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7.6 Geology, Mining, Metallurgy
Methodological Developments and Applications

D. Rammlmair, M. Wilke, K. Rickers, R.A. Schwarzer, A. Mdller,
A. Wittenberg

7.6.1 Introduction

Geology, mineralogy, exploration, and mining require an interdisciplinary
approach involving geological mapping, tectonics, petrography, geochemistry,
sedimentology, remote sensing, geophysics, microbiology, engineering, mineral
treatment, and melioration. Within this frame geochemistry is one of the basic
tools used in characterizing rocks of magmatic, metamorphic, and sedimento-
logical origin, as well as soils and weathering products of these. The obtained
geochemical information allows us to classify the rock either in terms of an
internationally approved rock name classification [397] (Le Maitre et al. and
references), genetic origin, such as the classification of magmatic rocks to geo-
tectonic environments [398] (Pearce and references) or parental magma series.
Moreover and more importantly, genetic processes like fractionation and/or
mixing and/or assimilation during transport in the earth’s interior become
elucidated through the geochemical characterization of the source rock, the
interim, and the final product. Even chemical changes within apparent homo-
geneous successions due to cryptic layering, metamorphism, metasomatism,
alteration, weathering and/or mineralization can be visualized.

The characterization of soil samples is fundamental for understanding
soil-forming processes and transport processes within soils and their contri-
bution to the groundwater quality. Soil characterization on a regional scale
is embedded and used in soil information systems. The data obtained are
used for monitoring the amount and type of fertilizer to be adopted in the
high-technology GPS (global positioning system)-controlled agricultural in-
dustry. For these applications, high accuracy of the obtained geochemical
data is crucial. Regarding exploration and mining, the rapid characterization
of prospective zones due to relative enrichment or even depletion of diagnostic
or pathfinder elements is fundamental for finding and developing a mine site.

In the field of metallurgy, online quality control of the products is rel-
evant at every point of the production process: starting at the mining site
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itself, blocks of rock are selected and mixed properly to obtain a homoge-
neous ore concentration used in the treatment plant. Within the treatment
plant, quality monitoring of the separation and concentration process, and the
final products is crucial. For these applications, speed of analysis is of major
importance. In situ online data acquisition is the optimal solution for decision-
making processes. X-ray fluorescence (XRF) was [399,400] and is the method
applied to solve these most basic problems of geologists, mining engineers,
and metallurgists.
Several scales of chemical information are useful for the geoscientist.

e The macroscale involving direct field measurements, laboratory investiga-
tion of homogeneous bulk samples, and product online control.

e The mesoscale refers to the hand specimen size, down to a spatial resolu-
tion of 30-100 um. Element 1D scans and 2D distribution maps provide
zones of interest for further microanalytical research.

e The microscale focuses on single minerals , mineral zoning, single particles,
fluid and melt inclusions, and compositions within experimental apparatus,
e.g., diamond anvil cells (DAC).

The principles and advantages of wavelength-dispersive-(WDXRF), energy-
dispersive-(EDXRF), nondispersive-(NDXRF), total reflection-(TXRF), and
grazing emission X-ray fluorescence(GEXRF) have been described in de-
tail by Bertin [401] and Lachance [402] and are the subject in some of the
chapters (Chaps. 2-5) of this book. Hahn-Weinheimer et al. [403] and Weber-
Diefenbach (and references) [404] refer in detail to the applicability to geo-
sciences. Brill [405] compared WDXRF and EDXRF systems. Kramar [406]
discussed the progress in EDXRF technology. Several manufacturers of XRF
instruments provide basic information on instrumentation and applications
via the internet. Depending on the field of application, the individual systems
are designed to fulfill certain conditions. Spectral resolution, excitation condi-
tions, and spatial resolution are thereby the most relevant aspects. A number
of XRF instruments on the market meet the requirements of application in
the field or outcrop, in the laboratory, and for online monitoring of technical
processes.

Robust and highly accurate laboratory systems facilitate bulk analyses,
fast online systems help to control production quality, handheld systems
enable analysis in the field and help to reduce the number of samples by
selective sampling, and high spatially resolving systems support meso- and mi-
croanalytical approaches. However, for each scientific application an adequate
method should be chosen based on the need of qualitative, semiquantitative,
or quantitative information and the required spatial resolution.

This chapter does not refer much to the methodological and instrumental
background, tubes, filters, detectors, analyzer crystals, optics, evaluation and
correction methods, since these are treated in detail in chapters 2-5 of this vol-
ume. However it aims to give an insight on the application of the XRF methods
within the fields of geology, mineralogy, mining, and metallurgy. Among the
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large variety of possible applications, special emphasis is laid on examples
using EDXRF, and on analytical methods with spatial resolution that cover
analyses on the hand specimen scale or even on the microscopic scale. Investi-
gations on the microscopic scale have been strongly boosted by the use of syn-
chrotron radiation. Hence, special treatments of such applications are given in
Sect. 7.6.4 (Microanalysis using synchrotron radiation XRF'). Since geologists
study processes in the history of the earth’s evolution, dating methods are
crucial for the understanding of the earth’s history, and an example of chem-
ical dating using U-Th-Pb contents in monazite is presented in Sect.7.6.4
(U-Th—Pb chemical dating). As a valuable extension to XRF methods, geo-
logical applications of X-ray absorption fine structure spectroscopy (XAFS)
are shown in Sect.7.6.4 (XAFS in earth sciences). Finally, the application
of imaging XRF, combined with texture and lattice strain measurements in
deformed metals, gives an insight on applications in metallurgical problems
(Sect. 7.6.3 (Microanalysis using synchrotron radiation XRF)).

7.6.2 Macroscale
In Situ Analysis in the Field

The field geologist has to decide right in the field on the most adequate sample
for the geological, stratigraphic, exploration, or tectonic work that has to be
performed.

Portable EDXRF systems based on radioisotope sources (5°Fe, 199Cd,
244Cm, 24 Am) have been in use since decades. Recently handheld minute size
laser induced X-ray sources equipped with energy-dispersive pin-diode detec-
tors have been providing basic field information for a wide range of elements,
simultaneously allowing to identify rock types for mapping purposes [407],dif-
ferentiate within stratigraphic sequences by element finger-print patterns, and
obtain geochemical information from areas where sampling is not possible.
Heavy metals are especially suitable for this method as they have low detec-
tion limits. The development of minute-size low-energy consuming systems is
motivated by the interest to obtain information from planets such as Mars.
The prototype has landed on Mars’ surface and has been providing informa-
tion on the Martian geochemistry [408,409].

Investigations of mine waste [410] and contaminated soils in the vicinity
of industrial sites are also suitable applications of this type of rapid screening
[411-414)].

The method has been applied in a qualitative evaluation of heavy metals in
soils by McCain [415] using an isotope-source energy-dispersive XRF analyzer
for rapid onsite screening.

Onsite data acquisition has been used in addition to outline zones of inter-
est in exploration areas previous to further detailed representative sampling
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for accurate XRF analyses [416,417]. Konstantinov et al. [418] developed a
new indicator method as an effective exploration method for blind ore. The
method takes advantage of the partial redeposition of ore and vein matter in
the overlying rocks as a result of the magmatic, hydrothermal, and tectonic
processes in the form of shears, veinlets, and/or dikes. A number of indica-
tor elements are analyzed to localize anomalous zones. The indicator method
uses special sampling of the post-ore uplift structures. The proposed technique
was successfully used to prospect blind ore mineralization and new ore bodies
in various geological environments and is applicable over a vertical range of
more than 200 m. The resolution identifies individual blind ore bodies as well
as groups of ore bodies.

The rapid element screening can further be applied to characterize ore
types, drill cores, and hand specimens. The fast turnover of information is a
very valuable contribution to improve decisions and save resources.

Within the metallurgical section the onsite characterization of stainless
steel samples [419], metal alloys, and metal scrap allows gaining higher purity
of the end products.

Sample preparation for the screening method in general is minimized. The
best available surfaces are used. Analyses aiming for better reproducibility
might use homogenization methods in the field. The data arrived at are quali-
tative to semiquantitative since comparable sample geometry and homogene-
ity cannot be provided in the field. Quantitative values are hard to be obtained
by this fast method and are not really necessary since element fingerprint pat-
tern and element ratios generally provide the necessary information needed
for making decisions in the field.

Of late emphasis has been on the development of downhole-EDXRF sys-
tems [420] applied in drillholes to monitor in situ chemical patterns of the
drilled soils and rock units.

Quantitative Analysis in the Laboratory and in the Field

After the selection of the most adequate sample, or a random or a grid-oriented
sample series in the field, high-quality representative analyses are performed
by standard XRF techniques in the laboratory or benchtop-equipped mobile
field laboratories. Depending on the amount and type of sample, WDXRF,
EDXRF, and for special occasions even TXRF are used to get the appropriate
geochemical data for interpretation of the field data.

Various sample preparation techniques are used on geological samples to
obtain the optimum results. Detailed descriptions of the individual tech-
niques, and advantages and problems are available in literature [401, 402,
404], (van Grieken et al. Chap. 6) and internet (www.spectroscopynow.com;
www.learnxrf.com). The most important requirements for excellent repro-
ducibility are homogeneity, grain size and minimum thickness of the sample,
and limitation of matrix effects.
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Applications
Classification of Rocks and Plate Tectonic Implications

Identification and nomenclature of rock samples is usually done by the field
geologist on the basis of macroscopic and microscopic observations. However,
the magmatic equivalent of altered and metamorphosed rocks is generally
identified by geochemical investigations. The classical schemes of Streckeisen
[421], Le Bas et al. [422], and Le Maitre et al. (and references) [397] have a
mineralogical background and are based on the relative proportions of min-
erals such as alkali feldspar, plagioclase, quartz and feldspatoids in volcanic
rocks, and plutonic equivalents. There are various protocols (e.g., the Niggli
values [423] and the CIPW norm [424,425]) to convert the chemical raw data
into classifications that relate the chemical composition to the mineralogy of
the rocks. In these norms collective components or contents of normative min-
erals are calculated from the chemical composition that enables an improved
classification of the rocks where mineral content is not directly determinable
(e.g., fine grained or altered rocks). In parallel, some classifications directly
use element concentrations to classify rocks as in the TAS diagram, where the
total alkali content versus the silica content is plotted [422].

Classification schemes such as SEDNORM [426] and MINLITH [427] are
applied for characterization of sediments.

Besides the classification of samples into rock types, a number of classifi-
cation schemes on the basis of major and trace elements are available, which
may be used to establish genetic features of a given rock unit, such as the
geotectonic environment [398] (Pearce and references). These schemes have
been applied in numerous cases to classical ophiolite sequences, komatiitic
successions, and granitoid systems.

Field observations often reach their limits with regard to stratigraphy
within sediments, salt successions, or layered intrusions due to the macroscopic
conformity of the rock units. Detailed geochemical investigations - mainly
XRF based - provide a fast tool for correlation of units from different locali-
ties (e.g., drill cores from marine environments, exploration targets) and even
provide up and down criteria for overturned sequences in highly tectonized
areas. The documentation of saw-teeth patterns in cryptically layered mag-
matic successions provides insight into magma-mixing episodes and processes.
For example, investigations on the Bushveld and Stillwater complexes or the
Skaergaard and Dufek intrusions have shown the importance of detailed geo-
chemical approaches for the interpretation of their complex history [428,429].

Mineral Chemistry

In combination with methods that provide insights into the crystallographic
structure, such as X-ray diffraction analysis (XRD), XRF is used for character-
izing the composition and purity of minerals and mineral concentrates [399)].
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Analyses of mineral concentrates are performed in the same way as for the
whole rocks. Large single grains of micas, hornblendes, or zircons, to name a
few, have been investigated by WDXRF for elements like K, Rb, Sr, Nd, Sm,
U, and Th for classification or as a base for age-dating purposes. The beauty of
this method is its nondestructiveness. Hence, the same samples can be used for
further analyses. This application competes with electron microprobe analysis
(EMPA) of minerals, which is also capable of simultaneous major and trace
element analysis of multielement samples and has the additional advantage of
achieving a high spatial resolution in the micrometer range. However, EMPA
requires additional time-consuming preparation steps, as polished thin sec-
tions of mineral and rock samples are generally used for analysis.

More recently, multielement EDXRF designed for microprobes named
XRF microprobe or EMMA (energy-dispersion miniprobe multielement ana-
lyzer) have been developed [430] for special applications (see U-Th-Pb chem-
ical dating in Sect.7.6.4).

The XRF, a fast, precise and low-priced method when compared to other
multielement analytical techniques, is now a routine technique in industrial
applications [431]. As an in- or rather on-time method for routine bulk analy-
ses during industrial production, WDXREF is used [432]. In particular, it is the
industrial manufacturing of high-quality products, which requires very pure
minerals either of natural or synthetic origin [433]. For this purpose pressed
pellets of either pure minerals or mineral concentrates are analyzed. While
using pressed pellets most of the interesting trace elements can be analyzed
due to the lack of dilution. The disadvantages of pressed pellets are related
to grain effects and chemically zoned single grains. Since the last few years,
problems related to grain effects seem to be fully understood and hence can
be taken into account by corrections [434].

While ED and WDXRF are widely utilized it is especially the TXRF tech-
nique that is of great interest for the purest material chemical analysis, since
the detection limits can be reduced to those of the very expensive and sophisti-
cated inductively coupled plasma mass spectrometer (ICP-MS) technique. For
further information, in particular about the TXRF used for wafer monitoring,
see Sect. 7.3.6.

Geochemical Mapping, Prospection, and Exploration

Large-scale low-density geochemical surveys provide basic knowledge on geo-
chemical provinces that can be used to outline prospective areas. A reliable
and comprehensive database of the natural variability of the geochemical back-
ground of diagnostic elements is the basis for administrative and legal issues
concerning sustainable long-term management of environmental and mineral
resources [435].

Data acquisition by XRF is a valuable basis for geochemical mapping.
Numerous element distribution maps have been produced in Europe and
worldwide at regional and local scale for characterization of catchment areas,
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Fig. 7.126. Ca in agricultural soil, Ap (TOP) and B/C-horizon (BOT), total con-
centrations, WD-XRF (Courtesy of Reimann et al. [437] 2003).

soils, rock units, and mineralization for the support of mapping, exploration,
and environmental investigations. Reimann et al [436,437] have shown in the
Baltic Soil Survey that top and bottom soil (TOP and BOT) provide basic in-
formation on regional distribution of major and trace elements. The Ca maps
(Fig.7.126) for example show that both TOP- and BOT maps contain the
highest concentrations above the Caledonides, intermediate values for most of
Sweden and Finland, which may be assigned to granitic rocks, and high Ca
occurs above sediments in the SE of Sweden.

Chemical reconnaissance mapping and exploration used the same method
as described earlier. In general, depending on the requirements a 2-mm and
a 60-pum fraction is obtained from the soil or stream sediments. Alternatively,
heavy mineral concentrates, chip or channel samples, as well as hard rock
samples along base lines, grids, and streams may be used to identify areas for
detailed investigation. In special cases, plants (e.g., for Au, Cu, Ni) and termite
hills (e.g., for kimberlites) are used for prospection to outline zones of interest
under thick sedimentary cover [438,439]. X-ray fluorescence analyses provide
over 30 elements for purposes at reasonable costs and fast turnover, crucial for
the exploration geologist. Anomalous zones are subsequently mapped in detail,
including drilling at sites of major importance to increase the knowledge on
the anomalous zone of interest.

Mining, Whole Rock, and Mineral Treatment

In the mining sector recognition of wallrock, subeconomic, economic, and high-
grade ore portions within a mining site is done on a visual basis as long as
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the lithology provides this information. However, significant differences often
cannot be recognized this way onsite. Fast sampling has to be performed on
an in situ basis via handheld EDXRF systems or by quick turnover via the
laboratory. Often drill arrays are performed before the mining reaches the zone
of interest. Detailed (1m down to 10cm) sampling of the drill core enables
the mining engineer to outline blocks of similar ore content. In modern open
pit mining the operators of trucks and Caterpillars are remote controlled onsite
via GPS, with the adequate information of block mining in the proper ratio
providing a continuous flow of the standard product for optimum recovery of
the ore or other raw material of interest.

From mining to final product all processes have to be monitored by min-
eralogical and geochemical methods to enhance the recovery and the quality
of the mineral products or concentrates. All steps are accompanied by sam-
pling and eventually, like in the cement, glass, or ceramic industry, even online
continuous measurement in the production chain of the components can be
performed.

Coal, Oil, Bitumen

Coals, oil shales, hydrocarbons, bitumens, and ashes are analyzed by XRF
for their carbon, sulfur, and trace element contents [440-442]. Genetic impli-
cations can be drawn from the chemical composition of coals as influenced
by mineralogical changes in the primary environment of deposition, by epi-
genetic and supergene alterations. Only a few elements (e.g., P, REE) vary
with the rank of coalification [443]. The trace elements are believed to be
associated with either organic compounds (Mo, Hg, and U) or minerals such
as aluminum-iron-silicates (Sc, Ge, and Bi), aluminum-silicates (Cs, Be, Th,
Pb, Ga, and REE), iron-phosphates (Zn, Rb, and Zr), iron-sulfides (As, Cd,
Cr, Cu, Hg, Ni, T1, and V), and carbonates (Sr, Mn, and W).

Some coals are strongly enriched in the trace elements U, Pb, and Hg
due to volcanic activity. Epigenetic sulfide and carbonate mineralization are
common in some coalfields. Elements such as Zn, As, Sb, Hg can be enriched
in micropores and microfractures [444]. Hence, the hazardous potential of a
coal due to its combustion has to be estimated by analyzing the ashes in the
laboratory and even onsite [445].

Potential Hosts for Nuclear Waste Depositories

The nuclear industry, basically the electric power industry, is in need of finding
a lasting and durable depository for highly radioactive nuclear waste. Until
now no location has been equipped. Rock salt sequences, clay formations,
and granitoids have proved to fulfill the requirements. In part they do. Again
detailed geochemical investigations in the underground and via drill cores
are necessary to understand the stratigraphic background (PLATE II 2.1-2),
recognize weak zones, learn about the behavior of the material in contact with
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the nuclear waste bearing containers and about its neutralization potential for
radionuclides that may have escaped from the container.

To check the possibility of final save storage in former rock salt mines sam-
ples of rock salt have been analyzed by WDXRF for Rb, Sr, Br to characterize
the contents of Br in view of primary distribution and redistribution due to
recrystallization and tectonic overprint [446].

7.6.3 Mesoscale
Analyses of Inhomogeneous Samples

Hand specimen rock samples are usually heterogeneous and cannot be charac-
terized in an appropriate way macroscopically. Therefore the samples are ei-
ther homogenized for bulk analyses, or small parts are selected to be analyzed
in detail by microanalytical methods such as microscopy, EMPA, scanning
electron microscopy (SEM), cathodoluminescence (CL), infrared (IR)sor
Raman spectroscopy. With the adaptation of fast simultaneous EDXRF sys-
tems with high spatial resolution, hand specimen and drill cores of sample
sizes of 10cm by 10cm and more can be analyzed in a relatively short time
for major and trace elements at a spatial resolution of 100 um to 10 um. The
obtained elemental scans provide a facility to select appropriate areas for fur-
ther analyses by EMPA, SEM, and other microanalytical systems.

Time is the crucial part for sample characterization. Due to the application
of powerful microfocus X-ray tubes and advanced X-ray optics such as mono-
or polycapillaries, highly oriented pyrolitic graphite (HOPG) [447], and multi-
layers for EDXRF, the photon flux has been increased in such a way that even
8 W X-ray tubes provide enough flux when using sensitive detectors to allow
reduction on the acquisition time to parts per second for qualitative and semi-
quantitative measurements. Some instruments with fast scanning devices are
able to provide an overview of major element distributions for large samples
within minutes. Statistical improvements will be obtained by accumulation
of repeated measurements. The application of pin diodes or Peltier-cooled
silicon drift detectors enables continuous measurements at reasonable costs.
Commercial scanning facilities generally work in air. Some benchtop systems
can switch to vacuum conditions in order to lower the detection limits and
to enable the analysis of light elements such as Na, Mg, Al. Zhdanov [448]
provides details on manufacturers of micro-XRF systems in the internet.

Sample Preparation Techniques

In general, all types of samples are suitable for qualitative analyses, but to
obtain semiquantitative or quantitative information, samples have to fulfill
certain conditions. A relatively smooth polished surface is required. However,
grain, pore and crystal size distribution, water and organic content, crystal
orientations in the sample are properties that strongly influence the signal
and may hinder the access of quantitative information [401].
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Fig. 7.127. XRGS equipped with columns

Instrumentation and Methods

The applications shown later have been performed on two individual instru-
ments, both designed by COX Analytical Systems AB, Sweden. The Itrax
geo scanner (XRGS), a special design by the Bundesanstalt fiir Geowis-
senschaften und Rohstoffe (BGR), Germany (Figs. 7.127 and 7.128), operates
with flat beam optics suitable for 1D profiles, while the standard ITRAX
X-ray microscope using a 100-um monocapillary is applicable for point mea-
surements, 1D profiles, and 2D scans. Both systems are based on a Rich.
Seifert & Co. ISO-DEBEYEFLEX 3003 HV-generator and the standard oper-
ation voltage for the data acquisition is 45kV at 30 mA with long fine-focused
Philips XRD Mo tube type PW 2275/20 (3kW, 60kV).

Within the XRGS the beam is focused by a glass slit capillary at 50 pm
height and 2000 um length. The detector is placed at an angle of 45° to the
sample surface. It is an energy-dispersive, Peltier-cooled RONTEC



650 D. Rammlmair et al.

X-ray source

X-ray optics X-ray

spectrum

Characteristic lines

i Dispersive
. - solid state Software
Sample x-ray detector eveluation
line camera for
x-ray absorption

Fig. 7.128. Schematic view of the EDXRF geo scanner (courtesy of COX Analytical
Systems AB, Sweden).

drift-chamber detector, with an energy resolution of 149eV provided by a
vacuum nozzle. The XRGS is further equipped with a rotating stage for 6
samples. The samples are scanned vertically by a line camera to find the area
of interest, and after rotation to the measurement position, the sample is fo-
cused and scanned by moving the X-ray tube and detector unit. Step sizes
range from 50 to 200 um and time of exposure from 1 to 30s according to the
individual requirements.

A number of elements can be chosen to be displayed on the monitor show-
ing the variation of elements during the XRF scan. For each step the complete
energy-dispersive spectrum is stored in 1024 channels for later evaluation.
The obtained spectra consist of the characteristic element lines of the sample,
besides the tube characteristics, e.g., the Mo lines, the incoherent Compton
radiation, and the Bremsstrahlung. Due to the glass slit capillary the inten-
sity of the X-rays with higher energy is increased and the Bremsstrahlung at
lower energies is minimized (up to the Fe Ka). Relative concentrations are
calculated by the fundamental parameter method and are made available on
a spreadsheet [449].

The ITRAX X-ray microscope is based on the same principle, but is
equipped with a glass monocapillary of 100 ym diameter and an energy-
dispersive RONTEC XFlash Si(Li) detector mounted at an angle of 45° to
the sample surface with an energy resolution of 139 eV and a nozzle that may
be evacuated. An optical camera and a sample stage complete the system.
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The obtained spectra from either point, line scan or area scan measure-
ments, are saved and elemental concentrations are determined using the fun-
damental parameter approach. A number of individual points, profiles, or
areas can be selected for analysis using the optical camera. The elements of
interest can be marked, and the time for each analysis (minimum 0.5s) and
the individual step size (100 um standard) can be selected. The data from the
selected element channels are stored as text files. The spatial distribution of
each selected element can be viewed and printed. The data can be further
processed in a spreadsheet or by image analysis [449].

Imaging is one of the key aspects of geochemical mapping. Visualization of
chemical patterns at any scale provides a quick overview of huge amounts of
data. The EDXRF images can provide a data cube of elements with x columns
and x rows. An automated segmentation of EDXRF image sets previsualizes
heterogeneities of samples in an adequate way [450]. Element mapping gen-
erally requires stepwise sequential data acquisition. With EDXRF the accu-
mulation time can be reduced due to the simultaneous spectra acquisition.
A new method for simultaneous X-ray imaging using a microchannel plate
X-ray optics [451] has opened a new dimension of element mapping.

One aspect in EDXRF mapping is the data acquisition, which is dependent
on a number of factors mentioned earlier, but major problems arise from the
time-consuming data presentation, and manipulation and adaptation of the
coordinate systems to other microanalytical systems to verify anomalies in
the sample. Since the chemical data acquisition is free of distortion, the com-
bination with optical scans achieved by optical desktop scanner or by slide
scanner is a basic approach to interpret chemical and optical data.

Applications
Stratigraphic Control

Within uniform rock sequences the identification of characteristic marker hori-
zons is generally a difficult task. Dating by absolute and relative methods
might solve the problem, but it is time consuming and would require repe-
tition for each locality. Chemical bulk analyses of samples taken in equidis-
tant steps do not provide a continuous image but deliver bulk information
on an integrated sample only. The adaptation of laser ablation (LA)-ICP-MS
techniques along 1D profiles and micro-EDXRF 2D-mapping gives very de-
tailed information for relatively small sample sets. Using the EDXRF scanner
described earlier, meters of drill cores can be scanned almost continuously at a
50-um spatial resolution with elevated statistical significance as compared to
a point-like source. Within fine-grained laminated marine and lake sediments
this method provides excellent spatial information on seasonal compositional
changes of varves [452-454], turbidites, and flood-derived sediments [455].
Quantitative analyses are difficult to obtain, since geometry, grain size,
and water content of the samples are in general unknown. On the other hand
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it is not really needed since the semiquantitative information obtained re-
flects the variability of certain element concentrations for individual lamina.
A comparison of sets of individual summer or winter layers shows that the
differences in element contents are basically lithologically controlled. Tilting
with respect to the horizontal X-ray beam of thin lamina appears to be a
problem locally. Nevertheless, the information obtained from a 1-cm sample
provides details of 10 to 30 years in finely varved sequences, composed of win-
ter and summer layers [454]. The spatial resolution of 50um is high enough
to outline even activities of algae and diatomea adding silica to the sediment
in spring and summer, whilst Ca precipitates are related to summer, and
Mn and Fe precipitates to autumn and winter (PLATE I 3). Sediment cores
of the Lake Constance are used to reconstruct the environmental history and
processes within the lake and its catchment area, such as heavy metal contam-
ination, eutrophication, and climate history. The sediment input is governed
by the annual runoff due to the melting of snow in the catchment area of
the alpine Rhine River, which drains some 12000 km? off the Alps. This gen-
erates a maximum sediment input during the summer. Additionally, single
events of heavy rainfall generate strong flood events that lead to annually
laminated sediments. The dgedimentary record is composed of flood events
of the Rhine River system (grayish layers) and the molasse-catchment basin
(yellowish-brownish layers), mixtures of both, as well as individual carbonate
rich lamina (whitish layers), which can be observed within the background
sedimentation (PLATE I 4).

Alteration, Mineralization, and Tectonic Overprint

The understanding of alteration and mineralization patterns in brecciated,
hydrothermally altered rocks is a complex problem. Alteration and miner-
alization textures are often difficult to interpret by eye. Microscopy of thin
and polished sections provide insight on the chemical composition of small
portions only. The XRD patterns of the bulk or small selected areas give
information on primary and secondary products but not much detail on the
spatial distribution.

Micro-XRF enables the visualization of chemical composition distribution
patterns on the hand specimen scale providing valuable data for understand-
ing rock-water interaction processes. For example in andesitic rock units the
fragmented rock might undergo all stages of degradation, namely propyli-
tization, sericitization, alunitization, ferric and silicic alteration, and finally
weathering. All these stages are documented by the redistribution of elements
(i.e., Fe, Ca, K, Si, Cu) within the rock. Enrichment and depletion can be
recognized (PLATE II 1.1-6) and related to respective alteration processes.
Some elements such as Ti (1.3) remain immobile and outline the distribution
of the andesite fragments. Alteration might go so far that only small relics
(see 1.2: elevated Ca) or even traces of fragments enable the identification
of the primary rock type. At the rim of the fragments potassic and ferric
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alteration can be noticed by high K and Fe concentrations (1.2-3). Within the
interfragmental area precipitation of sulfates, e.g., alunite (1b, d-g: K, Al, S)
and sulfur (1.3, 1.5-6: S), takes place. Silica accumulates in small interstitial
areas (1.4, 1.6).

A major field of interest is the distinct identification of mineralized zones
in rock sequences, especially in drill core samples. This sample type provides
considerable advantages for the 1D-EDXRF scanning devices: a more or less
continuous succession, a relatively smooth surface, and in the case of a half-
core even a flat surface. Depending on the desired detection limits one hour
or a few days are needed for the analysis of a sample of 1m length. For
most exploration approaches 20-30 s per 50 um step (20000 points/m) are
sufficient. Scanning hard rock samples, for example chromite, chalcopyrite,
or pentlandite distribution, focuses on the distribution of Cr, Cu, and Ni,
respectively. Searching for anomalous zones of PGE or Au content is a quick
and successful approach (PLATE I 2) to detect areas of element enrichment.
While the localization of Cr, Cu, and Ni due to a good peak/background ratio
can be quite easily attributed visually to zones of mineralization, the distrib-
ution of Au and PGE is frequently obscured by diffraction peaks due to low
concentrations, grain size effects, and background noise variation because of
porosity, etc., and requires more detailed information by microscopical follow
up or 2D-EDXRF mapping to differentiate between point-like PGE anomalies
or silicate-shaped diffusive patterns on the same energy level. Besides these
difficulties the localization of PGE [456], Ge-bearing phases [457], or gold in
banded iron formation (PLATE II 3.1-2) is possible within a short period of
time.

A further aspect that deserves attention is the possibility of determining
mineral ratios of/in the sample by identifying and attributing mineral specific
element patterns based on element ratios (PLATE II 5.1-2). This approach
has been applied for EDX-SEM systems for many years in the mining industry
to monitor all steps within the treatment plants to obtain the best possible
concentrate. The determination of the degree of liberation of a certain min-
eral, the inter-grown phases, the characterization of the size and shape and
finally of the consequences for the mineral processing such as milling, screen-
ing, magnetic or gravitative separation and flotation, mainly forwarded by
the QEM x SEM (quantitative evaluation of minerals by scanning electron
microscopy), have been developed by Gottlieb and scientists of CSIRO, Aus-
tralia [458,459]. With some modifications such a system could be applied to
the mesoscopic scale to identify individual minerals [460]. Michibayashi et
al. [462] characterized silicate minerals from ductile shear zones by EDXRF
microscopy.

Tectonization, fluid transport, alteration, and mineralization often interact
in such a way that a proper attribution of the succession of the events appears
to be difficult on a macroscopic scale. Often thin section work goes so much
into detail that peculiarities are missed. By EDXRF mesoscale scanning this
problem can be overcome. Zones of enrichment or depletion can be outlined,
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Plate 1. 1-4

1. Consists of silicate slag with sulfide spheres (g), fly ash (d), and roasted arsenopy-
rite have partly been altered and agglutinated by an As-Pb-rich gel phase (f) showing
a rim effect (e). Zn occurs partly within the glass being highly dissoluble (a), and
also in stable Zn spinel (b).
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multiple tectonic or recrystallization events can probably be identified and
used to identify a typical chemical signature (PLATE II 4.1-4).

In Situ XRF Analyses During Experiments

In many cases geological investigations require experiments under controlled
laboratory conditions to understand natural processes. The XRGS setup was
designed to run column tests accompanied by repeated EDXRF scans. The
aim of the project is to obtain kinetic information on the behavior of certain
elements within capillary force-driven transport in columns of sedimentary
material and, of the result of this transport, to develop a newly formed hard-
pan. The experiment was performed to elucidate the transport conditions in
slag heaps from metallurgical plants and fines from tailings dams, but it can
also be applied to monitor transport in soils or weathering processes in sed-
iments. Figure 7.129 shows the result of an experiment that was run for five
months. The image exhibits mushroom-like features in the center of the sand-
filled column, documented by both optical and chemical (Fe) images, respec-
tively. These features are believed to be derived from pulse-like availability of
the transported matter in solution from the water-saturated level filled with
mining residues. At the capillary fringe at the top of the column, alternating
hardpan layers of Ca- and Fe-rich precipitates (gels) can be observed.

The column material is filled in a polyethylene tube (@ =5cm; 80um
thick) and is water saturated over a large part of the column. Due to these
circumstances the fluorescence yield for Ca is reduced by 40-50% and for
Fe by about 10%. However, enough information is provided to visualize the

Plate I. Continued.

2. XRGS profile across the anorthosite — chromitite — pyroxenite boundary of the
Merensky Reef, Bushveld Complex, SA. Fe and Cr highlight the chromite and
pyroxenite content. Low Fe values outline the plagioclase. The detailed view of the
chromitite zone shows elevated pT values adjacent to the upper chromitite layer.
3. Laminated lake sediments (Belauersee, northern Germany) show alternate dark
and bright layers, which are interpreted to document summer (Ca) and winter (Fe,
organic) precipitation, respectively. Mn is slightly shifted to the autumn. Ti and Si
indicate influence from other sources such as wind transported sand or dust.

4. Flood records: Example from Lake Constance showing various flood events with a
distinct chemical signature. The 1922 flood of the Rhine river system (1) shows
a typical increase of Fe and decrease of Ca in the beginning. The irregularities to-
ward the top might be due to the contribution of other tributaries recruiting from
the molasse—catchment (brown and yellowish layers). The 1908 flood (2) can be
regarded as a mix of the Rhine River system and probably Bregenzer Ache River.
The 1918 flood of the molasse —catchment (3) shows a strong increase of Ca, K, Ti,
and Mn and a decrease of Fe. Between the flood events some whitish layers appear,
which show elevated Ca due to precipitated calcite (4). Zr, Zn, Ti, Mn peaks will
need more detailed investigation for proper explanation.
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Plate II. 1-5. Visualization of chemical alteration pattern of andesitic breccia:
1.1-6 (a) relatively fresh Ca rich relic with ilmenite, (b) altered with Ti, (c) al-
teration rim with Si, Ca depletion, and Fe and K enrichment rims. The interstitial
filling consists of (d) alunite with e) some native sulfur and (f) silicified zones. (g)
fragments contain Fe, S filled fractures, whilst (h) Cu-As-mineralization occurs along
cross-cutting features. Some elements are enhanced relative to others.

2.1-2. Ore genesis: Mn-bearing banded iron formation (a) with calcite (b) and quartz
veinlets (c). Pyrite blasts (d) are concentrated in two zones with variable grain sizes.
Some pyrite grains show elevated Au values (e).
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a) Optical b) Fe-map c¢) Cazr d) Fe-profile

Fig. 7.129. a-g Visualization of transport conditions in a column experiment. Image
of multiple mushroom-like oxidation fronts in a longitudinal section of the upper
9 cm quartz filling of a pyrite column showing favored transport pathways. The
Fe distribution across the mushroom texture mirrors the photograph (a) The Ca
distribution shows a crust with distinct layers (c). The upper crust bends around
the edge and incrustrates the outer wall for about 4 cm down the column. The black
dots are isolated zircons (c) in the sand matrix. A central vertical profile (d) shows
the intensities of the Fe distribution gaining toward the crust. The cross-section
at 9 cm depth (e) outlines the dark Fe-rich zone. A horizontal section through
the central part of the column (f) shows an outer rim in gray, a highly oxidized
zone in black and a white core for the photo. The EDXRF Fe map (g) shows an
enriched zone (white) about 0.5cm from the rim (see black zone in a). White dots
in the center and rim correspond to Fe-rich minerals in the quartz filling. The gray
scattered distribution is attributed to Fe-gel coating of quartz grains.

Plate II Continued.
3.1-2. Stratigraphic control: Within salt diapirs a stratigraphic correlation of indi-
vidual lamina is often complicated. Detailed EDXRF mapping provides a character-
ization of sequences. Folded anhydrite with rock salt cubes with laminated clay and
salt injections. The clay sequence shows characteristic Zr-enriched layers. Tectonic
injections of clay and rock salt into anhydrite and salt soaked clay layers can be
observed.
4.1-4. Optical (4.1) and EDXRF scans of a mineralized breccia from Namibia
4+(Melcher [457]). A composite elemental map (4.2) shows the PbZnCu ore in black,
and disseminated and patchy Fe sulfide in red. Mn forms a halo in the dolomite and
precipitates as manganiferous—calcite in the ore zone. Earlier calcite veinlets had
displaced pulse-like Fe-infiltration zones. The Fe distribution (4.3) shows when clas-
sified (4.4) several zones. Dolomite background (blue), infiltration turquoise (yellow
highest concentrations), zones of leaching and Cu ore (dark blue), and very low val-
ues in Mn-carbonate veinlets and halo zones (purple) are seen.
5.1-2. EDXRF combined elemental distribution map mirroring the mineralogical
distribution. For comparison an optical scan outlining plagioclase (Pl), chromitite
(Chr), olivine (Ol), and orthopyroxene (OPx) is shown.
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transport process. The main transport takes place in the center, but chemical
signature at the rim follows the central trend except at a lower concentration.

Imaging micro-XRF, Texture, and Lattice Strain Mapping

XRF analysis determines the relative amounts of elements within the probed
sample volume. Material properties of solids, however, not only depend on the
concentration of elements, but also on the phases as well as on the arrange-
ment of crystallites and their orientation distribution crystal texture. Poly-
morphism for instance, i.e., crystal forms of the same chemical composition
but of different crystal lattices, cannot be detected by any analytical method.
Therefore, analytical investigations must often be complemented by using
additional techniques to reveal the morphology, the grain orientations, and
the distribution of internal stress. In the 1990s, SEM in combination with
elemental analysis by energy-dispersive spectroscopy (EDS) and backscatter
Kikuchi diffraction (BKD, ACOM, also known as “Automated EBSD”) has
evolved into the standard technique to provide conveniently these comple-
mentary aspects of microstructure [462]. Typical spatial resolutions are 5nm
in SEM images with secondary electrons, 0.5 um in EDS microanalysis, and
50nm in BKD. Better resolutions of about one order of magnitude are ob-
tained from thin specimens in the transmission electron microscope (TEM)
using EDS analysis and transmission Kikuchi diffraction [463].

Electron microscopy is not a universal technique to meet all require-
ments of microstructure characterization. Many applications in mineralogy
only require, at a moderate resolution from macroscopic areas in the speci-
men surface or from cross-sections, the knowledge of the element distribution
and the spatial distribution of certain crystal lattice directions (i.e., pole den-
sities rather than the full crystal lattice orientation of each grain). In these
cases, XRF and XRD are the methods of choice. These X-ray techniques are
principally superior by about two orders of magnitude in accuracy over their
electron microscopical counterparts, namely, EDS analysis and Kikuchi dif-
fraction. Continuous background is almost negligible in XRF. The dispersion,
A9 /9s in XRD is excellent as compared to electron diffraction, since spectral
linewidth, AM/), is extremely small and the characteristic X-ray wavelengths,
A, are in the range of the lattice spacings, thus producing large Bragg angles, 9.

Almost all X-ray analyses in the laboratory are nonimaging. Conventional
lenses are not available for X-rays. To obtain microstructural images from a
localized specimen region of the morphology, the spatial distributions of ele-
ments, the type of crystal lattice (i.e., phases), grain orientations, and residual
stress rather than an average over the whole illuminated area, a mapping tech-
nique is required whereby a small spot-size X-ray beam is generated, and the
specimen is mechanically scanned under the stationary beam spot. A syn-
chrotron source is ideal for this purpose [464], but availability still demands
using conventional X-ray generators as a more feasible alternative. X-ray
microbeam scanning instruments for imaging XRF have demonstrated their
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high potential for many years [465-468], and commercial systems have been
developed [449,469]. Modern X-ray texture goniometers are often equipped
with a computer-controlled x-y specimen stage on the Eulerian cradle. They
enable, in principle, texture mapping, if appropriate software for controlling
the mechanical x-y sample scan, the acquisition, interpretation and represen-
tation of the diffraction data is available. Spatially resolved texture analysis
has been demonstrated [470] on a commercial X-ray texture goniometer by
calculating offline orientation densities, texture symmetry, texture index, and
the Taylor factor in several raster points.

The X-Ray Scanning Instrument Based on a Conventional X-Ray
Source and EDS

Inhomogeneities of morphology, element and phase distribution, texture and
residual stress in the submillimeter range are quite common in geology and
mineralogy. They have to be accessed in quantitative microstructural analysis
since they bear information about the history of rock forming and sedimen-
tation, and are often decisive in the reliability and performance of a product
in metallurgy. Spatial resolutions of conventional XRF and XRD are insuf-
ficient for studying local features and gradients. To avoid some limitations
of electron microscopy as well as conventional X-ray techniques, an X-ray
scanning instrument (XSI), based on energy-dispersive X-ray spectroscopy
(EDXRS) and diffraction (EDXRD), has been developed [471,472]. The sys-
tem is unique in that it combines four techniques: spatially resolved pole-figure
measurement [472,473] as well as, on a grain-specific level, imaging micro-
XRF analysis, texture mapping, and lattice strain mapping. Although the
initial applications have focused on metals and alloys, and their response to
plastic deformation, a wide field regarding deformation of rocks and minerals,
in general can be tackled.

In our design, shown schematically in Fig.7.130, the XSI consists of a
conventional X-ray source (PHILIPS generator PW 1830/25) equipped with
a fine-focus tube, a two-circle goniometer base (PHILIPS PW 1835), and an
open Euler cradle (PHILIPS X’Pert MRD goniometer). Most applications
have been carried out with a tungsten anode in order to increase the contin-
uous background. The white primary radiation is not filtered, thus enabling
a wide range of elements to be excited for fluorescence emission and hence
setting almost no practical restriction on the range of lattice spacings for dif-
fraction. A circular pinhole collimator is used to produce a small primary beam
spot. The diffracted secondary spectrum is detected with either a conventional
proportional counter and postspecimen filter for pole-figure measurement or
an energy-dispersive solid-state spectrometer system (SPECTRACE 6100 and
TRACOR NORAN Si(Li) detector) for acquiring XRF spectra and texture
maps.

The instrument is fully controlled by a personal computer. The specimen
is translated step by step across a user-defined grid pattern in the x-y-z stage
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Fig. 7.130. Schematics of microbeam X-ray mapping

(Fig. 7.131). Grid patterns of any shape are possible, in order to match the
scanned field to the area to be sampled, e.g., scans along a line, across rectan-
gles or polygons in 1-um wide steps over an area of 100 mm by 100 mm wide.
The current sample position under the beam spot is monitored with a video
camera, and so the corner points of the sampled region are easily defined.

Energy-Dispersive Spectroscopy and Data Acquisition

Identification of spectral components in the secondary beam must take into
account the following features:

e a low background of continuous radiation

L

Fig. 7.131. The experimental setup of the X-ray scanning instrument
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Fig. 7.132. Energy-dispersive X-ray spectrum from an AlMn 1% metal sheet

sharp characteristic lines due to scattering from the primary beam
sharp characteristic fluorescence lines from the specimen
broad diffraction peaks from the specimen (Fig.7.132)

Absorption in air has to be considered for quantum energies E, < 3keV.
Hence, a helium atmosphere or an evacuated specimen chamber will be
indispensable if light elements are to be detected by XR¥; materials with
large lattice constants have to be studied by XRD. Very high quantum en-
ergies, on the other hand, are not adequate, since Bragg’s angles decrease
unduly up to grazing incidence with hard X-rays. Then the spot size is ex-
tremely foreshortened and spatial resolution is impaired. A high excitation
of fluorescence lines is obtained with an overvoltage of the primary beam of
about twice the energy of the characteristic lines of the elements to be de-
tected. A good compromise is obtained for most samples with an angle of
incidence of 1¥; ~ 45° and quantum energies of the primary beam between
8keV and 15keV.

A comprehensive PC software package has been developed. One part con-
tains the hardware control of the goniometer, the Eulerian cradle, the x-y-z
sample stage and the proportional counter, as well as the EDS system. The
other part has been developed for the graphical representation of measured
pole figures and scanning data of selected sample areas. The experimental
pole-figure data can be used for ODF analysis, irrespective of the chosen
angular sampling grid and specimen symmetry, and for the calculation of av-
erage tensorial material properties by using a dedicated ODF program [474].
An analysis tool identifies the fluorescence and the diffraction peaks in the
spectrum. Several XRF elemental as well as texture distribution maps of se-
lected crystallographic directions can be obtained at the same time.
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Regions of interest (ROI) are set on selected peaks for evaluating the
fractions of counts in each window separately by integrating the ROI inten-
sities. The spatial distribution of residual lattice strain is obtained by inter-
preting the widths and positions of diffraction peaks in the spectrum of every
image point. For mapping the microstructure pixel by pixel, the count rates
falling in a selected spectral window are represented on the digital image by
attributing specific pseudocolors.

Basics of Energy-Dispersive X-Ray Diffraction

Energy-dispersive X-ray diffraction (EDXRD) is based on Bragg diffraction
of a collimated white primary X-ray beam in dependence on the orientation
distribution of the grains in the surface. If a grain fulfills the Bragg condi-
tion (7.40):

Ehkl =n-h- C/(2 . dhkl - sin ﬂhkl) (740)

at an angle of incidence, 91, due to an appropriate orientation of lattice planes
at spacings dyy) and for a photon energy Eyy of the primary beam, a partial
ray of this energy is reflected. It is collected with a solid-state Si(Li) detector
at a take-off angle, ¥J2.9p1q = (91 +192)/2 is known as Bragg angle (Fig. 7.130).
In general, several sets of lattice planes will meet the Bragg condition at the
same time for a broad white spectrum of primaries. They produce several
diffraction peaks on the ED spectrum. If the illuminated specimen volume is
composed of grains of different orientations, each crystallite may reflect its own
set of partial beams of different energies into the take-off angle, 5. All partial
beams emitted under the same angle 95 merge in the secondary spectrum. So
several diffraction peaks are produced whose intensities are a measure of the
volumes of all grains that fulfill the Bragg condition for the corresponding hkl
lattice directions, irrespective of their spatial arrangement in the irradiated
sample volume. They resemble traditional hkl diffraction peaks. The intensity
of an hkl diffraction peak corresponds to the pole density on the hkl reference
sphere of texture at the particular angular setting, (o, 3), of the specimen
with respect to a reference system.

The measured pole densities are proportional not only to the volume frac-
tions of the related grains, but also to the intensities falling in the correspond-
ing spectral windows of primary X-ray radiation. They are further affected by
the spectral absorption of the X-rays on their way from the source to the
detector (this is in particular the case within the sample), and by possible
nonlinearities of the detector system. In quantitative texture analysis, correc-
tions are applied to the measured pole densities.

If the Bragg angle is moved from 91 to Ypi*, the centers of the diffraction
peaks on the ED spectrum shift from energy channels Eyy to Epg*, according
to (7.40), whereas the characteristic X-ray lines that are scattered from the
primary radiation, and the fluorescence lines from the specimen, stay on fixed
positions on the energy scale. Diffraction peaks and characteristic lines can be
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easily discriminated. A weak diffraction peak, due to a low pole density, can
be enhanced considerably by adjusting the Bragg angle such that the energy
of the diffraction peak coincides with a characteristic line in the primary beam
spectrum.

Lattice strain is analyzed and mapped with the same setup, in addition
to texture and elemental mapping, by evaluating the shift and width of dif-
fraction peaks in the spectrum of each image point [475]. The shift Ad of a
diffraction peak, ¥y, as compared to the peak position 99 with a relaxed
specimen with lattice spacing dg, follows from Bragg’s equation:

A = ﬁhkl — ’190 = —tan 190(dhkl — do)/do, (741)

or transformed to the scale of photon energy, E, which is more adequate for
energy-dispersive diffraction:

AE = Ep — Eg = —Eo(dn — do)/do (7.42)

Line-profile analysis is performed by Gauss fitting after background cor-
rection. The width of a diffraction line reflects the variations of lattice spacing,
Ad, residual strain from grain to grain in the diffracting volume, strain gra-
dients across grains, or microstructural imperfections in the grains (residual
stress of the second and third kind). For a (semi-) quantitative estimate of
residual strain, it is common practice to take, under the same experimental
conditions, the difference of the full widths at half maximum (FWHM) of
the line profiles with the strained and with an annealed reference specimen,
respectively. More sophisticated quantitative approaches are based on line-
profile analysis by Fourier deconvolution or on profile-matching simulations.
Peak broadening due to the finite primary beam and detector apertures, defo-
cusing effects, small grain size, and limited spectral resolution of the detector
have to be considered. A well-collimated parallel primary beam and a narrow
(Soller slit) collimator on the diffracted beam side in front of the detector can
drastically improve Aa/a resolution, at the expense of intensity and necessary
dwell time per pixel. Though being very intense, narrow characteristic lines
are, unfortunately, inadequate to excite and enhance weak diffraction peaks
for lattice strain analysis, since the primary beam has to supply a sufficiently
broad and flat spectrum of primary radiation for ED diffraction. Otherwise
the shape of the diffraction peak simply reflects the profile of the exciting
characteristic primary beam line.

In the XSI, the sensitivity and the Aa/a resolution of residual strain
measurement are finally limited by the spectral resolution of the solid-state
spectrometer system. A standard Si(Li) detector has been used here with a
nominal spectral resolution of 140eV at 8.4keV (Mn Ka line). A tradeoff has
to be made between intensity and peak width by using rather wide primary
beam and detector apertures. At 2¢ = 40° (corresponding to Epy ~ 10 to
13keV for low index planes of metals) apertures of 0.35° produce an FWHM
between 400 eV and 500 eV, which is distributed over about 100 spectral chan-
nels. The apertures are adjusted by using appropriate pinhole diaphragms in
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the primary beam and a sufficient distance of the Si(Li) detector from the
specimen. Peak position is not affected by the aperture size in a symmetric
goniometer setup (91 = 92). By a Gauss fit, the peak center can be located
to AE <0.5eV. Hence residual strains of the first and second kind are well
resolved down to Aa/a ~ 1074

A noticeable improvement in lattice strain analysis is expected from a
reduction of the energy interval per spectral channel and a higher energy
resolution of the detector system. However, a practical limitation still rests
on the need of excessively large apertures for gaining sufficient peak inten-
sity. A position sensitive detector (PSD) with a standard Bragg-Brentano
setup and monochromatic radiation is still superior by one order of magni-
tude or more as far as high dispersion is concerned for residual strain analy-
sis. This would enable a reliable peak-width analysis and also the mapping of
residual strain distributions even of the third kind. The replacement of the
ED system, however, is at the expense of simultaneous acquisition of several
peaks/maps at the same time, and stringent restrictions would be imposed
in addition to satisfy the Rowland-focusing condition for the Bragg-Brentano
geometry.

Spatial resolution is limited by the size of the X-ray spot on the tilted
specimen surface. Since no conventional lenses are available for white X-rays,
a beam collimator has been used here, which consists of two small circular
diaphragms of diameter d at distance a and b, respectively, from the sample.
The effective spot size is then:

ds = (1+2a/b) x d (7.43)

The main drawback of a diaphragm collimator is the loss of intensity. An
increase in spot brightness is expected from glass capillary collimators [476,
477], which would enable a higher spatial resolution and a shorter acquisition
time. The apertures, A1, of the primary and secondary beams are less crucial,
unless lattice strain mapping is of concern. Since texture in most materials is
hardly sharper than a few degrees, a width of diffraction peaks in this range,
according to A in (7.41), is quite acceptable. The width of fluorescence peaks
is not affected by the aperture of the beam spot.

The oblique incidence of the primary beam results in an elliptical fore-
shortening of the spot on the sample surface. Spatial resolution decreases with
angular tilt, -, of the specimen with respect to the incoming beam. A circular
primary X-ray spot is elongated by projection on the tilted specimen surface
to an ellipse of aspect ratio 1/ cos~. The practical limit of spatial resolution is
presently at 0.1 mm for pole-figure measurement and lattice strain mapping,
and 0.05 mm for element and texture mapping, due to the low intensity of the
collimated primary beam.

Pole-figure measurement has to precede texture mapping on the same
specimen area in order to recognize significant texture components. Thinned
angular grids, equal area grids, or relevant sections on the pole sphere,
as well as areas of any shape on the specimen, can be selected to re-
duce acquisition time by the combination of pole-figure measurement with a
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stepwise-controlled specimen tilt through the pole-figure grid and a controlled
spatial x-y translation of the specimen. Large tilts, however, may result
in inconsistent pole-figure data if the texture is not uniform in depth be-
neath the surface, since XRD becomes more surface sensitive with increas-
ing incidence angle 7. Information depth decreases linearly with cosy =
sind cos a.

Pole density can be measured alternatively in the conventional way with
filtered - monochromatic - primary beam radiation and a proportional counter
set to the appropriate ¥-29 positions for each measured hkl pole figure, one
after another. The specimen is tilted to the specified pole-figure points for
intensity acquisition step by step. Energy-dispersive microdiffraction, how-
ever, using white (i.e., not filtered) primary beam radiation and a lightweight
Peltier-cooled solid-state detector [478] enables a significantly faster and more
accurate acquisition of several pole figures at the same time.

Any specimen reference direction («, ) can be used for mapping provided
that pole density (i.e., diffracted intensity) is high enough — which of course
depends on local texture. It is worth noting that texture, as well as resid-
ual strain, is probed exclusively only for those grains that satisfy the Bragg
condition for the chosen specimen-fixed reference direction, e.g., the speci-
men normal direction in the case of the symmetric goniometer setup with
the specimen not tilted. There is no information acquired on grains at other
orientations.

Examples of Application

As a test specimen for spatial resolution, regular gold patches (420 x 420 pm
wide) have been deposited on a glass substrate by sputtercoating through a
TEM specimen support grid. Using 30-um wide apertures and the Au Lo
fluorescence lines for imaging, the free bars (<60 um wide gaps) between the
patches are clearly resolved in two perpendicular directions in the XRF map
(Fig. 7.133) [462]. A spatial resolution of approximately 30 um is thus demon-
strated.

A deformation pattern has been formed by impressing the jaws of a
mechanical testing machine into the coarse grain surface of a recrystallized
aluminum sheet metal. Finally, the sample surface was ground and mechani-
cally polished such that the pattern was no longer visible. The stamp process,
however, has changed the local texture. In the texture maps (Fig. 7.134), high
pole densities can be recognized in regions where the corrugating teeth of
the jaws caused a high deformation, while the grooves in the jaws induced a
deformation low enough to preserve the original matrix texture. The texture
maps of Fig.7.134 were acquired simultaneously from the same sample area
at symmetrical diffraction settings (91 = 12). Hence, the pole densities in the
sample normal direction are shown. The matrix texture did not contribute
to these selected diffraction peaks. If a texture component of the matrix is
of interest, the specimen has to be tilted off the symmetrical geometry to an
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Fig. 7.133. Gold pattern sputtered through a TEM support grid on a glass sub-
strate.

a. Image in the light microscope.

b. X-ray micro-fluorescence map with the Au L« line.
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Fig. 7.134. Texture maps of a deformation pattern in aluminum revealing local
plastic deformation. Left: {200} reflections; right: {331} reflections
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220 max. 3.1

max. 3.9

Fig. 7.135. Pole figures acquired across the rivet bolt of Fig.7.136. The polar
specimen direction P (o0 = 35°, B = 83°) has been used for texture and residual
strain mapping

appropriate pole-figure point. The corresponding angles of tilt can be read
from X-ray pole figures that have to be acquired in advance.

The X-ray spectrum (Fig.7.135) contains two sets of characteristic lines:
a set of Cu Ko and Cu KP of scattered primary beam radiation (Cu anode,
40keV), as well as a strong set of Mn Koo and Mn K fluorescence radiation,
which has been emitted from the rather small content of manganese in the
AlMn 1% alloy. Al-K fluorescence radiation, as a possible characteristic line
from an Al sample, is not present. The Al-K fluorescent line is excited rather
weakly by Cu K radiation and, furthermore, is strongly absorbed in air on the
way from the sample to the EDS detector. In contrast to the sharp charac-
teristic lines, the diffraction peaks are broad, due to the wide beam aperture
(see (7.41). In Fig.7.132, the windows of the diffraction peaks (200), (220),
(311)/(222), (400), (331), and (422) are marked by hatching. The (311) and
(222) reflections are coincident, but the contribution of (222) is negligible in
this particular point on the sample because the (111) peak is missing.

A cross-section of an aluminum rivet was carefully polished flat by gen-
tle mechanical grinding and finishing. A final electrochemical polishing was
applied to remove any mechanical damage introduced during preparation. Be-
fore mapping, several pole figures had been acquired in steps along lines across
the head and the bolt of the rivet to recognize relevant texture components. A
strong fiber texture has been found in the bolt region (Fig.7.135) [475]. The
(220) diffraction peak P (91 = 92 = 20.1°, Egyp =12.62keV; oo = 35° and
B = 83°) has been used for evaluating at the same time the spatial distrib-
utions of pole density (texture map) and strain (residual strain map). Dwell
time extended over 246s/pixe} to yield a sufficient count statistics in view
of the low intensity. At a step width of 120 um 2,232 image points had been
acquired.

A clear inhomogeneity is revealed in the texture (Fig. 7.136a) as well as in
the strain maps (Fig. 7.136b). Two almost parallel strips of high pole density
run along the axis of the bolt with a slight shift to the right-hand side. They
are supposed to form a tube of about one-third of the bolt diameter in the
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Fig. 7.136. Cross-section of an aluminum rivet. Distribution maps (a) of the in-
tensity (pole density, texture) and (b) of the shift (residual strain) of the 220 peak
at pole P (o0 = 35°, B = 83°). (c) The lattice strain Ad/d across the bolt.

3-dimensional rivet. The head of the rivet shows a much lower density of this
pole. It is worth noting that it forms a butterfly-shaped minimum, which
might result from punching the head during production.

Along the bolt is a gradient in compressive residual strain to the head.
A dish-shaped maximum of compressive strain (dark) is found in the head,
which is related to the butterfly-shaped minimum in the (220) texture map.
There is an increased compressive residual strain in the interior of the texture
tube (dark) and a tensile strain (bright) to the bolt surface. Statistics has
been improved by averaging the peak shifts along a section of the shaft. So
the radial distribution of residual strain across the bolt is clearly seen in the
graph line (Fig. 7.136¢).

7.6.4 Microscale

Chemical analyses with high spatial resolution are of major interest in
geological applications as minerals are often chemically heterogeneous on the
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microscopic scale and these compositional variations are of major importance
for understanding the formation processes. Most of this microanalytical work
is performed by EMPA due to the spatial resolution in the micrometer range,
well-established quantification procedures, and the widespread availability of
instruments. While this method is well suited for the determination of major
elements it is not sensitive enough to detect trace elements at levels below
approximately 100 ppm. To fill this gap, micro-XRF instruments using X-rays
for excitation for multielement EDXRF analyses may be used and an in-
strument has been developed especially for trace element analyses on single
mineral grains [430]. The detection limit of such an instrument is about 5-10
times better than with EMPA but the spatial resolution is about 10-100 times
lower. A promising application is the U-Th—Pb dating of grains of monazite
as described later. For trace element analyses with higher spatial resolution
and/or element contents in the lower ppm range synchrotron-based micro-
XRF methods have to be applied.

Sample Preparation

For trace element analysis with XRF at high spatial resolution sample prepa-
ration is of major importance. For positioning the beam exactly on the sam-
ple and precisely defining the analyzed sample volume, its surface should be
smooth or even polished. The X-ray beam penetrates deep into most geologic
materials. For an exact quantification of the XRF spectra it is crucial to know
the thickness of the analyzed sample volume. For those two reasons, double-
sided polished samples of consistent thicknesses are most favored for micro-
XRF analysis. Another consequence of the penetrative nature of the beam
concerning the sample preparation is that the spatial resolution is controlled
by the sample thickness. Any backing of the sample should be minimized or
avoided since the backing material will contribute to the scattered radiation
and will increase the background of the spectra leading to higher detection
limits and potential additional peaks. Samples should be prepared as thin as
possible while mechanically stable. Typical thicknesses of geological samples
for microanalysis vary between 30 and 100 pm.

U—-Th—PDb chemical dating

Radiometric dating provides absolute constraints on the timing and duration
of (long-lived) geological processes and is therefore of fundamental importance
within the geosciences. U-Th—Pb dating is one of most used tools for radio-
metric dating. It is based on the decay of radioactive U and Th isotope to
stable isotopes of Pb in three independent decay schemes (see later). Chemical
dating, the calculation of the age from elemental abundances of U, Th, and Pb,
is one of the earliest absolute geochronological techniques. It was even used
on minerals containing abundant U or Th (e.g., uraninite — UOg; [479]) before
the development of mass spectrometry. Geochronology by isotope analysis is a
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modern and more accurate technique allowing the comparison of the three dif-
ferently calculated ages and corrections for nonradiogenic Pb in the mineral,
but it is expensive and labor intensive.

Renewed interest in chemical dating techniques arose from the applica-
tion of relatively cheap and readily available EMPA [480,481], which has the
additional advantage of a spatial resolution in the range of 2-3 um. This spa-
tial resolution allows the study of complexly zoned minerals. The application
of nondestructive analyses on Th- and U-rich accessory minerals, especially
monazite, became the focus of these studies because in situ microanalysis in
geological samples allows the correlation of age data with the textural devel-
opment of the main rock constituents.

Monazite (CePO4) combines several characteristics that make it very
favorable for chemical U-Th—Pb dating. First, it is a common accessory min-
eral in many crustal rocks, granitoids, gneisses, as well as metasediments. Sec-
ond, it typically incorporates little Pb upon crystallization, but contains very
high amounts of ThO3 (up to 30 wt%) and UO3 (up to 3 wt%), which leads to a
fast accumulation of significant amounts of radiogenic Pb. Quite importantly,
radiation damage that could cause loss of Pb by diffusion is usually negligible
because the crystal lattice anneals quickly. Zoning within monazite can be con-
trolled with backscatter electron images due to the large compositional vari-
ability (heavy elements like Th, U, Y, and REE) in the monazite solid-solution
series toward huttonite (ThSiO4) or brabantite (CaTh(PQy)z2). Monitoring
trace elements in monazite (e.g., Y, REE) has been used to link monazite ages
with specific metamorphic episodes [482] and pressure-temperature paths of
its host rock [483]. This has made in situ monazite studies a versatile tool in
the interpretation of complex metamorphic rocks. Chemical U-Th-Pb dating
may also be applied to other minerals, such as xenotime, zircon, or allanite,
but most of them do not fulfill all requirements for a suitable geochronometer
or just contain much less radiogenic Pb than monazite.

Comparison of Analytical Approaches

In chemical dating, an age can be calculated iteratively, by assuming that the
total amount of Pb can be divided into thorogenic and uranogenic portions
of the same age (e.g., [480]) or by calculating independent Th-Pb and U-Pb
ages based on the algorithm of Rhede et al. [484]. The most commonly used
analytical method for chemical U-Th-Pb dating is wavelength dispersive X-
ray detection with an electron microprobe (e.g., [480,481,484-487]). At 20kV
acceleration voltage and 50-100 nA intensity the electron beam can be focused
to give an excitation volume of approximately 2-3 pm width and 3-5 um depth.
However, the long half-lives of U (238U = 4.47 x 10° a, 23°U = 0.704 x
10° a) and Th (?32Th = 14.01 x 10? a) mean that accumulation of significant
amounts of radiogenic Pb takes a long time and the typical detection limits of
approximately 100 ppm for Pb prohibit precise determination of ages younger
than approximately 200 Ma on the EMP.
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Bruhn et al. [488] used a proton microprobe (PIXE) to date monazite,
with lateral spot size of 20-30 um but high penetration depth (30um), and
they were able to reproduce isotopic ages of monazite standard material. A
1.5-nA sample current and acquisition times of 5-10 min yielded detection
limits of approximately 10-20 ppm for Pb, Th, and U and < 1000 ppm for
the REE. Frei et al. [489] have shown the feasibility of micro-PIXE chemical
dating on a 1 Ga old high uranium (265 ppm) titanite. Structural damage to
the minerals due to the large mass of the protons in PIXE analyses has not
been investigated but cannot be ruled out.

Analytical techniques using X-ray induced excitation of fluorescence (XRF)
also have good potential in providing lower detection limits due to the better
peak-to-background ratio of this technique. A micro-XRF method was devel-
oped by Cheburkin et al. [430] with a set-up using monochromatic X-ray radi-
ation. Scherrer et al. [490] modified this technique, using it to date monazite
with a lateral resolution between 38 and 90 um in doubly polished sections.
These methods use EDX detection, enabling the acquisition of the complete
XRF spectrum at once in a relatively short time. However, at the energies
needed (approximately 17-20keV), the beam transects the complete thick-
ness of a 30-um-thick thin-section (i.e., thickness of the sample determines
the analyzed volume) and therefore spatial control is limited. Detection limits
of approximately 10 ppm were achieved with a beam of 50 um on whole grains
at 40-min data collection times, sufficient to date monazite grains as young
as 15 Ma [491] (Engi et al. 2002).

Additional improvements may be achieved by the use of synchrotron
radiation XRF (SRXRF). The higher photon flux and brilliance of such X-ray
sources provide the possibility of focusing the beam down to 2-3 um lateral
diameter or less. The high photon flux of the beam still ensures very low
detection limits down to ppm range or better, thus pushing the theoretical
limits for the youngest datable monazite below 1 Ma even for monazite with
low contents of ThO2 (4 wt%). In other words monazite with an average ThOq
of 10 wt%, yielding 20 ppm of radiogenic Pb within approximately five million
years could be dated relatively precisely. However, small amounts of nonradi-
ogenic Pb may cause some concern at this level of detection.

The lower detection limits in PIXE, micro-XRF, and SRXRF analyses
make the investigation of other phases or minerals with lower concentrations
of U and Th that accumulate less radiogenic Pb viable (e.g., zircon, titanite),
of course only if nonradiogenic Pb is negligible.

Microanalysis Using Synchrotron Radiation XRF

The use of SR as a photon source in contrast to a lab source has enabled
studies on trace element contents and compositional changes scale of trace
elements in minerals and glasses on the micrometer. The high flux of syn-
chrotron radiation X-rays additionally enables analyses of buried materials
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BSE image

Fig. 7.137. Monazite from the Zambezi Belt, Zambia. Brightness of the backscatter-
electron (BSE) images is a measure of the average atomic number of the material.
The images are used to detect compositional zoning of target minerals prior to analy-
sis. Areas with higher Th and U enclose internally complex grain cores with highly
variable Th in the left image and lower U contents in dark zones in the right image.
Lobate boundaries of the rims impinging on the inner parts of grains are typical for
fluid-assisted recrystallization. Areas analyzed by electron microprobe are indicated
by circles of approximately 3 um diameter, with the approximate calculated ages
given in million years.

like fluid and melt inclusions and in situ studies in sample volumes inside an
experimental apparatus like a DAC. The wide continuous energy spectrum
provides multielement information.

Elements of interest are dependent on the given geological question and
may cover the whole periodic table. While major element compositions in
glasses and minerals are easily accessible by EMPA, trace element studies with
high spatial resolution of as many elements as possible are a major application
of i-SRXRF. As the synchrotron radiation spectrum is continuous the excita-
tion spectrum may be efficiently adjusted to the sample and the given analyt-
ical problem by the use of filters or monochromators. Additionally, elements
with Z up to 82 may be detected via K-shell excitations (Fig.7.138), which
is a significant improvement compared to conventional X-ray tubes (maxi-
mum excitation conditions generally below 20keV), e.g., solving the problem
of strong overlaps of REE-L lines with K-lines of lower Z elements. In order



673

Ca
10000 -
1 Cs
© Sn
S sr_ NP Sb BaLa
S Zn zr [ Mo L
5 Fe CU/ As RofY cd
= Ni /(Ge \ Ag
2 Mn\ M
C
§ 1000 K NbKB I
a | Mok,
™ Snkg
100 ——— ————
10 20 30
(a) Energy [keV]
Ca
Ce
10000 4 La\y N
] Ba, \Sm 1
2 Cs \ ‘xlu}}rDy Er,™ Lu
c Yb
3 771 ,;/’/,Hf
o Ta
2 w
S IrOs
3 1000 |
(@] ]
LT o e S T e e Y
0 10 20 30 40 50 60 70 80
(b) Energy [keV]

Fig. 7.138. a-b. Fluorescence spectrum of multielement 100 um thick doubly pol-
ished standard reference material NIST612. The glass matrix is doped with trace
elements with Z between 22 and 92 in the concentration range between 30 and
80 ppm. The most important K-lines are labeled. Note that Pb may be detected via
K-shell excitation. A 20-mm thick Al absorber was inserted for spectrum acquisition
to adjust excitation conditions for elements with Z around 45-60. The live time was
300s and the beam size 50 x 50 um?. Figure 7.138a shows an enlarged view of the
low energy part of the spectrum displayed in Fig. 7.138b.
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to achieve efficient simultaneous excitation toward high-energy K-shells, the
polychromatic beam is generally used to achieve satisfactory flux. However,
the elastically scattered photons contribute to the background at all energy
levels resulting in lower sensitivity and may lead in some cases to detector
overloading. Peak-to-background ratios of the low-energy part of the spectra
may be improved by inserting absorbers for low-energy cut-off. Another, more
effective, method to reduce the background contribution is the use of mono-
chromatic or small bandwidth excitation resulting in lower background and
thus higher sensitivities an additional advantage is the possibility of selecting
the optimum excitation conditions for the element of interest, i.e., an excita-
tion just above it is absorption edge. Because of the lower photon flux when
using just a small bandwidth of the spectrum only, the detection of heavy ele-
ments via K-shell excitation is limited to third-generation synchrotron radia-
tion sources and beamlines optimized for hard X-rays. Nakai et al. [493] have
shown an example of using 116-keV X-rays as an excitation source of X-ray
fluorescence analyses. The detection limits were minimal for W with 0.1 ppm
in the SRM NIST612. Those measurements, however, were not achieved with
a microbeam. This is a future option, which can be achieved by use of com-
pound refractive lenses (CRL) that enable focusing even of hard X-rays down
to the 100 nm scale (at 24keV, [494]) or to the micrometer scale or better (up
to 120keV, Schroer, pers. com.) at third-generation synchrotron sources.

Applications

Mineral, Particle, and Glass Compositions. In cases when especially low limits
of detection at high spatial resolution are needed, XRF analysis using syn-
chrotron radiation is applied. Quantitative information is generally obtained
by using fundamental parameter approaches or Monte Carlo simulations [495].
However, the quantification via comparison to standard reference materials is
also a common approach. Recently, a new set of standard reference glasses
from representative geological rock types has been produced and found to
be suitable for use in U-SRXRF [496]. The achieved accuracy of quantitative
trace element analysis by using iterative Monte Carlo simulations may reach
8-10% even at concentration levels as low as 50 ppm [495].

Synchrotron radiation microanalysis was applied to run products of ex-
perimental geochemistry to determine trace element diffusivities in andesite
melts [497,498] and trace element partitioning behavior between garnet and
melt [498]. Trace elemental maps on manganese nodules were determined
with i-SRXRF to investigate long-term environmental changes as evidenced
by trace element compositions [499]. Feldspar trace element compositions
determined with u-SRXRF in combination with textural observations were
studied, e.g., on ignimbrite “A,” Gran Canaria, Canary Islands, and used
to reconstruct dynamic processes such as magma mixing and contamination
in evolving rhyolitic magma chambers [500]. Analyses of chevkinite and co-
existing glass using u-SRXRF revealed the importance of chevkinite as an
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accessory phase for the REE budget of evolving felsic peralkaline magmas as
it concentrates Zr, Nb, and the LREE [501]. Trace element analysis of miner-
als and interstitial glasses in xenoliths from the East Eifel, Germany, revealed
Pleistocene underplating and metasomatism processes of the lower continental
crust [502]. By u-SRXRF determinations on microtektites of the Cretaceous-
Tertiary boundary from various localities, the tektites could be linked to their
probable source within the Chicxulub impact crater by trace element fin-
gerprints [503]. Besides analyses of glass and minerals another growing field
of application for SRXRF is major and trace element analysis of particles
from aerosols or dust in the light of their environmental health potential. The
quantitative analysis of particles, however, is difficult due to their complexity
in terms of chemical heterogeneity, crystallinity, and surface topology [504].
Vincze et al. [505] have shown that the accuracy of quantitative analysis of coal
fly ash particles using u-SRXRF and Monte Carlo simulations ranges between
5 and 30%. Typical airborne particles like fly ash particles [505] and fuel parti-
cles [506] were analyzed for potentially toxic elements. Another field of appli-
cation that also has the aim of tracing environmental problems is the analysis
of sediment-derived particles. Osén et al. [507] were able to learn about the ori-
gin of the toxicity of river sediment pollution particles by combined u-SRXRF
and p-XANES (X-ray absorption near-edge structure). Salbu et al. [508] de-
termined the oxidation states of uranium in depleted uranium particles (av-
erage size: 2 um or less) from soil samples by pi-XANES and p-SRXRF. The
results are fundamental for understanding the potential remobilization of U
within the contaminated area. The combined study of chemical composition
and speciation is of major importance in particle research as the speciation
has a major influence on the transport and dissolution behavior of the metal
ions from the particle, biological uptake, and the toxicity of the particle. To
identify the areas of interest for i-XANES, ui-SRXRF is commonly applied.

Fluid and Melt Inclusion Analysis. Fluid and melt inclusions in mineral hosts
are formed during crystal growth or crack annealing and - if their composition
is conserved after the time of trapping - uniquely record directly the fluid and
melt phase that was present during the rock genesis. Typically, many genera-
tions of fluids are included within the same mineral host (e.g., Roedder [509]).
Thus, the analysis of single inclusions allows studying the evolution of crustal
rocks, element transport in the crust, and enrichment processes of economi-
cally important elements. Analysis of single inclusions is ambitious because of
their small size in the micrometer range and the fact that they are shielded by
their host mineral. Trace element analysis of single inclusions is possible with
PIXE, LA-ICP-MS, and SRXRF. Laser ablation ICP-MS allows the multi-
element analysis of major and trace elements with very high accuracy and
low limits of detection [510,511]. The sensitivity varies from very high to low.
Typical spot sizes have a diameter from a few to tens of micrometers. Audétat
et al. [512] have used LA-ICP-MS of single fluid inclusions to trace the forma-
tion of a magmatic-hydrothermal ore deposit. Heinrich et al. [513] were able to
retrieve information on the metal fractionation between magmatic brine and
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vapor using the same method. However, LA-ICP-MS is destructive and does
not permit reproducibility measurements that are possible with PIXE and
SRXRF. For inclusion studies, both methods have been proven to be com-
plementary. The proton microprobe was shown to be best for near-surface
inclusions and light elements (Z < 22; e.g., Ménez et al. [514, 515]). With
a spatial resolution of about 2um, it is well suited for element distribution
maps (e.g., Kamenetsky et al. [516], Ryan et al. [517,518]). Detection limits
are in the 10 ppm range which is significantly higher than those for SRXRF.
Synchrotron radiation XRF facilitates multielement analysis of major and
trace elements for heavy elements with Z between 15 and 92 at a high spatial
resolution. The determination of light elements in most geological samples
is mainly semiquantitative because the fluorescence is strongly absorbed in
the dense geologic materials. Possible beam sizes are extremely variable with
cross-sections between 1 and 2mm and diameters in the micrometer range
and can easily be adjusted to the size of the inclusion of interest. Minimum
sensitivities are in the sub-ppm range. Element distribution maps of multi-
phase single inclusions enable to study the element distribution among vapor,
liquid, and crystals. Biithn et al. [519] used a beam diameter of only 2um
and were able to distinguish between different optically identical carbonates
in three different types of fluid inclusions. With this information they could
reveal the complex heterogeneous entrapment and necking-down process in
an evolving carbonatitic fluid system. The capability of 2D SRXRF elemental
maps of fluid inclusion studies is also documented in Fig. 7.139.

Area scans display an enrichment of Sn and Sb within the inclusion, which
may be correlated to a tiny opaque daughter phase, possibly SnOs. Philippot
et al. [520] as well as Ménez et al. [515] pointed out the possible identification
of optically invisible minerals within individual fluid inclusions by perform-
ing 2D SRXRF scans of single inclusions using a beam in the micrometer
range (size of beamspot on the sample: 2 x 7— 10 um). This demonstrates the
importance of the analysis of complete inclusions either by 2D scans or by us-
ing a beam size covering the complete inclusion for exact quantitative analysis.
Using 2D elemental maps Ménez et al. [515] could demonstrate the preferential
partitioning of Br into the vapor phase (beamspot 2 x 7um) of a liquid- and
vapor bearing inclusion. This finding supports the results of Ryan et al. [521],
Damman et al. [522], and Heinrich et al. [513] using PIXE analysis and — as
Br has the capability of complexing metals — is of major importance in the
study of segregation and enrichment processes in ore-forming systems. Recent
developments of a confocal set-up of SRXRF [523] have enabled 3D imag-
ing of single inclusions that significantly improves the possibilities to distinct
elemental distributions between different phases within inclusions.

Besides the potential for qualitative analysis of trace elements in fluid
and melt inclusions and element distributions, the method allows quantita-
tive analyses of the inclusion fluorescence spectra. One peculiarity of inclu-
sion analyses is the heterogeneous geometry of the samples. This means that
the primary beam as well as the fluorescence radiation is absorbed in the
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Fig. 7.139. (a) Example of 2D measurement of single fluid inclusion. Step sizes
are 7pm in both directions, the diameter of the beam is 10 um. The spatial resolu-
tion, however, is lower than step sizes due to the thickness of the sample and the
alignment of sample to detector in 45° geometry. For each element, the relative Ko
line intensities are shown; maximum and minimum values refer to black and white
pixels, respectively. Manganese, Fe, Zn, As, Br, Rb, and Cs display a rather uniform
distribution throughout the inclusion. Antimony and Sn display clusters that may
be related to a black daughter crystal within the inclusion. (b) Photomicrograph of
the inclusion. (¢) Projection of the inclusion onto a plane parallel to the detector
surface.

sample and air surrounding the inclusion. This absorption is energy- and con-
sequently element-specific (Fig. 7.140). Therefore, for inclusion analysis, the
thickness and composition of the top layer has to be exactly known for ac-
curate depth correction and quantification. A second peculiarity of inclusion
analyses is that internal standardization is generally not applicable as there is
no possibility to determine the concentration of one element within the inclu-
sion, which is at the same time sensitive for SRXRF by an alternate method.
One exception is Cl in high-salinity flat-lying inclusions, which may be quan-
tified by cryometric measurements of inclusions. However, Vanko et al. [524]
demonstrated that an error in the thickness estimation of only 1um of the
overlaying matrix yields an error of several tens of percentages for elements
with Z < 20. This means that results from an internal calibration to CI, which
has a Z of 17, are highly dependent on precise thickness estimation. In cases
where internal calibration is impossible, the spectra may be calibrated exter-
nally by the use of thin-film NIST reference materials [524,525] or synthetic
fluid inclusions [515]. Quantitative results may also be obtained in a stan-
dardless mode [526] by comparison of peak areas of measured spectra and full
XRF spectra simulated using a Monte Carlo code [527-530] that is applicable
to a multilayer geometry. The achieved accuracy for this approach tested on
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energy (keV)

Fig. 7.140. Energy-dependent X-ray absorption in quartz of different thicknesses.
The numbers on the lines refer to thicknesses in micrometer. The position of some
interesting Ko lines is marked.

synthetic fluid inclusions was better than approaches determining absolute
concentrations by using a calibration on reference materials (17%) error for
concentrated inclusions and (30%) close to the lower limit of detection [526].

Single inclusion analyses are extremely powerful in ore deposit studies and
allow the tracing of enrichment processes. One recent example is the study
of the chemical evolution of an ore-forming pegmatite-hydrothermal system
at the Ehrenfriedersdorf Complex, Germany, which is genetically related to
important tin-tungsten deposits [526]. Arsenic and Cu were found to prefer-
entially fractionate into the aqueous phase during phase separation of silicate
melts and coexisting aqueous fluids. The enrichment processes relevant for
the tin deposit take place in the hydrothermal stage at temperatures around
460°C. Early hydrothermal fluids are enriched in Cu, As, and Sn. The Rb/Cs
ratios are low as are the contents of Zn, Fe, and Mn. Later fluids (inclusion
temperature around 430°C) are brines and display extreme enrichments of
Zn, Fe, Mn, Rb, and Cs (Fig. 7.141).

In Situ Determination of Mineral Solubilities. One recent application of XRF
with synchrotron radiation has been the determination of mineral solubili-
ties at high temperatures and pressures using a hydrothermal diamond anvil
cell (HDAC) [531]. Several experimental methods have been used to study
fluid-mineral equilibria that control the mobility of elements during geological
processes. All those techniques, however, rely on indirect observation. The
HDAC method is the first to allow real in situ measurements of the solubility
of solid phases by observation of the XRF signal of dissolved elements in a
fluid inside the sample volume with temperature and pressure. The fluores-
cence signal is calibrated against standards, and concentrations of the element
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Fig. 7.141. Fluorescence spectra of three fluid inclusions representing the chemical
stages relevant for ore enrichment processes of the pegmatite-hydrothermal system of
the Ehrenfriedersdorf complex. The important elements are marked. The indicated
temperatures refer to the approximate inclusion temperatures of the fluids from
which the succession of the fluids may be deduced. For better representation, the
spectra have been shifted along the y axis.

of interest may be determined at discrete P-T conditions. Up to now, two dif-
ferent cell set-ups have been proposed: both suggestions rely on externally
heated DAC. One experimental setup was suggested using a Bassett-type
HDAC [532], which was adapted to allow recording of the fluorescence of the
sample volume in optimum geometry that is at an angle of 90° to the incident
beam. Detection limits are below 80 ppm for elements with Z = 37 — 65 even
for experiments performed in a second-generation synchrotron source [533].
The method is thus applicable to relatively low solubilities and at pressures
up to 1.1 GPa and temperatures to 800°C. A first example of application was
the determination of the solubility of AgCl in water at 300 to 450°C and
pressures to 0.76 GPa [531].

A second experimental set-up has been proposed without modifying the
original design of the Bassett-type cell achieving higher pressures of up to
3.6 GPa [534]. However, the conservative set-up of the HDAC demands for col-
lection of the fluorescence spectra in forward scattering geometry at an angle
of only 15° to the incident beam, which dramatically increases the detection
limit to approximately 6 ppm for Sr [534] for experiments in a third-generation
synchrotron source. Using this set-up, Sanchez-Valle et al. [534] investigated
the P-T dependence of strontianite solubility in HoO and found an increase
of at least a factor of 2 between 0.4 and 3.6 GPa.

These data help to constrain better models on quantitative mass transfer
processes in subduction zones. A second, extremely useful, application of DAC
and SRXRF is the time-dependent measurements of the solubility of minerals
at high P and T. The initial experiments were performed with this technique
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on strontianite [534] and monazite [535]. These studies help in understanding
the dissolution kinetics of minerals at conditions in the earth’s crust.

X-Ray Absorption Fine Structure Spectroscopy (XAFS) in Earth
Sciences

While XRF analyses provide information on the concentration of elements
in a given sample, XAFS is able to add information on the chemical state
or structural environment of these elements in the sample. The following is
intended to give a brief overview on the technique of XAFS together with a few
examples of applications relevant to geological problems. For a more thorough
introduction to the field of XAFS and applications in earth sciences, the reader
is referred to more comprehensive articles and books (e.g., Brown et al. [535,
536], Schulze et al. [537], Fenter et al. [538], Henderson and Baker [539]).

XAFS is performed by scanning the energy of the incident X-ray beam
across a certain energy threshold needed for excitation of a core-level elec-
tron, typically at K- or L-edge of a given element. If the energy bandwidth
of the incoming beam is small enough, small variation or a fine structure
present in the otherwise smoothly varying X-ray absorption coefficient are
observed, which are dependent on the chemical state and structural environ-
ment of the absorbing element. The observed fine structure arises from tran-
sitions of the photo-electron to higher bound-state energy levels (before or at
the edge) or from backscattering of the photoelectron from the atoms sur-
rounding the absorbing element (at the edge and after the edge). The method
is basically grouped into two methods (see also Fig.7.142):

e XANES: using the fine structure occurring just before and up to approxi-
mately 100-150 eV after the edge. This region in the spectrum is sensitive
to the valence state of the absorbing element and to the geometry and the
type of surrounding atoms.

e EXAFS (extended X-ray absorption fine structure): the fine structure
occurring far beyond the edge (starting from approximately 100 up to
1000 eV or further) provides quantitative information on the distances and
number of atoms surrounding the absorbing atom.

Because XAFS works as a local probe, the aforementioned information is
also accessible in systems lacking long-range order as silicate glasses and melts
or aqueous solutions and hydrothermal or even supercritical fluids. As XAFS
is element specific it also allows investigation of elements that are only near
or at the surface of a mineral or phase, thus providing a helpful tool for the
investigation of processes at the mineral-water interface.

XAFS spectrometers usually rely on the continuous spectrum at high pho-
ton flux available at synchrotron radiation facilities. In order to detect the fine
structure at the absorption edge a monochromatic beam with a sufficiently
small bandwidth isneeded. Typically used in the energy regime suitable for
investigations of the 3d-transition elements are Si (111) based double-crystal
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Fig. 7.142. XAFS-spectrum at the Fe K-edge of hercynite (Fe-Al-spinel) showing
the respective regions within the spectrum as explained in the text. Note that the
EXAFS region extends much further than shown here.

monochromators providing a resolving power E/AE of approx. 4000 at 7keV.
While such a resolution is adequate enough for investigations of the EXAFS
region it may be insufficient to resolve all spectral features present in the
XANES region so that monochromator crystals with higher intrinsic resolu-
tion have to be used, e.g., Si (220) or Si (311). The actual resolution needed is
determined by the energy width of the transitions that are probed. The width
is a function of the core-hole lifetime and increases with increasing atomic
number. Use of a small bandwidth monochromator, however, may be limited
due the accompanied loss in photon flux that potentially makes high-resolution
measurements unfeasible due to low counting rates at the detector.

XAS and Fluorescence Yield

Originally X-ray absorption spectroscopy was performed by measuring the
intensity of the X-ray beam before and after the sample (Iy and Iy, respec-
tively), so that the absorption coefficient i = In Iy/I;,. A further possibility
is the indirect measurement of U through detection of the fluorescence yield
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as W = It /To. This relation holds as long as the concentration of the absorbing
element is low or the sample is very thin. For thick and concentrated samples
the oscillations and resonances above the edge are significantly damped, and
peaks in the pre-edge region artificially are enlarged due to self-absorption of
the incoming beam. These effects are dependent on the detection angle and
are minimized by detection in grazing exit geometry (see Troger et al. [540];
Manceau et al. [541]).

Detection of the fluorescence can be performed in several ways. The sim-
plest way is by using a gas-filled ionization chamber [542]. Such a detector
enables the detection of a large solid angle although the dynamic range is
limited. The sensitivity for the energy used can be adjusted by the use of the
appropriate gas filling. Use of this detector is only possible if only the element
of interest is excited due to the low-energy resolution of this type of detector.
In a similar way silicon pin diodes can be used to provide a higher sensitivity
and much larger dynamic range [543] although the solid angle of detection
is smaller. Use of solid-state detectors such as Si(Li), high-purity Ge, or Si-
drift detectors provide additional advantages due to the high-energy resolution
that can be achieved with these devices. Processing of the detector signal by
a multichannel analyzer provides the possibility of separating the fluorescence
signal from the elastically scattered background or from fluorescence radiation
produced by other elements contained in the sample. Sophisticated treatment
of each XRF spectrum that is saved at each energy position of a XANES
scan enables the collection of XANES even at very low concentration lev-
els [544]. In such a data treatment the fluorescence yield is separated from the
background by fitting of the XRF spectrum. This procedure provides a much
better separation of background and signal and reduces the noise contribution
from elastic and Compton scattering.

Micro-XAFS

Use of a microbeam enables the investigation of samples that are inhomoge-
neous even on a microscopic scale. Analyses can be performed at specific sites,
grains, etc. of a given sample or even mappings of the chemical state can be
performed. Combined with concentration-distribution maps (from micro-XRF
or EMPA) this will provide information on the distribution of the chemical
state or structural environment of the mapped element in the sample. The
synchrotron beam is usually strongly polarized. Therefore, spectra acquired
by micro-XAF'S on single crystals of minerals as occurring in rock thin-sections
may be affected by the orientation of the crystal toward the beam, especially
in strongly anisotropic phases [545, 546]. This additional uncertainty has to
be taken into account for a robust interpretation of micro-XAFS data.

If elements show gradual lateral change in oxidation state within a sample
the distribution of the oxidation state can be mapped by superimposition of
XRF maps excited by X-ray energies at prominent maxima of the XANES of
each oxidation state. The position of these maxima varies with oxidation state
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by a few electron volts and therefore setting the energy at either position will
lead to preferential excitation of either oxidation state (e.g., compare spectra
in Fig. 7.143a). Normalization of the intensity at these energy positions to the
height of the edge jump and subtraction of the two maps collected at the two
energies will yield the distribution of oxidation state within the sample. Thus,
for each position on the sample, the fluorescence yield at three energies has
to be measured: one before the edge, one after, and one at the redox-sensitive
maximum (see also Sutton et al. [547]).

Applications

As the position of the absorption edge is dependent on the oxidation state
XANES spectra can be used for the determination of the valence state. This
can be done by using the edge position, i.e., determination of position in com-
parison to the variation observed for the end member valence states. However,
the observed position of the edge may be affected by resonances occurring
in the edge region that are due to multiple scattering or transitions of the
photoelectrons to localized energy levels (these features are very sensitive to
the local geometry around the absorber and therefore structure dependent).
Another possibility is the use of the whole XANES spectra: if the end mem-
ber spectra of each oxidation state are clearly known from available model
compounds the oxidation state of the unknown sample can be determined
by linear combinations of spectra of the model compounds (e.g., Garvie and
Buseck [548]).

As the structure of the XANES is also a “fingerprint” of the absorbing
element in a given phase (e.g., examples in Fig.7.143a), linear combinations
of end member spectra can be used to determine the host phase of a given ele-
ment and its relative abundance in a sample (e.g., Welter et al. [549]; Calmano
et al. [550]; Vincze et al. [551], Salbu et al. [508]).

The pre-edge feature that probes 1s->3d transitions (especially sensitive
to oxidation state) is only affected by the first co-ordination shell around the
absorber (usually oxygen). Thus, it will show much less dependence on changes
in the medium-range environment or bulk structure than the structure of the
spectra occurring at the main edge. The pre-edge position varies significantly
with oxidation state and shows variation in intensity due to the geometry of
oxygen-coordination polyhedron (octahedral, tetrahedral, etc. see Fig. 7.143b;
Wilke et al. [552]). In the case of Fe, the difference between the pre-edge po-
sition (measured as centroid) of ferric and ferrous Fe does not vary with the
coordination geometry. Therefore, a linear variation of the position with redox
ratio can be expected if the coordination does not change with oxidation state.
Exploiting this effect, it was shown to give moderately precise estimates for
the oxidation state (approx. > 10 — 15% error) by the use of general cali-
bration curves (Fig.7.143c) (Bajt et al. [553] 1995; Wilke et al. [552]). These
calibrations were applied to several geological problems where knowledge of
Fe3" was essential (e.g., Dyar et al. [554]; Schmid et al. [546]). In these studies
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Fig. 7.143. (a) XANES spectra collected at the Fe K-edge of several model com-
pounds (staurolite: Fe-Mg-Al nesosilicate; siderite: Fe-carbonate; andradite garnet:
Ca-Fe nesosilicate) containing ferrous and ferric iron in various coordination geome-
tries as indicated. The position of the main edge is dependent on the oxidation state,
and the fine structure, observed at the main crest of the edge, provides a fingerprint
of the local and medium-range structural environment of Fe in these phases.

(b) A zoom of the pre-edge region: The position of the pre-edge depends on the
oxidation state while the structure and intensity of the pre-edge is mainly depen-
dent on the geometry of the first coordination shell of Fe (oxygen in these examples).
(c) Variation diagram after Wilke et al. [552] showing the systematics of the pre-
edge variation with oxidation state and coordination geometry, taking into account
tetrahedral and octahedral site geometries. Integrated intensity and centroid po-
sition are determined on background corrected pre-edges. Plotted are examples of
pre-edges of several other phases: Triangle: Maghemite (7y-Fe2O3) with 2/3 4Fe®"
and 1/3 6Fe®T; Circles: Amphiboles with 6Fe, Fe3+/ZFe:O.4; Squares: Clinopy-
roxenes with 6Fe, Fe‘”/ZFez 0, 1 and 0.3 (Data taken from Wilke et al. [552] and
Schmid et al. [546])
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the Fe3T content of minerals was determined by micro-XAFS on 30-pum-thick
thin sections of rock samples, providing information on the oxidation state of
Fe that was not available from the chemical microanalysis with the electron
microprobe.

Apart from investigations at ambient conditions XAFS also provides the
possibility of characterizing samples at high temperatures and/or high pres-
sures. Such studies are important if the samples are not stable at ambient con-
ditions. For example, it was shown by high-temperature XANES and EXAFS
that the speciation of elements in silicate melts at high temperature may dif-
fer from the one found in glass (Jackson et al. [555]; Farges et al. [556, 557];
and Fig.7.144). Such differences have strong implications in the relationship
between melt structure and macroscopic physical properties such as viscos-
ity. Investigation of aqueous solutions at high temperature and high pressure
using X-ray-transparent pressure cells (e.g., Bassett et al. [558]; Anderson
et al. [559]; Seward et al. [560]) provides a direct view on the speciation of
elements in such systems. Such data are important for the understanding of
the processes involved during mass transport by fluids and fluid-rock inter-
actions in the earth’s crust, or in any physico-chemical process occurring at
high temperatures and pressures.

To improve the results as compared to the examples by Dyar et al. [554]
and Schmid et al. [546] a high-resolution monochromator should be used in
order to better separate the pre-edge feature from the edge background (in
case of Fe: Si(220) or (311) monochromator). Using high-resolution spectra
and phase/mineral-specific calibrations errors below 10% can probably be
achieved.

XAFS may also be used to perform time-dependent investigations to study
the dynamic behavior of chemical and physical processes, such as redox reac-
tions or phase transitions. For rather slow reactions this can be achieved by
acquiring a time series of normal XAFS scans (10-20 min/spectrum). Such a
study not only provides data on the kinetics of a reaction but may also reveal
information on transient intermediate states that might be formed during re-
action (e.g., Bargar et al. [561] 2000). For fast reactions in the minute or even
second regime, so-called QEXAFS methods have to be used, where spectra
are collected continuously within seconds or even fraction of a second (e.g.,
Frahm [562], Liitzenkirchen-Hecht et al. [563])

7.6.5 Conclusions

XRF analysis is one of the most important analytical methods for geoscien-
tists. The method can be applied manually, in automated mode, and even by
remote control in space, at any scale, on other planets, in the field, in bore-
holes, at industrial sites, in the laboratory and even under submicroscopic
conditions in all fields of geoscience: geological mapping, tectonics, petrogra-
phy, geochemistry, sedimentology, remote-sensing, geophysics, microbiology,
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Fig. 7.144. XANES at Fe K-edge acquired on glass at room temperature and
on melt at 850°C at oxidizing and reducing conditions in fluorescence mode (see
Brown et al. [536] for experimental setup). Note the changes occurring at pre-
edge (A), main crest (B) and first EXAFS-oscillation (C). Pre-edge intensity of
the high-temperature spectrum of the oxidized sample is significantly higher than
the one of the room temperature spectrum, indicating change in coordination toward
tetrahedral geometry at high temperature. This interpretation is consistent with an
observed shift of the first EXAFS-oscillation toward higher energies that indicate
shortening of the Fe-O distance (as expected for change from higher to lower oxygen
coordination number). The change in the pre-edge of the reduced sample between
high and room temperature is much smaller and almost negligible after background
subtraction. This indicates only small changes in the local structure at reducing
conditions consistent with only a small shift of the first EXAFS oscillation. The loss
in the EXAFS amplitude of high temperature is related to the thermally induced
vibrational disorder at high temperature.

engineering, exploration, mining, mineral treatment, melioration, and metal-
lurgy. Standard quantitative analyses by WDXRF, EDXRF, and TXRF are
well developed for homogenized samples, but have to be individually modified
for materials of anomalous chemical composition such as ores, salt, minerals,
crude raw oils, fluids, and plants.

The method, if modified properly, is suitable for the analysis of all elements
from carbon to uranium depending on the analytical conditions. Besides the
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analysis of homogeneous samples, geoscientists require spatially resolved in-
formation of inhomogeneous samples. Knowledge of the type, shape, and fre-
quency of an anomaly that may appear as a certain mineral (Au, PGM, etc.),
a lamina (winter/summer), or a hot spot of a contaminant (Pb, Cu, Zn) is
crucial for the interpretation of mineralization, climate impact/influence, con-
tamination, etc. During industrial processes like mining and metallurgy the
online control of the product at all stages of the production line is a key para-
meter since costs can be reduced, and the performance and quality of the end
product is improved. Besides the manual specimen acquisition, in situ online
systems are installed to monitor the flow at sensitive steps of the treatment
process.

The miniaturization of systems that may be used within drill cores bore
holes and as handheld instruments in the field and the advancement in ele-
ment mapping and imaging systems provide very detailed information for the
geoscientist onsite for fast adequate decision and precision sampling.

On the other hand, the improvement of X-ray optical systems at reasonable
costs and highly sensitive detectors will push forward micro-XRF systems in
the laboratory to solve analytical problems at any fields.

The scanning X-ray instrument based on energy-dispersive spectroscopy
enables a comprehensive material characterization. It combines simultaneous
imaging of element distributions by X-ray microfluorescence analysis, texture
mapping, and residual lattice strain mapping on a grain specific scale, as well
as quantitative texture analysis.
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