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ABSTRACT
Flint, or chert, sources in the Rhine-Meuse delta are generally distinguished based on macroscopic characteristics such as fossil 
inclusions, colour variations, and translucency. Previous studies on chemical characterisations of flint sources proved challenging 
due to the variation and overlap between different sources. Energy Dispersive X-ray Fluorescence (ED-XRF) analysis, therefore, 
cannot, in our view, be used as an alternative to these traditional sourcing methods. Nevertheless, in this paper, we demonstrate 
that X-ray spectrometry can be used as a viable method when used in tandem with traditional methodologies. Macroscopically, 
Spiennes and Lanaye flints, notably Rijckholt flint, cannot be distinguished based on variations in colour, texture, and micro-
fossil content. In the present study, we used a non-destructive portable ED-XRF to distinguish Spiennes, Rijckholt, and eluvial 
Lanaye flints. While it proved impossible to distinguish between different Lanaye sources, it is possible to distinguish between 
Spiennes and Lanaye flints based on the higher phosphorus concentrations in Spiennes flint. The archaeological implications 
have been studied using material derived from four Neolithic Vlaardingen Culture (3400–2500 BC) sites in the Rhine-Meuse 
delta. We demonstrated that Spiennes and Lanaye flints were present at all sites. Proximity to either of these sources was not a 
decisive factor in procurement strategies. Flint was exchanged both via the Meuse (leading to the Lanaye flint sources) and the 
Scheldt (leading to Spiennes). The four selected Vlaardingen Culture sites are located at the intersection between these exchange 
routes. This favourable location provided good access to high-quality exotic flint at these sites.

1   |   Introduction

This study focuses on the flint from the Vlaardingen Culture 
(3400–2500 BC), a Neolithic group located in the Rhine-Meuse 
delta of the western Netherlands. Flint in this period is known 
to come from a wide range of sources such as Cap Blanc Nez 
in western France, Rijckholt in the Netherlands, Hesbaye and 
Spiennes in Belgium, and Lousberg near Aachen in Germany 

([1–3], 82; [3], 170; [4]). Often, flint from these sources can be 
macroscopically attributed to these different sources based on 
variations in the cortex, translucency, texture, inclusions, mi-
crofossil content, and so forth. ([5], 112–118). But a major un-
resolved issue is the fact that Spiennes and Lanaye flints are 
difficult to distinguish ([5], 125). It is known that both min-
ing areas were active in this period ([6, 7], 244). On several 
Vlaardingen Culture sites, flint has been identified as Spiennes 
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or Rijckholt flint. For none of the sites where Spiennes flint was 
found could it be demonstrated with certainty that this was in-
deed Spiennes flint and not Rijckholt flint ([1], 344). The identi-
fication of flints as Rijckholt flint is often uncertain. Usually, the 
attributions are kept broad, identifying the flint, for example, 
as “Lanaye” flint or “Spiennes/Rijckholt” flint ([1], 344; [8, 9], 
81; [10], 148; [4], 170). The present study aims to compare and 
attribute flint artefacts that were macroscopically identified as 
Spiennes or Lanaye flint to one of these sources using portable 
ED-XRF analysis. Lanaye flints in this study will encompass 
both Rijckholt and Lanaye flint from eluvial deposits. It was not 
expected that a distinction between Rijckholt and other Lanaye 
flints was possible as the flints come from the same geologi-
cal formations ([11], 190). Nevertheless, for the reconstruction 
of past exchange networks, it is important to be able to distin-
guish between Spiennes and Lanaye flint. The flint mines from 
Spiennes and Rijckholt are located 150 km apart. Furthermore, 
from the western Netherlands, these areas are reached through 
different routes. The flint mines from Spiennes are reached via 
the Scheldt, while the mines at Rijckholt, as well as the other 
eluvial deposits of Lanaye flint, are reached via the Meuse (see 
Figure 1).

In discussing the differences between the Vlaardingen Culture 
and the Stein group (the latter being located in the Limburg area, 
who are thought to be responsible for the exploitation of the flint 
mines in Rijckholt) Louwe Kooijmans and Verhart pointed out 
that flint from the Limburg area is scarce on Vlaardingen Culture 
sites. They consider the scarcity of this flint, mostly Rijckholt, 
Valkenburg, and Lousberg flint, to be a key characteristic of the 

Vlaardingen Culture. It supposedly distinguishes Vlaardingen 
Culture sites from Stein sites, where these flint types commonly 
occur ([13], 60–62; [14], 220–221). While for Lousberg and 
Valkenburg flint the scarcity on Vlaardingen Culture sites in-
deed seems obvious, this is not clear for Rijckholt flint due to 
the similarities of this type with Spiennes flint. If we are able 
to chemically distinguish between Spiennes and Rijckholt flint, 
we will be able to better assess the supposed scarcity of Rijckholt 
flint on Vlaardingen Culture sites, which would be a key out-
come of this study.

On multiple occasions, optical differentiation cannot, or at least 
conclusively distinguish between different types. Therefore, this 
study wants to (1) assess how chemical analysis can be used to 
distinguish flint types, (2) identify the presence of different flint 
sources in the Vlaardingen Culture exchange systems, and (3) 
in doing so, assess the supposed scarcity of Rijckholt flint on 
Vlaardingen Culture sites. Previous studies have demonstrated 
the difficulties surrounding the chemical identification of flint 
sources due to their relative homogeneity. It is noted that dif-
ferent sources can have nearly identical chemical signatures 
([15, 16], 103). It therefore seems less valid to use chemical anal-
ysis as a general and robust alternative for optical identifications 
([17], 87) although other studies [18] illustrated how chemical 
analysis could be used in tandem with, instead of as an alter-
native to, optical identifications of flint. This study therefore 
explores the conditions in which a non-destructive portable 
ED-XRF approach can contribute to flint provenance studies 
in the Rhine-Meuse basin and neighbouring regions. The merit 
of portable ED-XRF lies not only in the possibility of analysing 

FIGURE 1    |    Flint sources and archaeological sites mentioned in this study. Waterways between sources and sites for the Netherlands are recon-
structed based on the palaeographic map of the Netherlands ca. 2750 BC (waterways based on [12], basemap: EuroGeographics 2024, map made in 
QGIS). [Colour figure can be viewed at wileyonlinelibrary.com]
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larger assemblages but also in its non-destructive character for 
heritage materials.

1.1   |   Lanaye and Spiennes Flint

Spiennes and Lanaye flint are notoriously difficult to distin-
guish macroscopically, and it has rightfully been suggested by 
De Grooth that it is hazardous to distinguish archaeological 
flints based on optical characteristics [6]. Although some eluvial 
Lanaye flints such as Rullen flint can often be identified based 
on specific post-genetic alterations in the flint ([6], 123) these 
flints originate from different geological layers: the Lanaye 
member of the Gulpen formation (Maastrichtian) for Rijckholt 
and other Lanaye flints, and the Spiennes Chalk formation of 
the Campanian for Spiennes flint ([19], 371; [20], 128). Based on 
the geological and archaeological reference collection at Leiden 
University, we also observed that generally these flints share 
many optical characteristics. As a group, these flints can be 
characterised as very dark grey to light grey coloured flint. The 
colour often varies within nodules, with occasionally concentric 
laminations and darker, more fine-grained zones under the cor-
tex. All flints are characterised by high frequencies of similar 
(small) light inclusions (see Figures S1 and S2). De Grooth ob-
served that translucency is somewhat higher in Spiennes flint 
than in Lanaye flint. Furthermore, slight differences in colour 
can be observed, and it seems that Spiennes flints lacked several 
secondary characteristics such as the ‘bleached aspect’ which is 
observed as a dusty surface and brownish wisps that can be ob-
served on eluvial Lanaye flints. Nevertheless, these differences 
are differences of degree, not of kind ([6], 123–5). The ‘dusty’ as-
pect mentioned by De Grooth in relation to eluvial Lanaye flints 
also seems to be present in the Spiennes flint from the reference 
collection ([6], 117; also see Figure S2H).

1.2   |   Compositional Studies of Flint

Several studies have analysed the composition of flint from 
Spiennes and Rijckholt [11, 17–19, 21–25]. Unfortunately, it 
needs to be noted that not all publications include the primary 
elemental data (e.g., [11, 17]) Therefore, comparing the results or 
compositional patterns from these publications cannot be used 
to directly or relatively distinguish between these types ([21], 
42; [11]). Unfortunately, the study in which the largest sample 
of Spiennes and Rijckholt flint was analysed—Sieveking et al.—
did not attempt to make a distinction between these groups but 
analysed these samples for demonstration purposes only [25]. 
The interpretations in the publication focused rather on the 
distinction of flint types from Britain ([25], 154). The most suc-
cessful attempt yet to chemically distinguish between Rijckholt 

and Spiennes flint was presented in a thesis by Geerts [18]. This 
is the only retrievable study that utilised trace elements which 
could be used to distinguish between Spiennes and Rijckholt 
flint. Geerts noted that phosphorus (P) and strontium (Sr) were 
the main elements that could potentially be used to distinguish 
between these types of flint ([18], 43). Unfortunately, this study 
also included patinated flint, while it did not include eluvial 
Lanaye flint. P and Sr are elements that are not systematically 
reported in other chemical studies. Geerts also included some 
flint samples from the ENCI quarry in Maastricht and from an 
unknown quarry in Eben-Emael ([18], 29–30). The publication 
of McDonnell et  al. included Rijckholt flint as well as other 
Lanaye flints from other deposits in Dutch Limburg and north-
ern Belgium [19], although this study did not include flint from 
Spiennes.

Based on the publication of Sieveking et al., it can be concluded 
that trace elements Al, K, Na, Li, and Ca in Spiennes and 
Rijckholt flints display consistent values ([25], 169–170). The av-
erage values for Fe, Mg, and P may vary greatly depending on 
the flint source (see Table 1). The study by Geerts similarly re-
ported that P values in Spiennes flint can be significantly higher 
than those in Rijckholt flint. In this publication, Mg was not 
included in the results. It has to be noted that the Fe values in 
this publication were significantly higher than those reported by 
Sieveking et al. and those reported by McDonnell et al. [19, 25]. 
In the study by Geerts, patinated pieces were also included, and 
it was suggested that the high Fe values can likely be attributed 
to patina ([18], 42). The notion that patinated pieces display 
higher Fe values is also confirmed by other studies ([16], 106). 
Nevertheless, it was demonstrated that P values were not signifi-
cantly affected by patina ([18], 42). The effects of patination on 
Mg values are not clear.

Based on reported flint compositional data from McDonnell 
et al. [19], Geerts [18], and Sieveking et al. [25], it can be observed 
that Spiennes and Rijckholt flint form distinct groups; notably, 
the P values seem to be suitable for distinguishing between 
these flint types. In addition to Spiennes, Rijckholt, Banholt, 
Mheer, Rullen, and St. Pieters Voeren, these also include flint 
from Maastricht found in the ENCI quarry and one sample 
from an unknown quarry in Eben-Emael in Belgium ([18], 13). 
Because of the extreme variation in iron (Fe) values (in Spiennes 
occasionally > 40.000 ppm), caused most likely by patination, 
it seems that Fe values cannot be used to distinguish between 
Rijckholt and Spiennes flint.

Phosphorus (P) seems to be more suited for discriminating be-
tween these flint types. According to Geerts, strontium can also 
be successfully used as a discriminator with lower Sr values in 
Rijckholt than Spiennes ([18], 42–3). Unfortunately, the other 

TABLE 1    |    Average Fe, Mg, and p values (ppm) and standard deviations (st.dev.) for Spiennes and Rijckholt flint based on the twenty samples 
reported by Sieveking et al. [25].

Fe Fe Mg Mg P P

ppm average st.dev. ppm average st.dev. ppm average st.dev.

Rijckholt 205 91.9 122 87.6 210 82.3

Spiennes 104 57.0 50 22.5 590 240.2
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publications do not include published strontium data to validate 
this observation. Nevertheless, the publication also includes 
Lanaye flint from the ENCI quarry and from Eben-Emaul. Here, 
the strontium values are comparable to those of Spiennes flint, 
suggesting it thus seems that strontium values are less reliable 
for distinguishing Lanaye flint from Spiennes flint ([18], 56–7).

2   |   Materials and Methodology

In this paper, a chemical characterisation approach has been 
chosen [26], focusing on a variety of flint (geological) refer-
ence materials and archaeological objects. Chemical sourc-
ing of lithics can take place using a wide range of techniques 
such as Inductively Coupled Plasma Emission Spectroscopy 
(ICP-OES), Atomic Emission Spectroscopy (AES), X-Ray 
Spectrometry (XRF), Electron Microprobe Analysis (EMPA), 
Neutron Activation Analysis (NAA), and Inductively-coupled 
Plasma Mass Spectrometry (ICP-MS) analysis [27–29]. NAA 
was previously carried out by Aspinal and Feather, and by 
De Bruin et al., on Rijckholt and Spiennes flint, as well as on 
several other flint types ([21, 23], 55–56). The method can be 
non-destructive, but as it is expensive and requires access to a 
nuclear reactor, it is not suitable for studying larger assemblages 
[28]. Other methods such as solution ICP-MS and AES provide 
high-resolution data, but here destructive sampling is required 
[25, 27, 29]. Recent developments in analytical equipment have 
seen the successful application of LA-ICP-MS, requiring a mi-
cro-, virtually non-destructive, approach for sourcing purposes 
[26, 30]. For our archaeological samples, destructive analysis 
could not be performed because we intended to sample all ar-
chaeological artefacts within the selected assemblages, which 
belonged to the Rijckholt/Lanaye/Spiennes group. The most 
cost-effective method for analysing larger sample groups—thus 
gaining a critical mass of data—is ED-XRF analysis, which has 
been successfully applied earlier [15, 16, 31, 32]. Because of the 
higher precision and accuracy provided by ICP-MS, we did use 
the method as quality control for a selection of two reference 
samples.

Following the methodology proposed by Bradley et al. [27], we 
used a discriminant analysis [33] to validate the statistical sig-
nificance of compositional variations in the reference samples. 
This discriminant analysis was conducted in the Past 4 software 
[34]. It is visualised in a canonical score plot, and the statistical 
variation was tested in the confusion matrix (Table 4). In line 
with previous studies (e.g., [24]) we employed bivariate scat-
terplots to plot and provide a clear visualisation regarding the 
composition of our archaeological data along with our reference 
samples. A specific focus was laid on the elements that carry the 
most significance for characterisation and provenance.

2.1   |   Geological Reference Material

To validate and expand the compositional patterns observed 
in literature, a total of eighty samples are compositionally an-
alysed. To document and evaluate variability between sources, 
we measured ten geological samples from different nodules of 
Spiennes flint and ten geological samples of Rijckholt flint from 
the Lithoteque in the Material Culture Studies laboratory of the 

Faculty of Archaeology at Leiden University (also see Figures S1 
and S2). In addition, the dataset includes sixty samples from 
six eluvial deposits of Lanaye flint (ten samples each) as well. 
This concerns flint from Rullen (BE), Banholt (NL), Sint Pieters 
Voeren (BE), Mheer (NL), Remersdaal (BE) and Rodebos (BE). 
These are the major eluvial Lanaye deposits that were exploited 
during the Neolithic ([6], 112). It is not known for all of these 
deposits whether they were exploited during the period of study 
(3400–2500 BC). It is known that the flint deposits of Banholt, 
Rijckholt, Rullen, and Spiennes were certainly exploited at this 
time ([35], 135; [7, 36], 85; [37]). For the other deposits, system-
atic excavations were not carried out, and the exact dates for the 
exploitations are unknown [38].

2.2   |   Archaeological Samples

In addition to the geological reference material, archaeological 
flint materials (n = 108) are also selected from four Vlaardingen 
Culture sites as a case study for evaluation and validation (also 
see Figure S3). Den Haag Steynhof and Den Haag Wateringse 
Binnentuinen are the two most recent large scale excavations of 
Vlaardingen Culture sites in the western Netherlands [39, 40]. 
Vlaardingen Arij Koplaan is the type site for the Vlaardingen 
Culture and the largest levee site in the Western Netherlands 
[41]. Hekelingen III is the second largest levee site in the western 
Netherlands, and it is regarded as one of the key sites for this 
period [42–44].

From Vlaardingen Arij Koplaan, the raw materials are derived 
from three trenches: trench 11, trench 15, and trench 17, which 
were studied and macroscopically attributed to sources. For 
trench 11, only the tools were studied during previous research 
by Van Gijn (n = 270), as due to time constraints, it was not pos-
sible to study the entire assemblage (n = 2259) from this trench 
[45, 46]. A large group consisted of flint, which was classified 
as “Spiennes/Rijckholt flint” (see Table  2). The flint in this 
group varied from very dark grey to light grey or brownish flint 
(see Figure  S4b). The flint is mottled, fine grained, with high 
frequencies of sponge needle fossils. Furthermore, darker and 
larger light inclusions (often coarser grained than the texture of 
the flint) also occur.

The group was identified as Spiennes/Rijckholt flint based on 
the descriptions in the literature and based on a visual compar-
ison with the reference collection at Leiden University (Grooth 
2013, 123–125). For Hekelingen III, the raw materials were 
studied from the selection that was previously studied by Van 
Gijn [43].

For the sites Den Haag Steynhof (n = 2335) and Den Haag 
Wateringse Binnentuinen (n = 3384) all flint that was macro-
scopically identified as Lanaye, Rijckholt, or Spiennes flint was 
initially selected (for Den Haag Steynhof n = 26, for Den Haag 
Wateringse Binnetuinen n = 5), as it was noted in the databases 
that the attributions were tentative. The identifications for these 
sites were made by Houkes [4, 10]. In line with the study by 
Hughes et al. [15] we decided to exclude patinated (and possibly 
patinated) flint, as patination can affect the chemical composi-
tion of flint artefacts. It is unknown whether burning affects the 
chemical composition of lithic artefacts. Therefore, we decided 
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to also exclude all burned (and possibly burned) archaeological 
artefacts from the study (see Table S1 for the data on all archae-
ological samples).

Furthermore, a few samples were excluded because the irregu-
lar or small shape of the artefacts did not allow for proper scan-
ning, as an ~8 mm diameter flat surface to measure the samples 
is essential for replicable results. In Table 3 the sample assem-
blage is listed for each of the four sites.

The reliability of portable Energy Dispersive X-ray fluorescence 
analysis for distinguishing Spiennes and Lanaye flint, includ-
ing also archaeological samples, will thus be explored. Our data 
thus includes four groups: reference material from Spiennes, 
reference material from Rijckholt, reference material from elu-
vial Lanaye sources, and lastly, archaeological artefacts of an 
unknown origin. The latter will be selected from the group that 
was macroscopically identified as Spiennes/Rijckholt flint.

2.3   |   Portable Energy Dispersive X-Ray 
Fluorescence Analysis

Non-destructive portable ED-XRF analysis is employed to as-
sess the variability and provenance of these flint artifacts. 
Analysis was conducted using a Bruker Tracer 5 g handheld 
unit (resolution of < 140 eV @ 250,000 cps at Mn Kα) housed 
at the Laboratory for Material Culture Studies at the Faculty of 
Archaeology (Leiden University). The ED-XRF unit is equipped 

with a large area silicon drift detector (SDD) utilising a 1 μm 
graphene detector window. Measurements were run in air using 
a ~8 mm beam collimator for 30 s at 50 kv, 17.7 μA and with a 
25 μm Ti, 300 μm Al filter in place, followed by a measurement 
of the exact same location under 15 kV and 22.2 μA conditions 
for 60 s with no filter in place to optimise for lighter element 
detection.

Main elements of focus for flints are Al, Si, P, S, K, Ca, Ti, Fe, 
Cu, Rb, Sr, Y, Zr, and Nb. For all samples, at least three mea-
surements were taken in three different locations. The locations 
were randomly selected, focusing on the main matrix of the 
flint, avoiding major inclusions and cortex. The samples were 
scanned without prior sample preparation.

Net peak areas were calculated from these spectra using pro-
prietary Bruker ARTAX software and a Bayesian deconvolu-
tion approach to obtain a semi-quantitative dataset. Data was 
normalised to the rhodium peak to correct for eventual varia-
tion (Table S1). In order to allow relative comparisons to other 
datasets for the relevant elements, these peak areas were quan-
tified as well using a Bruker factory calibration for (sedimen-
tary) rock materials. Ten geological reference samples of both 
Rijckholt and Spiennes (30 g pulverised for homogenisation) 
were additionally analysed by Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) [47], using a lithium metaborate/tetrab-
orate fusion approach for whole rock chemistry, as a control in 
addition to certified reference materials GSP-1 and NIST-2710a 
for both accuracy and precision evaluation of the portable ED-
XRF (Table S2).

3   |   Results and Discussion

From the geological reference collection of Leiden University, 
ten flint samples were compositionally measured per local-
ity of Banholt (NL), Mheer (NL), Remersdaal (BE), Rijckholt 
(NL), Rodebos (BE), Rullen (BE), Sint Pieters Voeren (BE), and 
Spiennes (BE).

In the literature, it was suggested that Fe, Mg, P, and Sr could po-
tentially be used to discriminate between these different types 
([18, 19], 380; [25], 169–170). Of these, Fe is deemed unreliable 
for archaeological samples, and Mg yielded low values in the 

TABLE 2    |    Flint types in Hekelingen III and Vlaardingen Arij Koplaan.

Terrace 
flint

Meuse-
egg

Cap Blanc 
Nez and 
French 
indet.

Obourg/
zeven 
wegen Hesbaye Lousberg

Spiennes/
Lanaye

Indet/
other

Vlaardingen 
WP11

0 0 9 0 65 0 29 167

Vlaardingen 
WP15

11 4 19 0 103 0 50 261

Vlaardingen 
WP17

4 3 4 1 23 0 10 63

Hekelingen III 0 0 33 0 94 1 46 168

TABLE 3    |    Archaeological samples analysed per site.

Archaeological site Samples analysed

Den Haag Wateringse Binnentuinen 3

Den Haag Steynhof 10

Hekelingen III 26

Vlaardingen Arij Koplaan trench 11 19

Vlaardingen Arij Koplaan trench 15 42

Vlaardingen Arij Koplaan trench 17 8

Total 108
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ICP-MS analyses, often below the detection level of the portable 
ED-XRF (see Supporting Information). Our reference samples 
did show a clear difference in P and Sr (cf. Figure 2).

The phosphorus values presented here were significantly higher 
in Spiennes flint than in any of the Lanaye flints, supporting pre-
viously made observations and suggestions [18, 25]. Phosphorus 
thus seems to be a robust indicator for distinguishing Spiennes 
and multiple Lanaye flints (see Figure 2a). To test this specific 
visual indicator, a Mann–Whitney U significance test for non-
parametric data was carried out specifically between the sites 
of Banholt and Spiennes, and between Rijckholt and Spiennes 

for the elements Sr and P. For P a significant difference was es-
tablished (p < 0.05, p = 0.00018); for Sr there was no difference 
(p > 0.05, p = 0.52). Between Rijckholt and Spiennes both P and 
Sr are significantly different (p < 0.05).

In addition to phosphorus, Geerts also noted that strontium 
was a key factor for distinguishing Spiennes and Rijckholt 
flint ([18], 43). In our data, strontium intensities were generally 
higher in Spiennes flint than in Rijckholt flint (see Figure 2b). 
Banholt can potentially also be distinguished as a separate 
group, based on the relatively high strontium values in this 
group. It thus seems that a combination of phosphorus and by 

FIGURE 2    |    Boxplots with average Rh normalised intensities for different flints from the reference collection; a = P intensities; b = Sr intensities 
(n = 10 samples per site).
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extension strontium values can be used to distinguish Spiennes 
and Lanaye flints.

A discriminant analysis was applied to test group attributions 
based on the observed differences between sources. In this anal-
ysis, all significant elements are included. It can be observed that 
Spiennes flint and, to a lesser extent, Banholt flint can success-
fully be attributed to distinct groups. To a lesser extent, Rijckholt 
flint also had a diverting chemical signature. The flints of Mheer, 
Remersdaal, Rodebos, Rullen, and Sint Pieters Voeren overlapped, 
rendering a distinction based on the chemical composition of 
these flints impossible (see Figure 3 and Table 4, and Table S3).

To evaluate the discriminant analysis, a confusion matrix 
was constructed on the basis of this data which indicates that 

Spiennes flint within the reference sample is consistently clas-
sified correctly (see Table  4). Precision in the predicted group 
memberships is lower among the different Lanaye-type flints. 
This confirms the earlier observations by De Bruin et  al. that 
these different Lanaye flints, due to their similar geological or-
igin, have similar chemical signatures ([23], 190). The analysis 
confirmed that P and Sr values were the main indicators for dis-
tinguishing Spiennes and Lanaye flint.

3.1   |   Archaeological Implications

The possibility to have an integrated, non-destructive, and fast 
approach at identifying the variability in flint does not only 
facilitate source attribution under certain conditions, but also 

FIGURE 3    |    Canonical score plot based on discriminant analysis of the reference sample (average per sample of the Rh normalised intensities for 
the elements Al, Si, P, S, K, Ca, Ti, Fe, Cu, Rb, Sr, Y, Zr, Nb) indicating the different groups with 95% confidence ellipses. [Colour figure can be viewed 
at wileyonlinelibrary.com]

TABLE 4    |    Confusion matrix based on the discriminant analysis of the reference sample. Predicted group membership %.

Banholt Mheer Remersdaal Rijckholt Rode Bos Rullen
Sint Pieters 

Voeren Spiennes

Baholt 80 0 0 0 20 0 0 0

Mheer 0 70 10 0 0 10 10 0

Remersdaal 0 10 50 10 20 0 10 0

Rijckholt 0 10 10 80 0 0 0 0

Rode Bos 0 0 0 0 80 10 10 0

Rullen 0 10 0 0 10 60 20 0

Sint Pieters 
Voeren

0 10 0 0 10 10 70 0

Spiennes 0 0 0 0 0 0 0 100
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generates information on the selection and use of these materi-
als for the archaeological contexts under study.

It is clear from the compositional data that the only relevant mark-
ers for source attribution are P and, to a lesser extent, Sr. With 
a framework established, the implications for studying these 
Neolithic sites need to be elucidated. The average P and Sr values 
of the different selected archaeological samples were plotted in 
the scatterplot in Figure 4, as these elements are—on the basis 
of the reference dataset—hold significant potential for potential 
provenance determinations. Based on these geological samples, 
we can conclude that high phosphorus values of > 1000 ppm are 
characteristic of Spiennes flint, while low phosphorus values 
of < 500 ppm only occur in Rijckholt and other Lanaye flints. 
Elevated strontium values are indicative of Spiennes or Banholt 
flint, but variability and overlap still exist here.

It could be concluded that most archaeological samples could be 
grouped with either the Lanaye group or the Spiennes group. It 
is clear that for all archaeological sites samples fell within the 
Lanaye group, as well as the Spiennes group. It seems that the 
Lanaye group is generally dominant, but the groups are clearly 
not mutually exclusive. Furthermore, several samples, notably 
attested at the site of Vlaardingen Arij Koplaan, have elevated 
Sr values and low P values. It seems likely that these samples 
should actually be classified as Banholt flint.

Occasionally, when a distinction cannot be made macroscopi-
cally, an attribution is assumed based on proximity to either the 
mines in Rijckholt or Spiennes ([48], 82). It seems that this is 

incorrect, as proximity was not a decisive factor when it came 
to flint procurement. Both flint types can be present in one as-
semblage. The probable attribution of some of the samples to the 
deposits in Banholt indicates that this source remained in use 
until the Middle- or Late Neolithic.

The common occurrence of Rijckholt/Lanaye flint, in addition to 
Spiennes flint, on these sites challenges the notion previously held 
that flint from the Limburg area is virtually absent in the western 
Netherlands during the Vlaardingen Culture period. While the 
notion, voiced by Louwe Kooijmans and Verhart, that Lousberg 
flint (from the mines near Aachen) is largely absent in the western 
Netherlands holds true, this does not apply to the wider Limburg 
area ([13], 60–62; [14], 220–221). Exchange networks were not 
only directed towards the south, following the Scheldt river, but 
also to the east, following the Meuse towards the Rijckholt area.

4   |   Conclusion

In this study, we demonstrated that portable ED-XRF analysis 
can be successfully applied in provenance studies of flint arte-
facts in certain instances. However, chemical compositions can-
not be used as an alternative for optical identifications, as there 
is overlap between certain groups and flint types. Nevertheless, 
detailed questions, which cannot be solved macroscopically, can 
be solved by including this type of compositional ED-XRF analy-
sis. In this case study, we demonstrated that Spiennes and Lanaye 
flints differ significantly in their chemical compositions and thus 
can be discriminated systematically from each other. It could be 

FIGURE 4    |    Scatterplot with P and Sr values (ppm) of all reference and archaeological samples. [Colour figure can be viewed at wileyonlineli-
brary.com]
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demonstrated that on all four archaeological sites, both Spiennes 
and Lanaye flints were present. The analysis suggests that 
Banholt flint was also imported to this region in this period. The 
study indicated that Spiennes and Lanaye flints are not necessar-
ily mutually exclusive. Contrary to what was hitherto assumed, 
Rijckholt/Lanaye flints were common on Vlaardingen Culture 
sites. Furthermore, proximity to either Spiennes or the Lanaye 
deposits in Limburg cannot be used as an argument to attribute 
these flints to either of these sources. The archaeological sites 
were all located closer to the Lanaye flint sources in Limburg 
than to the flint mines in Spiennes. If we assume water-based 
transport, the distance from Vlaardingen to Rijckholt is 282 km, 
while the distance to Spiennes is 369 km. Based on proximity to 
the mines, these samples would thus be misinterpreted as Lanaye 
flints. It is clear that the mining products of both the flint mines 
in Spiennes and those in Rijckholt reached these Vlaardingen 
Culture sites. Both the Meuse and the Scheldt were instrumental 
in the exchange trajectories of flint between these mining centres 
and the Vlaardingen Culture communities in the Rhine-Meuse 
delta. These networks were complementary, indicating that sta-
ble exchange networks were in place throughout the Vlaardingen 
Culture period. Sites such as Vlaardingen, Arij Koplaan, and 
Hekelingen III were conveniently located at the crossroads be-
tween these two exchange routes. Perhaps the high frequencies 
of exotic flint in these sites can be explained by their location at 
this intersection between these major exchange routes Table 3.

Methodologically, this study highlights the potential and restric-
tions of the use of portable ED-XRF as a suitable aid in prove-
nance studies of flint. Due to the portable nature, the technique 
also allows for quick scans during archaeological fieldwork. 
Furthermore, flint mines in Europe usually consist of protected 
heritage sites; Spiennes is a UNESCO World Heritage site, and 
the mines in Rijckholt are a national archaeological monument. 
With pXRF, geological samples can now be analysed in  situ 
using non-destructive methods.
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