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Abstract: The contents of Fe and Zn in natural sphalerite samples were determined by chemical titration and 
spectroscopic techniques (portable X-ray fluorescence (P-XRF) spectrometry, electron probe microanalysis with energy 
dispersive spectroscopy (EPMA−EDS), electron probe microanalysis with wavelength dispersive spectroscopy 
(EPMA−WDS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS)). Besides, the distribution of Fe and 
Zn in sphalerite samples was analyzed by imaging EPMA-WDS and imaging ToF-SIMS. The results show that Fe and 
Zn contents determined by each spectroscopic technique have good linearity with those determined by chemical 
titration (R2>0.77), and the R2 values of Fe are generally greater than those of Zn. The imaging analysis results revealed 
that Fe and Zn are not uniformly distributed in the sphalerite. 
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1 Introduction 
 

Zn-bearing sulfide minerals in nature include 
sphalerite, marmatite and wurtzite [1]. Wherein, 
sphalerite is the most important source of Zn as 
well as one of the common minerals in polymetallic 
ores [2,3]. Sphalerite is a cubic crystal mineral that 
crystallizes in the 43F m  space group with a unit 
cell edge (a) of (5.4093±0.0002) Å [2]. The 
sphalerite with Fe content of more than 6% (up to 
25% or even more) is called marmatite [4,5]. 
Marmatite is formed when Fe atoms substitute Zn 
atoms of sphalerite during mineralization [6]. The 
crystal structure and cell parameters of marmatite 
remain consistent with those of sphalerite [7]. In 

general, the sphalerite in the high-medium 
temperature hydrothermal deposit has the highest 
Fe content, followed by the medium-temperature 
and low-temperature hydrothermal deposits. 
Natural sphalerite contains different chemical 
elements that substitute Zn in tetrahedral 
coordination, these elements include Fe, Cd, Mn, 
Cu, Co, Ni, Ge, and In [3], but the most common 
substitution is Fe, which forms extensive solid 
solutions of (FexZn1−x)S. Analysis of Fe and Zn 
contents and distribution in sphalerite can help to 
understand its metallogenic background [4,8,9]. 

Information about the Fe content presented in 
sphalerite is compulsory in studying its physical or 
chemical properties. The Fe content in sphalerite 
directly affects the crystal structure, and increase of 
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the Fe content leads to increased cell parameters, 
reflectance, and specific susceptibility as well as the 
reduced microhardness [10]. Fe content in 
sphalerite can be considered as a controlling factor 
for internal reflection color. The internal reflection 
of sphalerite grains containing less than 10% Fe is 
whitish yellow, which becomes reddish brown 
when Fe rises to above 10% to 17% [11,12]. Like 
other nonferrous metallic minerals such as 
chalcopyrite, galena, and smithsonite, sphalerite is 
often recovered by flotation [13−18]. Some scholars 
have pointed out that a higher Fe content means a 
lower floatability of sphalerite [7,19,20]. 
Furthermore, the determination of the Fe and Zn 
contents in sphalerite can be used for the correct 
estimation of the Zn content within an ore   
deposit [9,19]. 

The composition of the elements in minerals 
can be determined by one of the following methods, 
namely, chemical titration, X-ray fluorescence 
(XRF), energy dispersive spectroscopy (EDS), 
wavelength dispersive spectroscopy (WDS), 
inductively coupled plasma (ICP), energy dispersed 
X-ray analysis (EDAX), and X-ray photoelectron 
spectroscopy (XPS), etc. In the past, the contents of 
Fe and Zn in sphalerite were usually determined by 
Raman spectroscopy, X-ray diffraction (XRD), and 
scanning electron microscopy with energy 
dispersive spectroscopy (SEM−EDS) [6,9,21−23]. 
Most previous studies only used 2−3 methods to 
determine the content of Fe or Zn in natural 
sphalerite, and rarely compared the difference 
between the results of different methods. Besides, 
no research was found on the spatial distribution 
state of Fe and Zn in sphalerite. Although time-of- 
flight secondary ion mass spectrometry (ToF-SIMS) 
has been used for sphalerite analysis for several 
decades [24−26], no research has evaluated the 
accuracy of test data of Fe and Zn contents in 
sphalerite using ToF-SIMS. 

The different test methods have their 
advantages and limitations. For example, it is not 
easy to apply ToF-SIMS for semi-quantitative or 
quantitative analysis due to the matrix effects [27]. 
Therefore, the present work aimed to compare and 
evaluate the chemical titration, portable X-ray 
fluorescence (P-XRF) spectrometry, electron probe 
microanalysis with energy dispersive spectroscopy 
(EPMA−EDS), electron probe microanalysis with 
wavelength dispersive spectroscopy (EPMA–WDS), 

and ToF-SIMS for the semi-quantitative or 
quantitative element analysis of Fe and Zn in 
natural sphalerite. The distribution characteristics of 
Fe and Zn in sphalerite samples from five different 
deposits were also analyzed by imaging EPMA− 
WDS and imaging ToF-SIMS. It is worth 
mentioning that this work is the first to evaluate the 
feasibility of ToF-SIMS for the determination of Fe 
and Zn contents in sphalerite. This study can 
provide a reference for the determination of Fe and 
Zn contents in sphalerite, and help to understand the 
mineral properties of natural sphalerite. 
 
2 Experimental 
 
2.1 Materials 

In this study, sphalerite samples with different 
Fe contents were collected from different deposits. 
The information of these samples is shown in  
Table 1. To ensure pure minerals were used in this 
study, sphalerite crystals were manually selected 
from the raw samples to remove the associated 
galena, quartz, calcite, and other gangues. Figure 1 
shows the X-ray diffractometry (XRD) (X'Pert3 
Powder, PANalytical BV, Netherlands) patterns of 
the purified sphalerite samples. In this XRD pattern,  
 
Table 1 Information of various sphalerite samples 

Sample
No. 

Source Color 

SPH-1 Dulong town, Yunnan Light brown

SPH-2 Chehe town, Guangxi Light yellow

SPH-3 Huize county, Yunnan Brown 

SPH-4 Haixi prefecture, Qinghai Black brown

SPH-5 Dachang town, Guangxi Black brown

 

 

Fig. 1 XRD patterns of sphalerite samples 
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the three strongest peaks appearing at 2θ about 
28.7°, 48.1° and 56.2°, which are (111), (220) and 
(311) planes of sphalerite phase, respectively [28], 
indicating that the main mineral phase in the 
samples is sphalerite. 
 

2.2 Chemical titration 
Five purified sphalerite samples were 

separately ground using a three-head grinder with 
an agate mortar and pestle (XPM-Φ120 mm×3 mm, 
China) and dry screened (0.038 mm to −0.075 mm 
size fraction) respectively. Then the contents of Fe 
and Zn in samples were determined by chemical 
titration, and each element was analyzed three times. 
Specifically, the method for the determination of Zn 
content is as follows: the sample was dissolved with 
nitric acid and potassium chlorate, and then 
ammonium sulfate, potassium fluoride, ethanol, and 
ammonia were used to precipitate and separate 
elements such as Fe, Al, and Pb. Finally, in an 
acetate-sodium acetate buffer solution at pH 5−6, 
sodium thiosulfate, potassium thiocyanate, and 
sodium sulfite were added as masking agents, 
xylenol orange was added as an indicator, and the 
content of Zn was titrated with an EDTA solution. 
The method for the determination of Fe content is 
as follows: the sample was dissolved with sulfuric 
acid and phosphoric acid, and then sodium 
tungstate was used as an indicator, titanium 
trichloride was added to reduce Fe(III) to Fe(II), 
after that, copper sulfate was added to eliminate the 
interference of Ti(III). Finally, sodium 
diphenylamine sulfonate was used as an indicator, 
and the content of Fe was titrated with potassium 
dichromate solution. The error ranges of Fe and Zn 
content determination are (0.02−0.2) wt.% and 
(0.5−0.7) wt.%, respectively. 
 
2.3 P-XRF 

A P-XRF (Innov-x, Alpha−6000, Olympus, 
USA) was used to obtain the contents of Fe and Zn 
in sphalerite samples (0.038 mm to −0.075 mm size 
fraction). The P-XRF contains a 40 kV X-ray tube 
and is quantified by a silicon drift detector 
(resolution <280 eV) that allows for the detection of 
elements ranging from P to U in parts per million 
(10−6). Tests were performed in triplicate in 
analytical mode, and one complete scan of a given 
sample is completed in 180 s. Before performing 

tests, the P-XRF was calibrated with a standard 316 
metal alloy target placed in front of the aperture. In 
this work, the error ranges of P-XRF for 
determining Fe and Zn were (0.0076−0.0405) wt.% 
and (0.0705−0.0735) wt.%, respectively. 
 
2.4 EPMA 

EPMA analyses were conducted using a 
JXA−8230 (JEOL, Japan) instrument. The samples 
were cut into rectangular shaped pieces 
approximately 1 cm × 1 cm × 0.5 cm in length, 
width and depth, using a fine slow diamond saw. 
The cut samples were polished with wet silicon 
carbide paper in a sequence of 600, 1000, 2000 and 
4000 meshes. The polished samples were further 
polished with 2 μm alumina powder suspensions. 
The freshly polished samples were ultrasonically 
cleaned for 5 min each in Milli-Q water, absolute 
ethanol, and Milli-Q water, and finally, the cleaned 
samples were dried by high-purity nitrogen. The Zn 
and Fe contents of the five freshly prepared samples 
were determined by EPMA equipped with WDS or 
EDS. For the EDS test, three points were tested for 
each sample. 
 
2.5 ToF-SIMS 

ToF-SIMS is a highly surface sensitive 
(sampling depth 1−1.5 nm [29]) analytical 
technique for probe of elements and the  
acquisition of molecular information from the 
surface of a material with high spatial and mass 
resolution. Its working principle is that a finely 
focused, pulsed primary ion beam is rastered across 
the surface of the sample and the secondary ions 
emitted at each pixel are extracted into a 
time-of-flight mass spectrometer, mass filtered and 
counted [30]. In this study, ToF-SIMS analyses 
were conducted using a ToF-SIMS V (ION−TOF 
GmbH, Münster, Germany) instrument. The 
samples preparation procedure is the same as 
EPMA. A pulsed 30 kV Bi3

+ primary ion beam was 
used in the spectrometry mode for data acquisition. 
Spectra and ion images were acquired in positive 
ion mode from three separate 500 μm × 500 μm 
areas on each sample surface using a pixel density 
of 256×256. Each spectrum was acquired from 0 to 
816 m/z with 4 min of data collection time. Before 
statistical analysis, the peak intensities of Fe+ and 
Zn+ were normalized by total ion counts. 
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3 Results and discussion 
 
3.1 Fe and Zn contents by chemical titration 

Figure 2 shows the results of Fe and Zn 
contents in the five samples determined by 
chemical titration. The Fe content in the five 
samples gradually increases with the decrease of Zn 
content. Fe and Zn contents obtained by chemical 
titration, which have a small standard deviation, are 
used as standard values to compare the quantitative 
analysis of P-XRF, EPMA−EDS, EPMA−WDS, 
and ToF-SIMS. 
 

 
Fig. 2 Results of Fe (a) and Zn (b) contents obtained by 

chemical titration  

 
3.2 Fe and Zn contents by P-XRF 

Figure 3 shows the linear correlation analysis 
between the Fe and Zn contents determined by 
P-XRF and those determined by chemical titration. 
The results showed that the quantitative analysis of 
Fe by P-XRF was well consistent with the results of 
the chemical titration. For the sphalerites with low 
Fe content, the measurement standard deviation of 

Fe content is less than that of the sphalerites with 
high Fe content. Compared with Zn, the 
quantitative results of Fe are more consistent with 
the results of the chemical titration. 
 

 

Fig. 3 Correlation analysis of Fe (a) and Zn (b) contents 

determined by P-XRF 

 

3.3 Fe and Zn contents by EPMA−EDS 
Three points were selected in the different 

areas of each polished sphalerite for EPMA−EDS 
analysis. Figure 4 shows the energy spectra and  
Fig. 5 shows the linear correlation analysis between 
the quantitative results obtained by EPMA−EDS 
and the results of the chemical titration. All of the 
five samples have strong Zn peaks (see Fig. 4). The 
measured results of Fe and Zn contents are both in 
good agreement with the results of chemical 
titration (see Fig. 5). The test standard deviations of 
Fe and Zn contents of SPH-3 are greater than those 
of other samples. 
 
3.4 EPMA−WDS imaging analysis 

Fe and Zn on the sphalerite polished surface 
were imaged by EPMA−WDS. The distribution 
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Fig. 4 EMPA−EDS spectra of samples: (a) SPH-1; (b) SPH-2; (c) SPH-3; (d) SPH-4; (e) SPH-5 

 

 

Fig. 5 Correlation analysis of Fe (a) and Zn (b) contents determined by EPMA−EDS 

 
characteristics of Fe and Zn are shown in Fig. 6. 
The results show that the distribution diagrams of 
Fe and Zn of the five samples all change from blue 

to red. The variation ranges of Fe and Zn contents 
on the sphalerite surfaces are shown in Table 2. 
From  Fig. 6  and  Table 2,  it  is  obvious  that  the 
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Fig. 6 EPMA−WDS distribution of Fe and Zn: (a) SPH-1; (b) SPH-2; (c) SPH-3; (d) SPH-4; (e) SPH-5 
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Table 2 Variation range of Zn and Fe contents 
Sample  

No. 
Fe content 

 range/wt.% 
Average Fe  

content /wt.% 
Zn content  
range/wt.% 

Average Zn  
content /wt.% 

SPH-1 0.23−2.1 0.56 49.8−70.7 59.6 

SPH-2 0.27−3.99 1.35 55.4−72.1 64.4 

SPH-3 1.3−13.8 4.3 49.4−65.5 53.1 

SPH-4 6.2−17.3 10.9 40.6−52.8 45.6 

SPH-5 6.8−18.1 11.6 37.5−59.2 45.8 

 

distribution of Fe and Zn on the surfaces of the five 
samples are not uniform. For SPH-1, SPH-2,  
SPH-4, and SPH-5, the regions with high/low 
content of Fe and Zn are scattered, with no apparent 
concentration area of Fe or Zn element. SPH-3 
shows the concentrated areas of low content of Fe 
(blue region) or Zn (yellow region), as well as the 
concentrated area of high content of Fe (cyan region) 
or Zn (red region). Moreover, the regions with high 
Fe content have low Zn content. This explains the 
large difference measurement for Fe and Zn in 
different surface regions of SPH-3, and it may be 
unrelated to operation and instruments (see Fig. 5). 

Figure 7 indicates that the Fe contents of the 
samples determined by EPMA−WDS are well 
consistent with the results of chemical titration, 
while the linear correlation between the Zn contents 
determined by EPMA−WDS and those determined 
by chemical titration is weaker than the results of 
Fe. 
 

3.5 ToF-SIMS analysis 
Figure 8 shows the ToF-SIMS positive ion 

mass spectra of the samples. As can be seen from 
Fig. 8, Fe+ and Zn+ were detected in all five  
samples. Except in the SPH-3 sample, with 
increased Fe content, the intensity of Fe+ peak 
increases, while that of Zn+ peak decreases. 

Figure 9 shows the ToF-SIMS images of Fe+ 
and Zn+ of the samples. In this figure, the bright 
regions indicate high Fe or Zn content, contrary to 
the dark regions. Similar to the EPMA−WDS 
imaging results (Fig. 6), the ToF-SIMS ion images 
of Fe+ and Zn+ also indicate that Fe and Zn are not 
uniformly distributed in the sphalerite. 

Figure 10 shows the linear relationship 
between the normalized intensities of the Fe+ and 
Zn+ peaks of ToF-SIMS and the Fe and Zn contents 
determined by chemical titration. The normalized 
intensity of Fe has a strong linear correlation   
with the chemical titration results, while the linear 

 

 
Fig. 7 Correlation analysis of Fe (a) and Zn (b) contents 

determined by EPMA−WDS 

 

 

Fig. 8 ToF-SIMS positive ion mass spectra of samples 
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Fig. 9 ToF-SIMS ion images of Fe+ and Zn+ of samples: (a, a′) SPH-1; (b, b′) SPH-2; (c, c′) SPH-3; (d, d′) SPH-4;    

(e, e′) SPH-5 (MC: Maximum counts per pixed; TC: Total counts of entire image; Field of view: 500 μm ×500 μm) 
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Fig. 10 Correlation analysis of Fe (a) and Zn (b) contents 

determined by ToF-SIMS 

 
correlation of Zn is not as strong as that of Fe. The 
normalized intensities of Zn acquired on three 
different surface regions of SPH-3 are quite 
different, indicating that the distribution of Fe and 
Zn on the surface of SPH-3 is quite uneven, which 
is consistent with the analysis results of 
EPMA−EDS. 

Table 3 shows the linear fitting parameters of 
the test data of Figs. 2, 4, 6, and 9. The contents of 
Fe and Zn in sphalerite determined by P-XRF, 
EPMA−EDS, EPMA−WDS, and ToF-SIMS are all 
in good agreement with the results of the chemical  
 
Table 3 Linear fitting parameters (Y=aX+b) 

Method 
Fe Zn 

a1 b1 R1
2 a2 b2 R2

2 

P-XRF 0.9906 0 0.9954 1.215 0 0.8389

EDS 1.013 0 0.9706 1.101 0 0.9709

WDS 0.8503 0 0.9788 0.9343 0 0.8012

ToF- 
SIMS 

0.02361 0 0.9930 0.02409 −1.136 0.7712

titration. Specifically, the coefficients of 
determination (R2) of Fe are 0.9706−0.9930 and 
those of Zn are 0.7712−0.9709, which indicates that 
the determination result of Fe content is better than 
that of Zn. 
 

4 Discussion 
 

The above results show that P-XRF, 
EPMA−EDS, EPMA−WDS, and ToF-SIMS can be 
used for quantitative or semi-quantitative analysis 
of Fe and Zn contents in sphalerite. It should be 
noted that the various analytical methods have their 
advantages and limits. P-XRF analysis is 
time-saving and almost does not require sample 
preparation, and it can directly obtain the content 
information of elements in a sample, but the 
disadvantage is that it does not have the ability of 
imaging. EPMA−EDS, EPMA−WDS and 
ToF-SIMS are vacuum technology and have 
imaging analysis functions. Since the uneven 
distribution of Fe and Zn in sphalerite, it may be 
better to get average contents of Fe and Zn by 
testing multiple points when these techniques are 
applied to micro-analysis of bulk sphalerite. Owing 
to the matrix effect, ToF-SIMS is not usually a 
quantitative analysis technique and cannot directly 
obtain the content of element in samples. The 
results of ToF-SIMS test show that the correlation 
between the Fe+ and Zn+ intensities and Fe and Zn 
contents is good. Therefore, ToF-SIMS can be  
used as a semi-quantitative technique for the 
determination of Fe and Zn contents in sphalerite 
by establishing the calibration curve. 

For the determination of Fe content in 
sphalerite, P-XRF, EPMA−EDS, EPMA−WDS and 
ToF-SIMS are all suitable semi-quantitative 
analysis techniques. Therefore, from the perspective 
of inexpensive, non-destructive, easy-touse and 
time saving, P-XRF is the most suitable technique 
for the determination of Fe content in sphalerite. 
For the determination of Zn content in sphalerite, 
from the perspective of accuracy, the technology 
with high accuracy to low accuracy is EPMA−EDS, 
P-XRF, EPMA−WDS and ToF-SIMS in turn. When 
sphalerite needs 2D imaging analysis of Fe and Zn, 
EPMA−WDS is a more suitable semi-quantitative 
analysis technology than ToF-SIMS, because 
ToF-SIMS can only perform qualitative imaging 
analysis. ToF-SIMS is the most suitable technique 
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for obtaining the distribution information of Fe and 
Zn in the outermost layer of sphalerite because its 
sampling depth is 1−1.5 nm, which is far less than 
EPMA−EDS/EPMA−WDS with a sampling depth 
of about 1 μm. 
 
5 Conclusions 
 

(1) The contents of Fe and Zn in sphalerite 
determined by P-XRF, EPMA−EDS, EPMA−WDS 
and ToF-SIMS are all good linearly correlated with 
those determined by chemical titration, and the 
determination accuracy of Fe is better than that of 
Zn. Specifically, the coefficients of determination  
between the Fe content determined by P-XRF, 
EPMA−EDS, EPMA−WDS and ToF-SIMS and the 
Fe content determined by chemical titration are all 
greater than 0.97, while the coefficients of 
determination between the Zn content determined 
by these techniques and that determined by 
chemical titration are quite different, which are 
0.8389, 0.9709, 0.8012 and 0.7712, respectively. 

(2) The intensities of the Fe+ and Zn+ peaks of 
ToF-SIMS spectra from sphalerite are directly 
proportional to the contents of Fe and Zn in the 
sphalerite. Therefore, ToF-SIMS can be used as a 
semi-quantitative technique for the determination of 
Fe and Zn contents in sphalerite by establishing the 
calibration curve. 

(3) Imaging EPMA−WDS and imaging 
ToF-SIMS analyses indicate that Fe and Zn are not 
uniformly distributed in natural sphalerite samples. 
Therefore, when applying point analysis techniques 
to determine the Fe and Zn contents in natural 
sphalerite, it is necessary to test multiple points. 
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摘  要：采用化学滴定和光谱技术(便携式 X 射线荧光光谱(P-XRF)、电子探针能量色散光谱(EPMA−EDS)、电子

探针波长色散光谱(EPMA−WDS)和飞行时间二次离子质谱(ToF-SIMS))测定天然闪锌矿样品中 Fe 和 Zn 的含量。  

此外，利用 EPMA−WDS 成像和 ToF-SIMS 成像分析闪锌矿样品中 Fe 和 Zn 的分布。结果表明，各光谱法测定的

Fe 和 Zn 含量与化学滴定法测定的 Fe 和 Zn 含量具有良好的线性关系(R2>0.77)，并且总体上 Fe 的 R2值大于 Zn

的 R2值。成像分析结果表明，Fe 和 Zn 在闪锌矿中分布不均匀。 

关键词：闪锌矿；铁闪锌矿；Fe；Zn；分析方法；成像 
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