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Abstract This contribution presents an evaluation of still unexplored potentials, 
limitations and technical details of µ-XRF element scanning particularly for varved 
sediment analyses using the vacuum device EAGLE III XL. For this case study a 
33 cm long interval of exceptionally well-preserved sub-millimetre scale calcite 
varves of the interglacial lake deposits from Piànico has been selected. In addition 
to the demonstration of the very good repeatability of XRF element scans, one focus 
of this paper is on discussing a suitable scanner resolution in terms of a compromise 
between short analyses times and a resolution that allows capturing the geochemi-
cal signature even of seasonal sub-layers. By combining scanner data with micro-
scopic sediment inspection geochemical signatures of various micro-facies as, for 
example, varves, detrital layers and matrix-supported and clay layers are explored. 
The potential of counting varves using the seasonal signature of specific elements 
is discussed and potential error sources are disclosed by comparison with micro-
scopic varve counts. Detailed grid- µXRF-scanning provides for the first time an 
insight into the internal structure of varves presented as high-resolution 3D-images. 
Finally, an approach of calibrating scanner data through comparison with ICP-MS 
analyses is introduced. Sensitivity factors for each element have been defined as 
ratios between mean count rates and bulk element concentrations.
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Introduction

The increasing demand over recent decades for spatially resolved information from 
sediment cores has led to the development of several XRF scanning instruments for 
non-destructive and continuous analysis (Jansen et al. 1998; Koshikawa et al. 2003; 
Croudace et al. 2006; Haschke 2006; Richter et al. 2006), resulting in an increased 
number of publications presenting results of sediment core analyses from one per 
year in the 1990s to 41 in 2009 (Croudace and Rothwell 2010).

µ-XRF scanning allows the determination of the downcore element composi-
tion of sediments by continuous single line scanning along split cores of sediments 
and sediment blocks embedded in epoxy resin (e.g. Röhl and Abrams 2000; 2001; 
Brauer et al. 2008a). Latest generation core scanners provide spatial resolutions 
down to 100 µm but, depending on the focussing device of the µ-XRF instrument, 
the spot size can be narrowed down to as little as 50 µm (Haug et al. 2003; Haschke 
2006; Brauer et al. 2007a, 2008a; Gennari et al. 2009). Typical spot sizes applied 
for sediment core analyses vary between 0.5 mm (Yancheva et al. 2007) and a few 
cm (Richter et al. 2001). For resin-embedded sediment blocks and dry samples spot 
sizes down to 20 µm have been reported (Shanahan et al. 2008).

Key parameters influencing the signal intensity are shown in Table 12.1. Apart 
from the scanner setup, such as X-ray tube type (e.g. Cr, Mo, Rh), tube voltage and 

Table 12.1  Selected key parameters influencing the generation and detection of X-ray fluores-
cence radiation
Type of parameter Parameter Adjustment

Type of X-ray tube
XRF detector

Instrumental Spectral analysis software Manufacturer setup
Focussing device
Device to reduce absorption of fluorescence (radia-
tion path through air or He or vacuum)
Tube voltage
Tube current

Experimental Exposure time Operator setup
Spot size
Step size
Use of cover foil to prevent desiccation
Sample composition
Content of organic matter
Water content

Sample related Density Fixed
Porosity
Grain-size
Surface roughness
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current, spot and step size and dwell time, numerous physical and chemical param-
eters significantly influence the generation and detection of the fluorescence radia-
tion of the individual elements (Weltje and Tjallingii 2008; Francus et al. 2009). 
Key considerations include experimental characteristics like (i) use of a protective 
cover foil (Ge et al. 2005; Böning et al 2007; Tjallingii et al. 2007), (ii) X-ray beam 
focussing device based on a slit (Avaatech scanner), an X-ray capillary waveguide 
(Itrax) or by means of a polycapillary lens geometry (EAGLE III XL), (iii) mea-
suring through air (SXAM, Katsuta et al. 2007), under vacuum (EAGLE III XL), 
through a hollow prism flushed with He (Avaatech scanner) or directly flushing 
the area between sample surface and detector window with He (EAGLE III BKA, 
Yancheva et al. 2007), (iv) software, data acquisition and peak processing tech-
niques, background subtraction, sum-peak and escape-peak correction, deconvolu-
tion and peak integration and (v) sample characteristics like matrix composition, 
dilution effect by organic matter (Löwemark et al 2011), interstitial water content 
(Böning et al. 2007), porosity, grain-size, surface roughness, irregular geometric 
shape of layers and heterogeneity within individual layers. The importance of these 
parameters increases rapidly with decreasing spot sizes. Thus the conversion of 
core scanner output data (element intensities or count rates) into absolute element 
concentrations still remains a major problem of µ-XRF core scanning.

Several attempts have been made to convert element intensities or count rates 
into element concentrations by comparison with concentration data obtained by 
conventional chemical analyses of bulk samples, taken from the core at the same 
positions of the µ-XRF linescans (Jansen et al. 1998; Kido et al. 2006; Böning et al. 
2007). However, resulting regression lines often reveal poor correlation and sel-
dom pass the origin (Weltje and Tjallingii 2008). The log-ratio model of Weltje and 
Tjallingii (2008) seems to provide a more accurate and precise calibration method, 
although one has to keep in mind that calibration factors derived from one type of 
sediment are not readily applicable to other sediments (Weltje and Tjallingii 2008). 
This observation mandates that for reliable calibration purposes a reasonable large 
number of bulk samples of each core must be taken for conventional chemical anal-
yses (e.g. ICP-AES, ICP-MS, AAS, XRF), which is not feasible for routine work. 
For high-resolution measurements (spot size < 100 µm) of finely laminated sedi-
ments (lamina width << 1 mm) the preparation of discrete bulk samples for chemical 
analyses is extremely difficult or nearly impossible.

In spite of the obvious advantages of the µ-XRF method (i.e. resolution, continu-
ity of the record, non-destructive character, marginal sample preparation), interpre-
tation of µ-XRF data is not straightforward. This study aims to evaluate the capa-
bilities and limitations of the µ-XRF technique at high-resolution. For this purpose, 
we have chosen as test material a varved lake sediment sequence from the Piànico 
palaeolake (Italy) which displays exceptionally well-preserved annual laminations 
(Brauer et al. 2008b), a relatively simple varve structure and well-defined event lay-
ers (Mangili et al. 2005). The detailed information obtained from microfacies analy-
ses minimises complications resulting from more complex sedimentological set-
tings and makes this sequence ideal for this feasibility study. Bulk sample analyses 
by inductively-coupled plasma mass spectrometry (ICP-MS) for selected sediment 
intervals, which have been analysed by µ-XRF scanning, is applied to estimate the 
relation between µ-XRF count rates and element concentrations.
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Study Site and Sediments

The sediments of the Piànico palaeolake (45° 48′ N, 10° 2′ E, Fig. 12.1a) are visible 
along outcrops in the Borlezza River valley (Southern Alps, Italy). The bedrock 
around the palaeolake consists mainly of Upper Triassic dolomitic rocks (Dolomia 
Principale) and limestones belonging to the Calcare di Zorzino Unit (Provincia di 
Bergamo 2000).

Within the palaeobasin the lacustrine Piànico Formation has been preserved 
(Moscariello et al. 2000). For this study only the unit named BVC (“Banco Varvato 
Carbonatoa” i.e. Carbonatic Varved Bed) is considered. This unit mainly consists of 
biogeochemically precipitated calcite varves (Fig. 12.1b) that formed under inter-
glacial conditions. The age of these deposits has been determined by tephrochronol-
ogy at ca 400 ka BP thus coinciding with Marine Isotope Stage (MIS) 11 (Brauer 
et al. 2007b). Although this age has been questioned (Pinti et al. 2007) it still ap-
pears to be the most realistic estimate (Brauer et al 2007c). Field varve counting of 
the entire unit yielded a minimum duration of ca. 15500 varve years for this period 
of peak interglacial conditions (Mangili et al. 2007).

The varves (Fig. 12.1c) are composed of two laminae: a light spring-summer 
lamina of biogeochemically precipitated calcite (Fig. 12.1d), and a dark autumn-
winter lamina dominated by organic matter, diatom debris and scattered detrital 
grains (Brauer et al. 2008b). The mean varve thickness varies between 0.2 and 
0.8 mm. Four detrital layer facies, intercalated in the varve succession, have been 
described: 0.03 mm–6 cm thick detrital layers composed of Triassic dolomite, ma-

Fig. 12.1  a Simplified geological map of the area of the Piànico palaeolake (modified after Casati 
1968). The dashed blue line marks the reconstructed extension of the palaeolake. b Simplified 
stratigraphic column of the varved lacustrine interglacial unit (BVC; stands for the local strati-
graphic term ‘Banco Varvato Carbonaticoa’ i.e. Carbonate Varved Bed) and of the upper unit 
(MLP; stands for the local stratigraphic term ’Membro di La Palazzina’ i.e. La Palazzina Member) 
that is characterised by rapid alternation of detrital to endogenic calcite dominated intervals. c 
Optical image of the studied sample taken from the “main section” outcrop. d SEM image of a 
summer layer, showing the endogenic calcite crystals that form up to 98 % of a single varve
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trix supported layers (Mangili et al. 2005) consisting of medium to coarse silt-sized 
detrital grains embedded in a matrix of fine-grained isomorphic calcite, clay layers 
and a tephra layer rich in volcanic glass (Brauer et al. 2007b). Detrital layers are 
interpreted as triggered by extreme rainfall events (Mangili et al. 2005).

Materials and Methods

Sample Collection and Preparation

Sediment blocks were collected from the Main Section (Fig. 12.1), using 
33 × 5 × 5 cm (L × W × H) special stainless steel boxes with removable side walls. In 
the laboratory the sample blocks were slowly dried at room temperature to avoid 
quick shrinkage and cracking, and then covered with Araldite® 2020 transparent 
epoxy resin. In this way, the resin impregnated the outer 1–2 mm of the sediments. 
Cutting the sample blocks along their length axis yielded corresponding plains for 
both thin section analyses and µ-XRF scanning. This is a crucial prerequisite for 
precise comparison of microscope and element scanning data. The surface of the 
sediment slice used for µ-XRF analyses was again slowly dried and dry-polished in 
order to obtain a smooth surface without further resin impregnation.

Micro X-ray Fluorescence (µ-XRF) Spectrometry

For this study the high-resolution µ-XRF spectrometer EAGLE III XL (Röntgen-
analytik Messtechnik GmbH, Germany) was used. The system specifications are 
summarized in Table 12.2. Major features of the instrument are described in more 
detail by Haschke et al. (2002) and Haschke (2006).

Table 12.2  EAGLE III XL system specifications
X-ray tube Microfocus, Be-side window, air cooled
Anode material Rhodium
X-ray optics Polycapillary lens, spot size 50 µm

Variable between 50 and 250 µm (VariSpot™)
Detector Si(Li), 80 mm2, energy resolution 150 eV for MnKα, LN2 cooled
Sample chamber 700 × 700 × 700 mm, vacuum tight
Vacuum system Oil-free membrane pump, pressure < 1 mbar
Sample positioning Stepper motor driven X-Y-Z-stage, step width 10 µm
max. stage move 300 × 300 × 100 mm
Video system Two colour video cameras, 10 and 100-fold magnification, visible area 

16 × 12 and 1.6 × 1.2 mm
Software EDAX vision software for instrument control, spectral data collection 

and data reduction
Sample stage control for single point, linescan and mapping
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Spectral data were processed (including background correction, escape-peak 
correction, peak deconvolution and peak area integration) using standard EDAX 
software (Vision). The resulting data represent element intensities expressed as 
count rates (counts per second, cps) for individual spots along the scanned line.

The EAGLE III XL spectrometer differs significantly from the worldwide lead-
ing X-ray -core scanners Itrax and Avaatech in four major respects.

a. The large vacuum chamber allows the measurement of dry samples under vac-
uum that improves the detection efficiency of low Z elements like Mg, Al and 
Si. For the Itrax core scanner Al is the lightest element which can be measured 
applying reasonable exposure times (Löwemark et al. 2011). This applies to the 
Avaatech core scanner, too (Tjallingii et al. 2007). For the Itrax core scanner the 
Cr tube is recommended for detection of lighter elements.

b. The polycapillary lens captures a large angle of the primary radiation beam and 
focuses it onto a small area on the sample surface, producing a nearly circular 
X-ray spot. The VariSpot-system of the EAGLE III XL spectrometer enables the 
variation of the spot size by moving tube and capillary-optic in direction of the 
axis of the optics without significant changes of the count rate (for a homoge-
neous sample) because the total number of the primary X-ray photons remains 
constant (Haschke et al. 2002) while the photon density (number of X-ray pho-
tons per cm2) changes. A further increase of the “spot-size” may be achieved by 
raster-methods controlled by the software. The circular spot with down to 50 µm 
diameter or less is particularly suitable for mapping experiments. An additional 
advantage of the small circular spot becomes apparent for samples with inclined 
layer structure. Depending on the angle between the layers and the sedimentation 
direction the resulting resolution might be decreased when applying instruments 
using rectangular X-ray beams with lengths of ca. 1 cm or more. This is signifi-
cantly less pronounced for the small circular spot.

c. A real-time video camera shows the sample image for each measured sample 
point for which an optical image can be stored for later examination. This enables 
the precise relocation of the X-ray beam on the sample, even after reloading a 
sample. The stored images allow inspection of sampling points of “outlier” val-
ues in element profiles in order to identify sample disturbances such as cracks or 
holes.

d. The computer controlled X-Y-Z-sample stage enables the operator to run pre-
defined scanning lines in all three dimensions to avoid scanning across sample 
intervals which exhibit obvious disturbances. The autofocus function adjusts the 
z-position of the sample stage to maintain a constant distance between sample 
surface and detector.

µ-XRF measurements for this feasibility study were performed under vacuum on 
the fresh sediment surface of one 33 cm sediment block (sample PNC 17 of Piàni-
co palaeolake, Italy). Figure 12.2 shows an optical scanning image of the sample 
with indications for two independent scanned lines (black lines), five mapped areas 
(black boxes), and references to the figures where data for these measurements 
are presented. For single line measurements instrument settings were 40 kV tube 
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voltage, 200 µA tube current, ca. 54 µm spot size, 50 µm step size and an integration 
time of 60 s (livetime). Taking into account an average dead time of 35 % and time 
for sample movement and data storage, this results in a total measurement time of 
approximately 90 s for each sampling point.

Data for element mapping were collected at five characteristic intervals of the 
PNC 17 sediment block (Fig. 12.2). At each selected interval 61 parallel lines were 
scanned for either 3 mm (four sites) or 6 mm (one site) lengths. The distance be-
tween individual sampling points was 50 µm in x- and y-directions. These analyses 
were carried out using a tube voltage of 40 kV, a tube current of 250 µA, a spot size 
of ca. 54 µm and a step size of 50 µm, resulting in 3721 data points for a 3 × 3 mm 
matrix and 7381 data points for the 3 × 6 mm matrix. For an exposure time of 30 s 
(lifetime) the total analysis times were 46 h and 93 h for 3 × 3 mm and 3 × 6 mm 
scanned areas, respectively.

For calibration purposes two reference samples, limestone KH (Zentrales Geolo-
gisches Institut of the former GDR) and a 1:1 mixture (by mass) of KH and the basalt 
BM (CRPG-BRGM, France), were measured. The reference samples were prepared 
as pressed powder pellets from homogeneous sample powder (grain-size < 65 µm). 
A 1 × 1 cm raster was measured with a distance of 1 mm between each spot, result-
ing in 100 measuring points. To minimize a grain-size influence a 250 µm spot was 
used. Tube settings are the same as for linescans of the Piànico samples.

Inductively Coupled-Plasma Mass Spectrometry (ICP-MS)

Eighteen “bulk” subsamples were analysed by inductively coupled plasma-mass 
spectrometry (ICP-MS) subsequently being scanned at 50 µm resolution using the 
EAGLE III XL. The ICP-MS procedure is described in detail by Dulski (2001). 
ICP-MS samples were obtained by scratching the fresh surface of sediment blocks 
with a razor blade. Each ICP-MS sample contains five varves. ICP-MS bulk con-
centration data has been used for comparison with the mean of the µ-XRF count 
rates (cps) of the corresponding scanning intervals of five varves whereby Mg, Al, 
Ca, Ti, Fe and Sr were determined using both techniques.

Fig. 12.2  Optical image of the 33 cm long sediment block of sample PNC 17 taken from “main 
section” outcrop with indications for the different scanned lines ( black lines), mapping areas 
( black boxes), and references to the figures where data are presented. cl clay layer, dl detrital layer, 
msl matrix supported layer
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Results

Repeatability of the µ-XRF Measurements

To demonstrate the repeatability of the µ-XRF measurements with the EAGLE III 
system applying 50 µm spot size on a separate Piànico sample a single 30 cm scan-
ning line was measured twice. For better viewing Fig. 12.3 shows results for a 
0.5 cm section only. The consistency of replicate profiles of the same scanning line 
for Ca, Si and Mg demonstrates the good repeatability of the µ-XRF measurements. 
Even Mg, showing low count rates (< 10 cps) due to low sensitivity and concentra-
tion, can be clearly distinguished from instrumental noise.

Scanner Resolution

Selecting the appropriate scanner resolution mainly depends on the sedimentologi-
cal characteristics of the sediment. Higher resolution (smaller spot and shorter step 
sizes) results in more data points for individual layers and better statistical charac-
terization of these layers. However, this clearly leads to a significant increase of 
measurement time for each sample. Applying 50 µm resolution and a dwell time of 
60 s (life time), which are typical for analyses with our EAGLE III system, the dura-
tion for the measurement of 10 cm is about 50 h. Such duration is not practicable for 
routine measurements of long sediment sequences.

To optimize the discrimination between the various layers and to minimize mea-
surement times we have determined the influence of the scanning resolution on the 
µ-XRF element profiles by scanning two 5-cm intervals using 50, 100, 200 and 
500 µm spots and corresponding step sizes. One line (line A, Fig. 12.2) crosses an 
interval of thick varves while the other (line B, Fig. 12.2) intersects an interval of 
thinner varves. Results of the 5-cm long sequences for Ca (representing spring-
summer layers, dominated by calcite) and Si (representing autumn-winter layers, 
dominated by diatom debris and detrital grains) are shown in Fig. 12.4 together 
with the corresponding thin section images. With increasing spot size the annual 
signatures in both profiles become progressively less distinct as indicated by a de-
creasing discrimination of individual peaks and a progressive lowering of the oscil-
lation amplitude between minima and maxima of neighboured peaks. As expected, 
such signal degradations are less pronounced for the sample sequence with thicker 
varves (Fig. 12.4c, e, g) than for the sequence with thinner varves (Fig. 12.4d, f, h). 
According to the sedimentary features the 50 µm spot (centred on a thin dark au-
tumn-winter layer, Fig. 12.4a and b) covers an area predominantly consisting of the 
Si-rich autumn-winter layer while for the 500 µm spot more than 90 % of the spot 
area is represented by the Ca-rich spring-summer layer. This increase of the fraction 
of the thicker spring-summer layer within the spot area relative to the fraction of 
the autumn-winter layer leads to the reduction in the oscillation amplitudes for both 
elements (Fig. 12.4e–h). For both intervals (line A and B, Fig. 12.4) Ca profiles for 



33312 Combined µ-XRF and Microfacies Techniques for Lake Sediment Analyses

Fig. 12.3  Ca, Si and Mg intensity profiles for a duplicate measurement of a single scanning line 
(50 µm spot- and step size) on Piànico sediment sample PNC W053. The consistence of both 
profiles for each element demonstrates the good repeatability of the µ-XRF measurements. Even 
Mg, showing low count rates (< 10 cps) due to low sensitivity, can be clearly distinguished from 
instrumental noise
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50 µm spots (blue lines in Fig. 12.4e and f) show a nearly flat upper base line of 
count rates between 3300 and 3700 cps and pronounced peaks dropping to lower 
count rates down to 600 cps. The opposite behaviour is observed for Si (red lines 
in Fig. 12.4g and h) with a relatively flat lower baseline between 60 and 100 cps 
and pronounced peaks rising up to 350 cps. Figure 12.5a, b, c, d, e, f, g, h shows 
a more detailed view of the profile structure for 0.5 cm intervals of both scanned 
sequences. The results clearly demonstrate that for both sequences spot sizes of 
200 and 500 µm (Fig. 12.5c, d, g and h) are not suitable to resolve the Si-rich au-
tumn winter layers from the Ca-rich spring-summer layers while using a 50 µ spot 

Fig. 12.4  Thin section microscope image and various spot size areas (50, 100, 200, 500 µm diam-
eter) compared to varve thickness (a and b), optical images of two five cm sequences of sample 
PNC 17 (c and d) with scanning line position ( black lines) and Ca- (e and f) and Si- (g and h) inten-
sity profiles using spot sizes of 50, 100, 200 and 500 µm ( dark blue and dark red lines show 50 µm 
resolution). Ca profiles (e and f) are characterized by a relatively flat upper baseline and pronounced 
peaks dropping down to lower intensities while Si (g and h) shows the opposite behaviour with a 
relatively flat lower baseline and significant peaks to higher count rates. In profiles obtained with 
500 µm spot- and step size ( yellow line in e to h) the annual signature is partially masked because 
the spot area is dominated by nearly 90 % of the Ca-rich spring-summer layers (a and b)
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Fig. 12.5  Ca- ( blue lines) and Si- ( red lines) intensity profiles for two 0.5 cm sequences of scan-
ning line A (a to d) and B (e to h) using spot sizes of 50 (a and e), 100 (b and f), 200 (c and g) and 
500 µm (d and h), respectively. Background images are thin section scans taken with a standard 
flatbed scanner and polarized light. With increasing spot size the annual signal of Ca and Si in 
profiles of line A (thicker varves) and line B (thinner varves) partially or totally disappears, indi-
cated by worse discrimination of individual peaks and a progressive decrease of the oscillation 
amplitude between minima and maxima of neighboured peaks
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(Fig. 12.5a and e) distinct peaks for the thin autumn winter layers of both sequences 
are seen which are characterized by 5 to 10 points per peak (line A, Fig 12.5a) and 3 
to 5 points per peak (line B, Fig. 12.5e). A 100 µm spot appears to be sufficient for 
the interval with thicker varves (Fig. 12.5b) but not for the sequence with thinner 
varves (Fig. 12.5f).

Fig. 12.6  Thin section images of four different sediment sequences in PNC 17 and overlayed 
major element profiles. a Four varves (w = winter layer) and µ-XRF major element profiles 
(Mg*800, Ca, Si*20) for the same interval. Peaks in Ca coincide with the light summer layers, 
those of Si with the dark winter layers. b Thin section image of four varves and µ-XRF element 
profiles (Mg*800, Ca, Si*20). One varve includes a detrital layer (dl) which is indicated by the 
significant Mg peak just below the winter layer (peak for Si). c Thin section image of five varves 
and µ-XRF profiles (Mg*800, Ca, Si*20). One varve includes a matrix supported layer (ms) char-
acterized by a constant and high Ca count rate across the whole layer. d Thin section image of the 
tephra layer included in the BVC unit and µ-XRF profiles (Ca, Si*20, K*10). The tephra layer is 
dominated by high and nearly constant Si and K signal intensities
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Sediment Microfacies in µ-XRF Data

The spatial element distributions within different types of microfacies are presented 
as 2D and 3D plots. We introduced 3D mapping to compare element intensities and 
microscope facies analyses of thin sections as a way to depict internal varve struc-
ture and as a tool to analyse lateral changes in µ-XRF scanning. For that purpose 
µ-XRF data have been gridded and plotted using the software Surfer, version 8.01.

Five major microfacies types were distinguished in the interglacial sediments of 
the Piànico palaeolake: (i) calcite varves, (ii) detrital layers, (iii) matrix supported 
layers, (iv) clay-rich layers, (v) and a tephra layer.

i. Calcite varves: In the 2D (Fig. 12.6a) and 3D plots (Figs. 12.7 and 12.8) Ca, 
as proxy for endogenic calcite precipitation in spring and summer, shows the 
highest count rates with significantly lower values for the thin autumn-winter 
layers. Peaks in Si indicate the detrital and diatom debris of the autumn-winter 
layers. The other elements (Mg, Fe, Al, K, Sr and Ti) show generally very low 
count rates. Sr generally follows the Ca pattern, indicating the presence of Sr in 
calcite crystals, Mg accounts for detrital Triassic dolomite from the catchment 
(Mangili et al. (2010) and Al, K, Fe and Ti reflect the sporadic presence of clay 
particles settling out from suspended detrital material which most likely has been 

Fig. 12.7  Thin section image and 3D µ-XRF element distribution maps (element intensities are 
expressed as counts per second) covering an area of 3 × 3 mm of thick varves. Ca and Sr peaks 
correspond to varve spring-summer layers composed mainly of endogenic calcite, Si peaks to 
autumn-winter layers dominated by diatom debris and scattered detrital grains. Al, K and Ti peaks 
are due to clay micro-fragments in the autumn-winter layers. Mg peaks reflect detrital dolomite 
grains of Triassic age washed into the lake from the catchment. These dolomite grains appear 
either scattered or enriched in winter and especially flood layers. (Mangili et al. 2005)
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transported into the lake by a stream coming from the inner Alps in the North 
(Moscariello et al. 2000).

ii. Detrital layers: In the 2D plot (Fig. 12.6b) the presence of the detrital layer (dl) 
is marked by the broad peak of Mg, representing the Triassic dolomite originat-
ing from the catchment area as main component of detrital layers. The 3D maps 
of a sequence containing detrital layers (Fig. 12.9) show a four varve interval, 
where each summer layer includes one to two detrital layers. Further compo-
nents of detrital layers are clay fragments characterized by the Al and K peaks.

iii. Matrix supported layers: Matrix supported layers are indicated by elevated 
Ca values over the entire range of the layer. The 3D maps of a matrix supported 
layer (Fig. 12.10) clearly show an area of constant Ca values, interrupted only by 
a few isolated peaks in Si which result from isolated quartz grains. Mg, Al and K 
are generally low within the matrix supported layer.

iv. Clay layers: Clay layers exhibit a very different element composition. The 3D 
plots (Fig. 12.11) show high count rates for Al and K, intermediate count rates 
for Si and Mg and low count rates for Ca. Such millimetre to centimetre thick 
clay layers only rarely occur in the Piànico record. Sub-mm thick layers of clay 
are sometimes present within a varve, mostly associated to autumn-winter layers 
(e.g. peaks in Al and K in Figs. 12.7, 12.8).

v. Tephra layer (Fig. 12.6d): The presence of a tephra layer within the varved 
sequence (Brauer et al. 2007b) is detected by an abrupt increase of Si and K 
count rates and a sudden drop of Ca count rates at the beginning of the tephra. 
The high Si and K count rates characterise the entire tephra layer, but the semi-
quantitative nature of µ-XRF scanner data limits any information about the vol-
canic source of the tephra. To discriminate between different volcanic sources 
and/or eruptions quantitative methods (e.g. microprobe analysis or laser ablation 
ICP-MS) must be applied.

Fig. 12.8  Thin section image and 3D µ-XRF element distribution maps (element intensities are 
expressed as counts per second) covering an area of 3 × 3 mm characterised by thin varves. Ca 
peaks correspond to varve spring-summer layers. Si peaks to autumn-winter layers. Al and K 
peaks are due to clay micro-fragments in the autumn-winter layers. Mg peaks reflect detrital dolo-
mite grains of Triassic age washed into the lake from the catchment
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A particular advantage of high-resolution µ-XRF is that even sub-millimetre-
size features can be identified. A micro-dropstone within the varve succession 
(Fig. 12.12) is identified by high Mg count rates while the deformation of the 
autumn-winter layers below the micro-dropstone is evident in the Si distribution. 
Within the area of the micro-dropstone, Ca, which is also constituent of dolomite, 
shows intermediate intensity values (lower than in the varve spring-summer layers).

Fig. 12.10  Thin section picture and 3D µ-XRF element distribution maps (element intensities are 
expressed as counts per second) covering an area of 3 × 3 mm for a matrix supported layer charac-
terized by high and constant Ca values. Above the Matrix Supported layer, the varved pattern starts 
again, with Ca peaks alternated with Si peaks. The peaks in Mg mark the presence of a detrital 
layer within the varve succession

 

Fig. 12.9  Thin section image and 3D µ-XRF element distribution maps (element intensities are 
expressed as counts per second) covering an area of 3 × 3 mm of varves including four detrital lay-
ers. Ca peaks correspond to varve spring-summer layers, Si peaks to autumn-winter layers. Al and 
K peaks are due to clay micro-fragments present in the autumn-winter layers. Mg peaks are due to 
the presence of Triassic dolomite forming the detrital layers
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Intra-lamina Variability

µ-XRF measurements were generally carried out on single lines (50 µm wide) along 
the stratigraphic sequence. Due to internal lamina heterogeneity, variations in layer 
thickness along individual lamina and skewing of layers, resulting µ-XRF intensity 
profiles vary depending on the lateral position of the scanning line. 3D µ-XRF ele-
ment mapping show that µ-XRF count rates in the direction perpendicular to the 
sedimentation direction scatter significantly (e.g. Figs. 12.7–12.12) and can vary 
by more than one order of magnitude. Figure 12.13 shows the Ca- and Si intensity 
profiles of 61 parallel scanning lines crossing a 3 mm sequence of thin varves. For 
each line a spot size of ca. 54 µm and step size of 50 µm was applied. The distance 
between each of the parallel lines was 50 µm. Intra-varve variability causes varia-
tions of the signal intensities for the peak minima (Ca, 500–2500 cps) and maxima 
(Si, 150–450 cps) of the autumn-winter layers. The shift of the peak position up 
to 300 µm and the variation in peak width (a few tens µm) result from both the 
non-vertical layer geometry and the variable thickness along the layers. Despite the 
observed variations between the individual profiles seven significant thin autumn-
winter layers (Ca low, Si high) are identified in all linescans.

Fig. 12.11  Thin section picture and 3D µ-XRF element distribution maps (element intensities are 
expressed as counts per second) covering an area of 6 × 3 mm of a sediment sequence containing 
two varves (Ca peaks on the right), a matrix supported layer (Mg rich, middle), and a thick clay 
layer (flat and high K and Al plateau on the left)
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Varve Counting in µ-XRF Records

Due to the good correspondence between µ-XRF and microscope data an attempt 
was made to varve count based solely on µ-XRF Ca profiles (Fig. 12.14). Control 
counts on thin section with a petrographic microscope reveal a total of 39 varves 
between two well-defined marker layers. It was not possible to obtain the same 
number of varves by counting the Ca minima (more pronounced than the maxima) 
in the µXRF data (Fig. 12.14a). The causes for this discrepancy in this specific case 
were the presence of a matrix supported layer, one varve that wedging out laterally 
(Fig. 12.14b) and by varves with very thin winter layers.

Fig. 12.12  Optical image and 3D µ-XRF element distribution maps (element intensities are 
expressed as counts per second) for Ca, Mg and Si covering an area of a 3 × 5 mm sediment 
sequence containing a micro-dropstone inclusion. The varve succession has been deformed by 
the dolomite micro-dropstone. Ca peaks correspond to varve spring-summer layers, Si peaks to 
autumn-winter layers. Mg peak indicates the Triassic dolomite forming the dropstone
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µ-XRF and ICP-MS Comparison

The results of ICP-MS analyses for 18 bulk-samples of the Piànico sediment block, 
each averaging 5 varves, are shown in Table 12.3. They reveal that Ca is the most 
abundant metallic element in all subsamples, with concentrations between 29 and 
35 wt%. Mg, Al and Fe are present in the lower percentage range (between 0.1 and 
1.3 wt%) and Ti and Sr present only in trace amounts (60–500 µg/g). Si could not 
be determined because it is lost during the chemical decomposition procedure to 

Fig. 12.13  Ca- and Si intensity profiles of 61 parallel scanning lines crossing a 3 mm sequence 
of thin varves. Intra varve variability results in large variations of the signal intensity for the peak 
minima (Ca) and maxima (Si) of the autumn-winter layers. The observed shift of the peak position 
and the variation in peak width of the individual lamina are due to the skewed layer characteristic 
and the variable thickness along the layers, respectively. Despite the large variation of the individ-
ual profiles the seven significant thin autumn-winter layers (Ca low, Si high) within this sequence 
are identified by each scanning line
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dissolve the solid samples and K could not be analysed by ICP-MS due to the inter-
ference from the large Ar peak resulting from the plasma gas.

Sensitivity factors (cps/wt%), defined as the ratio between the mean count rates 
and the corresponding bulk concentrations determined by ICP-MS, were calculated 
for each element. For Si and K sensitivity factors were calculated using the net 
count rates obtained by the µ-XRF measurements of the pressed powder pellets of 
the two reference samples (limestone KH and 1:1 mixture of KH and basalt BM) 
and their reference concentration values (Govindaraju 1994). The results presented 
(Table 12.4 and Fig. 12.15) demonstrate that the obtained sensitivity factors in-
crease with atomic mass of the elements. The sensitivity factors for the various ele-

Fig. 12.14  a Thin section image and Ca profile of a 15 cm long varved sediment sequence. The 
dashed lines mark the correspondences between the thin section image and the µ-XRF curve (dark 
autumn-winter layer represented by Ca minima). The boxes highlight parts of the Ca curve where 
varve counting based on µ-XRF peaks is difficult because of a lack of clear variations in the Ca 
signal for the matrix supported layer ( box 1) and an interval of 3 varve years which are not well 
distinguishable ( box 2). b 3D µ-XRF Si map for a particular varve interval, showing an additional 
winter layer along the line x compared to line y
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ments, established for the Piànico sediment, scatter considerably (relative standard 
deviation between 6 % for Ca and 34 % for Al) due to the low count rates and related 
low counting statistics for most of the elements. The calculated sensitivity factors 
obtained from the Piànico samples correlate reasonably well with those from the 
two reference samples KH and the 1:1 mixture of KH/BM.

Table 12.3  Element concentration (wt%) for 18 bulk samples of PNC17 determined by ICP MS
– Mg Al Si K Ca Ti Fe Sr
WC-01 0.79 0.34 na na 31.5 0.025 0.32 0.053
WC-02 1.26 0.46 na na 29.3 0.028 0.37 0.046
WC-03 1.03 0.37 na na 30.4 0.026 0.32 0.050
WC-04 0.78 0.34 na na 30.4 0.023 0.31 0.049
WC-05 1.56 0.68 na na 29.2 0.039 0.50 0.046
WC-06 0.98 0.46 na na 30.9 0.028 0.36 0.049
WC-07 0.94 0.40 na na 31.0 0.026 0.31 0.050
WC-08 0.99 0.49 na na 29.3 0.030 0.39 0.047
WC-09 9.93 0.84 na na 22.5 0.044 0.60 0.018
WC-10 10.1 0.90 na na 22.5 0.052 0.65 0.021
WC-11 9.03 0.90 na na 25.2 0.047 0.64 0.026
WC-12 2.04 9.44 na na  8.4 0.351 2.92 0.028
WC-14 0.62 0.19 na na 34.7 0.016 0.26 0.052
WC-15 1.62 0.81 na na 31.0 0.045 0.48 0.046
WC-16 0.59 0.15 na na 34.4 0.014 0.19 0.053
WC-17 0.71 0.23 na na 34.0 0.018 0.24 0.052
WC-20 0.71 0.23 na na 34.0 0.018 0.24 0.052
WC-21 0.58 0.14 na na 33.5 0.015 0.19 0.050
KH 0.45 1.26 4.0 0.34 34.2 0.078 0.64 0.055
KH/BM 2.48 4.93 13.6 0.25 19.4 0.381 3.71 0.038

na not analysed by ICP-MS Reference values for Si and K for reference samples KH and KH/BM 
(1:1 mixture). Reference values KH and BM are taken from Govindaraju (1994)

Table 12.4  Mean sensitivity factors (SF, cps/wt%), standard deviation (sd, cps/wt%) and relative 
standard deviation (rsd, %) obtained from analyses of 18 subsamples (covering five varves, each) 
by µ-XRF and ICP-MS
– Mg Al Si K Ca Ti Fe Sr
SF (cps/w%) 1.2 8.1 11 75 83 93 155 201
sd (cps/w%) 0.3 2.8 – – 5 20 42 44
rsd (%) 26 34 – – 6 21 27 22

Values for Si and K obtained from reference samples KH and 1:1 mixture of KH and BM only. 
Sensitivity factors are expressed as ratio of µ-XRF net count rates (cps) and element concentra-
tions (wt%)
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Discussion

The results of this study demonstrate that µ-XRF scanning is complementary to sed-
iment micro-facies analyses because of the potential to provide geochemical data at 
seasonal resolution. In order to design optimal instrument setup it is crucial to make 
some fundamental considerations concerning measurement and data interpretation. 
Among those are repeatability, spatial resolution, time for measurement, sediment 
characteristics, homogeneity and continuity of lamina and calibration.

Duplicate measurements of the same scanning line on the Piànico sediment 
clearly prove that the observed uncertainties for our µ-XRF data are low and that 
they can be neglected for this study. Applying the 50 or 100 µm spot the observed 
relative variations of the count rates for each element between the different facies 
types of the Piànico sediments are significantly larger than the relative standard 
deviations of the measurement. This enables the discrimination of these facies types 
by the presented µ-XRF profiles.

The selected scanning resolution mainly depends on the sedimentation rate and 
the specific goals of the µ-XRF element scanning. Application of a larger spot size 
(lowering of the scanning resolution) results in a wider area over which the µ-XRF 
signal is integrated (Fig. 12.4a and b). Increasing spot sizes to values exceeding 
varve thickness prevents from resolving seasonal signals in annually laminated 
sediments. The reduction of µ-XRF count rate amplitudes (Figs. 12.4 and 12.5), 
measured at 500 µm resolution compared to 50 µm resolution results in smoothed 

Fig. 12.15  Sensitivity factors (cps/wt%) for selected elements versus atomic mass number. Hori-
zontal bars indicate the Piànico samples, the squares the standard KH and the circles the 1:1 mix-
ture of KH/BM. For the EAGLE III system, equipped with a Rh X-ray tube, the sensitivity factors 
systematically increase with atomic mass from Mg to Sr
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curves that lack any high-frequency signals. The smoothing of the µ-XRF records 
at lower resolution also affects intensity ratios of elements. For 50 µm resolution 
the Ca/Si intensity ratio for the spring-summer layers is ca. 40 while the ratio for the 
autumn-winter layer is around 10. At 500 µm resolution Ca/Si intensity ratios range 
between 20 and 30 for both layer types.

Obviously, the selected scanning resolution also affects the time required for 
µ-XRF analyses. Therefore sedimentation rate determination by micro-facies anal-
yses prior to µ-XRF analyses is a suitable tool to define the ideal and effective 
scanning resolution in terms of minimum analytical times and precisely adjusted 
data resolution.

Reliable interpretation of µ-XRF data in terms of deciphering the environmen-
tal information necessitates a combination of different elements and element ratios 
(multi-proxy approach). Detrital and matrix supported layers in the Piànico sediment 
record show high and uniform Ca values that prevent a distinction based on micro-
facies types and Ca data alone (Fig. 12.6). By contrast, Mg exhibits a clearly different 
pattern for these micro-facies types with high Mg count rates in detrital layers and 
low count rates in matrix supported layers. Microscopic observation enables us to 
explain this different pattern. While detrital layers predominantly consist of dolomite 
from the catchment (Fig. 12.6b) matrix supported layers mainly consist of reworked 
endogenic calcite (Fig. 12.6c). Ca profiles alone are not sufficient to distinguish be-
tween the two layer types and for correct interpretation of the µ-XRF signals.

Single line µ-XRF scanning is not representative of the geochemical composi-
tion of the analysed sediment because lateral heterogeneities are not detectable. In 
our case study we can demonstrate with 3D element maps (Figs. 12.7–12.12) and 
61 parallel scanning lines (Fig. 12.13) lateral variations in the element distributions 
as a result of heterogeneity in the composition of single layers, varying thickness of 
single lamina caused by their undulating shape, as well as wedging out and oblique 
position of single lamina. The observed differences in count rates and position of 
the peaks for parallel scanning lines depict that high-resolution µ-XRF scanning 
data along only one single line increases the possibility of including local artefacts 
due to inhomogeneity or sample preparation. Consequently, only element variations 
exceeding the local differences related to the position of the measured line can be 
reliably interpreted in terms of environmental changes.

The comparison of ICP-MS and µ-XRF scanner data of the same sediment in-
tervals confirms that a systematic relationship between sensitivity and atomic mass 
exist (Fig. 12.15). For our instrumental setup the element sensitivity continuously 
increase from lower mass (Mg) to higher mass (Sr) by a factor of approximately 
100. Thus element X-ray intensity ratios do not directly correspond to element con-
centration ratios in the material being analyzed. The scattering in the sensitivity 
factors for certain elements may result from either the low count rates for some 
elements and/or from the large difference between the analysed volume by µ-XRF 
and ICP-MS. The analysed volume by µ-XRF is very low and results are therefore 
more strongly impacted by sample irregularities than those obtained by ICP-MS.

The set of sensitivity factors presented here are valid only for the Piànico sedi-
ments measured with the EAGLE III system under the described experimental con-
ditions.
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Conclusions

Publications including data from the EAGLE III µ-XRF spectrometer are rare com-
pared to those of the more commonly used Itrax and Avaatech core scanners. The 
results presented here demonstrate that this versatile instrument is a valuable tool 
for high-resolution studies of geochemical variability in sediment samples.

The use of small spot sizes (roughly between 50 and 100 µm) leads to good dis-
crimination of thin layers present in sediments due to more sampling points across 
the peak and wider intensity amplitudes between maxima and minima of adjacent 
layers having distinct mineralogies. This results in higher count rates with better 
counting statistics for peak maxima. However, the use of a high spatial resolution 
leads to a large increase in the total measurement time. Small step sizes therefore 
should be applied only for selected intervals showing, for example, abrupt changes 
in sedimentary sequences or for element mapping.

Measurements employing small circular spots are more strongly affected by 
intra-varve variability compared to those applying rectangular X-ray beams with 
beam lengths up to 10 mm or more. Running several parallel lines would average 
these uncertainties but this is not practicable due to the large increase in measure-
ment time.

The combination of µ-XRF element mapping and microfacies studies demon-
strates the capability of the EAGLE III system. Additionally the multi-element 
character improves the interpretation of µ-XRF data by using multiple element pro-
files (multiproxy evaluation) to distinguish layers of different mineralogical com-
position.

The comparison between µ-XRF and ICP-MS analyses of subsamples from the 
same sediment intervals reveals that a systematic relationship between element con-
centration and µ-XRF exists. Sensitivity factors depend, amongst other parameters, 
on the atomic mass of the elements, the matrix composition of the sample and vari-
ous instrument parameters. Such sensitivity factors cannot be regarded as universal-
ly valid for all instruments and measurement settings. Nonetheless, a general trend 
exists that µ-XRF is less sensitive for lighter elements (e.g. Al, Si) than for heavier 
elements (e.g. Fe, Sr). Consequentially this implies that element intensity ratios do 
not reflect corresponding absolute element concentration ratios in the sediment.
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