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A B S T R A C T

A method for estimating the composition of the metal core in historical and archaeological artifacts using surface 
X-ray fluorescence (XRF) data is described. The method is based on the combination of fluorescence data 
recorded at points of the object with different degrees of corrosion exploiting the general phenomenon of 
demetallation of the less noble components of the metal alloy. A theoretical approach is provided using the 
Johnson–Mehl–Avrami–Erofeev-Kolmogorov (JMAEK) formalism to describe demetallation. Experimental data 
for binary Zn–Cu brass and Pb- and Sn-containing brass from Hofkirche in Innsbruck agree satisfactorily with 
the model.

1. Introduction

The determination of the composition of metallic nuclei is one of the 
most important analytical objectives in archaeometallurgy [1,2]. Due to 
the availability of portable instruments, X-ray fluorescence spectrom
etry (XRF) is a reference technique for the non-invasive analysis of 
valuable metal objects [3,4]. However, because the metal surface is 
usually covered by layer(s) of corrosion and patination, quantitative 
XRF results are usually less reliable in determining the composition of 
the metal core [5,6]. In such cases, samples representative of the bulk 
alloy must be taken which severely limits the analytical process.

The performance of portable XRF spectroscopy depends on the 
ability of the fluorescence signal to penetrate relatively shallow corro
sion layers. Depending on the energy of the radiation and the compo
sition of the corrosion layers, this technique provides an average 
elemental composition of a region whose thickness is in the range of 
microns to tens of microns [7,8]. This means that, under normal con
ditions, XRF does not provide direct information about the composition 
of the core of metallic objects.

In this context, considerable efforts have been made to test the 
reproducibility of the measurements [9,10], prepare certified reference 
materials [11,12], develop signal refinement methods [13], and che
mometric tools for statistical data analysis of signal [14,15]. The pur
pose of the present work is to describe a simple graphical/algebraic 

method applicable to surface XRF data, for estimating the composition 
of the metallic core of corroded metallic objects. The method is based on 
the influence of concentration gradients existing in corrosion layers due 
to selective de-metallation processes on the elemental composition of 
such layers, in particular, dezincation in brass [16,17]. Here, such pro
cesses are studied within the theoretical framework of solid state reac
tion kinetics, resulting in a satisfactory modeling of XRF data using 
Johnson-Mehl-Avrami-Erofeev-Kolmogorov (JMAEK) based Eqs. [18]. 
The method is applied to a series of 18 brass statues from the Hofkirche 
in Innsbruck, Austria, fabricated in different workshops between 1509 
and 1550. These were already studied in their historical context 
continuing previous archaeometric studies [19–21].

2. Experimental

Data for 18 Renaissance brass statues from the Hofkirche in Inns
bruck, Austria. Surface XRF data. Surface XRF data were acquired with a 
portable ED-XRF analyzer (model: X-MET5100) from Oxford In
struments. In all cases, XRF measurements were taken on areas where 
the corrosion layers are visually uniform The analyzer is equipped with a 
high-resolution detector 45 kV Rh target X-ray tube with max. Current 
50 μA. The measurement conditions used were voltage 40 kV, current 
10 μA, and acquisition time 60 s. The spot measurements had a diameter 
of approximately 9 mm.
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3. Results and discussion

Let us consider a metallic object large enough to allow surface XRF 
measurements to be taken over several areas of its surface. If a compo
sitionally homogeneous object has suffered non-homogeneous corrosion 
(or if the composition of the base metal is heterogeneous), the surface 
XRF measurements will give different compositions for the different 
areas. In most cases, the corrosion process involves the selective removal 
of metals from the surface. This creates a concentration gradient be
tween the surface and the inner layers of the corrosion region. This 
process will be faster for the less noble metal (typically, Zn in brass) 
whose concentration will be significantly reduced from the core of the 
metal to the outer region (see Supplementary Information, Fig. S.1).

Concerning XRF analysis, the inhomogeneity of metal corrosion 
layers operates at two mutually interconnected levels. First, at the 
compositional level, demetallation (and eventually other processes) 
produces an in-depth variation of the percentages of the different ele
ments. Second, at the ‘physical’ level, inhomogeneity is reflected in 
depth variations of the compaction, crystallinity, grain shape and size, 
and porosity of the corrosion layers. This second effect also influences 
XRF measurements, as conditions the penetration of the X-rays. 
Accordingly, and assuming that no X-ray absorption effects interfere, on 
sampling in different regions of the metal object, we obtain different 
elemental compositions. These can be taken as representative of the 
average composition of the region between the external surface and the 
depth reached by the X-rays in each measurement. In this scene, and 
according to experimental data (see below), as deeply X-rays penetrate 
until the metallic core, the measured elemental composition will 
increasingly approach the composition of the metal nucleus.

To reproduce experimental XRF data (see next section), let us assume 
that the sample is composed mainly of a noble metal M and a less noble 
metal M’ accompanied by several minority components. In a given XRF 
measurement, the wt% of M and M’ will be cM and cM’, respectively. In 
the external layer of a binary alloy where M’ is submitted to deme
tallation, the concentrations measured by XRF in different regions 
should vary as cM’ = 100 − cM. Ideally, the plot of cM’ vs. cM will be a 
straight line of slope − 1 that stops when the metal nucleus is reached. 
Then, cM’ = c◦M’ and cM = c◦M, marking the endpoint of the above 
straight line in the cM’ vs. cM plot.

Fig. 1 shows the wt% Zn vs. wt% Cu plot for surface XRF data 
recorded for a set of 18 brass statues from the Hofkirche in Innsbruck. 
Depending on the size and shape of the accessible metal surface 4–12 

areas were measured on each statue. One can see that data points are 
grouped in an inclined band limited by the inclined straight line corre
sponding to an ideal binary alloy. Experimental data deviate from this 
ideal line due to the presence of minority components (Sn and Pb in 
particular). Additional components appear in the regions of the statues 
where the corrosion was more intensive (see Supplementary Informa
tion, Fig. S.2).

As illustrated in Fig. 2 for HK01, XRF data for individual statues are 
grouped in tendency lines near to the above theoretical expectances. In 
this figure, we have depicted the idealized data corresponding to a bi
nary 70 % Cu plus 30 % Zn brass and a ternary 80 % Cu, 10 % Z, 10 % Pb 
alloy where both Zn and Pb undergo demetallation. The endpoint of the 
respective cM’ vs. cM (wt% Zn vs. wt% Cu) plots marks the composition 
of the metal nucleus. In the case of HK01, the composition of the alloy 
can be estimated as 80 % Cu, 18 % Zn, 2 % Pb.

Data such as in Fig. 2 permits the determination of the composition 
of the metal core of a metallic object submitted to selective demetalla
tion from surface XRF measurements. However, accurate determination 
of the composition requires the fine determination of the endpoint of the 
cM’ vs. cM graph. Since, in general, it cannot be easily accessible, a more 
detailed analysis of XRF data is needed. This requires the consideration 
of the mechanism of demetallation.

Corrosion with selective demetallation is a very complex process. It 
can be approached by considering that it has two basic characteristics: 
the involvement of phase transformations and the initiation in germs of 
quite small size. One of the ways to describe the time evolution of this 
type of system is to use solid-state reaction kinetics, in particular, the 
Avrami or Johnson-Mehl-Avrami-Erofeev-Kolmogorov (JMAEK) based 
Eqs. [18]. When describing an explicitly time-dependent phenomenon, 
the JMAEK equation corresponds to a sigmoidal function, 

α(t) = 1 − exp( − ktm) (1) 

where α(t) represents the fraction of material that is transformed as a 
function of time, and k and m are constants that are extracted from the 
model. In solid-state reaction kinetics, k has the meaning of a rate 
constant of units (time)-m and m, the Avrami exponent (m = 2, 3, or 4, 
usually), is linked with the dimensionality of the system growth [22]. 
This equation can be generalized by replacing time by a quantityξ 
governing the evolution of the system so that m represents the dimen
sionality of the growth process in the α-ξ space [23]. For practical pur
poses, the JMAEK equation can be rewritten as, 

[ − ln(1 − α(ξ) ]
1
m = bξ (2) 

where b = k1/m

In the case of selective demetallation which occurs during the 
corrosion of a binary metal alloy, the ratio cM’/cM can be used as a 
measure of the progress of the process. To unambiguously define a 
starting point, it is convenient to reformulate it as the inverse process 
defining the fractional conversion parameterα as the quotient between 
the actual cM’/cM ratio and the maximum ratio, c◦M/c◦M, representative 
of the composition of the base alloy. Then, α can vary between 0 in re
gions of extreme demetallation (i.e., with entire loss of M’) and 1 in 
regions where no demetallation has occurred. In turn, the driving 
parameterξ can be simply defined as ξ = 100 - cM. Then, the variation of 
cM’/cM over cM must follow a sigmoidal curve given by, 

[

− ln
[

1 −

(
cM

ʹ/cM

cºMʹ/cºM

)]]1
m
= b(100 − cM) (3) 

This equation can be linearized as, 

ln
[

− ln
[

1 −

(
cM

ʹ/cM

cºMʹ/cºM

)]]

= mlnb+mln(100 − cM) (4) 

In the following, we will use the (wt% Zn)/(wt% Cu) (= fZnCu) ratio 
as representative of the cM’/cM ratio in the previous theoretical 

Fig. 1. Plots of wt% Zn vs. wt% Cu determined from surface XRF data for the 
studied brass statues from the Hofkirche in Innsbruck. The solid line corre
sponds to the theoretical line for the ideal demetallation of a binary metal 
composition. Error bars are omitted for simplicity.
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treatment. Fig. 3 shows the (wt% Zn)/(wt% Cu) vs. wt% Cu plot of 
surface XRF data taken from different points of Hofkirche statues HK12 
and HK14. Such data cover a relatively wide range of wt% Cu values 
indicating significant differences in the level of corrosion between the 
different areas of the statues. XRF data appear to define two distinct lines 
of tendency which, in principle, can be approximated to saturation, s- 
shaped curves where fZnCu tends to a plateau. This plateau corresponds 
to the limiting Zn to Cu ratio, fZnCu

lim , that can be taken as the Zn/Cu ratio 
in the base metal alloy.

Experimental data can be fitted reasonably to the above theoretical 
model. Fig. 4 shows the plots of ln[− ln(1-fZnCu/fZnCu

lim )] vs. ln(100-wt% 

Cu) from experimental XRF data recorded in statues HK01 and HK21 in 
both cases taking fZnCu

lim = 0.225 and fZnCu
lim = 0.150 respectively. Despite 

relatively large data dispersion, experimental XRF data can be approx
imated satisfactorily to straight lines in agreement with the predictions 
from Eq. (4). The slope of such lines is the same within the range of 
uncertainty (2.1 ± 0.3 for HK01 and 2.0 ± 0.3 for HK21), corresponding 
to the JMAEK modeling with m = 2. The values of the constant b can be 
calculated from the intercepts (− 5.5 ± 0.9 for HK01 and − 4.7 ± 1.2 for 
HK21) as 0.07(5) ± 0.03 and 0.09(5) ± 0.04 (wt% Cu)− 1.

This methodology permits the estimate of the composition of the 
metal alloy from the values of fZnCu

lim . Since it requires the aid of linear 
representations such as in Fig. 3, a minimum number of 5–7 data points 
is required. The data obtained for the 18 studied statues are listed in 
Table S.1 (Supplementary Information). Interestingly, such data exhibit 
a relative heterogeneity not only in the fZnCu

lim but also in the values of the 
JMAEK parameters m and b. These differences can reflect differences in 
the composition, manufacturing procedure, and corrosion history. 
Eventually, such differences could reflect the differences in the fabri
cation ‘habit’ of different workshops and applied to characterize it.

4. Conclusions

Examination of surface XRF data for various binary and non-binary 
historical brass and bronze objects suggests that the corrosion process 
is generally accompanied by a loss of the less noble components (Zn, Sn, 
Pb) relative to Cu. This demetallation process can be described in terms 
of Johnson-Mehl-Avrami-Erofeev-Kolmogorov (JMAEK) type equations, 
using the less noble metal/noble metal mass ratio as a quantity repre
senting the fractional reaction advance. The JMAEK-type equations 
predict sigmoidal variations of this ratio with noble metal concentration, 
the plateau of which determines the composition of the metal core.

The method has been applied to surface XRF data from early 16th- 
century Renaissance brass statues from the Hofkirche in Innsbruck, 
Austria, allowing for the determination of the composition of the 
respective metal nuclei.

Fig. 2. Plots of wt% Zn vs. wt% Cu determined from surface XRF data for statue HK01 from the Hofkirche in Innsbruck (circles). Small solid circles correspond to the 
idealized data corresponding to a 70 % Cu plus 30 % Zn binary alloy and 80 % Cu, 10 % Z, 10 %Pb ternary alloy in which both Zn and Pb suffer demetallation. The 
continuous lines represent the ideal trend and the arrows mark the endpoints of the respective graphs. These define the Zn% of the respective metal core marked by 
horizontal dashed lines. From this graph, the composition of the metal nucleus of HK01 can be estimated as 80 % Cu, 18 % Zn, 2 % Pb.

Fig. 3. Plots of fZnCu (= (wt% Zn)/(wt% Cu)) vs. wt% Cu plots for statues HK05 
(squares), HK12 (solid circles), and HK14 (circles) from surface XRF data. Error 
bars are omitted for simplicity. Continuous lines are 3rd-degree poly
nomial functions.
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