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Modelling the palimpsest: An exploratory
agent-based model of surface
archaeological deposit formation

in a fluvial arid Australian landscape
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Abstract

Archaeologists make inferences about past human behaviour based on patterned material residues in various depositional contexts, including existing
landsurfaces. These deposits are generated by processes that may obscure patterns at some observational scales while highlighting others, and interpretive
differences can arise from a lack of explicit models of deposit formation. Here, an exploratory agent-based model based on the concept of the palimpsest
is used to examine the effects of episodic sediment transport on the visibility and preservation of surface archaeological deposits in a fluvial context.
Outcomes from the model indicate that the compound influences of preservation and visibility are capable of transforming a static radiocarbon record
into one of increasing intensity towards the present, while simultaneously displaying periodic chronological gaps — features that have been used in our
Australian study area to argue for demographic change driven by social or environmental factors. To differentiate between interpretations, expectations
derived from the model are assessed against a second proxy from the same study area: Optically Stimulated Luminescence dates from hearth stones in
surface contexts. Results indicate that patterns in the chronometric proxies from the study area are more consistent with episodic geomorphic change
than explanations invoking changes in the local organization of human activity.
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Introduction

Archaeology uses enduring material remains that accumulate on or
near the surface of the earth as proxies for past human behaviour.
The condition of that material at the time of recording is largely
determined by the same forces (climatic, geomorphological, etc.)
that operate on the predominantly sedimentary landforms within
which the material rests (Stein, 1987). Whatever relationships that
exist among the material items have been transformed in the past
and continue to be transformed in the present by processes that
involve erosion, transport and deposition of sediment.

While a shared intellectual heritage between archacology and
geology has ensured that the physical formation of deposits incor-
porating cultural materials and sediments has long been of concern
(Butzer, 1971; papers in Davidson and Shackley, 1976; Foley,
1981; Hassan, 1979; Lockerbie, 1954; papers in Nash and Petra-
glia, 1987; Schiffer, 1972; Stein, 2001; Stern, 1994; Waters and
Kuehn, 1996; Wheeler, 1954; Wilson, 2011), the formation of
archaeological deposits sometimes remains poorly understood and
a source of contention in interpretation (see Rathje et al., 2013:
35). In some cases, the potential for post-depositional processes to
have affected a deposit is proposed rather than demonstrated, and
this potential is used to dismiss the value of a particular inference
or promote an alternative interpretation (e.g. Gillespie and Brook,
2006; O’Connell and Allen, 1998). These interpretive differences
may be attributed in part to ambiguities in data, but also point to a
lack of explicit models of formation dynamics that may lead to less

subjective interpretations of patterning within the archaeological
record (Cosgrove, 2012; Ward and Larcombe, 2003).
Archaeological materials are almost never recorded in such a
state that the precise sequence of depositional events is entirely
known (Binford, 1980; Schacht, 1984; Stern, 1994). This means
that almost all archaeological deposits are, in some way, palimp-
sests: products of multiple depositional events or actions. But
despite their ubiquity, the label ‘palimpsest’ is often used for
deposits considered disturbed or otherwise difficult to resolve
because of limited chronological resolution or clear stratigraphic
association (e.g. Carr, 1987; Gillespie and Brook, 2006; Henry,
2012; Sharon et al., 2014). This usage implies that there is an ideal
deposit type on which to build archaeological inference, and
that palimpsest deposits must be disentangled or otherwise trans-
formed to be of use. The term is applied regularly in this sense
to surface archaeological deposits, where artefacts and features
from multiple depositional events may be lagged on to a common
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surface through deflation or sediment hiatuses (e.g. Bisson et al.,
2014; Morgan et al., 2013). Archaeological deposits in present sur-
face contexts have been a focus for archaeologists interested in the
spatial organization of past human activity (Barrientos et al., 2014;
Binford, 1980; Braun et al., 2008; Clarkson, 2008; Dunnell and
Dancey, 1983; Ebert, 1992; Foley, 1981; Isaac, 1981; papers in
Rossignol and Wandsnider, 1992; Shea, 2010), but concerns over
the effects of weathering, mixing, and post-depositional distur-
bance on their integrity historically limited their use beyond that of
indicating the possible presence of subsurface deposits (see papers
in Schofield, 1991).

The palimpsest concept has also been used as part of a theoreti-
cal framework emphasizing how the condition of the archaeologi-
cal record shapes the information that can be most gainfully
extracted from it. By treating all archaeological deposits as
palimpsests of one form or another, some emphasize how archaeo-
logical materials came together over time in whatever their strati-
graphic context, and view any perceived loss of chronological
resolution as an opportunity to explore processes operating over
spatiotemporal scales greater than the ethnographic event (Bailey,
1983, 2007; Banning, 2002; Lucas, 2010; Wandsnider, 1996).
There have been numerous efforts to incorporate these theoretical
ideas into interpretations (e.g. Holdaway and Wandsnider, 2006;
Malinsky-Buller et al., 2011; Vaquero, 2008), but practical appli-
cations have been few. Lucas (2012: 105), for example, comments
that the palimpsest concept has been historically problematic
because, while its symptoms can often be identified, a methodol-
ogy is lacking that interfaces with formation processes explicitly
(see also Bailey, 2008: 26). The lack of a strong proof-of-concept
inhibits comparison between interpretations and enables the per-
petuation of the irresolvable palimpsest label.

In this study, we present a model of palimpsest deposit forma-
tion that acts as a step towards answering Lucas’ (2012: 121) call
to ... foreground the processes of inscription and/or erasure,
rather than the product ...’; in other words, to evaluate how the
combined effects of archaeological deposition and sediment
transport over time might influence patterning in surface archaeo-
logical features (p. 121). Drawing on a case study from the arid
rangelands in western New South Wales (NSW), Australia, the
model is implemented as an exploratory agent-based simulation
to assess the effects of episodic erosion and deposition on the
condition of the surface archaeological record; specifically, the
temporal distribution of chronometric data obtained from heat-
retainer hearths. Simulation outcomes are then used to suggest
additional tests grounded in formation which can help discern
between different interpretations of that record.

Palimpsests, formation and
models

A ‘true’ archaeological palimpsest, as defined by Bailey (2007), is
a situation in which the archaeological record is generated in such
a way that all traces of any previous deposits are removed prior to
the deposition of new material, leaving only the most recent
deposit behind. In theory, then, the opposite of a true palimpsest
would be a true archaeological stratigraphy, in which each depos-
ited object is immediately sealed within a distinct sedimentary
layer, perfectly preserving the sequence of depositional events
(Lucas, 2012). By these definitions, anything less than a true
stratigraphy is some form of palimpsest and is subject to some
processes, geophysical or otherwise, that blend or blur the tempo-
ral resolution of the recordable data, reducing their usefulness
for reconstructing behaviour at the event or ethnographic scale
(Bailey, 2007; Stern, 1994). While neither a ‘true’ palimpsest nor
stratigraphy may exist in reality, these archetypes serve as useful
bookends for describing the process of deposit formation, and its
influence on the character of the record as encountered by an
archaeologist.

Numerous natural and anthropogenic processes contribute to
the formation of an archaeological deposit over time, but those
which would distinguish where a deposit fits between these two
extremes are primarily sedimentary in nature. Sedimentation,
from the perspective of an individual deposit, can be considered
to occur along a continuum between completely depositional
(true stratigraphy) and completely erosional (true palimpsest),
and wherever the local regime falls along that continuum will
strongly influence not only the condition of a deposit (Ward and
Larcombe, 2003; Waters and Kuehn, 1996), but also, in surface
surveys, its visibility. Archaeologists working at the scale of indi-
vidual deposits are well aware that rates of sedimentation are cru-
cial to interpreting the temporal resolution of archaeological
deposits (e.g. Hunt et al., 2015; Ward, 2004); this awareness has
prompted wider application of methods like age—depth modelling
for subsurface deposits (e.g. Allen and Morrison, 2013; Armit
et al., 2014). However, accounting for this becomes more compli-
cated at the landscape scale, where the relative frequencies of
deposition and erosion might vary not only over time or from
place to place, but over time from place to place. The degree of
geomorphic variability in any landscape is controlled by the
capacity for sediment to move or settle, which is in turn largely
dictated by landsurface gradient and intensity of erosive forces
(e.g. gravity, wind and water) (Kirkby and Kirkby, 1976). On
steep hills where there is frequent heavy rainfall, sediment may be
more likely to erode and be transported downslope; in low gradi-
ent alluvial basins where sediments frequently collect, conditions
are more likely to be uniformly depositional. But most landscapes
occupied by humans do not feature such unimodal geomorphol-
ogy, particularly over long spans of time (Barker et al., 1997;
Brouwer Burg, 2013; Gouma et al., 2011), and the position of
individual places within these landscapes along the spectrum
between erosional and depositional may vary differently with
time. Understanding how local depositional histories come
together to produce larger scale patterning is fundamental to inter-
preting palimpsest archaeological landscapes.

Archaeologists who have used the palimpsest concept as a
theoretical construct for interpreting the archacological record,
most frequently those associated with the time perspectivist
paradigm, have argued that the incomplete nature of the archae-
ological record is not so much a hindrance as an intrinsic qual-
ity that can be used constructively to view processes operating
over different temporal scales (Bailey, 1983, 2007; papers in
Holdaway and Wandsnider, 2008; Hull, 2005; Murray, 1999;
Vaquero, 2008; Ward, 2004). But while the theoretical impli-
cations of a palimpsest perspective have been considered in
various contexts, explicit treatments of formation dynamics
in the development of archaeological palimpsests are largely
lacking (Bailey, 2008; Lucas, 2012; Murray, 1999). When we
say explicit, we mean committed to a formal definition that can
be articulated with data and compared with other formal defini-
tions (e.g. Ward and Larcombe, 2003). This problem is not only
limited to palimpsests and time perspectivism, but is also com-
mon elsewhere in the historical sciences where explanations
and conceptualizations are largely expressed in verbal rather
than formal terms (Doran, 1972; Epstein, 2008; Servedio et al.,
2014). Such written articulations often feature assumptions
which are left implicit and are open to challenge, sometimes
simply on rhetorical grounds, or may be misconstrued in trans-
lation (O’Sullivan and Perry, 2013).

One step towards making interpretations of the archaeological
record more explicit is through the use of formal models. Models
act as mediators between theory and reality, a heuristic space in
which to evaluate assumptions and adjust expectations (e.g. Cart-
wright, 1999; papers in Clarke, 1972; Epstein, 2008; Morgan and
Morrison, 1999). In a model-based approach, the real phenome-
non or system becomes a target, and a theoretically informed
description is implemented as a model system. The resemblance
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between outcomes from the model system and the target is then
gauged, giving the modeller an opportunity to re-evaluate the
model description (Godfrey-Smith, 2006; Kohler and Van der
Leeuw, 2007). This differs from purely hypothetico-deductive
approaches in that it is not a search for laws, but instead estimates
the tendencies of different model systems to produce patterning
while recursively informing on provisional interpretations (Giere,
1999). In archaeology and other historical disciplines, if a model
can be established as a valid representation of the ‘verbal logic’
(Servedio et al., 2014), so to speak, of a process or system pre-
sumed to have operated in the past, it can function as a laboratory
where that logic can be experimented with and outcomes can be
compared.

Models in archaeology, particularly computational models,
have not always been used in this way. Instead, archaeological
models may attempt to reconstruct past human systems in a realis-
tic way (see Costopoulos, 2010; Lake, 2014; Premo, 2010).
Because the phenomena under study are not directly observable,
this inevitably involves the use of variables that hold supposed,
speculated or otherwise unknown influence on past systems as
fully functioning, detailed components of a modelled system.
When this is attempted using particularistic datasets as targets, or
recourse to analogy without being grounded in well-established,
tested theory, the resulting models can be very complicated or eso-
teric, making it difficult to clearly associate outcomes with vari-
able configurations or to compare with models constructed using
different structures or datasets (Lake, 2015; Premo, 2010). The
coarse grain of archaeological data and the limited attention that
can be allotted to a diverse range of research topics mean that
researchers often have restricted resources with which to evaluate
competing interpretations. As our case study below illustrates,
archaeologists trying to compare interpretations might be better
served by models that allow them to ask questions of the ‘what
kinds of processes might create this pattern?’ type and hope to find
a best answer among several possibilities, rather than models ask-
ing ‘what precisely happened here?’, expecting correct, metric
answers in absolute terms (O’Sullivan and Perry, 2013).

As an alternative, Premo (2007, 2010) suggests another
form of modelling — exploratory modelling — in which highly
simplified models are used to test hypotheses at more general
theoretical levels (see also O’Sullivan, 2008). The objective of
an exploratory model is not to determine the precise historical
sequence of events that produced a given dataset, but instead to
experiment with a range of conditions that may (or, perhaps
more tellingly, may not) produce patterning similar to that
observed or expected (Morrison, 2009). This is accomplished
through exploring parameter spaces: the multitude of outcomes
that can be produced by running a model under different con-
figurations of variables (e.g. Brughmans et al., 2014; Crema,
2014; Premo, 2012; Wren et al., 2014). Because exploratory
models can be built independently of particular datasets, they
are often revealing about general dynamics that may help to
eliminate particular model structures, narrow the parameters to
those under which a model produces relevant patterning, and/or
suggest additional tests that can be undertaken to discern
between interpretations.

Exploratory modelling is often associated with the computa-
tional method of agent-based modelling. In this approach, indi-
vidual system components (often in the form of autonomous
computational ‘agents’) interact with each other and/or their envi-
ronment according to a given set of rules. These micro-level inter-
actions can generate macro-level regularities over time, allowing
the modeller to observe the emergence of larger patterns or entities
as outcomes of smaller scale activities. Lake (2014) describes suc-
cessful applications to archaeological problems emphasizing
sociocultural evolution and human—environment interactions, with
model outcomes that are frequently social, demographic or bio-
physical in nature. These applications, while in pursuit of the goal

of model simplicity, may assume an unproblematic relationship
between model outcomes and recorded archaeological residues
(Barton and Riel-Salvatore, 2014: 335). At the same time, debates
over the interpretation of observed archacological signatures, par-
ticularly where the point of departure lies in aspects of formation,
illustrate that the relationship between past human systems and the
material record is anything but unproblematic. This is not an
admonishment for abstract models of long-term sociocultural
evolution to be grounded in specific depositional outcomes in
exemplum, but rather a recognition that the level from which
archaeological inferences are drawn (the formation of the deposit)
has seen less theoretical attention when compared with the devel-
opment of social and ecological theories than would seem war-
ranted by the orientation of numerous archaeological debates. The
ability to evaluate the emergent properties of a system through the
interactions of individual system components seems as well suited
for studying complex archaeological formation as it is for studying
complex sociocultural interactions.

Even within the limited realm of formation models, which have
prodigiously emphasized assemblage formation (e.g. Aldenderfer,
1981; Barton and Riel-Salvatore, 2014; Brantingham, 2003,
2006; Thomas, 1973), there has been little formal modelling of
the coupled processes of cultural deposition and sediment move-
ment. Examples of the form that models of deposit formation may
take include the work of Kirkby and Kirkby (1976), who laid out
early mathematical models for the geomorphology of mound fea-
tures and artefacts in semi-arid locations, and that of Wainwright
(1991, 1994), who used simulation to explore the effects of ero-
sion on site formation and artefact displacement. In those studies,
archaeological remains were considered as components within
sedimentary systems, and the visibility and condition of archaeo-
logical remains was gauged after simulating rainfall events of
varying intensities on different surfaces. A more recent simulation
study by Clevis et al. (2006), using similar constructs and princi-
ples, demonstrated three-dimensional effects of aggradation and
incision on subsurface deposits in an alluvial valley. In all of these
cases, a range of outcomes were produced that were used to evaluate
the logic of hypothetical formation scenarios (typically expressed
as written conceptual models) rather than try to reconstruct specific
depositional histories and serve as examples of the exploratory
approach outlined above.

We draw on the spirit of this kind of work in this study, in
which we use an agent-based model to explore how different
combinations of two simplified processes, erosion and deposition,
might influence an archaeological record that accumulates on the
surface of the earth. Our model builds on observations from a case
study from arid western NSW in Australia, where extensive sedi-
ment movement has exposed some ancient landsurfaces while
masking others, and which has broader implications for the study
of landscape archaeology and palimpsest deposits.

Surface archaeology in western
NSW, Australia

The western NSW region consists of arid and semi-arid rangelands
extending westward from the Western Slopes and Riverina areas
of NSW, bounded on the north, west and south by the borders of
Queensland, South Australia and Victoria (Figure 1). The land is
predominantly flat (<200m a.s.l.), with some limited areas of
higher relief in the western Barrier Ranges. The primary drainage
is the Darling River, which flows intermittently depending on pre-
cipitation in the headwaters far to the east. Mean annual rainfall in
the region is between 150 and 350 mm, with pan evaporation typi-
cally exceeding precipitation.! However, rainfall can be highly
variable on a month-to-month or year-to-year basis. Droughts are
recurrent, with increasing rates of incidence in coordination with
the El Nifio-Southern Oscillation (Marx et al., 2009). Flooding
features episodically, often a result of low latitude exposure to
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Figure 1. Map of western New South Wales.
Locations of study areas are indicated by triangles.

monsoon troughs around the headwaters of the Darling and its
tributaries (Bell, 1979).

The archaeology of the region, like many arid parts of Austra-
lia, is noteworthy for extensive surface exposures of archaeologi-
cal materials, predominantly comprising lithic scatters and
heat-retainer hearths. Stone artefacts, mostly unretouched cores
and flakes of silcrete, quartz and quartzite, are present in varying
densities across the surface (Douglass, 2010; Holdaway and Fan-
ning, 2014; Holdaway et al., 2004; Witter, 1992). Heat-retainer
hearths typically present as concentrations of fire-altered stone,
in some cases preserving charcoal embedded within sediment
beneath the hearth stones (Figure 2). It is thought that hearths
were originally formed as pits lined with stone that acted as heat
retainers and were used as earth ovens to cook game (Fanning
and Holdaway, 2001b; Gould, 1967). As the sediments into
which the pits were dug erode away, more stable baked sedi-
ments of the hearths sometimes convert into convex features on
the surface covered with hearth stones (Fanning et al., 2009a).
Left to the elements, these eventually disintegrate, dispersing
any charcoal-bearing sediment and leaving behind loose congre-
gations of fire-altered rock.

The exposure and visibility of archaeological objects in this
region is heavily influenced by fluvial and aeolian sediment
transport. Disconformities observed in the sedimentary pro-
files at Stud Creek near Tibooburra suggest alternating periods
dominated by erosion or deposition throughout the Holocene
(Fanning and Holdaway, 2001b; Holdaway et al., 2004), a pro-
cess that was accelerated by the introduction of grazing ungu-
lates to the region in the late 19th century (Fanning, 1999).
Fanning et al. (2007; Fanning et al., 2009b; sensu Renwick,
1992) propose a model of ‘episodic non-equilibrium’, in which

large-scale, intermittent erosional events relocate sediments
within low relief creek valleys, with the effect of either mask-
ing or exposing archaeological materials lying on the surface.
Since relatively shallow-gradient slopes in the study region
prevent overland flow from reaching velocities capable of
moving larger objects (>20mm; Fanning and Holdaway,
2001a), the result is a set of lagged artefact deposits seated on
‘a mosaic of differently aged surfaces many of which lie adja-
cent to one another’ (Fanning et al., 2007: 284). This descrip-
tion contains many of the features of palimpsest deposits
outlined by Bailey (2007) and is not dissimilar to geomorphic
conditions described for arid and semi-arid regions elsewhere
(Bull and Kirkby, 2002; Gould, 1980; Tooth, 2000).

Frequency distributions of radiocarbon data from western
NSW study areas show curvilinear increases in hearth dates
towards the present over the last 2000 years, particularly within
the last five or six centuries (e.g. Figure 3). Surface sediment ages
determined through the use of Optically Stimulated Lumines-
cence (OSL) dating have been shown to correlate with the radio-
carbon ages of heat-retainer hearths situated on them, such that
older sediments retain hearth ages that span longer periods of time
than do sediments deposited more recently, suggesting erosion
may be driving this pattern in radiocarbon data (Holdaway et al.,
2008). However, in this and other parts of Australia, similar pat-
terns in the distribution of radiocarbon ages are interpreted to
reflect late Holocene population growth and more intensive occu-
pation in the region (Smith, 2013), an interpretation supported by
continental-scale studies of summed radiocarbon data (Johnson
and Brook, 2011; Williams et al., 2010).

In addition, gaps have been identified in the radiocarbon
sequences obtained from several western NSW locations (Hold-
away et al., 2005). Figure 3 shows a plot of 80 dates randomly
sampled from a corpus of 93 dates obtained from the Rutherfords
Creek study area falling within the last 2000 years (Holdaway
etal., 2010). Adapting a method developed by Rhode et al. (2014)
in which a uniform record of simulated radiocarbon ages for the
time period in question is repeatedly resampled and tested for gap
length distributions, the number of larger gaps (>75 years) seen in
the Rutherfords Creek data is beyond what would be expected
statistically from randomly sampling a uniform distribution of
equal duration (p=0.006), indicating that the gaps are extremely
unlikely to be simply a product of sampling error (although ques-
tions of spatial autocorrelation remain to be examined; Rhode
et al., 2014: 576). These gaps correlate roughly with broad-scale
environmental changes that have been previously argued to have
induced prolonged periods of human absence (Holdaway et al.,
2010). Alternatively, it has been suggested that shifts in local veg-
etation may have dispersed foragers logistically over wider areas
during some periods more than others, periodically decreasing the
likelihood of hearth formation within creek valleys (Smith, 2013:
323). To date, it has not been suggested that the gaps might be the
outcome of geomorphic processes.

In western NSW and other arid environments, event-driven
erosion and sediment deposition processes have the respective
capacities to erase or preserve archaeological materials deposited
on the surface (Fanning, 1999; Wainwright, 1994; Ward and Lar-
combe, 2003). But sediment deposition events that preserve
remains by burying them may also obscure them from view,
while subsequent erosion events may reveal them yet again.
Changes to visibility by burial will influence what is recorded by
the archaeologist working in surface contexts (Foley and Lahr,
2015: 10). Combinations of intermittent erosion and deposition,
as described in the episodic non-equilibrium model above, will
produce a surface record that is partly eroded and partly hidden,
one that falls somewhere between the true palimpsest and true
stratigraphy states.
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Figure 2. Heat-retainer hearths recorded at Rutherfords Creek in varying states of exposure. Following classification in Fanning et al. (2009a),
top row are examples of partially exposed hearths. Bottom row are disturbed (left) and remnant (right).

1000
Cal Years BP

Figure 3. Sample (n=80) of calibrated radiocarbon dates obtained
from surface hearths recorded at Rutherfords Creek.

Dates expressed as ordered set of means (dots) with | standard
deviation (bars). Radiocarbon determinations processed at Waikato
University, calibrated in OxCal using ShCal |3 calibration curve

(Hogg et al., 2013). Original data published in Holdaway et al. (2010).

An exploratory agent-based
model of palimpsest formation
and archaeological visibility

To explore the effects of differential erosion and deposition on a
uniform record of hearth manufacture, an agent-based model was

constructed using the NetLogo modelling platform (Wilensky,

1999; available online). The model, called HMODEL, is an

exploratory model in the sense that Premo (2010) defines it; it is

meant to be a mechanism that represents elements of the system

in question but is simple enough so that the entire parameter space
over which the model operates can be explored. The simulation
begins with an n X n space of gridded cells. Each cell in the grid
world contains an ordered list of numbers representing the ages of
sedimentary layers in years before present. Computational agents
within the simulation construct hearths at a constant rate over ran-
dom points on the grid; these hearths contain a radiocarbon age,
given in years before present. Any hearth that has a radiocarbon
age younger than or equal to the age of the most recent layer of
sediment of the cell upon which it rests (that is, the lower bound
of the cell’s sedimentary list) is considered visible on the surface
while any that are older are hidden as part of a subsurface deposit.

At given intervals, a scheduled event will have one of two
effects on cells: either erosion of surface sediments or deposition
of new sediments on the surface (Figure 4). If erosion occurs, the
uppermost layer of sediment is removed, and any hearths visible
on the surface are destroyed (or, more appropriately, the charcoal
particles they contain are dispersed). If deposition occurs, a layer
of sediment is added to the cell’s list, and any hearths currently
visible on the surface are hidden from view. Following subse-
quent erosional events, hidden hearths can become re-exposed
through the removal of overlying sediments.

In this configuration of the model, the behaviour of agents is
effectively neutral, producing a uniform record of activity in
order to establish to what extent the patterns observed in the
archaeological record are explainable in terms of directed human
behaviour (for other examples of null or neutral agent-based mod-
els, see Brantingham, 2003; Lake, 2015; Premo, 2007; Rhode
et al., 2014). Agents do not favour particular cells, nor do they
deviate from their rate of construction. If no sedimentary events
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Figure 4. Diagram of typical cell-level behaviour in HMODEL

at the threshold of a sedimentary event. At timestep t (in this

case, 1900years before present), a grid cell contains two layers

of sediment deposited at 2000 and 1950 BP, respectively, and a
single hearth deposited at 1922 BP.As the model moves on to

t+ |, the cell might experience one of two processes: deposition,

in which case a third layer of sediment is deposited atop the cell
dated to the current timestep, obscuring the hearth; or erosion,

in which case the top layer of sediment is removed along with the
hearth charcoal situated in it, exposing the lower layer of sediment.
Hearths obscured by deposition can become re-exposed through a
subsequent erosion event.

were to occur at all, this model will produce a surface record of
uniform occupation over time, with the total number of hearths
equal to the number of timesteps during which hearth building
occurs multiplied by the rate of construction. Only two variables
are explored initially in this model: the proportion of cells experi-
encing erosion versus deposition during a given event and the
time interval between these events.

The erosion/deposition proportion is expressed as a value
between 0 and 1. During a run of the simulation, each cell draws
a random number from a uniform distribution between 0 and 1,
and if that number is lower than the erosion/deposition propor-
tion, the cell will experience deposition; otherwise, the cell will
experience erosion. When the proportion is set to 0, all cells will
experience only deposition at every interval, burying archaeologi-
cal deposits in all cells beneath the same sequential layers of sedi-
ment (i.e. a true stratigraphy per Lucas’ (2012) definition). As the
value increases, a greater proportion of cells will erode rather than
aggrade, with the actual sequence of erosion and deposition vary-
ing from cell to cell. When the proportion is set to 1, all cells will
experience only erosion, simulating stripping surfaces down to
bedrock and removing all previous archacological deposits (i.c. a
true palimpsest per Bailey’s (2007) definition). This variable is
explored at increments of 0.1.

The other variable under consideration is the interval at which
these events occur. It is not clear from the literature what level of
fluvial intensity is required to effect geomorphic change in places
like those under consideration in western NSW. Storms of magni-
tudes known to carry large loads of sediment downslope occur
sporadically (Fanning et al., 2007), with higher magnitude events
referred to by their probability of recurrence (e.g. ‘one in 50 years’
or ‘one in 100years’?); this pattern is corroborated by trends in
local paleoclimate data (Holdaway et al., 2010). However, heavy
rains might occur in as little as one in 10 years, while regime-shift-
ing super-floods are occasionally cited in the geomorphological
literature that may occur at intervals beyond the scope of recorded
weather data (Fanning et al., 2007, 2009; Jansen and Brierley,
2004). Similar variation in frequency and intensity might also be

accorded to droughts that bring wind-blown sediments into and
out of a catchment (Holdaway et al., 2010). Therefore, to evaluate
how the frequency of geomorphic events might affect the charac-
ter of the surface record, in the model these were spaced at inter-
vals of 10, 50, 100 and 200 years in order to observe differences in
trends.

Because we are interested in late Holocene Australia, all simu-
lations were run at a yearly timestep from 2000 years before pres-
ent, with hearth building ceasing at 200years before present to
account for a decline in hearth building after European contact.
Upon completion, dates were obtained from hearths visible on the
surface. Each simulation was run 1000 times to assess variability
in outcomes.

Learning from the model
Simulation results

The aim of this simulation is to establish broad trends that would
be expected from a set of geomorphological processes on a behav-
iourally neutral archaeological record. To compare simulation
outcomes, 1000 samples of 100 hearth ages were taken from each
parameter configuration. These were ordered from youngest to
oldest and plotted (Figure 5). In this configuration, a sample of an
unaltered neutral record would fall along a diagonal line from
200 years before present at bottom left to 2000 years before pres-
ent at top right. Curves falling to the left of this line are inter-
preted as being weighted towards the present, while curves falling
to the right are interpreted as being weighted towards the past.

When sampled ages of surface hearths from all simulations are
compared, generated records clearly display bias towards the
present (Figure 5). As events become more frequent, the distribu-
tions become more weighted towards the present as more and
more hearths are hidden or lost. Increasing the frequency of
events produces a record that is younger on average, while more
mixed regimes tend to feature a wider range of dates on the sur-
face. As events become less frequent, the mean age of mixed-
regime surface hearths tends to increase, but the variability
decreases as the number of exposing events is fewer. However, in
all cases, the upper quartile age of surface hearths falls within the
last 400 years, showing that the modelled surface archaeological
record, under all configurations explored, is biased towards the
present as a result of differential preservation and visibility.

Configurations that have inverse erosion/deposition ratios
ironically feature more or less identical distributions. This is
because, under more erosional conditions, older hearths are less
likely to survive destruction and thus the record is mostly younger,
while under more depositional conditions, older hearths will be
hidden by layers of sediment, with only the most recent hearth
constructions being visible on the surface. This suggests that the
surfaces featuring similar distributions of radiocarbon hearth ages
may have been formed under highly divergent geomorphological
regimes.

In Figure 5, the presence of chronological gaps is clearly vis-
ible under configurations with longer intervals between geomor-
phic events. These gaps in the modelled radiocarbon chronology
are an outcome of the system as modelled: since the geomorphic
events affect all grid cells simultaneously, then all hearths sit-
ting on the surface at those times (which includes all hearths
accumulated since the last event) will either be obscured by
deposition or destroyed by erosion, leaving only hearths from
previous intervals exposed on the surface to be joined by hearths
from the upcoming interval. Repeating this process produces
interdigitating sets of surfaces containing hearths grouped by
alternating time periods, with older hearths within those groups
becoming rarer through time. If radiometric data were obtained
from these surfaces at any given point in time, there would
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Figure 5. Output of initial HMODEL exploration. Individual graphs give yr BP on horizontal axis, hearths indexed

in order by ascending age

(I being youngest, 100 being oldest) on vertical axis. Event intervals of 10years do not produce enough hearths to generate a viable sample

under highly depositional (0.1) and highly erosional (0.9) settings.

appear to be gaps in the record, but these would be purely the
result of geomorphic activity.

This also means that if events were not affecting all patches
when they occur, then gaps in age frequencies would be less
prominent. This can be accounted for in the simulation by relax-
ing the assumption that all patches are affected when events
occur, which can be accomplished by adding a third variable: sur-
face stability. Surface stability can be expressed as a percentage of
the total gridded space; in real terms, this would be akin to a per-
centage of the surface remaining stable or residual through a geo-
morphic event. In Figure 6, simulations were run using the same
set of erosion/deposition proportion (0.5) and event interval
(100years) settings, but with different percentages of cells left
stable through runs. In the original configuration (s=0), the plot
shows an increasing density of hearths towards the present while
also showing regular gaps in the record. As the proportion of sta-
ble cells increases, the surfaces upon which the hearths rest
become less organized by the sedimentary process and the gaps
begin to aggrade (s=0.1). As surface stability approaches 50%
(s=0.5), the gaps are completely extinguished, but a record of
increasing frequency towards the present remains. When stability
reaches 100% (s=1), the record undergoes no geomorphic change
and thus displays the uniform record of hearth generation. By
exploring this additional parameter, we can infer that if the gaps
or depressions in the curve are to be explained solely in terms of
event-driven geomorphic change, a relatively large portion of the
modelled landscape would need to be affected during these
events.

Using the model to develop further tests

As it stands, the simulation is a simple mechanism derived from
conceptual models that we have interpreted and used to evaluate

the effects of periodic deposition and erosion on surface archaeo-
logical deposits. This has produced qualitative similarities to
archaeological phenomena recorded from deposits in western
NSW, particularly the increasing frequency of dates towards the
present and episodic gaps in the chronometric record. Yet, these
findings by themselves do not indicate that the patterning identi-
fied in the archaeological deposits in the western NSW study
areas is solely the result of changes in preservation and visibility
as is the case in the model. These outcomes do not even go so far
as to adjudicate between this interpretation and other interpreta-
tions of intensified occupation, episodic human absence or
changes in resource distributions. Instead, the outcomes from this
exercise provide only a sense of what an archaeological record
would be like if the processes as modelled, or processes suffi-
ciently like them, were operating in reality.

Because we have used a formal model (in the form of a simu-
lation), and because we have found some similarities between
outcomes from some parameter settings in the model and archae-
ological data from western NSW study areas, we can use the
model structure to generate further expectations under those
parameters, thereby suggesting tests that, when applied to the
archaeological record, might help to compare different interpre-
tive models (Servedio et al., 2014). This is along the lines of what
Grimm et al. (2005) refer to as ‘patterns for contrasting alterna-
tive theories’ in their pattern-oriented modelling framework.

The chronological gaps in modelled data are generated by
sequential changes in preservation (a result of the vulnerability of
charcoal to dispersal) and visibility (a result of sedimentary depo-
sition obscuring surface deposits) operating over a substantial
portion of the landscape. Such processes would not affect all
proxies in the same way; for example, a proxy that was not depen-
dent on the preservation of charcoal, such as OSL dates obtained
from larger burned objects (Rhodes et al., 2010), would likely
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have different chronometric outcomes than those obtained from
the charcoal-based assessment. Hearth stones, particularly those
above a certain size threshold (Fanning and Holdaway, 2001a),
are more resistant to dispersal by fluvial processes than charcoal,
and thus, any gaps in the record caused by processes like those
modelled should not occur with the same degree of intensity as
would be seen in a charcoal record (if at all) if a process like that
occurring in the model were operating. On the other hand, if
observed gaps were an outcome of human absence or dispersal,
then gaps present in the radiocarbon record should also be present
in the luminescence record of the hearth stones, thus falsifying the
geomorphic interpretation developed in this study.

This effect can be demonstrated in HMODEL by keeping track
of all surface hearths, differentiating between those that have had
charcoal removed following an erosion event and those that have
not. In these cases, radiocarbon dates may only be obtained from
those still containing charcoal, while luminescence dates may be
obtained from any hearth visible on the surface. Results of this
exercise illustrate how the process as modelled would generate dif-
ferent records for comparable samples of radiocarbon- and OSL-
dated hearths (Figure 7). In more depositional environments, the
radiocarbon and OSL dates track well together as fewer hearths are
destroyed but many are not visible. As conditions become more
erosional, both curves become less steep, but the curve of the
radiocarbon data remains steeper than that obtained from the OSL
dates. This is because hearths that have lost their charcoal in ero-
sional events can still be sampled using the OSL method; mean-
while, hearths that are obscured by overlying sediments are still
invisible in both samples. When conditions become completely
erosional, the radiocarbon distribution returns to the exponential
curvature like that seen under the highly depositional settings, but
the OSL distribution straightens out, reflecting the actual record of
hearth ages produced by the agents which is now almost entirely
visible. Gaps that are clear in the radiocarbon chronologies under
settings with no surface stability (Figure 7, s=0) are effectively
absent from those in the OSL record.

To evaluate whether such a pattern might occur in a real setting,
OSL dates were obtained from stones found in surface hearths for

comparison with radiocarbon dates from surface hearths. Rhodes
et al. (2010) discuss the issues involved in obtaining OSL determi-
nations from hearth stones but also note the relatively close corre-
lation between OSL and radiocarbon dates obtained from the same
hearths. In this study, OSL dates are not meant to act as a check on
radiocarbon dates, but instead are used as a separate proxy with
different formational properties from charcoal deposits. From a
total of 979 hearths recorded on the surface at the Rutherfords
Creek study area near Peery Lake, 135 were selected randomly,
and hearth stones were removed for OSL dating (Rhodes et al.,
2010); of these, 101 have a mean age determination that falls
within the last 2000years. A randomly drawn subsample of 80
determinations from the corpus of OSL dates falling within the last
2000 years were then compared with the randomly drawn subsam-
ple of 80 dates from the corpus of radiocarbon dates from the same
area dating to within the last 2000 years.

Plotting the radiocarbon and OSL ages together shows a dif-
ference in plot steepness similar to that predicted by the simula-
tion (Figure 8). The difference between these two curves
suggests that erosion is having a different impact on the charcoal
from hearths compared with the hearth stones. As a consequence
of erosion, the chronologies produced by the two techniques
appear to differ in a way that is similar to some of the mixed-
regime models illustrated in Figure 7. Furthermore, gaps that are
visible in the radiocarbon sample are less pronounced, and in
most cases altogether absent, in the OSL sample (Figure 8). In
particular, pronounced gaps at ~800-600 and ~600—400 cal yr
BP in the radiocarbon chronology are well represented in the
OSL record. If the gaps were the result of a stoppage in hearth
building activities (due to expanded ranges or otherwise), then
there is no reason to expect continuity in the OSL chronology
where gaps are present in the radiocarbon chronology. That the
OSL sample from Rutherfords Creek shows such continuity
means that a geomorphic interpretation of gaps in the radiocar-
bon chronology cannot be ruled out, and that any alternative
interpretations that explain these gaps through changes in human
behaviour would need to account for differences between these
proxies.
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Figure 7. Output of HMODEL exploration with radiocarbon (black) and OSL dates (grey) at different levels of surface stability (s).
OSL: Optically Stimulated Luminescence. Individual graphs give yr BP on horizontal axis, hearths indexed in order by ascending age (| being youngest,
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Discussion

The validity of archaeological interpretations is often questioned
based on the perception that post-discard processes may have
influenced the patterning within a deposit to such an extent that
the patterning does not reflect the original interpretation. We con-
tend that while interpretations themselves may be flawed, the
usual methods by which interpretations are questioned and com-
pared is even more problematic. When interpretations or invalida-
tions are made without recourse to explicit models of the
formational processes being attributed and how they come
together to generate patterning within a deposit, they operate
effectively as common sense inferences and do little to advance
our understanding of archaeological phenomena (Dunnell, 1982).
Here, we have used an explicit model of formation to evaluate a
depositional record generated by an unchanging set of human
behaviours occurring within a context of event-driven episodes of
sediment deposition and erosion. The assumptions made by the
model used here are derived directly from conceptual models in
archaeological and associated literature used to explain a given
phenomenon (Fanning et al., 2007; Holdaway and Wandsnider,
2008; Holdaway et al., 2010; Smith, 2013). The exploratory
model described here has been constructed using as few assump-
tions as possible (but as many as necessary) while at the same
time making them explicit by building them into a computer

simulation (Costopoulos, 2009; Lake, 2015; Premo, 2010). This
exercise demonstrates how exploratory agent-based models can
be used effectively as mechanisms for generating insights into a
hypothesized system, and how those can in turn be used to
develop archaeological tests for comparing interpretations. More-
over, it shows that the types of problems to which agent-based
modelling methods are suited are not limited to sociocultural or
socio-ecological phenomena, but may also include questions con-
cerned with the way the archaeological record formed within
sedimentary deposits and may be used to discriminate between
formational models with geophysical components.

In striving to maintain a simple model structure and limit the
parameter space being explored, decisions were made which
eliminated components of the formation process that, while rele-
vant, were not deemed necessary to represent the logic of the pro-
cess. For example, HMODEL does not consider the effects of
trampling on surface hearths, something which undoubtedly
occurred as both humans and animals traversed the landscape,
and this might be pointed to as a shortcoming of the modelling
enterprise. However, as stated earlier in the paper, HMODEL was
not meant to reconstruct the precise sequence of events and pro-
cesses occurring at Rutherfords Creek, but rather to explore a
simple theoretical model with the aim of establishing broad trends
in archaeological patterning. With some reconfiguration, other
processes like trampling could be incorporated into the model to
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Figure 8. Samples of calibrated radiocarbon dates (n=80; black)
and OSL dates (n=80; grey) on hearth stones from Rutherfords
Creek.

OSL: Optically Stimulated Luminescence. Dates expressed as ordered
set of means (dots) with | standard deviation (bars). Radiocarbon dates
calibrated in OxCal using ShCall3 calibration curve (Hogg et al.,2013).
Orriginal radiocarbon data published in Holdaway et al. (2010). Original
OSL data published in Rhodes et al. (2010).

refine existing model outcomes or challenge the inferences
already drawn from them, and such reconfigurations would be
welcome. However, doing so would necessarily increase the com-
plexity of the model and the size of the parameter space being
explored, and it remains to be seen whether such reconfigurations
would significantly alter the findings made here; therefore, modi-
fication should be done strategically with reference to observed
patterns in order to increase the likelihood of commensurate gains
(Grimm et al., 2005). Likewise, there are other configurations of
the modelled process which, for the sake of space, were not
explored here. Of particular interest is the question of temporal
autocorrelation in the modelled sedimentation process. While
some of the stochastic settings used here capture this to some
extent, there are patterned sequences of erosion and deposition
which might better resolve observed patterns. These could be
assessed through different parameter settings of the model as it
exists now, but this highlights how, even using very small num-
bers of variables, parameter spaces can be expansive and multi-
scalar. Ideally, the parameter settings used in the exploration here
that best fit a particular dataset might be used to limit the search
for more precise sequences of deposition and erosion for indi-
vidual landscapes, especially when connected with additional
simulated patterns.

The modelling results support assertions made in earlier stud-
ies that the chronology presented by the surface hearth record in
western NSW study locations is biased towards the present pri-
marily because of geomorphic processes acting on it. As shown
by Holdaway et al. (2008), there is a correlation between the ages
of hearths and the ages of the depositional surfaces on which
these hearths rest, such that older geomorphic surfaces feature a
greater range of hearth ages than do more recently deposited sur-
faces. By considering specific landsurfaces in one catchment, we
have previously documented isolated places where hearths with
older dates were both visible and preserved and places where only
more recent hearths could be found (Holdaway et al., 2008). As

the results from the modelling experiments presented here dem-
onstrate, in order for older charcoal to be both visible and pre-
served alongside more abundant recent material, depositional and
erosional processes must occur in mixed proportions. What was
not able to be predicted from previous studies was that heavily
erosional and heavily depositional surfaces may produce very
similar chronometric patterning when radiocarbon is the only
proxy in use. Nor could it be predicted that erosion and deposition
alone could also lead to a discontinuous pattern of radiocarbon
ages like that shown in Figure 3. Both of these results have impor-
tant implications for interpreting chronologies derived from sur-
face hearths.

We think it is important to recognize that if the patterning
observed in the two chronometric proxies from Rutherfords Creek
is the result of processes like those modelled here, this does not
necessarily imply that the same chronometric signals exist beyond
the landforms studied here. Different landforms will face differ-
ent degrees of erosion, deposition and stability based on their par-
ticular characteristics (e.g. slope, local rainfall intensity, proximity
to channel), creating different depositional conditions for archae-
ological materials. However, under situations where event-driven
geomorphic activities were a driving force in the exposure of
archaeological remains, findings might be expected to fall some-
where within the spectrum captured by the model’s parameter
space. It would be instructive, then, to examine hearths from dif-
ferent kinds of depositional environments (e.g. valley margins,
ridges) and compare the resulting chronometric data derived from
both proxies used here to that generated by the model.

At a more general level, the simulation results caution against
the use of summed radiocarbon probability distributions from sur-
face contexts as a proxy for estimating past human population
dynamics in the absence of explicit formation models. If erosion
differentially affects not only the preservation of hearths, but also
their visibility, the compound effect may give the appearance
of exponential growth when in fact growth was limited or non-
existent. This is why some have correctly pointed out that, in places
where visibility is a concern, mathematical corrections of summed
radiocarbon data to account for post-depositional changes may not
be applicable (Williams, 2012: 586). Accepting this condition,
however, means that proper use of taphonomically corrected radio-
carbon data as a proxy for population dynamics is dependent on the
extent to which places exist where archaeological visibility is not of
concern. The effects of sediment transport on visibility in surface
contexts are not likely confined to rare studies where they have
been clearly identified (e.g. Fanning et al., 2009b; Ward et al., 2006,
2015). Archaeologists may attempt to overcome issues of differen-
tial visibility and preservation by targeting places that may be less
affected by sediment transport such as rockshelters (David and
Lourandos, 1997; Johnson and Brook, 2011), although it has been
demonstrated that these are not necessarily immune from changing
rates of sedimentation (Hunt et al., 2015; Ward, 2004; Ward et al.,
2006). Furthermore, focusing on one kind of occupation setting is
not likely to provide an appropriate proxy for human activity as it
effectively swaps one bias for another (Ulm, 2013: 187). Instead,
following on the findings from the simulation, it is suggested here
that the archaeological proxies used to demonstrate change, and the
kinds of change (high magnitude, directional) that have been his-
torically sought from them, might benefit from reconsideration in
some instances (see also Attenbrow and Hiscock, 2015; Ulm,
2013). Changes can occur at a variety of spatiotemporal scales,

and the record we have in some places may be suited for viewing
some changes better than others.

Conclusion

If the archaeological record is truly a palimpsest, in the sense that
there are events or processes that blend, distort or erase patterning
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of recordable archaeological objects as might be expected from
an ordered set of synchronic depositional events, then understand-
ing the formational dynamics which generated it is crucial to any
interpretation (Cosgrove, 2012). Patterns that appear behav-
iourally driven could be partly or predominantly the result of
time-dependent geomorphic processes, for example. This has
implications for the behaviours we might expect to interpret from
a deposit and the methods used to assess those behaviours.

Here, a simple simulated world was presented and fully
explored; a world in which the visibility and preservation of
deposited items are differently affected by episodic, localized
sediment transport. The outcomes of the simulation suggest that
such a process might produce several characteristics in simulated
landscapes that are qualitatively similar to patterns seen within
recorded surface archaeological deposits in western NSW. Dem-
onstrating that these processes can generate patterns similar to
those observed in two proxies with different formational proper-
ties, radiocarbon and OSL, suggests a counterargument to exist-
ing interpretations of social intensification or periodic
abandonment and warrants further investigation. The model pre-
sented here has been used as a form of theoretical scaffolding to
aid in discerning between interpretations of the record, and upon
which additional arguments can be made and further models
could be constructed.
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Notes

1. Based on historical rainfall data obtained from Wilcannia
Reid St weather station (No. 046043), Australian Bureau of
Meteorology http://www.bom.gov.au/climate/data

2. http://www.bom.gov.au/water/designRainfalls/rainfallEvents/
why100years.shtml

Supplementary files

All simulations were conducted in NetLogo (v.5.05), and all
graphs were produced using the R statistical platform (v3.0.2),
both of which are freely available software packages. The Net-
Logo simulation (hmodel.nlogo) and the R script used to produce
the graphs (hmodel _output.R) are available as supplemental files
with the web version of this paper, along with the chronometric
data used in the analysis. These can also be obtained by contact-
ing the corresponding author.
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