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Introduction
Meteorite impacts can have a profound effect on the 
(geological) environment.  During an impact a crater 
is formed from which a large amount of material is 
ejected. Furthermore, rocks melt and deform under 
the extreme temperatures and pressures caused by 
the impact. Initially such an impact crater and corre-
sponding ejecta layers can easily be identified but 
over time its features can fade/change. As such, it 
becomes more challenging to properly identify and 
distinguish it from other geological features based 
on macroscopic geometrical features. Alternatively, 
studying the microstructure of rocks can aid in iden-
tifying and localizing impact systems and to learn 
about their effects and history. 

When subjected to a shockwave from an impact 
event or nuclear weapon detonation, specific micro-
scopic features can form in minerals such as quartz. 
Planar deformation features (PDFs) in quartz are an 
example of a shock-induced feature. PDFs are sets 
of thin, closely spaced (typical spacing < 2 μm) planar 
features that develop parallel to particular crystal-
lographic planes. Fresh PDFs are thin, amorphous 
lamellae, which can heal (recrystallize) post-impact. 
Healed PDFs consist of planes of high dislocation 
density [1] and can usually be recognized as traces 

of fluid inclusions.  Often multiple sets of PDFs 
develop in a single quartz grain, with the number of 
sets per grain increasing with shock pressure. PDFs 
are usually penetrative through a whole grain, but do 
not cut across grain boundaries, fractures or planar 
fractures, unless these form at a later stage than the 
PDFs [2]. 

PDFs in quartz are considered to be one of the most 
reliable indicators of impact related shock metamor-
phism and as quartz is highly abundant and stable it 
forms and ideal marker for this purpose [2,3]. Proper 
identification and understanding of PDFs is critical 
however, for a correct interpretation. In particular, 
the inability to distinguish between PDFs and other 
(tectonic) deformation features in optical microsco-
py can be problematic. By using scanning electron 
microscopy and cathodoluminescence, PDFs can be 
properly characterized and identified at the relevant 
length scales, preventing misidentification.

In this note, we study two shocked quartz grains in 
a suevite breccia sample from the Nördlinger Ries 
crater in Bavaria (Germany) which formed in the 
Miocene 14.8 million years ago. This sample along 
with several other samples from other impact sites, 

have been studied extensively with color-filtered 
CL imaging by Hamers et al. in earlier work [4]. It 
was found that amorphous and healed PDFs can be 
distinguished using CL imaging [5]. Here, we expand 
upon these studies by performing high-resolution 
hyperspectral CL mapping on both amorphous and 
healed PDFs occurring in two grains in this sample. 
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Measurements
The data was acquired on a Thermo Fisher Scientific 
Quanta 650 SFEG scanning electron microscope, 
equipped with a SPARC Spectroscopy system. The 
CL is coupled into a Czerny-Turner spectrograph 
with a 300 l/mm diffraction grating blazed for 500 nm 
wavelength. The input slit is set to 300 μm width. The 
spectra are measured using a back-illuminated BU 
DU940P Newton CCD array. For the hyperspectral 
measurements, the electron beam is raster scanned 
over the sample and for each position a full spectrum 
is collected (For more technical background on the 
hyperspectral imaging technique see the corre-
sponding technical note). We perform experiments 
at 5 and 10 kV acceleration voltage for which the 
corresponding lateral broadening and penetration 
depths are shown in Table 1 for alpha-quartz (α-
SiO2), the normal low-temperature form of quartz 
[6,7]. At 10 kV a higher signal-to-noise is attained (for 
a given beam current) whereas at 5 kV higher spatial 
resolution and surface sensitivity are achieved which 
is beneficial for properly imaging the finer  
PDF features. 

Each scan is corrected for dark background (dark 
cts and signal offset in detector) acquired with a 
blanked electron beam and the wavelength-depend-
ent system response using transition radiation of an 
aluminium substrate (see Ref. [8] for procedure). The 
spectra are converted from wavelength (λ) to energy 
space using the appropriate Jacobian conversion 

factor (-λ-2). In energy-space the spectra are fitted 
with a set of Gaussians to extract peak amplitudes, 
peak energies, and the full-width at half maximum 
(FWHM). All spectra have been normalized to the 
highest maximum value in the collection of spectra 
(the highest value was recorded in the 10 kV scan)

Voltage (kV) Z (25%) Z (50%) Z (75%) Z (100%)

5 68 121 178 337

10 227 403 585 1073

Voltage (kV) R (25%) R (50%) R (75%) R (100%)

5 33 81 133 318

10 120 277 448 958

Table 1. Depth and radius (in nm) for which 25, 50, 75 and 100% of the electron beam energy is lost in the quartz material, extracted 
from Casino Monte Carlo beam tracing simulations (see Refs. [6,7] for details). These values give direct insight into the lateral 
broadening of the beam and the penetration dept. A density of 2.65 g/cm3 (density for α-SiO2 ) was assumed.

https://request.delmic.com/hyperspectral-cathodoluminescence-imaging-technical-note-delmic
https://request.delmic.com/hyperspectral-cathodoluminescence-imaging-technical-note-delmic
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The investigated specimen is a petrographic thin 
section extracted from a suevite breccia sample col-
lected immediately north-west of Otting in the Ries 
crater in Germany. It was polished with a standard 
polish down to 1 μm using Al2O3, with a final polish 
using colloidal silica (Syton).  A thin carbon layer was 
deposited for proper electrical conduction.  

Figure 1(a) shows an overview optical transmission 
image of part of the thin section. Within this section 
we identified two distinct grains of interest which 
are indicated in the image. Zoomed transmission 
and cross polarized images taken on both grains 
are shown in (c-f). An overview secondary electron 
(SE) image for grain 1 is shown in (b). We note that 
for grain 2 only some larger fractures are visible in 
the optical images but the PDFs cannot be resolved, 
in contrast to the images for grain 1 where the PDFs 
are clearly visible. For this study both grains are in-
vestigated using high-resolution CL spectroscopy 
mapping.

Figure 1. (a) Optical transmission image of polished thin section indicating positions of grain 1 (red) and 2 (blue). (b) Secondary 
electron micrograph (SE), (c) optical transmission image, and (d) cross-polarized optical transmission image for grain 1. (e) optical 
transmission image and (f) cross-polarized optical transmission image for grain 2.  Scale bars in (b-f) correspond to 40 μm.
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Results and discussion
For grain 1 we perform two hyperspectral CL scans: 
1) A lower magnification scan at 10 kV and 2) a 
high-magnification scan at 5 kV. The results are sum-
marized in Figure 2. For each scan we show the sec-
ondary electron image (a,g), a false color RGB CL map 
extracted from the hyperspectral data (integration 
ranges correspond to Blue = 400 – 500 nm, Green 
= 501 – 600 nm, Red = 601 – 700 nm) (b,h), spectral-
ly filtered CL maps for wavelengths λ = 450 nm (c,i) 
and 650 nm (d,j). Figures (e,k) show CL spectra and 
corresponding numerical fits for a given position as 
indicated in (b,h). In Figures (f,m) CL spectra from dif-
ferent positions within the scan are compared. The 
fit results for grain 1 are summarized in Table 2.

There are several observations that can be made. 
In the SE images (Figures 2a,g), some dark lines are 
visible which correspond to voids where no material 
is present. Some of these voids may have formed 
during the surface preparation with Syton. In the CL 
maps these voids are visible as dark lines as well. 
However, some of the voids are partially healed/
filled which is not visible in the SE image but is in the 
CL data. In the RGB CL maps these show up as red 
lines within the more blue host quartz grain, which 
means that the CL emission from the PDFs is dom-
inated by a spectral contribution in the red part of 
the spectrum. This is confirmed by the spectrally 
filtered images in Figures (c,d,i,j) where the PDFs are 
completely dark at λ = 450 nm but where material is 

Pos. Center FWHM A Center FWHM A

1 1.87 0.45 0.42 2.96 1.10 0.71

2 1.87 0.46 0.92 2.94 1.12 0.39

3 1.87 0.47 0.37 2.92 1.07 0.18

4 1.87 0.45 0.39 2.89 1.38 0.09

Table 2. Numerical fitting results for the regions of interest on grain 1 as indicated in Figure 2(b,h). For the fitting two Gaussians were 
used for which the peak center (in eV), the FWHM (in eV), and the amplitude A (normalized to the highest intensity value) are shown. 
The low energy peak corresponds to the NBOHC band and the high energy peak corresponds to a range of other (intrinsic) defects.

present it is significantly brighter in the red. As we 
perform hyperspectral imaging we can quantitively 
assess and compare the CL spectra from the PDFs 
and the surrounding grain. 

Cathodoluminescence from quartz is typically dom-
inated by intrinsic (point) crystal defects in the SiO2 
lattice [9-12]. Two dominant emission bands are 
present in the spectra in Figure 2: 1) a red band around 
1.87 eV (663 nm) and a broader blue band around 
2.92 eV (424 nm). The band in the red corresponds 
to the non-bridging oxygen hole center (NBOHC), 
a well-known intrinsic point defect in quartz. The 
NBOHC has different realizations with distinct peak 
positions arising from different defect precursors, 
but here appears as single broad gaussian peak. The 
broad blue band is also commonly found in quartz 
materials and is attributed to a range of defects 
potentially including intrinsic oxygen deficiencies, 
the self-trapped exciton (STE), but also extrinsic Al 
and Ti impurities [9,10]. As evidenced by the accu-
rate fits in Figure (e,k)  two Gaussians is enough for 
a proper description of the CL emission spectrum, 
even though each band may be composed of more 
than one defect contribution. The retrieved peak po-
sitions and FWHMs for the NBOHC match well with 
literature values [9,10].
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Figure 2. (a) Secondary electron micrograph of a selected region on grain 1. (b) 
False color RGB CL image extracted from the spectroscopic data. (c) Spectrally 
filtered CL intensity maps at λ = 450 and (d) λ = 650 nm integrated over a 75 
nm bandwidth. (e) Experimental CL spectrum from region 1 as indicated in 
(b). Total numerical fit (black curve) as well as individual gaussian (gray dashed 
curves) contributions are shown. (f) Spectral comparison of regions 1 and 
2. Measurement was performed with a dwell time of 50 ms per pixel, 125 nm 
pixel size,  10 kV acceleration voltage, and a ~5 nA beam current. (g-m) Same 
data visualization for a different (smaller) region on grain 1. Measurement was 
performed with a dwell time of 50 ms per pixel, 50 nm pixel size, 5 kV acceleration 
voltage, and a ~5 nA beam current. 

Comparing 10 to 5 kV the high-energy peak is less 
dominant in the 5 kV case as has also been observed 
in other CL experiments on quartz sandstones 
where 15 and 5 kV where compared [12] This could 
be related to the difference in excitation density and 
interaction volume for these two voltages which may 
affect beam-induced alteration processes in the 
quartz and/or the excitation dynamics of the differ-
ent radiative defects. Ascertaining the exact origin of 
this effect is beyond the scope of this work, however. 
As expected, the intensity decreases by a factor 2 
by going from 10 to 5 kV (as the beam currents were 
roughly similar, and light absorption in Quartz is typ-
ically negligible on these length scales). Based on 
their red CL emission, it can be concluded that the 
PDFs observed here are probably healed.  We note 
that the areas studied on grain 1 may already have 
received some electron dose from previous CL ex-
periments, whereas grain 2 was studied for the first 
time. As such, quantitative comparisons of absolute 
and relative peak amplitudes between the two grains 
may be inaccurate. 
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On grain 2 we perform the same spectroscopic anal-
ysis. Figure 3 shows CL data acquired on two regions 
on grain 2, both of which show similar behavior. The 
fit results of the spectra, are summarized in Table 3. 
This grain contains more closely spaced PDFs (100 – 
250 nm, compared to 0.3 – 2 μm in grain 1), suggest-
ing that it was exposed to a higher shock pressure. 
By comparing the data in Figures 2 and 3 we can see 
some profound differences. Unlike in grain 1, the 
PDFs are clearly visible in the SE image even though 
they are filled with material, suggesting that they 
have a different character from the ones observed 
in grain 1. The contrast is most likely related to the 
difference in density between the host grain and the 
PDF infilled material which is less dense amorphized 
material. The CL data looks profoundly different as 
well. First, the host quartz material is more red emit-
ting compared to grain 1 as is directly visible from 

the RGB CL images, which might be related to a more 
damaged crystal structure in the host grain, as a 
result of high shock pressure. Second, the PDFs are 
darker than the host material for both spectral bands 
(see Figures c,d,i,j) whereas in grain 1 the PDFs are 
brighter than the host for the NBOHC band. Looking 
more closely at the spectra for the host matrix (po-
sition 1 and 3) we see that the spectral behavior is 
rather similar to grain 1, except that amplitude of the 
blue peak is reduced (see Tables 2 and 3 for exact 
numbers). Because the blue contribution is sup-
pressed to a degree that the peak-shape is no longer 
very pronounced the FWHM is also more ill-defined, 
although a reasonable fit is still obtained. Interesting-
ly, for both grains the CL maps at λ = 450 nm show 
less pronounced features and are more blurry than 
the maps for  λ = 650 nm. Whether this is related 
to the excitation process and carrier diffusion or to 

the defect distribution in the quartz is unknown but 
may be an interesting question to address in future 
studies.

For the PDFs in grain 2 the CL emission is quite 
different from grain 1. First of all, it is significantly 
weaker (amplitude of NBOHC peak is 0.15-0.20 com-
pared to 0.4 on grain 1) although it is not completely 
“dark”. Second, the observed spectral shape is also 
rather different. The NBOHC band is much more 
narrow (FWHM of ~0.15 compared to 0.4 in the host 
matrix), consistent with what has been reported for 
amorphous SiO2 [13]. Additionally, an extra gaussian 
needs be included in the numerical fitting to properly 
fit the small shoulder on the blue (high-energy) side 
of the NBOHC band. For this extra band we find a 
peak position of ~2.2 eV which is consistent with the 
reported energy for the self-trapped exciton emis-

Pos. Center FWHM Amp. Center FWHM Amp. Center FWHM Amp

1 1.87 0.44 0.41 2.94 1.44 0.08

2 1.87 0.18 0.19 2.19 0.28 0.02 2.89 1.48 0.04

3 1.87 0.41 0.33 2.88 2.35 0.05

4 1.87 0.11 0.15 2.15 0.22 0.01 2.72 2.35 0.02

Table 3. Numerical fitting results for the regions of interest on grain 2 as indicated in Figure 3 (b,h). For the fitting, two Gaussians 
were used for positions 1 and 3 and three Gaussians were used for positions 2 and 4. The peak center (in eV), the FWHM (in eV), 
and the amplitude A (normalized to the highest intensity value) are shown. The low energy peak corresponds to the NBOHC band 
and the high energy peak corresponds to a range of other (intrinsic) defects. The extra central peak may correspond to the STE in 
amorphous SiO2
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(m)Figure 3. (a) Secondary electron micrograph of a selected region on grain 2. (b) 
False color RGB CL image extracted from the spectroscopic data. (c) Spectrally 
filtered CL intensity maps at λ = 450 and (d) λ = 650 nm integrated over a 75 nm 
bandwidth. (e) Experimental CL spectrum from region 2 as indicated in (b). Total 
numerical fit (black curve) as well as individual gaussian (gray dashed curves) 
contributions are shown. (f) Spectral comparison of regions 1 and 2. (g-m) 
Same data visualization for different region on grain 2. All measurements were 
performed with a dwell time of 50 ms per pixel, 50 nm pixel size, 5 kV acceleration 
voltage, and a ~5 nA beam current. 

sion in amorphous quartz, although the reported 
FWHMs are slightly larger than what is found here. In 
α-SiO2 this STE peak is found at 2.7 eV and is prob-
ably part of the large blue bands found in the host 
quartz of grain 1. The strong reduction in CL inten-
sity, the narrow NBOHC band, and the presence of 
an extra shoulder at 2.2 eV suggest that the PDFs 
are indeed fully amorphous. These findings are con-
sistent with what was found by Hamers et al. [5], who 
demonstrated using TEM imaging and diffraction 
that red emitting PDFs as found in grain 1 are healed 
PDFs, which consist of plains with a high dislocation 
density, whereas the dark PDFs are fully amorphous. 
The fact that fully amorphous PDFs and healed crys-
talline PDFs seem to have a characteristic spectral 
signature in CL may help in their identification in 
future studies.



white paper

9Powerful insights, simple workflows

Conclusions
In conclusion, we have demonstrated that hyperspectral cathodoluminescence can be a valuable tool in studying 
shocked quartz samples. In particular, we have studied the CL emission from two quartz grains containing distinct 
planar deformation features of the “red” partially crystalline healed type and of the amorphous dark type. Our 
results suggest that hyperspectral cathodoluminescence imaging provides an additional tool to assess the char-
acter of PDFs and their crystallinity. More in-depth research where hyperspectral CL mapping is applied to more 
PDF systems and correlated with EBSD and TEM experiments could shed further light on this topic.
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Found this white paper interesting? Visit our 
website for the latest news on sample preparation 
techniques, scientific publications and more 
cathodoluminescence microscopy applications.

Interested?

Delmic is a passionate high-tech company based 
in Delft, the Netherlands that develops powerful 
and user-friendly solutions for light and electron 
microscopy. Our products, great service, and 
expertise help researchers and companies get 
results faster and easier. The systems we produce 
cater to a broad range of researchers in fields 
ranging from life science, geology, materials science 
to nanophotonics.

SPARC Spectral is a high-performance 
cathodoluminescence (CL) detection system. The 
system is designed to optimally collect and detect 
cathodoluminescence emission, enabling fast and 
sensitive material characterization at the nanoscale

For questions regarding this white paper, contact our 
SPARC Product Manager at: 
coenen@delmic.com

For more information on the SPARC, visit: 
delmic.com/sparc

About

http://delmic.com/sparc


DELMIC B.V.
Kanaalweg 4

2628 EB Delft
www.delmic.com
info@delmic.com
+31 1574 401 58


	Introduction
	Measurements
	Results and discussion
	Conclusions
	References

