k) = Z (3‘:052 ¢E—j)Z§iS(k) (2)

where ¢g-; is the angle between the electric field vector ¢ and the vector that connects the
X-ray absorbing £ atom to the backscattering j atom in the S shell, and y;°¢ is the
isotropic contribution of the § shell. The summation is made over all the N, atoms of
the S shell because, for most orientations of &, all the £E—j vectors do not have the same ¢
angle. For a true powder (i.e., perfectly random crystallites), there is no angular variation,
and 3<cos’ @, ¢ >=1. For a textured sample, neighbouring j atoms located along the
polarization direction (¢ = 0°) are preferentially probed, whereas atoms located in a plane
perpendicular to & (¢ = 90°) are not observed. It follows that P-EXAFS measurements can
be used to probe the local structure of layer silicates between two different directional
limits, parallel and perpendicular to the (001) plane, by varying the angle between g and
the layer plane of a single crystal or the surface of a self-supporting clay film (Fig. 13b).
The contribution from the S shell is enhanced by a factor of three when the £—S atomic
pair lies along the direction of the X-ray polarization vector, thereby facilitating its
detection. In practice, however, this factor is lower since all E—j pairs of the S shell
generally do not have the same ¢ angle in a given crystallite, and from one crystallite to
another (basal planes are randomly distributed in the film). The actual angular
dependence of EXAFS spectra can then be obtained by transforming Equation (2) in
introducing angles that are independent of the distribution of orientation of the £E—; pairs
in the S atomic shell (Manceau et al. 1998)

1r s(k,@) = 3[cos2 [sin’ a + (sin® Bcos’ a)/2})(§fs(k) (3)
or
Ze-s(k,$) =[ 1= (1/2)(Bcos’ B—1)3cos’ @ —2) | 11”5 (k) 4)

where a is the angle between ¢ and the film plane (i.e., the experimental angle), and f the
angle between the vectors connecting the £—S atomic pair and the perpendicular to the
layer. Note that this crystallographic angle is now the same for all E-j pairs of the S shell,
and can be easily determined from the crystallographic structure. For f = 54.7°,
Zes(k,d) = 73’ s(k), and the EXAFS amplitude is independent of the measurement a
angle (B is equal to the magic angle, 54.7°). For B < 54.7°, the amplitude of y, ¢(k,d)
increases with a values, while for B > 54.7° the amplitude decreases with increasing o
(Fig. 13b). Since the amplitude of y;s(k) is obviously proportional to N,,,,, and that in a
polarized experiment one detects an apparent number of atomic neighbors (N,, ) which
is the effective number of atoms really seen at the a angle, Equation (4) can be written

N,, =N, —(1/2)N,,,(3cos’ f—1)(3cos’ a —2). (5)

app

In phyllosilicates, metal atoms in the octahedral sheet are surrounded by 3
(dioctahedral framework) or 6 (trioctahedral framework) nearest six-fold coordinated
cations (Oct), and by 4 nearest four-fold coordinated Si,Al atoms (Tet) from the
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tetrahedral sheets (fre~ 32°, Fig. 13b). From Equation (5), the contribution of the Oct
shell is cancelled (N, (Oct) = 0), and that of the Tet shell selected (N, (Tet) = 8.6), in
the normal orientation. Conversely, when the polarization vector is parallel to the film
plane, the Oct contribution is preferentially reinforced (Nji'pp (Oct) =4.5 or 9), and the Tet
contribution becomes small (le‘pp (Tet) = 1.7). Thus, the dichroism of P-EXAFS spectra
for phyllosilicate is quite strong, and this technique is a powerful adjunct to ptEXAFS

spectroscopy for identifying phyllosilicate-bound metal species.

Strongly textured films, with all crystallites having their (001) basal surface parallel
to the film plane, can be prepared from pure smectitic clays (Manceau et al. 2000a). In
soil samples, the particle packing in the film is always disrupted to some degree owing,
for example, to the presence of grains, aggregates, clay coatings or gel-like neoformed
clay particles (Fig. 14a). This imperfect film texture diminishes the angular dependence
in an amount that depends on the orientation distribution of individual crystallites in the
film, a parameter that can be measured by texture goniometry (Bunge 1981). The
distribution of c¢* axes of individual particles around the film normal can be introduced in
Equation (5) as follows (Dittmer and Dau 1998)

N,,=N.s—-1/2)N,,,(3 cos” f—1)(3cos’ a—2)1,, (6)

app
with
Jm (3cos’ a —1)P(a)sinada

Iordz . n/2 . (7)
2J.0 P(a)sinada

The function /,;q accounts for the particle disorder, and its value is one for perfectly
ordered films and zero for an isotropic sample. P(a) represents the profile-shape function
used to model the distribution of ¢* axes off the film normal.

P(a)=exp(—a’/ Q2?) (8)
for a Gaussian distribution, where € is the width of the mosaic spread.

The integrals in Equation (7) have no closed form but can be evaluated numerically
(Manceau and Schlegel 2001). 7,,,(£2) does not vary linearly with the mosaic spread: it
has little sensitivity to £2 when the texture strength is high and low but a high sensitivity
in the 15° < Q < 30° interval. The consequence of an imperfectly textured film on the
dichroism of the Oct and Tet shells contributions in trioctahedral phyllosilicates is
represented in Figure 14a. N, logically converges to crystallographic values (Noct = 6,
N1t = 4) when the particle disorder increases. But, more interestingly, the loss of
dichroicity is more important in the normal than in the parallel orientation. For example,
at Q = 20° Ny, is 13% (7.5 vs. 8.6) and N is 7% (8.4 vs. 9), below their values at Q =
0°. Since the precision on N by EXAFS is at best 10%, one sees that N{, has relatively
little sensitivity to Q. At a = 90°, not only does Ni, decrease by 13% but, more
importantly, N, increases from 0 to 1.3 and this additional atomic contribution leads to
a significant modification of EXAFS spectra (i.e., observed dichroism).

P-EXAFS and texture goniometry were employed to identify Zn-containing
phyllosilicates in a smelter-affected soil (Manceau et al. 2000b). P-EXAFS spectra and P-
RSFs obtained from the fine fraction of the soil had a pronounced angular dependence,
indicating that the average local structure of Zn was anisotropic and also that the
predominant Zn-bearing phase was oriented together with clay minerals during the film
preparation (Fig. 14b). The Zn species was identified by comparing the unknown spectra
with P-EXAFS spectra from layer mineral references: hydrozincite (Zns(OH)e(COs3),),
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(Zn,Al)-hydrotalcite, Zn-sorbed hectorite, and Zn-kerolite. Strong resemblance was
observed with the Zn-sorbed phyllosilicate reference, in which Zn forms an IS complex at
layer edges (Schlegel et al. 2001b). The second oscillation of the soil EXAFS spectra
have a noteworthy angular dependence which mimics that observed in the reference,
though the phase shift and variation in absorbance are less pronounced (see arrows in Fig.
14b). This loss in dichroicity may be due to imperfect texture strength or to the admixture
of other Zn species (e.g., Fe oxides), whose EXAFS spectra have a featureless and
angular independent second oscillation. This alternative was tested by measuring the
orientation distribution of illite-smectite and kaolinite particles in the soil film. The half
width at half-maximum of the orientation distribution of kaolinite and illite-smectite
particles were 15.5° and 17.3°, respectively (Fig. 14a). Based on the graph shown in
Figure 14a, the reduction in angular dependence of EXAFS spectra resulting from the
particle dispersion is about 17%, and is clearly too low to account for the observed
difference between the unknown and the phyllosilicate reference. The presence in this
soil sample of Zn-containing Fe oxides was further confirmed by nEXAFS. This example
shows that P-EXAFS provides a direct means to assess the presence of phyllosilicate-
bound metal species in natural systems. However, one should bear in mind that the
absence of angular dependence does not disprove the presence of metal-bearing
phyllosilicate as mentioned previously and recently evidenced by Isaure et al. (2001).

Number and nature of metal species in a mixture. In most systems of interest, the
metal is attached to more than one mineral or organic molecule. In some cases, cogent
arguments can be made as to which species are plausible. For instance, mineralogical
maps can be used to identify likely hosts. In some cases, reference spectra exist for all
plausible species, while in other cases they do not. We thus need ways of analyzing
multicomponent spectra.

Traditional EXAFS analysis, involving Fourier transforming, back-transforming and
filtering, generally does not work with multiple mineral species. The atomic shells from the
different species overlap so that one cannot separate them out when there is a mixt