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Application of cathodoluminescence microscopy and spectroscopy in geosciences 
 
J. Götze* 
 
* TU Bergakademie Freiberg, Institute of Mineralogy, Brennhausgasse 14, D-09596 Freiberg, 
Germany 
 
 
Cathodoluminescence (CL) has developed into a powerful method for a lot of investigations in the 
geosciences during the last decades. Distinct luminescence properties of certain minerals such as elements 
(diamond), sulphides (sphalerite), oxides (periclase, corundum, cassiterite), halides (fluorite, halite), sulphates 
(anhydrite, baryte), wolframates (scheelite), phosphates (apatite), carbonates (calcite, aragonite, dolomite, 
magnesite, smithsonite, witherite, cerrusite) or silicates (feldspar, quartz, zeolites, kaolinite, dickite, 
pyrophyllite, zircon) allow not only a rapid identification and sometimes quantification of the different 
mineral constituents. The application of cathodoluminescence microscopy and spectroscopy, often coupled 
with other analytical methods (e.g. electron spin resonance), enables to reveal information concerning the real 
structure of minerals. In addition, valence and site occupancy of certain trace elements may be determined by 
luminescence spectroscopy (Fig. 1).  
 
The close relationship between crystal-chemical properties and luminescence characteristics of natural and 
synthetic minerals is the basis of detailed studies of internal structures, zonal growth and distribution of trace 
elements within solids (Fig. 2). Accordingly, luminescence is applied to investigate the homogeneity of 
natural and synthetic crystals. The results can provide information about the conditions during crystal growth, 
defect density or the incorporation of certain trace elements. These investigations can effectively be 
accompanied by additional analytical methods with high spatial resolution such as microprobe, PIXE, laser 
ablation ICP-MS or SHRIMP for micro-chemical analysis, or detailed isotope studies [1]. 
 
The CL properties of mineral phases are often highly variable depending on the specific conditions during 
formation. Certain ions can be encountered in natural and synthetic minerals (e.g., Eu2+, REE3+, Mn2+, Fe3+, 
Cr3+) in different combinations yielding characteristic sets of ions for various types of rocks or different 
regions [2]. On the other hand, certain geological processes may create specific defects in mineral phases, 
which reflect these specific conditions of formation. The knowledge of the typomorphic luminescence 
characteristics of minerals can be used to reconstruct the processes of mineral formation, alteration and 
diagenesis or effects such as radiation damage [1], [3]. Several studies during the last decades emphasized 
that this is also relevant for extraterrestrial materials [4]. 
 
In several fields which are closely related to geosciences it could be shown that cathodoluminescence can be 
an effective addition to conventional analytical methods such as X-ray diffraction, polarizing and electron 
microscopy, fluid inclusion studies or Raman spectroscopy. Different materials were successfully investigated 
by luminescence analyses such as synthetic minerals and gemstones, industrial raw materials, products of coal 
and waste combustion (fly ashes, slags), metallurgical slags and dust, structural materials (natural stones, 
bricks, mortar), ceramics, glasses, refractory materials and archaeological materials [5]. In addition, CL has 
been applied to prospecting and exploration purposes or to specific problems of mineral processing and 
sorting [6]. 
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FIG. 1.  Shift of the CL emission band of Mn2+ in different carbonates due to the influence of the 
crystal field. Aragonite (rhombic) shows greenish CL, whereas calcite (trigonal) has orange CL.  
 
 

 
FIG. 2.  Quartz crystal from Chemnitz, Germany in crossed polarized light (Pol) and 
cathodoluminescence (CL). The CL image reveals distinct growth zoning, which is not visible using 
conventional microscopy. 



Contrast mechanisms in cathodoluminescence microscopy  
 
D.J. Stowe* and A. Pakzad**  
 
* Gatan U.K., 25 Nuffield Way, Abingdon, Oxon., OX14 1RL, U.K. 
** Gatan Inc., 5794 W. Las Positas Blvd., Pleasanton, CA, 94588, U.S.A.  
 
The experimental technique of cathodoluminescence (CL) microscopy has found favor in many 
research environments world-wide due to its almost unique ability to provide optical information at 
high spatial and spectral resolution.  From oil and gas exploration to high power lasers and high 
brightness LEDs CL has played a vital role in extending our understanding of a wide range of 
materials systems.  
 
Many materials exhibit the phenomenon of cathodoluminescence, the emission of a photon (light) 
when excited by an electron beam, including semiconductors, many minerals and some organic 
compounds.  The emission of a CL photon in these materials is dependent on the manner in which 
the material returns to the equilibrium state after excitation by the electron beam.  The energy of the 
emitted photons in cathodoluminescence is typically in the near-infra red, through visible to UVA 
wavelengths (0.3 to 6eV); compared to several keV for other micro-analytical techniques such as 
EDS or WDS.  The low energy of CL emissions is related directly to the low energy electronic 
transitions taking place within an excited material.  The low energy of these transitions mean that the 
probability of emitting a photon and the wavelength of an emitted photon can be influenced by many 
factors including:  concentration of the optical centre, electronic structure of the material, alloy 
concentrations, impurity centers (intentional or otherwise), point defects, extended defects, stress, 
electric fields, temperature and more.  This susceptibility of the CL emission (probability and 
wavelength) to these many factors and the ability to measure the changes in CL emission with high 
spatial and spectral resolution means that CL can provide a powerful tool in understanding a wide 
range of properties within a sample. 
 
We examine some of the key mechanisms that give rise to contrast in CL micrographs and 
demonstrate via research highlights from investigators around the world how CL microscopy is 
being used to extend the understanding of a range of materials including:  provenance of oil and gas 
bearing shale (Fig. 1), the influence of extended defects on InGaN multi-quantum well emission and 
stress distribution in engineering ceramics.   
 
We also examine the phenomenon of photon emission from metal surfaces excited by an electron 
beam and demonstrate the ability of CL to visualize surface plasmon polariton resonance modes in 
metal nanoparticles (Fig. 2).  
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1.  Single source dominated provenance Barnett Shale (Miss.) Texas, Low Grade Met. Ouchita 
Orogeny.  Grains concentrated by agglutinated forams.  Courtesy of Dr J. Schieber, University of 
Indiana. 
 
 

 
 
FIG. 2.  A - Secondary electron image showing silver nanorod formed by FIB milling on silicon 
substrate.  Scale bar is 250nm.  B - Three band pass images extracted from the parent spectrum-
image revealing three distinct surface plasmon resonance modes with emission at different 
wavelengths.  Image courtesy of Dr A Polman, AMOLF F.O.M., Netherlands 



Characterization of semiconductor materials using low voltage 
Cathodoluminescence and Monte Carlo simulation. 
 
D. Drouin 
 
CRN2 (Centre de recherche en nanofabrication et nanocaractérisation), Département de génie 
électrique et génie informatique, Université de Sherbrooke, Sherbrooke, Québec, J1K 2R1, 
Canada. 
 
The development of a wide variety of new materials and devices to be used in nanoelectronic and 
photonic applications has required powerful tools for the characterization of both bulk and 
microstructure samples. The Scanning Electron Microscope (SEM) plays a key role in the 
characterization of a wide variety of these materials. The Cathodoluminescence (CL) technique 
combined with simulation software will be presented as an investigative tool to characterize 
gallium nitride (GaN) and indium phosphide (InP) semiconductors. Gallium nitride materials 
have drawn considerable attention due to their remarkable optical properties and their application 
in high-energy photon emitters, such as light emitting diodes and laser diodes. Due to lattice 
mismatches between the growth substrate and the GaN epilayer, many strain-relieving threading 
dislocations (TDs) appeared and might significantly degrade the optoelectronic device's 
performance. A detailed investigation of the luminescence charge collection processes around 
TDs is thus pertinent, in order to determine how TDs act as efficient non-radiative traps.  
 
A direct measurements technique of carrier diffusion lengths on self-assembled quantum dots 
(QDs) by low-voltage cathodoluminescence will also be presented. At 1 kV, we spatially resolve 
individual QDs which appear as correlated bright spots. Analysis of CL intensity profiles across 
single QDs provide a direct measurement of the characteristic carrier diffusion length in the InAs 
WL before capture. Carrier injection, temperature and sample doping dependence will be 
discussed. 
 
Finally, the latest version of the Monte Carlo simulation software CASINO 
(www.gel.usherb.ca/casino) will be presented. This program has been adapted for CL 
applications with added absorbed energy distributions and flexibility to model more realistic 
SEM samples. It is thus possible to simulate a complete image of a complex sample featuring 
multiple regions of different chemical composition. Such image will show the CL intensity 
according to the amount of absorbed energy within the selected regions. It is thus possible, with 
such tool, to investigate the electron beam interaction effect. Another important factor affecting 
the achievable spatial resolution is the carrier diffusion within the material. The carrier diffusion 
can be modeled using an exponential decay as follows: 1/r*exp(r/L): where “r” is the distance 
and “L” is the diffusion length. This work will present the effect of carrier diffusion on CL 
images of GaN materials. These simulated images will be compared to experimental high spatial 
resolution images. 
 
Acknowledgement 
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1 keV 5K, GaN:S300 nm

Figure 1: Low temperature (5K) CL micrographs acquired at 1 keV on  
GaN:Si using near band edge luminescence. 

 
Figure 2 (a) Zoom on a submicrometer bright spot associated to a 
single QD. (b) CL intensity profiles at 300 K for Ib=3 nA and 0,8nA 
respectively. The ambipolar diffusion length La is deduced from the 
csch(R/L) fitting curves (solid line). 

 
Figure 3 Modeling threading dislocation (TD) with cylinders of infinite 
length (size varying from 10 nm – 50 nm to “model” carriers diffusion 
near TD) of same composition as the matrix in CASINO.  

Figure 4 Simulation of deposited energy line scans across a 
threading dislocation (TD), located at 0 nm, in gallium nitride with a 
cylinder radius (modeling the diffusion length near TD) of 10 nm.  
The incident energy was varied from 1 to 5 keV.  The number of 
electrons N0 was changed to keep the nominal deposited energy 
constant (E0×N0 = 10,000 keV)
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Development of hyperspectral cathodoluminescence imaging systems for the 
characterization of semiconducting materials 
 

P.R. Edwards, K.J. Lethy, J. Bruckbauer, N. Kumar, F. Sweeney, C. Trager-Cowan, K.P. O’Donnell, 

and R.W. Martin 

 

Department of Physics, SUPA, University of Strathclyde, Glasgow G41 3EJ, Scotland, U.K. 

 

While cathodoluminescence (CL) imaging and spectroscopy are well-established methods for 

characterizing direct bandgap semiconductors, their combination into hyperspectral imaging [1] has 

greatly increased the technique’s usefulness in this field. The added ability to map shifts in emission 

wavelength—which can result from microscopic spatial variations in (for example) elemental 

composition, elastic strain, carrier concentration, or quantum confinement—can provide information 

directly relevant to material properties and device performance. In this work, we describe the 

development of hyperspectral CL imaging systems for the analysis of group III nitride 

semiconductors. The nitrides underpin a wide range of optoelectronic technologies, including blue 

LEDs/lasers and solid state lighting, and much work is now focused on applications involving nano-

scale patterning of such materials, requiring the high spatial resolution which CL provides. 

 

Collecting luminescence for hyperspectral analysis presents additional challenges compared with 

conventional CL, and we will discuss optical design considerations in terms of light throughput, field 

of view, and compatibility with the collection of other SEM signals [2]. Examples of exploiting this 

multimode functionality of SEM include simultaneously acquiring CL and WDX [3], and our 

continuing work into combining CL with electron channeling contrast imaging (ECCI) in order to 

characterize dislocations [4].  

 

This work will also discuss the data analysis methods employed, particularly those used to extract 

CL wavelength shifts. While plotting the wavelength of the most intense pixel in each spectrum is 

the simplest way of doing this, the results are often dominated by noise. Plotting the “centroid”, or 

centre of mass (e.g. Fig 2), provides a fast alternative, but our preferred method is to use non-linear 

least-squares curve fitting to fit one or more peaks to each spectrum (e.g. Fig 3). This allows very 

subtle shifts to be observed, as well as the deconvolution of overlapping peaks. 

 

Finally, we will present results of the application of multivariate statistical analysis to our datasets. 

Such methods are particularly effective in the separation of fixed-wavelength emission peaks such as 

those from rare-earth-doped materials like GaN:Er. Although the wavelength shifts described above 

complicate such analysis in more general semiconductor cases, we will present work in which we 

have used the technique effectively in the presence of moving peaks. 
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FIG. 1.  Schematics of Strathclyde hyperspectral CL instruments: (left) high resolution FEGSEM-

based system, and (right) microprobe-based system for simultaneous compositional analysis. 

 

 

 

 

 

 

 

 

 

 

 
     

FIG. 2.  SE image of a collection of gallium nitride (GaN) nanorods (left); and centroid energy map 

(right) calculated from a CL hyperspectral image of a single isolated rod.  
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FIG 3.  Results of NLLS curve fitting of two Gaussian peaks to the same dataset as Fig 2, showing 

(left) intensity and (right) peak energy. The top row is an InGaN/GaN quantum well emission peak, 

and the bottom row is the intrinsic GaN band-edge emission. 
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Cathodoluminescence applied to natural, plastically deformed diamonds: low 
temperature and high spatial resolution matter. 
 
E. Gaillou,* J.E. Post,** T. Rose,** and J.E. Butler*** 
 
* Department of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch 
Road N.W., Washington, DC 20015, USA. 
** Department of Mineral Sciences, Smithsonian Institution, Washington, DC 20560, USA. 
*** Chemistry Division, Naval Research Laboratory, Washington DC 20375. 
 
 
Natural pink diamonds are among the rarest and most expensive diamonds, and the origin of their 
color is still a matter of speculation. For most of them, the pink color is restricted to lamellae 
oriented along {111} created by plastic deformation and the rest of the diamond is colorless. While 
cathodoluminescence (CL) on a standard luminoscope imagery system shows either an 
overwhelming signal from the plastically deformed lamellae (green CL, Fig. 1 left) or no signal at 
all, a CL spectrometer attached to a scanning electron microscope (SEM) revealed detailed features 
associated with the plastic deformation (Fig 1 right). Pink diamonds display a blue (or less 
frequently no) CL emission in the colorless areas and a patchy greenish-yellow emission in the pink 
lamellae, which are 1 µm or less in thickness (Fig. 1 right).  
Diamonds can exhibit sharp absorption and emission features at liquid nitrogen temperature, which 
is sufficiently low for the high Debye temperature of diamond. Each absorption / emission feature is 
generally related to one single structural defect, and consists of a zero phonon line (ZPL) and several 
phonon replica (or side bands) at low temperatures, but only a very broad band is observed at room 
temperature. Hence, room temperature CL experiments do not provide all of the information, and 
Gaussian or Lorentzian curves cannot appropriately be fitted to explain these CL emissions.  
CL spectroscopy was conducted on pink diamonds at liquid nitrogen using a cooling stage in an 
SEM. The colorless areas of the diamonds typically show a band centered at about 415 nm that is 
broad, even at low temperature. This is characteristic of the "blue band" also called "band A", and 
originates from dislocations inside the diamond structure [1]. Inside the pink lamellae, the CL signal 
is made of two structured emissions. The most intense emission has a ZPL at 503 nm, attributed to 
the H3 center, which is due to two nitrogen atoms around a vacancy. This emission is responsible for 
the greenish-yellow CL seen by imaging. The weaker emission has a ZPL at 405.5 nm and a 
structure similar to the N3 center (three nitrogen atoms surrounding a vacancy) at 415 nm but 
perhaps modified by a nearby unknown center [2].  
CL of the peculiar pink diamonds from the Argyle Mine in Australia and Santa Elena in Venezuela 
will also be presented and discussed. Their unusual CL characteristics distinguish these pink 
diamonds from diamonds from other localities. These distinct CL signatures might be useful in 
resolving some issues related to sources of certain conflict diamonds, and also has implication for 
their mode of formation and aftergrowth processes. 
From the combined results of CL and other spectroscopies, microscopy and microanalyses methods, 
we can conclude that plastic deformation can create defects, most likely vacancies, in specific zones 
(lamellae) inside the diamonds. With time of residence and the high temperature inside the Earth's 
mantle, the vacancies might have migrated to pre-existing impurities, such as nitrogen, creating the 
new centers observed by CL, and most likely the still unknown center responsible for the pink color 
of such diamonds.   
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FIG. 1. CL images of a pink diamond obtained with RGB color filters. Left: On a standard 
luminoscope system, the whole diamond emits a green CL, the pink lamellae of plastic deformation 
appearing just brighter. Right: On a SEM equipped with a CL system, it is possible to distinguish 
that the colorless areas of the diamond emit a blue CL, while only the pink lamellae display a green 
CL. 
 
 
 
 
 
 
 



Lispix Tools For Probing Cathodoluminescence Spectrum Images 
 
S.A. Wight,* E.P. Vicenzi,** D.S. Bright,* J.M.. Davis,* and J.J. Donovan*** 
 
* National Institute of Standards and Technology, Gaithersburg, MD 20899 
** Museum Conservation Institute, Smithsonian Institution, Suitland, MD 20746 
*** Dept. of Earth and Planetary Sciences, University of California, Berkley, CA 94720 
 
The community is increasingly moving toward the collection of spectral image data sets for the 
collection of cathodoluminescence data.  Improvements in technology and specifically to the desktop 
computing power and the reduction in the cost of storage have resulted in the widespread collection 
of large data sets by many techniques.  Cathodoluminescence and x-ray spectrum mapping are two 
such techniques that are capable of generating large spectrum image data cubes.  Tools are needed to 
efficiently mine and process these data sets. 
 
Lispix is a freely available public domain image analysis program for Windows, written and 
maintained by David Bright at NIST [1].  Lispix is based upon the Common Lisp language with the 
Windows specific code written in Allegro so the program is portable.  It includes many of the basic 
image processing functions found in commonly used image processing applications.  It also 
incorporates a collection of special purpose research tools for electron microscopy and spectral 
imaging.  Lispix has proven useful to many researchers for processing and analyzing images, stacks 
of images and data cubes.  Pixels can be bit, integer, real, complex and color (RGB) data types.  
There are extensive documentation, help files, example images and tutorials on the website. Lispix is 
widely used by the Microanalysis Group at NIST and a community of researchers worldwide. 
 
Array of Circles is a new data cube or spectral image manipulation tool in Lispix.  The motivation to 
develop this tool came from a real world problem.  There was a flat polished mineral specimen, 
Jadeite, which had been analyzed by electron microprobe in one lab and by cathodoluminescence in 
another lab.  We wanted to be able to compare the results and look for correlations between the two 
types of data.  The problem was that the electron microprobe data was collected as a series of spot 
analysis arranged in the shape of a grid on the surface of the specimen.  The cathodoluminescence 
data was a rectangular spectrum image over nearly the same area except there was a slight rotation 
of the specimens between analyses so that they did not register with one another nicely.  The 
solution was the Array of Circles tool; it extracts the sum spectrum comprising all pixels within the 
area under each circle from the data cube.  Dave Bright developed this tool for us for maximum 
flexibility; it acts as a mask that is placed over top of a data cube that has been loaded into Lispix.  
The number of circles in the x and y directions is user defined as well as the number of pixels in the 
diameter of each circle.  The center green handle allows the user to move the mask around on the 
face of the data cube for proper alignment and the right hand green handle allows the rectangular 
array of circles to be rotated in space to accommodate the misalignment of the specimen between 
instruments.  This handle also has the ability to change the spacing between the circles to replicate 
the spacing used in the previous experiment.  Once everything is set up correctly, the Save Spectra 
button extracts the spectra from under each of the circles, labels by column and row number and 
exports the spectra as EMSA/MAS formatted text files automatically to the hard drive [2].  It took 
about 30 seconds on my office desktop. 
 



The extracted CL spectra are deconvolved into their contributing peaks with Optical Fit [3] and then 
the contributing peaks are plotted as a contour map over the sampled area.  These plots can be 
visually compared with the corresponding intensity plots from the electron microprobe. 
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FIG. 1.  Electron probe analysis points over false colored panchromatic CL image (left), secondary 
electron image of CL spectrum image (center), and one slice of the CL spectrum image data cube 
(right). 
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A Combined EPMA and Cathodoluminescence Study of Minerals from 
Franklin NJ 
 
P.K. Carpenter* and E.P. Vicenzi** 

 
*Department of Earth and Planetary Sciences, CB 1169, Washington University, Saint Louis, MO, 63130 
**Museum Conservation Institute, Smithsonian Institution, Suitland, MD 20746 
 
Approximately 300 minerals are found at the Franklin and Sterling (FS) mineral deposits of New Jersey, 
of which 69 are unique to the locality and an impressive 89 minerals exhibit luminescence [1,2]. The de-
posit is comprised of two zinc ore bodies formed by metamorphism of limestone and gneiss. Three basic 
mineral suites are present, banded Zn ore containing zincite, franklinite, willemite, Mn-bearing minerals, 
and calcite; calc-silicate assemblages which include Mn and Pb-bearing minerals, and diverse late-stage 
alteration assemblages. Most luminescence has been observed in hand specimens using UV sources and 
spectacular samples containing up to 5 luminescent minerals are not uncommon. Due to recrystallization, 
samples have fine and coarse grain sizes, so that characterization of the mineralogy and cathodolumines-
cence (CL) requires a combined approach using quantitative electron-probe microanalysis (EPMA), stage 
mapping, and hyperspectral CL analysis. We report ongoing analysis of Franklin samples and applica-
tions to microanalysis standards using these techniques. 
 
The origin of CL in Franklin minerals is primarily due to ppm to wt% concentrations of the activator Mn 
in minerals with low concentrations of the quenching element Fe. Pb acts as a sensitizer to Mn in general. 
However, it may be that several mechanisms are responsible for CL in general as emission could be pro-
duced by elements in very low concentrations. Further, luminescence color has historically been used 
without supporting EPMA data to identify FS minerals and errors in identification are suspected. 
 
EPMA stage mapping using wavelength-dispersive (WDS) and silicon-drift (SDD) x-ray spectrometers 
coupled with a Gatan MonoCL system were used to map a Franklin ore sample. The map images were 
used to select areas of interest for hyperspectral CL and quantitative analysis (Fig. 1A and 1B). The se-
lected area contains zincite, franklinite, CL-emitting willemite and hardystonite, and other non-CL silicate 
minerals and arsenian fluorapatite. The recrystallization of willemite is complex and results in textural 
changes that have been identified using backscattered-electron (BSE) and CL imaging (Fig. 1C and 1D). 
The willemite exhibits two distinct compositions with Mn that differ by a factor of 2. The hyperspectral 
CL data have been deconvolved with Gaussian peaks and used to generate maps which are in agreement 
with Mn compositional variation (Fig. 2 and 1D). Hardystonite exhibits permanent changes to the CL 
emission after exposure to a 10 m, 25-50 nA probe current during analysis and mapping. Fluorapatite 
and low Mn (and absent Fe) does not appear to emit CL though luminescence is reported for FS samples 
[2]. 
 
EPMA reference standards require a demonstration of homogeneity and detection of compositional zon-
ing. A number of standards exhibit CL variation that is due to compositional variability (e.g., Natural 
Bridge diopside, Fig. 3A), growth zoning (REE phosphates, Fig. 3B), deformation (corundum, Fig. 3C), 
and beam damage (Wilberforce apatite, Fig. 3D).  CL imaging could therefore be used for screening of 
potential standards as well as monitoring of beam damage during routine use. The remarkable sensitivity 
of CL to trace element concentrations awaits correlation with LA-ICPS and multiple-spectrometer WDS 
analysis. 
 
We acknowledge Dr. Pete Dunn for his significant contributions to the mineralogy of the Franklin and 
Sterling mineral deposits. 



 
References 
[1]  http://franklin-sterlinghill.com/dunn/index.shtml 
[2]  http://sterlinghillminingmuseum.org/aboutus/fluorescentminerals.php 
 

Zincite

Franklinite

Willemite

A

B
50 µm

C

D  

A B

C D

A B

 
 
FIG 1 (top). A. X-ray stage map of Franklin ore sample, Red-Ca, Green-Si, Blue-Zn. Study area outlined in red. 
Sample 24 x 44 mm. B. CL stage map with willemite and minor hardystonite. C. Backscattered-electron image of 
study area showing low (avg. 1.6 wt%, brighter BSE) and high (avg. 3.7 wt%, darker BSE) Mn-content of recrystal-
lized willemite (150x magnification). D. CL spectrum image from outlined region in Fig. 1C at 564 nm with win-
dow 1.7 nm.  
FIG 2 (lower left). A. Fitted Gaussian curves to CL spectrum.  B. CL intensity curves for low Mn (lower curve, 
darker regions) and high Mn (upper curve, brighter regions) areas in Fig 1D hyperspectral image.  
FIG 3 (lower right). MonoCL images of EPMA standards. A. Natural Bridge diopside, B. GdPO4, C. Corundum, D. 
Wilberforce apatite. 
 









































































Cathodoluminescent textures and trace elements in hydrothermal quartz 
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 When viewed with scanning electron microscope-cathodoluminescence (SEM-CL), 
hydrothermal vein quartz displays textures that are unobservable using any other technique (Fig.1). 
These textures provide unique views into the sequence of quartz precipitation and dissolution events 
during hydrothermal vein formation. Such textures relate specific quartz generations to specific 
mineralization events or fluid inclusion populations. In addition to illustrating temporal relations 
among multiple generations of quartz in a single vein, CL textures reflect fluctuations in pressure, 
temperature, or composition of hydrothermal fluids. 

CL textures and their spectra result from defects in the quartz lattice, including those caused 
by trace element concentration variations. Trace element abundance and distribution result from 
variations in the physical and chemical conditions of quartz precipitation, followed by any 
subsequent solid-state changes in quartz chemistry. Here we show that CL textures, CL spectra, and 
trace element concentration vary systematically between different types of hydrothermal ore 
deposits.  

Porphyry copper deposits, which form over a temperature range between ~350° and ~700°C, 
are characterized by fracturing, dissolution, and recrystallization textures that reflect multiple 
generations of fluid flow in a single volume of rock. Early quartz in porphyry copper deposits is CL-
bright, and is typically overgrown by CL-dark quartz that is related to sulfide precipitation [1, 2]. Ti 
concentration is correlated with CL intensity in quartz veins from porphyry copper deposits, such 
that early CL-bright quartz contains up to ~250 ppm Ti, and later CL-dark quartz contains <10 ppm 
Ti [1, 2, 3]. Al concentrations in porphyry copper quartz are typically between 50 and 200 ppm and 
most other trace elements are present in concentrations below ~5 ppm. Ti-rich CL-bright quartz has 
a strong emission band at ~450 nm as well as a broad band at ~600 nm. In CL-dark quartz with less 
Ti, the 450 nm spectral band is small or absent and the broad 600 nm band dominates. 

In epithermal quartz that forms at much lower temperatures (~150°-300°C), CL textures are 
dominated by growth textures that vary from microcrystalline spheres to centimeter-scale euhdral 
crystals with sharply defined growth zones of oscillating CL intensity. Replacement textures, such as 
quartz replacing calcite are common as are recrystallization textures, but textures that suggest 
diffusion or dissolution are absent. Trace element concentrations in epithermal quartz are distinctly 
different from those in porphyry copper quartz (Fig. 2). Ti concentrations are below 5 ppm and Al 
concentrations range from a few ppm to several thousand ppm. Lithium is correlated with Al and 
ranges up to several hundered ppm in quartz where Al is in the range of several thousand ppm [4]. 
Antimony is also abundant in epithermal quartz (up to ~200 ppm). No consistent progressive change 
in CL intensity or trace element concentration can be generalized in epithermal quartz, nor is there a 
consistent relationship between trace element abundance and CL intensity or CL spectra. A broad 
band with a peak at ~600 nm is the most common CL spectral emission in epithermal quartz.  
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FIG 1. A) Plane polarized light; B) cross polarized light; C) Back-scattered electron; and D) SEM-
CL image of vein of a quartz vein from the epithermal deposit in McLaughlin, CA. Transmitted light 
images show typical mosaics of quartz with little obvious textural information to differentiate 
multiple generations of quartz growth. SEM-CL reveals micro-textures that are not visible using any 
other analytical technique. SEM-CL textures are key for deciphering the history of vein formation. 
Pyrite precipitated last in the banded microcrystalline quartz, but both pyrite and microcrystalline 
quartz are overgrown by CL-bright euhedral quartz (lower left). 
 

 
FIG 2. Titanium versus Aluminum concentrations in hydrothermal quartz from epithermal, orogenic 
Au, and porphyry-type deposits. The different deposit types can be distinguished from one another 
based on trace element concentrations alone. Quartz trace elements reflect the physio-chemical 
conditions of quartz growth and subsequent modifications. 
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