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Abstract
Background/Objectives: The demand for exact quantification analyses in
complex ore assemblages is increasing rapidly as mineral processing studies
becomemore sophisticated. In response to this need, an Electron Micro Probe
Analysis and Proton Induced X-ray Emission complementary based analytical
tool procedure for the chemical characterization of minerals was employed to
study the metamorphic rocks.Methods : In this work, we compare the quanti-
tative analysis of high-grademetamorphic rocks by proton induced X-ray emis-
sion (PIXE) with that of the previous analyses by electron probe microanaly-
sis (EPMA). During this investigation, the PIXE analytical method on a nuclear
microprobe was added to the previously well-known EPMA for the chemi-
cal quantification of high-grade metamorphic rocks from the Charnockite Hill,
Visakhapatnam, A.P., India. For the evolution and geochemical characterization
of the metamorphic rocks, the above two methods are compared and discus-
sions are made with respect to certain elements. Findings: Particle-induced
X-ray emission is well-matched except for certain elements for the chemical
characterization of metamorphic rocks belonging to earth material samples.
This comparison with EPMA demonstrates the elemental quantification char-
acteristics for such analyses. Not only is an exploratory study of proton induced
X-ray emission benefit presented, but also a synopsis of comparison with elec-
tron probe microanalysis aimed at a responsible reply to metamorphic rock
analytical questions.Novelty: The complementary technique, especially EPMA,
is required to fill the elemental gaps that are not determined in the case of
matrix complex charnockite compositional analysis by PIXE with 3MeV and a Si
(Li) detector.
Keywords: Electron and Proton Microprobes; Complementary Techniques;
Metamorphic Rocks; Elemental Analysis
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1 Introduction
The charnockites of Visakhapatnam, A.P. and India’s most prominent airport, a 136’ hill Figure 1, are being extensively
quarried due to the airport extension. In the geochemical study of these metamorphic rocks Figure 2 from the Eastern Ghats,
Visakhapatnam,AP, India, sampleswith halogen-richminerals have been identified. Biotite, hastingsite, and apatite are halogen-
containing minerals in charnockite composition, and this report deals primarily with their occurrence and composition. One
of the coarse-grained garnet-biotite-hypersthene granodioritic charnockites (1) occasionally contains allanite and is believed to
be of palingenetic origin. Biotite is a commonmineral in the palingenetic charnockites. Hornblende and apatite occur in minor
amounts in these rocks.The rock sample containing halogen-bearingminerals belongs to the younger granodiorite charnockitic
family.

Fig 1. Visakhapatnam airport area, the central portion of a charnockite hill After Sriramadas and Rao (1979)

Fig 2. Chatrnockite hill of airport area, Visakhapatnam

Different generations of charnockites are present in the EasternGhats Belt, but the charnockitisation of granitic gneisses is yet
to be documented. Charnockitic rocks that suffered granule facies metamorphism and attendant migmatization in the coastal
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India area are shown to be relicts of older (2). The matrix high-grade metamorphic rock sample came from the terrestrial planet
system, and its sample preparation for the experiment is significant in studies of metamorphic rocks and their quantification.
Contaminants occurring during specimen preparation are part of the careful threat for geochemical characterization of earth
materials, as are contaminants occurring during specimen preparation in the earth’s solar system.

The demand for exact quantification analyses in complex ore assemblages is increasing rapidly as mineral processing
studies become more sophisticated. In response to this need, an EPMA-based analytical tool procedure for the chemical
characterization of minerals was developed. The analytical tool uses an electron microprobe to collect combined X-ray
maps. EPMA and X-ray element distribution maps of grains are acquired in parallel, enabling direct comparison between
elemental concentrations and textural features. An automated cluster recognition technique has been developed for systems
characterised by highly complex mineral phase assemblages (3). Particle-induced X-ray emission (4) is well suited for the
chemical characterization ofmetamorphic rocks belonging to earthmaterial samples. Not only is an exploratory study of proton
induced X-ray emission benefit presented, but also a synopsis of comparison with electron probe microanalysis aimed at a
responsible reply to metamorphic rock questions.

1.1 Microanalysis Using an Electron Probe

EPMA experimented with a projectile of electrons (energy range; 5 to 30 keV) by interacting with a small volume of a target
and gathering the X-ray photons thereby induced by the various elemental specimens. The characteristic X-rays emitted by
the target composition can be easily quantified by gathering throughWavelength Dispersive Spectroscopy spectra. An electron
projectile with sufficient energy is allowed to crash into the incident to liberate energy from the target. These electron-target
interactions liberate heat, but they also yield both X-ray and derivative electrons. An X-ray is emitted by inelastic collisions of
the bombarding electrons with lower shell electrons of atoms in the target.When a lower-shell electron is vacated from its orbit,
leaving a vacancy, a higher-shell electron fills this vacancy and must shed some energy as an X-ray to do so. This quantified
X-ray is characteristic of the element in the sample. EPMA (5) is a fully quantitative and qualitative tool of non-destructive
multi-elemental analysis with ppm sensitivity. Over several days, common quantification to 1% weighting is accomplished. It
is the most accurate, precise and all elements from boron to uranium can be analyzed.

In the electron beam case, the electron mass and target electrons are the same. However, in the case of the proton, its mass
is greater than that of the target electron. Therefore, the overall kinetic energy loss is very small in the proton projectile case,
and its direction of travel is almost unchanged. The momentum is smaller in the case of the electron beam than in that of the
proton beam, and hence electron projectiles suffer a larger fraction of energy loss per encounter. Because of huge mass fraction
differences, the bremsstrahlung is higher in the electron beam case than in that of the proton beam. Choosing the most suitable
analytical tool formulti-elemental quantification ofmatrixmetamorphic rocks is not always possible, since several experimental
factors based on the target and the analytical requirements have to be considered. In this study, PIXE general information about
the elemental composition of metamorphic rocks is presented, along with a comparison with EPMA.

1.2 Microanalysis Using a Proton Probe

H. Moseley experimented with the characteristic X-rays induced when materials were bombarded with cathode rays. Since
electrons are particles too, this is the first report of particle induced X-ray emission. The first described the spectrometer and
pointed out that its elemental samples were contaminated with impurities. In his second, he analytically calculated K and L line
energies. PIXE using Si (Li) detectors suggested that the trace-element limit of detection could be as low as ppm and analysed
geological samples.

With a systematic technique to estimatingmajor, minor, trace element, and REE elements of rock composition, an important
attempt has been made to examine the accuracy and precision of the PIXE fundamental parameters. To assist the comparison
of the PIXE data, complementary electron probe micro-analysis measurements with earlier characterizations were used (6). The
X-ray production cross-sections, not the ionisation cross-sections, must be determined with considerable accuracy for any
PIXE measurement. When the particle velocity equals the average velocity of the electron in that shell, the cross-sections for
the production of an inner-shell vacancy rise sharply as a function of particle energy, reaching a maximum when the particle
velocity equals the average velocity of the electron in that shell. The cross-section discusses starting a slow reduction when the
energy of the projectile particles is increased further.

Bremsstrahlung processes (7) contribute to the PIXE spectrum, and their contribution is dependent on incident energy
and target atomic number. Incident particle bremsstrahlung, which appears to be a major cause of background at high X-ray
energies, is one of the primary processes that contribute to the background.The slowing of the projectile ion in coulomb contacts
with bound atomic electrons causes the emission of bremsstrahlung photons with energies ranging from zero to the projectile
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kinetic energy in PIXE. Secondary electron bremsstrahlung is a low-energy background thought to be created primarily by
secondary electrons emitted from target atoms during the collision process. The noise produced by Compton scattering of -
rays produced by interactions of protons with the nuclei of the sample being examined can significantly reduce the detection
limit of trace elements with higher atomic numbers. Gamma-ray Compton scattering from backscattered protons reacting with
the nuclei of the X-ray filter or window materials inside the detector (P) and (P n). Due to the discharge of a non-conducting
specimen charged under ion bombardment, electron bremsstrahlung occurs.

The proton beam is used as an incident source in the PIXE method because it has several merits over other ion excitements
like the electron microprobe. A few advantages are: 1) a higher data accumulation and hence allows faster analysis. 2) large
X-ray production cross-sections of 3) increased overall sensitivity 4) ions that are heavier 5) as the projectile’s atomic number
and energy increase, so do the effects of multiple ionisations. The proton energy range of 2–5 MeV is the optimum, because it
takes into account, both the variation in the cross-section for characteristic X-rays and the various effects caused by secondary
electron bremsstrahlung.

2 Materials and Methods
Themetamorphic rock samples from the interior central part of a charnockite hill near Visakhapatnam city, the Eastern Ghats,
A.P, and India were chosen for the concentration of elements. Such geological samples are more significant, and the proton
microprobe method is selected for the multi-elemental analysis. Two approaches to metamorphic rock characterization based
on PIXE (8) and complementary methods (9) like EPMA (10) have been experimented with.The above twomethods of excitation
are compared from analytical points of view (11) and for the detection of concealed mineralization. By analysing them with the
electron and proton microprobe technique, major and traces of important elements present in the metamorphic rocks were
found.

For PIXE, measurements of thick targets are much easier for analysis, that are usually prepared in the form of pellets from
previously homogenized, dried, and grind samples. Those samples may also contain an element that serves as an internal
standard. In order to determine the concentration levels in both cases, the external standard is also measured. In the case
of mineral samples, the sample is powdered in an agate bowl, mixed with glycerine, and smeared on a backing film. Solid rock
samples are reduced to powder with a particle size of 200 mesh or lower. After being mixed with high purity graphite in 10:3
rock-graphite ratios, the rock sample was compressed into a disc shape with a 1 mm thickness and a 10 mm diameter.The
sample is dried and powdered to micro-millimeter fineness. The sample employed for 3 MeV energy protons was equipped by
scattering a few mgr of rock on 4 micrometers, Mylar film, and using a drop of 0.1 ml of polyvinyl acetate diluted with acetone
as an adhesive. Then the pellets were attached to the tape of scotch and arranged on the aluminium frame.

EPMA has been experimented with (10) by interacting a small volume of a target with an interacting electron microprobe
(typical energy range = 5-30 keV) and gathering the X-ray photons thereby induced by the various elemental species. Because
of the characteristic X-ray wavelengths produced by species, the sample quantification can be easily measured by recording
wavelength dispersive spectroscopy. It is a complete qualitative and quantitative method of the non-destructive elemental
analytical tool for small-sized volumes of materials, with sensitivity and accuracy at the level of ppm. Previously, apatite, biotite,
and hastingsite grains of charnockite metamorphic rocks were analyzed.he accelerating voltage was 20-kV with a specimen
current of 10 nanoamperes measured on a kaersutite standard. The counting time was 100 seconds and the analytical raw data
was gathered for background, non-resolution, and matrix effects via MAGIC V (12). Using an arrangement of ETEC-SEM (13)

with a WDS, the fluorine analyses were obtained.
The present experimental work was combined with the well-known previous electron microprobe of the same type and

same location analysis technique for the characterization of a metamorphic rock from the Charnockite Hill, Visakhapatnam.
The analysis is to be followed in order to know the geochemical characterization of the metamorphic rocks using nuclear
microprobe techniques (14). Present PIXE investigations are being carried out at the ion beam laboratory, Institute of Physics,
Bhubaneswar, India. This aim is to quantify various elements present in the sample and their relative intensities. Using GUPIX
software, the X-ray intensities of different elements are converted into the corresponding quantifications using a standardised
tool involving basic parameters, pre-determined instrument constants, and input parameters. To prove the reliability of the
experimental part and other factors, the PIXE spectrum was obtained with NIST certified, standard reference material. In the
case of PIXE analysis (15), the characteristic X-ray wavelengths emitted by the target composition can be easily quantified by
gathering them through the Si (Li) detector (typical energy range = 2-20 keV) (16) (17).
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3 Results
During this investigation, the aim is to characterize the matrix metamorphic minerals by using the PIXE technique at various
atomic numbers of elements. The results obtained by PIXE of the matrix composition should be compared with the previous
results of charnockite metamorphic rocks, which were published in various journals in the same area and location by EPMA.
Based on that, various factors related to the PIXE method with the comparison of previous EPMA techniques have been
discussed in the case of matrix geomaterials. The above two methods of excitation are compared from analytical points of
view and for the detection of concealed mineralization.

Previously, the experimental workwas carried out using electronmicroprobe analysis [10] different elements were identified.
The presenters used the PIXE technique at the Institute of Physics’ 3MeV particle accelerator facility in Bhubaneswar. The
characteristic X-rays of atoms of geological samples of charnockite metamorphic rock concentrations of various elements
containingminerals fig-1 and 2 were detected with the Si (Li) detector. After comparison with the previous study using electron
microprobe analysis, the elemental concentrations in charnockite metamorphic rocks by using the present PIXE technique for
multi-elements are different from previous analyses.

The analysis is to be followed in order to determine the evolution and biochemical characterization of high-grade
metamorphic rocks using the PIXE technique. First, to know the workings of experimental systems, the PIXE spectrum is
recordedwithNIST certified referencematerial standard sample concentrations.The results of the present PIXEwith 3MeVand
Si (Li) detectionwith a resolution of 160 eV at 5.9 keV for the element testing have been validated by comparing these valueswith
those of the standard material USGS-basalt used (8). The PIXE results obtained from the geological samples from the Eastern
Ghats, A.P., India of seven places collected in this experiment from the interior of the charnockite hill, Visakhapatnam, were
recorded by the Si (Li) detector. The measured values in ppm of these various elements in each rock sample were determined.
These concentrations are tabulated with errors and finally verified with the previous analytical technique, EPMA (10)

4 Discussions
In this paper, an attempt is made to compare the geochemistry of metamorphic rock samples using PIXE and EPMA.
Quantitative compositional analysis using prior electron microprobes is a strong tool for metamorphic rock research, but it
requires a strict data reduction technique to accomplish accurate composition quantification. The software should have an
enhanced standardisation mechanism that enables for a pseudo-background adjustment for low ppm elements in charnockite
rocks without the need to measure background values. In the case of not attained findings when compared to PIXE, a
background adjustment is required for an accurate and precise computation of major, minor, and trace quantifications of
elements.

The quantifications in ppm of these wide ranges of elements in each specimen were quantified using the GUPIX software
with Si (Li) detection, and these quantifications with errors were derived using PIXE spectrum interpretations. A comparison
of analytical methods for metamorphic rocks is used to investigate the components present in rock composition as well as the
missing elements between earlier EMPA results and the current PIXE spectrum of samples.

An electron microprobe can be used to obtain high precision, accurate quantitative multi-element analysis of geological
materials with high-quality imaging at a higher spatial resolution for major and trace elements from B to U in general. Because
many minerals contain significant amounts of OH groups or H2O, the inability to quantify hydrogen is one of the largest
disadvantages. From the foregoing data, the possibility is limited to monitoring for light elements such as lithium, beryllium,
and boron, especially Z < 6. Most of the elements have detection limits of 100 ppm or greater. When looking at trace element
concentrations in the ppm or even sub-ppm range, this was a limiting factor in previous EMPA routine analysis. Chemical
dating of metamorphic rock is done using theTh-U-Pb incompatible minerals.

In the case of minor and trace elements, EPMA quantitative mapping has a lot of potential to be coupled with other mapping
techniques, despite the technological advancements. EPMA explains the various issues that arise in the elemental analysis of
metamorphic rocks, as well as the capacity to analyse for practically all elements. Some elements must be separated that emit
X-rays with overlapping energy and wavelength peak positions. Previously, EPMA analyses were calculated using iron oxides
of elements rather than cations. As a result, cation extent and mineral formulae must be pre-measured using stoichiometric
criteria.

The tracing of REEs is important in metamorphic rocks. However, EPMA of REEs continues to have issues due to the
complexity of their X-ray spectra. Before performing the normal correction approach, we advise using a modified version
of the programme we produced for the analysis, in which an automatic correction for interfering lines and a background
determination computational method are utilised. The EPMA allows one to considerably simplify REE analyses, eliminate
random mistakes, enhance the correctness and speed of microprobe determinations, and lower the limit of detection of the

https://www.indjst.org/ 5

https://www.indjst.org/


Satyanarayana et al. / Indian Journal of Science and Technology 2022;15(1):1–8

elements studied in order to solve the background determination problem. Most REEs have a detection limit of over 500 parts
per million when analysed in REE-bearing materials. With a probe current range of 100 nA at a 20-kilovolt accelerating voltage
and a 50-second counting period at the analytical station, these values were most likely obtained in metamorphic rocks.

The LOD determined from the reference formula measures virtually the quantification state that could only be obtained in
the case of exact computations of overlap factors of all interfering lines (18) for elements with diverse interference of analytical
lines, such as Gd, Tm, Eu, and Lu. For accurate in situ determination ofTh, U, Pb, and other elements, a non-destructive EPMA
analytical equipment can be used. Due to detector restrictions, the element F identified in the previous is exceedingly low and
was not detected. In the earlier EPMA investigation, the key element oxides of Na,Mg, Al, Si, and Pwere examined and revealed
a 100 ppm concentration, but PIXE exhibited a 1 ppm range, 100 times more than detection.

PIXE (8) was used to test several factors such as accuracy, precision, and detection limits of multi-elements measurements (19)
ofmetamorphic rocks.The effect of a proton spot size of 3MeVon rock sampleswas investigated using a Si (Li) detector. Because
of the appeal of non-destructive procedures and the capacity to do simultaneous multi-elemental determinations, accurate,
precise, and sensitive PIXE atomic and nuclear analytical methods have been widely used (20) Except for some components from
the above results, the PIXE inquiry is normally extremely suitable and sensitive when Z is in the range of 20 to 40, however in
this study of charnockites, the elements found in this case are Z = 17 to Z = 82.

The light elements Li, Be, F,Na, Al,Mg, Si, and P are once again examined in the PIXEwith 3MeV experiments (21). It has been
previously discussed, but it is possible that the low energy particle PIXE is able to detect the above elements due to suitability
cross-sections (22) (23) or by placing a more suitable detector, with the potential advantages of low background radiation, good
sensitivity for light elements, and lower secondary excitation in thick targets explained. Due to low energy protons, REE cannot
be discovered in crucial metamorphic rock investigations, despite the fact that the few elements are present in the form ofmajor
compositions (23). However, key elements such as K, Ca, Fe, Cl, andminor elements are found with adjustments in halogen-rich
charnockite metamorphic rocks.

The highest numbers of elements in media Z, such as Co, Sc, Ga, Sn, Ba, and higher Z elements, such as U, Th, (24), and
REE (25) are not identified. The X-ray production is a function of the ionisation cross-section for the distinct electron shells K,
L, and M in all methods of X-ray investigation, including low-energy proton microprobes with a thick target (Energy = 2 to 5
MeV).The cross-section of low-energy protons is greater for the K shells of low-Z elements and the L shells of high-Z elements,
providing sufficient fluorescence yields formeasurement. Low-energy incoming protons cannot ionise K-shell electrons in high
Z elements (>55), and quantification is dependent on the X-ray lines employed. Interference K X-rays from low Z elements can
affect L X-ray spectra, making them difficult to obtain. Complexity and spectrum interference can both lead to issues and
ambiguity in the explanation.

This can make X-ray emissions from elements in low concentrations difficult to see. In situ analysis with LE-PIXE
microprobes may achieve a spatial resolution of about 5 pm, which is much better than what is presented and commonly
available with HE-PIXE, and has a lower LOD than electron probe micro-analysis. From the foregoing results, low energy-
PIXE is suitable for the study of low Z trace elements (Z=55) utilising K X-rays. We are now able to use 3 MeV energy PIXE in
a quantitative manner to charnockite research concerns, particularly in the case of major, minor, and trace elements, as a result
of this experimental work. Tests to explain the k cross-sections at 3 MeV proton energies for Z = 17 to Z = 48 elements would
also be useful, as would experiments to clarify the L cross-sections for high Z elements like Pb. The contract was signed.

Thedetection limit ofmiddle Z elements in ametamorphic sample using a protonmicroprobe is less than 1microgram/gram,
indicating the system’s sensitivity and being connected with the signal peak and background of the fluorescence spectrum
measurement. Despite the greater ionisation cross-section for low Z elements, the detection limit of PIXE is reduced. This is
due to a decrease in fluorescence yield, a rise in bremsstrahlung background for lighter elements, and an increase in detector
window absorption. The detection limit at 3 MeV is below 1 ppm when Z is in the range of 17–82, according to the above data.
Quantitatively, the production of X-rays by 3 MeV protons and prior keV energy electrons is similar.

The bremsstrahlung background, which is the primary determinant of the detection limit of several elements from Cl to
Pb down to ppm, is, however, too low to make such a measurement. Because of these energies, the detection limit for middle
Z elements derived from the above data is low. Because the detection limits of K and L X-ray measurements coincide at an
atomic number near 50, this analysis was done for K X-ray in the geochemistry of metamorphic rock samples for elements with
Z below 50, and for L X-ray in the geochemistry of metamorphic rock samples for elements with Z above 50.

When the beam current is 20 nA and the measurement time is 4 minutes, the LOD for Se, which is a medium Z element
when measured using 3 MeV PIXE analysis, is calculated to be 0.9 mg/kg. As a result, employing PIXE with 3 MeV, trace-
element analysis of less than 0.0001 percent wt or 1 ppm is possible in metamorphic rocks. This demonstrates the utility of
PIXE analysis in the 3 MeV energy regime for metamorphic rock analysis. In the Z=30-44 region, the detection limits in the 3
MeV range rapidly increase as the atomic number increases. The decrease in the characteristic X-ray production cross-section
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due to coulomb deflection and binding energy effects can explain this behaviour.
The fundamental challenge with PIXE analysis of metamorphic rock targets is the extremely strong X-ray emission from

Ti and Fe, which tends to obscure the minuscule trace element peaks in the energy spectrum. In the case of element analysis,
interference between X-ray K lines of media elements and X-ray L lines of heavy elements or between the X-ray K lines of media
elements and the X-ray L lines of heavy elements is common. In the case of somemetamorphic rock samples, such interferences
include: Co and Fe; Ni and Co; Fe andMn; Cu and Zn; Y and Rb of K alpha and K beta; and corrections must be performed for
quantitative element analysis. Because the L X-rays of these REE have the same distinctive K X-ray energies as low Z, the PIXE
at 3 MeV is also ineffectual for REE in rock composition (26).

As a result, high-energy PIXE (27) or a complementary technique to the above PIXE, such as EPMA for REE and elemental
determination, is required. Finally, the EPMA complimentary approach to the PIXE (28) must cover the elementary gaps that
the PIXE detects with the Si (Li) detector but not with the medium energies PIXE.

5 Conclusions
The current PIXE approach is well-established for providing useful data for multi-element analysis of complex metamorphic
rocks. The proton microprobe outperforms the electron microprobe for both major and trace elements in terms of signal to
background ratio. Proton microprobes have some advantages, such as bremsstrahlung.The composition of metamorphic rocks
was then quantified utilising an incoming electron beam of 8 keV and 20 nA and the increased capabilities of electron probe
micro analyzers.

When comparing EPMA to PIXE analysis, the detection limits for most elements are roughly 100 ppm or times greater.
The limit of detection in the case of applying EPMA for current metamorphic rock REE-bearing minerals is normally in the
concentration range of 50–500 ppm. However, elements with numerous interference of analytical lines, such as Gd, Tm, Eu,
and Lu in REE, have multiple interferences of analytical lines. The detection limit is calculated using the conventional formula
used in the case of exact EPMA computations of all interfering lines’ overlap coefficients.

The electron and proton microprobe’s downside or limitation is measuring the oxidation state of elements like Fe in
charnockite material, particularly Fe2+ and Fe3+ content. Previous electron microprobe investigations only reported element
oxides, not cations; consequently, cation proportions and mineral formulas must be recalculated using stoichiometry criteria.

The light elements Li, Be, F, Na, Al, Mg, Si, and P due to K-X-ray energies of less than 2 keV according to Si (Li) detector
dimensions are once again explored in the PIXE with 3MeV investigations. The light elements, such as lithium, beryllium, and
boron, can only be measured using EPMA, with the exception of Z < 6 from the aforementioned results.

However, prior investigations have shown that EPMA is accurate when detecting high Z elements like as Y, U,Th, and Pb, and
REE permits the connection of microstructure and geochronology data, providing geologists with a new type of information.
However, due to their high cross-section values, 3MeV protons do not excite K-X rays of high Z elements in PIXE, and L-X-rays
are an issue due to the overlap of K X rays of light elements.

Parts permillion values are enabled by lower bremsstrahlung in protonmicroprobes; higher ppmvalues than complementary
approaches like EPMA are derived from earlier literature. Due to the effective detection of the KX-ray range Z=20 to 50, L X-ray
range for Z>50, and Z=20 to 50 for the M X-ray range, low and medium Z elemental concentrations are measured through K
X-rays and high Z elemental concentrations are measured through L X-rays in the above PIXE analysis of metamorphic rock
samples.

Because of its excellent spatial resolution and low detection limits, PIXE has shown to be a valuable technique for
characterisation of minerals with complicated chemistry in metamorphic rock samples. At low and high Z, REE that are not
detected by PIXE, a proton microprobe is an excellent companion to an electron microprobe.
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