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A B S T R A C T

The Bodo Archaeological locality is a major multicomponent site located in east-central Alberta, Canada, in a
fossil aeolian dune landscape. About five decades ago, oilfield-related pipeline construction activity resulted in
the post-depositional stratigraphic disturbance of some parts of the site. However, the absence of easily dis-
cernible signs of anthropogenic disturbances makes visual identification of the disrupted sequences difficult. As a
result, identifying sequences that yield accurate reconstructions of the archaeological occupations is proble-
matic. In an effort to differentiate between areas at the site that are intact from those that have been disturbed,
this study employed a portable optically stimulated luminescence reader to construct luminescence profiles that
show the variation of luminescence signal intensities with depth. The results show that depositional sequences
that have undisrupted stratigraphy display signal intensities that decrease up the sequence, correlable with
depositional age. Conversely, areas with disrupted stratigraphy are characterized by signals that fluctuate with
depth, which results from mixing of strata of dissimilar age. Luminescence profiling also allows the approx-
imation of relative ages of depositional units and these show that, in the undisturbed sites, sediments at the base
of the sequences are about three to four times older than sediments in the upper parts. Overall, the ability to
identify stratigraphic sequences that are intact enables investigators to expend time and resources on strati-
graphic records that yield accurate archaeological reconstructions.

1. Introduction

An enduring theme in the study of archaeological sites is the pla-
cement of constraints on the chronology of occupation of a site as well
as the correlation of how environmental changes influence the timing of
occupation. The accuracy of such reconstructions, however, ultimately
hinges on two elements: that the stratigraphic sequence at the site be
free from post-depositional sediment mixing, and that the depositional
age associated with the occupation be ascertained using a competent
dating method. It is within this broad framework that, in 2012, a his-
toric resources impact assessment (HRIA) was embarked upon at the
Bodo Archaeological Locality, which lies on the northwest margin of
the North American Great Plains. The investigations were associated
with oilfield pipeline installation and, during the assessment, it was
discovered that some areas at the locality had been disrupted by earlier
pipeline construction activities. To enable accurate archaeological re-
constructions to be made, therefore, it was imperative to distinguish

areas whose stratigraphic integrity had been disrupted. Accordingly,
this study explored the ability of luminescence profiling using a por-
table optically stimulated luminescence (OSL) reader (e.g. Sanderson
and Murphy, 2010) to identify parts of the site that had been affected by
post-depositional anthropogenic disruptions from those that had re-
mained intact. The Bodo Archaeological Locality shares some strati-
graphic similarities with other archaeological sites on the Great Plains
(e.g. Wood, 1998). Thus, if successfully applied, the methodology could
also be employed at multiple other localities on the Great Plains as well
as in other geologically suitable areas where post-depositional strati-
graphic disturbances might have occurred during the late Quaternary.

The Great Plains, a region that covers the central plains of the
United States and the Prairie provinces of Canada, features abundant
surface deposits of aeolian origin (e.g. Arbogast, 1996; Forman et al.,
2001; Holliday, 2001). Comprising dunes, sand sheets and loess, the
aeolian deposits have been active at various times during the late
Pleistocene and Holocene epochs. Stratigraphically, the depositional
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sequences have been interpreted as indicative of environmental
changes, with the aeolian deposits pointing to past episodes of en-
hanced aridity (e.g. Muhs and Holliday, 2001; Holliday, 2001; Forman
et al., 2001; Hall et al., 2010; Hall and Goble, 2012; Halfen et al., 2015).
However, moisture balance, sediment supply, and wind regime are also
thought to play a role in the preservation of aeolian records (e.g.
Stauch, 2019). In archaeological contexts, the timing of late Pleistocene
and Holocene environmental changes on the Great Plains are important
to human settlement patterns because ancestral Indigenous peoples are
thought to have dispersed widely on the continent as the climate
ameliorated sometime after the Last Glacial Maximum (LGM), which
occurred ca. 20,000 years ago (e.g. Hetherington et al., 2004;
Montenegro et al., 2006; Waters and Stafford, 2007; Geobel et al.,
2008). Their initial arrival on the continent is thought to have occurred
just before the LGM (e.g. Potter et al., 2018; Becerra-Valdivia and
Higham, 2020).

Notably, multiple occupation sites that have been identified on the
Great Plains show that humans had spread widely throughout the re-
gion by 11,000 years ago (Wood, 1998). Many of the archaeological
finds occur stratigraphically intercalated within sequences of aeolian
deposits (e.g. Hall and Goble, 2008; Holen, 1990; Holliday, 2000b;
Wolfe et al., 2007; Hall, Miller and Goble, 2010, Munyikwa and Brown,
2014; Munyikwa et al., 2019). The close association between aeolian
deposits and archaeological sites may be because the diverse ecosys-
tems of aeolian landscapes attracted wildlife on which the humans
subsisted (e.g. Running et al., 2002). The dune relief may have also
offered protection from the elements for the inhabitants (Hamilton and
Nicholson, 1999; Running et al., 2002). Additionally, the dune land-
scape may have been used for trapping bison, for example at the Casper
Site in Wyoming (e.g. Frison, 2013), or at the Fincastle Site in Alberta
(Bubel, 2014). The potential of the aeolian record lies in its applic-
ability for luminescence dating to establish the timing of human set-
tlement, and the insights gained into the palaeoenvironment. The re-
cord on human settlement would include the timing of the settlement
and how it relates to local and regional environmental processes (e.g.
Crumley, 1994; Feathers, 2003a; Adderley, et al., 2004; Balee, 2006).
However, such reconstructions would only be accurate if the integrity
of the site has not been compromised and if the dating is precise
(Feathers, 2003a). The site integrity is largely governed by the degree
of post-depositional disturbance that has taken place. Such disturbance
can be the result of human activity. Alternatively, it can be due to
natural processes, such as pedoturbation (e.g. freeze/thaw processes) or
bioturbation (e.g. due to burrowing fauna, root action, or tree growth
[Bateman et al., 2003, 2007; Leigh, 2001]).

For over 50 years, radiocarbon dating has been indispensable in
constructing chronological frameworks at archaeological sites on the
Great Plains (e.g. Neuman, 1967; Holliday, 2000a). Over the last three
decades, however, optically stimulated luminescence (OSL) techniques
have emerged as another useful dating technique, particularly at ar-
chaeological sites with poor organic preservation (e.g. Aitken, 1998;
Roberts, 1997; Feathers, 2003a). Settlements in aeolian settings are
particularly amenable to dating using OSL techniques because aeolian
transport provides ample opportunities for the signal in the sediment to
be zeroed before burial (Aitken, 1998; Lian and Roberts, 2006; Wintle,
2008). Furthermore, luminescence methods date the burial event itself,
as opposed to events subsequent to the burial and, thus, provide data
that are particularly useful for environmental reconstruction (Feathers,
2003a).

The luminescence properties of sediment that surround the artifact
may also be used to determine whether post-depositional mixing has
occurred at an archaeological site. One approach would be to collect
closely spaced samples up the depositional sequence and then date
them using OSL to see if the ages are in a stratigraphic order that is
consistent with the principle of superposition (i.e. oldest at the bottom
and youngest at the top). Alternatively, more advanced luminescence
approaches such as single-grain dating procedures can be employed

(Bøtter-Jensen et al., 2000; Lamothe and Auclair, 2000; Roberts et al.,
2000; Feathers, 2003b; Bateman et al., 2007; Boulter et al., 2010).
However, both these methods are time- and resource-intensive and
beyond routine reconnaissance approaches that can be used as a first
line of investigation. Hence, the application of a simpler and more rapid
technique for determining site integrity is preferable. Notably, the de-
velopment of functional portable optically stimulated luminescence
readers, which can generate rapid luminescence measurements in the
field, mitigates some of the drawbacks of the advanced luminescence
methods (e.g. Sanderson and Murphy, 2010). Over the last decade, the
technique has been applied successfully in multiple studies that have
characterised stratigraphic sequences of late Quaternary and Holocene
age form the Northern Hemisphere (e.g. Muñoz-Salinas et al., 2011;
Munyikwa et al., 2012; Kinnaird et al., 2012, 2015, 2017; Gray et al.,
2018; Porat et al., 2019; Rother et al., 2019). From the Southern
Hemisphere, reported studies include work by Muñoz-Salinas et al.
(2014), Portenga and Bishop (2016), and Stone et al. (2015, 2019).
Accordingly, this paper presents a case study that employed a portable
OSL reader to generate luminescence signals that were used to de-
termine the integrity of a Late Holocene multicomponent archae-
ological site located within an aeolian dune environment on the Ca-
nadian prairies. Through the construction of luminescence profiles (i.e.
vertical depictions of the variation of the luminescence signal with
depth) using data acquired using the portable OSL reader, the study
aims to show that sites that have experienced significant post-deposi-
tional disturbances that cannot be discerned visually can be dis-
tinguished relatively rapidly from those that have remained intact.

2. Study area

The Bodo Archaeological Locality lies within the Bodo Sand Hills
region of east-central Alberta in western Canada (Fig. 1). Physio-
graphically, the region is part of the northern Great Plains, and it falls
within the subhumid and semiarid Prairie ecozone of central southern
Canada (Wolfe et al., 2002). The archaeological locality is situated
within the sand dune region just south of a broad east–west trending
depression, a relict glacial meltwater channel that now hosts the un-
derfit Eyehill Creek (Fig. 2; Bayrock, 1967a, Bayrock, 1967b).

The Bodo Sand Hills consist of aeolian dunes that reach heights of
up to 8 m, most of which are currently stable, although stabilized
blowouts on the dunes point to their intermittent reactivation
throughout the Holocene. At present, vegetation in the area is mostly
fescue grassland (e.g. Munyikwa and Brown, 2014). The location of the
dunes and studies of paleowind directions suggest the aeolian deposits
were originally derived from the abundant glacigenic sands and silts in
the area (Bayrock, 1967a, Bayrock, 1967b; David, 1977; Mulira, 1986;
Shetsen, 1990) during the early postglacial period ca.
15,000–14,000 years ago (Munyikwa et al., 2011, Munyikwa et al.,
2017). Aeolian deposits of this type are common landforms in the
Prairie ecozone of western Canada and, together with buried soil hor-
izons, constitute a valuable palaeoenvironmental proxy record of epi-
sodes of landscape instability interspersed with periods of stability,
particularly during the mid- to late Holocene (Hopkins and Running,
2000; Wolfe et al., 2001, Wolfe et al., 2002). However, the timing of
these oscillations varies between regions, suggesting that localized
conditions such as groundwater depths had an effect on dune mobili-
zation (Muhs and Wolfe, 1999). For instance, in southern Alberta,
aeolian dune depositional episodes were dated at between 4500 and
230 years which does not exactly coincide with the episodes between
5700 and 140 years ago reported for dunes in south-central Saskatch-
ewan (Wolfe et al., 2001; Wolfe et al., 2002). Although the environment
is a major factor in the activation and stabilization of aeolian land-
forms, cultural activity likely also played a role in shaping these land-
scapes, both prior to and following the arrival of Euro-Canadians into
the region (Wolfe et al., 2007).

The Bodo Archaeological Locality consists of extensive
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archaeological deposits spread over an area of at least 800 ha, making it
one of the largest Precontact site localities on the northern Great Plains.
Consisting of both the Bodo Bison Skulls site (FaOm-1) and the Bodo
Overlook site (FaOm-22) (Figs. 1 and 2), the Bodo Archaeological

Locality was initially discovered in 1995 during a historic resources
impact assessment (HRIA) (Gibson and McKeand, 1996). Subsequent
HRIAs and intensive research-based excavations taking place since
2000 have resulted in the recovery of hundreds of thousands of artifacts

Fig. 1. Study area in western Canada: (a) Great Plains of North America with distribution of major aeolian dune deposits (after Muhs and Holliday, 1994, and Wolfe
et al., 2000); (b) east-central Alberta, Canada; (c) the Bodo Archaeological Locality showing extent of aeolian deposits (modified after Shetsen, 1990, and Gilliland,
2007).
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and demonstrated the extensive nature of the archaeological deposits
(Blaikie, 2005; Grekul, 2007; Gibson and Grekul, 2010). Artifactual,
stratigraphic, and chronometric evidence indicates the presence of at
least three late and middle Precontact-aged occupations (Gilliland,
2007). These correspond to the Old Women’s, Mortlach (ca.
1100–250 yr BP) (Vickers, 1986; Dyck and Morlan, 1995), and Sandy
Creek phases (ca. 2500–2000 yr BP; Dyck and Morlan, 1995, pp. 389-
405; Wettlaufer, 1955) of the Northwestern Plains cultural historical
sequence. Surface finds also hint at middle Precontact-aged Oxbow and
Duncan occupations (ca. 4600–3000 yr BP; Vickers, 1986), although no
in situ deposits or chronometric ages have so far been obtained for
confirmation.

An HRIA was initiated at FaOm-1 during July 2012 prior to the
maintenance of an existing pipeline that was originally installed in the
1970s, before government regulations required historic resources as-
sessments. Common practice during pipeline installation is to minimize
landscape disturbance during construction in ecologically sensitive
areas by scraping off the topsoil and putting it aside, after which the
underlying substrate is worked to the desired level. Following pipeline
installation, the pit is back-filled in reverse order, using sediment colour
as a guide. Despite these efforts to minimize stratigraphic disruption,
sediment mixing is practically unavoidable but may be difficult to de-
tect, especially in settings where colour variations of the depositional
units are minor. During the 2012 HRIA, therefore, it was expected that
previous pipeline installations had disrupted much of the stratigraphy
along the area to be tested, but that pockets of intact deposits could
remain. A primary objective of the HRIA was, thus, to identify any
intact deposits that could be in conflict with the proposed development
and result in unexpected changes in project budget or timelines. To that
end, this study aimed to test the applicability of the portable OSL reader
in a resource management setting to help identify parts of the tested
area that had experienced stratigraphic disruption and distinguish them
from intact deposits.

3. Methods

3.1. HRIA approach, site selection, and sample collection

Given the significance and extent of the archaeological locality, the
HRIA focussed on deep testing (up to 70–120 cm below the surface)
using 50–100 cm wide pits, excavated by hand. Additionally, the testing
had to be directed at areas within 10 metres (m) of either side of the
existing pipeline right of way (Gilliland, 2012). For purposes of this
case study, three of these pits (BD01, BD02, and BD03A/B; Fig. 3) were
sampled for testing using the portable OSL reader. At BD01 and BD02,

the excavation and sampling stopped at depths of 90 and 85 cm, re-
spectively. Pit BD03A/B comprises a single pit from which sampling
was carried out in two profiles on the north wall, one at either end of
the pit, in order to investigate observed stratigraphic differences noted
over very short distances, which suggested sediment mixing. In both of
these profiles (BD03A and BD03B), sampling was carried out to a depth
of 120 cm.

Samples were collected by pushing opaque stainless steel sampling
tubes, 2 cm in diameter, at 5 cm intervals into a freshly exposed vertical
pit face, after which the open end of the tube was immediately capped.
Samples were also collected at the luminescence sampling levels for
grain size analysis. The stratigraphy of all three pits was described using
standard methods (Day, 1983). Where present, laterally continuous
structures such bedding planes or soil horizons were used as indicators
of whether the sediments were intact or re-deposited. All pits were
back-filled after completing the investigation.

3.2. Luminescence analysis

In routine optically stimulated luminescence dating (OSL) studies,
luminescence refers to the energy emitted in the form of light by mi-
nerals such as quartz and feldspar when stimulated by a light (or heat in
thermoluminescence analysis) source (Aitken, 1998). The energy (or
dose) accumulates in the mineral grains when radiation damage to
lattices of the grains traps electrons. The radiation emanates from
naturally occurring isotopes, such as potassium (40K), uranium (238U
and 235U) and thorium (232Th), that are present within the burial en-
vironment of the sample. Cosmic radiation also contributes a small but
notable fraction (Prescott and Hutton, 1988; Aitken, 1998). Exposure to
sunlight releases (zeroes or bleaches) the trapped energy such that
mineral grains have to be buried for the dose to accumulate once again.
The number of electron traps within any mineral grain is finite and, as
long as these traps are not exhausted (saturated), the accumulated
signal in a sample grows proportionally with burial age. As a result, the
luminescence signal emitted by any sample depends on variables that
include the burial age and luminescence sensitivity of the sediment, as
well as the local dose rates and level of bleaching experienced prior to
burial (Lian and Roberts, 2006, Wintle, 2008). To obtain a lumines-
cence age, two parameters must be determined. The first is the total
energy that has accumulated in the sample (called the paleodose) over
its burial history. The second is the rate at which the energy has ac-
cumulated (i.e. the dose rate). Dividing the paleodose by the dose rate
yields the time period that has elapsed since the sample was last zeroed
(the burial age). Typically, luminescence measurements for chrono-
metric dating are made in the laboratory using lab-bound luminescence

Fig. 2. Surficial geology at the Bodo Archaeological Locality. Interpretation based on Bayrock, 1967a, Bayrock, 1967b and Shetsen (1990). Ortho photo flown by
Geographic Air Survey, produced by Digital Environmental (Western Heritage Services, Inc.) May 18, 2004.
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readers (e.g. Bøtter-Jensen, 2000; Bøtter-Jensen et al., 2000), and time-
intensive protocols (e.g. Murray and Wintle, 2003).

Apart from producing chronometric ages, however, luminescence
measurements can also be used in stratigraphic analysis (e.g. Sanderson
and Murphy, 2010). Using this approach, a luminescence profile can be
constructed for a given stratigraphic sequence to demonstrate the var-
iation of the luminescence signal with depth. Assuming that the lumi-
nescence sensitivities of the mineral grains, the mineralogy, water
content, and the environmental dose rates are relatively constant
throughout the depositional sequence, the only variable that would
determine changes in the signal intensity with depth would be the
depositional (or burial) age of the sediments. Thus, in such instances
the luminescence profiles can be considered as proxies for the chron-
ostratigraphy, and variations in the accumulated signals with depth can
also be seen as reflecting the relative ages of the different units within a
depositional sequence (Sanderson and Murphy, 2010).

Measurements for luminescence profiles do not necessarily have to
be made using the traditional lab-bound luminescence readers. Portable
luminescence readers are employed to rapidly generate signals that can
be used to construct luminescence profiles in a fraction of the time it
would take using traditional luminescence readers, and with minimal
financial input beyond the initial investment in the portable OSL reader
(Sanderson and Murphy, 2010). Over the last decade, multiple studies
have applied portable luminescence readers to characterise deposi-
tional sequences in geomorphological as well as in archaeological in-
vestigations by profiling. Geomorphological applications include stu-
dies on fluvial sequences (e.g. Muñoz-Salinas et al., 2011, 2014;
Portenga et al., 2016), on coastal sequences (e.g. Bateman et al., 2015,
2018; Kinnaird et al., 2012, 2015; Preston et al., 2019), and on inland
aeolian depositional systems (e.g. Munyikwa et al., 2012; Stone et al.,
2015, 2019; Rother et al., 2019). In archaeological applications,

portable OSL reader systems have been used to render insight into
depositional sequences at old mine workings (e.g. Mills et al., 2014), on
former agricultural terraces (e.g. Kinnaird et al., 2017; Porat et al.,
2019) and to elucidate the history of archaeological bridge construction
(e.g. Ghilardi et al., 2015). In all instances, profiling using portable OSL
readers has been employed to differentiate depositional units on the
basis of their luminescence properties, which in most cases are related
to the transport or depositional history of the sequences. In settings
where luminescence properties have been used to distinguish bound-
aries between units of different age, gaps in the depositional record or
unconformities have been identified (Sanderson and Murphy, 2010;
Muñoz-Salinas et al., 2011, 2014; Portenga et al., 2016). Alternatively,
where differences in sediment luminescence sensitivity are the sources
of contrasts in signal intensity between units, variations in sediment
transport and depositional history have been ascertained (e.g. Munoz-
Salinas et al., 2014; Portenga et al., 2016; Castillo et al., 2017; Gray
et al., 2019). This allows sediment transport, deposition and, possibly,
provenance to be elucidated. Profiling also enables screening for pur-
poses of selecting samples that would be appropriate for dating using
full-fledged luminescence dating methods. In that way, appropriate
depositional units would be targeted for sampling in the field. In other
applications, portable OSL readers have been used to approximate se-
diment ages by calibrating the signals obtained in order to derive pa-
leodoses (e.g. Munyikwa et al., 2014, Stone et al., 2015, 2019; Grey
et al., 2018). In this study, however, luminescence profiling is em-
ployed to provide sediment characteristics down the depositional se-
quence in order to identify any variations that may exist. The portable
OSL reader used to generate luminescence signals is the instrument
developed by the Scottish Universities Environmental Research Centre
(SUERC).

Fig. 3. Study area with insert showing location of test pits BD01, BD02 and BD03A/B (BD03A and BD03B), in FaOm-1.
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3.3. Portable OSL readers

3.3.1. Basic design
A majority of investigations that have employed portable OSL

readers to date have used the SUERC portable OSL reader. The basic
components of the second-generation design of the SUERC reader,
which was used in this study, include a detector head containing a
photomultiplier tube that is mounted over a sample drawer system
(Fig. 4). Housed in a separate box is the control unit, which has the
switchgear for operation. Power for the system can be derived from the
mains grid or, alternatively, from batteries housed in the control box. A
laptop computer provides a user interface and data logging capabilities.
Samples are introduced into the unit through the drawer in appropriate
containers (Sanderson and Murphy, 2010). The SUERC portable OSL
reader is capable of both continuous wave (CW mode) as well as pulsed
stimulation. The stimulation source outfit contains both an infrared
source (IRSL) centred around 880 nm (intended for feldspars) and a
blue OSL source centred around 470 nm (intended for quartz). The
stimulation collar comprises 6 clustered diode ports in conjunction with
RG780 long pass filters for the IR diodes and GG420 long pass filters for
the blue diodes. Signal detection occurs through UG11 filters. In syn-
chronous pulsed mode counting, the unit can detect signals below the
dark count rate of the instrument (Sanderson and Murphy, 2010).

3.3.2. Operational mode
Since the portable OSL reader can be used on bulk sediment, which

usually contains both feldspars and quartz, it is necessary to maximize
the signal yielded by the mineral species targeted for stimulation. IRSL
stimulation of feldspars in bulk samples is not usually problematic be-
cause the fast luminescence component of quartz does not appear to be
significantly affected by IR stimulation at temperatures below around
125 °C (e.g. Jain and Singhvi, 2001; Thompsen et al., 2008). Blue light
stimulation, however, also causes luminescence in feldspar such that if
a bulk sample were to be subjected to blue OSL stimulation, the re-
sultant signal would comprise luminescence from both feldspars and
quartz. Notably, a large proportion of the blue-sensitive traps in feld-
spar are also emptied by extended exposure to IR stimulation (e.g. Jain
and Singhvi, 2001). Thus, when the blue-OSL stimulation of a bulk
sample containing feldspars and quartz is carried out after first exposing
the sample to an IR source, a quartz-dominant signal is obtained, and is
referred to as post-IR blue-OSL signal (e.g. Bannerjee et al., 2001;
Roberts and Wintle, 2001; Wallinga, Murray and Bøtter-Jensen, 2002);
this signal will have a feldspar contribution, albeit a reduced one (e.g.
Thompsen et al., 2008). In luminescence profiling, however, it is the
relative intensities of luminescence signals with depth that are being
examined. Hence, the contamination of a quartz signal by feldspar is
not likely to be a problem, unless the feldspar versus quartz abundances
vary dramatically up the depositional sequence.

When operating the portable OSL reader in CW mode, the system
can be configured to make measurements of the dark-count as well as
signal counts following IRSL or post-IR blue-OSL stimulation. These can
be presented as integrated signal intensities of either IRSL or post-IR
blue-OSL stimulation. In turn, the ratio of the IRSL signal to that of the
post-IR blue-OSL signal can be derived and this functions as a proxy for
the proportion of feldspar to quartz (Sanderson and Murphy, 2010).

3.3.3. Measurements performed
Four sample portions were measured for each sampled level, and

each portion was introduced to the portable OSL reader in a Petri dish
measuring 5 cm wide and 1 cm deep with the sediment (about 10 g)
completely covering the base of the Petri dish. For each portion run, the
measurement protocol employed a 15 seconds (s) dark count, followed
by a 60 s IRSL stimulation, after which another 15 s dark count was
performed. This was immediately followed by a 60 s blue OSL stimu-
lation (post-IR) and a final 15 s dark count measurement.

When constructing luminescence profiles, it is important to, when-
ever possible, assess the dose rates at the sampled levels in order to
ascertain whether the observed changes in the luminescence profile are
an artifact of variations in the dose rates. Hence, in all four stratigraphic
profiles (BD01, BD02, BD03A, and BD03B) the concentrations of K, U
and Th were measured at the sampled depth using a portable RS-230
Super-spec gamma ray spectrometer. Four separate measurements
(4 × 120 s) were carried out for each sample and the concentrations
listed in Tables 1–4 are mean values. Overall, the values have errors of
around 10–15% and these originate from statistical, calibration and
sample geometry errors. Interstitial water in sediment pores attenuates
dose received by sediment grains (Aitken, 1998). However, in this study
we have not taken variations in water content down the sequence into
account for two main reasons. First, the annual rainfall in this part of
Alberta is about 250 mm per year. Snowfall contributes approximately
an equal amount such that the annual precipitation for the area is
around 500 mm per year, and the area is classified as semiarid. Ad-
ditionally, the near-surface geology of area comprises well-drained
sands. As a result, the water table is relatively low throughout the year.
Moisture content measurements at comparable depths (< 1.5 m) in the
area have previously been shown to be about 5% (e.g. Munyikwa et al.,
2014) and, given the low clay content (< 5%), we think differences in
moisture content between the upper and lower parts of the sampled pits
has been less than 1% during most of the burial history of the sedi-
ments. Second, even if we were to assume significant variations in the
water content down the stratigraphy, attenuation of dose rates would
have increased downwards with increasing moisture content. Notably,
however, intact sequences that we measured in this study showed in-
creasing signal intensities with depth before any corrections for
moisture content. Hence, this confirms that correcting for moisture
content would not have altered our conclusions.

Samples were also analysed for grain size distribution using stan-
dard dry sieving methods (e.g. McKeague, 1981). Statistical analyses of
the dry sieve measurement results were performed using the GRADIS-
TAT program (Blott and Pye 2001, 2006) and granulometric parameters
were determined using the Folk and Ward (1957) method in micron
units.

4. Results

4.1. Section BD01

4.1.1. Stratigraphy
Profile BD01, excavated to 90 cm depth (Fig. 5), consists pre-

dominantly of well-sorted aeolian sand to silty sand, with mean grain
sizes in the fine to medium size range (Fig. 5, Table 1). Moving upwards
from the base of the profile, darker-coloured, thin, organic-rich layers
with a silt content of 12–15% are observed at 75–73 cm and 70–67 cm;
these are accompanied by evidence of bioturbation by soil fauna and

Fig. 4. Basic components of a portable OSL reader system.
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the presence of rare roots, indicating pedogenesis. From the depth of
about 65 cm, the silt content decreases slightly to less than 10% and
iron mottling can be observed in the brown sands up to the depth of
40 cm. Between 40 and 30 cm, slightly darker colours than the sur-
rounding sediment are also observed and the silt content increases to
about 10–12%. Above this level (30–20 cm), the silt content of the
sands decreases to less than 5% to give brown medium to fine-grained
aeolian sand (Fig. 5a,b). From around 20–12 cm, the sediment grades
into dark grayish brown silty sand but at around 12–10 cm, the sedi-
ment transitions to very dark brown silty sand with a silt content of
around 12–15%. The upper ~8–10 cm of the section comprises dark
grayish brown silty sand on which the contemporary soil is developing.
Artifacts are present from 20 cm depth to the surface, and consist pri-
marily of bone fragments and a lithic flake.

4.1.2. Portable OSL reader luminescence profiles
The luminescence profiles for Profile BD01 generally show signal

intensities that decrease consistently up the depositional sequence
(Fig. 5c, d, Table 1). From the base of the section, the IRSL signal in-
tensity decreases sharply, falling to less than 28% of the value seen at
90–85 cm near the surface. From 80 to 25 cm, however, the drop in the

signal intensity is more gradual, falling from around 50,000 to around
36,000 counts. In the upper part of the section (35–5 cm), the signal
intensity decreases from 36,000 to around 8000 counts. The post-IR
blue OSL signal profile essentially mirrors that of the IRSL signal.

The IRSL/OSL ratio, which can be seen as an approximate measure
of the proportion of feldspar to quartz, is relatively stabilized at around
0.5 between depths of 90–20 cm, with minor fluctuations suggesting
slight variations in mineral abundances up the profile (Fig. 5e). From 15
to 5 cm, however, the IRSL/OSL ratio drops from 0.39 to 0.16, possibly
as a result of a decrease in the proportion of feldspar in the sediment,
likely due to increased weathering during soil formation close to the
modern surface.

4.2. Section BD02

4.2.1. Stratigraphy
Excavated to 85 cm depth (Fig. 6), the profile at BD02 comprises

predominantly well-sorted fine- to medium-sized aeolian sands and
silty sands. From 80 to 50 cm are brown sands with a silt content of less
than 5%. Further upwards, from around 50–40 cm, the silt content
increases to more than 15% and the colour of the sands changes to

Table 1
Granulometric, luminescence and dosimetric data from Profile BD01.

Depth (cm) Sample
number

Mean Grain Size
(µm)

Sorting* IRSL (photon
counts × 1000)

Post- IR Blue OSL (photon
counts × 1000)

IRSL/Post–IR Blue
OSL‡

K § (%) U (ppm) Th (ppm)

5 BD01-1 243 w.s. 0.8 ± 0.06 5.0 ± 0.1 0.16 1.2 1.2 3.0
10 BD01-2 254 w.s. 8.0 ± 0.1 18.1 ± 0.2 0.44 1.4 1.7 2.9
15 BD01-3 250 w.s. 18.3 ± 0.2 47.5 ± 0.2 0.39 1.4 1.7 2.9
20 BD01-4 239 w.s. 30.5 ± 0.2 59.9 ± 0.3 0.51 1.4 1.6 3.0
25 BD01-5 248 w.s. 36.5 ± 0.2 73.5 ± 0.3 0.50 1.6 1.1 3.9
30 BD01-6 247 w.s. 34.0 ± 0.2 69.6 ± 0.3 0.50 1.6 1.6 3.3
35 BD01-7 237 m.w.s. 32.6 ± 0.2 74.8 ± 0.3 0.43 1.6 1.7 4.0
40 BD01-8 248 w.s. 37.7 ± 0.3 79.2 ± 0.3 0.48 1.8 1.5 3.8
45 BD01-9 265 w.s. 39.0 ± 0.2 77.7 ± 0.3 0.50 1.7 1.4 3.0
50 BD01-10 269 w.s. 39.4 ± 0.2 75.9 ± 0.3 0.52 1.6 1.5 4.8
55 BD01-11 262 w.s. 42.5 ± 0.2 82.3 ± 0.3 0.52 1.6 1.7 2.9
60 BD01-12 261 w.s. 41.0 ± 0.2 74.7 ± 0.3 0.55 2.6 1.7 3.5
65 BD01-13 256 w.s. 49.6 ± 0.2 83.0 ± 0.3 0.60 1.7 1.8 3.9
70 BD01-14 248 w.s. 51.5 ± 0.2 97.4 ± 0.3 0.53 1.8 1.8 3.7
75 BD01-15 258 w.s. 51.6 ± 0.2 94.5 ± 0.3 0.55 1.8 1.8 3.8
80 BD01-16 264 w.s. 47.3 ± 0.2 98.2 ± 0.3 0.48 1.8 1.8 4.1
85 BD01-17 266 w.s. 62.7 ± 0.3 124.0 ± 0.4 0.51 1.8 1.8 4.6
90 BD01-18 265 w.s. 225.3 ± 0.5 453.2 ± 0.8 0.50 1.8 1.8 3.4

*Abbrev. w.s. – well sorted m.w.s. moderately well sorted. ‡The IRSL/Post-IR blue OSL ratio is a proxy of the feldspar to quartz ratio.
§ K, U and Th are responsible for the irradiation that gives rise to the luminescence energy stored in the sediment grains.

Table 2
Granulometric, luminescence and dosimetric data from Profile BD02.

Depth Sample
Number

Mean Grain Size
(µm)

Sorting* IRSL (photon
counts × 1000)

Post- IR Blue OSL
(photoncounts × 1000)

IRSL/Post–IR Blue
OSL‡

K§ (%) U (ppm) Th (ppm)

5 BD02-1 241 w.s. 2.8 ± 0.1 10.6 ± 0.1 0.26 1.3 1.6 3.4
10 BD02-2 239 w.s. 5.5 ± 0.1 13.8 ± 0.1 0.39 1.4 1.6 2.6
15 BD02-3 247 w.s. 5.2 ± 0.1 14.8 ± 0.1 0.35 1.4 1.4 3.0
20 BD02-4 250 w.s. 5.6 ± 0.1 16.7 ± 0.1 0.33 1.5 1.5 1.3
25 BD02-5 250 w.s. 6.1 ± 0.1 16.7 ± 0.2 0.37 1.3 1.4 2.8
30 BD02-6 246 w.s. 6.7 ± 0.1 16.3 ± 0.2 0.40 1.6 1.6 3.4
35 BD02-7 242 w.s. 10.4 ± 0.1 18.8 ± 0.2 0.55 1.6 1.2 2.9
40 BD02-8 234 w.s. 9.1 ± 0.1 16.9 ± 0.2 0.54 1.9 1.8 4.0
45 BD02-9 240 w.s. 11.3 ± 0.1 20.2 ± 0.2 0.56 1.6 1.5 2.4
50 BD02-10 243 w.s. 22.9 ± 0.1 45.8 ± 0.2 0.50 1.8 1.4 2.9
55 BD02-11 243 w.s. 28.2 ± 0.2 57.9 ± 0.3 0.49 1.9 1.3 4.4
60 BD02-12 235 w.s. 27.9 ± 0.2 55.8 ± 0.3 0.49 1.8 2.3 2.5
65 BD02-13 236 w.s. 37.4 ± 0.2 78.9 ± 0.3 0.47 1.7 1.9 2.9
70 BD02-14 235 w.s. 35.5 ± 0.2 78.9 ± 0.3 0.45 1.9 2.1 3.5
75 BD02-15 242 w.s. 35.3 ± 0.2 75.9 ± 0.3 0.47 1.8 1.6 3.6
80 BD02-16 238 w.s. 37.3 ± 0.2 80.2 ± 0.3 0.47 1.8 1.9 3.9

*Abbrev. w.s. – well sorted ‡The IRSL/Post-IR blue OSL ratio is a proxy of the feldspar to quartz ratio.
§ K, U and Th are responsible for the irradiation that gives rise to the luminescence energy stored in the sediment grains.
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black. Bone fragments can be identified in this horizon and we interpret
it to represent a buried former soil surface. Between 40 cm and around
30 cm, the silt content drops to less than 10% and the colour of the
sands grades to dark grayish brown. From 30 to 23 cm, the sands
transition to black once again and the silt content rises to more than
10%. We interpret this to be another intact buried soil. Artifacts asso-
ciated with the soil include bone fragments, lithic flakes, and one
complete Late Side-notched projectile point that is typologically con-
sistent with the Late Precontact-aged Old Women’s phase in the

Northwestern Plains cultural historical sequence (1100–250 yr BP;
Peck, 2011; Vickers, 1986; Fig. 7). This buried soil is overlain by dark
brown sands that extend from 23 to 12 cm. The upper around 12 cm of
the sequence comprise black silty sands that represent soil forming
processes acting on the modern surface.

4.2.2. Luminescence profiles
The IRSL and post-IR OSL signal plots from Profile BD02 are rela-

tively similar to those from Profile BD01, in that high signal intensities

Table 3
Granulometric, luminescence and dosimetric data from Profile BD03A.

Depth Sample
Number

Mean Grain Size
(µm)

Sorting* IRSL (photon
counts × 1000)

Post- IR Blue OSL (photon
counts × 1000)

IRSL/Post-IR Blue
OSL‡

K§ (%) U (ppm) Th (ppm)

5 BD03A-1 250 w.s. 44.6 ± 0.3 96.6 ± 0.3 0.46 1.2 1.2 2.8
10 BD03A-2 253 w.s. 24.0 ± 0.3 53.3 ± 0.3 0.45 1.5 1.5 2.9
15 BD03A-3 253 w.s. 12.2 ± 0.2 59.3 ± 0.3 0.24 1.4 1.8 2.9
20 BD03A-4 246 w.s. 11.0 ± 0.1 28.8 ± 0.2 0.38 1.6 1.1 3.9
25 BD03A-5 255 w.s. 8.7 ± 0.1 22.2 ± 0.2 0.39 1.4 1.5 4.1
30 BD03A-6 254 w.s. 7.3 ± 0.2 25.0 ± 0.2 0.29 1.7 0.9 4.2
35 BD03A-7 252 w.s. 22.0 ± 0.2 50.8 ± 0.2 0.43 1.6 1.5 4.3
40 BD03A-8 261 w.s. 48.5 ± 0.2 10.9 ± 0.3 4.40 1.8 1.2 4.2
45 BD03A-9 264 w.s. 43.3 ± 0.2 94.6 ± 0.3 0.45 1.6 1.5 3.3
50 BD03A-10 261 w.s. 38.2 ± 0.2 87.5 ± 0.3 0.43 1.7 2.2 3.6
55 BD03A-11 257 w.s. 46.6 ± 0.2 105.5 ± 0.3 0.44 1.7 1.9 3.5
60 BD03A-12 253 w.s. 38.0 ± 0.2 83.1 ± 0.3 0.46 1.7 1.6 3.0
65 BD03A-13 260 w.s. 47.6 ± 0.2 92.6 ± 0.3 0.51 1.7 1.5 4.9
70 BD03A-14 260 w.s. 47.6 ± 0.2 95.0 ± 0.3 0.49 1.7 1.5 5.2
75 BD03A-15 274 w.s. 44.5 ± 0.2 91.7 ± 0.3 0.49 1.8 1.6 3.1
80 BD03A-16 280 w.s. 47.5 ± 0.2 87.9 ± 0.3 0.54 1.7 1.6 4.2
85 BD03A-17 260 w.s. 44.4 ± 0.2 87.8 ± 0.3 0.51 1.8 1.5 4.5
90 BD03A-18 267 w.s. 38.0 ± 0.2 81.3 ± 0.3 0.47 1.8 2.3 4.8
95 BD03A-19 270 w.s. 37.8 ± 0.2 81.9 ± 0.3 0.46 1.8 1.8 4.9
100 BD03A-20 279 w.s. 39.8 ± 0.2 81.0 ± 0.3 0.49 1.8 1.5 5.0
105 BD03A-21 268 w.s. 43.8 ± 0.2 95.2 ± 0.3 0.46 1.8 1.7 5.2
110 BD03A-22 265 w.s. 46.0 ± 0.2 87.0 ± 0.3 0.53 1.9 2.2 4.1
115 BD03A-23 262 w.s. 36.7 ± 0.2 71.2 ± 0.3 0.51 1.7 1.3 4.7
120 BD03A-24 260 w.s. 36.9 ± 0.2 69.4 ± 0.2 0.53 1.8 2.3 4.9

*Abbrev. w.s. – well sorted ‡The IRSL/Post-IR blue OSL ratio is a proxy of the feldspar to quartz ratio.
§ K, U and Th are responsible for the irradiation that gives rise to the luminescence energy stored in the sediment grains.

Table 4
Granulometric, luminescence and dosimetric data from Profile BD03B.

Depth Sample
Number

Mean Grain Size
(µm)

Sorting* IRSL (photon
counts × 1000)

Post- IR Blue OSL (photon
counts × 1000)

IRSL/Post–IR Blue
OSL ‡

K§ (%) U (ppm) Th (ppm)

5 BD03B-1 252 w.s. 48.9 ± 0.3 79.8 ± 0.3 0.61 1.2 0.9 3.4
10 BD03B-2 248 w.s. 8.9 ± 0.2 30.1 ± 0.2 0.49 1.4 0.9 3.1
15 BD03B-3 251 w.s. 9.0 ± 0.2 24.6 ± 0.2 0.40 1.4 1.4 2.9
20 BD03B-4 254 w.s. 6.7 ± 0.2 20.7 ± 0.2 0.30 1.4 1.3 3.3
25 BD03B-5 252 w.s. 7.9 ± 0.2 21.7 ± 0.2 0.32 1.3 1.4 3.1
30 BD03B-6 252 w.s. 2.8 ± 0.2 12.9 ± 0.1 0.21 1.6 1.4 4.0
35 BD03B-7 250 w.s. 9.5 ± 0.2 24.4 ± 0.2 0.40 1.6 1.7 2.8
40 BD03B-8 252 w.s. 8.9 ± 0.2 22.8 ± 0.2 0.40 1.5 1.6 3.8
45 BD03B-9 256 w.s. 9.0 ± 0.2 25.3 ± 0.2 0.36 1.6 1.9 3.6
50 BD03B-10 255 w.s. 6.7 ± 0.2 19.4 ± 0.2 0.35 1.7 1.1 4.2
55 BD03B-11 262 w.s. 7.9 ± 0.2 25.5 ± 0.2 0.31 1.7 2.2 3.1
60 BD03B-12 264 w.s. 9.2 ± 0.1 26.7 ± 0.2 0.34 1.6 1.6 4.1
65 BD03B-13 260 w.s. 13.9 ± 0.1 32.6 ± 0.2 0.42 1.8 1.4 4.2
70 BD03B-14 259 w.s. 14.6 ± 0.1 31.0 ± 0.2 0.47 1.8 1.5 4.9
75 BD03B-15 255 w.s. 20.0 ± 0.1 43.2 ± 0.2 0.46 1.7 2.1 4.4
80 BD03B-16 262 w.s. 24.4 ± 0.1 52.0 ± 0.3 0.47 2.0 1.3 4.8
85 BD03B-17 264 w.s. 28.3 ± 2.0 59.7 ± 0.3 0.53 1.8 1.4 4.8
90 BD03B-18 265 w.s. 34.5 ± 0.2 64.4 ± 0.3 0.42 1.8 1.6 4.8
95 BD03B-19 259 w.s. 26.2 ± 0.2 55.0 ± 0.3 0.48 2.1 2.1 4.0
100 BD03B-20 264 w.s. 36.1 ± 0.2 75.3 ± 0.3 0.48 1.7 1.6 4.5
105 BD03B-21 256 w.s. 37.3 ± 0.02 74.5 ± 0.3 0.50 2.0 1.8 4.1
110 BD03B-22 259 w.s. 30.6 ± 0.2 54.8 ± 0.3 0.56 1.9 2.4 4.7
115 BD03B-23 260 w.s. 34.5 ± 0.2 62.9 ± 0.3 0.55 1.8 2.8 5.3
120 BD03B-24 261 w.s. 42.5 ± 0.2 80.3 ± 0.3 0.53 1.9 2.4 5.0

*Abbrev. w.s. – well sorted ‡The IRSL/Post-IR blue OSL ratio is a proxy of the feldspar to quartz ratio.
§ K, U and Th are responsible for the irradiation that gives rise to the luminescence energy stored in the sediment grains.
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are noted in the lower part of the profile and these decrease up the
profile (Fig. 6c, d, Table 2). From 85 to 65 cm from the surface, the IRSL
signal intensity is relatively stable at about 37,000 counts. Between 65
and 60 cm, however, there is a sharp drop in the signal intensity to

around 28,000 counts. This is followed by a more gradual decline be-
tween 60 and 50 cm to around 23,000 counts. From 50 to 45 cm, an-
other relatively rapid decrease is noticed, with the signal falling to
11,000 counts. The signal then remains relatively stable up to 35 cm,

Fig. 5. Stratigraphy and luminescence profiles from Profile BD01. (a) Sampling pit excavated at site. (b) The sampling positions as well as Munsell colours of
sediments are shown in the stratigraphic section. The IRSL signal (c) is emitted by feldspar grains and the post-IR blue OSL signal (d) is predominantly from quartz.
Hence, the IRSL/OSL ratio (e) approximates the relative proportions of feldspar to quartz in the sample portion.

Fig. 6. Stratigraphy and luminescence profiles from Profile BD02. (a) Sampling pit excavated at site. (b) The sampling positions and Munsell colours of sediments are
shown in the stratigraphic section. The IRSL signal (c) is emitted by feldspar grains and the post-IR blue OSL signal (d) is predominantly from quartz. (e) The IRSL/
OSL ratio approximates the relative proportions of feldspar to quartz in the sample.
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after which it gradually falls to about 5000 counts between 30 and
10 cm before it tapers off to around 3000 at the depth of 5 cm from the
surface. The post-IR OSL signal profile essentially mirrors that of the
IRSL signal, demonstrating a stepwise decrease in signal intensity be-
tween 65 and 60, 60–50, 50–45, 35–30, 30–10 and 10–5 cm (Fig. 6d).

From the base of the section to 35 cm, the IRSL/OSL ratio remains
relatively stable at about 0.50, fluctuating by less than 10% (Fig. 6e).
From 30 cm to surface, the ratio is comparatively lower (0.26–0.40),
suggesting a lower feldspar content in the upper part of the profile,
possibly as a result of weathering during soil forming processes or
through abrasion during sediment transport.

4.3. Section BD03A

4.3.1. Stratigraphy
The north wall of Profile BD03 (excavated to 120 cm depth) was

sampled on both the western (BD03A) (Fig. 8) and eastern ends

(BD03B) (Fig. 9) of the section, as these demonstrated observable dif-
ferences in stratigraphy over a very short distance, suggesting post-
depositional disturbance, especially in the eastern end. The lower part
of the west end of the profile (120–47 cm) consists of medium-grained
well-sorted brown aeolian sand with a silt content of 5–8%. A sharp
contact separates the lower unit from the upper unit, which measures
from about 47 cm to surface. The dominant sediment of the upper unit
is mottled and mixed-looking black to very dark grayish brown well-
sorted medium silty sand with a silt content of 12–15%. This pit is lo-
cated proximal to a buried pipeline and we strongly suspect that the
observed mixed-looking upper unit and the sharp contact between the
upper and lower units reflects disturbance from previous pipeline ac-
tivities. Artifacts are present from 47 to 0 cm, and include bone frag-
ments and lithic flakes.

4.3.2. Luminescence profiles
Unlike in profiles BD01 and BD02 where the signal intensities de-

crease consistently up the depositional sequence, the signals noted in
profile BD03A display a more complex pattern. From the bottom of the
profile (120 cm) to around 80 cm from the surface, the IRSL signal
intensities fluctuate between 48,000 and 36,000 counts, peaking at 110
and 80 cm (Fig. 8c). Between 80 and 65 cm, the signal remains rela-
tively stable, after which it fluctuates again by about 20% up to 40 cm.
There is a sharp decrease in the signal from 48,500 to 22,000 (< 50%)
between 40 and 35 cm; this decrease occurs about 10 cm above the
well-defined contact between the upper and lower units noted in the
stratigraphy (i.e. at about 47 cm below the surface; Fig. 8b). At 30 cm,
the signal drops further to around 7000 counts, after which it increases
relatively gradually to around 12,000 counts at 15 cm. From 10 to 5 cm
below the surface, the signal rises sharply to peak at 45,000 counts.

Fig. 7. Late Side-notched projectile point recovered from buried soil, 28–22 cm
below the surface, Profile BD02.

Fig. 8. Stratigraphy and luminescence profiles from Profile BD03A. (a) Sampling pit excavated at the site. Note the homogeneous, undisturbed-looking sediments
below the artifact-bearing layer. (b) The sampling positions and Munsell colours of the sediments. The IRSL signal (c) is emitted by feldspar grains and the post-IR
blue OSL signal (d) is predominantly from quartz. (e) The IRSL/OSL ratio approximates the relative proportions of feldspar to quartz in the sample portion. An
anomalously high IRSL/OSL ratio (value 4.4) resulting from a high IRSL signal and a low OSL signal was obtained at depth 40 cm.
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The shape of the post-IR blue OSL profile (Fig. 8d) demonstrates a
trend that is similar to that of the IRSL profile, in that it can be sepa-
rated into a lower (120–45 cm) and an upper segment (40–5 cm). In the
lower segment, signal intensities are up to 700% or more greater than
the lowest signal intensity noted in the upper part of the profile, and
fluctuate by around 20%. At 40 cm, however, the post –IR OSL signal
drops sharply to around 10,000 counts, after which it rises briefly at
35 cm before falling again at 30 cm. From 25 cm upwards, the signal
rises to peak just below the surface at about 96,000 counts.

The IRSL/OSL ratio of Profile BD03A is relatively stable from depth
to 35 cm, fluctuating between 0.50 and 0.45, with the exception of the
ratio at 40 cm where it spikes to a value of around 4 before dropping to
the mean value. This could be the result of a very low quartz content in
the portion analysed. Alternatively, it could be caused by low lumi-
nescence sensitivity of the quartz grains in the sample. Lower magni-
tude fluctuations in the IRSL/OSL ratio are observed from 30 cm to the
surface, with the lower IRSL signals suggesting lower proportions of
feldspar especially at depths of 30 and 15 cm.

4.4. Section BD03B

4.4.1. Stratigraphy
Section BD03B is the east end of the north wall of the pit excavated

at Profile BD03 (Fig. 9). The lower part of the profile (120–100 cm)

comprises well-sorted medium-grained brown aeolian sands with a silt
content of less than 10%. From 100 to 47 cm, however, a range of
colours are noted, including brown, dark grayish black, and black
medium-grained well-sorted sands with a silt content of more than
10%. Mottled-looking and bioturbated sediments are present between
60 and 50 cm, and charcoal flecks are noted from 55 to 47 cm. These
features and colour variations are not laterally continuous and are not
observed on the west end of Profile BD03 (BD03A). Our field inter-
pretations are that these colour variations and stratigraphic disruptions
are the result of post-depositional sediment mixing, either as a result of
backfilling after pipeline installation or infilling of an animal burrow.
The upper part of profile BD03B is relatively similar to that of BD03A
on the west end of the section and comprises black to very dark grayish
brown well-sorted medium grained silty sand.

An additional difference between the sequences noted on the west
end (BD03A) and east end of the section (BD03B) is in the type and
distribution of archaeological artifacts recovered. In the east end of the
section, artifacts are present throughout the upper 100 cm of the profile
whereas, in the west end, they are confined to the upper 47 cm.
Artifacts recovered from BD03B include numerous complete skeletal
elements from Bison bison (P. McKeand, pers. comm.), burnt, unburnt,
and calcined bone fragments, pottery sherds, lithic flakes, and charcoal
fragments.

Fig. 9. Stratigraphy and luminescence profiles from Profile BD03B. a) Sediments were artifact-bearing to 90 cm depth. Circle delineates darker sediment from which
three articulated Bison bison vertebrae were recovered (insert). (b) The sampling positions as well as the Munsell colours of the sediments. (c) IRSL signal obtained
from feldspar grains. (d) Post-IR blue OSL including quartz signal. (e) The IRSL/OSL ratio approximates the relative proportions of feldspar to quartz in the sample
portion.
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4.4.2. Luminescence profile
The IRSL signal profile at BD03B fluctuates between extremes of

about 42,000 at the base of the section (120 cm) to about 26,000
around 95 cm, after which there is a gradual decrease up the sequence
from 35,000 at 90 cm to 10,000 at 60 cm. From 60 to 10 cm, the signal
is relatively constant at between 6000 and 9000 counts, except for the
sharp drop at 30 cm (3000 counts; Fig. 9c). Between 10 and 5 cm, the
signal trend at BD03B is similar to that observed at the adjacent BD03A
in that there is a five-fold increase in the signal intensities from 10,000
to 50,000 counts. The post-IR blue OSL profile is relatively identical to
that of the IRSL profile and all fluctuations observed in Fig. 9c are
mirrored in Fig. 9d.

The IRSL/OSL ratio is relatively stable around 0.5 between 120 and
70 cm (Fig. 9e), fluctuating by less than 10%. From 65 to 35 cm,
however, the signal varies between 0.42 and 0.3, after which it de-
creases sharply to around 0.2 at 30 cm, followed by an increase to 0.6 at
5 cm.

5. Discussion

The core rationale employed in this study is that if clastic sediments
are well zeroed of any previously acquired luminescence energy prior to
their last burial event, the luminescence signal yielded by the sediment
on stimulation should be a time dependant parameter. In essence, the
luminescence signal intensities should decline up the depositional se-
quence, commensurate with decreasing age. For this assumption to be
valid, however, the variations in the luminescence signal with depth
should not be the result of variations induced by other parameters that
influence the signal intensity within a bulk sample, apart from burial
age. Such variables would include the dose rate, mineralogical con-
centrations, mineralogical sensitivity, sample size, as well as the degree
of bleaching prior to burial. It is the consensus that aeolian dune se-
diments are generally well zeroed (bleached) prior to burial because the
subaerial transportation they go through at the surface affords the
grains adequate time for solar bleaching (e.g. Aitken, 1998; Wintle,
2008). Thus, the aeolian sequences at the Bodo site present an ideal
environment for this study. To monitor changes to the dose rate so that
they could be compared with the changes in the luminescence signal up
the depositional section, we have measured the elemental concentra-
tions of the responsible isotopes at given depths. Variations in the mi-
neralogical concentrations were monitored using the IRSL/OSL signal
ratios. To minimize the effect of sample size on the signal, sample
portions were carefully measured aiming to produce monolayer por-
tions. However, to test if correcting for sample size and sensitivity
would make a difference, a normalization procedure was performed
and used to correct the natural signals. The normalization entailed first
exposing all measured portions to sunlight for at least 20 h in order to
zero their signals after which a test dose of 2 Gy was then administered
to each portion using a 137Cs gamma ray source at the University of
Alberta. The portions were then measured again using the portable OSL
reader (after preheating) and the acquired signal used to correct the
natural signals. Results are provided as Supplementary data (Tables
S1–S3, Figs. S1–S3) and these show that normalization did not have a
major effect on the profiles. In some cases, it seemed to increase the
scatter and we suspect this occurred because even though we tried to
prepare portions that comprised a monolayer of sediment grains, in
many cases this may have not succeeded such that multiple layers were
obtained. Additionally, the grains were not fixed to the bottom of the
Petri dishes that held the samples during analysis. As a result, when
sample portions were transferred from the portable OSL reader to the
irradiator, the sediment grains may have shifted. Such grain movement
would certainly introduce scatter into the data since grains that were
exposed at the surface during the initial measurement were not ne-
cessarily the same grains that were exposed after the irradiation. The
only way to ascertain whether this was the source of the scatter in the
normalized data would be to perform another study that binds the

sediment to the base of the Petri dishes, which may be the subject of
future studies. A portable OSL reader with an internal irradiator would
also eliminate the need to transfer the sample from the reader to an
external source. However, the portable OSL reader used in this study
does not have an internal irradiation source.

An additional observation from the normalization data was that, for
Sample BD03A, the data in Table S3 show that the response to the 2 Gy
test dose is not uniform up the sequence. For instance, luminescence
signals in the lower part (120–45 cm) following the test dose averages
about 4900 counts per sample portion while the upper 40–5 cm
averages about 2700 counts per portion. These differences could be the
result of differences in luminescence sensitivity, possibility arising from
differences in provenance for the source sediment, though the closed
drainage system in the area makes this unlikely, Alternatively, it could
be the result of clay or iron oxide coatings on the grain surfaces that
interfere with the luminescence emissions. The upper part of the se-
quence was noticeably darker. Overall, however, the normalization step
was not deemed to be indispensable for this study as it did not sig-
nificantly alter the conclusions. Hence, the results discussed below do
not include the normalized data.

5.1. Luminescence profiles of undisrupted depositional sequences

5.1.1. Section BD01
Both the IRSL and post-IR OSL luminescence profiles obtained at

Profile BD01 (Fig. 5) show very high signal intensities at the base of the
profile which decrease sharply between 90 and 85 cm. From 85 cm
upwards, the signal intensities fall consistently up to the surface. Var-
iations in the feldspar content (indicated by the IRSL/OSL ratio) do not
appear to account for this pattern because from 90 to 20 cm, the IRSL/
OSL ratio is relatively stable. In the upper part of the sequence
(20–5 cm), the feldspar content drops. This decline, however, does not
appear to have an influence on the general trend of the luminescence
signals because both the IRSL and post-IR OSL profiles are relatively
identical. While environmental dose rates up the depositional sequence
can be a factor, the concentrations of K, U and Th in BD01 are relatively
constant throughout the profile such that dose rates cannot be the
dominant influence shaping the luminescence profiles. This leaves
burial age as the only plausible explanation for the observed patterns. If
the luminescence signal intensity can be deemed directly proportional
to the age of a depositional unit, luminescence signal intensities should
be highest in the lower part of the stratigraphy, and lower in the upper
part, which is what is observed at BD01.

The rate at which the luminescence signal decreases up the profile
as well as the relative intensities of the luminescence signals provide
additional information about depositional history of the sequence. For
instance, the sharp fall in the luminescence signals (IRSL and post-IR
OSL) observed between 90 and 85 cm (Fig. 6) indicates that the sedi-
ments at the base of the stratigraphic section are significantly older
than the overlying sediments (85 cm and above), and these were most
probably emplaced during an earlier period of aeolian activity. Hence, a
depositional hiatus, possibly during which erosion and sediment re-
working occurred, separates the older sediment (90 cm and below)
from the younger sediment (85 cm and above). The more gradual de-
cline in signal intensities from 85 to 15 cm suggests that the sediments
at these depths accumulated relatively rapidly and at a constant rate
(e.g. Munyikwa et al., 2012). From 10 and 5 cm, the rate of decrease in
signal intensities increases slightly but this is probably due to more
recent reworking at the modern surface.

Notably, neither the two bioturbated organic-rich layers between 75
and 73 cm and 70–67 cm (Fig. 5) nor the buried soil noted between 40
and 30 cm are accompanied by any significant changes in the lumi-
nescence profile as the luminescence signal appears to change uni-
formly in this part of the stratigraphy (Fig. 6). This suggests that the
aeolian episode responsible for the rapid accumulation of sediments in
the profile between 85 and 20 cm was interrupted only briefly by
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periods of landscape stability around 75–67 cm and around 40–30 cm.
The stable periods would have been of sufficient length to allow the
establishment of incipient soils, but were so brief that they do not ap-
pear as interruptions in the relative age of the samples within the lu-
minescence profile.

Overall, the progressive decrease in luminescence signals up the
depositional sequence at BD01 indicates that the depositional units at
the site are stratigraphically consistent, which strongly suggests that the
depositional sequence is intact, as expected, based on visual observa-
tion of the field profile.

5.1.2. Section BD02
The IRSL and post-IR OSL luminescence profiles from Section BD02

(Fig. 6) demonstrate similarities with Section BD01, in that the IRSL
and OSL profiles are almost indistinguishable and the signal intensities
decrease up the stratigraphy. Variations in the luminescence signals
cannot be explained by the variations in the IRSL/OSL ratio or by
changes in the concentrations of K, U or Th, and we interpret the signal
increase with depth as indicating an increase in the depositional age of
the sediments.

The relatively stable luminescence signals in the lower part of the
stratigraphy from 80 to 65 cm suggest a rapid accumulation of sedi-
ments, followed by the noticeable decrease in signal intensities between
65 and 60 cm indicating a depositional hiatus (and possibly a period of
erosion). A subsequent gradual decrease in the luminescence signal
suggests an episode of aeolian sedimentation. Again, the large decrease
in photon counts between 50 and 45 cm depth suggests a depositional
hiatus. In this case, the interpretation of a hiatus is supported by the
presence of a buried soil between 50 and 40 cm, which indicates
landscape stability (see 4.2.1; Fig. 6). Disturbance processes, including
bioturbation by soil fauna and human occupation (as indicated by the
artifacts recovered from this depth), would have reworked sediments at
or near the stabilized land surface during this period, resulting in re-
setting of the luminescence signal. The gradual decrease in photon
counts up the profile from 35 cm to around 10 cm suggests that this
renewed sedimentation occurred relatively rapidly. A slightly steeper
decline in the signal from 10 to 5 cm may be indicative of disturbances
at the modern surface (Fig. 6). The soil that appears in the stratigraphy
between 30 and 23 cm is not associated with a major change in the
luminescence profile, suggesting that the period of landscape stability
during which it developed was brief. As in Profile BD01, the lumines-
cence profiles from BD02 point to a stratigraphic sequence that is still
largely intact, as expected.

It is important to note that depositional sequences where the age
difference between the youngest and oldest units is very small will re-
turn a luminescence profile that is nearly vertical. Therefore, lumines-
cence profiling would not be capable of determining whether sediment
mixing occurred in such cases. Similarly, post depositional disruption
which results in thorough mixing and homogenization of the sediments
will eliminate contrasts in luminescence signal intensities between the
depositional units such that luminescence profiling would be in-
effective. Hence, for the approach we use in this study to work, there
has to be a measurable age difference between the depositional units
prior to and subsequent to the mixing. Otherwise, in cases of thorough
mixing, more sophisticated luminescence methods such as those that
date single grains would be more appropriate (e.g. Bøtter-Jensen et al.,
2000; Lamothe and Auclair, 2000).

5.2. Luminescence profiles of mixed depositional sequences

As in the other two profiles examined in this study (i.e. BD01
[Fig. 5] and BD02 [Fig. 6]), the fluctuations in the luminescence signals
in both stratigraphies at BD03 cannot be fully explained by either the
IRSL/OSL ratio or the variations in the concentrations of K, U or Th
(Figs. 8 and 9, Tables 3 and 4). This suggests that the (original) burial
age of the depositional units is the main explanation for the trends

noted in luminescence signal intensities. However, in contrast to the
luminescence profiles at BD01 and BD02, which progressively decrease
in signal intensities up the stratigraphy, the upper parts of the lumi-
nescence profiles at BD03A and BD03B appear to be inverted such that
the luminescence signal rises sharply towards the surface.

At BD03A, the IRSL and post-IR OSL signals fluctuate uniformly by
up to 20% between 120 and 47 cm. This fluctuation, together with the
absence of a definite trend towards lower signal intensities up the de-
positional sequence suggests that, despite visual evidence suggesting
that the lower part of the stratigraphy is intact (Fig. 8), there has been
sediment mixing, interpreted here as resulting from pipeline activity
which involved excavation and back-filling. The rapid decrease in the
luminescence signals from 40 to 35 cm at BD03A would, under normal
circumstances, denote a temporary hiatus in aeolian deposition and/or
an erosional event (see examples in 5.1, above). The normalization test
dose data in Table S3 pointed to the possibility of the lower part of the
section having greater luminescence sensitivity, with the response to
the test dose between 120 and 45 cm being close to twice higher than
between 40 and 5 cm. However, this ratio would not explain the dif-
ferences is signal intensities between the upper and lower parts of the
section for the unnormalized data as these are up to four times greater.
Hence, the proximity of Profile BD03A/B to the existing buried pipe-
line, and the increase in the signal intensities towards the surface
confirms earlier indications from the field suggesting that the sharp
contact between the lighter-coloured sands at BD03A is an artifact of
backfilling procedures following pipeline-related excavations; light-co-
loured sands are placed back first after which the topsoil, identified on
the basis of colour alone, is emplaced last. The signal intensities also
suggest the dark-coloured sands were inverted during the backfilling,
with sediments that used to be lower in the stratigraphy being emplaced
overlying sands that were previously at the top.

Section BD03B (Fig. 9) which lies adjacent to BD03A (Fig. 8) dis-
plays luminescence profiles with signal intensities that decrease up the
section but also rise sharply just below the surface, suggesting a stra-
tigraphic inversion in the upper part of the sequence. Thus, this section
too, displays signs of excavation followed by back-filling. Visually,
BD03B differs from the western half of the profile (BD03A), in that signs
of disturbance are evident throughout the profile, suggesting rodent
burrowing and/or pipeline construction (see 4.4.1; Fig. 9). There is a
general decline in the signal intensities from 120 to 60 cm which would
normally indicate that the lower part of the stratigraphy is intact.
However, fluctuations in both the IRSL and OSL signals around 105 and
90 cm suggest that a disruption of the original stratigraphy has oc-
curred. The low signal intensities between 60 and 10 cm in a part of the
section that appears to be visually disrupted could be explained by
sediments that were exposed to sunlight at the ground surface for an
extended period of time during the excavation process such that partial
solar bleaching attenuated the luminescence signals. While the presence
of three articulated vertebrae recovered from a depth of 60 cm might be
viewed in the field as indicating that the sediments are intact, it is
possible the vertebrae were excavated and reburied during the ex-
cavation process also, possibly using a large bucket, or as part of a
frozen chunk of soil, and are not in their original depositional setting.
Thus, overall, the luminescence profiles and stratigraphic evidence at
Section BD03A and BD03B point to a depositional sequence that is not
naturally intact.

5.3. Approximating relative ages and correlating stratigraphic profiles

Luminescence signals collected using portable OSL readers for
constructing luminescence profiles cannot readily be used to calculate
absolute ages as is done in regular luminescence dating because the
signals need to be calibrated. Calibration of luminescence signals is
normally carried out using artificial irradiation in a lab setting to pro-
duce a growth curve that depicts the growth of the signal in the mineral
grain with increasing dose. For young samples (< 30,000 years old),
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both quartz and feldspar show linear growth curves (e.g. Aitken, 1998).
However, constructing growth curves is not a step that is necessary in
luminescence profiling because we are only interested in finding out
how the signal varies relatively with depth. As indicated earlier, if the
dose rate, mineralogical proportions and grain size are relatively stable
down the depositional sequence, the profile is a proxy for the chron-
ostratigraphy, and the signal intensities of the individual depositional
units in the profile can be deemed indicative of the relative ages of the
units.

Aeolian deposits on the Northern Great Plains have been dated
using both luminescence and radiocarbon methods and have been de-
monstrated to be of early postglacial and Holocene age (e.g. Gilliland,
2007; Wolfe et al., 2001, 2002, 2004; Munyikwa, et al., 2011). Hence,
the growth curves of the luminescence signal for both quartz and
feldspar would still be in the linear portion of the curve and the signal
intensities up the profile can be treated as linearly proportional to the
stored dose, or the sample’s age. Accordingly, at Profile BD01, the OSL
signal at the base of the profile (90 cm) is about 400–500% of the signal
between 80 and 20 cm. Therefore, it could be argued that sediments at
the base of the profile are about four to five times older than sediments
between 80 and 20 cm. Similarly, at BD02, the sediments between 30
and 5 cm are about four times younger than the sediments between 80
and 65 cm. This would suggest that the difference in age between the
upper and lower units in sections BD01 and BD02 is approximately the
same. The normalisation step that was performed to eliminate other
variables that affect the luminescence signals apart from burial time
(Appendix A) showed consistency between the normalized and un-
normalized data for BD01 and BD02. Hence, although preliminary, we
tentatively suggest that the upper and lower units in the two profiles are
correlable by their relative signal intensities. These results are con-
sistent with luminescence dating of samples previously collected from
pits at the Bodo site that was performed using regular protocols and
showed that at least two major periods of aeolian deposition occurred at
the site around 1700 ± 350 years ago and at 6900 ± 2300 years ago
(Munyikwa et al., 2014). Hence, while the comparison made here is
somewhat limited in scope, it is evident that the ability to approximate
the relative ages of the depositional units using luminescence profiling
imparts a quantitative context to any stratigraphic investigation.

6. Conclusions

Ascertaining the integrity of a site prior to conducting detailed field
studies and costly excavations is an integral part of archaeological in-
vestigations, particularly with regard to HRIAs, where detailed work
may add substantially to developer costs. Within this context, areas
identified as previously disturbed, especially by human impact, are less
valuable, and frequently require minimal further conservation, miti-
gation, or protection. In this study, we demonstrate that by combining
detailed stratigraphic assessment and constructing luminescence pro-
files using the portable optically stimulated luminescence reader during
HRIAs, areas that have experienced post-depositional disturbances can
be rapidly and more reliably identified, even when the stratigraphic
disruptions are visually indiscernible. In accordance with the basic
principle of superposition of sedimentary stratigraphy, in sequences
where burial age is the most important determinant of the luminescence
signal, signal intensities should be higher in the lower part of the de-
positional sequence and decrease progressively upwards. Sequences
that have experienced post-depositional mixing, on the other hand,
should be characterized by a pattern attesting to the disruption of the
aging-with-depth trend. Notably, however, portable OSL readers will
only be useful for determining site integrity if age differences between
depositional units in the sequence are significant enough to enable
differentiation. Similarly, the post-depositional mixing should not be
too thorough so as to produce a homogenous sequence. In such cases,
more sophisticated luminescence techniques such as dating of in-
dividual grains would be more appropriate.

Thus, as a first line of approach in characterizing archaeological
sites, luminescence profiling using the portable OSL reader offers a
time- and cost-effective method that has unlimited application poten-
tial, including the delineation of chronological gaps in depositional
sequences, identifying post-depositional disturbance, correlating de-
positional units across a site, and approximating relative rates of sedi-
ment accumulation. These applications are not only of use in archae-
ology but can be extended to geology and site investigation in forensic
science applications.
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