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Abstract 

Chemical analysis is a crucial but often expensive and time consuming step in the characterisation of 
soils. Laboratory analysis has many chemical, physiochemical and physical methods that can be used to 
characterise and evaluate soil fertility and quantify pollutants. Developments in analytical techniques 
have enhanced the use of multi-nutrient extractants, allowing for a shift towards multi-element 
analyses, and a decrease in detection limits by several order of magnitude. Chemical methods are being 
replaced by reliable physical or physiochemical methods that are more sensitive, faster and more 
selective, making it possible to determine the very low concentrations of elements. One such technique 
is hand-held X-ray fluorescence (HHXRF) spectroscopy which can provide information about the 
quantities of individual elements in soil that are essential for the growth of crops such as copper and 
those that may be undesirable such as lead. This paper describes how HHXRF analysis can provide 
results comparable in accuracy with total element composition measured using a bench top X-ray 
fluorescence (TXRF) method for various elements, with the possibility of either replacing or enhancing 
them. The results indicated that determination of element concentrations in soils with HHXRF were 
comparable for most elements with those of total element concentrations measured using total X-ray 
fluorescence spectroscopy (TXRF). Compared with the TXRF technique, the HHXRF method 
determined total element concentrations of the elements Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn and Pb 
accurately (model slope close to 1:1 line, and R2 > 0.80) over a wide range of soil samples while V could 
not be estimated with an acceptable precision (R2 < 0.65) compared with TXRF. Thus, HHXRF could be 
used to directly analyse total element composition of soils in the field and on prepared samples and 
may provide a basis for low cost soil chemical characterisation and mapping. 

Introduction 

Nutrient contents in food are determined by their content level and availability in soils on which the 
food plants are grown; the amounts and quality of soil organic- and mineral matter. Soil clay minerals 
strongly influences the water holding capacity and the supply of nutrients while the amounts of 
micronutrients in the soil affect plant growth and the nutritive value to consumers. Hence, under 
conditions of nutrient deficiency in soil, the content in food crops can be increased by the application of 
fertiliser. However, in spite of increased use of fertilisers, more nutrients are being removed annually 
from the soil than the amount applied as mineral fertilisers, especially in the less developed parts of the 
world, where nutrient balance is likely to remain negative (Vijayakumar et al., 2011). A dysfunctional 
food system that cannot deliver enough essential nutrients to meet the requirements for plants, human 
and animals may easily result in a global crisis in malnutrition. Cost-effective methods for the direct 
analysis of soil in the field and on prepared samples for mineral and total elemental compositions could 
be applied to achieve an economical detailed screening analysis and mapping of soils across individual 
fields.  

Conventional multi-element techniques for determination of soil and plant element compositions such 
as the inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma atomic 
emission spectrometry (ICP-AES) have been used for routine determinations. However, the 
conventional methods are not without problems for determination of various elements, and thus, there 
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is need for new, rapid, low cost and for routine testing or screening tools for diagnosing soil 
micronutrient deficiencies for crop, livestock and human health. Recent developments of the X-ray 
Fluorescence (XRF) technology have made this technique suitable for on-site analysis (miniaturisation 
of XRF systems [X-ray tube], the optimisation of the calibration programmes and the improvement of 
the detectors [Holschbach-Bussian and Vanhoof, 2010]). The XRF technique relies on the fluorescence at 
specific energies of atoms that are excited when irradiated with X-rays and the detection of the specific 
fluorescent photons enables the qualitative and quantitative analysis of elements in a sample (Viscarra 
Rossel et al., 2011). Portable, hand-held XRF technology has become popular as an analytical approach 
in the environmental community, particularly for rapid measurement of metal contaminants (Viscarra 
Rossel et al., 2011). For example, Palmer et al. (2011) used field-portable XRF analysers for rapid 
screening of toxic elements in FDA-regulated products and demonstrated in their work that XRF 
analysers are an exceedingly valuable tool for routine and nonroutine elemental analysis investigations, 
both in the laboratory and in the field. The United States Environmental Protection Agency (US EPA) 
has tested hand-held energy-dispersive X-ray fluorescence (EDXRF) systems on their capability for the 
on-site analysis of heavy metals in soils and sediments (USEPA, 1998; Stosnach, 2005). Because the 
sensitivity and energy resolution of these instruments is technically limited a second approach for field-
portable benchtop X-ray fluorescence (XRF) systems was started by the US EPA (USEPA, 2007; 
Stosnach, 2005). 

Recent instrument improvements have increased the quality of measurement results. The Bruker S1 
Turbo SD LE hand-held X-ray fluorescence (HHXRF) spectrometer (Bruker AXS GmbH) is 
commercially available as a rapid, specific mining instrument or as an additional calibration suitable for 
other similar type of materials, such as cement and minerals, ceramics, glass (mid-density matrix), 
restricted materials, multi-purpose calibration, and soil calibration and thus should be a method of 
choice but needs further testing and validation for possible “in situ” measurements. The Bruker S1 
Turbo SD LE HHXRF spectrometry has the potential to provide information about the quantities of 
individual elements in soil that are essential for the crops (e.g. copper) and those that may be 
undesirable (e.g. Lead). 

This paper demonstrates that HHXRF analysers are valuable tools for routine and non-routine 
elemental analysis investigations, both in the laboratory and in the field, with emphasis on the use of a 
battery driven hand-held Bruker S1 TURBOSD LE spectrometer. The S1 Turbo SD LE instrument 
features an improved light element performance (Mg, Al, Si), but the factory “mining” calibration 
models (GeoChem Trace and Geochem General) are empirical and are based on standards, which are 
representative of samples to be measured. The factory calibration covers 41 elements namely Mg, Al, Si, 
P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, Nb, Mo, Rh, Pd, Ag, Cd, Sn, Sb, Ce, 
Hf, Ta, W, Pt, Au, Hg, Pb, Bi, Th, and U, and reports only the elements in the calibration as matrix with 
less accuracy. Therefore, due to the complex nature of the universal calibration, it is important to check 
the feasibility of the application with soil and plant samples. 

The objectives of this study was to: 

 develop and test an analytical method for the direct quantification of total element concentrations in 
soils using the Bruker S1 TURBOSD LE spectrometer 

 test the ability to validate against total element composition measured using a bench top X-ray 
fluorescence (TXRF) method for a range of elements using a set of soil samples and standard 
reference materials 

 

Materials and methods 

Ninteen soil samples were selected based on the Kennard-Stone sample selection algorithm (Kennard 
and Stone, 1969) using a principle component analysis (PCA) of Total X-ray Fluorescence (TXRF) total 
element concentration data from a set of 603 samples associated with the Africa Soil information Service 
(AfSIS) project (www.africasoils.net), taken from nineteen 100-km2 stratified random sites across Africa 
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(AfSIS, 2013). The soil samples were selected from a wide range of soils in the sub-Saharan Africa 
tropics and textures as well as elemental ranges and used to develop a generalisable approach. The soil 
samples were air-dried and passed through a 2-mm sieve. Five grammes of the air-dried soil was sub-
sampled and ground to less than 73 micron using an RM 200 Retsch grinder. The samples were 
analysed using a battery driven light weight Bruker S1 TURBOSD LE hand held X-ray Fluorescence 
(HHXRF) spectrometer and an S2 Picofox TXRF spectrometer (Bruker AXS Microanalysis GmbH, 
Germany). 

The S1 TURBOSD LE spectrometer from Bruker used in the current study contains an X-ray tube which 
irradiates the sample and using a thin film ultralene window, detection of light elements such as Mg, Al 
and Si is possible.  In addition, the S1 TURBOSD LE can be conFigured with calibrations that are 
optimised for a variety of materials-including a wide range of soil samples. The principle of the HHXRF 
technology is based on the fact that the incident rays eject electrons from the atoms of the elements in 
the sample, resulting in the emission of X-rays with energies that are characteristic of the elements 
present. The emitted rays are analysed using a silicon drift detector. The results are immediately 
displayed and stored. The hand held results are obtained utilising a devise that would hold the gun 
rather than have an operator hold it. This approach eliminates human error and creates an optimum 
setting, since an operator may not always keep the gun extremely still during the measurement period.  
The S1 TURBOSD LE provides rapid and accurate analysis on elements such as Calcium (Ca), zinc (Zn) 
etc. and restricted elements such as lead (Pb), mercury (Hg), chromium (Cr), and cadmium (Cd) at part 
per million levels; however quantification of elements depends on the X-ray source and sample matrix. 

For HHXRF analysis the 73 micron ground samples were loaded in to a Fluxana 32 mm double open 
ended sample cup covered on one end with a 4 μ polypropylene X-ray film, by scooping several 
spatula-full of the soil to half-fill a sample cup (about 5 g soil). The sample cup was closed on the open 
end with a lid then placed over the ultralene examination window and IR proximity sensor. The sample 
compartment was covered using a lid to prevent scattering of X-ray radiation. The S1 TURBOSD LE 
trigger at the back of the instrument was pulled to begin analysis. Measurements were conducted for 
120 s using the Geochem general Method. 

For TXRF analysis a further milling to 20-53 μm using a McCrone micronising mill for all the samples 
was done. For validation purposes, 45.0 mg of each milled sample were weighed in clean-labelled vials 
and 2.5 ml of aqueous Triton X 100 solution added into the vial followed by internal standard of 40 µl of 
1000 ppm Se solution using a pipette. The mixture was agitated to a homogenous solution, which 
involved placing them in a water bath and applying Sonics for 15 min. This was followed by pipetting 
10 µl of the suspension onto the centre of siliconised quartz sample carrier and dried for about 5 min on 
a hot plate at 50° C to form a thin film of sample. Twenty-four loaded sample carriers were assembled 
onto a sample cassette where 1ppm mono-element standard was placed in the first position for gain 
correction. The samples were then analysed using an S2 Picofox TXRF spectrometer (Bruker AXS 
Microanalysis GmbH, Germany) and quantified using a deconvolution routine (SuperBayes) of the 
SPECTRA software which uses measured mono-element profiles for the evaluation of peak intensities 
(Bruker, 2007). 

In addition, four certified reference materials; montana soil, check soil, soil 7 and river clay soil were 
also analysed in a similar procedure using the two techniques for validation purposes. Regression and 
multivariate analyses were performed using R statistical software (R Development Core Team, 2013). 

 

Results and discussion 

The soil samples were measured using the two spectrometers, and the relative abundance of each line 
was determined (Figure 1). The HHXRF technique offers a rapid measurement (in 1-2 minutes) 
compared to 10-13 min with the TXRF method. The X-ray fluorescence lines of the individual elements 



Joint proceedings of the 27th Soil Science Society of East Africa and the 6th African Soil Science Society 

4 

Transforming rural livelihoods in Africa: How can land and water management contribute to enhanced food security and address 
climate change adaptation and mitigation 

Nakuru, Kenya. 20-25 October 2013 

were stored in the instrument software in the form of an atomic library and later identification of the 
elements was done by an interactive comparison of the observed spectra lines and measured spectrum. 

Percent recovery values were examined using two standard reference materials (soil 7 and river clay 
soil) taking into consideration the elements K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn and Ga (Table 1). There 
was a wide recovery range observed for the TXRF spectrometer between 38 and 189%, in average 
around 96% for Soil 7 and 33-121%, average 81% for River clay, respectively (Table 1). Similarly, the 
percent recovery ranged widely for the HHXRF determined results for the elements Mg, Al, K, Ca, Ti, 
Cr, Mn, Fe, and Cu ranging from 58 and 110%, in average around 80% for Soil 7 and one and 103%, in 
average 64% for River clay, respectively (Table 1). 

Table 1: Percent recovery values calculated for two standard reference materials (Soil 7 and River 
clay soil) measured using TXRF and HHXRF spectrometers 

 
 
 
Element 

Soil 7 River clay 

Ref value 
(ppm) 

Txrf Value 
(ppm) 

% recovery 
TXRF 

Ref value 
(ppm) 

Txrf value 
(ppm) 

% recovery 
TXRF 

K 12100 11844.3 97.9 23725.5 19500 121.7 

Ca 163000 198726.6 121.9 15419.6 13800 111.7 

Ti 3000 2170.3 72.3 3764.5 4300 87.5 

V 66 41.4 62.8 48.3 80.9 59.7 

Cr 60 42.3 70.5 66.9 89.6 74.7 

Mn 631 476.6 75.5 794.1 1000 79.4 

Fe 25700 21713.6 84.5 26941.8 29700 90.7 

Ni 26 49.3 189.8 30.9 37.9 81.7 

Cu 11 4.2 38.3 12.9 20.1 64.4 

Zn 104 74.1 71.2 79.4 96.1 82.7 

Ga 10 17.4 174.4 4.4 13.6 32.6 

Av. (%) recovery   96.3   80.6 

Element Ref value % HHXRF 
value % 

% Recovery Ref value % HHXRF 
value % 

% Recovery 

Mg 1.1 0.7 64.5 0.9 0.5 59.1 

Al 4.7 4.2 88.4 5.9 3.2 54.4 

K 1.2 1.3 110.5 2.0 2.0 103.6 

Ca 16.3 16.5 101.0 1.4 1.3 96.9 

Ti 0.3 0.2 66.0 0.4 0.3 73.5 

Cr 0.0 0.0  0.0 0.0 1.1 

Mn 0.1 0.0 58.1 0.1 0.1 64.7 

Fe 2.6 1.9 72.2 3.0 2.2 73.0 

Cu 0.0 0.0  0.0 0.0 49.8 

Av. % recovery   80.1   64.0 
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Figure 1: Spectra of a soil standard reference material (SRM) measured using (a) the HHXRF and (b) 
the S2 PICOFOX TXRF spectrometer showing peaks and the abundance of each line determined for all 
elements 

 

The results indicated that the HHXRF spectrometer results were comparable for most elements to those 
of the total element concentrations measured using the TXRF technique (which was recalibrated using 
the international standard method - ICP-MS as described by Towett et al. 2013) (Table 2). Some elements 
were either over- or underestimated using the HHXRF compared to the TXRF methods. However, on 
performing a regression of the HHXRF and TXRF results, compared with the TXRF technique, the 
HHXRF method determined total element concentrations of the elements Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, 
and Pb accurately (model efficacy/slope close to 1:1 line, and R2 > 0.80) over a wide range of soil 
samples (Figure 2). Vanadium could not be estimated with an acceptable precision (R2 < 0.65) compared 
with TXRF and was generally somewhat underestimated (Figure 2). These results are expected because 
the HHXRF instrument has been recalibrated using the TXRF analytical results and the TXRF is as good 
as ICP-MS for elements such as Ti, V, Ca, Vr, Mn, Ni, Zn, Pb and Fe (Towett et al., 2013). Values of R2 
close to one indicate that MIR is almost as good as the TXRF and ICP-MS techniques against which it is 
calibrated. Soil matrix recalibration and additional appropriate adjustments of the soil matrix 
calibration to improve the accuracy of the results of the HHXRF instrument may be done using TXRF 
results as reference data for Cu, and Zn and additional reference results using ICP-MS are required. It is 
necessary to optimise the calibration of the HHXRF instrument using a variety of soil materials with a 
wide range of possible matrix effects. Thus the HHXRF instrument recalibration is currently a work in 
progress. 

In addition, samples used for HHXRF and TXRF analyses required minimal treatment and only a few 
grams of powdered, air-dry soil were required. Better analyses were obtained if samples were ground 
to less than about 50 microns particle size, but re-designed systems may avoid this and its associated 
costs, especially for field analysis. This use of a dry soil sample was advantageous in that expensive and 
toxic chemicals were not required, and artificial solutions used in some conventional extractions 
methods were avoided. 
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Table 2: Analytical results (in mgkg-1) measured using HHXRF and TXRF for a set of 19 soil samples from across sub-Saharan Africa as well as 4 soil standard 
reference materials (SRMs) 

Sample 
names 

HHXRF Results TXRF Results 
Ca Ti V Cr Mn Fe Ni Cu Zn Pb Ca Ti V Cr Mn Fe Ni Cu Zn Ga Pb 

icr002590 20400 14600 67 72 1680 59200 66 0 64 34 28299.4 12763.4 126.8 323.6 1384.5 60734.4 96 41.5 82.4 12.9 83.9 
icr010038 2320 10800 67 181 1990 82500 89 12 64 0 2668.3 13212.3 152.2 128.6 1481.2 76700.5 110.3 47.7 69.2 11.2 109.9 
icr010118 1090 10400 67 156 2260 79700 85 21 47 32 587.3 11660.1 119.5 77.3 1775.8 64166.6 96.5 49.1 40.1 12.5 109 
icr011067 4280 7120 67 148 1410 82500 0 17 47 0 7756.7 6653.8 253.4 104.3 1401.8 111205.2 39.4 71.3 31.3 8.2 287.4 
icr011164 1030 5430 308 371 1050 172000 0 0 47 107 858.6 4045.1 357.9 358.3 198.5 181690.6 9.7 37.7 16.4 0.2 639.1 
icr011321 1760 11900 67 262 1380 114000 0 3 48 36 1490.6 8810.9 267.5 149.9 852.6 123895.3 14.5 51.8 25.9 4.8 303.2 
icr014408 7170 4800 67 94 2080 45000 0 0 65 0 11910 3461.4 40.3 34.3 1568 39407.9 15 13.3 64.9 15.4 51.6 
icr015472 1690 3090 67 0 387 13700 0 0 39 0 1264.8 2546.5 6 36.4 221.5 12956.7 6.7 7.7 16.2 9.3 11.6 
icr023393 508 6170 67 32 588 34000 29 0 48 0 605.2 4739.7 35.2 75.7 288 27425.5 41.2 14.1 32.1 10.1 12.9 
icr023433 2750 1660 67 0 369 7980 0 0 35 26 2930.3 1277.2 11.6 9.3 183.5 6086 3 5.6 11.3 5.6 20.3 
icr023731 2770 1310 67 0 267 6030 0 0 37 47 3073.3 933.2 8.4 5.9 78.9 4279.5 1.7 3 7.7 7.6 36.9 
icr030083 9060 17600 67 159 2080 79000 0 0 54 34 11240.4 16685.5 17.3 102.8 2051.1 83850.8 47.3 23.3 63.1 17.7 210 
icr033407 17900 4200 67 0 784 24000 0 0 41 0 28262.3 4221.1 1.9 64.4 771.2 27380 20.3 17.4 34.2 12.3 11.6 
icr033466 22100 3150 67 0 587 15800 0 0 35 0 36499.6 4603.7 1.4 49.5 668.3 23015.9 15 13.9 31.3 12.9 19.6 
icr033714 10500 5000 67 0 692 31400 94 0 50 0 6505.9 10.1 1.1 1.1 53.8 82.3 8.2 2.6 2.6 0.2 0.5 
icr049556 4380 4460 67 3 445 32700 20 0 59 0 5947.8 4304.7 46.6 82.6 210.8 34479.6 36.9 28.6 56.3 12.2 53.6 
icr049655 2440 3550 67 0 382 30100 17 0 58 0 3967.6 3252.6 40 76.8 129.8 30829.3 34.6 22.4 53 12.3 28.1 
icr049735 2240 3980 67 0 446 38400 0 0 52 0 3492 3417 40.5 80.8 122.4 40858.2 25.4 22.4 51.5 11.2 47.5 
icr049755 2450 3710 67 0 379 28400 18 0 57 0 4497.6 3391.1 41.8 68.5 125.1 29201 40.3 28.8 52.9 10.9 31.3 
Montana 
Soil 7070 2900 67 0 1530 32800 0 2390 1680 190

0 ND ND ND ND ND ND ND ND ND ND ND 

River Clay 9320 3160 67 0 756 21200 0 0 57 0 13800 4300 80.9 89.6 1000 29700 37.9 20.1 96.1 13.6 ND 
Soil 7 

290000 4360 67 0 1220 30500 0 0 102 75 198726.
6 2170.3 41.4 42.3 476.6 21713.6 49.3 4.2 74.1 17.4 ND 

Soil check 3730 2940 67 8 2660 19100 0 113 271 312 ND ND ND ND ND ND ND ND ND ND ND 
Key: ND = 
not 
determined 
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Figure 2: Total element concentrations (in mg kg-1) measured using HHXRF versus concentrations 
estimated using TXRF for 19 soil samples used in this study 
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Conclusion 

Hand-held XRF is a major innovation to an already important analytical technology and has been 
shown to be capable of detecting and determining total elemental compositions of soil samples. In 
addition, it offers a rapid measurement (1-2 min). XRF analysis is potentially much cheaper and faster 
than conventional soil testing, and a single spectrum can provide, simultaneously, useful information 
on total element compositions for multiple elements. On the basis of the results, it can be concluded that 
HHXRF spectrometry is suitable for the rapid on-site determination of selected elements, both heavy 
metals and light elements in screening processes. However, there were underestimations of all the 
elements analysed using the HHXRF instrument compared to the results measured using the desktop 
TXRF spectrometer indicating that the HHXRF instrument recalibration is necessary. Thus, it is 
necessary to optimise the calibration of the instrument using a variety of soil materials with a wide 
range of possible matrix effects. The matrix calibration of the handheld XRF instruments has an 
important effect on the quantification of the elements detected meaning that for specific samples an 
appropriate adjustment of the matrix calibration is required to improve the accuracy of the results. With 
proper calibration and sample preparation, the HHXRF technique will give quantitative results. Use of 
X-ray films with highest transmission percentages such as Proplene and ultralene to provide optimal 
analysing conditions for low atomic number elements such as Na and Mg is recommended.  
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