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SEM-EDS analyses. In the SR-XFM spectra, the Ag-L lines are mostly 
buried by Ar-K emission from the air in the beam path (Fig. 4). Never
theless, Ag-L lines are observed in the spectral data of only the Au-(Ag) 
inclusion, indicating the occurrence of Ag together with Au, as is typi
cally seen in ore mineralogy (electrum). Additionally, SEM-EDS spot 
analyses indicated several Ag-Te inclusions (signal mixed with molyb
denite). In the SR-XFM spectra, fluorescence of Te is barely above 
background levels and additionally partly buried by emission from Ca 
(Fig. 4). Proper resolution of Te fluorescence would require a scan with 
lower incident beam energy. Yet, all Ag-Te grains identified with SEM- 
EDS were also resolved by SR-XFM and Ag- and Te-emission lines 
distinct in the respective spectra of these grains. Furthermore, on a 
logarithmic scale the SR-XFM maps show a large number of relatively 
weakly fluorescent inclusions of the above elements, which are not seen 
in the SE (secondary electron) and BSE images (Figs. 2 and 3). These 
inclusions are expected below the sample surface and only revealed by 
SR-XFM due to the higher excitation depth of the SR-XRF beam 
compared with the electron beam of a SEM. 

SR-XFM also revealed a widespread distribution of Se, W, and Re in 
molybdenite, not linked to visible cracks and open spaces in the grain. 
The distribution of these metals is heterogeneous throughout the 
molybdenite grain (Fig. 3), with some lamellae in molybdenite showing 
strong and some weak fluorescence of Re, Se, and W. Abrupt as well as 
gradual changes in fluorescence occur. Individual fluorescence ‘bands’ 
range from micron to tens of micron width. Distinct changes in fluo
rescence across and diagonal to the lamellar texture occur. Additionally, 
the distribution of Re is inverse to that of W and Se. The latter two are 
largely similar. Peak overlap between the L-lines of W and Au, and Re 
and Au, respectively, result in a spurious strong fluorescence of W and 
Re in the central Au-inclusion (Figs. 3 and 4). SEM-EDS analyses failed to 
detect Re, Se, and W in molybdenite. 

At ROI-1B the molybdenite grain contains fewer inclusions 
compared to ROI-1A. The inclusions are mainly Fe-(Mn), Si, Bi-(Pb-Se), 

Ni, some Cu, and few Zn, Cr, and Ti (Fig. 3). Especially the Fe-(Mn) 
inclusions seal elongated cracks. SEM-EDS spot analyses show Fe in
clusions to be silicates. Some inclusions of Bi-(Pb-Se) are of only one to 
two pixel thickness, i.e. 200–400 nm (Fig. 3). Furthermore, Ti, Cr, and 
Zn occur as only a few pixels large spot-like inclusions. Their emission 
lines are distinct in the spectral data, when looking at the data from 
individual inclusions, but get lost in the total sum spectrum (Fig. 4). 
Many inclusions are not visible in the SE and BSE images (Figs. 2 and 3). 
They probably lie beneath the surface of the molybdenite grain. 

Distribution of Re, Se, and W is generally similar to ROI-1A (Fig. 3). 
However, variation in fluorescence diagonal to the lamellar texture of 
molybdenite is almost absent. Also, spatial separation between Re and 
W, and Se is less pronounced (Fig. 3). 

CMIM &"/*$ #$V6, .'$SPTF:IU$

SR-XFM spectral data of ROI-2A suggests that pyrite contains As and 
possibly Co (Fig. 5). Confident identification of Co is difficult as the Co 
signal is dwarfed by the strong fluorescence of Fe in pyrite (Fig. 5). SEM- 
EDS spot analyses confirmed the occurrence of As, but not Co (possibly 
due to the EDS detection limits). However, the fitted fluorescence maps 
of Fe and Co are different, which supports an occurrence of Co. The 
pyrite grains are zoned with respect to Fe, As, and Co (Fig. 6). The 
distribution of As and Co is largely inverse to that of Fe, i.e. zones with 
strong As and Co fluorescence show weak Fe fluorescence and vice 
versa. In one pyrite grain, As fluorescence is strongest in the core, in 
another it surrounds a core of strong Fe fluorescence. 

In some fluorescence maps (especially Fe), the grain boundaries of 
the pyrite grains show gradational decrease/increase in fluorescence 
towards the surrounding quartz (Fig. 6). This is caused by the beam 
excitation volume intersecting both pyrite and quartz at grain bound
aries and is a result of the sample thickness (aspect ratio 1:60 compared 
with beam size) and the geometry of the experimental configuration 

Fig. 5. SR-XFM sum spectral data for ROI-2. The fitted spectrum is marked in red. Background uses the SNIP algorithm (Ryan et al., 1988). Locations of fluorescence 
lines of elements used for fitting are shown. 
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much weaker on one side of the Au inclusion than anywhere else in the 
grain. This ‘shadow effect’ is a result of the beam path configuration (90◦

incident photon beam, 15◦ outgoing XRF beam). 
Other elements identified by SR-XFM are As, Bi, Pb, and Zn (Figs. 5 

and 7). Arsenic fluorescence is strong in some areas within the pyrite 
grain. Bismuth, Pb, and Zn form nanometre inclusions within chalco
pyrite and a 1 µm Bi-Pb grain is observed in pyrite close to chalcopyrite. 
Of these, only the Bi-inclusion in chalcopyrite is visible in the SE and BSE 
images (Figs. 2 and 7). 

Many fluorescence maps (e.g., Cu, As, Bi, Pb, Zn) to some extent 
mimic maps of other elements (especially Au) (Fig. 7). This is spurious 
and caused by peak overlaps of the respective emission lines (Fig. 5). 
Only for Cu it is plausible that Cu fluorescence within the larger Au grain 
comes from chalcopyrite below the Au grain in the sample, although this 
is seemingly not reflected in the Fe fluorescence map (Fig. 7). In this 
case, the logarithmic colouring of the Fe fluorescence map is misleading, 
as the Fe signal from the Au grain (although present) is dwarfed by the 
Fe signal from the surrounding pyrite. In addition, the spectral data of 
the Au inclusion shows a shoulder on the peak of the Fe-Kβ emission line 
that is not visible in the total sum spectrum. This could indicate presence 
of Ni, but the resolution is insufficient to provide any certainty. Like
wise, broad Au-L peaks could indicate the presence of Pt and Hg, but 
uncertainty is even higher compared with Ni. SEM-EDS spot analyses of 
the Au inclusion detected small portions of Ag and Fe. The Fe-signal 
came from the surrounding pyrite. Resolution of Ag by SR-XFM was 
not possible due to the overlap between Ar-K and Ag-L emission lines 
(Fig. 5). While the fluorescence map of Ag shows distribution within the 
Au grain, this could be due to overlap of the Ag-L and Au-M lines (Fig. 7). 

SR-XFM of ROI-2C provided similar results as the SEM-EDS analyses 
had previously done. However, the Au fluorescence map indicates a Au 
grain in the corner of the analysed area, which is not visible in SE and 
BSE images (Figs. 2 and 8). It could possibly lie beneath the sample 
surface. This is supported by the weaker fluorescence of the Au grain in 
the corner compared to the Au grain in the centre of the map (Fig. 8). 
Similarly, the Bi and Cu fluorescence maps show a ~ 1 μm grain within 
the central Au grain and pyrite, respectively, which are not visible in the 
SE and BSE images (Figs. 2 and 8). Similar to ROI-2A and ROI-2B, in
tersections of multiple phases by the beam excitation volume and energy 
overlaps between emission peaks caused spurious patterns in most SR- 
XF maps (Fig. 8). The peaks of Fe-K, Au-L, and Bi-L are broad, but res
olution is insufficient to separate possibly ‘buried’ emission lines of 
other elements, e.g., Mn-K, Pt-L, and Hg-L (Fig. 5). 

CMCM @ !-3.8$*,"V/'.$ #$W3),.X$SPTF:CU$

Two scans (at 10 and 17 keV, respectively) cover the same Bi- 
inclusion with Au partitioning within quartz (Fig. 2). Yet, their respec
tive spectral data and corresponding fluorescence maps show important 

differences (Figs. 9 and 10). The energy range up to 10 keV is much 
better resolved in the 10 keV scan (Fig. 9). This is particularly true for V, 
Cr, and Ti, whose K-emission lines hardly elevate from the background 
in the 17 keV scan (Fig. 9). Most fluorescence maps of the 10 keV scan 
show distinct nanometre inclusions of strong fluorescence within the Bi 
grain (Fig. 10). In contrast, 17 keV maps of the same elements largely fail 
to display these nanometre inclusions. Instead, their fluorescence pat
terns mimic that of Bi-L. However, the 17 keV scan allowed emission 
lines above 10 keV (Bi-L, Au-L, Pb-L, and Se-K) to be recorded. While it 
was possible to record Bi-M, Au-M, and Pb-M with the 10 keV scan, the 
corresponding fluorescence maps do not achieve the same level of detail 
as the L-emission line maps. Consequently, the results of the 10 keV scan 
are preferred for emission lines below 10 keV and the results of the 17 
keV for emission lines above 10 keV. 

The Bi grain contains three Au inclusions of 0.5–1.5 µm size (Fig. 10). 
Two of the inclusions lie centrally within the Bi grain, and the third 
occurs at the grain boundary of the Bi grain. A ~ 800 nm Fe-Mn inclu
sion and several sub-500 nm inclusions of Ni-Cr-Fe are also observed 
along the grain boundary (Fig. 10). Zinc, Ca, and Cu occur disseminated 
within the Bi-grain (Fig. 10). The Ca fluorescence may be caused by 
silicate inclusions in the Bi grain. Titanium and V are distinct in the 
spectral data, but their fluorescence maps mostly resemble the Bi-L 
emission pattern (Figs. 9 and 10). The Bi-L peaks are broad and sug
gest possible contribution from Pb-L and Se-L emission lines (Fig. 9). 
Fluorescence maps of Bi, Pb, and Se are similar, though this may be 
expected given the common mineralogical association of these three 
elements (Ciobanu et al., 2009; Fig. 10). Hence, occurrence of Pb and Se 
is inconclusive. 

4. Discussion 
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The results of this study imply widespread occurrence of micro- to 
nanometre-sized mineral inclusions of complex elemental composition 
in molybdenite at Liikavaara Östra. This is due to the layered texture of 
molybdenite, which allows substantial inclusion of foreign mineral 
grains in open spaces between layers (Ciobanu et al., 2013; Pašava et al., 
2016; Ren et al., 2018). Understanding the character and occurrence of 
such impurities in molybdenite is mainly of interest for the study of ore 
forming processes. Impurities are also relevant for processing of 
molybdenite. Other studies have shown a decreased floatability of 
molybdenite due to silica inclusions and coatings with Ca, Fe, Mg, and K 
(e.g., Triffett et al., 2008; Zanin et al., 2009). Some of these elements 
were also observed as impurities in molybdenite in this study. Further, 
the occurrence of Bi and Pb impurities can lead to unexpected penalties 
at the smelter, and Au and Ag trapped in molybdenite decrease recovery 
of these previous metals. Considering the small amount of Au and Ag in 

Fig. 8. Selected pseudo-quantitative SR-XFM element fluorescence maps of ROI-2C. The scales are based on wt.% concentration but calibrated to an arbitrary set of 
values. This allows qualitative comparison between element maps. A logarithmic scale was used to better resolve weakly fluorescent features. A cut-off concentration 
was applied to all maps to separate features from background. The Au and Bi grains appear in several element maps. This is mostly due to insufficient deconvolution 
of peak overlaps in the spectral data. 
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