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Abstract. Bulk chemistry analysis of sediments from 
an extremely acidic mine lake of the Lusatian lignite 
mmmg district was performed using X-ray 
fluorescence analysis and a wavelength dispersive 
spectrometer (Siemens SRS 3000). Because of 
pronounced changes in sample composition along the 
cores, we applied the fundamental parameter option 
for matrix correction only to the main components. 
The capabilities of the scattered radiation method 
were examined for the trace constituents. 

The sediments of the acid lake were dominated by 
high concentrations of iron (up to 40% dry weight) in 
the upper horizons of depth profiles. These total iron 
contents were compared with values of reactive iron 
fractions. Aluminium and manganese concentrations 
were also elevated near the surface of the sediment. 
The concentrations of these elements decreased with 
depth, accompanied by changes in grain size fractions 
from clay to silt. 
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Introduction 

Sediments play an important role in the 
biogeochemical and ecological behaviour of lakes as 
a source and sink for biologically relevant or toxic 
elements. The acid mine lake waters of the Lusatian 
lignite mining district are characterized by high 
concentrations of Fe ( 450 mg/1), S04 (2500 mg/1), Ca 
(340 mg/1) and several toxic elements, especially AI 
(45 mg/1) (Klapper and Schultze 1995; Schultze and 
Geller 1996; Friese et al. 1998a,b; Herzsprung et al. 
1998). The sediments also reflect this chemistry (e.g .. 
Friese et al. 1998a; Blittner et al. 1998; Blodau et al. 
1998). Mine Lake 107 (ML 1 07) is located in the 
Koyne/Plessa district about 150 km south of Berlin. It 
is a shallow lake (mean depth 2 m, maximum depth 5 
m), approximately 70 years old, and only has 
groundwater inflow. The limnology of this lake is 
described in Lessmann et al. ( 1999). It is extremely 
acidic (pH 2.3) and wood pieces at the sediment 

surface show massive encrustation with iron. The 
special geochemical characteristics of ML 107 make 
it an interesting place to study the depth distributions 
of main and trace elements in the sediment. 

In this paper, we focus on the methodical application 
of X-ray fluorescence (XRF) to the sediments. 
Because of the very strong matrix variations along 
the depth profiles (with 40-50% Fe(OH)3 at the 
surface and a silicate matrix at about 20-30 cm 
depth), special adaptations were necessary to 
calibrate the analytical method under such unusual 
conditions. A combination of borate fusion 
(developed by Claisse 1957) and dilution of the 
extremely fine pulverized and homogenized sample 
material seemed to be the most suitable technique to 
overcome matrix effects. The fluorescence intensities 
measured under these conditions are free from 
heterogeneity and particle size effects and the 
calibration lines will be linear if sufficiently high 
dilution factors are applied. Unfortunately, this 
technique can be used only for the determination of 
major components because high dilution ratios push 
the concentrations below the detection limits for the 
trace elements. 

To analyse elements in low concentrations, the 
scattered radiation method, first proposed by 
Andermann and Kemp (1958), offers a promising 
perspective to overcome matrix effects in undiluted 
samples even when large variations of matrix 
compositions occur within a series of specimens and 
suitable reference materials are not available. The 
application of this method to the analysis of trace 
elements in sediments of acid mine lakes will be a 
major component of this paper. 

A comprehensive discussion of the theoretical 
background can be found in Tertian and Claisse 
(1982). Latest advances in application of scattered 
tube lines for analytical purposes were published by 
van Sprang and Bekkers ( 1998). 

The use of the scattered radiation for matrix 
correction is especially attractive for two reasons. 
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First, the measured intensity of the backscattered 
peak already provides a relevant measurr of the 
effective mass attenuation coefficient ~s of the 
specimen. Second, instrumental drifts and effects due 
to the sample morphology can be overcome because 
the backscattered radiation acts as an internal 
standard. 

Notation used: 

* ~s effective (combined) mass attenuation 
coefficient of the specimen (~s,A.e + 
A· ~s,A.i), with A = sin\jh /sin\j/2, \j/1, \j/2 
incidence and take-off angle for 
primary O~e) and fluorescence 
radiation o~i), respectively 

~s,A.I mass attenuation coefficient of sample 
s at wavelength Ai 

Ci concentration of analyte i 

Ii,s fluorescence intensity of analyte i 

lscat , lcomp intensity of the scattered radiation 
(total and Compton portion, 
respectively) 

<Jscat , <Jcomp mass scattering coefficient (total and 
Compton portion, respectively) 

Qi proportionality constant 

<Jxo standard deviation of the method 

Instrumentation 

The measurements were carried out on a Siemens 
SRS 3000 X-ray fluorescence spectrometer equipped 
with a Rh X-ray tube (125 ~-tm Be window), 60 kV 
generator, eight-position crystal changer and 58-
position sample changer. The spectrometer was 
controlled by a PCD-3M computer with the software 
package SPECTRA 3000. The spectrometer 
operating conditions were vacuum, 34 mm collimator 
mask and the following analysing crystals: OVO 55, 
Ge, LIF 100 and LIF 11 0. The Rh Ka Compton 
scattered tube line, used for analytical purposes, was 
recorded with the 0,15° collimator in combination 
with the LIF 110 crystal and the N al scintillation 
counter (Figure 1 ). Two background positions were 
chosen to calculate net count rates. 

Sampling 

Sediments from ML 107 were sampled during May 
1997. Undisturbed sediment cores were collected 
using a modified Kajak gravity corer (Uwitec, 
Mondsee, Austria). Depending on the sample site, the 
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Figure 1. Rh Ka coherent - and Compton scattered 
radiation for Si02 (ooo) and Fe20 3 (xxx) matrix. 
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top 15 to 40 cm of sediment and 10 to 3 0 cm of 
overlying water were recovered in polycarbonate 
tubes (50 cm in length, 9 cm ID). Sediment 
subsamples were extruded and sectioned in 1 cm 
vertical intervals in the field immediately after 
sampling. The samples were transferred into 
polypropylene screw cap vials, which were 
completely filled to minimize oxygen contact. 
Samples were kept on ice and transported to the 
laboratory within 3 days. 

Sample preparation 

The reactive iron (HCl-soluble and hydroxylamine­
reducible) fractions were determined from the fresh 
sediment material using ferrozine according to 
Lovley & Phillips (1987). The hydroxylamine 
fraction yields both Fe(II) and poorly crystalline 
Fe(III) phases. Briefly, triplicate subsamples were 
extracted in either 0.5 M HCl or 0.25 M 
hydroxylamine hydrochloride in 0.25 M HCl for 1 h 
on a test tube rotator. Aliquots were transferred to 
ferrozine solution in 50 mM HEPES buffer, and 
centrifugation was used instead of filtration to 
retrieve clear solutions for photometric analysis. This 
method generally yielded relative standard deviations 
of 5% for HCl and 7% for hydroxylamine extraction 
(Friese et al. 1998b ). 

For the XRF studies, the sample material was dried at 
105°C and ground by means of an agate ball mill 
(Retsch) to meet the conditions of homogenized and 
analytical grade material. Aliquots ( 4 g) of the 
prepared sample material were mixed with 20% wax 
(Hoechst wax for XRF -analysis) as a binder, poured 
into dies and compacted in a hydraulic press at a 
pressure of 100 MP a. Other parts of the sample 
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powder were diluted with LhB407 (1 g sample + 7 g 
Li2B40 7) to prepare glass discs by fusion at 1200°C 
in a 95% platinium-5% gold crucible for 20 min. 
Each batch was checked for loss on ignition (LOI). 

To examine both the theoretically predicted and the 
experimentally observed dependence of the scattered 
radiation on the mass attenuation coefficient of the 
sample matrix, a set of pressed samples was prepared 
to cover a wide range of matrix compositions similar 
to that occuring along the sediment profiles of the 
investigated acid mine lake. These artifical standards 
were produced by successive addition of F e203 to 
Si02 powder. In addition to this, a carbon matrix 
specimen from the reference material BCR 
40( certified coal) was included. The effective mass 
attenuation coefficient of this set of standards varied 
by more than one order of magnitude for the Rh-Ka 
tube line. 

Theoretical background of the scattered radiation 
method 

Without enhancement by the matrix, the fluorescence 
intensity of element i at concentration ci in a 
specimen s is given by: 

L, s = Qi · Ci (1) 

J.ls * 
(Tertian and Claisse 1982). According to Hower's 
rule (1959), Jls, }.I/ Jls, }.2 is a constant if no major 
elements including the analyte have an absorption 
edge between the two radiations, so equation (1) can 
be written as 

1- ~5_:__ 
I,S (2) 

J.ls, AJ 

In the same way, the scattered intensity of a given 
irradiation line can be calculated: 

()scat 
lscat~-­

J.ls,A_i 
(3) 

Because both the intensity of the scattered 
radiation(3) and the intensity of a fluorescence line 
(2), are proportional to lj Jls, Ai, the ratio 
li, sj lscat becomes independent of ~sA.i and is therefore 
directly proportional to concentration Ci of the 
analyte i. 

However, the considerations made above are valid 
only if the mass scattering coefficient <Jscat does not 
significantly vary with the atomic number Z of the 
scattering target. Theoretical calculations (Tertian 

and Claisse 1982) show that only the Compton 
scattered radiation fulfills this condition 
approximately, decreasing only slowly with 
increasing Z while the coherent scattering coefficient 
increases rapidly with Z. That means, equation (3) is 
approximately valid only for the Compton part of the 
scattered tube line 

CJcomp 
lcomp~--

J.ls, 'ARh 

(4) 

To take into account the slow dependence O'comp = 

O'comp (Z), it seems to be useful to express O'comp as a 
function of the mass attenuation coefficient of the 
sample. Although there exists no theoretical 
background for a dependence O'comp = O'comp (!ls), many 
publications deal with different empirical approaches 
in connection with the solution of specific analytical 
problems. A promising approach O'comp = O'comp (!ls) 
was initiated by Sheng Xiang Bao (1997), who used a 
power function for O'comp (!ls), which successfully 
reproduced the experimental results over a wide 
range of compositions. 

Experimental studies of the scattered radiation 
method 

Comparison of theoretical and experimental results 

For the set of artifical standards described above, the 
Compton part of the mass scattering coefficient O'comp 

was calculated on the base of the tabulated values of 
the non relativistic Hartree-Fock wave functions 
published by Hubbell et al. (1975) (for Rh Ka and a 
scattering angle of 90°) and related to the calculated 
mass attenuation coefficients of the corresponding 
sample compositions (Figure 2). A linear correlation 

Plot of the values log (~s Rh-K) as a function of log 
1 , 

( CJcompj Jls, Rh- K r of the calculated values for ).ls,A.Rh 

and <Jcomp leads to the expression 

( <Jcomp)theor=O,O 10 1· ).ls,A.Rh 
-0,046 (5) 

Otherwise, a logarithmic relationship between the 
mass attenuation coefficient 1-ls,/cRh of the investigated 
samples and the measured inverse Compton peak 
intensity of the scattered RhKcx tube line (see Figure 3) 
yields: 

1 
).ls,A.Rh- /0,947 

camp 

(6) 

With respect to equation 4, the experimentally found 
relation ( 6) gives 

-0,055 
( <Jcomp)exp~).ls,A.Rh (7) 
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In Figure 2, it is demonstrated that the theoretically 
estimated dependence of the mass scattering 
coefficient on the mass attenuation coefficient f.ls,A-Rh 

( 5) can be successfully fitted almost over the whole 
range of the investigated matrix compositions by the 
empiricall?' found approch (7). Inaccuracies for <Jcomp 

>0,01 cm I g-sr are probably due to higher order 
effects (see also van Sprang and Bekkers 1998). With 
respect to equation (2) and (6), we finally find 

lis· 
~~ci 
Jc;mp 

(8) 

That means the ratio ( li, .1j 1~;~~7 ) becomes a matrix 

independent value and is directly proportional to the 
concentration Ci of analyte i over the whole range of 
the investigated matrix compositions. 

Efficiency of the empirically found approch 

To control the efficiency of the experimentally found 
correction algorithm, typical sediment material 
originating from the surface of the sediment profile K 
18 from ML 107 was diluted with the reference 
material GBW 07310 (stream sediment), in which the 
investigated trace elements occur at nearly the same 
concentration levels as in the investigated lake 
sediment. This was verified by analysis of aqua regia 
extracts of sediment samples using ICP-OES and 
graphite furnace atomic absorption spectrometry 
(GF-AAS). In this way, a set of samples was created 
in which the investigated trace elements were hold at 
a nearly constant concentration level, while 
simultaneously the sample matrix significantly 
changed from Fe(OH)3 to Si02 (see table 1 ). 

To check the accuracy of the investigated correction 
algorithm, the concentration values determined in the 
original sediment sample were compared with the 
corresponding data measured m the diluted 
specimens, using relation (9). 

C
. Ci, Sed, D- Ci, ref · (1- D) (

9
) 

1, Sed=----------
D 

where Ci,Sed= concentration of analyte i in the 
original sediment 

Ci,Sed,D = measured concentration of analyte i in the 
diluted sample 

Ci,ref = concentration of analyte i in the reference 
material and 

D= dilution factor [ masssed / ( massref + mass sed) ] . 

In Tables 1 and 2, the experimental results of these 
measurements are displayed. The uncertainties of the 
results ofthe scattered radiation method were derived 
from the validation data given in table 3 (at a 
significance level of 95% ). If we take into account 
these uncertainties, no sytematic deviations can be 
observed comparing the data derived from the diluted 
specimens with the concentration values determined 
in the undiluted sample, although the mass 
attenuation coefficient 11 s Rh of the specimen changed r2, 
from 2,4 to about 6,7 cm /g. 

In Table 2, additional results for the analytes under 
study are listed, based on ICP-OES and GF-AAS 
determinations. These measurements are only for 
information and were performed to provide a 
measure for the concentration levels of trace 
elements by means of a reference method and to 
enable us to select a suitable reference material, 
which can act as diluent. Before comparing the ICP­
OES and GF-AAS results with the XRF data, one 
should consider that due to the differences in sample 
preparation, XRF data represent the total content of 
elements in the solid material, while the ICP-OES 
and GF-AAS measurements are based on a leaching 
procedure (aqua regia). In addition, there are also 
several uncertainties in the determination of the trace 
elements Cu, As and Pb using ICP-OES because of 
interferences by the matrix of the investigated 
sediment, which contains high amounts of iron. 

Calibration and measurements 

Major elements 

Glass discs were prepared by fusion of reference 
materials (coal fly ashes: NBS 2689 and NBS 2691, 
lake and stream sediments: LKSD 1-4; STSD 1-4) to 
calibrate the analytes Na20, MgO, Ah03, Si02, P20 5, 

K20, CaO, Ti20, MnO and Fe20 3• For sulphur 
calibration, pressed powder samples were prepared 
including the geochemical reference materials BAF, 
BE-l, and BAF BS-1. 

The measured fluorescence intensities of each analyte 
were corrected by means of the fundamental 
parameter algorithm, to get linear calibration plots for 
all main constituents. This procedure is state of the 
art and was provided by the spectrometer software 
SPECTRA 3000. The concentrations of the 
unknowns derived from these calibration plots were 
automatically related to the undiluted material by the 
software. 
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Figure 2. Dependence of the mass scattering coefficient O'comp [cm2/g·sr] (for the Rh Ka tube line) on the mass 
attenuation coefficient J.!s,/cRh of the sample matrix for a set of standards described above. 000 data based on the 
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Table 1. Analytical results for the trace elements Ni, Cu, Zn, As and Pb, analyzing a sediment sample of 
ML 107 by matrix dilution with the reference material GBW0731 0 (Ci,Sed,Dj is the measured concentration 
obtained for the dilution Dj) 

masssed maSSref D· l CNi,Sed,Dj Ccu,S~d,Pj Czn,Sed,Pj CAs,Sed,Dj CPb,Sed,Pj 

g g mg/kg mg/kg mg/kg mg/kg mg/kg 
4,0 0,0 1,0 9 32 38 16 29 
3,6 0,4 0,9 14 28 39 17 26 
3,2 0,8 0,8 15 30 40 16 28 
2,4 1,6 0,6 18 28 40 18 28 
1,6 2,4 0,4 23 26 42 21 26 
0,0 4,0 0,0 28 21 45 22 26 

GBW07310 certified 30 23 46 25 27 

Table 2. Comparison of the analytical results, obtained for the undiluted sediment with the concentration values 
calculated from the results determined in the diluted specimens (see table 1 ). (ICP-OES/GF-AAS data for 
information only). 

method 

Sediment scattered radiation undiluted* 
ML 107 method diluted** 

ICP-OES/GF -AAS aqua regia 

Ni 
mg/kg 
9 +/- 4 

11 
6 

Cu 
mg/kg 

32 +/-3 
31 
16 

Zn 
mg/kg 

38 +/-3 
37 
39 

As 
mg/kg 

16 +/-3 
15 
16 

Pb 
mg/kg 

29 +/-3 
27 
21 

undiluted*- data determined in the undiluted specimen; diluted**- mean of the results calculated from the data 
obtained for the diluted specimens (table l)after correction by equation (9). 
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Figure 4. Ab03 (000), Si02( ••• ), S(L:1L:1L:1), Fe20 3( ooo) concentrations, LOI(xxx) values and the sum( DD )of all, 
along the sediment core K 18 from ML 107. 

In Figure 4, the analytical results of the sediment core 
K18 from ML 107 are displayed as an example, 
demonstrating the typical depth distribution of the 

matrix composition of the investigated sediment cores. 
The corresponding LOI values, which were estimated 
by weighting the sample before and after fusion, are 
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Figure 5. Fe content ( % of dry weight) in a sediment core from ML 107. Fe total (Fet DD ) as determined by 
WDXRF, reactive Fe (Fere xxx) as determined by hydroxylamine extraction and the contribution of highly 
reactive Fe to the total Fe pool (FerefFet ~~~). 

represented too. The measured data illustrate the 
strong matrix variations along the sediment profile. 
Near the surface, Fe dominated the sediment matrix 
but decreased dramatically with depth. The increase 
of AI and Si in the upper 12 cm point to an increasing 
contribution of clay minerals. Below 19 cm depth, Si 
became the dominant element and LOI decreased 
sharply. This is indicative of pure tertiary sand and 
therefore marks the end of the authigenic lake 
sediment. 

To provide a control for the accuracy of the measured 
data, the sum of all concentrations measured by 
means of wavelength dispersive X-ray fluorescence 
(WDXRF) and the LOI values are also presented in 
Figure 4. The sum of the major components equals 
1 00%, showing that accurate measurements were 
achieved. The total iron concentrations measured by 
WDXRF were further used as a basis to determine 
the fraction of highly reactive iron in the sediment of 
ML 107 (Figure 5). Only a minor part of the total 
iron was extractable by the hydroxylamine method. 
This implies that the iron in the upper centimetres of 
this core does not contain significant amounts of 
freshly precipitated amorphous hydroxides. So most 
of the iron in ML 107 sediment is probably not 
microbially available, although hydroxylamine might 
not extract this fraction completely (Lovley & 
Phillips, 1986, 1987). However, the increased 
fraction of reactive Fe at 5-6 cm was due to HCl-

soluble Fe(II) (data not shown), indicating that Fe(III) 
reduction occured in ML 107. 

Trace Constituents 

For determination of the trace constituents, 
calibration plots based on expression (8) were 
created. The required parameters for a linear 

relationship between the ratio ( li, ,ll~;!1~7 ) of an 

analyte and the concentration were adjusted by 
measuring a set of reference materials (stream 
sediment:GBW 07309 - GBW 07312 and soils: GBW 
07402, GBW 07406 -07, GBW 07409- GBW07411) 
prepared as infinite thick pellets. The experimental 
data were fitted by a regression routine. In Table 3, 
the standard deviations of the method for the 
elements Ni, Cu, Zn, As and Ph are given. The 
displayed data were derived from the corresponding 
calibration curves using the validation software 
package SQS 98 (Perkin Elmer). 

As an example, experimental results applying the 
scattered radiation method to investigate the depth 
distribution of the trace constituents Ni, Cu, Zn, As 
and Ph in the sediment core K18 from ML 107 are 
displayed in Figure 6. 
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Figure 6. Depth distribution of the trace constituents Ni (~~~), Cu(OOO), Zn( ooo ), As(xxx) and Ph(+ + +) for 
the sediment core K 18 from ML 107 

Table 3. Standard deviation of the method for the 
calibration plots of Ni, Cu, Zn, As and Ph in the 
concentration range 2-500 mg/kg, applying the 

empirically found approach Ci- J i,s 
I o,947 

Analyte 
Ni 
Cu 
Zn 
As 
Ph 

Conclusions 

O"xo [ mg/kg ] 
3 
2 
2 
3 
2 

comp 

The results of the methodological application of 
WDXRF to the unusual composition of sediments 
from an acid mine lake lead to an accurate and rapid 
method for determination of main and trace elements 
in such kind of samples. It could be shown that the 
experimen tally found scattered radiation algorithm 
successfully corrects the strong matrix effects along 
the depth profiles of the investigated sediment cores. 

Total contents of biogeochemically relevant elements 
determined by WDXRF will provide a valuable basis 
for comparison and control when selected fractions are 
measured by operationally defined extraction methods. 
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