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Variations in elemental abundances in carbonate archives offer a wealth of information that can be used as
a proxy for the palaeoenvironment and diagenetic history. The state-of-the-art portable handheld X-ray
Fluorescence (pXRF) and laboratory micro X-ray Fluorescence (uXRF) instruments provide a relatively
inexpensive, fast and non-destructive way of acquiring these trace element composition data. However,
there are well-known issues and limitations regarding the method of spectrum acquisition and the
conversion of XRF spectra into quantitative elemental mass fractions. This study offers a guideline for the
appropriate use of these XRF techniques for the study of carbonates. Using certified calcium carbonate
and dolomite standards, accuracy and reproducibility of a pXRF (Bruker AXS Tracer IV) and a puXRF
(Bruker M4 Tornado) device are tested under various measurement conditions. The experimental set-up
allowed for the variation of several parameters, including the measurement area, integration time,
quantification method and measurement strategy. The effects on the accuracy and reproducibility of the
quantified elemental abundance results are examined to assess the optimal performance conditions for
both devices for the determination of trace element abundances in natural carbonates. The limits of
detection and quantification are evaluated for both instruments for a range of trace elements commonly
used as palaeoenvironmental proxies (e.g. Sr, Mn and Fe). The quality of the XRF spectra is evaluated
using spectral processing software. As a result, two new methods for the determination of optimized
parameter combinations are proposed for a range of commonly used elements. The Time of Stable
Reproducibility (TSR) is based on optimizing the measurement reproducibility by examining the change
of the relative standard deviation per time unit and proposing an integration time threshold for
reproducible measurements. The Time of Stable Accuracy (TSA) is based on optimizing the
measurement accuracy by studying changes in accuracy as a function of increasing integration time and
defining an integration time threshold for accurate measurements. An overview table including minimum

integration times by which a reliable measurement is achieved is provided for all analyzed elements and
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Accepted 21st March 2017 experimental set-ups for this study. However, the methodological approach that is developed here is

applicable to other (carbonate) materials as well. A comparison between the two X-ray fluorescence
instruments allows the evaluation of their respective advantages and disadvantages. Finally, we
recommend optimal measurement strategies and techniques for specific research questions.
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1. Introduction
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T Electronic supplementary information (ESI) available: Supplementary data 1:
Table showing the certified values of CRM393, CRM512 and ECRM782
standards in pg ¢ ' as well as the weighing factors used for the FP
quantification method based on the CRM393 standard. Supplementary data 2:
table showing the results of all measurements with XRF and ICP-MS methods
used in this study in %. Means, standard deviations and RSDs are given.
Supplementary data 3: table showing all mass fractions measured for the three
standards using ICP-MS measurements. Average values (u) and standard
deviations (o) of the measurements are given. See DOI: 10.1039/c6ja00361c
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Modern X-ray Fluorescence (XRF) based techniques provide an
adequate, low-cost and rapid answer to many analytical prob-
lems in a wide variety of research disciplines.’ In the case of
energy-dispersive XRF, multiple elements can be measured
simultaneously with high sensitivity. The non-destructive
aspect of the technique is a major advantage when working with
precious and/or rare museum or collection samples (e.g. fossils,
art pieces and precious artifacts). Laboratory-scale XRF instru-
ments are now widely available and offer a high sample output
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alternative, which does not require the extensive sample prep-
aration of other trace element analysis techniques (e.g. Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS), Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) and
Synchrotron Radiation induced X-ray Fluorescence (SR-XRF)).
XRF techniques are also competitive in terms of cost per
measurement.

A broad range of approaches and instruments is currently
available for laboratory-scale XRF. Over the last few decades,
micro-X-ray Fluorescence (nXRF) was made possible by the
improvement of X-ray optics allowing for a micrometer scale
spatial resolution.> Small spot sizes allow for more precise
sampling strategies in the case of inhomogeneous materials.
Portable X-ray Fluorescence (pXRF) devices make in situ
measurements possible, paving the path for direct field anal-
yses.>* Moreover, an additional advantage of pXRF is that it can
be used under controlled lab conditions as a less expensive
alternative to exclusively laboratory-based devices.

Variations in elemental abundances in calcium carbonate and
dolomite materials are frequently studied, offering a wealth of
paleoenvironmental proxy information. They are an interesting
substrate for laboratory scale XRF analysis in the field of paleo-
environmental reconstruction. Their applications in earth and
environmental sciences are numerous: e.g. (1) XRF core scanning
yields near-continuous records of elemental intensities and
ratios,”® (2) elemental mapping or imaging has the potential to
reveal the spatial distribution of elements in a sample,® (3)
studying the composition of (carbonate or bioapatite) skeletons
can reveal seasonal records of paleoclimate proxies,'"*™ (4) deter-
mination of variations in trace elements in speleothems to trace
back hydrogeochemical processes,'**° (5) ancient artefacts can be
characterized for archeological purposes'”* and many more.

Despite the substantial convenience of using XRF methods
on a broad variety of samples, one drawback is the plethora of
potential uses and experimental set-ups that can hamper
a correct interpretation and comparison of results from
different studies. For this reason, profound characterization of
the effects influencing the reliability of the final results is
essential.*?»**> On the one hand, there are variations in results
caused by differences in sample properties such as water
contents,*?** sample matrix effects, sample (in)homogeneity
and different sample geometries* as well as surface effects.”®
On the other hand, there are variations in measurement
conditions, including different beam spot sizes,'® bulk versus
single-particle analysis,” different detection limits and mass
fractions of desired elements'® and different instrumental set-
ups.” These changing parameters are equally important for
geological XRF.**?%32 Specifically, for carbonates, Wheeler*®
carried out an exploratory study on limestones and dolomites
while Quye-Sawyer et al.** evaluated the use of handheld XRF on
carbonate field samples. Due to the variety in measurement
parameters, it is crucial to define criteria for a reliable
measurement that are independent of these parameters.

To determine thresholds for the reliable detection and quan-
tification of XRF results in geological studies, it is common prac-
tice to calculate lower limits of detection and quantification based
on the error of deconvolution. This error of deconvolution is the
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error of calculating elemental composition based on element
peaks in the spectrum and on solutions of the Sherman equation
(on which the fundamental parameter quantification is based**°).
Such thresholds include the Lower Limit of Detection (LLD*)
which is approximated by three standard deviations of deconvo-
lution and the Lower Limit of Quantification (LLQ*) in turn
approximated by 10 standard deviations of deconvolution.
However, the aforementioned range of different applications and
samples calls for a method to determine such thresholds in a way
that takes into account not only errors related to the deconvolution
of the XRF spectra, but also errors that are invoked by differences
in the measurement conditions, such as sample geometry, sample
preparation and matrix effects. The matrix effect is an important
issue in X-ray based analyses. The matrix effect is the combined
effect of the sample matrix on the absorption, penetration and
fluorescence of X-rays that occurs when travelling through the
sample.' Because of the importance of the matrix effect on XRF
measurements, it is difficult to determine the right measurement
conditions for any sample. This is why, in any study, quality tests
for different measurement conditions should be conducted
specifically for the material studied.

This study explores a new method of determining minimum
requirements for a reliable XRF measurement based on total
accuracy (i.e. the agreement of measured value with certified
value) and reproducibility (i.e. the closeness of agreement
between independent results obtained with the same method,
IUPAC®) errors rather than solely on errors of deconvolution.
Therefore, the effect of actual measurement time and experi-
mental set-up using both pXRF and pXRF on calcium carbonate
and dolomite materials is investigated. Certified powdered
calcium carbonate and dolomite standards were repeatedly
measured under laboratory conditions with a state-of-the-art
uXRF device using different set-ups and different measurement
times. The same standards were repeatedly measured under
laboratory conditions with the pXRF for different measurement
times. The reproducibility and accuracy for both the pXRF and
PXRF were compared with each other and with High Resolution
Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS)
measurements. In doing so, we propose two new criteria (the
Time of Stable Reproducibility, TSR, and the Time of Stable
Accuracy, TSA) to determine which measurement strategy is
optimal in terms of achieving reproducibility and accuracy for
both commercially available instruments and for a range of
elements. These two proposed ways of evaluation can be applied
to other XRF systems, other materials and even other measure-
ment techniques where the measurement time also plays an
important role. Finally, as an example, a recommendation of
a minimal measurement time for each element of interest in the
samples of this study analyzed under laboratory conditions using
various pXRF and pXRF based sampling strategies is provided.

2. Materials and methods
2.1 Standards and instrumentation

All measurements were performed on ISO-certified CRM393
(ECRM 752-1), CRM512 and ECRM 782-1 powder graded (D < 75
um, 200 mesh) standards (Bureau of Analyzed Samples Ltd.,

This journal is © The Royal Society of Chemistry 2017
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UK). The CRM393 is a standard for limestone, while CRM512
and ECRM782 are dolomite standards. Mass fractions of ten
different elements (K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn and Sr) were
determined using a Bruker Tracer IV Hand Held portable XRF
device (HHpXRF, hereafter: pXRF). The pXRF is equipped with
a 2 W Rh anode X-ray tube and a 10 mm? Silicon Drift Detector
(SDD) with a resolution of 145 eV (Mn-Ka). The X-ray beam was
focused on a 6 mm by 8 mm integrated area using a Pd colli-
mator. X-ray spectra from the pXRF were deconvoluted and
quantified using the standard factory “Soil Fundamental
Parameters” method. The fundamental parameters (FP)
method makes use of the theoretical relationship between X-ray
fluorescence and material composition as determined by
Sherman.*® The factory-calibrated quantification method of the
PXRF uses this fundamental principle with a correction based
on a soil standard.

Mass fractions of 21 elements (Cl, Br, Na, Mg, Al, Si, P, S, K,
Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Ba and Pb) were deter-
mined using the Bruker M4 Tornado micro XRF (hereafter:
UXRF) under near-vacuum conditions (20 mbar). The pXRF used
a 30 W Rh anode metal-ceramic X-ray tube and a 30 mm?® SSD
with a resolution of 145 eV (Mn-Ko). The X-ray beam was
focused by a poly-capillary lens on a spot with a diameter of 25
pm (Mo-Ka). X-ray spectra of the uXRF were deconvoluted and
quantified with Bruker Esprit software using FP quantification
calibrated with one-standard calibration based on the CRM393
limestone standard. Calibration of the quantification procedure
was performed by determining the offset of measured values
using a long (1800 s) integration time and certified values of the
standard and adjusting the weighing factors in the Esprit soft-
ware accordingly (see ESI 1 and 27).

Mass fractions of 19 elements (Na, Mg, Al Si, P, S, K, Ca, Ti,
Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Ba and Pb) in all three standards
were independently determined by High Resolution Inductively
Coupled Plasma Mass Spectrometry (HR-ICP-MS ELEMENT?2,
Thermo Finnigan, Bremen, Germany). Duplicate samples of
~10 mg were digested in 2 mL 16 M ultrapure nitric acid (HNO;)
on an 80 °C hotplate until completely dissolved, after which the
solution was left to evaporate. The residue was redissolved in
100 mL 2% HNOg, resulting in a total dilution factor of 10 000,
which was necessary for mass fractions of the elements of
interest to be detectable (ng g™ range) by the HR-ICP-MS. Each
sample was measured twice and HR-ICP-MS results were cor-
rected using a linear regression with 5 in-house standard
solutions. Drift of the machine was corrected by spiking each
sample with 100 pg g~ ' indium-solution. For all elements,
except Na and Cu, the difference in result between duplicate
measurements (reproducibility) was found to be on average
3.5% relative to the measured value.

2.2 Measurement strategies

To test the effect of integration time on the reproducibility of
the XRF results, measurements were carried out on a flattened
surface of all standard powders using a range of integration
times. A fixed amount of powder was placed in cylindrical
plastic sample holders with a diameter of 13.7 mm and a depth

This journal is © The Royal Society of Chemistry 2017
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of 7 mm (~1 cm?). The powder was manually pressed to ensure
homogeneous packing. Examination of the spatial variation in
the size of the Rh Compton peaks was used to ensure that
packing was homogeneous.” The means and standard devia-
tions of reproducibility were calculated based on 30 repeated
measurements for each integration time. To facilitate direct
comparison between different measurement strategies and
elements, the Relative Standard Deviation (RSD, or coefficient

- o .
of variation; RSD = — in which ¢ represents the SD and u the
u

average value of the measurement) was calculated. The RSD is
a unit-less measure for the variation within repeated measure-
ments and can therefore be used to compare the precision of
measurements whose results are not in the same order of
magnitude. It is used in this study to directly compare results
from pXRF and pXRF and between different elements. The
ARTAX spectral analysis software (Bruker, Germany) was used to
extract signal-to-noise ratios and RSDs of the spectral decon-
volution method (RSD of deconvolution) from each spectrum
measured by pXRF and uXRF. The effect of different strategies
of measuring powdered samples in the uXRF was tested by
comparing the result of these strategies amongst themselves
and with pXRF measurements. Samples were not prepared as
pressed powder pellets (as is common for XRF measurements)
to allow sample retrieval after measurement without contami-
nation by pellet binders or change of matrix, retaining the non-
destructive aspect of the technique. pXRF measurements were
repeated on the same area with integration times of 3 s, 10 s, 30
s, 60 s, 90 s and 120 s. The following four measurement strat-
egies for pXRF measurements were compared:

(1) Mapping strategy: an 8.5 mm x 8.5 mm (72.25 mm?) area
of the flattened surface of CRM393 standard powder was map-
ped at 25 um (spot size) spatial resolution (340 x 340 points),
and the XRF sum spectra of maps were quantified. This proce-
dure was repeated for total integration times of 300 s, 600 s and
1800 s. Shorter integration times were not possible for the given
surface due to limitations of the movement speed of the pXRF's
XYZ stage.

(2) Single spot strategy: a single 25 pm spot on the CRM 393
powder surface was measured with varying integration times of
3s,108,30s,60s,120 s, 300 s, 600 s, and 1800 s.

(3) Multiple spot strategy: to measure the effect of sample
surface heterogeneity, measurements were executed on 30
different 25 um spots on the powder surface of all three stan-
dards. This procedure was repeated for a range of integration
times (3 s,10 s, 30 s, 60 s, 120 s, 300 s, 600 s, and 1800 s). The
locations of the multiple spots were kept constant between
different integration times.

(4) Average spot strategy: to simulate the strategy of
measuring 10 different spots on a powdered surface and aver-
aging the results, the measurements obtained from 10 spots,
which were sub-sampled randomly from the multiple spot
strategy described above, were averaged for each integration
time.

For the comparison of the results of the different set-ups the
elements Ca, Fe, Sr and Mn were chosen, because they are
elements that are often measured, cover a wide range of mass
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fractions in the standards, and are therefore fit to illustrate the
limitations of the different measurement strategies.

3. Results

3.1 Elemental mass fractions of the standards

Fig. 1 illustrates the changes in the quantified mass fractions of
Sr, Mn, Fe and Ca with increasing integration times, measured
by uXRF using the single spot strategy on the CRM393 standard.
Results for all elements and all measurement strategies are
given in ESI 2.1 The mass fractions determined by HR-ICP-MS
are shown as well and fall within one SD of the certified values
of the CRM393 standard, showing that HR-ICP-MS measure-
ments successfully reproduce certified values of the standards
(see also ESI data 31). Mass fractions measured by uXRF
describe an asymptotic evolution towards a stable value (close
to the standard certified mass fraction) with increasing
measurement time. Variation within 30 repeated measure-
ments decreases with longer integration times (>60 s) for all
four elements. The spread reached in the pXRF measurements
after 60 seconds is lower than the error on the certified values
and the error on the HR-ICP-MS measurements.

The average mass fractions measured using short integra-
tion times vary significantly from those obtained using long

Technical Note

integration times. For example, Ca mass fractions of all 30
measurements with a 3 second integration time are signifi-
cantly higher than all 30 samples measured with a 300 s inte-
gration time or longer. The pXRF measurements taken with
short integration times (<60 s) also often result in values outside
the statistical range of the certified value. For Sr and Fe, the
average value calculated from 30 measurements with less than
60 s integration-time is more than one SD off the certified value.
Mass fractions of elements measured using a long integration
time (>60 s) are closer to certified mass fractions of the stan-
dard. The integration time for which a statistically acceptable
value (within the error of the certified values) is reached differs
between different elements.

3.2 Deconvolution and reproducibility error

An overview of the evolution of RSDs of deconvolution and RSDs
of reproducibility through increasing integration time for
measurements using the multiple spot strategy on the CRM393
standard is shown for all elements in Fig. 2. The multiple spot
strategy was applied here because the precisions include errors
caused by heterogeneity of the pressed powder surface. There-
fore, the multiple spot strategy simulates a more realistic
approximation of the precisions reached by measuring a single,
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Fig. 1 Change in the measured mass fraction of Ca, Fe, Sr and Mn with increasing integration times using the same spot method on pXRF.
Horizontal lines are certified values and narrow error bars are certified errors (1g) on the standard. Shaded regions indicate the spread of the uXRF
measurements. Diamonds and error bars on the right side of the graph show the results of HR-ICP-MS measurements.
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random spot on the sample surface using the pXRF. It is evident
that RSD values of reproducibility vary largely between different
elements, with a difference of 4 orders of magnitude between
the most reproducible element (Ca, RSD of 0.03) and the least
reproducible element (Cl, RSD > 600). Fig. 2 also shows that for
most elements, the RSDs for both deconvolution and repro-
ducibility decrease asymptotically with increasing integration
time. Elements not following this asymptotic trend include Cl,
K, Ca, Ti, Cr, Ni and Rb. Except for Ca, all these elements have
very high reproducibility RSD values (>2) and their deconvolu-
tion RSDs are generally higher than those of reproducibility. For
C], Ti, Cr and Rb, RSDs of deconvolution increase with longer
integration times, showing an opposite trend compared to other
elements. Elements with asymptotically decreasing RSD values
have reproducibility RSDs that are higher than the deconvolu-
tion RSDs. For Na, Si, S, Ni and Ba reproducibility RSDs are
always above 1. Other elements, such as Mg, Cu and Pb, have
RSDs greater than 1 for short integration times but RSDs
decrease to values smaller than 1 over longer integration times.
Br, Al, P, Mn, Fe, Zn and Sr on the other hand have RSDs that
never exceed 1 even for short integration times. For some
elements (e.g Mg, P and Sr), the difference between deconvo-
lution RSD and reproducibility RSD is very small, while other

JAAS

elements (e.g. Si, Ca and Fe) show relatively large differences
between their RSD of deconvolution and their actual repro-
ducibility errors.

3.3 Comparison of measurement strategies

Fig. 3 shows the evolution of RSDs of reproducibility for Ca, Fe,
Sr and Mn in the CRM393 standard for each of the four different
measurement strategies on the uXRF and for the measurements
on the pXRF. The highest RSD, and therefore the lowest preci-
sion, is found for the multiple spot and pXRF measurements.
Even for long integration times (>60 s), the pXRF retains a low
reproducibility, while the RSDs of the uXRF average spot, single
spot and map measurements decrease to lower values with
longer integration times. pXRF measurements taken with the
multiple spot strategy also have high RSD values even for long
integration times (see also Fig. 2). As mentioned before, the
single spot strategy has lower RSDs of reproducibility than the
multiple spot strategy but is less a realistic approximation of
measuring one random spot on a sample surface because it
does not take into account changes in surface properties across
the sample. The average spot strategy performs better (lower
RSDs) for Ca, Fe and Mn and yields one of the lowest RSD values
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for Sr. For all elements, the highest precisions are reached with
the single spot strategy and map strategies. Fig. 3 further
demonstrates that, while all strategies yield lower RSDs with
increasing integration times, the shape of the logarithmic curve
describing this evolution is different for different strategies. The
PXRF measurements are described by flatter curves, starting out
with high RSD values and reaching stable precisions at shorter
integration times than the puXRF measurements. Repeated
measurements on the same spot of the sample powder show the
best increase in precision after long integration times. In most
of the other strategies, the increase in precision of the
measurements occurs rather quickly and increases at longer
integration times (>60 s) are small or absent. Fig. 3 shows clearly
that results with the single spot strategy are much more
repeatable than those using the multiple spot strategy as
a result of the effect of sample surface heterogeneity on repro-
ducibility of multiple spot measurements. The average spot
strategy also yields more repeatable results than the multiple
spot strategy. For some strategies (e.g. pXRF method and
multiple spot strategy) the difference in precision between
elements is less than for other strategies (e.g. single spot and
map strategies), although most of the variation seems to be

1216 | J Anal. At. Spectrom., 2017, 32, 1211-1223

caused by the very low RSDs for Ca in these single spot and map
strategies.

Relative errors are variable for different elements. Of the
selected elements in Fig. 2, Mn and Fe have the highest RSD
values in most strategies, while Ca and Sr are measured with
more precision. There is a difference between the examined
elements in terms of the minimum integration time that is
needed for the RSD value to stabilize. Some elements, like Fe
and Ca, show RSDs that decrease steeply and reach their
asymptotic value at low integration times, while Sr and Mn RSD
values only stabilize with higher integration times.

3.4 Accuracy of XRF methods

To illustrate the accuracy of uXRF measurements, the values
obtained for five elements (Ca, Fe, Sr, Mn and Mg) with different
measurement times on all three standards using the multiple
spot strategy are plotted against the certified values for these
elements (Fig. 4). Mg is added to show how the factory one-point
calibration FP quantification method of the Bruker M4 Tornado
performs over large mass fraction differences (i.e. between the
dolomite and limestone standards). Fig. 4 shows that the
CRM393 standard used for the one-point calibration falls on or
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near the 1 : 1 line, showing that FP quantification gives accurate
results for samples with mass fractions close to the calibration
standard. The measured mass fractions are generally less
accurate when the elemental mass fractions in the measured
samples (CRM512 and ECRM782) deviate further from the mass
fractions of the same elements in the calibration standard
(CRM393). Fig. 4 also illustrates that the mass fraction curves
generally approach the 1:1 line with increasing integration
time, resulting in better accuracies for measurements with
longer integration times. Variations between lines of different
integration times become progressively smaller, illustrating the
asymptotic character displayed by most XRF results with
increasing integration time (see Fig. 2). Elements with low mass
fractions (e.g. Sr in ECRM782) are measured by using the pXRF
plot relatively far away from the 1:1 line, while higher mass
fractions (e.g. Ca and Mg) are generally measured more accu-
rately, except when mass fractions deviate far from the mass
fraction in the calibration standard (CRM393).

4. Discussion

4.1 Measurement strategies

Fig. 2-4 illustrate that the reproducibility and accuracy of XRF
measurements varies with the applied measurement strategy,
the integration time, the element that is measured and its mass

JAAS

fraction in the sample. While some elements (e.g. Cl, Ti and Cr)
never reach satisfactory (RSD < 0.33) values, the reproducibility
of other elements can be greatly improved by choosing the
appropriate measurement strategy and integration time.

Fig. 2 demonstrates that the error of deconvolution always
underestimates the (real) error of reproducibility for repeatable
element mass fractions. The reason for this difference is that
the error of deconvolution measures the error in the calculation
of mass fractions from XRF spectra,*>* without taking into
account the errors associated with the measurement conditions
and sample properties. Errors of deconvolution will not include
variation caused by differences in sample preparation and
measurement strategy, and are solely dependent on the total
amount of XRF counts in the entire spectrum, and therefore on
the integration time. This difference is clearly illustrated in
Fig. 3, where the difference in RSD between single spot
measurements and multiple spot measurements is shown.
Changes in the properties of the surface of the material that is
being measured (in this case CRM393 limestone powder) cause
this offset. The multiple spot strategy is a better approximation
of the reproducibility error that has to be taken into account
when measuring a random spot on the sample surface. Surface
effects are of greater relative importance for some elements (e.g.
Ca) than for others (e.g. Sr), and therefore need to be taken into
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account in the measurement of individual trace element
records as well as in the calculation of trace element ratios.

The pXRF clearly performs worse than all uXRF sampling
strategies, except for the multiple point strategy, in terms of
reproducibility (Fig. 3). The shallow RSD curve of the pXRF shows
that not much improvement can be made by extending the
measurement time beyond ~60 seconds. A similar conclusion
was reached by Ross et al.® while measuring a fine-grained marine
sediment standard with a pXRF with similar varying integration
times as used in this study. However, reproducibility values for Fe,
Ca and Sr do reach satisfactory values (<0.1) already after 10
seconds of measurements, showing that the pXRF is a fast and
robust means of measuring the mass fractions of common trace
and major elements in carbonate powders. The high RSD of Mn
shows that the reproducibility of the pXRF quickly diminishes for
elements with lower mass fractions (<30 pg g~ ").

Because the single spot strategy is not a realistic approxi-
mation of choosing one measurement spot on a sample surface,
three sampling strategies for the uXRF remain to be discussed.
Based on the data presented in Fig. 3, the strategy of choosing
one spot on the sample surface (represented by multiple spot
measurements) yields repeatable values (RSD < 0.33) though
with relatively high errors of reproducibility for Mn and Fe and
higher RSDs than other strategies for Ca and Sr. Much better
results are reached with the strategy of averaging 10 point
measurements. Nevertheless, mapping a part of the surface and
averaging out over this area yields the best result in terms of
reproducibility (Fig. 3). The success of these strategies lies in
their ability to reduce the influence of heterogeneities in the
sample surface and matrix, which is crucial for a small-spot,
surface-based method such as pXRF.? For the same reason, the
larger spot size of the pXRF (6-8 mm) allows it to compete with
the multiple spot strategy in terms of reproducibility for the
aforementioned selection of elements.

4.2 Accuracy

The data presented in Fig. 4 illustrates another issue that needs
to be addressed carefully in XRF measurements: the sample
matrix. The effects of the different matrices between the
calcium carbonate and dolomite standards result in an offset of
measured values from the certified values. Although an increase
in integration time seems to reduce this offset, using longer
integration times does not entirely cancel matrix-related
differences (Fig. 4). This illustrates that XRF measurements
must always be calibrated using standards with the same matrix
as the samples (matrix-matched). High accuracies can be
reached using the uXRF method, as shown by the results of the
CRM393 standard, which was -calibrated using different
measurements on sub-samples of the same standard. Trace and
major elemental mass fractions of the other standards, which
are close to those of CRM393, have higher accuracies (Fig. 4).
Therefore, the calibration standard for XRF measurements
should be as close as possible to the measured sample in matrix
and composition.”” This limitation poses problems for XRF
analysis of samples with a heterogeneous matrix, such as
sedimentary records with alternations of different lithologies
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using the fundamental parameter quantification supported by
only one standard.

4.3 Integration time

As shown in Fig. 1, accuracy and reproducibility of XRF
measurements generally tend to increase with integration time.
This behavior is also observed in Fig. 2-4, showing a decrease of
the RSD and a shift of the results towards certified values with
increasing integration time (see also ref. 8, 31 and 32). Elements
not following this evolution through integration time in uXRF
measurements (e.g. in this case Cl, K, Ti, Cr, Ni and Rb)
generally do not produce repeatable results (i.e. RSD > 1, Fig. 2).
The error of deconvolution for these elements increases with
the integration time, showing that their peaks in the XRF
spectrum diminish with higher integration times. These peaks
are not likely to represent fluorescence of the element in the
sample, and may instead be noise in the spectrum or secondary
peaks induced by other elements or the Rh source (e.g. the peak
of Cl-Ka overlaps with that of Rh-L series, Table 1). Other
phenomena that can cause these peaks to appear in regions of
the spectra associated with the aforementioned elements are
the occurrence of sum-peaks and escape-peaks.” These arte-
facts can originate due to the interference of two X-ray photons
(sum peaks) or of X-ray photons with the detector material
(escape peaks). While the Esprit software corrects for the pres-
ence of such artefacts, complex interference and artefacts of the
correction itself can still produce XRF peaks that do not repre-
sent the fluorescence of an element. The example in this study
shows that peak identification remains a user-guided process
and that care must always be taken to only identify peaks of
elements that are really present to avoid false positive results.
One straightforward way to check whether an XRF peak repre-
sents an element is to identify a second fluorescence peak of
this element in the spectrum."” The actual mass fractions of
elements that are affected by these phenomena in the standards
used in this study is too low for a reliable measurement. The
evolution of the RSD of Ca is an exception to this asymptotic
pattern. Both the values of RSD for Ca and the changes in RSD
for Ca are very low on account of the high mass fraction of Ca in
the standards used in this study. Furthermore, the fundamental
parameter quantification procedure of the Esprit software uses
Ca to calculate the mass fractions of the elements C and O by
stoichiometric proportions as well as to complete the sum of
mass to 100%, assuming a carbonate matrix. This so-called
quantify-per-difference methodology yields more accurate mass
fractions of trace elements in carbonate samples, but limits the
variability of Ca mass fraction resulting in the low variation in
RSD of Ca. After calculating an initial mass fraction for Ca based
on the Ca-peak in the XRF spectrum, the method adjusts
elemental mass fractions to sum the total mass to 100%.
Because Ca is identified as the main measurable matrix
element, its mass fraction is used to complete the sum of all
mass fractions to 100%. This also explains why, contrary to Sr,
Mn and Fe (see Fig. 1), Ca mass fractions do not converge to
avalue as close to the certified value. While Ca mass fractions of
long integration time measurements are still accurate within
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Table 1 Table showing the calculated minimum integration times by which a reliable measurement is reached and after which no significant
improvement occurs with increasing measurement time for all measurement strategies and methods applied in this study. Red text and empty
positions indicate measurements for which the threshold could not be calculated because it is not reached within the measured time frame. Zero
values indicate that the threshold for reliable measurement was reached at the shortest integration time (3 s)

E peak CRM393
Element| M (u) (keV) Same-spot Different spot PXRF Maps Average spot
wp | wa | 1R | 15A [ wp | wa | 1SR | 15A | wp | wa | 7R | 15SA [ wp | wa | 1R | 15SA | wp | wa | TR | TSA
C 12.00 = 0 0 4 45 0 0 8 0 0 0 0 0 () 158 1384 0 ) 2 0
o 16.00 5 0 0 1 162 0 0 1 0 0 0 0 0 o 214 o 0 0 0 0
Na(Ka) | 22.99 104 INF | INF | 3623 0 1480 | INF | 3186 0 0 1 0 INF | INF o 1539 | INF 70
Mg (Ka) | 2431 125 57 538 | 675 | 298 56 580 151 14 104 0 0 1481 | 1183 | 442 56 584 | 201 | 545
Al(Ka) | 2698 149 0 2 189 | 266 3 37 456 0 62 INF 0 0 0 229 | 1052 0 37 10
Si (Ka) 28.09 174 0 10 147 120 0 14 302 0 60 INF 0 ) 0 53 1524 14 978 0
P (Kat) 30.97 201 0 12 319 1090 0 12 667 15 20 INF 0 0 0 39 522 0 12 110
S(Ka) | 3207 231 57 250 | 1407 5 27 55 342 0 INF | INF 0 0 0 1087 | 1424 | 26 55 135 0
cl(kp) | 3545 281 INF | INF 0 INF [ INF 120 | INF | INF () 300 | 300 0 INF | INF 27 120
K (KB) 39.10 3.59 26 138 0 30 220 1605 0 INF INF 161 0 0 349 0 30 221 210 0
Ca(Ka) | 40.08 3.69 0 0 4 278 0 0 8 0 0 0 123 0 0 0 2 0 0 0 5 0
Ti(Ka) | 47.87 451 INF | INF | 754 n INF | INF 58 0 INF | INF | 375 0 0 377 | 263 | 1416 | INE | INF | 208 0
Cr(ka) | 5200 5.41 4 30 211 | 724 | INF | INF | 1126 0 19 | INF | 623 0 INF INF | 1936 0 3 3 2 0
Mn (KB) | 54.94 6.49 0 9 155 | 1103 0 6 o1 0 15 16 | 421 (] 0 0 275 | 1434 0 6 55 0
Fe(Ka) | 55.85 6.40 0 [ 78 225 [ 5 101 0 0 0 169 0 0 0 2 839 0 5 365 0
Ni (KB) 58.69 8.26 0 0 1171 641 ) 0 1620 0 0 46 26 0 0 0 0 0 ] 23 20
Cu (KB) 63.55 891 0 26 689 418 9 52 1242 7 4 81 304 0 0 0 1256 844 9 53 16 213
Zn (KB) 65.39 9.57 1 92 417 1260 L) 28 539 0 60 INF 163 0 0 0 472 1582 0 28 401 27
Br (Ka) 79.90 11.92 4 37 445 435 ) 26 654 9 INF INF 0 0 0 613 1231 0 26 460 200
Rb (Ka) 85.47 13.39 1395 1677 0 38 40 0 INF INF 0 0 0 0 INF INF 152 0
sr(ka) | 87.62 | 1417 0 4 89 204 0 4 82 2 0 0 63 6 0 0 62 | 1525 0 5 59
Rh(LB) | 10291 | 283 3 3 0 0 0 0 INF | INF 0 0 0 0 0 0 27 0
Ba(la) | 137.33 | 446 INF | INF | 754 | 588 86 543 | 1381 0 INF INF (] 0 a5 | 623 | 1562 | 86 546 | 167 0
Pb(la) | 20720 | 1214 6 32 376 | 1300 0 4 1272 4 INF INF 0 0 0 718 | 481 0 26 a7 | 22
E peak CRM512 ECRM782
Element| M (u) (keV) Different spot Average spot Different spot Average spot
uw | wa | 1R | 15A [ wup | wa | TR | 15A | wup | wa | TR | TsA LD LQ TSR TSA
c 12.00 - INF | INF 5 [ INF | INF 1 [ INF | INF 2 [ INF INF 0 7
o 16.00 5 INF | INF 7 8 INF | INF 2 49 INF | INF 1 0 INF INF [ 21
Na(Ka) | 22.99 104 INF | INF 0 INF | INF 276 | 1799 | InF 0 1798 | INF 36 25
Mg (Ka) | 2431 125 0 0 80 9 0 0 189 55 0 0 39 0 0 0 101 25
Al(Ka) | 2698 149 24 150 | 555 97 2 154 566 17 120 | 482 | 121 17 120 554
Si (Ka) 28.09 1.74 L) 60 613 0 0 60 8 12 106 611 10 13 105 160
P(Ka) | 3097 2.01 [ 29 467 | 14 0 2 2% 547 0 37 416 58 0 38 10 565
S (Ka) 32.07 231 537 INF 1019 9% 542 INF 215 526 30 287 822 65 31 289 195 539
CI(KB) 35.45 281 INF INF 120 INF INF 19 120 0 18 158 0 0 18 203 16
K (KB) 39.10 3.59 101 453 0 105 462 178 0 10 a7 623 9 10 46 159 107
ca(ka) | 4008 3.69 [ 0 29 10 0 o 367 85 [ [ 3 0 o 0 207 36
Ti(Ka) | 47.87 451 INF | INF 12 [ INF | INF 4 INF | INF | 353 0 INF INF 246 0
Cr(Ka) | 5200 5.41 INF | INF | 1113 0 INF | INF 17 0 INF | INF [ 1250 0 INF INF 0 0
Mn (KB) 54.94 6.49 0 45 552 L) 0 45 3 32 0 0 31 [} 0 0 137 0
Fe (Ka) 55.85 6.40 0 0 3 L) 0 0 225 0 0 0 23 0 0 0 279 L]
Ni (KB) 58.69 8.26 0 0 447 0 0 0 160 9 0 0 508 0 0 0 1 78
Cu (KB) 63.55 891 296 403 2699 0 423 29 20 214 631 2157 0 214 647 4 4
Zn (KB) 65.39 9.57 118 427 1392 L) 31 519 119 10 0 8 112 0 0 8 98 25
Br (Ka) 79.90 11.92 ) 16 638 9 0 16 841 207 0 10 328 3 0 10 672 22
Rb (Ka) 85.47 13.39 594 594 0 590 577 432 0 INF INF 0 INF INF 39 134
Sr (Ka) 87.62 14.17 0 0 192 0 0 0 0 6 54 526 33 6 54 208
Rh (LB) 102.91 2.83 29 INF 0 1467 INF 55 0 279 1445 0 243 1449 205 0
Ba (La) 137.33 4.46 346 1592 2187 0 327 1594 571 0 53 394 1871 0 52 397 605 7
Pb (La) 207.20 12.14 78 952 906 0 79 936 264 83 403 1683 547 6 375 1753 184 107

one standard deviation, the quantify-per-difference method
adds or removes Ca to complete the sum to 100% for each
measurement, creating the slight offset observed in Fig. 1. The
(soil) fundamental parameter quantification of the pXRF uses
the SiO, mass fraction to sum the total weight to 100%. As
a result, Si mass fractions from pXRF measurements will show
a similar lack of improvement in RSD and accuracy with
increasing measurement time.

4.4 Thresholds for reliable measurements

Several authors have proposed thresholds (for mass fractions
and measurement times) for the reliable detection and quan-
tification of XRF spectra based on the error of deconvolution,
such as LLD and LLQ.>**"?%% Fig. 5 shows an example of where
these thresholds are found relative to the asymptotic shape of
the RSD graph and how minimum measurement times for the
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detection and quantification of elements by XRF can be derived
based on these thresholds. An overview of the integration times
by which LLD and LLQ are achieved using different measure-
ment strategies is found in Table 1. However, as discussed
above, the error of deconvolution is not a good predictor of the
total error of measurement and thresholds of measurement
based on errors of real accuracy and reproducibility should be
preferred.

One common way to calculate measurement error based on
repeated analyses is to use one or more SD as the confidence
level.>** Fig. 5 shows the point in the RSD graph where a 3 SD
threshold is reached, and illustrates that the associated inte-
gration time is not an acceptable threshold for a minimum
measurement time, as much better precisions are reached by
increasing the integration time. Instead, the shape of the
asymptotic RSD curve can be used to obtain a recommended
minimum integration time. For elements yielding repeatable
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measurements, this curve describes a negative power function
of the form y = x x b, in which y is the RSD, x is the integration
time and a and b are constants. In this function, a is negative for
elements for which RSD decreases with increasing integration
time (Fig. 5). To use this model, a conservative threshold of 10™*
RSD per s is proposed to represent a negligible rate of
improvement of RSDs with increasing measurement time.
When this threshold is reached, an unrealistic measurement
period of 10 000 s (about 3 hours) would be needed to improve
the RSD by one unit. The time by which this happens is
proposed as an adequate threshold for reliable measurements
and will be referred to as the Time of Stable Reproducibility
(TSR). An overview of TSR values for all elements measured by
various strategies on the three standards is given in Table 1.
Note that the decision of this threshold is arbitrary, as the power
function dictates that precision will keep increasing even for
very long integration times and will never become completely
stable. Depending on the research question and the available
time on the machine, less conservative thresholds could be
deemed sufficient as long as the reason for choosing these
thresholds is motivated.
Alternatively, a threshold may be proposed based on the
accuracy of measurement rather than the reproducibility. Such
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a threshold is reached for a particular measurement strategy
and element when the measured mass fraction falls within
a confidence level of two SDs of reproducibility of the most
accurate measurement (the measurement using 1800 s inte-
gration time in the case of uXRF measurements, Fig. 1). After
this threshold, an increase in measurement time does not imply
a significant increase in the accuracy of the measurement, and
is therefore not necessary. The integration times by which this
threshold is reached is referred to as the Time of Stable Accu-
racy (TSA). As with the TSR, this confidence level can be altered
(e.g- to 3 SDs) in function of the needs of the study. Values for
TSA for all measurement strategies and elements were calcu-
lated by interpolation of the intersection of mass fraction
graphs (Fig. 1) with 2 SD confidence levels of the 1800 s
measurements, and are shown in Table 1.

4.5 Minimum integration time

The integration time thresholds calculated using the four
different strategies are shown in Table 1. From this table, it is
clear that thresholds based on error of deconvolution (LLD and
LLQ) generally underestimate the time needed to reach a stable
reproducibility. As discussed above, a threshold for minimum
measurement time based on error of deconvolution cannot be
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used to recommend a measurement strategy and integration
time. Therefore, it is recommended that another threshold
based on total errors of measurement, defined by reproduc-
ibility (TSR) or accuracy (TSA), is used instead of LLD or LLQ to
determine the appropriate measurement strategy and integra-
tion time in carbonate XRF analysis. While detection and
quantification limits based on errors of deconvolution seem to
provide a method-independent indication of measurement
quality, they fail to report the total error of the measurement:
they should therefore be avoided as indicators of measurement
precision.

The comparison between TSR and TSA is not straightfor-
ward, because the total error on the 1800 s measurement is large
for some measurement strategies, resulting in high TSR times
but low TSA times. Also, for some elements like Sr in CRM393
(see Fig. 1), the mean mass fraction of the 30 measurements
does not show much change with longer integration times,
while the reproducibility of the measurement increases signif-
icantly. Since for most measurements reproducibility shows
more improvement with increasing integration time than
accuracy, the most conservative integration time threshold for
reliable measurement is the TSR.

Based on TSR, the minimum integration time recommended
for most uXRF measurement strategies discussed in this study
is in the order of minutes (100-300 seconds for most elements).
Table 1 shows that for carbonate powders, the recommended
strategy with the highest accuracy and reproducibility on
common trace elements is to either map the surface of the
powder for 300 to 1800 s (mapping strategy) or to combine 10
random spots on the surface using an integration time of 60 to
300 s per spot (average point strategy). Measurements of one
random spot (illustrated by the multiple spot strategy) either do
not reach significant reproducibility (RSD < 0.33) or require very
long integration times to achieve accurate results. This differ-
ence is a result of heterogeneity in the sample surface and in the
properties of the powder and should also be taken into account
for other surface based methods (i.e. X-ray diffraction, color
analysis and Fourier Transform Infrared Spectroscopy).

Results in Table 1 also demonstrate that the pXRF can be
used for the detection and even for the quantitative measure-
ment of some elements (e.g. Ca, Fe and Sr) in a calcium
carbonate material using a ~120 s integration time, but the
precisions reached by the handheld instrument are not suffi-
cient to quantify most other elements with confidence within
a realistic timeframe. However, the handheld technique can
still be used in a semi-quantitative way for elements that can be
detected but not quantified (above the LLD but below the LLQ;
Table 1). This makes the pXRF a useful tool to detect and
discuss relative variations of elements, which can be very useful
for initial survey studies in the field. However, attention should
always be given to the surface and weathering conditions of the
measured samples in the field.>*'*>

4.6 Applications and further research

This study focuses on XRF measurements on calcium carbonate
and dolomite materials, commonly investigated in paleoclimate
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studies. It must be emphasized that the intention of this work is
not to provide minimal measurement times for all elements for
all types of carbonate materials. Calcium carbonates and dolo-
mites have specific matrix effects and ranges of mass fractions
of elements. Because these matrix effects have a large impact on
XRF measurements, they need to be isolated specifically for the
studied material. Investigations of TSR and TSA using appro-
priate, matrix-matched, reference materials should be set-up for
different types of materials and should be the basis of every
thorough XRF study. If such standards are not available, ICP-MS
measurements on homogenous samples can be used to cali-
brate in-house XRF standards to serve this purpose. In order to
improve the accuracy of XRF measurements of a specific
material, a calibration curve for this material can be con-
structed. A more extended study using a broader range of
(certified) carbonate materials with this goal could certainly be
a good addition to the discussion of the reliability of XRF
measurements on carbonate and other materials. In addition,
since different materials will have different matrix effects,
single-point, multiple-point or surface integration measure-
ment strategies could be compared in other studies to further
isolate the effect of sample matrix on XRF measurement
strategies.

Other applications of the methodological approach pre-
sented in this study could not just focus on optimizing repro-
ducibility or accuracy but rather on other research questions
where the integration time is a critical parameter. Examples
include the calculation of minimal or maximal acquisition
times for methods where long exposure can damage a sample or
where long measurement times are expensive (e.g. SR-XRF).
Alternatively, the TSR and TSA approach can be applied to any
type of transient signal acquisition where acquisition time per
point influences the reliability of the result (e.g. XRF line
scanning, depth profiling, laser ablation, etc.). In the example of
LA-ICP-MS or XRF line scanning, the TSR and TSA can be
applied to calculate scanning speeds and spatial resolution of
reproducible measurements.

5. Conclusions

In this study we present a novel approach to assign appropriate
measurement strategies for XRF measurements on calcium
carbonate and dolomite materials. We also demonstrate that
conventional limits of detection and quantification, which are
solely based on the XRF spectrum properties, underestimate
appropriate measurement times as they do not take into
account, for example, matrix and surface effects. Our method-
ological approach is easily applicable to other types of
measurements and materials as well.

Systematic testing of the effect of changing measurement
strategy and integration time on XRF measurement results
shows the advantages and limitations of using handheld
portable XRF and laboratory scale uXRF methods to determine
mass fractions of trace elements in calcium carbonate and
dolomite powders. These results show that accuracy and
reproducibility can be improved significantly, though not
indefinitely, by increasing the integration time of the XRF
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measurement. However, this improvement remains limited and
thresholds based on reproducibility and accuracy of the
measurements can be established to show after which length of
time an increase in measurement time cannot improve the
quality of the measurement significantly. For the determination
of such thresholds, two new techniques are proposed, namely
the Time of Stable Reproducibility (TSR) and the Time of Stable
Accuracy (TSA). These thresholds can be determined for a given
measurement strategy, instrument setup, sample preparation
and sample matrix and used as a guideline for measuring
samples under these conditions. As surface properties and
matrix effects have a significant effect on the quality of XRF
results, the abovementioned thresholds for the measurement
time provide a better estimation of the time needed to achieve
reliable XRF results than the conventional limits of detection
and quantification, which are solely based on the XRF spectrum
properties. According to these thresholds for reliable measure-
ments, it can be concluded that the most precise results in
terms of quantitative trace element analysis are achieved by
averaging the results of multiple pXRF point measurements or
integrating a uXRF-mapped surface of the sample. Most
common trace elements (e.g. Sr, Mn and Fe) can be quantified
using the Bruker M4 Tornado uXRF with an integration time of
60 s to 300 s. Satisfactory results are obtained using the Bruker
Tracer pXRF for Ca, Fe and Sr, though less precise than the
uXRF, after 120 s of measurement, and it is suitable for semi-
quantitative analysis of other detectable trace elements.
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