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g PSL Université, ENSCP, Institut de recherche de Chimie Paris, UMR 8247 CNRS, Equipe PCMTH, 75005 Paris, France   

A R T I C L E  I N F O   

Keywords: 
Mammoth ivory 
Prehistoric objects 
PIXE 
PIGE 
RBS 
Synchrotron radiation XRF 

A B S T R A C T   

The performances of Ion Beam Analysis (IBA) at the New AGLAE accelerator external microfocus beamline and 
those of Synchrotron Radiation micro-X-Ray Fluorescence (SR-XRF) at the PUMA beamline at the SOLEIL syn
chrotron are compared for non-invasive characterization of archaeological ivory. Based on the examination of 
ivory artefacts from the Palaeolithic site Hohle Fels in South-western Germany, the informative value of this 
combination of methods is evaluated with regard to archaeological questions. Parameters such as depth of in
formation, elemental sensitivity as a function of atomic number and imaging capacity are considered. We obtain 
an almost complete coverage of the chemical composition of ivory (C to Pb). Rutherford Backscattering Spec
trometry (RBS) allows the identification of collagen and PIXE/PIGE provide a higher sensitivity for light elements 
while SR-XRF offers high resolution imaging for heavier elements. Both facilities provide different depths of 
information that can be exploited to better distinguish exogenous and endogenous elements.   

1. Introduction 

Mammoth ivory objects can be considered as an archive of ways of 
life in prehistoric societies in the absence of written sources. Ivory 
coming from the tusks of elephants and mammoths is a biomineral that 
registers in its chemical and isotopic composition geochemical proxies 
indicative of diets, climatic conditions and the environment in which the 
animal lived [1,2]. Transformed into tools and symbolic objects study
ing the ivory material can also bring to light information about the use 
and the meaning of such objects in prehistoric times [3,4]. Body orna
ments and sculptures made of mammoth ivory belong to the first art 
objects of our human history. Therefore, these objects are important 
witnesses studied in archaeological sciences. 

Ivory is a hierarchically bio-composite material consisting of a 
mineral phase (carbonated hydroxyapatite (carb-HAP, Ca10(PO4)6OH2 
rich in Mg, about 70 wt%), an organic phase (mainly collagen type I, 

about 20 wt%) and water (10 %) [5,6]. In the course of time, the 
chemical composition of major, minor and trace elements of ivory may 
change heterogeneously due to taphonomical processes. On the one 
hand, the above-mentioned geochemical markers, which are based on 
the endogenous ivory composition, might have changed, on the other 
hand, exogenous elements might have enriched in ivory. As a result, a 
wide variety of minor and trace elements from fluorine to lead is present 
in ancient ivory [7,6]. 

Because of the precious nature of ancient mammoth ivory objects, 
analyses of their chemical composition must be performed preferentially 
non-invasively and without sampling. To date, few analytical studies 
have been conducted on ancient ivory [7,8,6,9]. Chemical analyses by 
Particle Induced X-ray and gamma ray emission (PIXE/PIGE) or X-ray 
fluorescence analysis (XRF) are well suited for the study of ivory arti
facts, as they allow non-destructive and simultaneous examination of a 
broad range of chemical elements with high sensitivity and micro-scale 
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resolution [10,11]. PIXE/PIGE can additionally be combined with 
Rutherford Backscattering Spectrometry (RBS) allowing the analysis of 
light elements such as C and N [12]. X-ray fluorescence performed at 
synchrotron sources even allows for improving the detection limits of a 
large range of elements. New analytical development of PIXE and of 
synchrotron radiation XRF (SR-XRF) allows for performing analyses 
under atmospheric pressure (air or He atmosphere) in imaging mode 
[13,14,15]. 

Our previous research on Palaeolithic mammoth ivories using 
external combined micro-PIXE/PIGE showed specific chemical differ
ences as a function of the state of preservation and origin of the artifacts. 
It was shown that certain trace and minor elements such as Fe and Mn 
enrich in mammoth ivory during diagenetic processes whereas Mg is lost 
over time [6,16]. Furthermore, elements like Zn, Sr and Br seem to be 
biogenic trace elements in mammoth ivory that can be used as a tracer of 
ivory origin. Thus, regional differences in the ivory procurement stra
tegies could be discussed this way [7,9]. Endogenous elements usually 
show a homogeneous distribution along the cross-section with slight 
variations due to changes in environmental conditions during the life
time of the individual, whereas exogenous elements, with a few excep
tions, show a heterogeneous distribution along the cross-section with 
elevated values near the outside of the sample [7]. 

However, previous studies with microPIXE/PIGE were based on 
point analyses, i.e., averages over the studied area were considered and 
the heterogeneity of the material was not fully taken into account. In this 
study, 2D mappings were performed by microPIXE/PIGE/RBS and SR- 
XRF to investigate elemental distributions in ivory and bone with high 
spatial resolution and high sensitivity. The utility of imaging techniques 
is particularly advantageous for the study of diagenetic changes, as these 
are usually leading to heterogeneous elemental distributions in the 
material. Here, the performances of these imaging techniques are 
compared, their strengths and limitations are elaborated with respect to 
the analysis of prehistoric ivory considering also different information 
depths of the techniques. 

The combined microPIXE/PIGE analyses allow for the detection of 
main, minor and trace elements between F and Pb, providing a good 
description of the elemental composition of the mineral phase of ivory. 
Lighter elements such as C and N, which are characteristics of the 
organic phase of ivory (collagen), have not been considered so far for 
mammoth ivory [10]. 

In this paper, the optimization of the analytical approach for the 
study of light elements is presented by combining external microPIXE/ 
PIGE with external RBS analyses. Particularly, information on the 
preservation of collagen in ancient ivory can potentially be obtained. 
Finally, the complementarity of the applied SR-XRF and ion beam ana
lyses (IBA) analytical methods is discussed for a non-invasive, quasi- 
total chemical characterization of ancient ivory artefacts, generally 
presenting less collagen than modern ivory. It is consistent to compare 
two large scale facilities for their performances with respect to the study 
of prehistoric ivory artefact because in both cases the artefacts need to 
be transported to the analytical facility. 

2. Material and methods 

2.1. Studied material 

The archaeological material considered in this study come from the 
Hohle Fels cave, a prehistoric site located in Southwest of Germany. This 
site is of great importance to prehistorians because the earliest example 
of expressly human figurative art (female figurine from Hohle Fels) and 
some of the oldest musical instruments ever found have been discovered 
there [3,17]. Moreover, Hohle Fels cave has been occupied successively 
by Homo sapiens neanderthalensis and then by Homo sapiens sapiens. 

A total of twelve archaeological ivory and ten bone samples from the 
Hohle Fels, dated to the Aurignacian (ca. 30,000 to 40,000 years ago), 
have been analyzed as part of a long-standing research study on 

Paleolithic ivory and are published elsewhere with emphasis on tapho
nomic conclusions [11]. In this paper, we present results for two of these 
archaeological ivory samples from Hohle Fels (AI-HF-03 and AI-HF-06, 
Fig. 1), which were selected because they are particularly useful for 
discussing methodological issues and highlighting the advantages of 
combining IBA and SR-XRF analyses with respect to the study of ancient 
ivory. The sample AI-HF-03 allows a straightforward comparison be
tween mappings obtained at New AGLAE and at PUMA and sample AI- 
HF-06 is one of the few samples with a large amount of carbon detected 
on the chosen analyzed area, allowing RBS mapping. All the ivory 
samples studied in this paper are unworked ivory fragments, they have 
not been cut or polished after excavations. 

2.2. Experimental 

The accelerator AGLAE was used for the chemical characterization of 
ancient ivory artefacts by IBA. The experimental imaging setup of the 
New AGLAE external microfocus beamline is presented in Fig. 2a. 3 MeV 
protons are focused to a microbeam and extracted on the sample placed 
at 2 mm in the front of the beamline with an Si3N4 exit window under He 
atmosphere [14]. The external beam set-up is equipped with four silicon 
drift detectors (SDD) for the detection of X-ray (PIXE), a charged particle 
detector for RBS, a HPGe γ-detector for PIGE and a microscope for 
sample positioning. PIXE, PIGE and RBS analyses were performed 
simultaneously under He flow and atmospheric pressure in imaging 
mode [18,19,20]. 

Synchrotron radiation XRF measurements were performed at the 
PUMA beamline of the SOLEIL synchrotron, which is dedicated to X-ray 
based studies in the field of cultural heritage research. The experimental 
setup of PUMA is presented in Fig. 2b. The energy of the X-ray beam is 
tunable between 4 and 22 keV using a Si(111) fixed exit double-crystal 
monochromator. A Kirkpatrick-Baez (KB) mirror allows the beam to be 
focused to a spot size of a few micrometers. The samples are arranged in 
a 45◦/45◦ geometry with respect to the incident beam and the X-ray 
fluorescence detector (SDD). A video-microscope is pointed perpendic
ular to the sample surface. For SR-XRF mapping, an incident beam en
ergy of 18 keV was used because this energy allows to induce K-shell or 
L-shell emissions for every element between P and U that can be 
detected in ivory [13,21]. 

The measuring conditions were optimized to make the PIXE and SR- 
XRF mappings qualitatively comparable. As far as possible, on each 
sample the same area was analyzed at both facilities (maximal 1.5 × 1.5 
mm2). The intensity of the beam flux was about 1.5 × 1010 photons/s for 
an acquisition time of 0.5 s per pixel at PUMA and 3.6 × 1010 protons/s 
for a total charge of 9.7 µC at New AGLAE. Synchrotron radiation XRF 
mapping was realized with a beam spot size of 10 µm × 5 µm and a step 
size of 10 µm. The size of the proton beam for PIXE/PIGE/RBS mappings 
was about 40 µm × 40 µm and the step size was 10 µm. The other 
measurement conditions were the same for PIXE/PIGE/RBS mappings. 
The acquisition time was adapted to obtain a good trade-off between 
high statistics and low irradiation time to minimize possible damage of 
the samples. The total duration of a mapping was approximately 39 min 
at PUMA and 28 min at New AGLAE. 

2.3. Data evaluation and mapping representation mode 

The RBS spectra have been fitted with the software SIMNRA [22]. 
The cross sections of some target elements (Z < 30) are non-Rutherford 
for a 3 MeV proton incident beam. However, non-Rutherford cross 
sections of Al, Ca and P at 135◦ (corresponding to the scattering angle θ 
between the backscattered exit beam and the surface normal to the 
sample [22]) provide a non-optimal fitting of the experimental data (see 
the Fig. 3b and S5 in the supplementary information (SI)). Therefore, 
Rutherford cross sections were used for Al, P, Ca and Mn in the RBS fits. 
Even though this approximation is incorrect at these energies [22], the 
resulting fit appears to be correct. The reason for this is still unclear and 
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is beyond the scope of this study. 
The RBS C map data in the Fig. 4b were obtained by subtracting a 

region of interest (ROI) in the sum spectrum around 2000 keV con
taining the contributions of backscattered protons by C, O and Ca (ROI α 
in the Fig. 4c) by a ROI around 2300 keV corresponding to the contri
butions of O and Ca (ROI β in the Fig. 4c) to the RBS signal [23]. Both 
ROIs α and β have the same energy width (about 50 keV). A median filter 
with 3 pixels width has been used to mitigate the noise of RBS mappings 

and we replaced negative values resulting from the subtraction by zero. 
PIXE, PIGE and SR-XRF mappings were processed using PyMCA [24]. 

PIGE spectroscopy enables the detection of light elements starting from 
Li on depending on the energy of incident protons and the nuclear re
actions possible [25]. The PIGE sum spectrum of sample AI-HF-03 is 
presented in Fig. 5a and shows that F, Na, Al and P can be detected in 
ivory. PIGE maps of these elements are presented in Fig. 5b-e. We 
selected the ROIs of the different elements corresponding to their peaks 

Fig. 1. Photographs of the ivory samples AI-HF-03 (a) and AI-HF-06 (b) from Hohle Fels cave. The analyzed area is located in the area marked with a red circle for AI- 
HF-03 and presented at the extremity of the red arrow for AI-HF-06. 

Fig. 2. Upper part: (a) Experimental imaging setup of New AGLAE. Lower part: (b) Experimental imaging setup of the PUMA beamline with a sample of 
elephant ivory. 
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Fig. 3. (a) Analyzed area of the cross section of the sample AI-HF-03. An area of 1 mm × 1 mm corresponding approximately to the red parallelogram and three 
punctual analyses have been carried out. (c) RBS sum spectrum of the whole area. The cross sections are all non-Rutherford except for Al, Ca and P. The analyzed area 
is the same as for the PIXE mapping. The ROI γ has been used to obtain the RBS map of Mn + Fe in the Fig. 7. The RBS map of Ca in the Fig. 7 results from the 
subtraction of the ROI δ by the ROI γ. Both ROIs have an energy width of about 50 keV. (d), (e) and (f) RBS spectra of respectively points 1, 2 and 3. 
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(110 and 197 keV for F, 440 keV for Na, 844 and 1014 keV for Al and 
1266 keV for P). For PIGE, in case of two peaks we added the contri
butions of the two resulting ROIs for the considered element. Then we 
used a median filter with a width of 3 pixels to mitigate the noise caused 

by low count rates in the PIGE mappings. For F, the background ob
tained from the sum spectrum in the ROIs, which corresponds to about 5 
counts per pixel, was subtracted. The background for the other elements 
(less than a count per pixel) was neglected. The PlotAndROI software 

Fig. 4. (a) Analyzed area of the cross section of the sample AI-HF-06. An area of 1 mm × 1 mm corresponding approximately to the red parallelogram and three 
punctual analyses have been carried out. We extracted a map of C (b) from the RBS sum spectrum (c) of the whole area. (d), (e) and (f) RBS spectra of respectively 
points 1, 2 and 3. 
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(developped by the New AGLAE team) was used to quantify PIGE 
analysis data based on the analysis of appropriate standards. Quantifi
cation of PIXE analysis data were performed using GUPIX and TRAU
PIXE softwares [26,14] and are presented in the SI (Fig. S3 and 
Table S1). 

2.4. Differences in elemental sensitivity 

The elemental sensitivity differs significantly between the used 
analytical techniques. There are three main reasons for this difference. 

The first reason is related to the set-ups. At the PUMA beamline, the 
measurements are performed in air, while at New AGLAE the low-energy 
SDD detector is purged with He. The penetration depth of X-ray emission 
of light elements (Z < 15) does not exceed a few centimeters in air, 
which roughly corresponds to the distance between the SDD detector 
and the sample in the PUMA setup (≥3 cm). In contrast, the path length 
of low-energy X-rays in He atmosphere is on the order of a few meters to 
hundreds of meters (see Table 1). This is why elements lighter than P 
cannot be detected at PUMA and is one of the reasons of the higher 
sensitivity for light elements of PIXE at NewAGLAE. 

Second, the interaction cross sections of protons at 3 MeV [27] and 
photons (photoelectric absorption) at 18 keV [28] behave in opposite 
ways with increasing energy (see the Fig. S4 in the SI) meaning that 
protons have a higher probability to interact with light elements and 
photons with heavier element. The energy of the fluorescence lines of 
the element Ca around 4 keV represents the threshold between these two 
tendencies. 

Third, another difference between the used methods lies in the in
formation depth. Table 2 shows the calculated values for the informa
tion depth of selected elements detected in ivory, the results of which are 
discussed later in this paper. In PIXE and SR-XRF, the information depth 
corresponds to the depth from which 95 % of the respective X-ray signal 
originates. For the main elements of ivory, P and Ca, the information 

depth is similar between the two methods. For heavier elements (Fe, Zn, 
Sr and Pb), the emitted X-rays in SR-XRF come from a greater depth than 
in PIXE. As a result, when considering elements heavier than Fe, PIXE 
analysis is a more superficial technique than XRF. Moreover, informa
tion depth from PIXE tends to quickly stabilize while information depth 
of XRF continues to increase with the emission of higher energies. In the 
case of PIGE, the information depth corresponds to the path of protons in 
ivory until they reach an energy for which the probability of nuclear 
reactions is low (thick target yield lower than 103 (µC.sr)− 1). This 
assumption is justified because the absorption of gamma rays is negli
gible in this material [28,29]. The depth of information that PIGE ach
ieves is relatively high compared to the other techniques, allowing PIGE 
to examine ivory at greater depth for light elements. To determine the 
information depth of RBS, the path traveled by the backscattered pro
tons at the lowest energy of the ROI under consideration was calculated. 
The information depth of RBS lies in the range of a few µm for charac
teristic elements in ivory and is even ten times shorter than for PIXE and 
XRF for transitions metals (Mn, Fe). As a result, RBS has a high surface 
sensitivity in comparison to the other methods. 

Fig. 5. Upper part: (a) PIGE sum spectrum of the sample AI-HF-03. The analyzed area is the same as for the PIXE mapping. Lower part: PIGE maps of the elements F 
(b), Na (c), Al (d) and P (e) for the sample AI-HF-03 (dimensions: 0.4 mm × 0.5 mm). 

Table 1 
Penetration depth of K-shell X-ray emission of different elements in air and in He 
gas (the case of He flow in air has not been taken into account). The depth 
corresponds to 95% of attenuation, computations have been made with GUCSA a 
subroutine of the GUPIX program [26].  

Elements Penetration depth in air Penetration depth in He gas  

(cm) (cm) 
Na 0.77 314 
P 4.8 2485 
K 18 11051 
Ca 25 14735 
Fe 128 44204  
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3. Results 

3.1. Detection of the organic phase by RBS spectroscopy 

Light elements that make up the organic phase of ivory (C, N, and O) 
can be detected by RBS [23]. This is a major advantage of this method in 
the study of archaeological ivory, as it provides evidence for the pres
ervation of collagen. However, the detection of light elements, generally 
heavily affected by diagenetic alteration processes at the surface, is 
strongly limited by its low information depth of only a few µm. The study 
of sample cross sections with fresh surfaces should be privileged, when it 
is allowed and they are available. 

The energy fronts of the backscattered protons observed in RBS 
spectra depend on the composition of the target material. The heavier an 
element, the higher the energy of the proton backscattered by this 
element. Most of the trace elements present in ivory cannot be detected 
by RBS due to their low concentrations. Therefore, chemical composi
tion information provided by PIXE is used to treat the RBS data. 

The RBS results for ivory samples AI-HF-03 and AI-HF-06 are dis
played in Figs. 3, 4 and 7. The elements C, O, N, Al, Si, P, Ca, Mn and Fe 
can be detected in the RBS spectrum of ivory (the He peak is due to the 
He purging). However, some elements were grouped together (Mn + Fe 
and Al + Si + P) because their energy fronts are so close together that 
they cannot be distinguished (limit of RBS energy resolution). In addi
tion, the Al and Si contents in ivory are low compared to P, which means 
that their RBS signals are likely masked by that of P. 

In the case of sample AI-HF-03, almost no C and no N at all were 
detected (see Fig. 3 containing the RBS sum spectrum and three punctual 
analyses of AI-HF-03), indicating that the collagen in the analyzed area 
of this sample was apparently degraded, as is often the case with 
archaeological ivory [12]. Small amounts of carbon could be from car
bonate present in ivory [8]. Collagen might be still preserved on another 
area of AI-HF-03 or on a cross section if we cut it for example but this 
discussion is beyond the scope of this article. 

In contrast, higher C content was detected for sample AI-HF-06 
(Fig. 4c) and RBS mapping of C could be realized (Fig. 4b). Although 
RBS could energetically resolve it, N was not detected in the sum 
spectrum. The obtained C map in Fig. 4b shows clearly that the C is 
heterogeneously distributed over the sample cross section. The area rich 
in carbon corresponds to the dark grey zone in the microscope image 
(Fig. 4a). This raises the question of whether N is also present in some 
areas at higher, detectable concentrations, which would indicate the 
presence of collagen in these areas. Therefore, three spot analyses with 
longer acquisition times were performed at suitable positions to improve 
the signal-to-noise ratio and thus enable the detection of N. Two mea
surements (points 1 and 2) correspond to the area rich in C. At analysis 
point 1, both C and N were detected and it can be concluded that 

collagen is probably still present at this point (Fig. 4d). In contrast, the 
RBS spectrum of point 2 does not show N (Fig. 4e). It can be assumed 
that the collagen has been degraded in this zone and that the detected C 
could originate mainly from carbonates. Finally, the RBS spectrum of 
point 3 shows neither C nor N (Fig. 4f). This is consistent with its po
sition in the Fig. 4b where the RBS signal of C is the lowest. Only the 
mineral phase (hydroxyapatite) is detected. These results clearly illus
trate the heterogeneity of collagen preservation in ancient ivory. 

In addition, 2D mappings for Ca and Mn + Fe were also possible 
using RBS, but with very low statistics (Fig. 7 in the case of sample AI- 
HF-03). The results for these elements will be discussed later in the 
context of the PIXE and SR-XRF mappings providing a more optimized 
detection of these elements. 

3.2. Analysis of light elements by PIGE 

The PIGE mappings in the Fig. 5 appear relatively noisy due to the 
low count rates per pixel, close to limit of detection. As shown below, the 
count rates of PIGE mappings are much lower than for PIXE and SR-XRF 
mappings due to the lower cross section of gamma-ray reactions (about 
0.1 barn) [25] regarding to the cross section of PIXE and SR-XRF in
teractions (between 104 to 102 barn, see Fig. S4 in the SI) [27,28]. This is 
why PIXE or SR-XRF mappings yield in much better results (see below), 
except for F. Nevertheless, information can be read from the 2D maps; 
while Na and P seem to be homogeneously distributed, Al and F show a 
heterogeneous distribution pattern. 

Fluorine, on the other hand, can only be determined by PIGE - F is an 
exogenous element that accumulates in the ivory apatite over time and 
forms stable fluorapatite - F-uptake is a known diagenetic process that is 
discussed in the context of relative dating. Therefore, the determination 
of fluorine content is of particular importance for the characterization of 
ivory. In our study, the F content of the ivory samples was relatively low, 
but ivory may contain much higher amounts of F up to its nominal value 
in fluorapatite of 3.8 wt%. In this case, F distribution maps with better 
statistics could be generated, which can provide information about the F 
uptake process. 

Another important feature of PIGE is its higher depth of information 
compared to other methods. This means that by means of PIGE, infor
mation is obtained from the bulk material deeper in the sample and a 
larger volume of material is probed. This can avoid sampling only the 
surface layer for light elements, which is often altered by exchange with 
the environment. Thus, more reliable quantitative results can be ob
tained. For this reason, the PIGE results were used to correct the quan
tification of light elements obtained with PIXE (see section 2.3 Data 
evaluation and mapping representation mode). 

3.3. Complementarity of IBA and SR-XRF imaging 

Fig. 6 shows the PIXE and SR-XRF sum spectra of mappings per
formed on ivory sample AI-HF-03. By comparing the signal to back
ground ratios, differences in the sensitivity can be deduced between low 
and high energy detectors for PIXE and SR-XRF. PIXE is well suitable for 
the detection of lighter elements in ivory such as Al, Si and P (Fig. 6a) as 
well as of transition elements such as Fe and Zn (Fig. 6b). However, 
heavier elements can be poorly detected under the given measurement 
conditions. Fig. 6c refers to the SR-XRF sum spectrum. All elements 
present in ivory with fluorescence emissions between 3 keV and 16 keV 
(from P to Pb) can be detected with relatively high sensitivity. 

The PIXE and SR-XRF maps of selected elements obtained for sample 
AI-HF-03 are displayed in Fig. 7 or in the Figs. S1–S3 in the SI. Maps of 
the major elements of the mineral phase of ivory, P and Ca, are com
parable for both methods, even though the obtained count rates differ 
from each other. The distribution maps of these elements show homo
geneous distribution over the scanned area, except in the crack, which is 
consistent with their endogenous nature. Zinc and Sr are endogenous 
trace elements that also display a homogeneous distribution except in 

Table 2 
Information depths of different elements present in ivory depending on the 
probing technique. Computations have been done with the GUYLS and GUCSA 
subroutines of the GUPIX program [26] for PIXE, XRF and PIGE information 
depths. For PIXE and PIGE considered incident particles are 3 MeV protons and 
for XRF the incident X-rays have an energy of 18 keV. The values are given in µm.  

Elements Information 
depth (PIXE) 

Information 
depth (XRF) 

Information 
depth (PIGE) 

Information 
depth (RBS) 

F   66  
Na  3.51 3.50 59  
Al  8.99 8.98 52 10 
Si  13.7 13.7  10 
P  20.1 20.4 44 10 
Ca  50.4 64.3  6 
Mn  53.0 80.1  5 
Fe  57.1 99.1  5 
Zn  65.5 211   
Sr  68.1 633   
Pb  68.6 478    
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the crack. SR-XRF and PIXE maps of exogenous minor (Al, Si) and trace 
(Fe, Pb) elements show similar distribution patterns. All these elements 
are mainly localized in the crack, which is a typical signature of elements 
accumulated in ivory by diagenetic processes. 

On the one hand, elemental distribution maps for light elements such 
as Al and Si can be obtained with PIXE at New AGLAE, which is not 
possible by means of SR-XRF at the PUMA beamline. 

On the other hand, SR-XRF 2D maps show higher count rates for 
transition and heavier elements (Z ≥ 26 (Fe)) compared to PIXE, 
resulting in better statistics and improved detection limits as also shown 
in Tranchant et al. [11]. The limit of detection at PUMA depends on the 
element but varies also from a few hundreds to a few tens of ppm [13]. 
Thus, mapping of Pb was possible by means of SR-XRF, which is present 
in the studied ivory samples at very low concentrations (<0.01 wt% 
[11]), with promising results. 

The spatial resolution of SR-XRF images is determined by the size of 
the beam and the step size, which are approximately equal (10 µm). The 
size of the proton beam (about 40 µm × 40 µm) is larger than the 
selected step size (10 µm). This induces a blurring of the PIXE mappings 
regarding to the XRF mappings due to an oversampling during the 
measurement. 

In particular, better image qualities are obtained for the transition 
metals such as Fe and Zn using SR-XRF, justified by the higher statistics 
together with the higher spatial resolution. 

These measurement results illustrate the complementarity of these 
two imaging techniques. 

3.4. Additional information by RBS imaging 

RBS maps of sample AI-HF-03 could be obtained for Ca and Mn + Fe 
and are given in the Fig. 7. They show very low statistics in comparison 
to the ones of PIXE and of SR-XRF because the ROI to extract the RBS 

signal concerning only Ca or Mn + Fe has a very small energy width (see 
Fig. 3b) due to the relatively low backscattering cross-sections with 
respect to the interaction cross sections of protons and photons (data 
extracted from the IBANDL data base http://www-nds.iaea.or 
g/ibandl/). 

The Ca distribution maps are comparable between the three methods 
(see Fig. S7 in the SI), although the depth of information is very 
different. In contrast, the RBS map of Mn + Fe shows an interesting 
deviation. The high concentration of Mn and Fe in the crack, which is the 
most characteristic feature of the PIXE/XRF mappings (Figs. 7 and S1–S3 
in the SI), is not present in the RBS map. (It can be ruled out that this 
absence is due to a shift in frontal energy caused by an additional air 
layer but is more probably related to geometrical effects, as explained in 
detail in the SI, see Figs. S6–S8). RBS is obviously highly sensitive to the 
morphology of the sample due to its low information depth, and thus the 
material deposited in the crack cannot be detected. In contrast, the RBS 
map shows an area of high Mn and Fe content in the upper left part, 
which is also evident in the PIXE/XRF mappings. In this area, the sample 
has a smooth surface. From the depth of information of the RBS for Mn 
and Fe, it can be inferred that Mn and/or Fe are present at this location 
in the uppermost surface layer (within 5 µm). This additional informa
tion could not be derived from the PIXE or SR-XRF mappings and con
firms the exogenous character of Mn and Fe in the ivory. 

4. Conclusions and outlook 

The presented analytical approach based on a combination of com
plementary analytical methods was developed in order to non- 
invasively characterize ancient ivory artefacts as complete as possible 
taking into account the heterogeneity of the material. As an overall aim 
of this study, this analytical approach intends to help getting new in
sights into the archaeological context of prehistoric mammoth ivory 

Fig. 6. PIXE sum spectra of the sample AI-HF-03 respectively for the low energy detector (a) and the high energy detector (b) and XRF sum spectrum (c). In each 
spectrum we present the fits of the elements whose mappings are shown in Fig. 7. 
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artifacts and their state of preservation. This paper highlights the 
complementarity of IBA methods and SR-XRF in this respect. PIXE/ 
PIGE/RBS at the New AGLAE facility allows detection of all elements 
from C to U with satisfactory detection limits. The strength of the set-up 
lies in the detection of light elements (Z ≤ 20) allowing the character
ization of the organic matrix of ivory (collagen), when it is sufficiently 
preserved at the surface by means of RBS. In combination with IBA, SR- 
XRF at the PUMA beamline is in particular appropriate to detect heavier 
elements especially for Z ≥ 20 even if detection is possible from Z ≥ 11 
on, but with significant lower signal intensities. SR-XRF provides higher 
sensitivity and allow the detection of heavier trace elements (e.g. Cu, Pb) 
better than PIXE. 

The differences in information depth of the applied methods could be 
used to obtain some kind of depth-resolved information. PIGE provides a 
higher depth of information, which corresponds more to bulk analyses 
and is therefore less influenced by the changed surface composition. 
Thus, it contributes to a more accurate quantification of the composition 
of old ivory, especially for light elements (Z ≤ 20). At New AGLAE, 
methodological improvements for light elements are currently in prog
ress which will improve the PIGE performances. For heavier elements (Z 
≥ 20), PIXE is more surface sensitive than SR-XRF. Therefore, SR-XRF 
represents a better bulk analysis than PIXE. RBS is the most surface 
sensitive among the applied methods with an information depth of a few 
µm to a maximum of about 35 µm for ivory considering the path 

Fig. 7. Comparison of SR-XRF, PIXE and RBS mappings of the sample AI-HF-03. The red rectangle on the microscope image at NewAGLAE shows the supposed 
analyzed area (approximately 0.4 × 0.5 mm2) for PIXE and RBS mappings. However, the analysed area tends to look like the parallelogram added in red. The 
distorsion comes from the difficulties to align the beam and the microscope for a non flat area and that the microscope is not in the same plan as the beam. 
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travelled by the detected backscattered protons forming the RBS spec
trum (from 3 MeV to less than 200 keV). The enhanced information 
depth of PIGE with respect to RBS and PIXE could also be used as a 
method for characterizing radiation-induced changes in the ivory ma
terial, a topic of current research in the field of heritage science. Indeed, 
the fact that radiation-induced changes can occur in ancient materials 
for methods such as IBA and synchrotron-based techniques is now 
recognized and safe boundaries of analyses need to be defined [30]. 

The imaging tools at both facilities allow revealing the elemental 
distributions from C to U with high spatial resolution. The acquired 
maps give hints on the endo- or exogeneous character of certain ele
ments in ancient ivory, whose composition is generally altered with 
respect to modern elephant or well preserved permafrost mammoth 
ivory references. They thus allow drawing conclusions on taphonomical 
processes leading to e.g. local preservation of collagen. Such information 
is crucial for selecting and optimizing dedicated samples in the ivory 
artefacts for further isotopic analyses used for the determination of diets, 
provenancing or dating that are of important archaeological relevance. 
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