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A B S T R A C T   

Archaeological excavations at “Doorn Noord” (Ninove, East Flanders, Belgium) revealed a complex of traces of 
human activity and occupation, spanning several millennia. The youngest finds consist of a vast number of 
surficial hearths and hearth pits, that are interpreted as the remnants of military camps. Based on direct and 
indirect historical information, as well as a few diagnostic finds, these traces were originally assigned to possible 
phases of encampment in 1692 CE, 1693 CE, 1745 CE and/or 1831–1838 CE. Although widely used in 
archaeological research, it is well-known that radiocarbon (14C) dating lacks precision for post-1650 CE features 
and therefore does not allow allocating a particular trace to a distinct phase of military presence. 

In this study, we report on the potential of optically stimulated luminescence (OSL) signals of quartz for 
directly dating the heated sedimentary remains of the hearths. We consider it a test of both accuracy and pre
cision given the availability of independent age information (historical sources and archaeomagnetic dating). Six 
samples from three features yielded indistinguishable optical ages, with an average age of 1748 ± 39 CE (95% 
probability). This OSL date coincides with historical and archaeological evidence for the presence of a large army 
in this area in 1745 CE. As sources of systematic uncertainty are (largely) shared, it is possible to distinguish 
between comparable features with a relative time-resolution of ~2%. For hearths from the last few centuries 
(post-1650 CE), this implies that numerical and relative chronologies can be established on decadal and multi- 
annual timescales with 95% confidence.   

1. Introduction 

The origins of luminescence dating lie in its application to heated 
materials and objects such as pottery, bricks, tiles, kilns and burnt stones 
(see e.g. Aitken, 1985; Wagner, 1998). The early work used thermolu
minescence (TL) signals. The applications for dating, however, were 
hampered by poor precision and hence the focus shifted towards 
authenticity testing for which it is still widely used (e.g. Stoneham, 
1991; Leung et al., 2005; Guidorzi et al., 2021). Use of signals stimulated 
by light (optically stimulated luminescence; OSL), which can also be 
reset by heat (e.g. Wintle and Murray, 1997), in combination with 
single-aliquot protocols for measuring dose, offered improved precision 
(e.g. Liritzis et al., 1994, 1997; Mejdahl and Bøtter-Jensen 1994, 1997; 
Murray and Mejdahl, 1999; Murray and Wintle, 2000). Such approaches 

have been applied to ceramics (or pottery), bricks, burnt sediments and 
stones, hearths and slags (e.g. Feathers, 2003; Bailiff, 2007; Duller, 
2008; Rhodes et al., 2010; Armitage and King, 2013; Yu et al., 2016; Sun 
et al., 2012, 2018; Wang et al., 2022a, b). While encouraging results 
have been obtained, a critical review of the literature illustrates that the 
true potential of OSL-dating of anthropogenically heated materials has 
remained largely untapped. Indeed, in comparison to OSL-dating of 
unheated sediments, the available studies on heated materials are 
limited both in number of publications (see e.g. Bailiff, 2019) and in the 
types and ages of features investigated. At least to our knowledge, the 
approach has never before been tested for dating cooking hearths, only 
in a few studies for directly dating hearths in general (Rhodes et al., 
2009, 2010; Armitage and King, 2013; Yu et al., 2016; Sun et al., 2012, 
2018), and rarely for tackling chronometric issues that pertain to heated 
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materials that date from modern to contemporary times and/or require a 
decadal time-resolution. One notable exception with respect to the latter 
concerns the work by Bailiff (2007) on bricks from late-medieval and 
post-medieval buildings in England. In this paper, we investigate the 
potential of quartz-based OSL dating for application in this apparently 
largely un(der)explored area of luminescence chronometric research. 

The features studied here are three fireplaces/hearths from (early) 
modern times that were found during archaeological excavations prior 
to the construction of a new business park “Doorn Noord” in Ninove 
(Belgium; Fig. 1). Excavations over an area of 9 ha (Fig. 1b, light orange 
area) of the project area of 23 ha (Fig. 1b, red line) in fact revealed 
approximately 500 of such features, essentially consisting of hearth pits 
and underground shelters with well-preserved fireplaces or hearths 
(Fig. S1). Associated finds include shards of cooking pots, smoker’s 
pipes, and food waste. As different “types” of pits could be recognized 
during the excavation, the hypothesis emerged that these traces could 
point to successive and distinct phases of military encampment. Chro
nologically diagnostic finds (coins, ceramics, stamped pipes, etc.) are 
scarce but point at several possible distinct phases, as also suggested by 
historical sources: 1692 CE, 1693 CE, 1745 CE and 1831–1838 CE. 
While it is not uncommon to find remains of successive military camps at 
one particular locality, the large scale of the excavations at “Doorn 
Noord” is at least regionally unique and may provide specific insights 
into the history of the armed conflicts in the former Southern 
Netherlands. However, both the (few) finds associated with the hearths 
and the historical records provide indirect dating evidence, implying 
that the vast majority of traces cannot be allocated to a specific period of 
encampment. This lack of precise and direct time information hampers 
interpreting a potentially highly detailed record of confrontations in the 
Low Lands during the 17th to 19th century CE. 

Radiocarbon (14C) dating is commonly used to resolve chronological 
questions in archaeological research but is known to be of limited use for 
post-1650 CE features (Stuiver, 1961; Tans et al., 1979; Karimi Moayed 
et al., 2020; Deforce et al., 2021). It was therefore not considered in the 
archaeological study of the military camps at Ninove “Doorn Noord”, 
requiring that alternative chronometric tools are put to use. Archae
omagnetic dating is one such potentially powerful tool, in particular for 
fired materials, and it can be more precise for those periods where 

14C-dating is problematic (e.g. Linford, 2006; Batt et al., 2017). It was 
applied to two of the fireplaces/hearths investigated in this paper. The 
approach requires a calibration curve, however, which is regionally 
specific and is constructed through archaeomagnetic analysis of known 
age features. Hence, it would seem desirable to complement – where 
possible – archaeomagnetic dating by other independent methods. 
Given the specific possibilities and limitations of each technique, a 
multi-dating approach is advantageous. 

Given that some age information is available through the archaeo
logical finds, historical documents and archaeomagnetic dating, one 
could consider our OSL-study a test of accuracy and precision in appli
cations that use anthropogenically heated materials. If successful, the 
results could contribute to an improved understanding of the early- 
modern and modern features as preserved at Ninove “Doorn Noord”, 
but also highlight the feasibility of applying OSL as dating tool in rela
tively recent historical contexts. 

2. Material and methods 

2.1. Study area and setting 

The site “Doorn Noord” is located in the city of Ninove (East-Flan
ders, Belgium; Fig. 1a) and extends over an elevated plateau alongside 
the Dender Valley (Fig. 1a). It is situated in the Belgian loess belt 
(Gullentops et al., 2001; Louis, 1962). The Quaternary cover in the area 
has been described as consisting of windblown sediments that were 
deposited during the Weichselian (or perhaps the Early-Holocene) 
and/or slope deposits (Fig. 2; Gullentops et al., 2001). 

The archaeological research at “Doorn Noord” preceded construction 
works for a large business park and related roadworks. In the period 
2018–2021, an area of 9 ha was excavated. Apart from Final Neolithic 
burial mounds and the remains of a small Roman settlement, the finds 
consist of 406 surficial hearths and hearth pits, as well as pits with 
hearth niches, spread over an area of over 6.8 ha (Fig. 1b). Related to 
these hearths and pits are finds such as ceramics, coins, pipes, glass, 
flints, spindle whorls, buckles, buttons, glass and musket balls. As the 
excavation proceeded, and finds were processed and results combined 
with information gathered from historical cartographic sources, it 

Fig. 1. (a) Digital elevation map showing the project area in “Doorn Noord” in Ninove (black line). The investigated features (I-210, I-960, and I-1006) are indicated 
by the solid black. MAMSL: Metres Above Mean Sea Level. The inset shows the location of Ninove in Belgium. (b) The red line deliniates the project area (~23 ha); 
the excavated area (ca. 9 ha) is shaded in light orange. Based on post-excavation reconstruction, the concentrations of traces from the encampment in 1692–1693 CE 
are indicated by the dark orange blocks (A–G); those from the encampment in 1745 CE by the grey blocks (A′-C′). 
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became clear that these are the remnants of military camps dating from 
three possible distinct phases within the early-modern and modern 
period. The largest structures are interpreted as dug-out shelters, as 
supported by remains of postholes, stairs, benches, different types of 
hearth-structures, and chimneys (Fig. S1). The hearth remains in three of 
these larger structures were selected in the frame of this OSL dating 
study (Fig. 3a–c; features I-210, I-1006, and I-960); two of these features 
(I-210 and I-960) were also dated using archaeomagnetism. 

2.2. Independent age information 

2.2.1. Archaeomagnetic dating 
Four hearth-structures were archaeomagnetically dated, of which 

two (features I-210 and I-960) are directly relevant to this study. Details 
on the sampling, instrumentation and magnetic measurements are 
beyond the scope of this paper and were detailed by Souad (2020). The 
archaeomagnetic dates are based on present knowledge of the secular 
variation of the field direction during the last three millennia in Western 
Europe. As the sampling site is located relatively close (~300 km) to the 
reference site Paris, the directional results were compared with the 
master secular variation curves of declination and inclination for France 
(Gallet et al., 2002). The declination and inclination reference curves 
were obtained using Bayesian hierarchical statistics (Lanos, 2004; Lanos 
et al., 2005). Following Noël and Batt (1990), probability densities of 
possible ages were then obtained at the 95% confidence level using the 
software Rendate (Lanos, 2004; Lanos et al., 2005). Due to the recur
rence of the magnetic field, this resulted in multiple time-intervals, with 
different probabilities. For feature I-960, the archaeomagnetic age 
ranges are [-324, 77] CE (88.8% probability) and [460, 590] CE (6.2% 
probability). The age ranges obtained for feature I-210 are [1661, 1825] 

CE (67.9% probability) and [-325,-134] CE (27.2% probability). Only 
the date of [1661–1825] CE is consistent with an early-modern and 
modern firing event. 

2.2.2. Historical information 
Several historical sources document the presence of multiple military 

camps at Ninove. Based on the finds and the historical evidence, the 
oldest two camps date from the time of the Nine Years’ War (1688–1697 
CE), between the French army of Louis XIV and the forces of an inter
national coalition led by the king of England William III (Wauters and 
Verbrugge, 2022; Verbrugge et al., 2022). Apart from numerous news
paper articles, diaries and marching orders, a number of cartographic 
images were found that show military camps at or near the excavated 
site “Doorn Noord” in 1692 and 1693 CE. 

Local archives and newspapers, as well as a range of military docu
ments and diaries, mention the presence of a French army at Ninove in 
1745 CE. This presence and military activity can be associated with the 
War of the Austrian Succession (1740–1748 CE), in which France, 
Prussia, and Spain (amongst others) fought against the Austrian empress 
Maria Theresa and her allies. Although originally fought on Central and 
Eastern European battlefields, the battleground extended towards the 
Southern Netherlands from early 1744 CE onwards. Between 8 
September and 15 October 1745 CE, the French army settled in Ninove. 
The 1745-French campaign is well documented, and several written 
sources locate the camp at Ninove at or near the excavated area. 

At the beginning of the excavation and the time of sampling, it was 
thought that a more recent phase of military encampment dating from 
1831 to 1838 CE, might have been preserved as well. This was tenta
tively deduced from the find of a single copper coin, depicting Leopold I 
(the first King of Belgium, reigning from 1831 to 1865 CE) and a 
partially preserved date (”18?8”, with “?” referring to the illegible digit). 
Post-excavation analysis, however, revealed that only the phases 1692 
CE, 1693 CE and 1745 CE are present at Ninove. 

2.3. OSL-dating 

The remains of three hearths/ovens were selected for OSL dating 
(features I-210, I-960 and I-1006; Fig. 3a–c). Of interest here are heated 
sediments that make up the walls and/or base of the hearth pits and 
alcoves that were dug into the loamy subsurface (Fig. 3 and S1-S3). 
These structures are well-preserved, although their texture is generally 
more friable compared to brick. We targeted sediments with clear signs 
of heating, as suggested by the reddish brick-like colour that is typical 
for burnt loess; the parent material is yellowish-grey in colour (Figs. S2 
and S3). Eight heated sediment samples in total were taken for lumi
nescence analyses (Table 1) using either stainless steel (5 cm diameter; 5 
cm long) or opaque PVC tubes (3 cm diameter; 15 cm long). In addition, 
one sample was taken from sediments that were located close to, but not 
visibly affected by heating (feature I-960; inset to Fig. 3c; sample GLL- 
192809 in Table 1). The sediment immediately surrounding each OSL- 
tube was collected for radionuclide analysis. Two samples were 

Fig. 2. Schematic map showing the main Quaternary sedimentation areas in 
Belgium. From https://ncs.naturalsciences.be/quaternary/introduction-figs). 
The location of the study area (Ninove) is indicated by the black solid circle. 

Fig. 3. Photographs illustrating the sampling of features I-210 (a), I-1006 (b) and I-960 (c).  
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collected for determining the water content at saturation; the average of 
these two samples was used in the calculations. 

While we aimed at sampling only the sediments that were most likely 
sufficiently heated, it could not be excluded that some of the sampling 
tubes penetrated parent material. In addition, any thermal gradient 
could result in homogeneous incomplete resetting. For most of the 
samples, we therefore extracted the inner material of the tubes in in
tervals of approximately 1 cm (Fig. S3). Quartz grains from the 63–250 
μm fraction were then isolated following widely adopted procedures 
(HCl, H2O2, sieving, HF; e.g. Murray et al., 2021). For luminescence 
measurements, quartz grains were spread out on the inner 2 mm (small 
aliquots) of stainless-steel discs with a thickness of 0.5 mm and a 
diameter of 9.7 mm, using silicon spray as adhesive. The measurements 
were carried out using an automated Risø TL/OSL reader equipped with 
blue (λmax = 470 nm) and infrared (λmax = 850 nm) light emitting diodes 
estimated to deliver about 32 mW/cm2 and 108 mW/cm2 at the sample 
position, respectively (Sørensen P., Risø DTU, priv. Comm., 2023). The 
optically stimulated luminescence signals were detected through 7.5 
mm of Hoya U-340 UV filter; irradiations were performed using a cali
brated 90Sr/90Y beta-source mounted on the reader. Details on the fa
cilities can be found in Bøtter-Jensen et al. (2003, 2010) and Lapp et al. 
(2015). The luminescence characteristics and equivalent doses (De) were 
determined using the single-aliquot regenerative-dose (SAR) protocol 
(Murray and Wintle, 2000, 2003). Unless stated otherwise, a preheat at 
180 ◦C for 10 s and a cut heat to 160 ◦C were adopted. Optical stimu
lation was for 38.5 s at 125 ◦C. All the measurements used the first 0.31 s 
of the decay curve minus a background derived from the following 0.77 s 
(“early-background subtraction”; Cunningham and Wallinga, 2010). 
Each measurement of the response to the test dose (2 Gy) was followed 
by a stimulation for 38.5 s with the blue diodes at 280 ◦C to minimize 
recuperation (Murray and Wintle, 2003). For each aliquot, the sensi
tivity to stimulation with infrared light was measured (OSL IR depletion 
ratio; Duller, 2003), to check for the presence of feldspar. The sensitivity 
to infrared stimulation was defined as significant if this ratio deviated 
more than 10% from unity; no aliquots had to be rejected on this basis. 
Where applicable, the luminescence analyses focused on the samples 
from those intervals which, following an initial screening, showed the 
lowest estimates of De and were therefore expected to have been suffi
ciently heated during the last firing event (Fig. S3 and Table S1). The 

sediment collected for dose rate determination was dried at 110 ◦C (until 
constant weight), pulverized and homogenized. A subsample (~140 g) 
of the powdered sediment was then cast in wax (De Corte et al., 2006) 
and stored for at least one month before being measured on top a 
low-level extended energy-range HPGe gamma-ray spectrometer. The 
specific activities were converted to dose rates using conversion factors 
calculated from the nuclear data tabulated by Adamiec and Aitken 
(1998). A beta attenuation factor of 0.90 (±5% relative uncertainty) was 
adopted to correct the external beta dose rates for the effects of atten
uation and etching (Mejdahl, 1979). Correction for the effect of moisture 
was performed as outlined in Aitken (1985). The subsurface of the study 
area has been described as consisting of dry loess (Louis, 1962). For the 
heated sediment samples, we therefore assumed that the time-averaged 
moisture content during burial equals half the value at saturation; a 
relative uncertainty of ±30% (1 sigma) was associated with this esti
mate. For the sample collected from the unheated sediments 
(GLL-192809), we followed Aitken (1985) and assumed an average 
water content corresponding to 80% of saturation (with a relative un
certainty of ±8%, 1 sigma). An internal dose rate in quartz grains of 
0.013 ± 0.003 Gy ka− 1 was adopted (Vandenberghe et al., 2008). The 
contribution of cosmic rays was calculated following Prescott and Hut
ton (1994), and a 15% relative uncertainty was associated with the 
values. 

3. Results 

3.1. Luminescence characteristics and procedural tests 

Fig. 4a shows the natural and regenerated OSL decay curve for an 
aliquot of sample GLL-192807. The signals are clearly distinguishable 
from the background level and decay rapidly with stimulation time. The 
decay matches that observed for calibration quartz (Fig. 4a, inset), as 
expected for a signal dominated by the fast component. The growth of 
the OSL signal as a function of dose can be well approximated by a single 
saturating exponential function (solid black line in Fig. 4b). The dose 
response passes through the origin, indicating that recuperation is 
negligible (open square). It is possible to reproduce a regenerated dose 
point implying that sensitivity changes are accurately corrected for (the 
solid and open circles are overlying each other, i.e. a recycling ratio 

Table 1 
Radionuclide activities used for dose-rate evaluation, estimates of time-averaged moisture content (F × W, with the F the fraction of saturation corresponding to the 
time-averaged moisture content, and W the saturation content as measured in the laboratory), calculated dose rates, equivalent doses (De), calculated OSL ages, and 
random (σr), systematic (σs) and total uncertainties (σtot). The OSL ages (±2 sigma total uncertainties; i.e. random + systematic) are expressed as ages Common Era 
(CE) in the last column. The burial depth for all samples was estimated at 200 cm.  

Feature Lab code Material 234Th 226Ra 210Pb 232Th 40K F × W Total 
dose 
rate 

De OSL 
Age 

σr σs σtot OSL Age 

(Bq 
kg− 1) 

(Bq 
kg− 1) 

(Bq 
kg− 1) 

(Bq 
kg− 1) 

(Bq 
kg− 1)  

(Gy 
ka− 1) 

(Gy) (ka ±
1σ) 

(%) (%) (%) (CE ± 2σ) 

I960 192807 Burnt 35 ± 3 42 ± 1 39 ± 2 42 ±
0.5 

484 ±
2 

0.14 
± 0.04 

2.76 ±
0.03 

0.769 ±
0.004(52) 

0.28 
± 0.02 

1.06 7.23 7.31 1740 ± 41 

192808- 
X13 

Burnt 32 ± 3 42 ± 1 34 ± 5 42 ±
0.4 

495 ±
4 

0.14 
± 0.04 

2.71 ±
0.07 

3.0 ±
0.2(51) 

1.09 
± 0.12 

7.79 7.24 10.63 925 ± 233 

192809 Unburnt 30 ± 4 42 ± 1 37 ± 3 42 ±
0.5 

512 ±
4 

0.22 
± 0.02 

2.59 ±
0.04 

39.6 ±
1.6(27) 

15.3 
± 1.1 

4.44 5.92 7.40 − 13253 ±
2261 

I1006 192811- 
X13 

Burnt 30 ± 2 43 ± 1 33 ± 2 44 ±
0.4 

502 ±
5 

0.14 
± 0.04 

2.75 ±
0.03 

0.73 ±
0.01(50) 

0.26 
± 0.02 

1.75 7.23 7.44 1754 ± 39 

192812- 
X14 

Burnt 30 ± 2 43 ± 1 33 ± 2 44 ±
0.4 

502 ±
5 

0.14 
± 0.04 

2.75 ±
0.03 

0.73 ±
0.02(51) 

0.27 
± 0.02 

2.86 7.23 7.78 1752 ± 42 

192813- 
X14 

Burnt 30 ± 2 45 ± 1 35 ± 3 45 ±
0.6 

490 ±
4 

0.14 
± 0.04 

2.76 ±
0.04 

0.72 ±
0.01(51) 

0.26 
± 0.02 

1.97 7.23 7.49 1759 ± 39 

192815 Burnt 30 ± 2 45 ± 1 35 ± 3 45 ±
0.6 

490 ±
4 

0.14 
± 0.04 

2.76 ±
0.04 

0.98 ±
0.04(46) 

0.35 
± 0.03 

4.61 7.23 8.57 1664 ± 61 

I210 192816- 
X13 

Burnt 39 ± 2 41 ± 1 55 ± 3 41 ±
0.4 

501 ±
4 

0.14 
± 0.04 

3.02 ±
0.04 

0.797 ±
0.004(48) 

0.26 
± 0.02 

1.47 7.25 7.39 1755 ± 39 

192817 Burnt 30 ± 4 40 ± 1 41 ± 2 39 ±
0.6 

477 ±
4 

0.14 
± 0.04 

2.71 ±
0.03 

0.79 ±
0.01(40) 

0.29 
± 0.02 

1.50 7.22 7.37 1728 ± 43  
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Fig. 4. (a) OSL decay curves for a single aliquot of quartz grains extracted from sample GLL-192807. The natural and regenerated signals are shown as the black and 
grey lines, respectively. The inset compares the regenerated OSL decay curve from the sample with that from calibration quartz (GLL-CalQ). (b) SAR growth curve for 
a single aliquot of the same sample. Recycling and recuperation points are represented by the open circle and square, respectively. The solid line is the fit of the data 
to a single saturating exponential function. The equivalent dose (De) is obtained by interpolating the natural sensitivity-corrected OSL signal (open triangle) on the 
SAR dose response curve. 

Fig. 5. (a) Dependence of equivalent dose (De) on preheat temperature for sample GLL-192807. The dashed and dotted lines indicate the average ± 1 standard error 
over the 160 ◦C–260 ◦C temperature interval. (b) Corresponding recycling and recuperation data; the solid and dashed lines (eye guides) bracket a value for the 
recycling ratio of 1.0 ± 0.1. (c) Dependence of dose recovery ratio on preheat temperature for sample GLL-192807. Each data point represents the average (±1 
standard error) of 5 measurements. The dashed and dotted lines are eye guides and bracket a 2.5% and 5% deviation of the ratio from unity (solid line). (d) 
Corresponding recycling and recuperation data; the solid and dashed lines (eye guides) bracket a value for the recycling ratio of 1.0 ± 0.1. 

N. Karimi Moayed et al.                                                                                                                                                                                                                       



Journal of Archaeological Science 159 (2023) 105858

6

equal to unity). For the sake of comparison, the OSL decay and dose 
response curves from an aliquot of the unheated sample GLL-192809 are 
shown in Fig. S4. This sample exhibits a significantly lower lumines
cence sensitivity, indicating that the other samples were indeed sensi
tized through heating. 

To identify the optimum measurement parameters for De determi
nation, we examined the dependence of measured dose on preheat 
temperature using sample GLL-192807. In a first test, groups of three 
natural aliquots were measured at each of seven different preheat tem
peratures in the range of 160 ◦C–280 ◦C. There is no dependence of De on 
preheat temperature up to 260 ◦C (Fig. 5a); across this interval, recy
cling ratios are consistent with unity and recuperation is less than 1% of 
the sensitivity-corrected natural OSL signal (Fig. 5b). In a second test, 
natural aliquots were first exposed twice to the blue diodes for 250 s at 
room temperature, with a 10,000 s pause in between. The aliquots were 
then given a dose close to the expected natural dose, and measured at 
each of seven different preheat temperatures in the range of 
160 ◦C–280 ◦C. The results are shown in Fig. 5c. Across the 160 
◦C–240 ◦C temperature interval, the measured doses are consistent with 
the known given dose; the recycling ratios are consistent with unity as 
well, and recuperation remains below 1% of the corrected natural OSL 
signal (Fig. 5d). This second test is known as a dose recovery test and is 
the most complete test for assessing the performance of a particular SAR 
procedure for a sample (e.g. Murray et al., 2021). The dose recovery test 
was repeated, this time using 6 natural aliquots for each of the eight 
heated sediment samples, and a preheat of 10 s at 180 ◦C only. The 
results are summarised in Fig. 6. For all samples except GLL-192811, and 
within 1 standard error, the measured dose does not differ from the 
known given dose by more than 2.5% (Fig. 6a). The discrepant result for 
sample − 11, with an unweighted average dose recovery ratio (±1 
standard error) of 0.81 ± 0.14, is not understood. It results essentially 
from a very poor and significantly less precise dose recovery value 
(~50% relative uncertainty) for one out of the six aliquots measured. 
Rejecting this aliquot from the analyses yields an average dose recovery 

ratio for this sample of 0.92 ± 0.09. Apart from poor precision, however, 
there is no other argument (e.g. on the basis of recycling or OSL IR 
depletion ratio, or recuperation) for rejecting this aliquot. The overall 
dose recovery ratio (±1 standard error; n = 48) is 0.98 ± 0.03 (Fig. 6b). 
Taking this as an average descriptor (Murray et al., 2021) suggests that 
the chosen experimental SAR parameters can accurately measure a 
known laboratory dose. 

3.2. Equivalent dose determination 

The equivalent dose in all samples was determined using the SAR 
protocol, as outlined in the above and using a preheat of 10 s at 180 ◦C. 
In between 48 and 52 small aliquots were measured for each burnt 
sample. All aliquots emitted a net natural test dose signal (“Tn”) higher 
than three times the standard deviation of the background signal and 
were therefore included in the analyses. The results are shown as his
tograms in Fig. 7 for two samples of each heated feature and in Fig. S5 
for the rest samples in this study. 

Except for samples GLL-192808-X13 (feature I-960; Fig. 7b) and − 15 
(feature I-1006; Fig. S5c) the datasets mainly consist of values that 
appear to belong to a single dose population and a few aliquots that 
yielded significantly higher De’s. For all measured aliquots, the recycling 
ratios are close to one and the recuperation is negligible. De values that 
differed by more than three standard deviations from the mean were 
iteratively rejected and the unweighted mean (±1 standard error) of the 
resulting distribution was used in the calculations (Table 1). The un
burnt sample GLL-192809 yielded a significantly higher De (~40 Gy) as 
would be expected for parent material that was not or only partially 
heated (Table 1; Fig. S5a). 

3.3. OSL ages 

Table 1 summarises the analytical data, the calculated dose rates and 
optical ages. Uncertainties on the OSL ages were calculated following 

Fig. 6. (a) Average dose recovery ratios (±1 standard error) obtained for each sample using a preheat of 10 s at 180 ◦C and a cut heat to 160 ◦C. The dashed and 
dotted lines (eye guides) bracket a 2.5% and 5% deviation of the ratio from unity (solid line). (b) Summary of dose recovery data for all samples and aliquots, 
represented as a histogram. 
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the error assessment system formalised by Aitken (1985). Additional 
information on the different sources of systematic uncertainty and their 
quantification can be found in Vandenberghe et al. (2004). The total 
uncertainty on the optical ages for the burnt samples ranges between ~7 
and 11%; systematic sources of uncertainty are the main contributor. 
Excluding sample GLL-192808-X13 (owing to the large spread in De with 
an RSD of 53% after excluding the outlier; Fig. 7b), the relative total 
random uncertainties remain below 5%, and can be as low as ~1–3%. If 
one assumes that the uncertainties resulting from systematic effects are 
largely shared between the samples – an assumption that might hold to a 
certain extent for the different samples from the three heated features at 
this locality – only the random uncertainties are relevant for intercom
parison of the optical ages. 

Sample GLL-192815 yields an optical age of 0.35 ± 0.02 ka (1 sigma 
random uncertainty), with a somewhat higher and more asymmetric 
spread in De compared to the other three samples for the same feature (I- 
1006; see Fig. 7c–d and Figs. S2b-c); the latter yield a younger and 
internally consistent set of ages in between 0.260 ± 0.005 ka and 0.267 
± 0.008 ka (1 sigma random uncertainty; Table 1). The two samples 
taken from feature I-210 yield ages (±1 sigma random uncertainty) of 
0.264 ± 0.004 ka and 0.291 ± 0.004 ka. These ages are not consistent 
within 2 sigma. Based on our analysis of the De-distributions (Fig. 7e–f) 
there is no particular reason why the average De in one of these samples 
would be less, or more, reliable than the other. An optical age of 0.279 
± 0.003 ka was obtained for sample GLL-192807 (feature I-960; for the 

reason outlined in the above, sample − 08-X13 is excluded). Based on the 
distributions of De in samples GLL-192808 and − 15, we interpret the 
ages for these two samples as most likely not accurately recording the 
last heating event. 

Taking everything together and considering that the random un
certainty represents a minimum for the limit on precision, we consider 
six samples (GLL-192807, − 11, − 12, − 13, − 16 and − 17), and hence the 
three investigated features, to be coeval. Their average age (n = 6; ±1 
sigma total uncertainty; calculated following Aitken, 1985) is 0.271 ±
0.020 ka, or 1748 ± 20 CE. 

Sample GLL-192809, which was taken from sediments that were not 
visibly affected by heating, yields an optical age of 15.3 ± 1.1 ka. 

4. Discussion 

Fig. 8 compares the archaeomagnetic and historical age information 
(section 2.2) with the eight OSL ages obtained for the heated sediment 
samples from the investigated features (section 3.3). Archaeomagnetic 
and OSL data are compared within 95% probability (2 sigma). Unless 
stated otherwise, the uncertainties on the OSL ages refer to the 2 sigma 
total uncertainties (i.e. derived from the combined random and sys
tematic sources of uncertainty). 

For feature I-960, the archaeomagnetic age as well as the OSL age for 
sample GLL-192808 significantly overestimate any possible date for 
military encampment during the early-modern and modern period. OSL- 

Fig. 7. Distribution of equivalent dose in small (2 mm diameter) aliquots of two samples from each of the three investigated features. (a–b): I-960, samples GLL- 
192807 & − 08; (c–d) I-1006, samples GLL-192811 & − 12; (e–f) I-210: samples GLL-192816 & − 17. 
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sample − 08 was not expected to yield an accurate age, based on the 
distribution of De (Fig. 7b). The OSL age of 1740 ± 41 CE for sample − 07 
matches historical evidence for encampment in the middle 18th century 
(1745 CE). 

An archaeomagnetic date is also available for feature I-1006; the age 
interval of [1661, 1825] CE (67.9% probability) is consistent with the 
OSL-ages for samples − 11, − 12 and − 13. The average OSL age for these 
three samples is 1755 ± 39 CE and would allocate this feature to the 
1745 CE encampment. Sample − 15 yields an older date of 1664 ± 61 
CE, which is not inconsistent with historical evidence (1692–1693 CE or 
1745 CE). In comparison to the other samples, however, the De’s are 
spread over a larger range. While this spread could be sample intrinsic, 
the age result is not internally consistent with the three other OSL-dates 
for this same feature. Two OSL ages were obtained for feature I-210, 
which would allocate the hearth to either 1692–1693 CE, or 1745 CE. 
The OSL ages are not entirely internally consistent, and our experi
mental data do not allow identifying why one date should be preferred 
over the other (section 3.3). The average OSL age dates this feature to 
1742 ± 41 CE. 

None of the OSL age results for the three investigated features pro
vides evidence for them to be linked to a military encampment during 
1831–1838 CE, which matches the insights grained from post- 
excavational analyses (section 2.2.2). In the following discussion, we 
exclude the OSL-results obtained for samples GLL-192808 and − 15, for 
the reasons outlined higher. 

Within two sigma total uncertainties, all dates are clearly centred 
around 1745 CE (Fig. 8), suggesting that the samples and hearths are 
coeval. Averaging the results for these six samples yields a date of 1748 
± 39 CE. The uncertainty essentially arises from systematic effects, such 
as that associated with our estimate of past water content. Increasing the 
time-averaged water content with 1%, increases the optical age by about 
1%. Given that no factual information is available on past water content, 
we adopted half of the value at saturation with an uncertainty that 
covers all plausible scenarios within 3 sigma (i.e. from almost 
completely dry, to almost saturated). While this is – at least in our 

opinion – an objective analysis of uncertainty, it does cover a wide range 
and might be an overestimate. 

The comparison between the archaeomagnetic and OSL dates is of 
interest. In the present context, both aimed at establishing the time 
when the sediment was heated to a sufficiently high temperature. They 
differ, however, in the physical mechanisms that are exploited for dating 
as well as in the temperatures involved, the way and scale of sampling, 
subsequent analysis and age calculation. A detailed discussion is beyond 
the scope of this paper. We limit ourselves here to how OSL might 
potentially provide information for archaeomagnetic dating. Firstly, the 
De-distributions in sample GLL-192808 (feature I-960) and possibly − 15 
(feature I-1006) indicated that these might be problematic in terms of 
resetting and/or disturbance. These effects can be expected to affect 
archaeomagnetic dating, even more so as larger volumes of samples are 
taken. While our dataset is limited, the results obtained for sample − 08 
(Fig. 7b) may very well relate to the apparent significant overestimate in 
the archaeomagnetic age. Secondly, archaeomagnetic dating needs 
calibration data obtained through archaeomagnetic analysis of features 
with independent age control, and results in possible age-probability 
intervals (comparable to 14C). OSL dating does not require calibration 
in this manner and therefore can contribute to improving archae
omagnetic calibration data bases. 

The 1 sigma total uncertainty associated with an individual OSL age 
is ~ 7–8% (Table 1) and is relevant when comparing the dates with 
other chronological information. For comparison between the OSL ages 
amongst each other and given that they were obtained for (very) similar 
features at the same site/locality, the random uncertainties are relevant. 
These are in the range of 1–3%. As noted for feature I-210 (samples GLL- 
192816 and − 17) and assuming that both ages are accurate and refer to 
the same event, however, the observed variability can be higher (~5%). 
If the dataset is extended to multiple coeval samples from different 
features – here taken to be samples GLL-192807, − 11, − 12, − 13, − 16 
and − 17, covering the three features – the observed level of precision is 
~2%, comparable to the overall expected random uncertainty of ~1%. 
Within the time range under consideration here, this implies the 

Fig. 8. Comparison between OSL ages, archaeomagnetic age probability distributions, and historical age information. The uncertainties on the OSL and archae
omagnetic ages cover 95.4% probability (2 sigma). Open circles represent the OSL age obtained for each sample, with the two that are crossed out referring to those 
that were not considered in the discussion (see sections 3.3 and 4 for details). The open triangles indicate the average OSL age for each feature; the open square shows 
the overall average OSL age. The random and total uncertainties on the OSL ages are indicated by the grey and black error bars, respectively. The archaeomagnetic 
age probabilities are indicated by the horizontal bars. The vertical dashed lines represent the possible phases of military encampment as derived from historical 
sources (1692–1693 CE and 1745 CE). 
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possibility of distinguishing between features with a resolution of about 
10 years, with 95% probability. 

5. Conclusions 

An average OSL date (±2 sigma total uncertainty; six samples) of 
1748 ± 39 CE was obtained for three hearth/oven remains at Doorn- 
Noord, Ninove (Belgium). This OSL date matches historical and 
archaeological evidence for a French military camp, situated at this lo
cality in 1745 CE, from which we conclude that it is accurate. In turn, it 
allows allocating these traces directly to this specific phase of 
encampment. 

The OSL dates also match one archaeomagnetic age interval but are 
considerably more precise. The results illustrate how OSL dating of 
heated features can help improving the quality of archaeomagnetic in
tensity calibration data bases, and aid in assessing the suitability of a 
sample for archaeomagnetic analysis. This is important, as also 
archaeomagnetic dating offers great potential for the periods where 
radiocarbon dating is problematic. 

In addition, our study reinforces the added value of dating multiple 
OSL-samples from a single feature, and of doing so for multiple features. 
We demonstrate that this strategy may allow distinguishing, relatively, 
between comparable features at decadal timescales, with 95% confi
dence. At least to our knowledge, this is an exceptional level of preci
sion, which could greatly benefit archaeological studies of this type of 
remains from last few centuries. Apart from the apparent level of ac
curacy that can be achieved through OSL-dating, we highlight its pos
sibilities for addressing chronometric issues that require high time- 
resolution. 

In general, we conclude that the OSL-methodology reported upon is 
not limited to the specific type (cooking hearths) and age range of fea
tures investigated here. At least in principle, it is applicable to a wide 
range of (anthropogenically) heated sediments that can be found all over 
the world in various contexts. Amongst the most important prerequisites 
are completeness of resetting of the luminescence clock in the past, 
suitability of the signal characteristics and accurate assessment of the 
dose rate. One advantage of OSL-dating over other chronometric 
methods is that these potentially limiting factors can be experimentally 
assessed. The precision on the numerical ages obtained can be as good as 
~ 7–8%, and a relative time-resolution of ~2% can be achieved. The 
latter implies that similar features of about 100 years old can be 
distinguished to within ~2 years, those of about 1000 years old to 
within 20 years, etc. We consider the approach particularly advanta
geous for application to heated siliciclastic remnants from relatively 
recent times (i.e. early modern times and later) for which it is difficult or 
even impossible to obtain meaningful age information using other 
chronometric methods. 
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