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Abstract

Synchrotron radiation, collimated to a μm scale was used for the determination of trace elements in micro-tektites and spherule material for the
first time. The experimental set-up of the SXRF microprobe at beamline L at HASYLAB at DESY offers a suitable method for performing non-
destructive in situ multi-element analysis focusing on spatial trace element distributions and mineral phases of the melted ejecta material from the
Cretaceous/Tertiary boundary. The spatial distribution of trace elements was determined in melt inclusions as well as in phase transitions in
selected parts of chlorite–smectite spherules and tektite glass material by using a beam with a diameter of 15 μm collimated with a glass capillary
for line- and area scans as well as for single point measurements for elements with Z between 19 and 92. The analyzed spherules show alteration
features but also zonation and carbonate inclusions, originating from the Chicxulub impact event. These initial results demonstrate the potential of
μ-SXRF analysis for the discrimination of alteration and primary signals of the spherules and re-construction of their genetic evolution. It could be
shown that the spherules represent a complex mixture of different materials from the subsurface at the Chicxulub impact site.
© 2007 Published by Elsevier B.V.
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R1. Introduction

In geo- and environmental sciences the knowledge of spatial
trace element distributions in solid materials is crucial for exam-
ple for the determination of the formation conditions ofminerals,
fixation and release of toxic elements to the environment and the
determination of source materials for example from tektites.
Because of this the so-called microprobes have become in-
creasingly important in geo- and environmental sciences.

Several of these methods use charged particles for the exci-
tation of X-rays like electron microprobe analysis (EPMA) and
particle induced X-ray emission (PIXE). Both methods achieve
μm sized spots with detection limits at the 100 ng/μg level for
EPMA and at the 10 ng/μg level for PIXE (e.g. [1]). The high
energy transfer of charged particles to a very small sample
volume may complicate the analysis of volatile elements or can
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induce changes of valence states. Sensitivity is a nearly smooth
function of the atomic number [2].

Secondary ion mass spectrometry (SIMS) and laser ablation
inductively-coupled plasma mass spectrometry (LA-ICP/MS)
are based on sputtering the sample followed by mass spectrom-
etry. Using SIMS and LA-ICP/MS spot sizes of a few μm to
some tens of μm and detection limits at the μg/g level are
achieved. Sensitivities vary from element to element and quanti-
fication is difficult because of matrix effects in the ion produc-
tion process (e.g. [3]).

SXRF microprobe techniques use photons for excitation.
Spot sizes at the μm level and detection limits at the sub μg/g
level are achieved.

In this study synchrotron radiation, collimated to the μm
scale is applied for the first time to determine trace elements in
micro-tektites and spherule materials.

In contrast to electron microprobe analyses the relative detec-
tion limits of μ-SXRF are more than 100 times lower, and com-
parable to those of LA-ICP/MS [4]. Contrary to LA-ICP/MS,
es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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where the analyte is evaporated, μ-SXRF is non-destructive and
allows further investigations on the same sample material to be
made (e.g. major element determinations by electron microprobe
or determinations of additional trace elements by LA-ICP/MS.).

Like in all XRF methods sensitivities are a smooth function
of the atomic number. The physics governing the interaction of
photons with matter is well understood, therefore quantification
is relatively straightforward (e.g. [5]).

Since the first investigations on geoscientific material (e.g.
[6,7]) by synchrotron radiation induced X-ray fluorescence
analysis (SXRF) it has been developed to a helpful tool in earth
sciences for non-destructive, space resolved quantitative ana-
lysis of trace elements in the pg/μg range on a microscopic scale
(e.g. [5,8,9]) of terrestrial [10–13]) as well as of extraterrestrial
sample material [15,16]. Beamline L of the Hamburger
Synchrotronstrahlungslabor at the Deutsches Elektronen-Syn-
chrotron has been continuously used since 1994 for different
applications of magmatic [16–23] and of sedimentary materials
[20,24,25], as well as in experimental petrology [26–28]. In this
study μ-SXRFwas used for the determination of the spatial trace
element distributions in tektite material from the Cretaceous/
Tertiary boundary transition (K/T boundary) to re-construct their
origin in relation to the Chicxulub impact event (late Mesozoic
to early Cenozoic). The occurrence of tektite layers some 8–10m
below the K/T boundary, which possibly represent the original
layers, started a discussion that the Chicxulub impact may pre-
date the K/T-boundary event by 300,000years [29,30].

2. Material, method and experimental set-up

2.1. Material and sample preparation

Spherule rich sediments were collected from the bedrock of
the K/T-boundary transitions Bochil, Mesa-Juan Perez (detailed
description in [31]) and Beloc (NE-Mexico and Haiti). Tektite
material (Spherules) was collected from reworked Spherule
layers near the K/T boundary as well as from the original tektite
layer some 8–10m below the K/T boundary.

Samples were disaggregated, screened to the fractions
N2 mm, 2 mm to 500 μm, 500 to 200 μm, 200 to 50 μm, and
50 to 20 μm (dry or wet using deionized water) and separated
manually under the microscope. For disaggregation the Copper-
(II)-sulfate treatment [32,33] was used. After disaggregation
the samples were rinsed 3 times with deionized water to remove
the surface contamination from the copper sulfate. During the
preparation of the thin sections the spherules were cut and
polished. Therefore any possible surface contamination was
effectively removed. Since the synchrotron radiation with the
set-up used penetrates the specimen at an angle of 45°, the
radiation interacts with the matter of the sample along a cylinder
of the beam diameter and a length depending on the radiation
energy at lower energies or with a length of d*√2 at high
energies (above ∼30keV). From this cylinder as well the
characteristic X-rays as coherent and incoherent scattered X-
rays reach the detector. The samples therefore have to be as thin
as possible, in practice 80–110 μm to achieve the desired spatial
resolution and lower limits of detection in the μg/g range.
Please cite this article as: U. Kramar et al., μ-SXRF microprobe trace element studi
and Haiti samples, Spectrochim. Acta Part B (2007), doi:10.1016/j.sab.2007.06.0
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1As well as the short penetration depth of the beam in the
1sample, the advantages of very thin, self-supporting and doubly-
1polished thin sections are an easier positioning of grain bound-
1aries in the synchrotron beam and a considerable reduction of
1background from scattered radiation (Rayleigh and Compton
1scattering of the sample matrix). Since in quantitative μ-SXRF
1the sample thickness has to be constant and known [34,35] the
1procedure for preparing self-supporting thin sections was modi-
1fied to enable the preparation of slides with a constant thickness
1between 50 and 110 μm from loose packed spherule materials.
1To stabilize the fragile spherule material it was embedded in a
1resin (e.g. Araldite 2020 A/B®, Keorapox 439®, Epo-Tek®,
1Loctite UV®, UHU®, TESA®), which was stabilized with
1quartz powder in order to minimize the hardness contrast of the
1embedding resin and the embedded material. This enables pol-
1ished surfaces on geological/paleontological materials of vari-
1able hardness to be prepared. The resin embedded spherules
1were then mounted on the carrier glass using an acetone-re-
1movable glue.
1In the first step the sample was shaped and polished on one
1side and then removed for polishing of the other side. By using a
1modified resin there is no stability problem up to a thickness of
160 μm. In an experimental attempt a minimum thickness of less
1than 11 μm for an unsupported thin section could be achieved.
1After glueing and stabilizing of the sample using Loctite
1UV®, the slides were polished by grinding the first layer in three
1steps to a flat area by using 600, 800 and 1200 grain size
1(graining). In a final step a Logitech PM2a spinner with WG2
1polishing accessory and a 6 μm finish was used to generate a
1smooth and wave less surface which is necessary for quan-
1titative determinations by μ-SXRF. For subsequent major ele-
1ment determination (up to atomic number 11) by electron
1microprobe analysis, the sample has subsequently to be finished
1using 3, 1 and 1/4 μm grain sizes. After fixing the rear side on a
1second sample carrier using UV-glue the first sample carrier is
1removed mechanically. Now the rear side of the thin section is
1polished as described, using the same grain sizes as mentioned
1above. Partial damage of the sample material and the em-
1bedding matrix is possible due to raw grains of the coarse
1grained polishing material. To avoid this effect it is necessary to
1work with the recommended, modified resin of adjusted hard-
1ness. The lapping of the second layer was stopped after optical
1checks of abraded sample material and changed to the Logitech
1PM2a polisher by using 6, 3, 1 up to 1/4 μm grain size for a
1minimum time of 25min each. The accurate processing of the
1surface is essential, because this surface will be the bottom layer
1after unfixing of the slide for the processing of the top layer.
1Cuts of spherule-rich rocks were also prepared as well as
1separated spherule material. After polishing and removing the
1sample from the carrier glass using acetone of p.a. quality (pro-
1analysis grade), the polished side was fixed on the carrier glass
1using UV-glue, the polishing procedure was repeated for the
1rear side. Depending on the material it is also possible to use
1other glues (e.g. UHU®, Tesa®) based on polyurethane compo-
1sition, dissolvable by organic solvents. It is necessary, however,
1to prevent contamination of the sample by the preparation
1method. Every batch of glues, resins or tapes were tested for
es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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Table 1t1:1

Detection limits (D.L.) for the applied measurement conditions for the MPI-
Ding-StHs6 reference material and for bulk EDXRF in typical geological
samplest1:2

t1:3 Element Line μ-SXRF D.L. in μg/g EXDRF D.L. in μg/g

t1:4 Cu Kα 4 5
t1:5 Zn Kα 2.5 4
t1:6 Ga Kα 2 3
t1:7 Rb Kα 1. 1
t1:8 Sr Kα 0.8 1
t1:9 Y Kα 3 3
t1:10 Zr Kα 1.3 2
t1:11 Nb Kα 1 1
t1:12 Ba Kα 2.5 3
t1:13 La Kα 2.5 5
t1:14 Ce Kα 3 5
t1:15 Pb Lα/Lβ 3 5

Calculated for measuring times of 1000s.t1:16

Fig. 2. Energy distribution of unfiltered and Cu- and Al-filtered synchrotron
radiation used for the excitation of K-lines from elements with Z up to 82
(relative photon intensities vs. E (keV)).

3U. Kramar et al. / Spectrochimica Acta Part B xx (2007) xxx–xxx

ARTICLE IN PRESS
RR
EC

their trace element contents before use. Trace element contents
of all glues and resins used were tested by energy-dispersive X-
ray fluorescence (EDXRF). Trace element contents of Araldite
2020 A/B®, Keorapox 439®, Epo-Tek®, UHU®, TESA® and
Loctite UV® were found to be below the detection limits of
EDXRF (Table 1) and therefore blanks of the used embedding
materials did not disturb the measurements.

2.2. Experimental set-up

For trace element analysis μ-SXRF was used. X-ray fluo-
rescence is an analytical tool in which an incident X-ray beam
causes characteristic fluorescence in the sample. Basically, the
intensities of the fluorescence lines are proportional to the
concentrations of the excited elements. Consequently, the X-ray
fluorescence technique may be applied for quantitative analysis
if the absorption of the primary beam and the fluorescence
radiation in the matrix is taken into account. Compared to
conventional XRF methods using an X-ray tube as the photon
source, the use of synchrotron radiation as a photon source has
the advantage that it is characterized by much higher intensities
UN
CO

Fig. 1. Schematic diagram of the micro X-ray fluorescence set-u

Please cite this article as: U. Kramar et al., μ-SXRF microprobe trace element studi
and Haiti samples, Spectrochim. Acta Part B (2007), doi:10.1016/j.sab.2007.06.0
TE
D
PRand a low divergence of the primary beam. These spectrum

characteristics enable trace element analysis at a high spatial
resolution facilitating trace element distribution analysis within
minerals. Further advantages are that the method is non-de-
structive and allows repeatability measurements.

The experiments were performed at HASYLAB Beamline L
(Fig. 1) using the white beam for micro-X-ray fluorescence
[36]. The synchrotron radiation at DORIS III originates from
positrons with 4.5GeV at a bending magnet with a radius of
12.12m. The critical energy is 16.6keV. Above the critical
energy, the intensity of the primary beam decreases rapidly, but
up to 90keV the intensity is still sufficient for the detection of
elements via K-shell excitation with Z up to 82 at trace element
levels (Fig. 2). Due to the high energy part of the excitation
spectra, high Z-elements can be analyzed by their K-lines in-
stead of by their L-lines, which has the advantage that no or
reduced peak overlaps occur for example in the determination of
rare earth elements (REE). The incident beam was collimated
down to a diameter of 15 μm by using a cross-slit system and a
subsequent collimating glass capillary. The low energy part of
the excitation spectrum was reduced by the use of different
p for white beam mode at HASYLAB at DESY (Hamburg).

es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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absorbers (Cu 0.2 mm and Al 12 mm) in order to optimize the
excitation spectra with respect to peak/background ratios of the
characteristic X-ray lines of the analyte and to reduce the
detector dead time. The energy spectrum of the white radiation
and the Cu- and Al-filtered synchrotron radiation is shown in
Fig. 2. The fluorescence spectra of the samples were measured
using an energy-dispersive Hp-Ge detector with an active area
of 30 mm2, 5 mm thickness, and an energy resolution of FWHM
220eV at 5.9keV. The detector was arranged at an angle of 90°
to the primary beam. Spectra accumulation times were 300s for
single point measurements and between 150 and 300s per pixel
for area- and line-scan measurements.

2.3. Data evaluation

For a given intensity and energy distribution of the primary
beam the detected intensities of the X-ray lines of the different
elements mainly depend on the concentration of the respective
elements, path length of the primary and secondary radiation
within the sample, density and matrix composition of the
substrate, the energy of the respective X-ray line and the de-
tector efficiency at the given energy.

Due to the symmetrical angles between the sample surface
and the incoming primary beam and the surface and the out-
going fluorescence radiation, respectively, the total measured
intensity of the X-ray line can be described as follows (e.g.
[37]):

I Eð Þ ¼
Z x

0
kiI0ciq e � l0þlið Þqxf gdx ð1Þ

with ki=proportionality constant for element i for fixed
excitation conditions, ρ=density of the substrate, μ0=mass
attenuation coefficient of the primary radiation, μi=mass
attenuation coefficient of the respective X-ray line of element
i, x=effective path length of primary and secondary radiation in
the sample and ci=concentration of element i in the sample.
UN
CO

Fig. 3. Fraction of saturation intensity calculated for Ca, Fe, Cu, Rb, Zr and Ba-Kα l
StHs6/80-G and in fayalite as a function of thickness of thin section. Note: for K-lines
while thin layer conditions can be assumed for K-lines of Ba (∼32keV) and absorptio
and 25keV, saturation intensity is not obtained within thin sections of 100 μm thick
account.
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2By integration of Eq. (1) the concentration ci becomes

ci ¼ I Eð Þ l0 þ lið Þ= kiI0 1� exp � l0 þ lið Þqxf gð Þf g: ð2Þ

2In effectively infinite thick samples this equation simplifies
2to

ci ¼ Il l0 þ lið Þ= kiI0ð Þ ð3Þ

2and for thin layers, where absorption within the layer can be
2neglected

ci ¼ I Eð Þ= kiI0qxð Þ: ð4Þ

2Depending on the thickness, density, matrix composition of
2the material and the radiation energy of the respective X-ray
2line, either the more general form (2) or one of the simplified
2forms (3) or (4) can be applied to calculate the concentration of
2the respective element in thin sections as used in μ-SXRF as
2long as the material can be considered homogeneous along the
2path of the incoming and outgoing radiation with respect to
2elements of concentrations N1%. This can be assumed for the
2central part if the diameter of the mineral grain is N200 μm. In
2the range of the grain boundaries (starting ∼100μ in front of the
2grain boundary) the emitted X-rays are absorbed by both
2matrices. In cases where the matrix of the two phases is strongly
2different in their Fe or Ca contents this may cause systematic
2deviations in the range of the grain boundaries. These effects
2can be corrected by iterative methods like Monte Carlo
2simulation but for this a complete mathematical description of
2grain shape has to be developed and the knowledge of all major
2element concentrations and of the density of both mineral
2phases is necessary.
2The fraction of the emitted intensity which is absorbed on its
2path to the surface even in a specimen of 100 μm thickness
2determines if the sample is to be considered as infinitely thick
2with concentrations calculated using Eq. (3), or as a thin layer,
ines using mass absorption coefficients from [38] in MPI-DING reference glass
of Ca (3.7keV) saturation thickness is practically obtained within slides N50 μm
n within the thin section can be neglected. For K-lines with energies between∼5
ness therefore thickness and matrix dependent absorption has to be taken into

es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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where concentrations are calculated using Eq. (4). In geological
material samples X-rays up to 6.5keV, emitted at the rear side of
the sample are absorbed up to more than 90%. Therefore a
sample of 100 μm thickness is practically infinitely thick for K-
lines of elements with atomic numbers up to 26 (Fe Kα). X-rays
with energies above 26keV are absorbed by less than 12% in a
UN
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Table 2
Mass absorption coefficients μ for K-lines of major and trace elements and varying co
[38–42]

Al2O3 MgO Na2O SiO2 CaO Fe2O3 Ca

Sample composition [%] μ [cm

Rhyolitic 10% 10% 10% 70% 0% 0% 285
Albitic 20% 0% 12% 68% 0% 0% 287
Forster. 0% 60% 40% 0% 0% 269
Low Fe 20% 0% 5% 74% 0% 1% 291
Interm. 20% 0% 5% 70% 5% 289
Basaltic 20% 0% 5% 65% 10% 287
Anorthite 36% 44% 20% 231
StHs6 18% 2% 5% 64% 5% 4% 266
Forsterite 54% 41% 5% 271
Fayalite 3% 31% 1% 67% 268
Calcite CaCO3 110

Sample composition [%] μ (sa

Rhyolitic 10% 10% 10% 70% 0% 0% 1.03
Albitic 20% 0% 12% 68% 0% 0% 1.03
Forster. 0% 60% 40% 0% 0% 0.97
Low Fe 20% 0% 5% 74% 0% 1% 1.05
Interm. 20% 0% 5% 70% 5% 1.04
Basaltic 20% 0% 5% 65% 10% 1.03
Anorthite 36% 44% 20% 0.83
StHs6 18% 2% 5% 64% 5% 4% 0.96
Forsterite 54% 41% 5% 0.98
Fayalite 3% 31% 1% 67% 0.96
Calcite CaCO3 0.40

Generally absorption coefficients from the different references [38–42] and their ratio
attenuation coefficient for the indicated matrix composition. The lower part indicates
Si2O5.

Please cite this article as: U. Kramar et al., μ-SXRF microprobe trace element studi
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layer of 100 μm thickness in a typical geological sample pro-
vided the Fe2O3 does not exceed 20%.

Cases in which a thin layer in the narrower sense does not
exist can nevertheless be calculated using the thin layer function
as long as the absorption lies in the lower half of the linear part
of the absorption function. This is the case up to an absorption
of ∼20%, as for Ba Kα in fayalite. Calculation as a thin layer
will result in a relative underestimation of ∼10%.

Consequently the sample fulfills the requirements of a thin
layer for K-lines of elements with atomic numbers above 51 (Sb
Kα). The concentrations of elements with X-ray energies be-
tween 6.6 and 26keV have to be calculated by the more complex
Eq. (2) considering sample thickness, mass absorption and
density of the specimen.

Fig. 3 gives the fraction of the saturation intensity as a
function of thickness for a homogeneous layer of MPI-DING
reference glass StHs6/80-G [4] and forsterite calculated for Ca-,
Fe, Cu-, Rb-, Zr- and Ba-Kα lines.

According to Eqs. (2)–(4) the intensity of the analyte line
depends on the density and mass attenuation coefficient of the
matrix. Consequently for the quantification of trace and major
elements in varying matrices the major element composition has
to be known or has to be determined for example by electron
microprobe.

Silicate minerals consist of 40 to 50% oxygen, 16 to 53% Si
and up to 25% Al or Mg. Therefore at least 56% of the matrix of
silicate minerals remains constant. For energies above the Fe
T

mposition of silicates and pure CaCO3 calculated using absorption coefficients of

Fe Ni Cu Zn Rb Sr Ba
2/g]

61.6 39.8 32.9 27.1 7.19 6.34 0.79
61.9 40.0 33.1 27.2 7.21 6.35 0.79
58.0 37.5 30.9 25.4 6.78 6.02 0.75
62.9 43.0 35.6 29.3 7.84 6.91 0.85
62.6 52.2 43.1 35.5 9.80 8.61 1.04
62.1 63.7 52.5 43.2 12.2 10.7 1.27
50.0 32.3 26.7 21.9 5.82 5.14 0.64
57.6 47.5 39.2 32.2 8.89 7.82 0.95
58.5 49.2 40.5 33.3 9.25 8.17 0.99
58.9 196 160 132 40.4 35.2 3.93
132 85.8 70.4 58.1 17.8 15.3 1.65

mple)/μ (Si2O5)

1.03 1.03 1.02 1.02 1.03 1.03 1.02
1.03 1.03 1.03 1.03 1.03 1.03 1.02
0.97 0.97 0.96 0.96 0.97 0.98 0.97
1.05 1.11 1.11 1.11 1.12 1.12 1.10
1.04 1.35 1.34 1.34 1.40 1.39 1.33
1.04 1.64 1.63 1.63 1.75 1.74 1.63
0.84 0.83 0.83 0.83 0.83 0.83 0.82
0.96 1.23 1.22 1.22 1.27 1.27 1.21
0.98 1.27 1.26 1.26 1.32 1.32 1.27
0.98 5.05 4.98 4.99 5.03 5.78 5.04
2.20 2.21 2.19 2.19 2.21 2.56 2.12

s deviate less than 5rel% from the average. The upper part gives calculated mass
the ratio of mass attenuation coefficients of the indicated matrix composition and

es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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absorption edge mass absorption coefficients of Al and Mg are
only 20 respectively 35% lower than the mass absorption
coefficient of Si, whereas the absorption coefficients of K, Ca
and Fe are higher by a factor 2.3 to 5.16. Therefore, in dense
geological silicate samples variations of sample density and
mass absorption coefficients for energies above 4keVare mainly
controlled by the Fe, K and Ca content of the sample (Fig. 4).
Thus, after optical inspection of the thin section by polarization
microscopy to determine the fractions of silicates, carbonates or
oxides, that are present, an approach in accordance with Eq. (2)
can be applied. This approach was also used to correct matrix
effect of the tektite material. Since the light elements cannot be
determined by X-ray fluorescence under non-vacuum condi-
tions, the mass absorption coefficients have to be estimated. For
the silicate part of a sample the mass absorption coefficient of
Si2O5 is a good estimate for varying concentrations of the
oxides Na2O, MgO, Al2O3 and SiO2 in a silicate. Even the mass
absorption coefficients of K, Ca, Ti, Mn and Fe-free minerals
e.g. albite, forsterite or quartz deviate by less than 5% from the
mass absorption coefficients of Si2O5, whereas even 1% of
Fe2O3 increases the mass absorption coefficient by more than
10% (Table 2). Nevertheless K, Ca, Ti and Fe can be determined
under non-vacuum conditions with sufficient accuracy for the
calculation of the total mass absorption coefficients.

The trace element concentrations in spherule material were
determined by a semi-empirical approach based on Eqs. (1), (2)
and (3) using the mass absorption coefficients of Si2O5 for the
light element matrix and of K, Ca, Ti and Fe for the heavy part
of the matrix. If Eqs. (2) and (3) are used, the density of the
sample has to be known. The density range of most Fe-poor
silicate minerals is between 2.5 and 3.3. Beside the crystal
structure the density depends mainly on the concentrations of
the heavier elements in the mineral. The density of a silicate
matches almost exactly the mixing line of the respective Fe-free
silicate and Fe oxide or hydroxide as an end member (Fig. 4).
Depending on the mineralogy the density can be estimated as

qsample ¼ qquartz þ c CaO½ �4 qcalcite � qquartz
� �

=44
þ c Fe2O3½ �4 qmaghemite � qquartz

� �
=100 ð5Þ

for crustal silicates and

qsample ¼ qquartz þ c CaO½ �4 qcalcite � qquartz
� �

=44
þ c Fe2O3½ �4 qgoethite � qquartz

� � ð6Þ
for alteration products and

qsample ¼ qforsterite þ c CaO½ �4 qcalcite � qforsteriteð Þ
þ c Fe2O3½ �4 qmaghemite � qforsterite

� � ð7Þ
for high Mg bearing mantle minerals (olivine) and high pressure
minerals.

Using these estimates the deviation from the density of the
natural minerals is less than 5% in most cases (Fig. 4).

Based on the intensities of Fe and Ca, variations of mass
attenuation coefficients and density were estimated for the re-
spective location of the sample. The resulting attenuation coef-
ficients and fractions of saturation thickness for the respective
Please cite this article as: U. Kramar et al., μ-SXRF microprobe trace element studi
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3X-ray lines were used for the correction of matrix effects and the
3amount of the sample. The calibration curves were determined
3from 100 μm thin sections of MPI-DING reference glasses
3KL2-G, StHs6/80-G, ML3B-G, BM90/21-G, T1-G and ATHO-
3G using the values given in [4].
3Detection limits (Table 1) were calculated based on MPI-
3Ding-StHs6 standard sample/reference material using the
3following equation:

D:L: ¼ m � 3 � sqrt 10004RBckgr

� � ð8Þ

3with

RBckgr ¼ countrate of background s�1½ �:
m ¼ slope of calibration line lg=g s�1½ �:

3The precision of the analytical results depend mainly on the
3counting statistics, accuracy of the thickness and density
3estimate of the thin section and of the accuracy of the ratios
3of the mass absorption coefficients of the matrix elements and
3of the reference matrix Si2O5 for the different X-ray energies
3used for the calculation. The ratios for pure matrix elements
3calculated from different references [38–42] vary by 1 to 7rel%.
3Consequently for a contribution of an element up to 30% to the
3matrix the error resulting from mass absorption coefficient can
3be expected to be smaller than 2% relatively. Therefore beside
3the counting statistics the precision mainly depends on
3thickness variations and the deviation of the density estimate
3from the actual density. Both components are estimated to
3contribute to the total standard deviation by 10% of the value.

33. Results and discussion

3In unsupported thin sections of 100 μm thickness of
3spherules and micro-tektites the elements Ca, Ti, Mn, Fe, Cu,
3Zn, As, Rb, Zr, Sr, Nb, Ba, La, Ce and Pb have been determined
3simultaneously using a filtered polychromatic beam and a
3collimating capillary with a spot size smaller than 15 × 21 μm
3for line and area scans. It must nevertheless be taken into
3account that the information about elements, emitting high X-
3ray energies, corresponds to the complete sample thickness
3(Fig. 3). For hard X-rays, this results in an analyzed cylindrical
3volume of 15 μm diameter and 140 μm length equivalent to
33*10−4mm3 or ∼1 μg.
3Detection limits were determined from 100 μm thick thin
3sections of the MPI-DING reference samples StHs6/80G and
3ATHO-G [4], applying the same measuring conditions as for the
3micro-tektites and spherules. In repetitive point measurements
3of 300s each (3points) a precision of 1% to 5% was obtained for
4Cu, Zn, Ga, Rb, Sr, Ba, La and Ce. The precision calculated
4from the counting statistics is equivalent to the precision ob-
4tained from repetitive measurements. The StHs6/80G [4] has a
4similar chemical composition to the examined micro-tektites
4from Beloc. The detection limits achieved with the micro-focus
4are comparable to, or better than, those obtained for bulk
4EDXRF (Table 1). As examples the spectra of reference sample
4ATHO-G [4] and of a glass spherule (micro-tektite) from Beloc
es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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Fig. 5. X-ray fluorescence spectra of MPI-DING reference sample ATHO-G [4] and tektite glasses from Beloc/Haiti (white beam, 300s measuring time).

Fig. 6. Intensity correlation of Ba K-line (32.19keV) with K-lines (3.69 to
34.72keV) of elements with atomic numbers from 20 to 58 in a homogeneous
micro-tektite (Beloc glass) of uneven thickness. For thin sections of 100 μm
thickness thin layer conditions are fulfilled for Ba and Ce, whereas infinite
thickness is fulfilled for Ca.
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Haiti are given in Fig. 5. Compared to electron microprobe
analysis the detection limits are 2–3 orders of magnitude lower,
and even elements of high atomic numbers, for example rare
earth elements, can be determined by their K-lines, where
matrix effects are less important and spectral interferences are
rare or easy to correct. PIXE reaches similar detection limits and
spatial resolution as μ-SRXF, but the information remains re-
stricted to the surface. LA-ICP/MS and SIMS reach similar
detection limits, but the spatial resolution is lower in LA-ICP/
MS, both methods are destructive and calibration is often more
difficult because of severe matrix effects.

In this first study a total of 10 spherules from K/T sections
Mesa-Juan Perez and Bochil in Mexico and Beloc in Haiti were
measured and the major and trace elements Ca, Ti, Mn, Fe, Cu,
Zn, As, Rb, Zr, Sr, Nb, Ba, La, Ce and Pb could be determined.
Due to the high excitation energy of the polychromatic beam
(up to 90keV) even Ba, La and Ce could be determined by their
K-lines.

At Beloc (Haiti) two types of glass spherules are observed:
“black” glasses with andesitic to dacitic composition and “yel-
low” glasses more enriched in Ca. The glasses (glass shards)
from the Beloc section (Haiti) were mounted on micro-slides
from former EPMA investigations. Due to the high penetration
depth of the primary X-ray beam elements with higher atomic
numbers, which are contained in the carrier glasses would be
excited as well. Because of the relatively high trace element
contents of the carrier glasses (e.g. several hundred μg/g As) the
glass shards had to be removed from the support, reground and
re-polished before they could be used for μ-SXRF. This resulted
in uneven and lower thickness than the normally used value of
100 μm. Due to the varying thickness of the specimen a linear
correlation of the apparent concentrations was observed for all
elements which can be calculated by Eq. (3) (e.g. Rb, Sr, Ba, La,
Ce), but not for the apparent concentrations of elements with low
X-ray energies (e.g. Ca, Fe). For these light elements an apparent
deviation from the linear trends is observed in the raw data
(Fig. 6). To correct the thickness and matrix effect according to
Eq. (1), the effective thickness at each point was determined
from the count rate ratio of the primary and the secondary
monitor (Fig. 1). The resulting trace element concentrations
show a rather homogeneous distribution in the “black glasses”
Please cite this article as: U. Kramar et al., μ-SXRF microprobe trace element studi
and Haiti samples, Spectrochim. Acta Part B (2007), doi:10.1016/j.sab.2007.06.0
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averaging at 6.3% CaO, 5.5% Fe2O3, 57 μg/g Zn, 57 μg/g,
614 μg/g Sr, 125 μg/g Zr, 474 μg/g Ba, 21 μg/g La and 44 μg/g
Ce. These data are in good agreement with INAA data [43,44]
for average black glasses of Beloc (Table 3). The “yellow”
glasses more enriched in Ca show similar trace element patterns
in comparison to “black” glasses poor in Ca (Cu, Zn, Zr, Y, Ba
and REE) but by dilution due to carbonatic and evaporitic
sediments trace elements except Sr lie at a slightly lower con-
centration level. The lower Ca- and Sr concentrations compared
to the INAA and EPMAdata [45] indicate that the yellow glasses
measured in this study had incorporated a smaller fraction of
carbonatic and evaporitic material.

These results demonstrate that variations of the specific
intensity of the elements which are caused by uneven thickness
of the specimen or by matrix effects can be corrected using the
semi-empirical correction procedure based on ratios of primary
and secondary monitor count rates and the intensities of the
heavier major elements (Ca, Ti, Fe) as described above for
silicate materials.

At most other locations, where micro-tektites from the K/T
boundary were found, the glassy material is mostly altered or
missing and fresh glasses are extremely rare. However, in some
es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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Table 3t3:1

Q4 Average concentrations of “black” and “yellow” Beloc glasses determined by
μ-SXRF in comparison to literature datat3:2

t3:3 Element “Black” glass “Yellow” glass

t3:4 [45] This work [45] This work

t3:5 CaO [%] 6.52 6.3 ±0.4 27 11.5 ±0.7
t3:6 Fe2O3 [%] 5.32 5.5 ±0.5 4,91 6.3 ±0.5
t3:7 Cu [μg/g] n.d. 40 ±7 27 ±6
t3:8 Zn [μg/g] 57 57 ±8 50 53 ±8
t3:9 Rb [μg/g] 45 17 40 ±5
t3:10 Sr [μg/g] 550 624 ±65 1620 901 ±90
t3:11 Zr [μg/g] 110 125 ±15 95 120 ±13
t3:12 Ba [μg/g] 450 474 ±50 550 380 ±40
t3:13 La [μg/g] 20 21 ±4 18 20 ±4
t3:14 Ce [μg/g] 43 44 ±7 37 38 ±7
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of the investigated sections, almost fresh and unaltered glasses
could be observed.

At these locations varieties of proximal ejecta for example
smectite spherules with carbonate inclusions or Fe rich materials
often with structures of melt Schlieren are observed. These
materials often show signs of secondary alteration and it is
difficult to decide whether the original patterns are mostly pre-
served or whether the fingerprints of the source materials have
been destroyed completely. At Mesa-Juan Perez, for example,
smectite spherules and extreme Fe- and Ca-rich spherules are
observed. Some of the smectite spherules display carbonate
inclusions and bubbles. One of these spherules, containing a
carbonate rich inclusion with Schlieren structures and bubbles,
was scanned in 20 μm steps along a 800 μm transect across the
smectite material and inclusion (Fig. 7). Within the smectite two
parts with characteristic trace element patterns were observed
UN
CO

RR
E

Fig. 7. Line scan of a spherule from the Mesa-Juan Perez section (NE-Mexico) with in
with indicated transect and zones of different concentrations and phases b–d) elem
standard deviation of the maximum concentrations. The standard deviation was c
procedure, inaccuracies in density calculation and thickness variations.
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4(Fig. 7): part Awith higher concentrations of Zr (∼100 μg/g), Ba
4(∼200 μg/g), and Ce (10–20 μg/g) and low Rb (∼5 μg/g)
4concentrations compared with part D showing higher concen-
4trations of Rb (5 to 20 μg/g) and a depletion of Zr (∼20 μg/g), Ba
4(∼100 μg/g) and Ce (b5 μg/g). The distinct differences between
4parts A and D and the relatively constant concentrations levels
4within each of the two parts may indicate different source ma-
4terials within the impact crater: a more detrital rich (A: higher Zr
4content) and more clay rich (D: higher Rb content).
4During the alteration of glass or Zr-bearing minerals like
4amphibole, biotite etc., Zr will be released [46] but not included
4into the lattice of the newly formed alteration minerals. Due to
4its immobile behavior in low temperature fluids [46], Zr will not
5be transported over longer distances but tend to form its own
5trace minerals at phase boundaries. In line and area scan across
5the spherules, this will show up as Zr-“hot spots” at phase
5boundaries. Such “hot spots” (∼400 μg/g Zr) were observed at
5the carbonate–smectite interface (F). At this phase boundary the
5highest Ba contents (∼500 μg/g) were observed as well. Com-
5pared with the surrounding smectite, the carbonate inclusion
5(parts B and C) is relatively enriched in rare earth elements (up
5to 35 μg/g Y and Ce respectively), Ba (∼400 μg/g) and Sr (500
5to 1500 μg/g). This spherule obviously represents sediment
5material from the outer parts of the impact crater which was
5either molten at relatively low temperatures and not homoge-
5nized because of high viscosity or, analogous to carbonatite
5formation, carbonate and silicate phases separated from a
5silicatic–carbonatic melt due to liquid immiscibility during
5cooling down. The slow cooling rates which are necessary for
5those phase separations and the different trace element con-
5centration levels of smectite parts A and D argue against the
clusion of CaCO3 with Schlieren structures. a) micro-photograph of the spherule
ent profiles along the transect indicated in (a). Error bars are indicated for the
alculated considering counting statistics, inaccuracies of the matrix correction

es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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second type of formation. High Zn, Sr and REE contents of the
carbonate inclusion indicate a non-diagenetic origin but the
enrichment of Ba and Sr observed on the carbonate–smectite
interfaces argues for re-crystallization.

Most spherules from Bochil section are strongly altered. An
example of such an altered spherule is given in Fig. 8. Unlike
the spherule from Mesa-Juan Perez, this spherule shows no
sharp phase boundaries but gradually changing concentrations
of Ca, Fe, Rb, Sr, and Ba, (Fig. 8). The highest concentrations of
Ca (∼7% CaO) are observed close to the outer boundary of the
spherule.

The inner part of the spherule shows higher concentrations of
Fe (up to 6% Fe2O3), Rb (∼40 μg/g), Ba (200 to 400 μg/g).
Beside a local enrichment of Sr together with Ca and a local Fe
enrichment, both in to the outer part of the spherule, the spatial
distributions of Rb, Sr and Ba resemble the distribution of Fe in
general. The correlation of Fe, Rb, Sr, Ba, Zr and Nb may reflect
UN
CO

RR
EC

Fig. 8. Area scans of an altered tektite spherule from the Bochil (Mexico) section. a
spherule.

Please cite this article as: U. Kramar et al., μ-SXRF microprobe trace element studi
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the original trace element pattern of the smectite spherule while
the absolute concentrations were changed due to alteration pro-
cesses, mainly dissolution. The occurrence of high Zr concentra-
tions together with the local Fe enrichment in the outer part of the
spherule argues for trace element release during alteration of
probably glassy material and re-precipitation of less mobile
elements like Zr [41] in the outer parts. Elevated Ca concentra-
tions in the outer part of the spherule compared to the inner part
are an indication for impregnation of the spherule by secondary
calcite. The gradually decreasing concentrations ofmost elements
(Fe, Cu, Zn, Rb, Sr, Zr, Ba) from the innermost to the outermost
parts of the spherule argues for intense alteration whereas the
significant correlation of these elements is an indication that the
trace element ratios are partly preserved while the absolute
concentrations have changed. The inner part may show relicts of
the original trace element contents but generally this spherule is
overprinted by strong alteration, corrupting the primary signals.
TE
D
PR

) Micro-photograph, b–f) distribution of CaO, Fe2O3, Sr, Ba and Rb within the

es on spherules of the Cretaceous/Tertiary boundary transitions of NE-Mexico
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4. Summary and conclusions

μ-SXRF is the only non-destructive micro-analytical method
which achieves the similar low detection limits as LA-ICP/MS.
The high penetration depth of the X-rays used not only provides
information from the surface of the sample but also from a depth
up to several hundred μm. Because of this the method is less
sensitive to surface contamination than the other micro-ana-
lytical methods. New focusing devices for X-rays (refractive X-
ray lenses, polycapillaries) meanwhile allow smaller beam foci
down to less than 100nm and the development of confocal
optics enables the analysis of a defined sample volume at the
spot position instead of a cylinder with varying length de-
pending on the X-ray energy of the analyte element and true
non-destructive 3-dimensional trace element analysis [47].
Nevertheless the use of refractive lenses and poly capillaries
is restricted to monochromatic excitation beams. Theoretically
CRLs can be used at energies up to some hundred keV but
due to the low photon flux at high energies at bending magnet
beamlines practical applications are limited to excitation
energies of 30–50keV. In mineralogy and geology the rare
earth elements (REE) are of high diagnostic importance. This is
also the case for the re-construction of the micro-tektite parent
materials.

• For the determination by their K-lines of Ba and REE's as
diagnostic elements the excitation by a filtered white beam is
more effective than excitation by the lower energies of the
monochromatic beam.

• On the other hand, disadvantages of using the white beam in
comparison to monochromatic excitation are poorer detec-
tion limits due to the higher background from scattered
radiation.

• Quantification of X-ray fluorescence spectra is most often
based on fundamental parameter procedures or on Monte
Carlo simulation. For both methods the major elemental
chemistry, sample geometry and density have to be known
exactly, which often is not the case. The semi-empirical
approach, which was used in this paper to correct matrix
effects of mineralogical materials, is based on mass absorp-
tion coefficients of heavy major elements, average silicate
mass absorption coefficients and monitor count rate ratios. In
the case of elements that are emitting X-ray energies, which
do not fulfill the conditions for infinite thickness in the
specific thin section, the densities were corrected on the basis
of the computed Fe and Ca concentrations. This reduces the
effect of density variations on the results to less than 5%. The
accuracy which can be achieved using this approach is of
course not comparable to accuracies obtained by fundamen-
tal parameters in bulk analysis e.g. for quality control, but
sufficiently exact for the determination of trace elements in
inhomogeneous geological materials. For the homogeneous
part of a mineral grain the uncertainty introduced by matrix
and density variations is estimated to be better than 10rel%
after correction. In trace element analysis cases the bigger in
most uncertainty is the counting statistics. If all parameters
are known the results obtained by using this semi-empirical
Please cite this article as: U. Kramar et al., μ-SXRF microprobe trace element studi
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6approach have not the same accuracy but are comparable to
6those obtained by fundamental parameters or Monte Carlo
6simulations. However, and this is the advantage, this semi-
6empirical method does not require the knowledge of the
6complete major element chemistry and of the density. Care
6has to be taken in the region of grain boundaries, where the
6primary beam and the outgoing radiation may penetrate
6different matrix materials with drastic differences in the mass
6absorption coefficients e.g. Fe-oxides in contact with sili-
6cates. In such regions matrix effects are not considered
6adequately and the analytical data can only be considered as
6semi-quantitative, however the ratios of most trace element
6concentrations will not be affected. For the identification of
6possible source materials these elemental ratios are of much
6higher importance as the absolute values.
6

6Spherules (micro-tektites) found in many K/T transitions are
6interpreted as ejecta material of the Chicxulub impact event near
6the K/T boundary some 65million years ago [43,48–52]. How-
6ever, the origin of this tektite material and its chemical trace
6element composition is mainly unknown and at the moment not
6well studied. Space resolved trace element mapping by μ-SXRF
6enabled differentiation between altered and unaltered parts of
6the tektite spherules and the identification of the source rocks to
6be made by comparing trace element distribution patterns
6(fingerprints) of possible source rocks and spherules. The ex-
6treme differences in the chemical composition of spherules from
6different localities could not be simply explained by weathering
6of glass material from a homogeneous source.

6• Glassy material for example of Beloc section (Haiti) is
6characterized by homogeneous trace element distribution
6patterns but shows characteristic differences between Ca-rich
6and Ca-poor glass. This is indicative of the mixing of dif-
6ferent source materials from the impact crater. Major and
6trace element patterns indicate an origin from deeper crust
6material and minor amounts of evaporitic components mixed
6into the melt.
6• Line and area scans from tektite material of Mesa-Juan Perez
6and Bochil section (Mexico) showed calcite inclusions,
6zonings or gradual changes of trace element contents. Based
6on the spatial trace element distribution some of these
6inclusions are indicative of primary material from the impact
6crater (example of Mesa-Juan Perez, Fig. 7). Trace and major
6elements indicate a sedimentary source of these spherules.
6• Enrichments of Ca and other calcite related elements (Sr, Ba)
6in the outer parts of the micro-tektites represent impregnation
6by secondary calcite (e.g. Bochil, Fig. 8). These types of
6spherules are strongly overprinted by diagenesis. Neverthe-
6less the original trace element ratios may be partly preserved.
6

6Summarizing, the non-destructive determination of the
6spatial trace element distribution in micro-tektites on the μm
6scale by μ-SXRF enables differentiation between alteration
6rims, non-altered material and mixing of different source ma-
6terials. This makes of μ-SXRF an extremely valuable tool to re-
6construct the scenario of the K/T-boundary impact event.
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