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IntRoDuCtIon

In this chapter, we provide an overview of analytical methods used in diffusion studies. 
These methods fall into two broad categories – direct profiling and bulk release/exchange. 
Direct profiling methods, where the concentration of diffusant vs. depth is determined, can 
employ a variety of techniques, and can access diffusivities ranging from ~10−9 to 10−24 m2/s. 
Among these methods are the “classical” techniques of serial sectioning and autoradiography, 
which, despite a long history of application in diffusion studies, are now rarely used, having 
been superseded by other analytical methods with better depth resolution and greater 
flexibility. Direct profiling can also be subdivided into methods involving step-scanning, with 
measurements made by stepping across a sample cut normal to the diffusion interface, and 
depth profiling, where analyses are performed parallel to the diffusion direction. Step-scanning 
may be used in cases where diffusion profiles are at least many tens of micrometers long, as it 
is limited by the beam spot size (typically ≥ 2 mm; although transmission electron microscopes 
have much better spatial resolution, they are not used extensively in diffusion studies dues to 
the difficulties in sample preparation) of the analytical tool used and the minimum number of 
points necessary to define the diffusion profile. The electron microprobe is used for diffusion 
measurements by step-scanning, as is the ion microprobe (Secondary Ion Mass Spectrometry, 
SIMS), and IR spectroscopy. SIMS instruments can also be used in depth profiling mode 
when smaller diffusion distances are measured. The accelerator-based ion beam techniques 
Rutherford Backscattering Spectrometry (RBS), Nuclear Reaction Analysis (NRA) and Elastic 
Recoil Detection (ERD) are also applied in measuring short diffusion distances. This group of 
techniques is capable of high depth resolution (~10 to a several tens of nm) and thus can be used 
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to measure the slow diffusivities characteristic of many species in minerals. In addition, other 
promising techniques have been developed, including synchrotron x-ray fluorescence (SRXRF), 
primarily used in measuring diffusion in glasses, and laser-ablation inductively coupled mass 
spectrometry (LA-ICPMS), which is being applied in diffusion studies of minerals and metals. 

In the other broad group of methods, involving bulk release or exchange, mineral grains or 
crushed fragments of material are exposed to a reservoir containing a radiotracer or isotopically 
tagged tracer (typically an aqueous solution or gas source, depending on the diffusing species), 
with the degree of exchange determined using mass spectrometry (in the case of tracer isotopes) 
or counting of activity (in the case of radiotracers). Variants of these methods have been used, 
for example, in early studies of C and O diffusion in carbonates (e.g., Anderson 1969, 1972) 
and alkali diffusion in feldspars (e.g., Foland 1974; Lin and Yund 1972), more recently in sulfur 
diffusion in sulfides (Hoeppener et al. 1990), and for oxygen diffusion in a variety of mineral 
phases (e.g., Hayashi and Muehlenbachs 1986; Fortier and Giletti 1991). However, such “bulk 
exchange” methods have several limitations, including the difficulty in evaluating diffusional 
anisotropy, and of sorting out potential contributions from transport along extended defects 
or other diffusional “fast paths” from those of lattice diffusion when profiles are not directly 
measured. In addition, assumptions are often made regarding diffusion models used to evaluate 
diffusivities, the effective surface areas of crushed grains or powders, and compositions of 
reservoirs acting as sources or sinks for the diffusing species. 

A similar approach, involving bulk loss, is taken in measuring noble gas diffusion in 
minerals. The gas released from sized mineral grains or grain fragments over a series of heating 
steps is measured by mass spectrometry, with the amount of gas released under these controlled 
time-temperature conditions used to calculate diffusivities. These methods, with numerous 
refinements, have been used over many decades to characterize diffusion of Ar (e.g., Fechtig 
and Kalbitzer 1966; Giletti 1974; Harrison 1981; Foland and Xu 1990; Baldwin et al. 1990; 
Lovera et al. 1991; Grove and Harrison 1996; McDougall and Harrison 1999) and He (e.g., 
Wolf et al. 1996; Reiners and Farley 1999; Farley 2000; Shuster et al. 2003; Reiners et al. 2004; 
Boyce et al. 2005; Blackburn et al. 2007; Farley 2007) in a range of mineral phases.

Along with these methods, a variety of “indirect” techniques have been used to evaluate 
diffusion coefficients in minerals, including observation of homogenization of exsolution la-
mellae in feldspars and pyroxene, which have provided information about K-Na and NaSi-CaAl 
interdiffusion in feldspars (e.g., Brady and Yund 1983; Grove et al. 1984; Yund 1986; Liu and 
Yund 1992; Baschek and Johannes 1995), and Ca-Mg diffusion in pyroxene (Brady and Mc-
Callister 1983), electron paramagnetic resonance to constrain Al diffusion in quartz (Pankrath 
and Flörke 1994), electrical conductivity measurements to determine diffusivities of alkalis in 
quartz (e.g., Verhoogen 1952), and study of Fe-Mg reaction kinetics between M1 and M2 sites 
in orthopyroxene to infer Fe-Mg interdiffusion coefficients (Ganguly and Tazzoli 1994). 

Analytical methods used in diffusion studies of geological materials have previously 
been reviewed by Ryerson (1987). Since that time, SIMS instruments have made considerable 
technological advances with the development of Focused Ion Beam and nanoSIMS capabilities, 
which further improve spatial resolution. Accelerator-based ion beam techniques have found 
increased application in diffusion studies of geological materials, with RBS used to measure 
diffusion of many medium to heavy elements in a variety of mineral phases, and NRA employed 
in the investigation of diffusion of light elements and isotopic tracers; additional refinements 
of extant methods have enhanced their utility in studying geological samples. Improvements in 
instrumentation and analytical protocols have also benefited the application of IR spectroscopy, 
synchrotron XRF, and electron microprobe analysis in measurement of diffusion profiles. 

In the sections that follow, we will present a brief overview of several analytical techniques, 
beginning with classical approaches of serial sectioning and autoradiography, followed by the 
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electron microprobe, secondary ion mass spectrometry, laser ablation ICPMS, accelerator-
based ion beam methods (RBS, NRA and ERD), IR spectroscopy, and synchrotron XRF. 
In each section, the basic principles of the techniques will be outlined, along with practical 
considerations for their use in diffusion studies and examples of applications.

A brief summary of the quantitative analytical capabilities of each instrument or method 
as applied in geological studies is given below. 

•  Serial Sectioning and Autoradiography: For measurement of radioactive tracer iso-
topes with resolution to about a micrometer, for diffusivities down to ~1×10−18 m2/s.

•  Electron Microprobe (EMPA): For analyses of major and minor elements from Be to 
U with spatial resolution of a few micrometers, for diffusivities down to ~1×10−17 m2/s.

•  Ion Microprobe (SIMS): For analyses of essentially all elements and isotope ratios at 
major or trace level with spatial resolution of about 10 mm in step-scanning mode and 
about 20 nm in depth profiling mode. Newly developed nanoSIMS has the potential to 
improve spatial resolution.

•  Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS). For 
analyses of essentially all elements and isotope ratios at major or trace level with 
spatial resolution of a few tens of micrometers in step-scanning mode and about 0.5 
mm in depth profiling mode. 

•  Rutherford Backscattering Spectroscopy (RBS): For analyses of heavy to medium-
mass elements in a matrix of predominantly lighter elements, in depth profiling mode 
with depth resolution to ~10 nm.

•  nuclear Reaction Analysis (nRA): For analyses of light to medium-mass elements 
(H to ~Ti) and isotopes in depth profiling mode, with depth resolution ~10-50 nm.

•  Elastic Recoil Detection (ERD): For analyses of light elements (H to Ne) in depth 
profiling mode, with depth resolution ~20-50 nm.

•  Infrared Spectroscopy and Raman Spectroscopy: For analyses of H- and C-bearing 
species such as OH, H2O, NH3, NH4

+, CO2, CO3
2− in glasses and minerals in step-

scanning mode, with spatial resolution of a few tens of micrometers.

• Synchrotron X-ray Fluorescence Microanalysis (m-SRXRF): For analyses of 
heavy elements (from Mn to Pb) in step-scanning mode, with spatial resolution of ~2 
mm depending on capillary used and sample geometry.

“CLASSICAL” MEtHoDS FoR MEASuRIng DIFFuSIon  
PRoFILES uSIng RADIoACtIvE tRACERS

Serial sectioning 

The technique of serial sectioning has long been used in diffusion studies (e.g., McKay 
1938; Miller and Banks 1942), coming into use in the mid-1930s with the availability of 
artificial radioisotopes produced in accelerators, and later in nuclear reactors. The first 
applications were in the area of materials science, studying self-diffusion in metals. Among 
geologically significant materials, the method has been used primarily in investigations of 
simple oxides (e.g., Lindner and Parfitt 1957; Chen and Peterson 1975, 1980, Peterson et 
al. 1980), fluorides (Baker and Taylor 1969; Berard 1971), phosphates (e.g., den Hartog et 
al. 1972), sulfide minerals (e.g., Gobrecht et al. 1967; Chen and Harvey 1975), glasses (e.g., 
Jambon 1983; Magaritz and Hofmann 1978a;b), as well as a variety of silicates (e.g., Sippel 
1963; Sneeringer et al. 1984; Behrens et al. 1990; Morioka and Nagasawa 1991; Morioka et 
al. 1997). 



110 Cherniak, Hervig, Koepke, Zhang, Zhao

The method is employed by depositing a radioactive tracer on a sample surface or 
otherwise exposing the surface to the radiotracer, performing the diffusion anneal, then 
sequentially removing sample material in the direction normal to the diffusion direction, for a 
“one-dimensional” configuration to measure diffusion. The sequential removal of material is 
typically performed by grinding or dissolution. The thickness or weight of material removed 
is measured at each step, and the concentration of diffusant is measured either in the material 
removed or the remaining portion of the sample (with the latter called the residual method). 
Since a radiotracer is generally used as the diffusing species, the activity of the tracer measured 
is used to determine its concentration, for example with a scintillation detector for g radiation 
and a surface-barrier detector for β particles.

Serial sectioning tends to have relatively limited depth resolution, with resolution 
constrained by the thickness of the material that can be reproducibly removed and adequately 
quantified. If only the activity of the removed portion is measured, this results in a stepped, 
rather than smooth, profile, with step width dependent on the thickness of the removed layers. 
Better depth resolution can be obtained with the residual method, where both the thickness 
removed and the activity in the remaining material are measured, but the limitations in depth 
resolution are ultimately based on the amount of material that can be sequentially removed 
and evaluated, so depth resolutions are typically larger than 0.5 mm, with the finest scale 
range achieved by measurement with micrometers or careful weighing of materials having 
well-known density and fixed geometries. Diffusivities down to ~1×10−19 m2/sec have been 
achieved for Sr in diopside (Sneeringer et al. 1984) and to ~3×10−20 m2/sec for Ce diffusion 
in obsidian (Jambon 1983); but the latter approach (involving HF etching of the glass), is not 
applicable for most silicate minerals.

Along with limitations in depth resolution, other potential problems with the serial 
sectioning method include the possible presence of diffusional fast paths, which cannot always 
be readily distinguished from volume diffusion when relatively coarse-scale depth profiling 
methods are used. Surface diffusion of the tracer to the back and sides of samples can also 
occur, as can transport of the tracer in the volatile components in the salts or solution in 
which they were deposited on the sample surface. Some of these can be circumvented by low-
temperature anneals to stabilize the diffusant in a near-surface layer, and by grinding away 
sample sides and edges to remove surface-diffused tracer. Another practical problem is the 
availability and expense of suitable radiotracers, as well as radiation safety considerations.

Autoradiography

Autoradiography is another radiotracer method, based on the detection of distributions 
of radiotracer species with photographic emulsions or other spatially sensitive detectors. The 
species detected may be from decay of radiotracers, or from fission of high-Z (where Z is 
the atomic number) elements during neutron irradiation. Typically, diffusion samples are cut 
parallel to the diffusion direction, polished and placed in contact with a track detector. Most 
studies employing this method have used beta-emitting radiotracers, such as 14C, 61Ni, 151Sm, 
45Ca (e.g., Hofmann and Magaritz 1977; Medford 1973; Watson 1979a,b, Watson et al. 1982); 
Seitz (1973) used mapping of fission tracks from neutron irradiated samples to measure U and 
Th diffusion in apatite and pyroxene. Track densities from track detectors have been determined 
by a variety of methods over time, including microdensitometers, optical examination, SEM, 
or microprobe traverses of silver halide emulsions. Limitations of the technique include 
broadening of beta distributions due to non-zero beta ranges, multiple decays, where a beta 
emitter decays to another species that is also a beta-emitter (e.g., 210Pb decay to 210Bi) which 
may lead to miscounting, and non-linear detector response, where saturation above certain 
concentrations may lead to undercounting of the decayed species, and, as in the case of serial 
sectioning, the availability of radiotracers. Because beta-particle ranges are typically on the 
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order of 100 mm (International Commission on Radiation Units and Measurements 1984), the 
length of diffusion profiles must be on the order of 1 mm or more for diffusivities to be reliably 
determined. Some early data in the literature using the autoradiography method do not meet 
this criterion, because beta-particle ranges were thought to be much shorter. Profiling using 
autoradiography does not have the spatial resolution of the serial sectioning method; practical 
lower limits for diffusivities measured by autoradiography is ~ 1×10−14 m2/sec.

ELECtRon MICRoPRoBE AnALYSIS

Electron microprobe analysis (EMPA), also known as electron probe microanalysis, is 
an electron microbeam technique used primarily to quantitatively determine the chemical 
composition of solid materials on the micrometer scale and to qualitatively map elemental 
distributions in materials. It is an in situ, almost non-destructive method, and can be used to 
determine concentrations of elements from Be to U. Electron microbeam techniques, which 
also include scanning electron microscopy (SEM), transmission electron microscopy (TEM) 
and scanning transmission electron microscopy (STEM), use a focused (SEM, EMPA and 
STEM) or parallel (TEM) electron beam to bombard a sample, and the different types of 
signals generated by the beam-sample interactions are detected using appropriate detectors. 
The term “electron microscope” was first used by Knoll and Ruska (1932), who made the 
concept of an electron lens a reality. Ruska was awarded the Nobel Prize in 1986 for this 
technical innovation and its development. For further details on SEM, TEM or STEM, readers 
may refer to Goldstein et al. (2003) and Williams and Carter (1996), two widely-read and recent 
books on electron microscopy. References for EMPA include Smith (1976), Potts (1987), Reed 
(1993, 1995, 2005), and the EMPA special issue of Microscopy and Microanalysis (2001). 

In this section we follow the paths or trajectories of signals, first the electron and then 
X-ray, to discuss the basic principles, instrumentation and applications of EMPA. We will start 
from the top of an electron microprobe, at the electron gun, then move down along the electron 
column to electromagnetic lens and beam current and regulation, and then move down further to 
the sample chamber, vacuum system, and electron beam-sample interaction. Once the electron-
induced X-ray is generated, we will shift our discussion to X-ray detection in EMPA, i.e., the 
wavelength dispersive spectrometer (WDS), and matrix effects. Finally we will present a few 
examples to illustrate the applications of EMPA in diffusion studies of geological materials. 

Principles of EMPA

The development of the first electron microprobe was reported by Castaing (1951) in his 
Ph.D. thesis at the University of Paris. An electron microprobe allows elemental concentrations 
on the micrometer-scale in materials to be measured routinely at levels as low as 100 ppm or 
0.01 wt%. Using long count times at high beam currents, a detection limit of 10 ppm or 0.001 
wt% is achievable for some specific applications, for example the measurement of Ti in quartz 
for the Ti-in-quartz thermometer (Wark and Watson 2006). The basis for qualitative analysis, 
i.e., the identification of individual elements, is the so-called Moseley law. The X-rays emitted 
during inner-shell electron ionization and transition are called characteristic X-rays because 
their energies and wavelengths are unique to the excited element. Moseley (1913) discovered 
that the wavelength of the characteristic X-ray emitted from an element is inversely related to 
its atomic number Z: 

 

γ =
−( )
B

Z C
2 1( )

where B and C are constants that differ for each X-ray family (from different groups of electron 
shells), and g is the wavelength of the characteristic X-ray. By comparing the intensity of a 
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characteristic X-ray from an unknown sample with that from a known standard, quantification 
of elemental compositions can be achieved.

In EMPA, characteristic X-rays are generated by a focused electron beam that bombards 
and interacts with solid materials. During inelastic collisions of the incident electrons with 
atoms in a sample, the incident electrons lose part of their energy. If the lost energy is high 
enough to overcome the critical ionization energy of an element, it will be able to remove 
an inner-shell electron from the atom, which leaves an inner-shell vacancy. The removed 
electron is called a secondary electron. The excited atom is not stable and a higher-shell 
electron will fall into the vacancy, resulting in release of the extra energy, either as an X-ray 
photon or as an Auger electron. The generation of the characteristic X-ray from an element 
is illustrated schematically in Figure 1. EPMA analysis is generally considered to be non-
destructive. However, the electron beam can damage soft materials, such as glasses, and cause 
migration and loss of components in alkali- or volatile-bearing phases, which could result in 
underestimation of the concentration of such components. 

The emission of characteristic X-rays is a relatively inefficient process. Most interactions 
occur between the primary electron beam and electrons in outer shells of atoms within the 
sample. The primary beam electrons are decelerated and lose energy under the influence of 
the electric fields of the outer orbital electrons, resulting in the production of continuous or 
bremsstrahlung X-rays. This band of continuous X-rays extends in energy from zero up to 
the incident energy of the electron beam. In this regard, the electron microprobe could be 
considered as a giant X-ray tube with the sample as the target.

 
 

Fig. 1.  Inner shell ionization in an atom and subsequent de-excitation during electron 
beam-material interaction.  The difference in energy from an electron transition is 
released either as a characteristic X-ray photon or as an Auger electron (from Goldstein et 
al., 2003) 

Figure 1. Inner shell ionization in an atom and subsequent de-excitation during electron beam-material 
interaction. The difference in energy from an electron transition is released either as a characteristic X-ray 
photon or as an Auger electron (from Goldstein et al. 2003).
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Instrumentation for EMPA

The first electron microprobe built by Castaing (1951) used a Geiger counter to detect 
the X-rays generated from the sample. Since the Geiger counter could not distinguish among 
different characteristic X-rays, Castaing added a quartz crystal between the sample and the 
detector to differentiate different characteristic X-rays by using Bragg diffraction. He also 
added an optical microscope to view the beam impact. The first commercial microprobe was 
manufactured by Cameca in 1956, and they remain, along with JEOL, as the major electron 
microprobe manufacturers today. 

An electron microprobe consists of the following major components: 1) electron gun, 
such as a tungsten filament, LaB6 or field emission gun, used to generate electrons, 2) electron 
column, composed of a series of electromagnetic lenses, used to manipulate the electron beam 
in a way similar to light optics, 3) sample chamber with a sample stage adjustable in x, y, 
and z directions, with a sample exchange door and a variety of detectors around the sample 
stage, 4) vacuum system for the column and chamber, 5) wavelength dispersive spectrometers 
(WDS), installed outside of the sample chamber around the electron column, which are used 
for detecting characteristic X-rays, 6) light microscope for optical observation of the sample, 
and 7) a control system composed of control interfaces and panel, and computers for data 
acquisition and processing. In addition to the computer operating system provided by the 
vendors, some electron microprobes may also use software for data acquisition and processing, 
for example, Probe for EPMA, previously called Probe for Windows. The components 1 to 
4 above are also common constituents of a typical SEM. A modern electron microprobe now 
includes almost all functions of a SEM, equipped with secondary electron (SE), backscattered 
electron (BSE) and energy dispersive spectrometry (EDS) detectors, and sometimes with a 
cathodoluminescence (CL) and/or electron backscattered diffraction (EBSD) system. Hence, 
an electron microprobe is often considered as a specialized or modified SEM with the addition 
of wavelength dispersive spectrometers (WDS). Although some SEMs may also be equipped 
with a WDS detector, the primary applications of a SEM are to acquire images of a sample, 
and in some cases to qualitatively or semi-quantitatively obtain elemental compositions using 
an EDS detector, while an electron microprobe is designed primarily for quantitative chemical 
analysis with spatial resolution on the micrometer scale and detection limits down to 0.001 
wt%. Major components of an electron microprobe are shown in Figure 2. 

Electron gun. There are two types of electron guns - thermionic and field emission guns. 
Most electron microprobes use thermionic tungsten or LaB6 filaments, but field emission 
gun electron microprobes are now also available (MacRae et al. 2006). Thermionic electron 
emission occurs when the filament material is heated to a temperature of 2600-2700 K so that 
electrons have a sufficiently high thermal energy to overcome the work function energy of 
the filament material. A thermionic electron gun is composed of three parts – the filament or 
cathode at the top, Wehnelt cap in the middle and anode at the bottom. A negative electrical 
potential (~500 V) is applied to the Wehnelt cap to create so-called space charge, a collection 
of electrons in the space between the filament tip and Wehnelt cap, and to ensure that electrons 
only emit from a small area at the tip of the filament. The electrons at the bottom of the 
space charge emit from a hole in the center of the Wehnelt cap, and then are attracted and 
accelerated rapidly by high voltage of the anode through the electron column. Between the 
Wehnelt cap and the anode, the divergent electron beam emitted from the filament is focused 
into a crossover image of diameter 10 to 100 mm, which is subsequently demagnified by the 
rest of the electron column. The accelerating voltage of the anode is from 10 to 30 kV for SEM 
and EMPA and up to 300 kV for TEM and STEM. 

The electron gun has to be saturated at the beginning of the probe current plateau in 
order to preserve long and stable filament life (Fig. 3). A thermionic tungsten filament for an 
EMPA usually lasts for a few months; high quality of vacuum within the gun area provided 
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Figure 2. (top) Schematic diagram of a Cameca SX50 electron microprobe, showing the electron column 
with gun and lenses, sample chamber with sample exchange door, control console, and control computer 
monitors (image from a manual published by Cameca). (bottom) A JEOL JXA-8200 electron microprobe 
(Photo courtesy of the Electron Microbeam Laboratories at the University of Texas at Austin). 

 

 
 

 
 

Fig. 2.  A) Schematic diagram of a Cameca SX50 electron microprobe, showing the 
electron column with gun and lenses, sample chamber with sample exchange door, 
control console, and control computer monitors (image from a manual published by 
Cameca).  B) A JEOL JXA-8200 electron microprobe (Photo courtesy of the Electron 
Microbeam Laboratories at the University of Texas at Austin).  
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by an ion pump could make a tungsten filament last up to one year. Such a long life time is 
usually achieved by a LaB6 filament. Stable emission and long lifetime may also be obtained 
by positioning the filament further away from the Wehnelt cap.

Electromagnetic lens. Electromagnetic lenses are used to focus and demagnify the electron 
beam emitted from the gun to an electron probe of approximately 1 to 10 nm on the specimen. 
An electromagnetic lens is composed of a hollow cylinder made from magnetic material, and 
copper wire coil through which the current is running. The lens is excited by passing a current 
through the copper coil, creating an intense electromagnetic field across the pole pieces to 
focus the electron beam. When a negatively charged electron passes through an excited lens, 
it is deflected to the direction perpendicular to the axis of the lens. This deflection, combined 
with electron velocity, results in the electron beam being focused at a point on the axis of the 
lens. Similar to an optical lens, the strength of an electromagnetic lens is measured by its focal 
length. The stronger the lens, the shorter the distance between focal point and pole pieces. 

All lenses suffer from manufacturing defects or imperfections, so an electron beam may 
never be brought into perfect focus by an electromagnetic lens. Electrons in trajectories further 
away from the lens axis are bent more strongly by the lens magnetic field than those near 
the axis. For an imperfect lens, electrons are focused at different points in a horizontal disk 
rather than at a point where all electron rays converge. This phenomenon is called spherical 
aberration. Another type of aberration is chromatic aberration, which is caused by variations in 
the energy of electrons emitted by the gun. Effects of aberrations cannot be completely canceled 
by using combinations of lenses as in light optics. However, in EMPA the aberration effects can 
be minimized by using concentric apertures to intercept the unwanted part of the electron beam. 

Beam current and its regulation. The accuracy of quantitative analysis depends partly 
on the stability of the electron probe current. Probe current must be regularly monitored and 
corrected during an analytical session. One way to achieve high current stability over long 
analytical sessions is to use a beam regulating system. A beam regulator is composed of two 
apertures. The fraction of the electron beam passing through the first aperture falls on the inner 
aperture, which is used to continuously monitor the probe current. If this current changes, a 
signal generated in a feedback circuit will cause the current passing through the condenser lens 
be adjusted for the current drift. 

Several definitions related to current are used in discussions of electron microprobe 
analyses, and these are often not clearly explained. For example, in analytical methods 
sections of published papers, both beam current and probe current are used, and they can refer 
either to a Faraday cup current or the current on sample or on the brass of a sample holder. 

 
Fig. 3.  Effect of the filament temperature or current (X axis) on electron probe current 
from the gun (a) and current reaching the sample (b).  The gun becomes saturated at the 
beginning of the current plateau (Reed, 2005).  

Figure 3. Effect of the filament temperature 
or current (x axis) on electron probe current 
from the gun (a) and current reaching the 
sample (b). The gun becomes saturated at the 
beginning of the current plateau (Reed 2005).
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To avoid confusion, Potts (1987) distinguished uses of these definitions of current as follows: 
1) Filament current is the current used to heat the filament for electron emission. 2) Lens 
current is the current passing through the coil of an electromagnetic lens. An increase in the 
lens current causes an increase in the strength of the electromagnetic field, which reduces the 
focal length. 3) Beam current is the total current emitted by the filament. 4) Probe current is 
the total current delivered to the specimen, which can be measured by using a Faraday cup, 
i.e., probe current detector (PCD). The probe current represents only a portion of the original 
beam current from the filament. The probe current must be maintained at a constant value 
throughout an analytical session as emphasized above, and is a value that should be reported in 
published papers. In the literature, probe current is often referred as beam current. 5) Specimen 
current is the residual fraction of the probe current that stays within the sample. Some of the 
probe current bombarding the sample is backscattered out of the sample. For a constant probe 
current, the specimen current may vary from sample to sample depending on the mean atomic 
number and conductivity of the sample. 

Electron beam-sample interaction. The capabilities and limitations of electron microprobe 
analysis are related to interactions that occur within the sample in a volume of approximately 
300 mm3, in which a variety of collisions occur. The region typically has a truncated pear 
shape (Fig. 4) and is called the interaction or excitation volume. The shape and size of the 
interaction volume are of interest since they represent the source from which analytical signals 
originate. The range of electrons and X-rays within a sample depends on the energy of the 
electron beam and average atomic number of the sample. In addition to inelastic collisions 
of the incident electrons with atoms in a sample, which result in generation of secondary 
electrons, X-ray photons and Auger electrons (Fig. 1), a small fraction of the collisions are 
elastic, in which the primary electrons are scattered back from the sample without losing 
any appreciable energy. However, the majority of the primary electrons stay in the sample. 
Because of this, non-conducting samples must be coated with a thin (~25 nm) layer of carbon 
to prevent charging of the specimen surface. The transfer of energy during collisions between 
primary beam electrons and sample atoms may also cause phenomena such as sample heating 
and emission of photons in cathodoluminescence. 

Wavelength dispersive spectrometers (WDS). X-ray wavelength dispersive spectrometers 
(WDS), the key component of an electron microprobe, utilize Bragg diffraction through a 
diffracting crystal to disperse wavelengths of characteristic X-rays. Once a specific X-ray 
wavelength is selected, it is focused onto gas-flow or sealed proportional counters for 

  
 
Fig. 4.  Monte Carlo simulations of interaction between a 20 keV electron beam and silicon.  The 
beam electron trajectories that emerge as backscattered electrons are shown as thick traces 
(Goldstein et al., 2003). 
 

Figure  4. Monte Carlo simulations of 
interaction between a 20 keV electron beam 
and silicon. The beam electron trajectories 
that emerge as backscattered electrons 
are shown as thick traces (Goldstein et al. 
2003).
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measurement. Only a small portion of the X-ray photons from the sample reach a diffracting 
crystal; and the intensity of the X-ray in a WDS is generally lower than that in an energy 
dispersive spectrometer (EDS) detector for a given beam current. For a specific interplanar 
spacing d of the diffracting crystal and an X-ray wavelength g, there is an angle q at which the 
diffracted characteristic X-rays are in phase and their intensity is constructively enhanced. As 
illustrated in Figure 5, the wavefront of an X-ray beam approaches the diffracting crystal and is then 
reflected from the parallel crystal planes. Of the two X-ray paths shown in Figure 5, the difference 
in path length between these two paths is ABC = 2d sin q where d is distance between adjacent 
lattice planes of the diffracting crystal. If this distance ABC equals to an integral multiple n of 
wavelength l, then the reflected X-ray beams will be in phase and an intensity maximum will be 
detected by the proportional counter. This relationship is known as Bragg's law:

  nl = 2d sin q  (2)
where q is the angle of incidence of the X-ray beam on the diffracting crystal and n is the order 
of reflection. A reflection is called the first order when n = 1, which is usually the strongest 
reflection and normally used in EMPA. Higher orders of reflection create unwanted peaks in 
the WDS spectrum, which can be suppressed by pulse-height analysis (PHA) through a single-
channel analyzer (SCA). 

Diffracting crystals. Most electron microprobes are equipped with multiple WDS 
spectrometers with more than one crystal, which are necessary not only for analyzing multiple 
elements simultaneously, but also for optimizing performance in different wavelength ranges. 
Figure  6 lists some of the most commonly used crystals from major electron microprobe 
manufacturers. Mathematics tells us that sin q cannot exceed unity; therefore, Bragg’s law, 
nl = 2d sin q, establishes an upper limit of 2d for the maximum wavelength diffracted by a 
given crystal. More practical limits are imposed by the spectrometer design itself. A lower 
wavelength limit is imposed by Bragg’s equation because it becomes impractical to physically 
move the diffracting crystal too close to the specimen, which limits the value of theta. 
Most naturally occurring crystals like LiF are limited to shorter wavelengths because their 
interplanar spacings are small. Synthetic crystals, like TAP, provide a very useful extension 
of the measurable wavelength range, but still do not have sufficiently large d spacings to 

 
 

Fig. 5. Diffraction according to Bragg's law.  Strong scattering of X-rays of wavelength nλ 

occurs only at angle θ.  At all other angles scattering is weak (Goldstein et al., 2003).  

Figure 5. Diffraction according to Bragg’s law. Strong scattering of X-rays of wavelength 
nl occurs only at angle q. At all other angles scattering is weak (Goldstein et al. 2003).
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cover the longest wavelengths encountered, for example, the Ka  for Be, B, C, and N. The 
measurement of these long wavelengths requires the use of “pseudocrystals,” i.e., layered 
synthetic microstructures with large d spacings; lighter elements (H, He and Li) with even 
longer wavelengths cannot be analyzed by EMPA.

X-ray source and matrix correction. For quantitative EMPA, the concentration of a given 
element in an unknown sample is obtained by comparing the intensity of a characteristic X-ray 
of the element with that from a standard with known chemical composition. The intensities of 
an X-ray line of both sample and standard must be corrected for dead time, background and 
instrumental drift, overlapping and matrix effects in order to obtain accurate results. According 
to the Castaing approximation, the intensity I of a characteristic X-ray is proportional to the 
mass concentration C of the element measured.  To first approximation, the concentration for 
a given element A in a sample can be expressed as:
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where C′A(unknown)  is the uncorrected concentration in the unknown sample. The ratio 
IA(unknown)/IA(standard) is called the k ratio. The measured X-ray intensity of an element in 

 

Fig. 6. Analysis ranges of crystals for a Cameca electron microprobe (top), and for a JEOL 

 
 
 
 
 
 

electron microprobe (bottom) (adapted from figures in manuals published by Cameca and 
JEOL).  

Figure 6. Analysis ranges of crystals for a Cameca electron microprobe (top), and for a JEOL electron 
microprobe (bottom) (adapted from figures in manuals published by Cameca and JEOL).
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EMPA is affected by the concentrations of all the other elements present in the sample. These 
so called matrix effects include the influence of atomic number (Z), X-ray absorption (A) and 
secondary fluorescence (F) and must be corrected for in order to obtain the actual concentration 
of an element. There are several matrix correction methods, which include calibration curves, 
these are Bence-Albee, ZAF and PAP. 

In the ZAF correction, the measured X-ray intensity is multiplied by a number of factors 
that model the influences of the effects listed above. The atomic number correction (Z) deals with 
differences in the behavior of incident electrons between an unknown sample and a standard, 
and includes two factors: the stopping power of the sample and backscattering of electrons 
from the sample. The stopping power is the ability of a material to reduce the energy of an 
incident electron by inelastic scattering. The transfer of energy from electrons to the sample 
is related to the generation of X-rays. As a result, the X-ray intensity increases with atomic 
number. Backscattering of electrons, an elastic process, is strongly affected by atomic number. 
The effect of backscattering is to decrease the X-ray intensity with increasing atomic number, 
which is opposite to the effect of stopping power. However, since the backscattering effect 
is greater; the overall atomic number correction follows the same trend as the backscattering 
effect. Since these two factors tend to cancel each other, the atomic number correction factors 
are not very large in most cases. The absorption correction (A) considers effects of the mass 
absorption coefficient, incident electron energy, and X-ray take-off angle. X-rays are generated 
throughout the analytical volume during an analysis. X-rays produced at depth must pass 
through a certain distance within the sample and may be absorbed during that time. Hence, 
the intensity of X-rays will be reduced by absorption from the elements in the material. In the 
ZAF correction, absorption is also one of the terms in the correction, and is often the largest 
correction made to the X-ray intensities in quantitative microanalysis. Therefore, its accuracy 
most directly influences the accuracy of the quantitative results. In the last few decades much 
work has been done to describe the absorption correction as a function of the depth distribution 
of the generated X-rays within the sample. Finally, the fluorescence correction (F) needs to be 
considered if the characteristic X-rays from an element B have high enough energy to excite 
another element A. Fluorescence excitation may also be caused by continuous X-rays, but this 
effect usually is negligible. 

The ZAF correction does not account for depth distribution of X-rays and is not very 
reliable for light elements, i.e., elements with X-ray energies less than 1 keV. A modified ZAF 
correction procedure called the PAP method (Pouchou and Pichoir 1986a,b, 1988, 1991) can 
better account for the depth distribution of energies of X-rays produced from a sample. The PAP 
method uses a modified version of the phi(rho-Z) polynomial used in standard ZAF correction 
procedures. To further optimize quantitative analyses for elements with low X-ray energies, 
it is best to use a standard of similar composition to minimize matrix effects, for example, a 
fluorapatite standard rather than a fluorphlogopite or fluorite standard to analyze F in apatite.  

X-ray proportional counter. The last major component is the gas proportional counter 
detector, shown in Figure 7. This highly efficient detector has an excellent dynamic range (0-
50,000 counts per second or more) and covers a wide range of energies. It consists of a gas-
filled tube with a coaxial thin wire, usually tungsten, held at a 1 to 3 kV potential. When an 
x-ray photon enters the tube through a thin window, it ionizes atoms of the gas and produces 
photoelectrons. The photoelectrons are then accelerated towards the anode wire and further 
ionize other gas atoms producing more electron-ion pairs. This “avalanche” effect produces 
an amplification of the initial signal, resulting in a charge pulse appearing on the anode. The 
amplitude or height of the pulse depends on the number of ionizations, which is related to the 
energy of X-ray photons. If the gas used by the counter is P10 (90% argon-10% methane), 
approximately 28 eV is needed to create one electron-ion pair. For the Mn Ka, which has an 
energy of 5.895 keV, about 210 electron-ion pairs will be directly created by the absorption 
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of a single Mn Ka photon. Electron mul-
tiplication in the counter depends on the 
anode voltage. At certain ranges of anode 
voltages in the counter, the pulse height is 
directly proportional to the energy of the 
incident X-ray. 

The voltage distribution of pulses for 
a pre-selected time period can be obtained 
using a single-channel analyzer (SCA), 
which is used to select and transmit pulses 
within a predetermined voltage range for 
further processing. The SCA also serves 
as an output driver, causing the selected 
pulses to become rectangular pulses of 
a fixed voltage and time duration. The 
pulse height analysis process with a SCA 
is illustrated schematically in Figure 8. 

Applications and limitations of EMPA

Quantitative determination of the 
composition of an unknown phase by 
EMPA requires several steps: 1) a setup 
procedure which includes selection 
of elements to be analyzed, X-ray lines to be measured, standards and their compositions, 
accelerating voltage(s), probe current, analytical mode, beam size, diffracting crystals, 
background, count times, and other parameters, 2) standardization or calibration based on 
standards of known composition, 3) secondary standard check and evaluation of quantitative 
results, and 4) analysis of samples and assessment of errors. The EMPA technique is probably 
mostly used by materials (including earth materials) scientists for accurate chemical analysis 
of both natural and synthetic materials on small scales (Smith 1976; Potts 1987; Reed 1993, 
1995, 2005; Goldstein et al. 2003; Mehrer 2007). For example, variations in elemental 
concentrations on the micrometer-scale from the center to the edge of a crystal can provide 
information on the history of crystal growth and elemental diffusion. 

 
 

Fig. 7. Schematic drawing of a gas flow proportional counter as used in WDS (Goldstein et 
al., 2003).  

 
 

Figure 7. Schematic drawing of a gas flow proportional counter as used in WDS (Goldstein et al. 2003).

 
 

Fig. 8. Schematic representation of a pulse-height analyzer.  a) Main amplifier output; b) 
single-channel analyzer output. EL = 5 V; ΔE = 2 V; Eu = 7 V (Goldstein et al., 2003).  

Figure  8. Schematic representation of a pulse-height 
analyzer. a) Main amplifier output; b) single-channel 
analyzer output. EL = 5 V; ΔE = 2 V; Eu = 7 V (Goldstein 
et al. 2003).
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In experimental diffusion studies, elemental concentration profiles are measured using 
EMPA by stepping across a sample along the diffusion direction (i.e., perpendicular to 
the diffusion surface or interface), also referred to as line scans. Such scans can be set up 
automatically by specifying the beginning and ending points and the number of points in 
between, with equal-distance spacing. If the profile is not perpendicular to the diffusion surface 
or interface, the distance from each point to the diffusion surface or interface can be calculated 
or measured optically after the microprobe analyses. Since the spatial resolution of the electron 
microprobe is a few micrometers, the half-length of the diffusion profile, roughly (Dt)1/2 (e.g., 
Zhang 2008), must be ≥ 15 mm for the diffusivity to be accurately extracted from the profile 
(Ganguly et al. 1988). More generally, the half-length of the diffusion profile must be ≥ 10 
times the spatial resolution (Ganguly et al. 1988). If the length of the diffusion profile is shorter, 
the averaged concentration that is measured would be significantly different from the actual 
concentration at the intended point, and the extracted diffusivity may differ significantly from 
the actual value because of this “convolution” effect.

Due to the constraints on 
the minimum length of diffusion 
profiles and practical limits on 
experimental durations (e.g., ex-
periments lasting no more than 
6 months), only relatively large 
diffusion coefficients (D > 10−17 
m2s−1, e.g., Carroll 1991), such 
as those for diffusion in melts 
and inter-diffusion of rapidly 
diffusing elements in minerals, 
or diffusion at relatively high 
temperatures, can be measured 
using EMPA. Smaller diffusivi-
ties require other methods, such 
as Rutherford Backscattering or 
SIMS in depth-profiling mode. 

Figure  9a shows an Ar 
concentration profile measured 
by EMPA (Behrens and Zhang 
2001). The profile is a result of 
Ar diffusion into a dry Ar-free 
rhyolite melt at high Ar pressure 
and high temperature (Behrens 
and Zhang 2001). The profile 
is long and well-resolved. The 
data can be fit well by an error 
function (solid curve), indicat-
ing that the Ar diffusivity is in-
dependent of Ar concentration. 
Figure  9b shows an interdiffu-
sion profile of FeO measured 
by EMPA between a high-silica 
rhyolite (77 wt% SiO2) and a 
lower-silica rhyolite (73 wt% 
SiO2) melts (Van Der Laan et 
al. 1994). These data show con-

 

 
 
Fig. 9. Two concentration profiles measured by EMPA.  (a) Ar diffusion profile in dry 
rhyolitic melt (Behrens and Zhang 2001); (b) FeO interdiffusion profile for a rhyolite 
diffusion couple (Van der Laan et al. 1994).  Experimental temperatures, pressures and 
durations are shown in the figures. 

 

Figure 9. Two concentration profiles measured by EMPA. (a) Ar 
diffusion profile in dry rhyolitic melt (Behrens and Zhang 2001); 
(b) FeO interdiffusion profile for a rhyolite diffusion couple (Van 
der Laan et al. 1994). Experimental temperatures, pressures and 
durations are shown in the figures.
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siderably more scatter than the example of Figure 9a. Within uncertainties, the data can also 
be fit well by an error function (solid curve), allowing the extraction of an effective binary 
diffusivity. Points analyzed by EMPA can be seen optically after the analyses, and can be used 
to confirm the spots analyzed (e.g., distance from the surface or an interface) and the distance 
between points.

The application of EMPA in diffusion studies may be affected by factors such as the 
phase boundary fluorescence effect (Zhao 1998; Reed 2005). As illustrated in Figure 4, the 
electron beam-sample interaction volume is limited to a few micrometers in depth. However, 
the fluorescence volume, in which secondary X-ray fluorescence occurs, is much larger than 
the interaction volume in which the primary X-rays are generated. When the interaction 
volume or fluorescence volume crosses a phase boundary, fluorescence corrections of the 
matrix effects for quantitative analysis may not be correct. For example, in a common mafic 
and ultramafic assemblage with chromite-olivine pairs (olivine is a common inclusion in 
chromite hosts), analyses of Cr2O3 concentrations in tiny olivine inclusions in the chromite 
host could be affected by secondary fluorescence (Zhao 1998). When the electron beam 
bombards the olivine, the primary Fe Ka X-ray generated from the olivine will penetrate 
into a much larger fluorescence volume and may cross the olivine-chromite grain boundary. 
Since the chromite host has a high Cr2O3 concentration and the chromium’s critical ionization 
energy, 5.989 keV, is slightly lower than the energy of Fe Ka X-rays (6.403 keV) the Cr in 
the chromite will be excited by the primary Fe Ka X-rays, and secondary Cr Ka X-rays will 
be generated and detected. Therefore, the secondary fluorescence of Cr Ka in chromite by the 
Fe Ka from olivine will dramatically increase the apparent Cr2O3 concentration of the olivine 
inclusion, making a correction of Cr2O3 concentration in the olivine necessary to account for 
this effect. Figure 10 shows that the apparent increase in Cr2O3 concentration from the center 
of the olivine inclusion to the olivine-chromite boundary, illustrating that the apparent Cr2O3 
concentration could be artificially increased even at the center of an olivine inclusion of 50 
mm in size. The secondary fluorescence effect was confirmed when higher apparent Cr2O3  

 

Fig.10. Variations of Cr content across an olivine inclusion in a chromite host.  The 
samples were analyzed at two different accelerating voltages - 10 and 30 kV.  The 
apparent increase in Cr concentration toward the chromite-olivine boundary is due to the 
effect of secondary fluorescence, where X-rays generated from Fe in the olivine excite 
Cr X-rays in the adjacent chromite.  The effect becomes more pronounced with 
increasing accelerating voltage and when nearer the olivine-chromite boundary (Zhao, 
1998).  

 

Figure  10. Variations of Cr content across an olivine inclusion in a chromite host. The samples were 
analyzed at two different accelerating voltages — 10 and 30 kV. The apparent increase in Cr concentration 
toward the chromite-olivine boundary is due to the effect of secondary fluorescence, where X-rays generated 
from Fe in the olivine excite Cr X-rays in the adjacent chromite. The effect becomes more pronounced with 
increasing accelerating voltage and when nearer the olivine-chromite boundary (Zhao 1998).
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concentrations were obtained for same sample analyzed at 30 kV, a higher energy where the 
effects of secondary fluorescence are more pronounced. The effects of secondary fluorescence 
became more evident when the olivine was analyzed after removal of the chromite host, which 
resulted in Cr2O3 concentrations for the olivine inclusion of ~0.10±0.02 wt%. Therefore, the 
phase boundary fluorescence effect must be considered when small mineral inclusions are 
analyzed by electron microprobe, as well as when performing analyses near interfaces where 
there are compositional differences and the potential for secondary excitation. 

Summary

Electron microprobes can analyze almost all elements (from Be to U) with a spatial 
resolution of a few micrometers and a typical detection limit of 100 ppm (with detection limits 
of 10 ppm achievable for some elements under certain circumstances). They are the most widely 
used instrument for major and minor element analyses in the geological sciences, but are unable 
to analyze most elements at trace levels. Furthermore, they are unable to detect the lightest 
elements (H, He and Li). For example, hydrous components in minerals cannot be analyzed 
using EMPA. There are also overlaps of X-ray lines for some elements in WDS detection, 
making quantitative analysis difficult due to these interfering signals. In addition, EMPA cannot 
distinguish between the different valence states of an element, as in the case of Fe3+/Fe2.

SEConDARY Ion MASS SPECtRoMEtRY (SIMS)

Secondary ion mass spectrometry (SIMS), also known as the ion microprobe, is a 
powerful microanalytical tool. It has found considerable application in characterizing the 
concentration and distribution of dopants in semiconductors, and is a crucial instrument in 
quality control (and research and product development) in this industry. The capabilities that 
make it essential in this context (high sensitivity and depth resolution) also make it well-suited 
to the characterization of diffusion profiles in geological materials.

Basic principles of SIMS

In SIMS, atoms from a sample are ejected, or “sputtered” by the impact of energetic 
(several keV) primary ions on the sample surface. A schematic of this process (based on 
the Cameca SIMS design; http://www.cameca.fr/) is shown in Figure 11. The analyst has a 
choice of primary ion species and the polarity of the secondary ion beam; different primary 
beams enhance the ion signal for different elements. For example, elements with high electron 
affinities (e.g., F, S, As) show the best sensitivity when negative secondary ions are detected 
and an electropositive primary beam (such as Cs+) is used, while elements with low ionization 
potentials (e.g., Li, Be, Y) yield low levels of detection when positive secondary ions are 
sputtered by an electronegative primary species such as oxygen. The schematic (Fig.  11) 
shows the effect of changing the primary ions from 16O− (most commonly used in geological 
studies) to 16O2

+ (most commonly used in the semiconductor industry). Most sputtered 
atoms are ejected as neutral species, some as molecular ions, some secondary electrons 
are generated, but some atoms in the sample form elemental ions in the sputtering process. 
Placing a high voltage on the sample accelerates sputtered ions away from the sample, and 
into a mass spectrometer where the ions are separated by their mass:charge ratio and then 
counted. Changing the primary beam polarity has several effects on the analysis, but the 
two most obvious from Figure 11 are the impact angle and the impact energy. Tutorials on 
SIMS are available on the web, with one from Evans Analytical Group (http://www.eaglabs.
com/training/tutorials/sims_theory_tutorial/) being commonly used. Sputtered neutral mass 
spectrometry (SNMS) is a related technique that ionizes the neutral species after ejection from 
the sample using electron impacts, ion impacts, or lasers. While not discussed in this chapter, 
the interested reader is referred to Williams and Streit (1986) and Vad et al. (2009).
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Figure 11. Schematic diagram of the sputtering process in SIMS. (a) Sample held at +4500V and 
sputtered with a primary beam of 16O- ions accelerated from a duoplasmatron held at -12.5 kV. 
The primary ions strike the sample at an angle of ~25 from the sample normal. (b) Same as (a) 
except that the primary beam is 16O2

+ with an impact angle ~39 from the sample normal. 
Sputtered particles are indicated in light shades. The sample is ~5 mm from the grounded plate in 
front of it. This creates a strong extraction field (~1V/µm) that results in efficient collection of 
secondary ions but also deflects the primary beam as it encounters this voltage gradient, 
requiring substantial changes in primary beam steering (not shown) as the primary polarity is 
changed. 
 

Figure 11. Schematic diagram of the sputtering process in SIMS. (a) Sample held at +4500 V and sputtered 
with a primary beam of 16O− ions accelerated from a duoplasmatron held at −12.5 kV. The primary ions 
strike the sample at an angle of ~25° from the sample normal. (b) Same as (a) except that the primary 
beam is 16O2

+ with an impact angle ~39° from the sample normal. Sputtered particles are indicated in 
light shades. The sample is ~5 mm from the grounded plate in front of it. This creates a strong extraction 
field (~1 V/mm) that results in efficient collection of secondary ions but also deflects the primary beam as 
it encounters this voltage gradient, requiring substantial changes in primary beam steering (not shown) as 
the primary polarity is changed. 
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using SIMS to measure diffusion profiles

There are two approaches to using SIMS for diffusion studies: 1) line scans and 2) depth 
profiling. Line scans (or “step” scans) are used in those cases where the diffusion length is 
many times larger than the diameter of the primary ion beam. In such cases, chemical, isotopic, 
and tracer diffusion can be determined. Depth profiles are used most often when the diffusion 
length is less than a few micrometers. 

Line scans. One example of a diffusion experiment characterized by a line scan is shown 
in Figure 12. For this study, a platinum capsule was filled with rhyolite powder and melted at 
1 atmosphere to produce a nominally dry cylinder of glass. The cylinder was then sealed in a 
larger capsule filled with D2O and taken to 750 bars pressure, 850 °C in a cold seal pressure 
vessel (where the pressurizing medium was also D2O). Deuterium diffused into the molten 
rhyolite cylinder for 12 hours, after which the experiment was quenched. The quenched glass 
cylinder was embedded in epoxy, cut longitudinally, and polished (see Fig. 12). Step scans 
were conducted using SIMS to determine how far the deuterium had diffused into the silicate 
melt, and the resulting analytical craters are shown on Figure 12 while Figure 13 displays 
the analytical results). The different spacings between craters in earlier line scans represent 
attempts to examine the zoning of different elements and/or to test different analytical 
parameters. For example, while the experiment was designed to measure the diffusion of 
D2O (and compare to related experiments on H2O diffusion) it was realized in the mid-1990s 
that noble metal capsules are often contaminated with Li and B, so that these samples might 
show diffusion profiles for other light elements. Subsequent analyses revealed high boron 
only at the epoxy/glass interface of this 12-hour duration experiment, but the diffusion of Li 
is pronounced, and reaches the baseline Li concentration in the starting rhyolite at about the 
same distance as D2O (Fig. 13; Hervig, unpublished data).

 
Figure 12. Polished sample of rhyolite glass showing several step scans across glass (reflected 
light image). Note the epoxy mounting medium on the left. The liquid meniscus at 750 bars was 
convex against the D2O fluid. The most recent step scans show up as dark craters. The scan at the 
bottom represents 25 um steps ~1400 microns long (~20 µm beam diameter). Most of the older 
step scans (illustrating a wide range of step sizes and primary beam diameters as specified by the 
operator) show brighter craters because the sample was re-coated with gold prior to the most 
recent work scans (sample from Stanton, 1989). All craters were made using a primary beam of 
16O-. 

Figure 12. Polished sample of rhyolite glass showing several step scans across glass (reflected light image). 
Note the epoxy mounting medium on the left. The liquid meniscus at 750 bars was convex against the D2O 
fluid. The most recent step scans show up as dark craters. The scan at the bottom represents 25 mm steps 
~1400 mm long (~20 mm beam diameter). Most of the older step scans (illustrating a wide range of step 
sizes and primary beam diameters as specified by the operator) show brighter craters because the sample 
was re-coated with gold prior to the most recent work scans (sample from Stanton 1989). All craters were 
made using a primary beam of 16O−.
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The results in Figure 13 illustrate the capability of SIMS in that both volatile and trace 
light elements can be determined with a lateral resolution typically around 5-30 mm. The 
lateral resolution limitations are dominated by the performance of the primary ion source 
(how small one can focus the beam) and the amount of sample one needs to consume to obtain 
statistically meaningful analyses on a reasonable time scale (i.e., the useful ion yield; Hervig 
et al. 2006). The results are also interesting from a diffusion standpoint in that D2O shows the 
well known concentration-dependent, concave-down diffusion profile (Behrens et al. 2007; Ni 
and Zhang 2008) while the lithium profile is not concentration-dependent, and concave up.

SIMS line scans can also be used for isotopic diffusion (Lesher et al. 1996; Richter et al. 
2003). An example from Lesher et al. (1996) is displayed in Figure 14. These experiments 
required the synthesis of basaltic glasses doped with 30Si and 18O and creation of a diffusion 
couple by placing these nominally anhydrous samples against basaltic glass with normal 
isotopic abundances. After treating the couple at high pressure and temperature, the experiment 
was quenched, and the resulting isotopic gradient was characterized using a primary beam 
of Cs+ and detection of negative secondary ions. As the results show, there are gaps in the 
line scan. These are caused by the development of cracks in the glass quenched from high 
pressure, and point out the need for flat surfaces when making SIMS analyses. If the sample 
surface is variably tilted, measured ion intensities of different secondary species can change 
significantly (these outliers were removed from Fig. 14). Careful optical study of run products 
prior to analysis can reveal areas likely to suffer from such problems. In the case of the data in 
Figure 14, the results were used to document similar diffusion of silicon and oxygen in high-
pressure silicate melts (Lesher et al. 1996). SIMS line scans of the run products from Richter et 
al. (2003) were used to document gradients in Li content and the Li isotope ratio in a chemical 
diffusion experiment.
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Figure 13. Variation in D2O and Li contents as determined by the step scan shown in Fig. 2 
above. The 2H+ signal was converted to D2O (wt.%) by comparison with the 2H+ signals obtained 
on bulk-analyzed rhyolitic glasses synthesized in the presence of D2O fluid at different pressures 
(Stanton, 1989). The Li concentration in the starting glass was ~30 ppm (Hervig, unpublished 
data). 
 

Figure 13. Variation in D2O and Li contents as determined by the step scan shown in Figure 2 above. The 
2H+ signal was converted to D2O (wt%) by comparison with the 2H+ signals obtained on bulk-analyzed 
rhyolitic glasses synthesized in the presence of D2O fluid at different pressures (Stanton 1989). The Li 
concentration in the starting glass was ~30 ppm (Hervig, unpublished data).
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Limitations of SIMS line scans. Despite the advantages of using SIMS in line-scan 
mode to measure diffusion profiles, there are prices to pay: 1) analyses take a long time, 2) 
calibrations may not be linear, 3) molecular ion interferences may be difficult to resolve and 
may change along the profile, and 4) the diffusion length scale should be much longer than the 
lateral resolution as defined by the diameter of the primary ion beam.

Analysis duration. The time required to collect a measurement of sufficient precision at 
each analysis point depends on several parameters. One important value is the sputter yield, 
S, defined as the atoms ejected from the sample surface/primary ion impact. The sputter yield 
changes as a function of the target density, primary beam species, and primary beam impact 
energy. When an analysis is initiated, the addition of the primary beam to the sample changes 
the chemistry of the target. This leads to significant changes in the observed secondary ion 
intensities for a few minutes. For each analysis in a line scan, waiting until the ion signals of 
interest reach steady-state conditions (known as the “pre-sputter” time) can take as few as 1 
or as many as 10 minutes (depending on primary species and intensity). For a ~60-step profile 
such as shown in Figure 13, this would translate into a total analysis time of ~10 hours or more, 
depending on how long the analyst sets the actual data collection portion within each crater.

Linearity of secondary ion signal with concentration. Yields of ions are generally linear 
(i.e., ion intensity increases with element abundance) in constant matrices (where the species 
of interest represents a dilute component) making measurement of concentration profiles 
relatively straightforward in many applications of SIMS in diffusion studies. However, there 
are examples where this is not true. For example, major elements (Steele et al. 1981), hydrogen 
in high-H glasses (Hauri et al. 2002; Tenner et al. 2009), and Li isotope ratios in olivine 
(Bell et al. 2009) can show non-linear effects. These are typically related to matrix effects 
(i.e., major element variations influencing the ionization probability of other elements, which 
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Figure 14. Isotopic diffusion of silicon and oxygen in basaltic liquids at 1450 �C, 1 GPa (35 
minute duration). The line scans used 50 µm steps, but overlap of the beam on numerous cracks 
that developed in the run product during quench led to some unusable analyses. The figure was 
redrawn from published data (Lesher et al., 1996).  

Figure  14. Isotopic diffusion of silicon and oxygen in basaltic liquids at 1450 °C, 1 GPa (35 minute 
duration). The line scans used 50 mm steps, but overlap of the beam on numerous cracks that developed in 
the run product during quench led to some unusable analyses. The figure was redrawn from published data 
(Lesher et al. 1996).
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can also be related to changes in the way the primary beam interacts with the sample). This 
problem can be avoided if experiments are designed to examine diffusion of multiple elements 
at trace concentrations.

Interfering molecular ions. As indicated in Figure  11, the sputtered flux includes 
molecular as well as elemental ions, and some molecular ions may have the same mass/charge 
ratio as the diffusing species. For many potential diffusion experiments, this might not pose a 
problem. For example, if one wanted to measure the isotope diffusion of 40Ca vs. 44Ca across 
two otherwise identical basaltic glass samples, the most important interferences on the calcium 
isotopes would be 24Mg16O and 28Si16O, at the same nominal mass/charge ratios, respectively. 
If the Si and Mg contents were constant across the diffusion couple, these molecular species 
would add a constant amount to the ion signals for both calcium isotopes throughout the 
profile, allowing accurate diffusion coefficients to be derived in spite of the background signal. 
In contrast, if the Mg or Si concentration were also changing across the sample, it would be 
critical to eliminate these molecular ions from the mass spectrum before interpreting the SIMS 
analyses in the context of calcium diffusion. 

The analyst has two choices for separating molecular ions from the elemental ion signal: 
1) high mass resolution or 2) energy filtering. The former solution takes advantage of the fact 
that there is a difference in mass between an isotope of interest and a molecular ion at the same 
nominal mass/charge ratio. In the case of 40Ca+ (mass 39.962 u) vs. 24Mg16O+ (mass 39.979 u), 
the mass difference is 0.017 u (the exact masses of the isotopes, based on defining 12C =12.000, 
can be found in charts of the nuclides, textbooks, and web sites). Magnetic-sector secondary 
ion mass spectrometers allow the operator to close the entrance slits to the mass spectrometer 
to resolve these two ion signals at a nominal mass/charge ratio of 40. The mass resolution 
required is calculated as M/DM; in the case of the present example, 40/0.017 yields a mass 
resolving power requirement of ~2300. Operating the SIMS at high mass resolving powers 
unambiguously eliminates the molecular ion, but operation at these conditions also decreases 
signal intensity and decreases the width of the peak of interest, placing high demands on the 
stability of the secondary magnet. Planning any diffusion experiment that will utilize SIMS for 
characterization requires the experimentalist to carefully consider the potential molecular ion 
interferences and how to separate these ions from the species of interest.

In some cases, energy filtering of the secondary ion beam (Schauer and Williams 1990; 
Shimizu et al. 1978) will reduce molecular ion intensities to negligible levels while still leaving 
sufficient signal from the elemental ion to allow high-quality analyses to be obtained. This 
approach selects only those secondary ions that are sputtered from the sample with energies 
higher than can be accounted for by the potential placed on the sample. That is, some ions are 
ejected via the energetic collisions (initiated by primary ion impact) and have energies tens to 
hundreds of eV higher than the ions that are accelerated only by the potential placed on the 
sample. An example of an energy spectrum is shown in Figure 15. Energy filtering is generally 
effective at removing molecular ions composed of 3 or more atoms (e.g., 28Si2

16O2
+ on 88Sr+) 

but does not eliminate all molecular ions from the mass spectrum. Most molecules composed 
of two atoms are not removed by energy filtering, such as the 28Si2 molecule in Figure 15 
(which would overlap with 56Fe), 24Mg16O and 28Si16O interfering with Ca isotopes, and the 
light rare earth element oxide ions which interfere with mid- to heavy rare earth elemental ions 
(Zinner and Crozaz 1986). However, if very high-energy secondary ions are examined (Eiler 
et al. 1997; Hervig et al. 1989, 1992; Lesher et al. 1996; Schauer and Williams 1990) even 
these molecular ions can be removed, but at great expense to the signal of the elemental ion. 
Regardless, care must be taken to ensure that there is an appropriate approach for elimination of 
these molecular ions when designing diffusion experiments meant for SIMS characterization.

The examples shown for characterizing diffusion using SIMS line scans are only for silicate 
melts. As a general rule, diffusivities of elements in crystalline materials are orders of magnitude 
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smaller than in melts, and so the scale of diffusion is not likely to be significantly larger than the 
diameter of the primary beam. In this case, it may be necessary to abandon line scans in favor of 
depth profiling analyses. Note, however, that one SIMS (NanoSIMS manufactured by Cameca) 
provides sub-micrometer primary beam diameters, and this instrument may be suitable for the 
characterization of short diffusion profiles in line scan mode.

Depth profile analyses

Depth profile analyses take advantage of the fact that SIMS samples atoms derived from 
the surface of the target. As the analysis progresses, atoms from deeper and deeper in the 
sample are collected, providing a measure of changing chemistry with depth. The typical 
analysis involves focusing a primary beam of ions to a point, where those primary beams may 
be Cs+, O+, O−, O2

+, or O2
−. Alternative beams are more rarely employed (Hervig et al. 1989, 

2004; Hervig and Williams 1986). The primary beam is swept, or rastered, over the sample 
surface, generally in a square pattern from ~100 to 250 mm on a side, although the primary 
beam can also be shaped by an aperture to make a nearly cylindrical crater without rastering, 
as shown in Figure 16 (Clement and Compston 1990; Genareau et al. 2007). The process of 
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Figure 15. Secondary ion energy spectra showing the variation in intensity of elemental 30Si+ 
ions compared to 28Si2

+ and 28Si3
+ ions as a function of their initial kinetic energy. In this case, 

+10000V was applied to a sample of quartz, and ions with a range of ~40 eV were allowed into 
the mass spectrometer (the energy range is a variable selected by the operator). The sample 
voltage was varied from 1050V (far left side of the figure) to ~9900V (right side). Ions with 
positive initial kinetic energy represent those ions ejected with high relative energies from 
energetic collisions in the near-surface of the sample. The signal for the elemental ion decreases 
with initial kinetic energy, but remains relatively intense. The complex molecular ion, 28Si3

+ 
shows a decrease in intensity by >100x when high-energy ions are selected. In this case, these 
collisions also cause the molecular ion to break apart. Note that molecular ions composed of only 
two atoms, such as the dimer 28Si2

+, are not efficiently removed by this approach. Energy 
filtering cannot completely remove multiply-charged species, but becomes more effective as the 
number of atoms in the molecular ion increases. The box on the figure represents the range of 
energies selected for typical analyses using energy filtering. The zero point on the figure was 
defined by the center of mass of the 30Si+ energy spectrum. 
 
 

Figure  15. Secondary ion energy spectra showing the variation in intensity of elemental 30Si+ ions 
compared to 28Si2

+ and 28Si3
+ ions as a function of their initial kinetic energy. In this case, +10000 V was 

applied to a sample of quartz, and ions with a range of ~40 eV were allowed into the mass spectrometer 
(the energy range is a variable selected by the operator). The sample voltage was varied from 1050 V (far 
left side of the figure) to ~9900 V (right side). Ions with positive initial kinetic energy represent those ions 
ejected with high relative energies from energetic collisions in the near-surface of the sample. The signal 
for the elemental ion decreases with initial kinetic energy, but remains relatively intense. The complex 
molecular ion, 28Si3

+ shows a decrease in intensity by >100× when high-energy ions are selected. In this 
case, these collisions also cause the molecular ion to break apart. Note that molecular ions composed of 
only two atoms, such as the dimer 28Si2

+, are not efficiently removed by this approach. Energy filtering 
cannot completely remove multiply-charged species, but becomes more effective as the number of atoms 
in the molecular ion increases. The box on the figure represents the range of energies selected for typical 
analyses using energy filtering. The zero point on the figure was defined by the center of mass of the 30Si+ 
energy spectrum. 
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sputtering the sample erodes the surface at a rate depending on the sputter yield S (defined 
above) together with the area of the crater and the primary current used. To make certain that 
the data from these depth profiles can be used for the accurate characterization of diffusion, 
several requirements must be fulfilled: the floor of the crater must be flat, the crater depth 
must be measured to calibrate the rate of erosion, any ions originating from the walls of the 
crater must be eliminated, the properties of the secondary ion beam should be tailored to the 
problem, and the effects of sputtering on the diffusion profile itself must be considered.

Crater depth measurement. After the analysis, the total crater depth can be measured using 
stylus profilometry or interferometry. An example of stylus profilometry on a sputtered crater 
produced by a rastered primary ion beam is shown in Figure 17. The profile shows that the crater 
floor is flat (unlike the SEM image of the crater in Fig. 16) with a depth of 2 mm. It is difficult to 

Figure  16. Sputtered crater in surface of 
volcanic plagioclase 40 mm deep by 70 mm 
in diameter obtained on the 3f SIMS in ~6 
hours using “aperture illumination,” the O2

+ 
primary beam, and the normal-incidence 
electron gun for charge neutralization 
(analysis and image by Dr. Kimberly 
Genareau, ASU). Note volcanic glass 
adhering to crystal surface, and the steps in 
the bottom of the crater. The overlap between 
these steps and the region of the crater floor 
allowed into the mass spectrometer will 
define the depth resolution of this profile.

 
Figure 16. Sputtered crater in surface of volcanic plagioclase 40 μm deep by 70 μm in diameter 
obtained on the 3f SIMS in ~6 hours using “aperture illumination”, the O2

+ primary beam, and 
the normal-incidence electron gun for charge neutralization (analysis and image by Dr. Kimberly 
Genareau, ASU). Note volcanic glass adhering to crystal surface, and the steps in the bottom of 
the crater. The overlap between these steps and the region of the crater floor allowed into the 
mass spectrometer will define the depth resolution of this profile. 
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Figure 17. Reflected light image of a sputtered crater in Lake County plagioclase (~100 x 100 
µm2) and profilometry scan showing the ~2 µm depth of the crater after the depth profile 
(redrawn from Genareau et al., 2007). 
 

Figure 17. Reflected light image of a sputtered crater in Lake County plagioclase (~100×100 mm2) and 
profilometry scan showing the ~2 mm depth of the crater after the depth profile (redrawn from Genareau 
et al. 2007).
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measure the crater depth during the analysis (although the Cameca Wf SIMS instrument offers 
an option for in situ crater depth measurements using laser interferometry). The analyst must 
assume that the erosion rate is constant over the duration of the analysis, which is not a bad 
assumption when the crater is several hundred nm deep, the sample is uniform in major element 
chemistry, and the primary beam is stable. In fact, since many geological samples are insulators, 
it is necessary to coat the sample surface with a thin film of carbon or gold, and the sputtering 
rate of these films is much different than typical silicates (Au shows a high sputter yield, while 
carbon has a low sputter yield). Because the Au or C coats are ~20-40 nm thick and the total 
crater depth is several hundred nm, the error in the sputtering rate (e.g., nm/second) is small (in 
addition, a gold coat can be easily removed prior to measurement of the crater depth; e.g., Van 
Orman et al. 2001). However, if the major element chemistry of the sample varies (for example, 
if diffusion of major elements occurs in the profile), the assumption of linear erosion rates must 
be tested (at the minimum, by determining the sputter yield on a range of homogeneous targets 
with appropriately varying major element chemistry).

Contribution from crater walls. During a depth profile, the sides (as well as the bottom) 
of a crater are sputtered by primary ions and so secondary ions also originate from the walls 
(which represent all depths in the crater). It is important to allow only those ions derived from 
the flat-bottomed floor of the crater into the mass spectrometer over the analysis time (= depth). 
The Cameca design uses stigmatic ion optics to form an image of the sample surface beyond 
the entrance slits of the mass spectrometer. By placing a variably-sized “field” aperture at this 
plane, ions from the edges of the crater floor and the crater walls can be eliminated. For those 
SIMS instruments that are not ion microscopes, electronic gating of the secondary ion detector 
can be used to eliminate ions sputtered when the primary beam is near the crater walls (note 
that electronic gating is not appropriate for craters formed by aperture illumination; Fig. 16). A 
test of whether the selected analysis condition permits crater walls to contribute a signal can be 
performed by sputtering an ion-implanted sample (Williams 1983). Such samples have approx-
imately Gaussian distributions of 
the implanted species with depth. 
The baseline signal should be ap-
proximately a factor of 104 below 
the peak intensity (this ratio is 
known as the “dynamic range”). 
Higher background intensity for 
the Cameca instruments most like-
ly suggests either an instrumental 
“memory” of the isotope of inter-
est, but could also indicate that 
there is a contribution from the cra-
ter walls (see Fig. 18 for an exam-
ple of a good depth profile through 
an ion-implanted silicon wafer). 
The above “memory effect” is a 
consequence of the design of the 
high-transmission Cameca SIMS. 
If a sample rich in a particular el-
ement is analyzed, some sputtered 
atoms of the element may be de-
posited on the electrically ground-
ed plate in front of the sample (see 
Fig.  11). Later analyses of other 
samples exploring the diffusion of 
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Figure 18. Depth profile into silicon wafer implanted with 1014 atoms B/cm2 (O2

+ primary beam, 
positive secondary ions detected). The background signal at ~6000 Å depth corresponds to ~0.1 
ppm B. This low signal indicates that the depth profile was conducted in a manner limiting or 
excluding the contribution of boron from memory effects or the walls of the sputtered crater 
(Hervig, 1996). 
 

Figure  18. Depth profile into silicon wafer implanted with 
1014 atoms B/cm2 (O2

+ primary beam, positive secondary 
ions detected). The background signal at ~6000 Å depth 
corresponds to ~0.1 ppm B. This low signal indicates that the 
depth profile was conducted in a manner limiting or excluding 
the contribution of boron from memory effects or the walls of 
the sputtered crater (Hervig 1996).
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this same element may result in these deposits being “sputter-cleaned” from the plate and po-
tentially landing on the floor of the crater in the new sample. Subsequent primary impacts may 
sputter these atoms as ions, showing up as a background signal derived from a previous sample. 
In addition, background signal may also be encountered if molecular ions at the same mass/
charge are present. The latter topic was covered above under “Interfering molecular ions”.

Selection of secondary species. The yields of positive or negative ions during sputtering 
scales exponentially with the ionization potential or electron affinity of the element (Williams 
1983). As such, the sensitivity of SIMS varies over a wide range (Hervig et al. 2006) and the 
analyst can select the polarity to maximize the signal for the study of trace element diffusion. 
Yields of secondary ions can be strongly influenced by variations in the bulk composition of the 
solid; such “matrix effects” were briefly described above. A typical diffusion experiment should 
not be strongly influenced by matrix effects, as the diffusing species is ideally contained within 
an unchanging matrix. However, it is common to apply a thin layer very rich in this species to 
the surface of a phase, and this represents a different composition than the phase of interest. 
Thus the secondary ion signals may fluctuate dramatically during the beginning of sputtering. 
These transient variations can make locating the position of the original sample surface in SIMS 
depth profiles difficult. This is discussed in more detail later in this volume by Ganguly (2010). 

For some studies, it may not be necessary to maximize the sensitivity for a particular 
diffusing species if interfering molecular ions are minimal and the gradient is large. In such 
cases, the analyst may consider conducting the profile using simple, reproducible conditions 
instead of maximizing sensitivity (for example, operating at the conditions for highest 
sensitivity may lead to difficulties in controlling sample charging during the depth profile, as 
discussed below).

Effect of sputtering. When considering the effect of the sputtering process on a diffusion 
profile, there are two important items to consider. One is that the ions sputtered from the 
sample are dominantly derived from the top two monolayers of the sample surface (Dumke et 
al. 1983). The initial impression one gets from this observation is that SIMS profiles should 
have resolution on a similar scale. However, the other item of note is that energetic primary 
ions will penetrate beneath the surface and thus cause a collision cascade (multiple collisions 
of the atoms in the sample). The primary beam is added to the initial chemistry of the surface 
with the result being a more-or-less uniformly mixed chemistry over a depth corresponding 
to the projected range of the primary ions (Nastasi and Mayer 1994), where the projected 
range represents the most common depth achieved by primary ions in a sputtered sample 
(highest concentration of the implanted primary species). The range is a function of the impact 
energy and mass of the primary beam and the mass of the target. The range shows large 
variations; consider the two situations shown in Figure 11. In the first case, a primary beam of 
16O−, accelerated to −12.5kV in the duoplasmatron primary ion source, is attracted toward the 
sample at +4.5 kV and has a total impact energy of 17 keV. In contrast, Figure 11b portrays a 
beam of O2

+, initially accelerated to +12.5 keV in the duoplasmatron but which is decelerated 
as it approaches the sample, striking with a total energy of 8 keV. In addition, the molecular 
beam will break into two separate oxygen projectiles upon impact, each having 4 keV energy. 
The decrease in impact energy translates into a much lower projected range (average depth of 
penetration) for O2

+ compared to O−. Note that the angle of impact is different (Fig. 11), so the 
normal component of the impact energy is smaller for the positive primary species. The result 
is two-fold: the range for an O− impact is deeper, so that the sample atoms get mixed to a greater 
depth than when using O2

+, and, because the energy of the molecular O2
+ beam is restricted to 

near-surface interactions (and only atoms from the top two atomic layers are sputtered), more 
atoms are ejected per primary ion impact (higher sputter yield). The conditions presented in 
Figure 11b result in a sputter yield for Si metal ~4× greater than in Figure 11a (Sobers et al. 
2004). The implications of these changes in the instrument parameters on ion beam mixing and 
depth resolution are shown in Figure 19. Other modifications to the parameters are possible: 
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the primary beam potential can be decreased from 12.5 kV, and in some SIMS instruments, 
the sample potential can also be decreased to help control the impact energy (and hence the 
penetration depth of the primary beam) and maximize the depth resolution. Regardless of the 
variations in instrumental set-up, most diffusion experiments can be engineered to make the 
diffusion profile long compared to the short-range artifacts of sputtering. 

Sample charging. A significant number of geologic phases are bulk insulators, and so 
addressing the problem of sample charging is very important. If the degree of charging varies 
throughout the depth profile, the secondary ion signals will vary, and different elements may 
be affected differently. Charge compensation is most simply addressed when a primary beam 
of 16O− is used with the detection of positive secondary ions. In this case, accumulation of 
negative charge in the crater is accommodated because of the abundant secondary electrons 
produced during sputtering. These electrons can “hop” to the conducting gold or carbon coat 
surrounding the crater to drain excess negative charge. If it is necessary to use a positive 
primary beam, the analyst will need to use an auxiliary electron gun to alleviate positive charge 
build-up in the crater. This increases the complexity of the analysis, but useful depth profiles 
can be obtained (Genareau et al. 2009).
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Figure 19. Depth profile into San Carlos olivine comparing the intensity of iron ions using O- 
and O2

+ primary beams. Only the first 200 nm of the profiles are shown. The initial 20-40 nm 
represent sputtering through the overlying gold coat. The secondary ion signal for iron appears 
earlier in the profile when O- is used because this primary species penetrates deeper into the 
sample and, through ion beam mixing, churns iron (and other elements in the olivine) to the 
surface where they can be sputtered and detected. In comparison, the smaller projected range of 
O2

+ mixes atoms at a shallower level, improving the depth resolution of the profile as revealed 
by the 54Fe signal appearing at a greater depth. The spacing between data points is ~3X greater 
when O2

+ is used because the sputter yield of the molecular primary beam is ~3X larger than for 
O- on this phase. Note the larger transient peak for iron between 30-40 nm when O- is used. 
Varying initial signals for matrix (and diffusing) elements is a common observation in depth 
profiles of silicates using an O- primary species (Ganguly et al., 1998; Ito and Ganguly, 2006; 
Van Orman et al., 2001). Using the O2

+ beam requires an auxiliary electron gun for charge 
neutralization (Genareau et al., 2007) and adds significant complexity to the depth profiling 
analysis. It also delivers the best depth resolution. However, most diffusion experiments can be 
designed so that the most important part of the profile is observed below the transient sputtering 
region, allowing straightforward use of the O- species. 
 
 
 
 
 

Figure 19. Depth profile into San Carlos olivine comparing the intensity of iron ions using O− and O2
+ 

primary beams. Only the first 200 nm of the profiles are shown. The initial 20-40 nm represent sputtering 
through the overlying gold coat. The secondary ion signal for iron appears earlier in the profile when 
O− is used because this primary species penetrates deeper into the sample and, through ion beam mixing, 
churns iron (and other elements in the olivine) to the surface where they can be sputtered and detected. 
In comparison, the smaller projected range of O2

+ mixes atoms at a shallower level, improving the depth 
resolution of the profile as revealed by the 54Fe signal appearing at a greater depth. The spacing between 
data points is ~3× greater when O2

+ is used because the sputter yield of the molecular primary beam is ~3× 
larger than for O− on this phase. Note the larger transient peak for iron between 30-40 nm when O− is used. 
Varying initial signals for matrix (and diffusing) elements is a common observation in depth profiles of 
silicates using an O− primary species (Ganguly et al. 1998; Van Orman et al. 2001; Ito and Ganguly 2006). 
Using the O2

+ beam requires an auxiliary electron gun for charge neutralization (Genareau et al. 2007) 
and adds significant complexity to the depth profiling analysis. It also delivers the best depth resolution. 
However, most diffusion experiments can be designed so that the most important part of the profile is 
observed below the transient sputtering region, allowing straightforward use of the O− species. 
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Ion implantation and SIMS

As discussed in this volume’s chapter on experimental methods by Watson and Dohmen 
(2010), ion implantation represents one possible experimental approach to introducing 
diffusants into materials for the determination of diffusion coefficients. Figure 18 shows an 
example of how SIMS can be used to characterize the distribution of boron in a silicon wafer 
after implantation. If this sample is heated, the boron will diffuse, and subsequent SIMS depth 
profiles in aliquots of the implanted wafer treated for different times and temperatures could be 
used to quantify the diffusion. While ion implantation has been coupled with analyses of profiles 
by RBS, NRA and ERD for diffusion studies in minerals (e.g., Cherniak et al. 1991, 2009; 
Ouchani et al. 1998), this type of characterization (i.e., ion implantation with SIMS analyses) 
has mostly been limited to the semiconductor industry, where it is important to activate the 
electrical properties of dopants by annealing and to know how these trace elements (e.g., Be, 
B, and S) have migrated during the annealing step (e.g., Tsai et al. 1979; Oberstar et al. 1982; 
Wilson 1984). These studies demonstrate that in general, the damage to the crystal lattice from 
the implantation step results in more rapid diffusion of the implanted species to the surface than 
into the bulk. In the case of geological samples, if the depth of the implant can be made deep 
enough to avoid transient effects observed during the first few nm of sputtering, and damage to 
crystal lattices (in the case of diffusion in minerals) can be annealed faster than the implanted 
species can diffuse, SIMS could be used to characterize subsequent diffusion.

Summary comments

Secondary ion mass spectrometry has been an effective analytical tool for characterizing 
diffusion profiles. Active dialog between experimenter and SIMS laboratory is essential for 
designing experiments to make best use of the unique capabilities of this tool.

LASER ABLAtIon ICP-MS (LA ICP-MS)

Laser ablation ICP-MS (LA ICP-MS) is a microanalytical technique for the determination 
of trace elements in solid materials. The sample to be analyzed is placed in a sample chamber 
with a lid transparent to UV light, and a pulsed laser beam is used to ablate a small quantity of 
sample material. The fine particles produced in the ablation are transported into the Ar plasma 
of an inductively coupled plasma mass spectrometer (ICP-MS) instrument by a stream of carrier 
gas (typically Ar and/or He), where they are ionized and then mass-analyzed. In the ablation 
process, the laser beam leaves behind an ablation crater (typically on the order of a few to tens 
of mm in diameter) where the analyzed material has been removed. Additional information on 
ICP-MS instrumentation and application can be found in numerous references (e.g, Montasser 
1998; Taylor 2000; Sylvester 2001, 2008; Nelms 2005; Thomas 2008).

Lasers were first used with ICP-MS instruments in the 1980s. The initial ablation systems 
used solid-state ruby lasers (operating at 694 nm, in the infrared region), but these were found to 
be unsuccessful for applications in trace-element analysis due to poor laser stability, large beam 
diameters, and low power density, among other factors. Over the next decade, commercial laser 
ablation systems were developed employing Nd-YAG lasers, which produce IR laser light with 
a fundamental wavelength of 1064 nm. However, these faced continued limitations because IR 
laser light does not interact very efficiently with most solids, so further developments in the 
field explored the use of UV laser light (which couples more efficiently with most materials) 
for ablation systems given its greater potential for effective use in trace-element analysis. The 
interaction between UV laser light and most solids tends to involve mostly mechanical break-
up of the ablated area, whereas IR laser light may produce a greater degree of sample heating 
and melting, which can contribute significantly to elemental fractionation and limit capabilities 
for analysis. More recently, some laboratories have begun to use gas-filled (excimer) lasers 
operating in the UV region of the electromagnetic spectrum. These lasers, including XeCl (308 
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nm), KrF (238 nm), and ArF (193 nm) exhibit better absorption capabilities for UV-transparent 
materials (e.g, silicates, calcite, fluorite), and possibly less elemental fractionation in ICP-MS 
than longer wavelength lasers because particles produced in ablation are smaller and easier 
to volatilize. Since the UV range is the fundamental wavelength for the excimer lasers, there 
is higher energy transfer than for Nd-YAG lasers, where UV wavelengths are produced by 
directing laser beams through crystals to quadruple or quintuple their frequency. The less 
coherent nature of the excimer beam produces better optical homogenization and therefore 
cleaner, flatter ablation craters, a critical factor in depth profiling. Improvements in laser optics 
have also provided more controlled, smaller beam spots, important in step scans and depth 
profiling of materials, the two methods used to obtain diffusion profiles. 

Laser ablation instruments require an accurate optical system of lenses, prisms and 
mirrors to direct and focus the laser beam onto the sample. Several parameters are typically 
adjusted in analyses to optimize for a particular material and the species of interest. These 
parameters include laser power, laser pulse repetition rate and the number of laser pulses fired 
in succession. In addition, there is generally a system of apertures of different diameters that 
can be used to vary the beam diameter and hence the diameter of the ablation crater generated. 
Although the size of an ablation crater can be made very small, and small size would be 
advantageous in step scans of diffusion profiles, the usefulness of small volumes of material 
for quantitative analysis is strongly dependent on the sensitivity of the ICP-MS instrument 
to the elements of interest, since signal intensities for small amounts of ablated material may 
be low. In addition, the walls of ablation pits may yield ionic concentrations that differ from 
the center region because energy interactions are slightly different at the edge of the ablation 
spot. Further, the physical barrier of the pit edge becomes increasingly significant as ablation 
proceeds deeper into a sample. Because smaller spot sizes have a larger wall-to-center ratio, 
a greater fraction of the signal in small spot sizes will be due to contributions from the walls 
than would be the case for larger spots. In depth profiling of diffusion samples, apertures and 
rastering may be used to vary the size of the ablated area, with a larger areas removed near 
the sample surface (typically containing the highest concentration of diffusant) and smaller 
ablated areas at depth. This helps to avoid contamination at depth in the sample from the 
ablated material in the upper layers of the sample and from the sides of the ablation crater. 

Sample chambers for laser ICPMS are typically mounted on a stage that allows the 
sample to be positioned relative to the laser beam in x-y-z coordinates and move to a particular 
region of interest or to perform step or area scans. In diffusion measurements, concentration 
profiles can be measured either through depth profiling or step scans in the direction normal 
to the interface between the sample and diffusant source. It should be noted that step scans are 
only practical for relatively fast diffusivities (down to ~1×10−16 m2/sec) given typical sizes of 
the ablated area, so they are most useful in studies of diffusion in glasses or melts, or for some 
fast-diffusing species in crystalline materials. In depth profiling, since depth resolutions may 
range from several tenths to several mm, diffusion profiles will generally need to be on order 
of several to tens of micrometers in length, thus limiting accessible diffusivities to ~1×10−18 
m2/sec. Hence LA-ICPMS measurements using current instrumentation cannot access the very 
slow diffusivities that may be measurable by depth profiling with RBS or SIMS, and because 
of larger spot sizes cannot measure step scans on as fine a scale as EMPA or nanoSIMS.

In most instances, sample preparation for LA-ICPMS analysis is very simple. Samples 
used are typically in the form of epoxy mounts or petrographic thin sections similar to those 
used in electron microprobe analysis. For diffusion studies, samples would generally need to 
be flat and well-polished to avoid any effects on depth resolution due to surface roughness 
when depth profiling, and to avoid sampling problems in step scans. While sample ablation 
cell (the region above the sample where the carrier gas removes the ablated material) design 
continues to evolve and improve, it is critical that samples be configured in such a manner 
that they do not create eddies or pockets that could trap or fractionate the analyte, which may 



136 Cherniak, Hervig, Koepke, Zhang, Zhao

compromise the ablation cell’s ability to efficiently transport ablated material to the mass 
analyzer so that an optimal signal can be produced. 

Standards are required for analytical calibration of LA-ICPMS, with standardization 
in most cases using various synthetic or natural reference materials of known composition. 
Materials commonly employed as standards are the set of silicate glasses produced by the US 
National Institute of Standards and Technology (NIST) containing various trace elements in 
a range of concentrations, standards from the US Geological Survey, or various other natural 
or synthetic minerals or glasses of well-determined composition. Appropriate standards will 
depend on the type of materials and elements to be analyzed, with ideal calibration standards 
matching the composition of the bulk chemical matrix of the sample (e.g., Koenig 2008). 
It has been found that for many crystalline silicates and glasses that 193 nm (ArF excimer) 
laser systems are less matrix-dependent than 213 nm (Nd:YAG) systems, and these are less 
matrix-dependent than longer-wavelength laser systems. Nonetheless, all LA-ICPMS analyses 
require calibration, and optimal reference materials that are reasonably close in bulk chemical 
composition to the sample, well characterized for all species of interest, homogeneous at the 
required scale of analysis, and available in sufficient quantities to last more than a few analyses.

Along with this external standardization, internal standardization (using elements in the 
sample analyzed) is typically also required in LA-ICPMS to correct raw data for differences 
in the ablation characteristics among standards and samples and between different elements, 
as well as to correct for general instrumental drift. Different groups of elements may need to 
be normalized against different internal standard elements to achieve high quality analyses; 
this will depend largely on the relative volatility of the elements. It should be noted that the 
elements used as internal standards must be quantified by an alternate analytical technique 
(e.g., electron microprobe or SXRF) in both the sample material and the external reference 
materials. This adds another level of complexity to the process of standardization. 

Like SIMS and solution ICPMS, LA-ICPMS is subject to various mass spectrometric 
interferences, including isobaric, molecular and doubly-charged ion interferences. Mass 
spectrometric interferences are more of a concern for light elements and most of the 
interferences in ICP-MS systems arise from compounds made from the torch, carrier gas, and 
gases in the chamber atmosphere. Of secondary concern are interfering compounds generated 
from the major components of the matrix. Interferences may be minimized or avoided through 
judicious selection of isotopic species to analyze, and optimization of instrumental operating 
conditions. It should also be noted that when considering mass interferences in analysis that 
even state-of-the-art quadrupoles used in ICPMS instruments still cannot match the mass 
resolution of magnetic sector machines.

LA-ICPMS detection limits vary with laser power and the volume of material analyzed. 
Theoretical detection limits for most elements are typically in the ppb to low ppm range. 
LA-ICPMS provides better trace element sensitivity than the EPMA or XRF for much of 
the periodic table, and analyses are generally fast, with detection of the entire periodic table 
(except for the noble gases, H, N, O and F) at low concentrations possible in less than a 
minute. Despite the generally excellent trace element sensitivity of LA-ICPMS there are still 
cases where interferences, poor ionization in the ICP and other problems lead to compromised 
sensitivity, especially with small ablation spot sizes. While instrumentation has improved 
significantly and rapidly, questions still remain regarding control of ablation of certain types 
of materials, mobilization of some species in material beyond the ablated area, and, in the case 
of depth profiling, the effects on measured concentrations of contamination from pre-ablated 
material and mixing of components from several depths.

Although LA-ICPMS is finding wide application for trace-element analysis in the 
geosciences (e.g., Sylvester 2001, 2008), it is has not yet been used extensively in diffusion 
studies of geological materials. Some examples include studies of Ar diffusion in K-feldspar 
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(Wartho et al. 1999) using depth profiling for profiles less than 50 mm and step scans for longer 
profiles, Ar diffusion in quartz (Baxter 2010, this volume) with depth profiling using Nd-YAG 
(213 nm) and ArF excimer (193 nm) lasers, diffusion of a suite of siderophile elements (Cu, 
Co, Ni, Ge, Ga, As, Ru, Pd, Pt, Ir, Au) in FeNi metal (Righter et al. 2005) measured with step 
scans, and diffusion of rare earth elements in olivine and chromite (Spandler et al. 2007) also 
measured using step-scanning. With advances in instrumentation and refinements of analytical 
protocols, the application of this technique to investigations of diffusion in geological materials 
is likely to become increasingly common.

RutHERFoRD BACKSCAttERIng SPECtRoMEtRY (RBS)

Rutherford Backscattering Spectrometry (RBS) is a method for determining chemical 
composition and elemental distributions in the outer few micrometers of a material. It is based 
on elastic collisions from interactions between light energetic ions (typically helium, produced 
in a small particle accelerator) and nuclei in a sample material. 4He in the energy range of 1 to 4 
MeV is the most common beam used, but other ions, including protons, deuterons, 3He, as well 
as those heavier than He, are also used for backscattering in certain applications. For example, 
protons can achieve larger depth ranges but at the expense of mass and depth resolution, and 
heavy ions can achieve high mass resolution, but can probe only shallow depths in a material. 
General overviews of RBS can be found in Chu et al. (1978) and Leavitt and McIntyre (1995). 

RBS has been used to investigate diffusion in minerals for over a quarter of a century. The 
earliest-reported applications include the work by Melcher et al. (1983) in measuring diffusion 
rates of Xe in forsteritic olivine, and the study of Sneeringer et al. (1984), in which Sr diffusion 
in diopside was measured and results from RBS, SIMS, and radiotracer methods compared. 

RBS and Nuclear Reaction Analysis (NRA, to be discussed in the next section), have depth 
resolutions typically ranging from a few to several tens of nm, thus permitting the measurement 
of diffusion coefficients down to relatively low temperatures (e.g., < 700 °C) applicable in a 
wide range of geologic settings, and diffusivities down to ~10−23 m2sec−1, avoiding in many 
cases the uncertainties of large down-temperature extrapolations. In addition, these methods are 
essentially “non-destructive” since there is no physical removal of material during the analysis. 

Basic principles of RBS

In RBS analysis, the energies of ions from scattering events are measured with a detector 
which is usually positioned at an angle of nearly 180° with respect to the incident beam, so it is 
referred to as “backscattering.” These collisions can be described by the equations of classical 
kinematics. The energies of the detected backscattered particles (En) will depend on the masses 
of the target atoms, related to the incident energy (E0) by KnE0 = En, where Kn is the kinematic 
factor:
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Here, q is the laboratory angle through which the ion is scattered with respect to its incident 
direction, and Mi and Mn are the masses of the incident particle and the target atom from which it 
is scattered, respectively. It can be clearly seen that backscattered particle energies will be higher 
for heavier target atoms by simplifying the expression in taking the limiting case of q = 180°:
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The probabilities of occurrence of scattering events, or Rutherford scattering cross-sections, 
can also be determined from first principles. The scattering cross-sections are functions of 
target and incident particle mass and charge, as well as the scattering angle and the incident 
particle energy at the time of scattering. The differential scattering cross-section, or cross-
section per unit solid angle W, is described by the following:
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Rutherford scattering cross-sections are larger for higher-Z elements (the cross-section varies 
as Z2), so the technique is more sensitive for high-Z (and larger mass) species. Detection limits 
can be down to a few tens of (atomic) ppm, but are considerably poorer for light elements. Since 
scattering cross-sections can be readily quantified and directly relate atomic concentrations to 
scattered particle yields, it is possible with RBS to perform quantitative elemental analysis 
without reference to standards.

Only a fraction of the ions comprising the ion beam incident on the sample will be 
backscattered from target atoms, and detected in the solid angle subtended by the detector. The 
detected spectrum for a particular element will include signal from scattering at the sample 
surface (which will have energy KnE0, where Kn is the K-factor for the element n, and E0 is the 
energy of the incident ion [i.e., initial energy of the ion beam]), as well as signal produced by 
scattering events with this element from greater depth in the material. Those ions not scattered 
from the surface will lose energy traveling deeper into the sample, primarily through inelastic 
collisions with the electrons of the target material, at a rate dependent on the material’s density 
and composition. These lower-energy ions can then scatter from target atoms at depth, losing 
additional energy as they make their way out of the sample to the detector. If the backscattered 
particle energies are measured, and the energy loss rates are known or can be determined, 
information on the depth distribution of this element in the sample can be evaluated as follows: 
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where (dE/dx)in and (dE/dx)out represent the energy loss per unit distance in the material for 
the ions going into the sample (before scattering) and out of the sample (after scattering), also 
referred to as the stopping power, of the material. Stopping powers have been evaluated for 
ions in all elemental targets based on semi-empirical fitting of experimental data (Ziegler et 
al. 1985), with stopping powers for compound targets obtained through application of the 
Bragg Rule, which weights the contribution to the stopping power of each element in the target 
according to its mole fraction in the material. These values can be calculated for compounds for 
a range of ions and energies using, for example, the software SRIM-2006 (Ziegler and Biersack 
2006; www.srim.org). 

An example RBS spectrum, from an experiment on Dy diffusion in fluorite, is shown in 
Figure 20. The RBS spectrum is a superposition of signals from all of the elements present in 
the outer several micrometers of the sample. Those elements with uniform distribution in the 
sample will each appear as a “step” (with a parabolic curve upward at lower energies because 
of the E−2 dependence of scattering cross-section) with their edge (at highest energy) at KnE0. 
In this spectrum, examples of these are the Ca and F steps for the fluorite matrix. The edge of 
the step for Ca, the higher mass species, is at higher energy (greater channel number) than the 
step edge for F. The step height is also smaller for F despite its higher molar abundance than Ca, 
due to its smaller scattering cross-section. Dy, of considerably greater mass than either of the 
major matrix elements, is at an even higher energy position, and the signal from this distribution 
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(which only extends a few hundred nm into the material) is well-separated from the RBS spectra 
constituents due to the major elements. The Dy peak maximum is about one-fifth of the near-
surface height of the Ca step, but its actual concentration is much lower, as the scattering cross-
section for Dy is nearly 11 times that of Ca. Elements with non-uniform distribution, like Dy in 
this case, will have their leading edge at KnE0 provided there is significant concentration of the 
species near the sample surface, but yields will not be step-shaped. For example, a profile for a 
species diffusing into a material will appear as a peak with count yield decreasing with depth, 
extending only to the depth of penetration of the diffusing species. 

In order to obtain depth distributions and elemental concentrations from RBS spectra, 
channel number (for the detection of particles recorded in a multichannel analyzer as in this 
example) is directly related to detected particle energy through calibration with major element 
edge positions from the sample itself or from standards analyzed in the same session. The 
energies in turn can be related to depth in the material (with lower detected energies of particles 
scattering from a given element corresponding to greater depth in the material) by using the 
energy loss rates in the material, as outlined above (e.g., Eqn. 7). The count yields for the 
element of interest can be directly related to concentrations through the scattering cross-sections 
for that element.

As this example illustrates, RBS is well-suited for analysis where there is a heavy impurity 
or species in a relatively light matrix. In contrast to some other depth profiling methods, the 
entire profile, including all elements present above detection limits, will be obtained in a single 
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Figure 20. An example of an RBS spectrum taken of a sample from a diffusion experiment, in this case 
measuring Dy diffusion in fluorite. The “steps” toward the lower channel numbers (lower energies) 
represent contributions from the major elements (Ca and F). The energies of the step rises are proportional 
to the elemental masses, and step heights depend on Rutherford scattering cross sections, proportional to 
the square of the atomic number. The contribution from Dy (also shown in the inset figure) indicates a non-
uniform distribution of this element, a result of it diffusing a few hundred nm into the fluorite. See text for 
additional details.
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analysis, so potential interferences must be considered. In diffusion studies, an ideal case would 
be a material composed of relatively light elements with a heavy diffusant. Diffusion profiles 
under best circumstances would be sufficiently short such that they would be separated from 
the contributions to the RBS spectrum from the major elements comprising the sample material, 
leaving the diffusion profile with little or no background, as is the case in the example shown in 
Figure 20. Although the simultaneous collection of signals from all elements may be a drawback 
under some circumstances, it can also be a benefit, as sample stoichiometry can be monitored, 
as well as changes in concentrations when multiple species are involved in chemical diffusion.

Depth and mass resolution

Depth resolution of standard RBS (a few MeV energy incident helium beam, standard 
solid-state surface barrier detector to detect backscattered ions) in the near-surface region is 
about 10-20 nm. Solid-state surface barrier detectors are most common for RBS analysis given 
their low cost and reliability, but other types of detectors may also be used. Time-of-flight 
detectors, for example, may be used for backscattering when heavy ions are the incident beam, 
as ions heavier than Li seriously degrade solid-state surface barrier detector performance, and 
electrostatic analyzers have found application in various areas, including lower-energy ion 
scattering studies (e.g., Leavitt and McIntyre 1995). With magnetic spectrometers, electrostatic 
analyzers and other high-resolution detection systems (e.g., Lanford et al. 2000), near-surface 
resolution can be improved by about an order of magnitude over that provided by typical surface 
barrier detectors. 

At greater depth in materials, depth resolution will degrade, primarily due to energy spread 
of the incident beam as it travels through the sample, referred to as “straggle.” The potential 
for degradation of depth resolution in this manner also has to be considered in designing 
experiments to be analyzed by RBS. For example, diffusion couples or “thick film” (greater 
than several tens of nm) sources are generally precluded because the beam either may not 
“see through” a thick later to the profile beneath, or depth resolution in measurements may 
be seriously compromised if the beam must go through a very thick surface layer to reach 
the profile. In addition, samples should be well-polished (or good natural mineral growth or 
cleavage faces used) to avoid additional loss of resolution due to surface roughness. However, 
when films on sample surfaces are thin, these sources can be employed quite successfully in 
diffusion studies using RBS (and NRA) (e.g., Dimanov et al. 1996; Bejina and Jaoul 1996). 
Other studies have used powder sources (e.g., Cherniak and Watson 1992, 1994), diffusion 
couples where materials can be readily separated (e.g., Cherniak et al. 2007), ion implantation 
of diffusants (e.g., Cherniak et al. 1991; Martin et al. 1999), gas sources (e.g., Watson and 
Cherniak 2003), and fluid media (provided care is taken to avoid dissolution of the sample and 
precipitation on sample surfaces; e.g., Watson and Cherniak 1997); in short, a range of source 
types can be used, provided a clear, smooth sample surface or surface area can be retained for 
analysis following diffusion experiments.

Beam spots for standard RBS are typically in the range of 0.5-2 mm in diameter. Smaller 
beam spots (down to a few micrometers) can be obtained on specially designed microbeam 
lines with additional focusing, but usually with poorer detection limits because of much lower 
beam currents typical of these configurations.

Detection limits for heavy elements are good with RBS (typically to a few tens of ppm), 
but mass resolution becomes poorer in higher mass ranges because of the nature of the mass 
dependence for the kinematic factor. Therefore, there can be difficulties in separating out signals 
in RBS spectra from elements whose masses are in close proximity (e.g., the rare earths), 
and isotopes cannot be readily distinguished under most circumstances; some exceptions are 
described below. However, high resolution detection systems can improve mass, as well as 
depth, resolution. As noted above, detection limits for light elements are relatively poor in RBS, 
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but in some cases non-Rutherford scattering (to be discussed below) can be used to improve 
these detection limits, and another ion beam technique, nuclear reaction analysis (NRA), to be 
discussed in the next section of the chapter, may be used in some circumstances for profiling of 
low to medium Z atomic number elements.

Above certain energies, depending on the projectile, scattering cross-sections will depart 
from classical Rutherford values as a result of short-range nuclear forces. For a standard 
backscattering energy for 4He of 2 MeV, cross-sections for elements with Z greater than ~6 
will be Rutherford, while for 2 MeV protons this value will be Z ~20; for 4He of 4 MeV energy 
non-Rutherford behavior will be observed for elements with Z less than ~15. Departure from 
Rutherford scattering behavior often results in large increases in scattering cross-sections; a 
good example is the non-Rutherford scattering cross section of 4He from 16O for a 4He energy 
just above 3 MeV (e.g., Cheng et al. 1993; Leavitt and McIntyre 1991; Demarche and Terwagne 
2006) where scattering cross-sections are more than an order of magnitude greater than 
Rutherford values. While these enhanced cross-sections have not yet found significant direct use 
in diffusion studies in minerals, they have been exploited to supplement other measurements, as 
in the study of Cherniak (2000), where non-Rutherford a scattering from 28Si at 6.6 MeV was 
used to explore substitutional processes involved in REE diffusion in fluorapatite.

Example applications of RBS in diffusion studies

Diffusion of elements of geochronologic interest, such as Pb, can present optimal 
circumstances for RBS analysis, since these elements are generally of high atomic mass. Much 
of the focus on measuring diffusivities of atomic species of importance in geochronology has 
been directed toward diffusion in accessory minerals, including zircon, apatite, and monazite. 
Given the very slow diffusion rates of most atomic species in many accessory phases, RBS, 
with its superior depth resolution, has found effective application in Pb diffusion measurements 
(e.g., Cherniak et al. 1991, 2004a; Cherniak and Watson 2001; Gardes et al. 2006, 2007).

Since the work of Sneeringer et al. (1984) on diopside, Sr diffusion in other minerals 
has been investigated with RBS, including feldspars (Cherniak and Watson 1992, 1994; 
Cherniak 1996), apatite (Cherniak and Ryerson 1993), fluorite (Cherniak et al. 2001), and 
calcite (Cherniak 1997). In some of these studies, insight into substitutional processes has 
been obtained by monitoring changes in major constituents in RBS spectra; for example, 
changes in near-surface Ca in K in calcic plagioclase and K-feldspar, respectively, following 
Sr diffusion experiments (Cherniak and Watson 1992, 1994) suggest exchange of Sr for these 
species in feldspars (Fig. 21). Diffusion of a range of other minor and trace elements, including 
rare-earth elements (e.g., Cherniak et al. 1997a; Martin et al. 1999; Cherniak 2000), high field 
strength elements (e.g., Cherniak et al. 2007) and actinides (Cherniak et al. 1997b; Cherniak 
and Pyle 2008) have been characterized with RBS.

Measurements of diffusion of noble gases were among the earliest applications of RBS in 
diffusion studies in minerals, where Melcher et al. (1983) measured Xe diffusion in minerals 
present in meteorites (olivine, feldspar and ilmenite) in order to better understand the early 
chronology of the solar system. More recently, the diffusion of Ar has been measured in quartz 
(Watson and Cherniak 2003) as well as olivine, enstatite and corundum (Thomas et al. 2008; 
Watson et al. 2007) with RBS, to evaluate the potential of these major rock-forming minerals 
as reservoirs for noble gases within the earth. RBS measurements of Ar diffusion in quartz 
have also recently been coupled with measurements of Ar by laser ablation ICPMS (Baxter 
et al. 2006). Since these analytical methods address different length scales, their application 
to measurements of diffusion in the same samples can increase understanding of transport 
processes for noble gases in minerals. Unfortunately, because of the close energetic proximity 
of signals from Ar to those from K and Ca in RBS spectra, measuring Ar diffusion in minerals 
of interest in 40Ar/39Ar dating (e.g., K-feldspar) with this method is problematic.
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In certain cases, RBS can be used for measurements of major element diffusion and 
interdiffusion in minerals. For example, isotopic tracers can be used when there is sufficient 
mass separation between them and the dominant natural isotope of the element of interest 
(as in the case of 30Si or 44Ca), and interdiffusion may be studied when one of the species 
significantly differs in mass from the other (and the heavier species is introduced through a thin 
film or removable source), as in the case of Fe-Mg interdiffusion. Ca self-diffusion has been 
measured by RBS in natural and synthetic diopside (Dimanov and Ingrin 1995; Dimanov et al. 
1996; Dimanov and Jaoul 1998) using a 44Ca tracer deposited in a RF-sputtered isotopically 
enriched thin film of diopside composition. Also in diopside, RBS has been used to measure 
(Fe,Mn)-Mg interdiffusion (Dimanov and Sautter 2000), while Fe-Mg interdiffusion has been 
measured by RBS in both orthopyroxene (ter Heege et al. 2006) and olivine (Bertran-Alvarez 
et al. 1992; Jaoul et al. 1995a; Dohmen et al. 2007). Silicon diffusion has been measured by 
RBS, using 30Si tracers, in a range of mineral phases, including olivine (Houlier et al. 1988, 
1990), pyroxene (Bejina and Jaoul 1996), zircon (Cherniak 2008), quartz and feldspars (Bejina 
and Jaoul 1996; Cherniak 2003). Recently, S diffusion in pyrite and sphalerite (Watson et al. 
2009) has been measured by RBS using a 34S tracer. 

Channel
600 650 700 750 800 850

C
ou

nt
s

0

200

400

600

800

1000

1200

Ca

Sr

Channel
0 200 400 600 800

C
ou

nt
s

0

2000

4000

6000

8000

Energy (MeV)
0.5 1.0 1.5

Ca
Sr

O

Al
Si

Anorthite(a)

(b)

Figure  21. RBS spectrum of Sr 
diffusion in anorthite. In (a), the 
full spectra from a Sr diffusion 
experiment (grey line) and an 
untreated specimen of anorthite 
(black line) are plotted. The figure 
in (b) illustrates complementary 
Ca-Sr exchange in the process 
of Sr chemical diffusion, where 
the spectrum from the diffusion 
experiment shows Sr uptake 
accompanied by a decrease in 
near-surface Ca.
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In addition to single crystal studies, RBS has also been used in investigations of diffusion 
in polycrystalline materials, for example in characterizing diffusion of heavy elements such 
as cadmium, the rare earths, and actinides with applications to environmental problems and 
radioactive waste storage. RBS has been used by Toulhoat et al. (1996) to measure Cd diffu-
sion in hydroxyapatite; diffusion of colloids in granitic rocks has been studied by RBS (Alonso 
et al. 2007a,b) to better understand transport from waste repositories and migration of other 
contaminants.

Although geologic applications of RBS in diffusion studies have largely focused on 
diffusion in crystalline materials, RBS has also been used to investigate diffusion controlled-
processes in glasses, including dynamic oxidation in Fe-bearing aluminosilicate glasses and 
basaltic melts (Cooper et al. 1996; Cook and Cooper 2000).

nuCLEAR REACtIon AnALYSIS (nRA)

In certain respects, NRA is similar to RBS in that a beam of ions produced in an accelerator 
is used to probe the chemical composition of the outer few micrometers of a material. However, 
for NRA, the ions are sufficiently energetic to overcome the Coulomb barrier and interact with 
specific target nuclei, resulting in a nuclear reaction. Products of these reactions (which may 
be gamma rays or light charged particles) are then detected, providing information about the 
depth distribution and concentrations of specific species in the material. Because this method 
relies on inducing nuclear reactions, it is isotope-specific. NRA has been applied in studies of 
diffusion in geologically significant materials over several decades. Among the earliest studies 
was an investigation of oxygen diffusion in quartz using the nuclear reaction 18O(p,a)15N 
(Choudhury et al. 1965). By the 1980s, applications of Nuclear Reaction Analysis to diffusion 
problems became more frequent.

Given the beam energies accessible to accelerators commonly used for these techniques 
(typically up to several MeV), NRA is most often exploited for the detection of light elements. 
Many useful nuclear reactions, especially those induced by protons, require beam energies of 
only a few hundred keV, so relatively low-energy accelerators can be used for some types of 
measurements. Instrumentation required is generally similar to that for RBS, although nuclear 
reaction analysis methods that rely on the measurement of gamma rays induced in the reaction 
require scintillation detectors rather than the charged particle detectors used for RBS, and for 
NRA when charged particles are the product from the nuclear reaction detected. The isotope-
specificity of NRA makes it suitable for a range of applications involving a tracer species, 
including diffusion studies. A good example is the use of an 18O tracer and the nuclear reaction 
18O(p,a)15N to measure oxygen diffusion in minerals. The expression in the previous sentence 
is the abbreviated way of writing the reaction 

  p + 18O → 15N + a (8)
where a proton beam is used to induce a nuclear reaction with an 18O atom. The products of the 
reaction are a 15N atom and an alpha particle, with the latter species being detected. 

NRA can be done in either resonant or non-resonant modes, depending on the reaction 
used and its cross-section. The reaction cross-section describes the probability of occurrence of 
a specific reaction as a function of incident particle energy and the angle between the incident 
particle and measured reaction product. As a function of energy, reaction cross-sections can 
have narrow energy-width regions of large cross-section (“resonances”), with regions of 
relatively small cross section in energy regions above and below these resonances; for some 
reactions there may also be broader-width energy regions with enhanced cross-sections (e.g., 
Fig. 22). For application of NRA in the resonant mode, the ideal reaction would have a large 
cross-section at the resonance energy Er and negligible or comparatively small cross-section 
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at other nearby energies. Perhaps the best example is the 1H + 15N → 12C + 4He + g resonant 
reaction (resonance energy 6.385 MeV), which is used to profile 1H (with a 15N beam), one of 
the few means to obtain quantitative depth profiles of H in materials. This method was used by 
Laursen and Lanford (1978) in their pioneering study on the hydration of natural obsidian, in 
which they explored the mechanism of hydration and developed an interdiffusion model. With 
an incident proton beam, this same reaction can also be employed to profile 15N. 

The application of resonant profiling is illustrated schematically in Figure 23. When the 
incident beam is at the resonance energy Er, the concentration of the species of interest at the 
sample surface is detected. Depth profiling is done by increasing the incident beam energy, 
thus increasing the depth in the material at which the resonance (and enhanced yield of the 
products of the nuclear reaction) occurs. Depth scales are determined by the difference between 
the beam energy and the resonance energy, and the rate of energy loss for the incident ions in 
the material. Concentrations of the element or isotopic species of interest at a particular depth 
are determined from the detected yields of the product of the nuclear reaction for the number 
of particles of the incident beam delivered to the sample, with detected yields of products of 
the nuclear reaction dependent on the reaction cross-section at the resonance energy, beam-
detector geometry, and efficiency of the detector. 

Resonant profiling is also used with a range of other nuclear reactions that have found 
application in diffusion studies, such as 27Al(p,g)28Si (using the 992 keV resonance, e.g., 
Sautter et al. 1988) to measure Al diffusion in diopside, 30Si(p,g)31P (using the 620 keV 
resonance, e.g., Jaoul et al. 1995b; Béjina and Jaoul 1996; Cherniak 2003, 2008) to measure 
Si diffusion in quartz, diopside and zircon, and 48Ti(p,g)49V (Cherniak and Watson 2007) to 
measure Ti diffusion in zircon. 

When reaction cross-sections are sufficiently large and vary smoothly over an extended 
energy range, the entire depth profile may be obtained using a single incident beam energy. 
This is referred to as non-resonant profiling. In non-resonant mode, the depth scales are 
determined by energy loss rates of incident and outgoing product particles from the nuclear 
reaction. Non-resonant profiling can be used with many reactions in which particles (e.g., 
protons, deuterons, 3He, a particles), rather than g rays, are the detected reaction product, since 
g rays do not experience the energy losses particles do in passing through the sample material 
and thus cannot provide depth information. 

The measurement of 18O using the nuclear reaction 18O(p,a)15N is a typical application 
of non-resonant profiling. 18O profiling is most often done in non-resonant mode at incident 
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Figure 22. An example of a reaction 
cross section as a function of incident 
ion energy, in this case the reaction 
18O(p,a)15N at a laboratory angle 
(angle between incident beam and 
detector) of 165°. The reaction 
cross-section (which describes the 
probability of the reaction occurring) 
shows a broad region of enhanced 
cross-section in the range of 800 
keV, and a narrow energy region of 
enhanced cross-section (a resonance) 
at ~629 keV. The cross section is 
plotted as millibarns (where a barn 
is 10−24 cm2) per unit of solid angle 
(in steradians). Cross section data are 
from Amsel and Samuel (1967). 
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energies of around 800 keV (e.g., Reddy et al. 1980; Ryerson et al. 1989), taking advantage 
of a region of fairly large and smoothly varying reaction cross-section (Amsel and Samuel 
1967) (Fig. 22). A spectrum of a particles over a range of energies is collected, representing 
contributions from 18O at various depths in the material (Fig. 24). This reaction has been used 
for oxygen diffusion studies in many mineral phases, including olivine (Reddy et al. 1980; 
Gérard and Jaoul 1989; Ryerson et al. 1989; Jaoul et al. 1980), zircon (Watson and Cherniak 
1997), rutile (Derry et al. 1981; Moore et al. 1998), monazite (Cherniak et al. 2004b) and 
titanite (Zhang et al. 2006). It should be noted that 18O also can be profiled using the resonant 
technique, with, for example, the sharp resonance at 629 keV (Fig. 22). 

In addition to resonant and non-resonant approaches described above, “hybrid” methods 
are sometimes used in which energies are varied, but the cross-section is sufficiently broad 
that the signal is comprised of integrated contributions from a significant range of depths in 
the material at each energy step. This approach is usually employed in cases of faster diffusing 
species where diffusion distances are comparatively long. Some examples are measurement 
of He diffusion using the 3He(d,p)4He reaction (e.g., Cherniak et al. 2009, Miro et al. 2006).

Interpretation of NRA spectra and conversion to concentration profiles is slightly more 
complicated than for RBS for a few reasons. In RBS, Rutherford scattering cross-sections can 
be described analytically; in contrast, cross-sections for nuclear reactions depend on nuclear 
structure and can vary quite dramatically with incident particle energy and with elemental and 
isotopic species. Cross-sections must be empirically determined through careful measurement 
as functions of incident energy and beam-detector angle. Fortunately, cross-sections for many 
useful reactions have been measured and tabulated for analytical purposes. Tables of reactions 

Figure 23. Schematic drawings illustrating the method of resonant NRA. This example shows the use 
of the reaction 1H(15N,ag)12C to measure 1H. An incident 15N beam is used, and g rays of characteristic 
energy produced in the reaction are detected. When the 15N beam is at the resonant energy (Er), hydrogen 
concentrations at the sample surface are measured. At higher incident 15N energies, H concentrations at 
depth in the material are sampled, with the depth (x) determined by the difference in energy between the 
incident beam and the resonant energy, divided by the energy loss rate for 15N in the sample material.
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used in NRA can be found in Cherniak and Lanford (2001) and Tesmer and Nastasi (1995); the 
online database IBANDL (the Ion Beam Analysis Nuclear Data Library, at http://www-nds.
iaea.org/ibandl/) has a frequently updated compilation of reaction cross-sections as a function 
of energy for a range of nuclei and projectiles. 

An additional complication in interpreting spectra is that the incident particles and product 
species from the nuclear reaction will not be the same, as they are in elastic scattering, and 
thus can have quite different energy loss rates in the sample material. Using the example of 
the 18O(p,a)15N reaction, the incident protons will lose energy at a much smaller rate while 
traversing a given distance in the material than the alpha particles that are the product of the 
reaction. When gamma rays are the species measured, for example when profiling H and Al 
with the reactions 1H(15N, ag)12C and 27Al(p, g)28Si, respectively, depth information can only 
be obtained through varying the energy of the incident beam since the gammas will travel 
through the material without losing energy as will product particles such as protons, alphas, or 
deuterons. 

In some cases, a multiple ion beam techniques can be employed in analysis of a single 
sample or set of samples to provide added information about the diffusional process. For exam-
ple, RBS measurements of Pb and Sr diffusion in feldspars (Cherniak and Watson 1992, 1994; 
Cherniak 1995a) were supplemented by NRA measurements of Al and Na in order to provide 
insight into substitutional mechanisms involved in Pb and Sr exchange in alkali feldspars and 
sodic plagioclase. Similarly, measurements of phosphorus using the reaction 31P(a,p)34S were 
made to accompany RBS measurements of REE diffusion profiles in zircon to investigate the 
role of the substitution REE+3 + P+5 → Zr+4 + Si+4 in rare-earth element diffusion in zircon 
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Figure 24. An example spectrum for non-resonant nuclear reaction analysis, in this case measuring oxygen 
diffusion in olivine using the 18O(p,a)15N reaction. The count yields in the alpha peak (toward the right of 
the figure) are proportional to the 18O concentration in the material, with yields at lower channel numbers 
(and lower energies) corresponding to 18O at greater depths in the material. Also detected in the spectrum 
are protons backscattered from the constituents of the olivine; these are toward the lower channel number 
(lower energy) end of the spectrum. Because the energy released in the nuclear reaction is relatively 
large (3.98 MeV) the alpha particles produced in the reaction will be fairly energetic, with much larger 
energies than the backscattered protons. However, reaction cross-sections are generally much smaller than 
Rutherford scattering cross-sections, so the count yields of alpha particles produced in the reaction are 
considerably less than those of the backscattered protons. Samples from Ryerson et al. (1989).
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(Cherniak et al. 1997b). In addition, in some studies of Si diffusion, both RBS and NRA (using 
the 30Si(p,g)31P reaction) have been employed to measure Si diffusion on the same samples, 
with good agreement among results (e.g., Béjina and Jaoul 1996; Cherniak 2003, 2008).

ELAStIC RECoIL DEtECtIon (ERD)

ERD (Elastic Recoil Detection) is another ion-beam method for measuring depth profiles 
of light elements (Z = 1 to ~10). It is like RBS in that it relies upon elastic scattering; however, 
the incident ions must be heavier than the element to be profiled. Typical incident beams 
employed (e.g., Petit et al. 1990; Cookson 1991) are 4He at a few MeV (for profiling hydrogen) 
or heavier ions such as C, Si or Cl at higher energies (≈ 1 MeV/amu). The light target atoms 
will recoil in a forward direction upon collision with the heavier incident ions; if the sample 
is tilted these recoiled atoms will escape the sample and can be detected. ERD can also be 
performed in transmission mode, where the detector is placed behind the sample and recoiled 
atoms exiting the back of the sample are detected, but this can only be done for thin (typically 
a few micrometers) self-supporting films (such as polymers), so this approach is of limited use 
in geological studies. The energy of the detected recoils Er will provide information about the 
depth distribution of the recoiling species, as described in the expression:
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where Er is the energy of the recoiled atom, E0 is the energy of the incident ion, M1 and M2 are 
the masses of the incident and recoiled species, respectively, and 180° − f is the angle between 
the incident beam and the detector used to detect the recoiled atoms. In general, f will be set at 
angles between 10 and 30°. To prevent scattered incident ions from interfering with the signal 
from the light recoils, an absorber foil is typically placed in front of the detector to stop these 
heavier ions. When the absorber foil is used, the detected particle energy is not Er, but a lower 
value Edet, with

E E Sr f fdet = − δ ( )10

where df and Sf are, respectively, the thickness of the foil, and “stopping power” or energy loss 
for the ions in the foil per unit thickness. As with RBS and NRA, depth scales for the detected 
particles are constructed from information on energy loss in the sample material. If an incident 
ion penetrates to a specific depth (measured normal to the sample surface) before a recoil event 
occurs, the incident ion will have lost energy in inelastic collisions while traveling through 
the material. Similarly, the recoil atom will lose energy traveling out of the sample to its 
surface. If the energy-averaged stopping powers for the incident and recoil species are Si and 
Sr, respectively, the initial depth of the recoil species can be determined from the expression
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where a and b are the acute angles between the sample surface and the incident beam, and the 
sample surface and the detector. Depth resolution will depend on the energy loss variations of 
both the incident and recoiling atoms in the material and the recoiling atoms in the foil, and 
will typically be in the range of tens of nm. Better resolution (by up to an order of magnitude) 
can be obtained by eliminating the stopper foil and using other detection systems, such as a 
magnetic spectrometer, rather than standard surface barrier detectors.

Although it holds considerable promise for analysis of light elements, thus far ERD has 
been used to only a limited extent in diffusion studies of geological materials. An example is 
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measurement of He diffusion in fluorapatite by Ouchani et al. (1998). Additional information 
on the technique (along with schematics of experimental configurations for ERD analysis) can 
be found in Barbour and Doyle (1995).

FouRIER tRAnSFoRM InFRARED SPECtRoSCoPY

Infrared (IR) spectroscopy uses infrared radiation to probe the chemical species and 
molecular clusters in solids, liquids or gases by exciting the vibrational modes (which absorb 
in the infrared region) in molecules or clusters. Infrared radiation is electromagnetic radiation 
with frequencies lower than visible light but higher than radio wave frequencies. The infrared 
spectrum covers the wavelength range from 0.75 to 100 mm, longer than visible light (400-750 
nm) but shorter than the radio wave. The infrared spectrum is often subdivided into the near-
infrared (NIR, wavelength 0.75-3 mm), mid-infrared (MIR, 3-30 mm), and far-infrared (FIR, 
30-100 mm) regions. Both the frequency and wavelength are related to the infrared radiation 
energy. The most common way to express infrared energy in plots of infrared spectra is by 
wavenumber, which in spectroscopy equals the number of waves per unit length (most often 
expressed in units of cm−1, but mm−1 will be used here).  

Infrared spectroscopy is widely applied in identification of specific chemical bonds, species 
and clusters. Its application in quantitative analyses (the focus of this chapter) is mostly in the 
measurement of H2O and CO2 concentrations, as well as concentrations of the individual species 
(molecular H2O and the hydroxyl ion for total H2O, and molecular CO2 and the carbonate 
ion for total CO2). In the geological literature, these analytical capabilities were pioneered by 
Stolper (1982a,b), Aines and Rossman (1984), Fine and Stolper (1985, 1986), Newman et al. 
(1986), Paterson (1986), Rossman (1988), and Bell and Rossman (1992). In addition to the 
aforementioned species, NH4

+ concentrations in mica (Busigny et al. 2003, 2004) have also 
been measured by IR spectroscopy. Although the number of components that can be analyzed 
by infrared spectroscopy is limited, H2O and CO2 are major volatile components in the Earth 
and in melts and minerals, and they cannot be analyzed easily by other methods. Furthermore, 
infrared spectroscopy is a non-destructive method (but preparation of doubly-polished sections 
for analysis will cause sample loss) with high sensitivity, high precision, and high spatial 
resolution. Recent development has resulted in nanoSIMS having even better sensitivity and 
spatial resolution than infrared spectroscopy (e.g., Saal et al. 2008), but infrared spectroscopy 
is still the only method available to quantitatively determine the concentrations of species, 
which may provide critical structural information and further insight into diffusional processes. 
Below we introduce the basic principles describing the molecular vibrational modes that often 
cause infrared absorption, the instrumentation used in infrared spectroscopy, and applications to 
measurement of H2O and CO2 concentrations and their use in diffusion studies.

vibrational modes and infrared absorption

Basic principles of vibrational motion in multi-atom “molecules” (including ionic clusters) 
have been discussed in numerous texts and papers (e.g., Colthup et al. 1990; Ihinger et al. 
1994; Beran and Libowitzky 2004). The vibrational motion absorbs in the infrared region. For 
an OH group in a structure, there is a stretching mode (Fig. 25), absorbing near 355 mm−1. For 
an H2O molecule (H2Om), there are 3 vibrational modes (symmetric stretching at 365 mm−1, 
asymmetric stretching at 375 mm−1, and bending at 163 mm−1; Fig. 26). For a CO2 molecule, 
because it is a linear molecule, there are 4 vibrational modes (symmetric stretching at 139 
mm−1 that is IR inactive, asymmetric stretching at 235 mm−1, and two identical bending modes 
at 67 mm−1; Fig. 27). For a carbonate ion (CO3

2−, a triangular ion), there are 6 independent 
vibrational modes (symmetric stretching at 106 mm−1 that is IR inactive, two asymmetric 
stretching at about 142 mm−1 that may split into a pair of peaks, two in-plane bending modes 
at about 68 mm−1, and one out-of-plane bending mode at 88 mm−1). 
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Based on quantum mechanics, the quantized energy level of a harmonic oscillator (an 
approximation for a vibrational mode) can be expressed as follows (Fig. 28): 

 E = (n+1/2)hn,  where n = 0, 1, 2, ... (12)

where E is the quantized energy level, n is the quantum number, h is the Planck constant, and 
n is the characteristic vibrational frequency, which is related to the force constant k as: 

ν = k
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where m* is the reduced mass, for a diatomic cluster defined as
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where m1 and m2 are the masses of atom 1 and atom 2 in the diatomic cluster. Based on 
this definition, the reduced mass m* is smaller than either m1 or m2. For example, for O-H 
stretching, m1 = 1.0079 u, and m2 = 15.9994 u, leading to a reduced mass m* = 0.9482 u.

On the basis of Equation (12), the lowest energy (ground state) of a harmonic oscillator 
is (1/2)hn when n = 0, which is called the zero-point energy. By absorbing an energy of hn 
(corresponding to the fundamental vibrational band in an IR spectrum), the harmonic oscillator 
can be excited to the energy of 1.5hn (Fig. 28). By absorbing an energy of 2hn (corresponding 
to the first overtone in an IR spectrum), the harmonic oscillator can be excited to the energy of 
2.5hn, and so on. If the oscillator is perfectly harmonic, the selection rule states that overtones 
should not occur. Because the energy versus distance relation for a chemical bond is slightly 
different from that of a harmonic oscillator (Fig.  29), (1) the overtones do occur with an 

 

 

 

Fig. 25. Stretching mode of an OH cluster, 
where the small solid circle represents H, and 
the large open circle represents O.  The 
diagram only shows one direction of motion 
during vibration.  By reversing the direction 
of all arrows, one gets the other type of 
motion in this and other examples below. 

 

Figure 25. Stretching mode of an OH cluster, where the 
small solid circle represents H, and the large open circle 
represents O. The diagram only shows one direction of 
motion during vibration. By reversing the direction of all 
arrows, one gets the other type of motion in this and other 
examples below. 
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Fig. 26.  Vibrational modes of the H2O molecule, where the small solid circles represent H, and large open 
circles represent O. 
 

Figure 26. Vibrational modes of the H2O molecule, where the small solid circles  
represent H, and large open circles represent O.
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Fig. 27.  Vibrational modes of the CO2 molecule, where small solid circles represent C, and large open circles
represent O.  
 

Figure 27. Vibrational modes of the CO2 molecule, where small solid circles  
represent C, and large open circles represent O.
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intensity about two orders of magnitude lower than the fundamental modes, and (2) the first 
overtone may occur at a slightly different wavenumber from exactly 2 times the fundamental 
band. A photon may also simultaneously excite two modes (combination modes). The intensity 
of the combination modes is between those of the fundamental modes and overtones.

Not all vibrational modes can be detected by infrared spectroscopy. If a molecule has a 
zero dipole moment (or a center of symmetry), and if the vibrational mode is symmetric so 
that it does not generate a dipole moment, it would be IR-inactive, meaning that in theory it 
cannot be excited by infrared radiation. In practice, however, IR-inactive modes still absorb in 
the IR region but the absorption is very weak. For example, H2, N2 and O2 are all IR-inactive. 
On the other hand, if a molecule does not have a center of symmetry (such as the case of 
a CO molecule), or if the vibration is asymmetric for a molecule with center of symmetry 

Fig. 28. Potential energy of a diatomic molecule as a function of distance between the two atoms. The solid 
curve is the actual energy and the dashed curve is the harmonic approximation.  The r that corresponds to 
the energy minimum is the bond length (or equilibrium distance re). 
 

Figure 29. Potential energy of a diatomic molecule as a function of distance between the two atoms. The 
solid curve is the actual energy and the dashed curve is the harmonic approximation. The r that corresponds 
to the energy minimum is the bond length (or equilibrium distance re).

  

Fig. 29. Quantized energy levels of a harmonic oscillator.Figure 28. Quantized energy levels of a harmonic oscillator.
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(such as asymmetric stretching of the O=C=O molecule), the vibrational mode is IR-active. 
When a vibrational mode is IR-inactive, it is Raman-active. When a vibrational mode is IR-
active, its absorption in Raman is weak. Hence, IR spectroscopy and Raman spectroscopy 
are complementary. For example, H2 is IR inactive but can be easily detected by Raman 
for diffusion studies (e.g., Shang et al. 2009). Furthermore, the spatial resolution of Raman 
spectroscopy is much better than IR spectroscopy, especially because the Raman beam can be 
focused to a specific spot (including a specific depth in a sample) with 1-2 mm resolution (e.g., 
Di Muro et al. 2006). However, the reliability of using Raman spectroscopy for quantitative 
analyses has been debated due to complications in its calibration when internal calibration has 
been used (e.g., Thomas 2000; 
Arredondo and Rossman 2002). 
Recent attempts using external 
calibration (or the “comparator 
technique”) show promise for 
determining total H2O contents 
(Di Muro et al. 2006; Thomas 
et al. 2008). Even though 
determining total H2O contents 
may be possible, extracting 
concentrations of hydrous 
species (H2Om and OH) does not 
seem to be possible (Behrens et 
al. 2006). Due to its high spatial 
resolution and its ability to be 
focused at specific depths in a 
material, future development 
may potentially make Raman 
spectroscopy a much more 
powerful tool in quantitative 
analyses of volatile species and 
in diffusion studies. 

Two infrared spectra are 
shown in Figure  30, one for 
a low-H2O glass in which the 
fundamental OH stretching 
band (at 355 mm−1) can be seen 
clearly, and one for a high-
H2O glass, in which the first 
overtone (about 710 mm−1) of 
the fundamental OH stretching 
band, and the combination bands 
at 452 mm−1 for X-OH (this 
band is characteristic of OH not 
associated with H2O molecules) 
and at 523 mm−1 for H-O-H 
(this peak is characteristic of 
molecular H2O) can be observed. 
The fundamental stretch peak 
is too high (over-scale) to be 
shown in Figure 30b. 

 
 
 

 

Fig 30. Two IR spectra, one for low H2O content and one for high H2O content.  The sharp peak at 235 
mm-1 is the asymmetric stretching of molecular CO2; the peak at 355 mm-1 is the fundamental stretching of 
OH (which indicates the sum of H2Om and OH because H2Om also contains OH bonds); the peak at 450 
mm-1 is a combination mode indicating OH, the peak at 523 mm-1 is a combination mode indicating H2Om, 
and the peak at 710 mm-1 is the first overtone of OH fundamental stretching.  From Zhang and Behrens 
(2000) and Ni and Zhang (2009a). 

 
 
 

 

Fig 30. Two IR spectra, one for low H2O content and one for high H2O content.  The sharp peak at 235 
mm-1 is the asymmetric stretching of molecular CO2; the peak at 355 mm-1 is the fundamental stretching of 
OH (which indicates the sum of H2Om and OH because H2Om also contains OH bonds); the peak at 450 
mm-1 is a combination mode indicating OH, the peak at 523 mm-1 is a combination mode indicating H2Om, 
and the peak at 710 mm-1 is the first overtone of OH fundamental stretching.  From Zhang and Behrens 
(2000) and Ni and Zhang (2009a). 

Figure  30. Two IR spectra, one for low H2O content and 
one for high H2O content. The sharp peak at 235 mm−1 is the 
asymmetric stretching of molecular CO2; the peak at 355 mm−1 
is the fundamental stretching of OH (which indicates the sum of 
H2Om and OH because H2Om also contains OH bonds); the peak 
at 450 mm−1 is a combination mode indicating OH, the peak at 
523 mm−1 is a combination mode indicating H2Om, and the peak 
at 710 mm−1 is the first overtone of OH fundamental stretching. 
From Zhang and Behrens (2000) and Ni et al. (2009a).
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Instrumentation for Infrared Spectroscopy

The classical infrared spectrometer uses the wavelength dispersive method to measure 
infrared spectra. Even though it is no longer used, we introduce the principles of the wavelength 
dispersive infrared spectrometer because their explanation is straightforward. The dispersive 
infrared spectrometer consists of four parts: energy source, prism, sample chamber, and 
detector. An energy source (which depends on whether one is interested in MIR or NIR), emits 
energy at all wavenumbers in the MIR or NIR region. The energy passes through a prism (or 
diffraction grating or monochromator) so that only the energy in a narrow wavenumber range 
is allowed through. The energy then passes through an aperture to limit the beam diameter, 
and then into the sample chamber with or without a sample. Finally, the remaining intensity is 
determined by a detector. To measure a full spectrum, the monochromator must be able to adjust 
so that radiation of different wavelengths can be let through. By adjusting the monochromator, 
the entire wavenumber range can be scanned. 

If no sample is present, the intensity is denoted as I0. If a sample is present, the detected 
intensity is denoted as I. Transmission is defined as I/I0. Absorbance is defined as –log(I/I0) = 
log(I0/I). Hence, if the sample does not absorb the energy at a given wavenumber, the transmission 
is 100%, and the absorbance is 0. If the samples absorbs significantly, the transmission becomes 
much less than 1 and absorbance would have a positive value. When the absorbance is greater 
than 2 or 3, there is very little energy detectable after passing through the sample; the error then 
becomes very large and absorbance loses its quantitative meaning. 

Since the 1990s, Fourier transform infrared spectrometers have become more widely 
available and classical infrared spectrometers are no longer commonly used. Nowadays, when 
IR instrumentation is discussed, it is implicitly FTIR, not the classical wavelength-dispersive 
IR. Classical IR spectrometers have distinct disadvantages compared with FTIR: (i) they only 
use a small fraction of the total energy from the source at every instant of time, wasting most 
of the energy and leading to large noise/signal ratios, (ii) one scan takes a long time (several 
minutes to an hour, depending on the precision needed), (iii) they require intensity calibrations, 
and (iv) their signals are affected by stray light.

Fourier transform infrared (FTIR) technology eliminates all of the above disadvantages. 
In FTIR, the monochromator is replaced by a unit (Michelson interferometer) that uses a 
beamsplitter to split the input beam into two equal parts, which are reflected back by mirrors 
and recombined. The recombined light then goes to the sample and then to the detector. 
The recombination leads to interference, so that the recombined signal is equivalent to the 
Fourier transform of the input signal. That is, in the input beam the intensity depends on the 
wavenumber, which cannot be detected by the detector, whereas in the recombined beam the 
intensity depends on time, which can be detected by the detector. After the detector records the 
intensity versus time signal, the digital data are then Fourier transformed back through software 
into a function of intensity versus wavenumber. Without the sample, the same signal as the input 
is obtained. With absorption by the sample, the spectrum would display the absorption bands.

Different types of IR spectra

IR spectra can be taken either on powders mixed and pressed with KBr into a disc, or on 
glass or single crystal wafers. Powder spectra are for qualitative identification, but for quantita-
tive analyses of geological materials, spectra of glass plates or single-crystal wafers are most 
often obtained. 

If the sample is isotropic (including glass and isometric minerals), then a typical FTIR 
configuration with a nonpolarized (or partially polarized because the mirrors and beamsplitter 
can cause polarization) beam works well for quantitative analyses. If the sample is anisotropic 
(all minerals with symmetry lower than isometric minerals), the absorption band intensity will 
depend on the orientation of the crystal as well as how the E (electric field) vector is oriented. 
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Libowitzky and Rossman (1996) discussed the principles of quantitative IR measurements of 
anisotropic minerals. In addition to transmission spectra, in which light passes through the 
sample and goes to the detector, reflectance spectra can also be taken (e.g., Moore et al. 2000), 
in which light strikes the surface of a sample, is reflected, and then reaches the detector. Peaks 
in reflectance spectra are usually weak and reflectance spectra are more difficult to quantify. For 
quantitative analyses, transmission spectra have been the method of choice except for remote 
sensing.

Depending on the infrared wavenumber region one is interested in, it is necessary to 
decide whether to obtain MIR spectra (typically 40-400 mm−1), using the energy source, 
beamsplitter and detector for the MIR region, or to obtain NIR spectra (typically 200-900 
mm−1). A typical IR instrument is set up for MIR analyses, with a Globar (a silicon carbide 
rod heated electrically to high temperature so that it glows) energy source, a KBr beamsplitter, 
and a DTGS (Deuterated Triglycine Sulfate) detector. If one needs to obtain NIR spectra, a 
special energy source (tungsten light source), beamsplitter, and detector (LN2-cooled InSb) 
must be added. For CO2 analyses, MIR bands are used. For H2O analyses, NIR bands are often 
used (except for the bending mode) for analyzing water-rich glasses (e.g., ≥ 0.3 wt% H2Ot), 
whereas either NIR or MIR can be used for water-poor glasses (e.g., ≤ 0.5 wt% H2Ot) and 
most minerals. To measure small samples, an FTIR microscope system is necessary, typically 
equipped with a LN2-cooled MCT (mercury-cadmium-telluride) detector that can be used with 
either MIR or NIR source and beamsplitter.

If large samples are available and there is no need to measure the spatial variation of 
species concentration, then the main chamber of the spectrometer is often used. An advantage 
of the main chamber is that the rays in the incidence beam are roughly parallel and the beam 
is perpendicular to the sample surface. Hence, the light will not bend much and the light path 
length is similar to the sample thickness so results are more reproducible from one lab to 
another. On the other hand, if the sample is small (e.g., < 0.1 mm in diameter) or one needs 
high spatial resolution (e.g., measurement of a diffusion profile), then a FTIR microscope must 
be used, in which the incidence beam is focused (converged) to a thin beam. However, the 
rays in the beam are not parallel but are first converging, reaching a minimum beam diameter, 
and then diverging. Therefore, the beam will be refracted in the sample, and the beam path 
is longer than the sample thickness, so reproducibility between different laboratories is not 
as good as in the case when main chambers are used. Furthermore, because light rays in the 
beam focused by a microscope are not parallel, they diverge in the sample, leading to a spatial 
resolution inferior to that indicated by the aperture size. For example, Ni and Zhang (2008) 
showed that with a 20 mm wide aperture and a sample thickness of 200 mm, the actual spatial 
resolution (FWHM) is about 30 mm. 

Calibration

In order to convert an IR absorption peak intensity from an infrared spectrum to 
a concentration, it is necessary to carry out a calibration using samples with known 
concentrations of the species of interest. The calibration for total H2O content (H2Ot) and 
species concentrations is used as example here. No method is available to directly determine 
the species concentrations in Fe-bearing glasses (i.e., natural glasses), which is a difficulty in 
the calibration. (For Fe-free glasses, NMR is able to determine the concentration ratio of the 
two species based on peak area ratio without calibration so that once H2Ot content is known, 
concentrations of both H2Om and OH can be determined, see Schmidt et al. 2001; Yamashita et 
al. 2008.) Concentrations of H2Ot may be determined by manometry (e.g., Epstein and Taylor 
1970; Newman et al. 1986), or by Karl-Fischer titration (e.g., Turek et al. 1976; Westrich 1987; 
Behrens et al. 1996).

According to Beer’s law, for dilute solutions, the concentration of a species i (Ci) and the 
absorbance at a peak for species i (Ai) are related as follows: 
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where r is the density, d is the thickness, and ei is the molar absorptivity at this peak. The 
thickness of the sample is measured using a micrometer. Glass density is measured as a 
function of H2Ot: for glasses with the same anhydrous composition but different H2Ot, the 
density can often be expressed as r = r0(1 − aC) where C is the mass fraction of H2Ot and 
a is a constant (often about 0.6 , e.g., see the summary in Table 3 of Zhang 1999). A more 
accurate expression uses the partial molar volume of H2O of 12.0(±0.5)×10−6 m3 (Richet et 
al. 2000). Either the peak height (linear absorbance) or the peak area (integrated absorbance) 
may be used for A. In the literature, peak height is more often used because it is simpler and 
the precision is about the same (at least for H2O species). If C is the H2Ot concentration (mass 
fraction or weight percent), C1 is the H2Om concentration, and C2 is the concentration of H2O 
present in the form of OH (i.e., it is the mass of two OH groups minus one oxygen), H2Ot 
concentration as the sum of H2Om and OH can be expressed as follows, since the H2Om peak 
occurs at ~523 mm−1, and the OH peak occurs at ~452 mm−1: 
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where A523 and A452 are the absorbance for the 523 mm−1 and 452 mm−1 peaks, e523 and e452 are 
the molar absorptivities for the 523 mm−1 and 452 mm−1 peaks. 

Based on Equation (16), from the measurement of H2Ot concentration by an absolute 
method, and measurement of peak heights A523 and A452 in an infrared spectrum, one equation 
relating C, A523 and A452 can be obtained. Because there are two unknowns (e523 and e452) in 
Equation (16), it is necessary to conduct the analyses over a large range of values of C to yield 
numerous linearly independent equations (meaning that C1 and C2 concentrations must not be 
proportional as C increases) so that both e523 and e452 can be determined. A feature of the species 
equilibrium in the melt (quenched to glass) between H2Om and OH is that the concentrations of 
the two species are not proportional to each other, allowing the determination of both e523 and 
e452. One method to obtain e523 and e452 from data is through direct multi-linear regression of 
C versus A523 and A452 (Newman et al. 1986) by making the intercept be zero. Another method 
is to rewrite Equation (16) in the following form (Behrens et al. 1996): 
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and plot 18.015A523/(rdC) on the y-axis versus 18.015A452/(rdC) on the x-axis. The y-intercept 
is e523, the x-intercept is e452, and the slope is −e523/e452. 

The above treatments assume that e523 and e452 are constant (independent of H2Ot). 
Because H2Ot in glasses is relatively high (typically a couple of wt%), the assumption may or 
may not be accurate. For example, Zhang et al. (1997) showed that the e523/e452 ratio in rhyolite 
glasses derived from a calibration based on different samples and the ratio from heating the 
same sample to different temperatures are different, indicating either the calibrations are not 
accurate, or e523 and e452 depend on H2Ot. The uncertainty on e523 and e452 affect the species 
concentrations more than H2Ot content. By combining manometry data and heating data, 
Zhang et al. (1997) carried out a calibration by treating e523 and e452 to be a function of A523 
and A452. The calibration by Zhang et al. (1997) works well at H2Ot ≤ 3.0 wt%, but the error 
increases as H2Ot increases above 3.0 wt% (Zhang and Behrens 2000). Schmidt et al. (2001) 
found that the molar absorptivities in alkali aluminosilicate glasses are independent of H2O 
concentrations, whereas Yamashita et al. (2008) showed that the molar absorptivities in sodium 
silicate glasses depend on concentrations. The issue of whether and how molar absorptivities 
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in various hydrous glasses vary with H2Ot at greater H2Ot remains to be resolved.

At low H2Ot concentrations, the 355 mm−1 peak (fundamental stretching of OH) can be 
used, which is about a factor of 50 larger than the NIR peaks (452 mm−1 and 523 mm−1). At low 
H2Ot, OH is the dominant species. Hence, the calibration involves only one molar absorptivity 
(e.g., Dobson et al. 1989; Dixon et al. 1995). For a sample of about 1 mm thickness, the detection 
limit of H2Ot using the 355 mm−1 peak is about 1 ppm. Examples for the use of the 355 mm−1 
peak include investigation of water diffusion in basalt melt (Zhang and Stolper 1991). For the 
IR measurement of molecular CO2 and CO3

2− concentrations, the calibration procedures are 
similar when only one of the two species is present in the given glass. 

Sample preparation for infrared analyses is in general straightforward. The sample must 
be doubly polished and the thickness well-determined. For transmission infrared spectra, the 
surface of the sample must be cleaned without leaving a residue that may contribute to the 
species to be measured. The surface along the IR path must not be covered by plastic tape or 
double-sided tape. Cracks, especially cracks filled by epoxy, must be avoided because epoxy 
has a large IR signal that would superimpose on the bands of interest. 

Applications to geology

The most important geological applications of FTIR are to analyze total H2O concentrations, 
concentrations of H2O species, total CO2 concentrations, and concentrations of CO2 species 
in natural silicate glasses and minerals. Absorption bands involving H and C are often at 
much higher wavenumbers and far separated from structural IR bands due to silicate network 
vibrations and are hence easily quantified. This is because the masses of H and C are small 
(leading to small values of reduced mass, Eqn. 14), so that at the same bond strength (force 
constant k), the vibrational frequencies (or wavenumbers) are much higher than those for other 
species (Eqn. 13). 

Stolper (1982a,b) pioneered infrared studies of dissolved water in natural silicate melts 
and glasses, and was first in the earth sciences to discover the presence of both molecular H2O 
and hydroxyl groups in silicate melts and glasses and to study the equilibrium between H2O 
molecules and OH groups. At high total H2O contents (such as > 4 wt%), the concentration of 
H2Om becomes higher than that of OH. 

With the advancement of IR microbeam techniques, H2O diffusion profiles can be 
measured, along with species concentrations and total concentration using step scans (Zhang 
et al. 1991a; Zhang and Stolper 1991) or automatic line scans (e.g., Zhang and Behrens 2000). 
The analyses of data on species concentration demonstrated that H2Om is the diffusing species 
and that OH is largely immobile compared to H2Om (Zhang et al. 1991a;, Doremus 1995; 
Zhang and Behrens 2000; Behrens et al. 2004; Liu et al. 2004b; Ni and Zhang 2008; Ni et al. 
2009a,b; Wang et al. 2009), an inference reached earlier by some glass scientists based on the 
shape of diffusion profiles representing total H2O at low H2Ot contents (Doremus 1969, 1973; 
Ernsberger 1980; Smets and Lommen 1983; Nogami and Tomozawa 1984). The comparison 
between H2O diffusion and 18O “self” diffusion also led to the realization that oxygen diffusion 
in melts and minerals in the presence of H2O often occurs through H2O diffusion (Zhang et al. 
1991b; Behrens et al. 2007; see also ab initio calculation results by McConnell 1995). Infrared 
spectroscopy has also been applied to investigate diffusion of hydrous components in olivine 
(Mackwell and Kohlstedt 1990), pyroxene (Skogby and Rossman 1989; Ingrin et al. 1995), 
and garnet (Wang et al. 1996). Other applications include speciation studies (e.g., Ihinger et al. 
1999; Liu et al. 2004a; Hui et al. 2009), solubility studies (e.g., Blank et al. 1993; Tamic et al. 
2001; Liu et al. 2005), and kinetic and geospeedometry studies (Zhang et al. 1997b; Zhang et 
al. 2000; Wallace et al. 2003).

IR measurements of H2O species concentrations and profiles are much more difficult 
in glasses with high FeO concentration because (i) the degree of transparency of the glass is 
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reduced and (ii) the broad Fe absorption band in the NIR overlaps with the 523 mm−1 peak (e.g., 
Ohlhorst et al. 2001; Liu et al. 2004a,b; Ni et al. 2009b). One way to get around this difficulty 
is to use Fe-free melts using equimolar amounts of MgO and CaO to replace FeO (e.g., Ni et 
al. 2009a).

Stolper and coworkers also pioneered the infrared study of CO2 in silicate melts and 
glasses (Fine and Stolper 1985, 1986). It was found that dissolved CO2 in polymerized (or 
silicic) melts is present as molecular CO2. As the melt composition changes from rhyolite to 
andesite to dacite to basalt, increasingly more of the dissolved CO2 is present in the form of 
carbonate ions (CO3

2−). Infrared measurements of CO2 and CO3
2− concentrations have been 

applied to investigate total CO2 diffusion (Blank 1993; Sierralta et al. 2002; Nowak et al. 2004) 
and solubility (e.g., Blank et al. 1993; Tamic et al. 2001; Behrens 2010).

SYnCHRotRon X-RAY FLuoRESCEnCE MICRoAnALYSIS (m-SRXRF)

The m-SRXRF (“microscopic”-synchrotron radiation X-ray fluorescence) technique 
is a well-established microanalytical technique for trace element analysis, which in the last 
decades has been continuously improved in its instrumentation and in the quantification of 
X-ray spectra (see reviews by Smith and Rivers 1995, Haller and Knöchel 1996, Janssens 
et al. 2000, Hansteen et al. 2000, Sutton et al. 2002). Due to the outstanding properties of 
synchrotron radiation, such as high brightness, high degree of polarization and extremely low 
divergence, m-SRXRF offers a number of interesting advantages in comparison with other trace 
element analytical tools: (1) non-destructive analysis which enables long-time acquisitions 
under steady-state conditions, even for fragile biological materials, (2) easy quantification 
by using a standard-free fundamental-parameter approach, (3) the possibility of calculating 
matrix effects by using fundamental-parameter approaches, (4) the collection of multi-element 
spectra with one acquisition; (5) low detection limits (ppm level) at a high spatial resolution, 
and (6) sensitivity ranging over six orders of magnitude. 

In the last decades, the m-SRXRF technique has been applied to many disciplines of the 
earth sciences (see the overviews by Smith and Rivers 1995 and Sutton et al. 2002). Baker and 
Watson (1988) and Baker (1989, 1990) were the first to apply m-SRXRF to study trace element 
diffusion in silicate glasses, measuring diffusion profiles of a few selected elements. Koepke 
and Behrens (2001) improved the technique by using a modern energy dispersive detector to 
simultaneously analyze 18 trace element diffusivities in a single experiment. With this multi-
element approach, the relative errors of the diffusion coefficients are minimized, resulting in 
“internally consistent” data sets (Mungall et al. 1999; Koepke and Behrens 2001). 

Instrumental setup, spectra acquisition and data processing

Most studies on diffusion in silicate glasses using m-SRXRF as an analytical tool have 
been performed at the HASYLAB synchrotron source of the DESY in Hamburg, Germany 
(Koepke and Behrens 2001; Koepke et al. 2003; Hahn et al. 2005; Behrens and Haack 2007; 
Behrens and Hahn 2009). Therefore, the experimental m-SRXRF setup installed at beamline 
L of the HASYLAB is described here in detail (Fig. 31). Similar setups can be found in other 
synchrotron radiation facilities around the world (Brown et al. 2006)

For the measurements, the “white” X-ray continuum of a bending magnet is used, which 
shows maximum brilliance at 16.0 keV (critical energy). During routine analysis, the resulting 
X-ray spectral distribution enables simultaneous K-shell excitation of elements with atomic 
numbers from 25 (Mn) to 82 (Pb). The excitation conditions are normally optimized for single 
elements or element groups by using suitable absorbers. For minimizing the background 
radiation caused by Rayleigh and Compton scattering, the “horizontal” geometry is used, (for 
details see Haller and Knöchel 1996; Janssens et al. 2000), for which the radiation is detected 
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in the plane of maximum polarization at an angle of 90° (Fig. 31). For this geometry, the angle 
of incidence of the synchrotron beam on the sample is 45°. For a sufficiently high spatial 
resolution, a reduction of the diameter of the incoming synchrotron beam is necessary, which 
can be accomplished by using different types of glass capillaries as collimators (e.g., Haller 
et al. 1995; Janssens et al. 2000). For most diffusion studies, the beam size of the incoming 
synchrotron beam on the sample varies between 2 and 20 mm. 

Samples analyzed are typically thin sections of diffusion couples, usually oriented so 
that the incoming synchrotron beam is perpendicular to the direction of diffusion (Fig. 32). 
Because the high-energy synchrotron beam penetrates through the whole thickness of the 
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Figure 31. Schematic drawing of the m-SRXRF analytical setup installed at beamline L of  
DORIS III synchrotron radiation source at HASYLAB (view from the top). 
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sample without significant loss of energy, the variation with depth cannot be resolved. This 
characteristic is similar to transmission infrared spectroscopy, but differs from EMPA, LA-ICP-
MS or SIMS, where volumes from near-surface spots are analyzed. Therefore, for diffusion 
studies using m-SRXRF analyses, the contact plane of the diffusion couple is aligned parallel to 
the plane of the incoming beam and the direction of detection. 

Fluorescence-derived X-ray photons, the Ka lines of elements, are detected with an energy-
dispersive high-purity germanium detector. Due to the high brilliance of the synchrotron 
source, acquisition times are generally low, e.g., 240 seconds in the studies of Koepke and 
Behrens (2001) and Hahn et al. (2005) resulting in detection limits in the range of 1 to 15 
ppm for the measured elements. Peak fitting and determination of the net peak areas are 
routinely performed using commercial software (e.g., Van Espen et al. 1977), with the option 
of processing multi-element spectra (Fig. 33a). For example, in the study of Hahn et al. (2005) 
24 trace elements were measured simultaneously. Net intensities are routinely normalized to an 
internal standard (typically Ca or Fe) to correct for variations in synchrotron beam intensity, 
dead time and thickness of the sample. For most trace element diffusion studies using diffusion 
couples, the major element matrix is identical throughout the sample. Therefore, the normalized 
intensities are directly proportional to the concentration of trace elements in the glass, and the 
determination of absolute concentrations is not necessary. Typical profiles of trace elements 
with different geochemical behaviors are presented in Figure 33b. Normalized peak areas may 
be used directly for the calculation of diffusion coefficients.

Sample preparation

Samples for typical trace element diffusion studies using m-SRXRF are couples of trace 
element-doped and undoped silicate melts (for experimental details see Koepke and Behrens 
2001; Koepke et al. 2003; Hahn et al. 2005). After experimental runs, capsules are cut 
perpendicular to the contact plane of the couple for preparation of doubly polished thin sections. 
Due to the complete penetration of the incoming beam through the sample, the spatial resolution 
of this method is strongly dependent on the sample thickness. Moreover, since self-absorption 
is relatively high for the elements used for internal standardization, and practically negligible 
for elements of high atomic numbers, it must be ensured that the samples are of homogeneous 
thickness. Therefore, samples for m-SRXRF studies have to be prepared as reasonably thin 
sections; for example, 50 ± 1 mm thick sections were used in the studies of Koepke and Behrens 
(2001) and Hahn et al. (2005). It should be noted that a decrease of sample thickness will also 
reduce the intensity of the fluorescence lines, resulting in lower precision and poorer detection 
limits of the analyzed elements. 

Applications of m-SRXRF for measuring trace element diffusivities in silicate melts

Pioneering studies using m-SRXRF to investigate diffusion in silicate glasses were conducted 
by Baker and Watson (1988), who measured diffusion profiles in complex Cl- and F-bearing 
silicate melts, Baker (1989) who investigated tracer versus trace element diffusion using Sr 
isotopes, and Baker (1990) who analyzed Rb, Zr, Sr and Nb concentration profiles generated 
during chemical interdiffusion between a dacite and a rhyolite melt. Carroll et al. (1993) measured 
Kr diffusion in different silicic melts including pure SiO2 and rhyolitic compositions. All of 
these studies considered only a few selected elements, which were analyzed by m-SRXRF. Ten 
years later, Koepke and Behrens (2001) benefited from advancements in m-SRXRF permitting 
the collection of multi-element spectra with one acquisition, and started to obtain “internally 
consistent” data sets for trace element diffusivities in a synthetic haploandesitic melt with and 
without added water. This approach minimizes the relative errors of the diffusion coefficients, 
and such datasets provide the opportunity to explore systematic dependencies of diffusivities 
on ionic charge and radius. Doped elements can be grouped geochemically as LFSE (Rb, Sr, 
Ba), REE (La, Nd, Sm, Eu, Gd, Er, Yb, Y), HFSE (Ti, Zr, Nb, Hf, Ta), and transition elements 
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Figure  33. (a) m-SRXRF spectrum of a haploandesitic glass doped with various trace elements at the  
~ 300 ppm level, which was used as starting material in the trace element diffusion study of Koepke and 
Behrens (2001). Only the Ka-lines are indicated. Above ~32 keV both Ka1 and Ka2 lines are visible. 
Peaks not labeled correspond to Kb-lines. Conditions for the m-SRXRF measurements: 20-mm capillary; 
acquisition time of 400 seconds (real time); Al absorber of 1 mm thickness. The presence of Ag is a 
due to a contamination resulting from sample polishing. (b) Diffusion profiles for selected trace elements 
measured with m-SRXRF obtained from a diffusion couple of haploandesitic melt containing 5 wt% H2O. 
Experimental conditions: Temperature = 1583 K; pressure = 500 MPa; run time = 1 hour. Conditions for 
the m-SRXRF measurements: Acquisition time = 240 seconds (real time) for each spectrum, resulting in 
~ 4 h for the whole profile; absorber = 1 mm thick Al; capillary = diameter of 20 mm, non-focusing. The 
profiles are normalized to the peak net area of Ca. Shown are examples for trace elements of different 
chemical behavior with fast (Sr), medium (Zn, La), and slow (Zr) diffusivity. For details see Koepke and 
Behrens (2001). 
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(Sc, Cr, Fe, Ni, Zn). Most of the investigated elements showed a linear relation between log 
diffusivity and log viscosity, permitting the prediction of diffusivities in hydrous andesite 
systems at various conditions. This relation could potentially be used to estimate trace 
element diffusivities for silicate melts with different compositions provided viscosity data are 
available. Due to the simultaneous measurement of all trace elements, ratios between diffusion 
coefficients can be obtained with high precision. The precision of the analytical method is 
determined mainly by the scatter of data points along a profile, which decreases with increasing 
intensity of the fluorescence signal of the element (e.g., high fluorescence signal for elements 
like Y and Zr; and low signals for elements like Ta of Hf; see Fig. 33). This results in a slightly 
different fit parameter when evaluating duplicate analyses of concentration profiles from the 
same sample. Based on duplicate profiles in different samples, the elements can be divided into 
three groups: those with high reproducibility of diffusion coefficients (within 3-5 %): Rb, Sr, 
Y, Zr, Nb; those with intermediate reproducibility (within 10-15 %): Ba, Cr, Fe, Ni, Zn, light 
REE; and those with low reproducibility (within 30-50 %): Yb, Er, Hf (for details and individual 
errors of estimated diffusion coefficients see Koepke and Behrens 2001). 

Difficulties arise in systems with many trace elements in complex matrices due to 
spectral interferences between elements of interest. Behrens and Hahn (2009) overcame 
this problem by separating the conflicting trace elements into two sets. Hahn et al. (2005) 
used the same analytical equipment in measuring 24 trace elements, representing different 
geochemical groups, in hydrous rhyolitic glasses. These authors applied both m-SRXRF and 
SIMS in analyzing the concentration profiles, and found that multiple diffusivities derived 
from both techniques are in very good agreement for most elements. They showed that some 
trace elements could not be reliably quantified with m-SRXRF. These include Ta and Pb (these 
elements are used for detector collimator material), Ti, V (low energy of Ka lines), Co (Ka 
lines for Co have overlaps with Fe Ka lines) and Cr, Ni, Cu, Zn (overlaps with L-lines of 
REEs). In contrast to m-SRXRF, in SIMS analyses elements are measured sequentially, which 
is much more time-consuming, so fewer trace elements could be analyzed in a single session. 
In addition, some elements are difficult to analyze with SIMS due to isobaric interferences (for 
example, interference of NaSi with V, and interference of CaO with Ni) or very low yields (e.g., 
Sn). Recently Behrens and Haack (2007) and Behrens and Hahn (2009) obtained “internally 
consistent” data sets for trace element diffusivities using m-SRXRF in soda-lime-silicate glass 
melts and in potassium-rich trachytic/phonolitic melts, respectively.
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