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a b s t r a c t

Pelagic carbonate sections constitute common archives for paleoclimatological and stratigraphical
research. This study evaluates the use of portable X-ray fluorescence (pXRF) measurements on pelagic
carbonates and applies the method to the well-studied latest Maastrichtian in the Bottaccione Gorge
section from Gubbio, Italy. A calibration with carbonate reference materials makes it possible to acquire
absolute elemental concentrations, and allows for comparison with results from previous geochemical
studies, which used more expensive and time consuming conventional techniques, such as neutron
activation or Inductively Coupled Plasma Mass Spectrometry (ICP-MS). With adequate measurement
strategies and careful calibration, pXRF measurements can be a reliable, non-destructive, cheap, fast and
easy to use alternative to acquire multi-elemental concentration data (Ca, Fe, Mn, Sr) in pelagic car-
bonates. These pXRF elemental concentration data represent valuable additions to classical proxies such
as magnetic susceptibility and calcium carbonate content used in the study of pelagic carbonates.
Furthermore, the potential of the portable pXRF method for applications in cyclostratigraphical (e.g.
using Fe-concentrations) and chemostratigraphical (e.g. using Mn and Sr concentrations) investigations
is demonstrated. A strong covariation between the measured Sr concentration profile obtained by pXRF
and the existing d18O record, in combination with micro-XRF mapping, demonstrated the sampling of
calcite veins in some of the samples. The first 87Sr/86Sr isotope measurements for the latest Maastrichtian
in the Bottaccione Gorge section seem to be little affected by this sampling effect.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple studies have measured major, minor and trace
elemental concentrations at the well-known Cretaceous-Paleogene
boundary interval at the Bottaccione Gorge, Gubbio, Italy (e.g.
Alvarez et al., 1980; Renard et al., 1982; Smit and Ten Kate, 1982;
Calderoni and Ferrini, 1984; Lowrie et al., 1990; Sosa-Montes de
Oca et al., 2017). These elemental concentrations were obtained
using various analytical techniques, such as neutron activation
analysis, laboratory scale X-ray fluorescence (XRF), Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) or Inductively
Coupled Plasma Emission Spectrometry (ICP-OES). These
nesael).
conventional techniques are expensive and require extensive
sample preparation andmeasurement time. Recently, Quye-Sawyer
et al. (2015) and de Winter et al. (2017a) demonstrated that certain
major, minor and trace elements in carbonates (e.g. Ca, Mn, Fe and
Sr) can be measured accurately using a portable X-ray fluorescence
spectrometer (pXRF). Ib�a~nez-Insa et al. (2017) showed that the
pXRF could be used to pinpoint the Cretaceous-Paleogene bound-
ary clay in the marly sections of Agost and Caravaca. The present
study applies pXRF to the Bottaccione Gorge section in Gubbio,
Italy, in an attempt to quickly obtain reliable major and minor
element data that can then be used in chemostratigraphy or
cyclostratigraphy studies.

The potential advantages of pXRF are multiple: e.g. the non-
destructive nature of the technique, the possibility of in-situ anal-
ysis, the requirement of little to no sample preparation, the relative
ease of use, and the fact that it is a less expensive and much faster
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alternative to more conventional devices such as ICP-MS. However,
the pXRF method typically has higher limits of detection for most
elements, lower accuracy and lower precision compared to more
conventional XRF or ICP-MS applications (e.g. Young et al., 2016;
Thibault et al., 2017; de Winter et al., 2017a). Also, for in-situ
pXRF measurements (e.g. on geological sections), the role of spe-
cific aspects such as outcrop weathering and surface effects needs
to be taken into consideration (e.g. Potts et al., 2006; Quye-Sawyer
et al., 2015).

The goal of this study is to investigate how, and for which ele-
ments, the pXRF can be used reliably to collect high-resolution
reproducible elemental concentration records from a stratigraphic
interval of pelagic carbonates. In the field, pXRF measurements
carried out directly on the surface of the selected interval of the
Bottaccione Gorge gave non-reproducible results emainly because
of the weathered and rough topography of the outcrop, preventing
a solid and steady contact between pXRF nozzle and the measured
sediment. Therefore, we moved to the laboratory and use the pXRF
to measure powdered samples collected and described by
Sinnesael et al. (2016a). To calibrate these pXRF measurements,
seven certified carbonate reference materials are used. The cali-
brated elemental concentrations measured by pXRF are compared
with results from other studies, which use a range of conventional
analytical techniques for measuring trace element concentrations
(Renard et al., 1982; Smit and Ten Kate, 1982; Sosa-Montes de Oca
et al., 2017). Besides these elemental concentration data, there is an
abundance of other available geochemical and sedimentological
proxy data for this well-studied interval: magnetic susceptibility,
calcium carbonate content, Helium (4He and 3He) isotopes,
Fig. 1. Geographical location of the stratigraphic sections near the town of Gubbio, Italy (4
section.
Osmium (187Os/188Os) isotopes, bulk oxygen (d18O) and carbon
(d13C) stable isotopes (e.g. Corfield et al., 1991; Mukhopadhyay,
2001; Robinson et al., 2009; Voigt et al., 2012; Husson et al.,
2014; Sinnesael et al., 2016a). This wealth of data produces a
detailed integrated multi-proxy study where the relationship be-
tween various proxies can be investigated. As such, we compare the
well-established magnetic susceptibility and calcium carbonate
content proxies with the Fe and Ca concentrations obtained by
pXRF. Furthermore, we evaluate the robustness of pXRF data for
cyclostratigraphical analysis by comparing results in this study
with those of the numerous cyclostratigraphical studies that have
been carried out in the Umbria-Marche basin sections (e.g. Herbert
et al., 1986; Cleaveland et al., 2002; Husson et al., 2012; Husson
et al., 2014; Galeotti et al., 2015; Batenburg et al., 2016; Sinnesael
et al., 2016a,b; Giorgioni et al., 2017; Montanari et al., 2017). As
proxies for cyclostratigraphical analyses we use proxies which
reflect the (climate sensitive) transport of clasts and particles from
the continent towards the basin (detrital input). Examples of such
proxies are: magnetic susceptibility and elements such as Potas-
sium (K), Titanium (Ti) and Iron (Fe) versus the biogenic input or
CaCO3 content Additionally, we explore the potential of pXRF to
carry out chemostratigraphy on pelagic carbonates; this in combi-
nation with looking at existing d13C data and presenting the first
87Sr/86Sr results for the classic terminal Maastrichtian in Gubbio.

2. Geological and stratigraphic setting

The classical sections of Gubbio (Fig. 1, Umbria region, Italy) are
well-known from a variety of studies, in particular the Bottaccione
3�2105800 N, 12�3405700 E). BOT ¼ Bottaccione Gorge section; COH ¼ Contessa Highway
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Gorge where the K-Pg boundary was biostratigraphically defined
for the first time by Luterbacher and Premoli Silva (1964). It is also
in the Bottaccione Gorge section that Alvarez et al. (1980) first re-
ported the iridium anomaly that led to the hypothesis of an asteroid
impact causing the K-Pg boundary mass extinction.

The section of the Bottaccione Gorge (BOT) investigated in this
work is part of the continuous Umbria-Marche Basin succession of
pelagic carbonates spanning the early Jurassic to the late Miocene.
It is located in the R2 member of the Scaglia Rossa Formation
(Montanari et al., 1989), which is characterized by pink biomicritic
limestone made up of planktonic foraminiferal tests suspended in a
coccolith matrix with a terrigenous component of silt and clay
considered to be of eolian origin (Arthur and Fischer, 1977;
Johnsson and Reynols, 1986; Savain et al., 2014; Sinnesael et al.,
2016a). The reported biostratigraphy is from Coccioni and Premoli
Silva (2015) which for this specific interval largely agrees with
the biostratigraphy of Gardin et al. (2012), and the magneto-
stratigraphy from Lowrie et al. (1982) (Fig. 2). This study deals with
the same stratigraphic interval (7.2 continuous meters of section
below the K-Pg boundary, sampled every 5 cm) discussed in detail
(integrated bio-, magneto-, chemo- and cyclostratigraphy) by
Sinnesael et al. (2016a, and references therein).

3. Materials and methods

Sinnesael et al. (2016a) collected a total of 145 powdered sam-
ples from the upper 7.2 m of the Maastrichtian in the BOT section,
sampled at regular 5 cm intervals using an electric drill. These same
samples are measured at the Vrije Universiteit Brussel (hereafter:
VUB, Brussels, Belgium) using a Bruker Tracer IV Hand Held
portable XRF device (HHpXRF, hereafter: pXRF) equipped with a
2W Rh anode X-ray tube and a 10 mm2 Silicon Drift Detector (SDD)
with a resolution of 145 eV (Mn-Ka). The X-ray beam is focused on a
6 mm by 8 mm integrated area, using a Pd collimator. X-ray spectra
from the pXRF are deconvoluted and quantified using the standard
factory “Soil Fundamental Parameters” method. The fundamental
parameters method makes use of the theoretical relationship be-
tween X-ray fluorescence and material composition as determined
by Sherman (1955). The factory-calibrated quantificationmethod of
the pXRF uses this fundamental principle with a correction based
on the matrix effect observed in soil and rock samples. All pXRF
measurements are carried out by putting the pXRF nozzle directly
(without films) on the powder surface. All analyses are duplicated
with a measurement time of 30 s and concentrations reported in
this study are averages of two measurements.

The pXRF results are calibrated using the following set of 7
certified carbonate powder standards: CCH-1 (Li�ege University),
COQ-1 (United States Geological Survey, USGS), CRM393 (Bureau of
Analysed Samples, BAS), CRM512 (BAS), CRM513 (BAS), ECRM-782-
1 (BAS) and SRM-1d (National Institute of Standards and Technol-
ogy, NIST). The carbonate standard powders were loaded in open
plastic sample containers andmeasured in the sameway as the BOT
samples. The results of pXRF measurements on the carbonate
reference materials as well as certified values and their docu-
mented errors are given in Supplementary Materials (“Tab. S1
Carbonate Reference Materials”). Besides their potential as paleo-
environmental proxy, the selection of elements Potassium (K),
Calcium (Ca), Titanium (Ti), Manganese (Mn), Iron (Fe), Strontium
(Sr) is based on the available certified values of used reference
materials for calibration and the specific pXRF set-up in this study,
which does not allow for the reliable detection of light elements,
like Magnesium (Mg), Aluminum (Al) and Silicon (Si). Since both
certified concentrations of standards and concentrations measured
by pXRF possess a known error, a Deming regression is applied
using the “Deming” protocol available in the open source
computational software package R (R Development Core Team,
2008) to establish the calibration curve. The complete R-script
used to execute the Deming regression for every calibration is also
given in Supplementary Materials (“R-script Deming regression
XRF”). The Deming regression incorporates uncertainties on both
the dependent and the independent variable in the calculation of
the linear regression curve, as opposed to more commonly used
simple linear regression model, which only considers uncertainties
on the dependent variable (Adcock, 1878; Kummell, 1879; Deming,
1943; Thiel, 1950). Based on Deming regression, calibration curves
are established for concentrations of K, Ca, Ti, Mn, Fe and Sr
measured by pXRF. Table 1 lists the resulting slopes and intercepts
values of the calibration curves for every element including their
errors (1 s) and Pearson's coefficients of the regressions. Deming
regression curves of a selection of elements (Ca, Mn, Fe and Sr) are
shown in Fig. 3. The calibrated elemental concentrations of the
pXRF measurements carried out for K, Ca, Ti, Mn, Fe and Sr are
available in the Supplementary Materials (“Tab. S2 Results pXRF
Calibrated Sr Isotopes and d13C and d18O carbonate isotopes”).

Micro-XRF measurements were carried out at the VUB using the
Bruker M4 Tornado micro XRF (hereafter: mXRF) under vacuum
conditions (20 mbar). The mXRF is equipped with a 30 W Rh anode
metal-ceramic X-ray tube and two 30 mm2 Silicon Drift Detectors
with a resolution of 145 eV (Mn-Ka). The X-ray beam was focused
by using poly-capillary lens on a spot with a diameter of 25 mm
(Mo-Ka). Micro-XRF line scanning was done according to the point-
by-point scanning method outlined in de Winter et al. (2017b),
using an integration time of 60 s. This integration time was suffi-
cient for Time of Stable Reproducibility (TSR) and Time of Stable
Accuracy (TSA) to be reached for individual point spectra for all
elements considered in this study (see de Winter et al., 2017a). X-
ray spectra were deconvoluted and quantified with Bruker Esprit
software using FP quantification relative to the CRM393 limestone
standard. Results for individual points on the line scans were cali-
brated using the same range of carbonate reference materials used
for calibration of the pXRF results in this study. Micro-XRF mapping
was carried out on the Bruker M4 in mapping mode using short
integration time (1 ms) per pixel. These conditions allowed con-
centrations of major and trace elements to be characterized only
semi-quantitatively (see de Winter et al., 2017b). The sample
measured with m-XRF was a polished hand sample taken around
level �1.50 m in the BOT section, which contained a clear calcite
vein (Fig. 6).

Stable isotope measurements of the bulk carbonate rock for d13C
(‰ Vienna Pee Dee Belemnite, VPDB) and d18O (‰ VPDB) were also
carried out at the VUB using a Nu Perspective isotope ratio mass
spectrometer (IRMS, Nu Instruments, UK) interfaced with a Nu Carb
automated carbonate device. Acidification of the samples occurred
at a temperature of 70 �C. Calibration was carried out using an in-
house Carrara marble (MAR2_2) standard (þ3.41‰ VPDB, �0.13‰
VPDB), which is calibrated against NBS-19. On the basis of repli-
cated measurements of the MAR2_2 standard, the error on the d13C
and d18O was estimated as <0.05‰ (1 s) and <0.10‰ (1 s),
respectively. Three different types of sample were drilled from the
acquired hand sample around level �1.50 m and are their locations
are indicated on Fig. 6. One sample contained pure calcite from a
calcite vein, another sample contained a pure pink micritic matrix
and one more sample contained a mix of a calcite vein and matrix
material. Every sample was measured in duplicate. The corrected
d13C and d18O carbonate isotope values are available in the
Supplementary Materials (“Tab. S2 Results pXRF Calibrated Sr Iso-
topes and d13C and d18O carbonate isotopes”).

The Sr isotopes (87Sr/86Sr) of 12 samples taken at ± 50 cm in-
tervals from the terminal Maastrichtian in the Bottaccione Gorge
were measured by Multi-Collector Inductively Coupled Plasma



Fig. 2. Detail of the Bottaccione section (BOT), with the reported magnetic susceptibility (MS), calcium carbonate content (CaCO3), and bulk d18O & d13C from Sinnesael et al. (2016a).
The same upper Maastrichtian powdered samples are analyzed with the pXRF in this study (7.2 continuous meters of section below the K-Pg boundary, sampled every 5 cm).
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Table 1
Deming regression parameters for the pXRF calibration curves.

Deming regression parameters

Element Slope Error on
slope

Intercept
(ppm)

Error on
intercept (ppm)

Pearson's r

K 0.17 9.04 �452 68114 0.5417
Ca 0.4 0.03 116320 16087 0.9947
Ti 4.07 1.01 �13 26 0.9461
Mn 0.66 0.02 34 9 0.9999
Fe 0.61 0.05 �45 71 0.9995
Sr 0.94 0.07 33 9 1
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Mass Spectrometry (MC-ICP-MS) at the GTime laboratory of the
Universit�e Libre de Bruxelles, Belgium (hereafter ULB). To extract
the Sr present in the carbonate fraction of the samples and avoid
the Sr from the silicate and other fractions, about 50 mg of
powdered sample were placed in Savillex® reaction tubes together
with 2 mL of 1 M HCl at room temperature and left to react for 24 h.
The supernatant was recovered and centrifuged to eliminate any
non-carbonate residue. The supernatant is then evaporated on a
hotplate at 105 �C for 12 h. The entire acid digestion process and
Fig. 3. Calibration curves for pXRF measurements from the 7 certified carbonate powder s
(dark green), Fe (orange), Sr (magenta) and Mn (light green). Error bars (1 s) for both cer
symbol. (For interpretation of the references to color in this figure legend, the reader is ref
subsequent Sr purificationwere achieved under a class 100 laminar
flow hood in a class 1000 clean room atULB. The dried residues
were digested in subboiled concentrated 14 M HNO3 at 120 �C for
2 h, before purification of the Sr analyte by a chromatographic
technique using ion-exchange resins, as detailed in Snoeck et al.
(2015). The isotope ratios of the purified strontium samples are
then measured on a Nu Plasma MC-ICP mass spectrometer (Nu
Instruments Ltd, Wrexham, UK) at ULB. During the course of this
study, repeated measurements of the NBS987 standard solution
yielded a value of 87Sr/86Sr ¼ 0.710214 ± 40 (2 s for 15 analyses),
which is consistent with an average of 0.710252 ± 13 (n ¼ 88; 2 s)
obtained by Thermal Ionization Mass Spectrometry (TIMS, Weis
et al., 2006) on the same standard. All the data are corrected for
mass fractionation by internal normalization to a 86Sr/88Sr ratio of
0.1194. In addition, after the measurements all the raw data are
normalized using a standard-sample bracketing method with the
recommended value of 87Sr/86Sr ¼ 0.710248 for NBS987 (Weis
et al., 2006). For each sample the 87Sr/86Sr value is reported with
a 2 s error (absolute error value of the individual sample analysis e
internal error). The corrected Sr isotope values are available in the
Supplementary Materials (“Tab. S2 Results pXRF Calibrated Sr Iso-
topes and d13C and d18O carbonate isotopes”).
tandards (CCH-1, COQ-1, CRM393, CRM512, CRM513, ECRM-782-1 and SRM-1d) for Ca
tified and pXRF measured values are given. Small error bars are contained within the
erred to the Web version of this article.)



Fig. 4. Multi-proxy record containing new pXRF elemental data and well established magnetic susceptibility and calcium carbonate content records measured by Sinnesael et al.
(2016a). Elemental data (Ti-blue, K-brown, Fe-orange, Ca-green) are measured on the powdered samples with the pXRF. ICP-MS bulk data from the same stratigraphic interval as
measured by Sosa-Montes de Oca et al. (2017) are indicated with diamond symbols between 0 and �0.2 m. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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To evaluate the potential for cyclostratigraphic analyses, we
carried out sliding window (window size ¼ 2.5 m) fast Fourier
transformations (FFT) in Matlab® on records of the classical proxies
of MS and calcium carbonate content and pXRF measurements of
Fe, Ca, Ti and K concentrations along the 7.2 m long section. The
algorithms were modified from Muller and MacDonald (2000) and
are explained in detail by Bice et al. (2012). The data were linearly
detrended and padded with zeros prior to analysis.

4. Results

The calibration for the Sr concentrations based on the reference
materials measured by pXRF in this study shows the highest
Pearson's r coefficient (r ¼ 1.00) and a slope close to one (0.94)
(Table 1; Fig. 3). The only Sr concentration that does not fall within
one standard deviation (1s) error of the regression is that of the
COQ-1 standard, which also has the highest Sr concentration (Tab.
S1 Carbonate Reference Materials). High Pearson's r coefficients
(r > 0.99) are also found for the concentration calibration curves for
Ca, Mn and Fe, for which all measured values of the elemental
concentrations of the reference materials fall within 1 s errors
(Table 1). A lower Pearson's r coefficient (r ¼ 0.95) is found for the
calibration curve of Ti concentrations, because only five reference
materials had certified values for Ti concentrations and for only 4 of
these reference materials the pXRF measurements are above the
detection limit. The less good calibration curve for the Ti concen-
trations is also evident from the large relative error on the slope for
Ti, which is higher than those of the Ca, Mn, Fe and Sr calibrations
(Table 1). The correlation for the K concentration calibration is the
weakest with a Pearson's r coefficient of 0.54 in combinationwith a
large error on the slope (0.17 ± 9.04).

The pattern of the elemental concentrations profiles of K, Fe and
Ti shows the same pattern of the MS signal (Fig. 4). Pearson's r
coefficients of 0.56, 0.72 and 0.63 are found for linear regressions
between K, Fe and Ti on the one hand against MS on the other hand.
Both records are characterized by two intervals of high variation
(around�2 and�5.5m relative to the K-Pg boundary) and intervals
with less variation around �1, �4 and �7 m. Although the corre-



Fig. 5. 20-point running correlation between bulk d18O (blue line, inverted axis) and calibrated Sr concentrations (pink line). Sr-isotope (87Sr/86Sr) data are indicated in red, the axis
is inverted. Mn (green) and Sr (magenta) concentrations are shown, as well as Sr/Ca ratios (thin purple line) and bulk d13C ratios (black). The concentrations for Sr and Mn are
calibrated and compared with ICP-MS bulk data from the same stratigraphic interval as measured by Sosa-Montes de Oca et al. (2017) (diamond symbols between 0 and �0.2 m).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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lation for the K concentration calibration is much weaker than for
Fe and Ti, their relative variations remain similar. The calcium
carbonate content also shows increased variation around �2
and �5.5 m, and intervals with less variation around �1, �4
and�7m (Fig. 4). Minima in calcium carbonate content correspond
with maxima in MS, K, Fe and Ti. The Pearson's r coefficient be-
tween MS and calcium carbonate content (�0.66) is closer to �1
than the Pearson's r coefficient between calcium carbonate content
and the pXRF Ca record is (�0.30). The Mn concentration record
displays two maxima around �2 and �5.5 m and a minimum
around �1, �4 and �7 m, which is similar e though slightly shifted
downwards stratigraphicallye to the d13C signal (Fig. 5). While the
variation in Sr concentrations is rather limited in the lower part of
the record (between �4 and �7.2 m), the upper part (between
0 and �4 m) is characterized by peaks of up to 200 ppm relative to
the baseline values around 700e800 ppm (Fig. 5). The variation in
the Sr record shows an antiphase correlation with the d18O signal
(Pearson's r coefficient ¼ �0.85), i.e. levels with enrichments in Sr
correspond to lower bulk d18O values; which is illustrated by
running correlation coefficient as plotted in Fig. 5.

Results for the 87Sr/86Sr analyses vary between 0.70788 and
0.70776 with a baseline value around 0.70785 (Fig. 5). These values
fall within the range of those previously published for the upper
Maastrichtian from various sections worldwide (e.g. Sugarman
et al., 1995; Vonhof and Smit, 1997; McArthur et al., 1998;
Bralower et al., 2004). The two lowest values (at �3.50
and �2.45 m) correspond to levels with enrichments in Sr con-
centration and pronounced negative d18O values (Fig. 5 with an
inverted y-axis for the 87Sr/86Sr values).

The mXRF mapping and line scanning of the polished hand
sample (BOT, �1.50 m) show enrichments in the calcite veins
(relative to the surrounding pink matrix) of Ca and Sr concentra-
tions (Fig. 6). The mXRF Sr concentration map shows that the large
calcite vein is relatively more enriched in Sr than the smaller veins.



Fig. 6. A polished hand sample containing a clear calcite vein taken around level �1.50 m in the BOT section and analyzed for stable isotope and trace element signature. The calcite
veins show lower d18O values and unaltered d13C values compared to the matrix. The calcite veins are also enriched in Ca and Sr, and depleted in Fe, K and Ti.
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The Sr concentration line scan over the large calcite vein shows a
doubling to tripling of the Sr concentrations compared to the sur-
rounding pink matrix. All calcite veins are depleted in concentra-
tions of Fe, K and Ti. The d18O value of the drilled pink matrix
(�2.4‰) is close to the maximum values of the general bulk d18O
record in the same interval (Figs. 2& 6). The d18O of the pure calcite
coming from the calcite vein is about 12‰ lower (�14.2‰), while
the sample with mixed calcite vein and surrounding pink matrix
has a d18O signature (�5.7‰) that resembles the minimum values
found in the bulk d18O record. The d13C values for all tree samples
are undistinguishable within the error (2.3 ± 0.1‰) and correspond
with the bulk d13C record in the same interval (Figs. 2 & 6).
5. Discussion

5.1. Portable XRF calibration

To evaluate the pXRF calibration, we compared our calibrated
elemental concentrations with the results obtained on the same
section by neutron activation, ICP-MS and ICP-OES by Renard et al.
(1982), Smit and Ten Kate (1982), and Sosa-Montes de Oca et al.
(2017; Table 2). For this comparison, we looked at the range of
values for the bulk measurements carried out in the uppermost
20 cm of the BOT Maastrichtian (Table 2). Comparisons at specific
stratigraphic levels with the recent Sosa-Montes de Oca et al. (2017)



Table 2
Comparison of the elemental concentrations of K, Ca, Mn, Fe and Sr between
different studies for the uppermost (20 cm) Maastrichtian strata of the BOT section.

K (ppm) Ca (wt.%) Mn (ppm) Fe (ppm) Sr (ppm)

This study 991e1038 33e35 348e383 2100e3300 737e830
Sosa-Montes de Oca

et al. (2017)
1300e1700 34e35 327e338 1486e1748 731e773

Smit and Ten Kate
(1982)

2175 ± 371 38.6 ± 2.6 // 2400 ± 800 706 ± 166

Renard et al. (1982) // // // // 700e800
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data are indicated by diamond symbols on Figs. 4 and 5 (Mn and Sr
concentrations from personal communication Claudia Sosa-Montes
de Oca). The K concentrations are substantially different than those
in the other studies (Table 2), which could be related to high un-
certainties in the calibration for the K (see Table 1) and/or the high
detection limit for K of the pXRF. The acquired absolute concen-
trations of Ca, Mn, Fe and Sr from this study overlap with previous
independent studies, except for the Fe concentrations compared to
Sosa-Montes de Oca et al. (2017; Table 2). The other studies did not
provide any results for Ti, which hampers comparison for this
element. A commonly used alternative XRF method is core scan-
ning. For example, Giorgioni et al. (2017) used a XRF core scanner
on the Piobbico core from the Marne a Fucoidi Formation (con-
sisting mainly of pelagic marlstone, marly limestones, interbedded
with black shales) of the Umbria-Marche Basin and reported sta-
tistically confident results for Al, Si, K, Ca, Ti, Cr, Mn, Fe and Ba.
Reliable Al and Ba measurement are possible with the core scanner
because of its higher excitation energy compare to the pXRF. Si was
not quantified properly with this pXRF setup because the (soil)
fundamental parameter quantification of the pXRF uses SiO2 mass
fraction to sum the total weight to 100%. Cr was measured with the
pXRF but the used reference materials did not include certified
values for Cr not allowing for a proper calibration to absolute
concentrations. Overall, in comparison with afore mentioned
studies, the calibration of pXRF results to absolute concentrations
appears to yield good results for Ca, Mn, Fe and Sr (r > 0.99,
Table 1), while different pXRF setups or other methods like ICP-MS
and XRF core scanning could provide reliable results for other el-
ements (e.g. Al, Si, Ti, Cr, Ba).
5.2. Detrital proxies and cyclostratigraphy

The studied sediments consist primarily of biogenic calcite
(foraminifera and coccoliths) with a fine fraction (clay to silt) most
likely consisting of windblown dust (Arthur and Fischer, 1977;
Johnsson and Reynols, 1986; Savain et al., 2014). Based on the
study of magnetic properties, Savain et al. (2014) proposed eolian
dust deposition for the Eocene sediments of the Umbria-Marche
basin. Calderoni and Ferrini (1984) also showed that the K-feld-
spars and Fe-content of the Scaglia Rossa sediments are associated
with the residual (i.e. non-carbonate, non-soluble) fraction. The
detrital elements (K, Ti, Fe) and MS all show a similar pattern and
track the presence of the eolian dust component. This pattern is
opposite to that of Ca, which reflects the amount of biogenic cal-
cium carbonate. Sinnesael et al. (2016a) proposed that the avail-
ability of windblown dust, and thus higher level of detrital
elements, is a function of monsoon dominated precipitation pat-
terns over the North African continent, and hypothesized an orbital
forcing influence because of the relationship between the monsoon
and the precessional configuration. Provenance analysis of detrital
zircons from the lowermost Danian in the BOT section also suggests
a North-African source for dust supply (Aguirre-Palafox et al., 2017).
In this interpretation, the detrital elements (K, Ti and Fe) can be
interpreted in a paleoclimatological way and these proxy records
constitute good candidates for cyclostratigraphic analyses.

The main pattern of frequency-power distribution over the re-
cord as shown on the evolutionary FFT's is robust for most elements
(Fig. 7). This main pattern, for all elements except Ca, consists of a
dominant periodicity around 2 cycles m�1 in the lower half of the
stratigraphic interval (Fig. 7). Sinnesael et al. (2016a) interpreted
this 2 cycles m�1 cycle as the result of forcing by the obliquity cycle.
The power of this frequency band with 2 cycles m�1 generally gets
weaker in the upper part of the section (between 0 and �3.5 m),
whereas in the same interval the power around frequencies around
1 and 5e6 cycles m�1 get higher. The first one is related to short
eccentricity, while the latter one corresponds to the precession
band (Sinnesael et al., 2016a). There are subtle differences between
the results of the different proxies. For example, the obliquity-
associated component for the MS signal is concentrated with a
high power around 2 cycles m�1 (Fig. 7). However, the same power
is present in two weaker peaks at slightly lower and higher fre-
quencies for K, Ti, Fe and the CaCO3 (Fig. 7). This can probably be
explained by the fact that FFT analyses do not have a unique solu-
tion for frequency and amplitude; as such (small) variations in the
analyzed input signals can result in slightly different decomposi-
tion into frequency and amplitude. Another dissimilarity is the
apparent continuity of the precession-associated component for
the potassium proxy over the whole record, instead of only for the
upper part of for example MS and Fe (Fig. 7). It could be explained
by K having the worst calibration of all investigated elements
(Table 1 and Fig. 3). However, despite the offset in absolute values,
the relative variation in the K concentration signal can still be used
for cyclostratigraphic analyses. As such, for cyclostratigraphic ap-
plications which mainly look at relative variations, one could work
with uncalibrated results for K or other elements (e.g. the net
counts of the spectrum). A more pronounced difference in the
moving window FFT pattern can be observed in the Ca than in the
detrital elements, where a 4e5 cycles m�1 dominates the spectrum
(Fig. 7). In contrast with K, the calibration for the Ca concentrations
with the pXRF measurements calibration is reliable (Table 1 and
Fig. 3). Potentially, the relative smaller difference in relative varia-
tions in the Ca signal compared to for example the MS signal could
cause this discrepancy (Fig. 4).

In general, results of the cyclostratigraphical analysis are similar
for most investigated proxies and the actual resemblances and
differences between them enable the evaluation of the robustness
of signals and the validity of their interpretations. The Fe concen-
trations show the highest correlation with MS, and yield the most
reliable results in pXRF measurements (ideal in spectrum range,
detectable concentrations), therefore, we advocate that pXRF
measured Fe concentrations constitute a suitable alternative for the
classical MS measurements for cyclostratigraphic analyses in
pelagic carbonate settings, such as the one described in this study.
The aim of this study is not to replace classical MS or calcium car-
bonate content measurements, but to investigate the advantages of
using pXRF, as an alternative compared to the conventional
methods. The asset of the pXRF approach is that concentrations of
several elements can be acquired at once, the measurements are
non-destructive andmeasurement time is relatively short, allowing
for increased sample throughput in comparison with conventional
methods.

5.3. Chemostratigraphical applications

Carbon stable isotopes (d13C), Sr/Ca ratios, Sr and Mn concen-
trations in carbonates are often used for chemostratigraphical ap-
plications. The d13C record measured by Sinnesael et al. (2016a)
corresponds well with the BOT d13C record measured by Voigt



Fig. 7. Moving window (2.5 m) fast Fourier Transforms of the magnetic susceptibility (MS), calcium carbonate content (CaCO3), Fe, Ca, Ti and K.
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et al. (2012) who incorporated it in a global correlation for the
upper Campanian to Maastrichtian. The test of sampling both
calcite veins and micritic matrix showed that the d13C results are
not affected by the sampling of the calcite veins (Fig. 6). The upper
Maastrichtian d13C record from BOT was also incorporated in the
Late Cretaceous compilation byWendler (2013), who also provided
a comprehensive review on principles of carbon isotope stratig-
raphy. The mXRF mapping and line scanning demonstrate clearly
that peak enrichments in Sr concentrations are caused by sampling
calcite veins while drilling for sample powder (Fig. 6). This
contamination makes it difficult to interpret the fine-scale vari-
ability in the Sr record in a chemostratigraphical context, but the
bulk Sr/Ca ratios measured with the pXRF are still in agreement
with previously published studies (Fig. 6; Renard, 1986; Stoll and
Schrag, 2001; Jarvis et al., 2008). The mXRF mapping, in combina-
tion with the stable isotope analysis, also explains the observed
covariation between Sr enrichments and negative d18O excursions
(sampling of the calcite veins) (Fig. 5). Next to variable contribu-
tions in d18O from themicrite cement, the size of these anomalies is
also a function of the proportion (mass balance) of sampled and
measured matrix versus calcite vein. This can be an explanation for
the proposed diagenetic imprint on whole rock stable isotope an-
alyses in the Bottaccione Gorge by Corfield et al. (1991) and suggest
a more careful interpretation of the bulk d18O record of Sinnesael et
al. (2016a). This illustrates again how cautious one has to be while
sampling for bulk rock stable isotope analysis. Instead of drilling the
powder straight from the rock, we propose to continue with
common practice and take hand samples first and then (micro-)
drill the fine micrite prior to isotopic and trace elemental analyses.
The bulk 87Sr/86Sr seem to be little affected by these Sr enrich-
ments, except for potentially two samples (BOT, �2.45 m
and �3.50 m) with slightly lower 87Sr/86Sr values, although these
almost overlap within the error (2 s). Some studies also use Mn
contents in carbonates as chemostratigraphical tool, with hydro-
thermal activity being the dominant source of Mn in seawater (e.g.
Jarvis et al., 2001, 2008; La Callonec et al., 2014). In general, che-
mostratigraphical interpretations of Sr (Sr/Ca ratios) and Mn con-
centrations can be an additional benefit in a multi-proxy approach
facilitated by the pXRF.

6. Conclusions

This study presents an integrated multi-proxy dataset with
calibrated pXRF data and interpretations for a selection of elements
(K, Ca, Ti, Mn, Fe, Sr) from the uppermost Maastrichtian pelagic
carbonates of the Bottaccione Gorge, Gubbio, Italy. The applied
multi-standard calibration based on pXRF measurements of
powdered reference materials yields calibrated results of elemental
concentrations, with varying reliability (Pearson's calibration
regression coefficients > 0.99 for Ca, Mn, Fe, and Sr), which are
comparable with independent ICP-MS and atomic absorption
spectroscopy results from the same strata. The detrital pXRF
elemental data (K, Fe, and Ti) confirm the hypothesis that magnetic
susceptibility in these pelagic carbonates constitutes a good proxy
for detrital input. Especially the Fe-content corresponds well with
the magnetic susceptibility. The detrital component (e.g. Fe) of
pelagic carbonates traces climatic variations that influenced the
source and amount of detrital material transported into the basin.
As such, the suitability of detrital pXRF elemental data for cyclo-
stratigraphy is demonstrated. Although pXRF measurements of Ca
approximate the calcium carbonate content, the signal appears less
suitable for cyclostratigraphic analysis than Fe concentrations, for
example. Other elemental pXRF data such as Mn and Sr can be used
(on a local or regional scale), together with the conventional d13C
proxy (more global scale) for chemostratigraphy. Moreover, we
demonstrate enrichments in Sr concentrations and lower d18O
values due to a calcite vein sampling bias (next to other potential
variations in micrite cement) in some our samples on the bulk d18O
signal and Sr-concentrations. However, the d13C and Sr-isotope
signals of the uppermost Maastrichtian in the Bottaccione Gorge,
Gubbio, Italy, seem little affected by this sampling effect. Overall,
with proper measurement strategies and careful calibration, pXRF
measurements can be an additional, reliable, relatively easy, non-
destructive, less expensive, and relatively fast method to acquire
multi-elemental concentration data from pelagic carbonates, with
numerous application in paleo-environmental studies and
cyclostratigraphy.
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