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Abstract

We develop a series of simple mathematical models that describe vertical mixing of archaeological deposits. The models
are based on assigning probabilities that single artifact specimens are moved between discrete stratigraphic layers. A recur-
sion relation is then introduced to describe the time evolution of mixing. Simulations are used to show that there may be
important regularities that characterize the mixing of archaeological deposits including stages of dissipation, accumulation
and equilibration. We discuss the impact of post-depositional mixing on the apparent occupation intensities at modeled
stratified archaeological sites. The models may also help clarify some of the problems inherent in making general inferences
about the nature culture change based on mixed archaeological deposits. We demonstrate the modeling approach by devel-
oping a post-depositional mixing model for the Barger Gulch Folsom site.
� 2007 Elsevier Inc. All rights reserved.
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Archaeologists have long-recognized that post-
depositional mixing of archaeological deposits may
introduce substantial biases into the character of
archaeological assemblages (Schiffer 1987; Wood
and Johnson 1978). As such, post-depositional mix-
ing may make archaeological inferences problem-
atic, particularly those concerning the nature and
pace of culture change (Brantingham, 2007; Lyman
2003; Morin, 2006). In the simplest case, for exam-
ple, the downwards mixing of archaeological speci-
mens into older deposits could be the source of an
erroneous inference that a cultural attribute or
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behavior appeared earlier than previously thought.
Here it is clear that mixing leads to a breakdown
of the Law of Superposition. In more realistic situ-
ations, where archaeological specimens may be
moving en masse over long periods of time, the
inferential impact may be not only more severe,
but also much more complex. For example, the mix-
ing of artifact specimens between discrete strati-
graphic units might lead us to question the results
of frequency seriation or, indeed, any specific infer-
ences about cultural change than hinge on the rela-
tive frequencies of different artifact types.

A battery of methods are available for diagnos-
ing the presence and even severity of post-deposi-
tional mixing. These methods fall generally into
three categories: (1) comparisons of the degree of
overlap in assemblage characteristics based on an
.
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a priori assumption that the pre-taphonomic assem-
blages were completely non-overlapping in their
attributes (Albert et al. 2003; Karavanic and Smith,
1998; Morin et al., 2005; Rowlett and Robbins,
1982); (2) examination of the distribution of refit
stone, bone or ceramic specimens between discrete
stratigraphic units (Audouze and Enloe, 1997; Bol-
long, 1994; Delagnes and Roche, 2005; Hofman,
1986; Kroll, 1994; Morin et al., 2005; Surovell
et al., 2005; Villa, 1982); and (3) experimental or
observational characterization of the behavior of
individual taphonomic agents and the development
of criteria to aid in recognizing them in the field
(Araujo and Marcelino, 2003; Balek, 2002; Bocek,
1986; Erlandson, 1984; Johnson, 1989; Laville
et al., 1980; Morin, 2006; Van Nest, 2002). Using
the first set of methods, assemblage overlap—for
example, in faunal species representation, ceramic
or lithic types—is taken as evidence for the presence
of post-depositional mixing, but may also serve as a
proxy for the magnitude of the disturbance if the
degree of overlap can be established. The reliability
of the approach is dependent, however, on the valid-
ity of the a priori models describing the undisturbed
assemblage characteristics. The presence of mixing
also may be estimated using the second set of meth-
ods if there is evidence for refits between discrete
stratigraphic units. Here we are often safe in assum-
ing that the specimens comprising a refit set were
discarded together and that their separation within
a stratigraphic profile is the result of some form of
post-depositional mixing. The magnitude of the sep-
aration between members of a refit set may provide
a measure of the magnitude of mixing (Morin et al.,
2005; Villa, 1982), though questions may still
remain as to whether a small sample of refits is rep-
resentative of the disturbance experienced by a
much larger assemblage. Using the last collection
of methods, mixing is suspected if there is sedimen-
tological or stratigraphic evidence that a specific
taphonomic agent such as bio- or cryoturbation
has been active at a site. Such suspicions are con-
firmed with evidence of the preferential orientation
of artifacts or specific forms of artifact damage
(Esdale et al., 2001; Karavanic and Smith, 1998;
Lenoble and Bertran, 2004; McPherron, 2005;
Surovell et al., 2005; Villa, 1982). Despite the quan-
titative nature of these data, however, assessing the
magnitude of disturbance using these measure may
still be problematic (Lenoble and Bertran 2004).

While these methods are clearly indispensable, it
our intention to take a step back from the empirical
record to examine the general dynamics of post-
depositional mixing. The goal is to provide a simple
quantitative basis for describing mixing and lay a
foundation for more complex archaeological mod-
els. The focus in this paper is on a series of relatively
simple mathematical models which describe the
mixing of archaeological deposits by a generic
post-depositional taphonomic agent. The first sec-
tion of the paper considers an hypothetical archae-
ological scenario involving the vertical distribution
of artifacts in a sequence of stratigraphic units.
The structure of the scenario is meant to be consis-
tent with typical forms of evidence collected in the
excavation of archaeological sites, namely three
dimensional distribution of archaeological speci-
mens in a stratigraphic section. Drawing on models
developed to study sea floor bioturbation and sedi-
mentary diagenesis (e.g., Boudreau, 1997; Meysman
et al., 2003; see also Rowlett and Robbins, 1982;
Shull, 2001), the components of a discrete mathe-
matical model describing the probabilistic transport
of archaeological specimens within a sedimentary
profile are presented. Of the formalisms available
(see Meysman et al., 2003), discrete transport mod-
els are both relatively easy to understand and
appropriate for treating distributions of archeologi-
cal materials in buried contexts. Ordinary and par-
tial differential equation models are preferred for
modeling the effects of bioturbation on radioactive
tracers (Boudreau, 1997; see also Pendall et al.,
1994; Trumbore, 2000), but they also tend to be
far more difficult to analyze.

The second section of the paper shows how the
basic model components fit together to describe
generic post-depositional mixing of archaeological
materials between discrete stratigraphic units. The
model includes terms to describe the transport of
archaeological specimens from one or more strati-
graphic units into a so-called focal stratum and
transport out of the focal stratum to one or more
other stratigraphic units. Key distinctions are made
here between local and non-local mixing, on the one
hand, and symmetrical and asymmetrical mixing,
on the other.

The third section then turns to simulating the
impact of different mixing processes on several
hypothetical archaeological scenarios. Here we see
in a very general, but practical way how post-depo-
sitional mixing may impact inferences about tempo-
ral patterns of occupation intensity. Local and non-
local mixing models are applied to sites that have
both single and multiple discrete occupation hori-
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zons. A more complex scenario is also examined
where mixing is applied to a pre-taphonomic expo-
nential increase in artifact densities meant to mimic
a case of increasing occupation intensity at a site. It
is shown that there are substantial regularities to the
evolution of artifact density profiles in each of these
cases, suggesting that the signatures of post-deposi-
tional mixing may be both easily recognized and
predictable. We consider in the discussion how
small sample sizes might impact our ability to recog-
nize these regularities.

The fourth section examines a specific case of
mixing at the Barger Gulch Folsom site (Mayer
et al., 2005; Surovell et al., 2005; Waguespack,
2005). The simple models developed here provide
insights into the nature of post-depositional mixing
at Barger Gulch and provide possibly a quantitative
basis for estimating the magnitude of disturbance.

The final section of the paper discusses some lim-
itations to and possible extensions of the models. In
particular, more complete formal models of archae-
ological site formation and diagenesis should
include a consideration of how site burial, differ-
ences in sediment characteristics and variable mate-
rial characteristics impact mixing. We briefly
introduce one such extension where mixing involves
a material that degrades through time (e.g., bone).

A model stratigraphic section

Consider a hypothetical stratigraphic section
divided into a series of discrete stratigraphic units
(Fig. 1a). The stratigraphic units are numbered from
bottom to top beginning with Layer 1, which is by
definition the base of the sequence. For convenience
Fig. 1. Hypothetical stra
it is assumed that each stratum is the exact same
thickness Dd and each is also identical in terms of
sedimentary characteristics. These are simplifica-
tions adopted for the purposes of modeling. Archae-
ological materials may be found buried within any
of the strata and a large archaeological site may
consist of a number of such stratigraphic sections.
In the present case we are not concerned with the
initial deposition and burial of archaeological mate-
rials in the section, though a more complete model
would certainly include these processes. Rather,
we are interested only in modeling the process by
which materials buried initially within different
stratigraphic units may be subsequently transported
between units (see Johnson, 1989).

If we start with the assumption that artifacts can
only move vertically between stratigraphic units—
that is, we do not consider horizontal transport
between individual vertical sections—then it is pos-
sible to represent the stratigraphic column in Fig. 1a
as a one-dimensional line with nodal points for each
stratigraphic unit. We label each node with a num-
ber corresponding to its stratigraphic layer from
1,2,. . ., m, where m is the total number of strati-
graphic units in a section. In analyzing post-deposi-
tional mixing processes between stratigraphic units
it will be convenient to talk about movement of
specimens into and out of some focal stratum j
(Fig. 1b). Other strata in the section may be referred
to either in terms of their position relative to the
focal stratum (e.g., j + 1), or using a label k =
1,2,. . ., m, where we are sometimes careful to specify
k 5 j. The number of specimens of a single artifact
class present in a focal stratum j at any point in time
is given as nj and in any other stratum as nk.
tigraphic sequence.
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Given this simple mathematical structure, it is
possible to model the movement of archaeological
specimens between stratigraphic units using so-
called hopping probabilities. The probability that
any one specimen in a class of artifacts is mixed
from the focal stratum, represented by node j, to a
different stratum, represented by node k, is given
as ajk. The probability that a specimen is mixed
from stratum k to the focal stratum j is then akj.
The exact mechanism of transport is intentionally
left unspecified so that many different mixing agents
might be modeled. For example, ajk might describe
the active movement of archaeological specimens
between layers by burrowing animals (Erlandson,
1984; Johnson, 1989) or frost heave (Hilton 2003),
or passive movement as might occur if archaeologi-
cal specimens migrate through open cracks or bur-
rows (Johnson, 1989).

For an entire stratigraphic section consisting of
m total stratigraphic units, the probabilities that
specimens are mixed between any two strata is
described by a m · m transition matrix (Boudreau,
1997; Shull, 2001). For example, for the hypotheti-
cal stratigraphic section shown in Fig. 1a, the tran-
sition matrix is given as:

A ¼

a11 a12 a13 a14 a15

a21 a22 a23 a24 a25

a31 a32 a33 a33 a34

a41 a42 a43 a44 a45

a51 a52 a53 a54 a55

0
BBBBBB@

1
CCCCCCA

ð1Þ

The entries in A give the probabilities of movement
between any two stratigraphic layers. For example,
the row entry a21 is the probability that a specimen
of a particular artifact class present in stratum j = 2
is moved by some taphonomic processes to stratum
k = 1. Because these are probabilities, the rows (but
not necessarily the columns) must sum to one. Note
that when j = k the resulting term ajk represents the
probability that a specimen remains within the focal
stratum. For example, a11 is the probability that a
specimen of a particular class present in Stratum 1
remains in Stratum 1. In some studies this probability
is given as sj (Shull, 2001) and is calculated as

sj ¼ 1�
Xm

k¼1
k 6¼j

ajk ð2Þ

The transition matrix given in Eq. (1) may be used
to represents both local and non-local mixing of
archaeological deposits. Local mixing is said to
occur only between adjacent strata. The sediment
churning activities of so-called mixmaster species,
for example, may lead to transfers of materials with-
in and between adjacent strata (Johnson et al.,
2005). In Fig. 1c, movement of any specimen from
the focal stratum j to either of the adjacent strata
j ± 1 is considered local (see Boudreau, 1997). Only
the central diagonal and two adjacent diagonals in
A have non-zero entries in this case.

By contrast, non-local mixing may occur if any
specimen in a stratigraphic layer j can be trans-
ported directly to a non-adjacent layer k > j ± 1.
Burrowing organisms, for example, may move
materials directly between non-adjacent strata pro-
ducing so-called conveyor-belt mixing (Boudreau,
1997; Johnson et al., 2005). In Fig. 1d, we see a case
where specimens from the focal stratum j can be
transported directly to a non-adjacent stratum at
position j � 2, or from stratum j + 2 to the focal
stratum. The transition matrix in this case would
have additional entries beyond the main diagonal
and those immediately above and below. Note,
however, that non-local mixing is not the only
mechanism by which archaeological specimens can
make their way from a focal stratum to non-adja-
cent layers. Local mixing may lead to the movement
of specimens between non-adjacent strata over time.
For example, if a specimen was initially deposited in
a stratum j and at some point was mixed to the next
lower stratum in the section j � 1, then this same
specimen might at some later time be mixed from
stratum j � 1 to the next lowest stratum, j � 2. If
we were to follow this specimen over the course of
many time steps the process of stratigraphic mixing
would be described as Markovian. In other words,
the location of the specimen at time t is dependent
only upon its location at time t � 1 and the associ-
ated probabilities of mixing between stratigraphic
units. In the case of strict local mixing, over time
a specimen may migrate from one stratum into
non-adjacent strata through one or more intermedi-
ate transport events. The time dynamic of mixing is
a simple random walk between layers.

Modeling mass movement

To model the movement of multiple archaeolog-
ical specimens out of a focal stratigraphic unit j we
define ajk nj as the total number of specimens leaving
j and being deposited in stratum k in a single mixing
event (Boudreau, 1997; Meysman et al., 2003). The
expected number of specimens being moved to all
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other strata k = 1,2,. . ., m from stratum j in a single
event is then

E½njk� ¼ nj

Xm

k¼1
k6¼j

ajk ð3Þ

Similarly, to model the movement of multiple
specimens into the focal stratigraphic unit we first
define akj nk as the total number of specimens mov-
ing from any other stratum k to stratum j. The
expected number of specimens moving into j in a
single event is then given by

E½nkj� ¼
Xm

k¼1
k 6¼j

akjnk ð4Þ

It is important in both Eqs. (3) and (4) to specify
that the sums are taken over all stratigraphic units
excluding the focal unit (i.e., j 5 k). This ensures
that the equations refer exclusively to taphonomic
mixing between layers, rather than mixing within
layers. This is a distinction that is sometimes made
in identifying post-depositional mixing using refit
stone or bone specimens (Morin et al. 2005).

Given these components it is possible to write a
recursion relation to study the time evolution of
the number of specimens of a given class of artifact
present in a focal stratigraphic layer

n0j ¼ nj þ Dnj ð5Þ

Eq. (5) states that the number of specimens in the
focal stratum in the next time interval n 0j (the prime
indicating a that a change has occurred) is simply
the number of specimens in the previous time step
nj plus any change Dnj in the number of specimens
through taphonomic mixing. Using Eqs. (3) and
(4) we can write

ð6Þ

giving the master equation

n0j ¼ nj þ
Xm

k¼1
k6¼j

akjnk � nj

Xm

k¼1
k6¼j

ajk ð7Þ

The second and third terms on the right hand side of
Eq. (7) give some clues to the dynamics of tapho-
nomic mixing. The second term is always greater
than or equal to zero and therefore will tend to
increase the number of specimens of a given class
of artifact within the focal stratum j. By contrast,
the third term is always less than or equal to zero
and therefore will tend to decrease the number of
specimens represented in the focal stratum j.

Simulated post-depositional mixing

It is reasonably straightforward to simulate the
effects of post-depositional mixing on archaeologi-
cal deposits by iterating Eq. (7) and using a transi-
tion matrix like Eq. (1) defined a priori. Here we
consider several baseline cases including: (1) sym-
metrical local and non-local mixing, where the
probabilities of mixing upward through a strati-
graphic section are the same as mixing downward;
(2) asymmetrical local mixing, where the probability
of mixing downward through the section is greater
than upward; (3) local and non-local mixing of
two discrete occupations; and (4) local mixing of
an exponentially increasing occupation. The base-
line cases are not meant to be exhaustive, nor are
they tied to any specific archaeological case. Rather
they serve to illustrate some of the general dynamics
and patterns that may result from post-depositional
mixing.

All of the simulation models have several proper-
ties in common. First, the models examine an hypo-
thetical stratigraphic profile with 51 discrete
stratigraphic units or layers (Fig. 2). Mixing dynam-
ics are therefore described by a 51 · 51 transition
matrix. All stratigraphic units are of the same thick-
ness and composition, a simplifying assumption of
the abstract specification above. The models are
not dependent upon adhering to these properties,
however (see Boudreau, 1997; Meysman et al.,
2003; Shull, 2001). Stratum 1 is at the base of the
profile and is assumed to be above sediment or bed-
rock that is impermeable to post-depositional mix-
ing. Stratum 51 is the unit directly below the
sediment–surface interface. It is assumed that there
is no mixing of archaeological materials between
the surface and subsurface.

In all of the following simulations the number of
specimens within each stratigraphic unit is measured
in discrete vertical sections at points distributed
along the length of the profile. These vertical sec-
tions might be regularly spaced, as is frequently
the case when excavating a site using a sampling
gird. In the present case there are 100 randomly dis-
tributed vertical sections along the simulated strati-
graphic profile. Given such a large sample of



Fig. 2. A stratigraphic profile showing the basic elements of the simulations.
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vertical artifact densities it is generally possible to
infer the profile-wide distribution of archaeological
materials. In Fig. 2, the distribution of artifacts
observed in 20 of the 100 randomly spaced vertical
sections leads the inference that there is a single,
compact occupation horizon centered around Stra-
tum 25.

Since the initial distribution of archaeological
materials in the simulated stratigraphic section is
known a priori it is possible to look at a number
of different measures of how post-depositional mix-
ing impacts the character of archaeological deposits.
First, in some cases we are interested in the change
in the mean stratigraphic position (depth) of an
archaeological occupation through multiple stages
of post-depositional mixing. This measure is partic-
ularly relevant for tracking the impact of mixing on
archaeological deposits that were initially unimodal;
i.e., deposits that display only one density peak in
the section. Second, we are also interested in how
specimens are spread throughout a stratigraphic
section over the course of mixing. Here we consider
changes in the standard deviation of the distribution
of specimens across stratigraphic units and the max-
imum distances over which individual specimens are
mixed. Finally, we ask whether there are distinct
stages that a deposit goes through during mixing.

Simple mixing scenarios

Symmetrical local mixing

The simplest possible mixing scenario to consider
is symmetrical local mixing of a discrete occupation.
Here we begin with artifacts buried within Stratum
25 and observed in each of 100 vertical sections
along the profile. For simplicity there are initially
20 specimens in each of the 100 sections giving a
total of 2000 specimens for the entire profile. Mixing
is both symmetrical and local, meaning that the
probabilities of mixing upward and downward in
the stratigraphic column are equal and that individ-
ual specimens can move only to immediately adja-
cent stratigraphic units. More specifically, the
probability that a single specimen moves up or
down one stratigraphic unit in a single time step is
ajk = 0.01, when k = j ± 1. Mixing to non-adjacent
strata is prohibited so that ajk = 0, when k > j ± 1.
The probability that a specimen remains in place
during a single time step is sj = 1 �

P
ajk, k 5 j =

0.98. These terms comprise a transition matrix with
a main diagonal set of entries and diagonals
above and below. All other entries in the matrix
are zero.

Fig. 3 shows the distribution of archaeological
specimens across the 51 hypothetical stratigraphic
units after post-depositional mixing lasting different
lengths of time. Prior to mixing all of the specimens
are contained within Stratum 25, as shown by the
single frequency spike at time step zero. With the
start of mixing, specimens begin to migrate to posi-
tions above and below the original occupation hori-
zon and within 50 time steps more than half of the
specimens are found outside of their original strati-
graphic unit. The maximum displacement after 50
time steps is �4 stratigraphic units above and
below, demonstrating that repeated local mixing
can lead to migration of artifacts between non-adja-



Fig. 3. Symmetrical local mixing of a single occupation horizon over a short period of time. The panels on the left show the vertical
position of observed specimens along the face of the profile before taphonomic mixing (bottom) and after 25, 50, 100 and 250 simulation
time steps. The panels on the right show the frequency distribution of all specimens across all strata for the same times.
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cent strata (Table 1). The original occupation hori-
zon continues to lose specimens and the distribution
of artifacts across the strata approaches a symmetri-
cal Gaussian form, which is particularly evident by
250 time steps. At this point, the maximum displace-
ment of specimens from their original depositional
context is �9 units above and below and 35% of
the stratigraphic units (18 of 51) contain specimens
mixed from the original layer. Not surprisingly, the
standard deviation of the distribution of specimens
across strata increases with mixing (Table 1). The
mean stratigraphic position, however, remains
approximately stationary.

As Fig. 4 makes clear, however, a symmetrical,
Gaussian distribution of specimens is only character-
istic of symmetrical local mixing over relatively short
time periods. The actual equilibrium state of the sys-
tem is a uniform distribution of specimens across all
stratigraphic units. The pronounced mode apparent
in the distribution of specimens after limited mixing
dissipates and is difficult to identify after 10,000 sim-
ulation time steps. At 25,000 time steps we approach
maximum variance in the distribution, but the mean
remains at the center of the profile (Table 1). The
maximum displacement of any one specimen from
the original depositional context is 25 layers.

Asymmetrical local mixing

If there is a bias in the movement of archaeolog-
ical specimens towards positions farther down (or
farther up) a stratigraphic profile, then we are deal-
ing with asymmetrical mixing. If this mixing is also
local, meaning that movement of specimens is only
between adjacent stratigraphic units, then it is rela-
tively straightforward to modify the above model to
deal with the asymmetrical case. Fig. 5 illustrates a
mixing system where the probability that a single
archaeological specimen is mixed from a focal stra-
tum j to the next lower stratum k = j � 1 is
ajk = 0.04. The probability of mixing from j to the
next higher stratum k = j + 1 is ajk = 0.01. There
is thus a weak bias for downward mixing. Over
the short term, specimens spread out from the origi-
nal occupation horizon. The observed distribution
after 250 simulation time steps is skewed towards
higher stratigraphic levels, though it is still visually
similar to a Gaussian normal distribution. Greater
biases in the probability of downward mixing tend
to enhance the skew (e.g., Morin 2006). What is also
apparent, in contrast with symmetrical local mixing,
is that the distribution migrates down the profile.
The mean stratigraphic position of all specimens
declines from Stratum 24, after 25 simulation time
steps, to Stratum 7, after 250 simulation time steps
(Table 1). The variance and maximum deviations
from the original occupation horizon also increase.
After 250 simulation time steps, 23 stratigraphic
units separate the uppermost and lowermost speci-
mens and the maximum deviation from the original
occupation horizon is �25 layers. Eventually this
pattern is reversed and the variance and maximum



Table 1
Summary statistics for mixing models involving a single initial occupation horizon

Simulation
time step

Mean stratigraphic
position

Standard
deviation

Minimum stratigraphic
position

Maximum stratigraphic
position

Symmetrical local mixing of a single occupation

0 25.00 0.00 25 25
25 24.99 0.70 22 28
50 24.97 1.01 21 29
100 25.01 1.44 19 30
250 24.97 2.27 17 34
500 24.92 3.17 14 37
1000 24.91 4.54 9 39
5000 24.62 10.04 1 51
25,000 23.99 12.57 1 51
20,000 23.92 14.40 1 51

Asymmetrical local mixing of a single occupation horizon

0 25.00 0.00 25 25
25 24.19 1.16 19 28
50 23.44 1.60 17 29
100 21.84 2.28 12 29
250 17.04 3.57 5 28
500 9.29 4.79 1 27
1000 1.78 1.75 1 21
5000 1.31 0.64 1 6

Symmetrical non-local mixing of a single occupation horizon

0 25.00 0.00 25 25
25 24.79 0.00 6 44
50 24.79 6.10 3 50
100 24.47 8.62 1 51
500 24.37 13.75 1 51
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deviations decrease as more and more specimens
accumulate at the base of the section (Fig. 6 and
Table 1). There is a trailing ‘‘tail’’ of specimens
maintained in a few strata above the base of the sec-
tion by the small probability of upward movement
of specimens. Mixing continues, but the distribution
is stationary.
More complex mixing scenarios

Symmetrical non-local mixing

Non-local mixing by definition involves the
movement of specimens directly between non-adja-
cent strata. To model such systems it is necessary
to define transition probabilities ajk (and akj) for
k > j ± 1. There are many possible ways in which
we could define these probabilities. Illustrative in
the present case is to make the transition probabili-
ties between a focal stratum j and another non-local
stratum k a function of the distance between the
strata

ajk ¼ ajld
�l; l ¼ j� 1 and k ¼ j� d ð8Þ
Here stratum k is located d strata above or below
the focal stratum j, ajl is the baseline local mixing
probability and l is an constant that falls in the
range 1 < l 6 3 (see also Reible and Mohanty,
2002). Note that because the strata are all of equal
thickness d is a ratio scale metric. Eq. (8) states that
the probability that a single specimen mixes between
any two strata is a negative power of the distance
between them (Fig. 7). In general, most mixing
events are between adjacent strata but occasionally
there are mixing events over longer distances be-
tween non-adjacent strata. Note that when d = 1,
Eq. (8) returns the local mixing probability (i.e., aj-

k = ajl), which from the symmetrical case above is
0.01. When d > 1 the probability of mixing between
layers declines rapidly, but over many mixing events
even low probability will tend to occur. For exam-
ple, with l = 1.2 and the local mixing probability
ajl = 0.01, the movement of a specimen from
Stratum 25 to Stratum 15 (i.e., d = 10) is expected
to occur with a probability ajk = 0.006, or approxi-
mately once every 1667 mixing events.

Fig. 8 shows the results of non-local mixing in
our hypothetical stratigraphic profile when



Fig. 4. Symmetrical local mixing of a single occupation horizon over a long period of time. The panels on the left show the vertical
position of observed specimens along the face of the profile after 500, 1000, 5000, 10,000 and 25,000 simulation time steps. The panels on
the right show the frequency distribution of all specimens across all strata for the same times.

Fig. 5. Asymmetrical local mixing of a single occupation horizon over a short period of time. The panels on the left show the vertical
position of observed specimens along the face of the profile before taphonomic mixing (bottom) and after 25, 50, 100 and 250 simulation
time steps. The panels on the right show the frequency distribution of all specimens across all strata for the same times.
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ajl = 0.01 and l = 1.2. The broad dynamics of the
system are the same as for local mixing, namely that
specimens from the original occupation horizon in
Stratum 25 spread out to form a unimodal distribu-
tion and then ultimately converge on a uniform dis-
tribution across all strata. However, there are
several important quantitative differences with
non-local mixing. First, compared with the Gauss-
ian distribution seen with local mixing, the non-
local mixing distribution is initially strongly concave
with long tails. In fact, very early in the process of
mixing, at 25 time steps, the distribution of speci-
mens above and below the original occupation hori-
zon follows approximately the probability
distribution shown in Fig. 7. The maximum dis-
placement of specimens from the original occupa-
tion horizon after 25 time steps is �19
stratigraphic layers and the maximum separation



Fig. 6. Asymmetrical local mixing of a single occupation horizon over a long period of time. Shown on the left is the vertical position of
observed specimens along the face of the profile after 5000 time steps of simulated mixing. The panel on the right shows the frequency
distribution of all specimens across all strata for the same mixing period.

Fig. 7. A Lévy distribution describing the probability of mixing
between adjacent and non-adjacent stratigraphic units.
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of any two specimens is 38 stratigraphic layers
(Table 1). Second, by 100 time steps, the distribu-
tion appears more Gaussian-like in shape, though
the standard deviation of the distribution (non-
local: r = 8.62) is approximately six times larger
than with local mixing at the same time step (local:
r = 1.44). Third, the system approaches a uniform
distribution at much faster rate, 500 simulation time
steps compared with the �25,000 time steps it took
with local mixing.
Local and non-local mixing of two discrete

occupations

Arguably, post-depositional mixing of a single
discrete occupation only tends to impact our per-
ception of the duration and intensity of occupation.
While the associated dynamics are important to
understand, they do not necessarily provide obvious
expectations for what happens in mixing multiple
discrete occupations. Consider a case of symmetri-
cal local mixing identical to that described above,
but here starting with two discrete occupations
located in strata 17 and 34, respectively (Fig. 9). A
total of 18 stratigraphic layers separate the two
occupations prior to mixing. Ten specimens are
observed in each horizon in each of the 100 ran-
domly spaced vertical sections (see Fig. 2). Thus,
the sampled horizons each contain 1000 specimens
and combined have 2000 specimens. With the onset
of mixing, specimens begin to spread out from each
of the discrete occupations in a manner identical to
the single occupation case discussed above. Both are
approximately Gaussian and the means of each
remain centered on the original occupation strata.
However, the tails of the distribution start to
approach one another and, within 250 simulation
time steps, specimens that have migrated down-



Fig. 8. Symmetrical non-local mixing of a single occupation horizon over a short period of time. The panels on the left show the vertical
positions of observed specimens along the face of the profile before taphonomic mixing (bottom) and after 25, 50, 100 and 500 simulation
time steps. The panels on the right show the frequency distribution of all specimens across all strata for the same times. The probability of
mixing between layers is calculated from Eq. (8) with ajl = 0.01 and l = 1.2.

Fig. 9. Symmetrical local mixing of two discrete occupations located initially in strata 17 and 34. The panels on the left show the vertical
positions of observed specimens along the face of the profile before taphonomic mixing (bottom) and after 25, 50, 100 and 250 simulation
time steps. Each occupation horizon originally contained ten specimens at each of the measured vertical sections. The panels on the right
show the frequency distribution of all specimens across all strata for the same times.
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wards from the upper occupation are found in the
same strata as specimens that have migrated
upwards from the lower occupation (Fig. 9). At this
point, the distributions are no longer discrete, or
non-overlapping. In a strict sense, the stratigraphic
sequence appears to contain a continuous occupa-
tion with a bimodal distribution of occupation
intensities.
Fig. 10 illustrates that, as mixing continues, the
two distinct modes gradually disappear and, by time
step 5000, merge into a unimodal distribution with a
mean centered midway between the two original
occupation horizons. By this point specimens have
also migrated to the top and bottom of the strati-
graphic section. After time step 5000, the single
mode begins to dissipate and the frequency of spec-



Fig. 10. Symmetrical local mixing of two discrete occupation
horizons at 500, 1000, 5000, 10,000 and 25,000 simulation time
steps. Shown are the frequency distributions of all specimens
across all strata for each time step.

Fig. 11. Symmetrical non-local mixing of two discrete occupa-
tions located initially in strata 17 and 34. Each occupation
horizon contains ten specimens at each of the measured vertical
sections. Shown are the frequency distribution of all specimens
across all strata before taphonomic mixing (bottom) and after 25,
50, 100 and 500 simulation time steps.
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imens across all stratigraphic levels converges on a
uniform distribution. The endpoint of this process
involving two discrete occupation horizons is indis-
tinguishable from the case involving one discrete
occupation horizon (compare Fig. 4 and 10).

The same general conclusion may be drawn about
non-local mixing of two discrete occupation horizons
(Fig. 11). Using the parameters for non-local mixing
employed above, it is clear that the two discrete occu-
pations follow the trajectory of a single occupation
during the early stages of mixing (compare with
Fig. 8), namely the development of strongly
‘‘peaked’’ and concave distributions centered on the
original occupations. The two modes eventually
merge to form a single unimodal distribution, occur-
ring here at around 100 simulation time steps. Even-
tually the single mode dissipates to form a uniform
distribution of archaeological specimens across all
strata. The time to arrive at a uniform distribution
(�500 simulation time steps) is again much faster
compared with local mixing (�25,000 simulation
time steps) (compare Fig. 10 and 11).

Local mixing of an exponentially increasing

occupation

A final hypothetical case to examine involves a
pre-taphonomic occupation that spans strata 10
through 40. The occupation is characterized by an
exponentially increasing numbers of specimens from
two specimens observed in Stratum 10 up to 22
specimens in Stratum 40 in each of the vertical sec-
tions (Fig. 12). Above Stratum 40 the number of
specimens drops to zero. This is a vertical distribu-
tion of artifacts that one might expect if occupation
intensity was increasing through time followed by
site abandonment at the peak of occupation (but
see Surovell and Brantingham, 2007).

Symmetrical local mixing using the parameter val-
ues introduced above eventually eradicates any trace
of the initial exponential occupation pattern and
rapid site abandonment (Fig. 12). By time step
5000, the occupation appears to increase and then
decrease smoothly through time. The mode of the dis-
tribution is also displaced downwards in the section
such that the apparent peak of occupation intensity
at time step 5000 is in Stratum 34, as opposed to Stra-
tum 40 before mixing. As was the case in all of the
other examples of symmetrical mixing presented
above, the representation of specimens across all
strata ultimately converges on a uniform distribu-
tion, seen clearly in simulation time step 25,000.
Occupation intensity appears to remain constant
through time.

Vertical mixing at the Barger Gulch Folsom site

We demonstrate how to develop and apply a gen-
eral mixing model like those presented above using



Fig. 12. Symmetrical local mixing of an occupation that is originally distributed across strata 10 to 40 and exponentially increasing
through time. Shown are the frequency distributions of archaeological specimens across all strata before post-depositional mixing (bottom
left), after 25, 50, 100, 250 (left panels), and after 500, 1000, 5000, 10,000, and 25,000 simulation time steps (right panels).
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data from the Barger Gulch site, a series of late
Pleistocene and early Holocene archaeological
localities associated with Barger Gulch, a tributary
of the Colorado River in Middle Park, Colorado
(USA). Since 1997, the University of Wyoming
has completed eight seasons of excavation at Local-
ity B, a large single component Folsom campsite
(Kornfeld and Frison 2000; Kornfeld et al. 2001;
Mayer et al. 2005; Surovell et al., 2005; Waguespack
et al., 2006). Through the 2006 field season, more
than 60,000 chipped stone artifacts have been recov-
ered and more than 12,000 of these have been
mapped with mm precision in three dimensions.
Spatial data from the site provide an excellent case
for evaluating the potential of the above models to
replicate a real-world vertical artifact distributions.

Chipped stone artifacts are found in relatively
discrete clusters associated with hearth features
(Surovell and Waguespack, in press; Waguespack
et al., 2006). Stratigraphically, the Barger Gulch
Folsom occupation is shallowly (0–60 cm) buried
in primary/and or secondary aeolian sediments
heavily modified by pedogenesis (Surovell et al.,
2005). It is extremely difficult to identify lithostrati-
graphic units at the site since all sediments are textur-
ally similar (silt loam), and therefore stratigraphic
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designations are based in large part on pedostratig-
raphy (Surovell et al., 2005). Detailed descriptions
of stratigraphy and post-depositional artifact
dispersal can be found in Surovell et al. (2005)
and Mayer et al. (2005), and only a brief summary
of the geomorphic history of the site is provided
here.

Aeolian silts began slowly aggrading on a lag sur-
face of Miocene bedrock residuum in the late Pleis-
tocene. The ground surface was slowly aggrading or
relatively stable at the time of human occupation
(ca. 10,450 14C yr BP) because the occupation sur-
face is associated with the upper contact of a well
developed Btkb soil horizon. Following the occupa-
tion, the site experienced mild erosion, stripping the
A horizon of the Pleistocene soil. Deposition
resumed by 9400 14C yr BP. During the early Holo-
cene as much as 40–50 cm of silt accumulated bury-
ing the Folsom occupation. During the early to
middle Holocene, the surface stabilized and a well
developed soil formed. In the late Holocene, this soil
was partially truncated by erosion and then buried
by up to 30 cm of silt loam. Although stratigraphic
sections across the site are fairly consistent, the
magnitude of erosion and soil formation varies
laterally.

In Fig. 13, we present five randomly chosen ver-
tical artifact distributions from the site. Each graph
shows lithic artifact counts by 5 cm excavation level
for individual 1 m2 excavation unit. Artifacts are
generally found throughout the late Quaternary
deposits. In typical excavation units (e.g.,
Fig. 13. Vertical distribution of lithic specimens in five randomly
Fig. 13b–e), artifact counts gradually increase from
the surface downward reaching their maximum at
what we interpret to be the Folsom occupation sur-
face. Below the occupation horizon, artifact counts
rapidly drop to zero, usually within 10–15 cm. In
roughly 10% of excavation units, vertical artifact
distributions show considerably more noise and/or
multimodality (e.g., Fig. 13a). When viewed in
cross-section, the zone of high artifact density mark-
ing the Folsom occupation surface is evident with
considerable movement of artifacts upward and
minimal downward movement (Fig. 14).

Producing a general vertical artifact density dis-
tribution for the entire site requires standardizing
absolute artifact elevations to a common strati-
graphic unit. The most readily identifiable deposi-
tional event at the site is the Folsom occupation
itself. Thus, artifact elevations by excavation unit
were standardized to the Folsom occupation sur-
face, identified as a weighted (by artifact count)
average of elevation for the three contiguous 5 cm
levels with the greatest artifact count. We are confi-
dent that this method accurately identifies the occu-
pation surface. This surface is consistently
associated with the largest artifacts (>100 g), which
should be least likely to experience post-deposi-
tional movement, and it is bracketed by radiocar-
bon ages which place it in the correct time frame
for a Folsom occupation (Surovell et al., 2005).
Finally, pit and hearth features originating from this
surface have been identified (Surovell et al., 2005;
Waguespack et al., 2006). For the purposes of this
chosen excavation units at the Barger Gulch Folsom site.



Fig. 14. Composite profile of the Barger Gulch site showing the vertical and horizontal distribution of lithic specimens for a 1 m thick
transect through on portion of the site from N1474 to N1475.
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paper, it is of no consequence that the original Fol-
som occupation surface may have been somewhat
deflated by erosion, since the resulting lag would
have been a single surface with a vertically con-
strained distribution at the time of burial.

To minimize the effects of size-dependent mixing,
we limit this to analysis to piece-plotted lithic arti-
facts with maximum length of 10–25 mm (Surovell
et al., 2005). This includes a total of 7018 specimens
from the 75 m2 excavated area. The composite ver-
tical distribution of artifacts at the site is shown in
Fig. 15. The distribution in unimodal with the upper
and lower tails both strongly concave. The upper
tail of the distribution is much longer than the lower
tail towards the base of the section. Artifacts have
dispersed upwards as much as 55 cm and down-
wards as much 35 cm.

Many of the empirical features of the Barger
Gulch artifact distribution may be recognized in
the simple simulations presented above. In particu-
Fig. 15. Vertical frequency distribution of lithic specimens from a
75 m2 excavation at the Barger Gulch site. The elevation of
specimens (in meters) is given relative to the inferred Folsom
occupation level (±0 m). Shown is the distribution for 7018 lithic
specimens 10–25 mm in maximum dimension.
lar, the concave distributions above and below the
Folsom occupation may be diagnostic of non-local
mixing (compare Fig. 8 with 13e and 15). In other
words, one or more mixing agents at Barger Gulch
may have been active in transporting artifacts
directly between non-adjacent strata. It is also rea-
sonable to propose that Barger Gulch has experi-
enced only early stage mixing since, under many
conditions, the concave distributions generated by
non-local mixing are replaced by Gaussian-like
and ultimately a stable (e.g., uniform) distributions
at intermediate and later stages of mixing, respec-
tively. However, unlike in the simple simulations
above, there is a global asymmetry in the vertical
distribution of specimens centered on the occupa-
tion horizon. Not only have more specimens moved
upwards through the section, but they also have
moved over a greater vertical distance. Differences
in sediment characteristics are the obvious cause
and consequently modifications to the above models
are necessary to account for the asymmetry.

We simulated mixing of the Barger Gulch assem-
blage lithic assemblage by calibrating the model
against observed artifact counts. We assume, as
required by the simple models, that each specimen
in the size class 10–25 mm has the same probability
ajk of mixing between a focal stratum j and another
stratum k. Individual mixing probabilities are prob-
ably very different for specimens of different size
classes (Baker 1978; Bocek 1986; Villa 1982). Surov-
ell et al. (2005) have demonstrated that the largest
artifact specimens at Barger Gulch cluster vertically
at the inferred Folsom occupation horizon com-
pared with smaller artifacts. We assume that all
specimens in any given 1 m2 excavation unit were
initially deposited at the Folsom occupation sur-
face. Therefore, all specimens start with a relative
vertical elevation of ±0 centimeters. In accordance
with the excavation strategy used at the site, mixing
is modeled between discrete stratigraphic units each
5 cm in thickness. Thus, mixing occurs in incre-
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ments of 5 cm above and below the occupation
surface.

For simplicity, we also assume that there has
been no horizontal movement of artifacts between
excavation units subsequent to their initial burial
(but see Balek, 2002; Surovell et al., 2005). There
is spatial variability in the number of specimens
present in any simulated vertical section (excavation
unit), but the number of specimens in each vertical
section is conserved over the course of mixing. For
example, a vertical section starting with 23 speci-
mens at the Folsom occupation surface will still
have 23 specimens, possibly distributed over multi-
ple stratigraphic units, after mixing. Using the Bar-
ger Gulch data, the mean number of specimens per
simulated vertical section is 93.6 (median = 48) and
the standard deviation is 113.3. The minimum num-
ber of specimens in any of the simulated sections is 2
(Units N1467, E2433 & N1476, E2436) and the
maximum is 556 (Unit N1475, E2448).

Examination of the Barger Gulch vertical artifact
distribution suggests that the most appropriate non-
local mixing models has two essential features.
First, we propose that the probability of mixing
between non-adjacent strata decreases at a constant
rate with increasing distance from the Folsom occu-
pation surface. The corresponding probability ajk is
given by a negative exponential distribution (see
Faure and Mensing, 2005; Surovell and Branting-
ham, 2007)

ajk ¼ ajle
�kðk�1Þ; k ¼ j� d 6 r ð9Þ

where, as above, ajl is the baseline local mixing
probability between focal stratum j and the next
adjacent stratum above or below (i.e., l = j ± 1).
The parameter k is a decay constant which drives
a decline in the probability of mixing between j

and k as the distance between j and k increases.
The parameter d is the distance in stratigraphic units
between the focal stratum j and the recipient stra-
tum k, which at Barger Gulch corresponds to 5 cm
intervals. For example, d = 1 applies to the proba-
bility of a single specimen moving from one strati-
graphic unit to either of the adjacent units ±5 cm
away. By contrast, d = 5 applies to the probability
of mixing between one stratigraphic unit and units
±25 cm away. Note that Eq. (9) returns the baseline
local mixing probability ajl when d = 1 and that the
value of ajk decreases from this maximum towards
zero as d increases. Finally, the parameter r is the
range over which non-local mixing is allowed to oc-
cur. For example, if r = 4, then the maximum non-
local mixing distance is between any focal stratum j

and those four stratigraphic units above or below
(i.e., k = j ± 4). If r = 10, then mixing could occur
between a focal stratum and strata 10 stratigraphic
units above or below (i.e., k = j ± 10). Mixing is
not allowed between strata outside of the range of
mixing. For example, if r = 4 then the probability
of mixing between a focal stratum and one five
stratigraphic units away is zero.

Second, we recognize that there is a major differ-
ence the nature of mixing above and below the
inferred Folsom occupation horizon. More exten-
sive mixing has occurred above the occupation than
below. The lower permeability to mixing below the
occupation surface is likely related to the well-devel-
oped Btkb soil horizon found at 0 to �5 cm (Surov-
ell et al., 2005). We therefore allow separate model
parameterizations for the stratigraphic units above
(+5 to +60 cm) and below (�5 to �60 cm) the occu-
pation surface (Table 2). In particular, we allow for
a smaller decay constant (k1 = 1) in the strata above
the Folsom occupation surface compared with the
strata below (k2 = 2). The range of mixing is the
same (r1 = r2 = 6). In practice, this means that indi-
vidual specimens have a higher probability of non-
local mixing in the zone above the Folsom occupa-
tion. For example, using the model parameters
given in Table 2, the probability of mixing between
the Folsom occupation surface and a position three
stratigraphic units above is ajk = 0.00135. Mixing
between the Folsom occupation surface and a posi-
tion three stratigraphic units below is
ajk = 0.000025, about two orders of magnitude less
likely. These differences are driven by the different
values of k.

Figs. 16 and 17 show the results of the simula-
tion. The exponential non-local mixing model for
Barger Gulch produces mixing dynamics that paral-
lel the example non-local mixing model in some
ways (see Fig. 8). The initial stages of mixing (e.g.,
after 50 steps) generate a vertical distribution of
specimens that is concave both above and below
the occupation surface (Fig. 16). Over longer peri-
ods of time, the distribution appears more Gaussian
(e.g., after 100 steps) and eventually approaches a
stable form that encompasses all of the stratigraphic
units (e.g., after 5000 time steps). Importantly, dur-
ing the early stages of simulated mixing, the mode of
the distribution remains centered on the initial occu-
pation surface. During later stages of simulated
mixing, the density of specimens follows a step func-
tion centered on the original occupation horizon.



Table 2
Barger Gulch simulation model parameters

Variable Value Units Description

ajk <ajl Probability Probability of single specimen mixing from j to k

ajl 0.01 Probability Baseline local mixing probability between j and the adjacent stratum above or below
(l = j ± 1)

k1 1 Stratigraphic
units�1

Decay constant for vertical positions above the Folsom occupation surface

k2 3 Stratigraphic
units�1

Decay constant for vertical positions below the Folsom occupation surface

r1 6 Stratigraphic
units

The maximum non-local mixing span (in stratigraphic units) for vertical positions above
the Folsom occupation surface

r2 6 Stratigraphic
units

The maximum non-local mixing span (in stratigraphic units) for vertical positions below
the Folsom occupation surface

e 2.718282 Scale free Base of the natural logarithm

Fig. 16. Simulated mixing at the Barger Gulch site using a non-
local exponential model with mixing faster in the zone above the
occupation horizon. Model parameters given in Table 2.
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The step distribution is clearly a product of the
greater permeability of the deposits to mixing above
the occupation horizon and lower permeability
below. Above the occupation horizon, the late stage
uniform distribution is perhaps consistent with
models of an well-sorted, isotropic biomantle (John-
son et al., 2005).

Repeated simulations find a best fit between the
exponential non-local mixing model and the Barger
Gulch data after 41 simulated mixing events or time
steps (Fig. 17a and b). The mean number of speci-
mens remaining in the occupation stratum over
ten separate simulations is very similar to the
observed number at Barger Gulch (unmixed:
nsim = 2826.4, rsim = 41.6, nobs = 2830). The mean
number of specimens moving upward from the Fol-
som occupation in the ten simulations is slightly
greater than observed (mixing up: nsim = 2710.2,
rsim = 32.8, nobs = 2419), whereas the mean moving
downward is slightly lower than observed (mixing
down: nsim = 1481.4, rsim = 37.32, nobs = 1769).
These deviations are driven primarily by differences
between the model and observed distributions in the
two strata immediately above the occupation sur-
face and the one immediately below (Fig. 17b).
The maximum upward movement in ten simulations
is between the occupation stratum and the stratum
at +55 cm, identical to that observed at Barger
Gulch. The maximum downward movement in the
simulations is between the occupation stratum and
the stratum at �40 cm, one stratigraphic unit more
than observed. Despite these differences, the two
distributions are statistically very similar (Kolmogo-
rov–Smirnov Z = 0.566, p = 0.906) (Fig. 17b). The
simulation results may thus provide some support
for the observations offered above, namely: (1) that
the vertical movement of artifacts seen at Barger
Gulch is representative of relatively early stages of
non-local mixing; and (2) that the nature of the geo-
logical deposits at the site (and possibly the tapho-
nomic agents involved) produced a significant bias
against downward mixing of specimens.

There are a number of caveats that must accom-
pany these conclusions. First, the fact that we find a
good statistical fit between our model and the Bar-
ger Gulch data does not prove causation. Alterna-
tive models could be proposed to explain the
observed vertical artifact distribution at Barger
Gulch. For example, it is theoretically possible that
the observed vertical distribution represents a case
of asymmetrical mixing with the Folsom occupation
surface serving as a sink for accumulation of arti-



Fig. 17. Simulated mixing at the Barger Gulch site using a non-local exponential model with mixing both faster and vertically more
extensive in the zone above the occupation surface. (a) Simulated vertical frequency distribution of the Barger Gulch lithic specimens
(n = 7018) relative to the occupation surface at ±0 (elevation in centimeters). Shown are the mean counts from 10 separate simulations in
each 5 cm stratigraphic unit. (b) Quantitative comparison of simulated (+) and observed distributional data (s). See text for discussion.
Model parameters given in Table 2.
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facts moving with a downwards mixing bias. In this
case, the Folsom occupation surface might repre-
sent a subsurface stone line in the sense of Johnson
(1989). However, the pedostratigraphy, distribution
of features, stone refits and, particularly, radiocar-
bon dates argue strongly against this interpretation
(see Surovell et al., 2005). These data suggest rather
that lithic specimens are mixing upwards into much
younger Holocene sediments.

Second, since the model deals with mixing at a
very abstract level, it is not immediately clear which
specific mixing agents could be responsible for the
observed and simulated patterns. Numerous distur-
bance agents were likely active at Barger Gulch
because the site is shallowly buried and always has
been (Surovell et al., 2005). Bioturbation is evident
in the form of krotovina of fossorial mammals
and invertebrates. Also, modern roots and rootlets
of small shrubs and grasses are regularly encoun-
tered and, though no trees grow on the site today,
dispersed pine charcoal and burned roots indicate
the early Holocene presence of conifers, which can
physically displace artifacts by root growth and dur-
ing tree throw events. Cryoturbation may have
affected the vertical artifact distribution as site sed-
iments experience regular freeze–thaw cycles in the
high mountain valley of Middle Park, though recent
experiments suggest it probably did not play a
major role (O’Brien 2006). Though clay content is
fairly low (�10%), argilliturbation may have been
an important disturbance process as modern desic-
cation cracks occur on the surface, and identical fea-
tures are occasionally encountered subsurface as
well. As in many archaeological contexts, multiple
disturbance agents have contributed to the observed
vertical (and horizontal) spatial patterning at Barger
Gulch. Since the aggregate impact of the many
implicated mixing agents is uncertain, we argue that
the abstract, general model presented above is
appropriate for investigating mixing at Barger
Gulch.

Third, while mixing above and below the Folsom
occupation horizon is simulated as occurring simul-
taneously, it is at least possible that mixing may
have occurred at different times in these two con-
texts; i.e., mixing below the occupation horizon
may have occurred primarily in the time period
between initial deposition and the inferred erosion
event during the early Holocene, while mixing
above the occupation horizon may have occurred
primarily during late Holocene (see Surovell et al.,
2005). It is also difficult therefore to be more precise
than simply suggesting Barger Gulch has experi-
enced only early stages of mixing. One would need
to calibrate the time scale of mixing either based
on experimental observation of different tapho-
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nomic agents, or by comparing multiple sites of dif-
ferent ages from similar sedimentary contexts to say
more than this. Neither of these alternatives are
presently available for Barger Gulch.

Finally, it is clear that differences in sedimentary
characteristics may have played an important role in
the broad mixing dynamics at Barger Gulch. These
differences were accommodated within our model
by proposing that baseline mixing probabilities ajl

were modified by exponential functions with param-
eterizations favoring more extensive mixing above
the occupation horizon than below. However, a
more realistic model would need to include a more
complete characterization of sedimentary character-
istics and perhaps explicit rendering of these charac-
teristics in the transition probability matrix (Eq.
(1)).

Discussion

The simple models presented here provide a gen-
eral, but rigorous approach to studying two of the
primary processes involved in post-depositional
mixing. Mixing of specimens out of individual
stratigraphic units is described by Eq. (3), while
Fig. 18. Major stages in post-depositional mixing of discrete occupation
Asymmetrical local mixing of a single occupation horizon. (c) Symmet
mixing into the same units is described by Eq. (4).
These are combined in a master equation that
describes the simultaneous operation of both pro-
cesses [Eq. (7)]. Using these equations in combina-
tion with general rules for assigning mixing
probabilities between strata [Eq. (1)], it is possible
to identify at a general theoretical level the common
stages and patterns that may accompany post-depo-
sitional mixing (Fig. 18a).

When archaeological materials are confined to
some subset of the total strata in the sequence—in
other words, they form discrete occupations—then
mixing may involve two stages: (1) dissipation;
and (2) establishment of a mixing equilibrium. This
is very apparent in the case of symmetrical local
mixing of a single occupation horizon (Fig. 18a).
Dissipation is signaled first by the development of
a Gaussian normal distribution of specimens across
stratigraphic units. This distributional pattern may
be diagnostic of relatively minor amounts of sym-
metrical local mixing, though future empirical work
is needed to verify this claim. Dissipation is pre-
dicted where the cumulative probability of mixing
out from focal units with large number of specimens
(e.g., the stratigraphic mode) is greater than the
s. (a) Symmetrical local mixing of a single occupation horizon. (b)
rical local mixing of two separate occupations.
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probability of mixing in from units with small num-
bers of specimens (see Eq. (6)). As dissipation con-
tinues, the amplitude of the mode declines and,
over long periods of time, disappears completely
leaving a uniform distribution (Fig. 18a). This is a
so-called mixing equilibrium since mixing may be
ongoing, but it leads to no net change (beyond small
stochastic fluctuations) in the number of specimens
in any of the stratigraphic layers.

In cases where there is either asymmetrical mix-
ing, or there are multiple occupation horizons in a
profile, an accumulation stage may appear between
dissipation and the establishment of a mixing equi-
librium. In the case of asymmetrical mixing with a
downward bias, for example, an initial dissipation
phase is followed by gradual accumulation of spec-
imens in the lowest unit that allows in mixing
(Fig. 18b). Trailing specimens may take some time
to complete their transit to base of the profile.
But, when they finally do, the system arrives at a
type of secular equilibrium (see Faure and Mensing,
2005); the rate of any further downward mixing is
controlled by the rate at which specimens are mixed
up from the bottom of the profile. A similar accu-
mulation dynamic may also occur above the base
of a section if there are major changes in sediment
texture; for example, a subsurface carbonate hori-
zon (caliche) may serve as a barrier to mixing of
specimens below a certain depth (see Johnson,
1989; Shull, 2001).

Accumulation may also characterize post-deposi-
tional mixing of multiple discrete occupations
(Fig. 18c). However, the cause of the dynamic in this
case is quite different. In general, dissipation during
the early stages of mixing may cause specimens from
discrete occupations to merge, producing a unimo-
dal distribution from a bimodal (or multimodal)
distribution. A Gaussian-like normal distribution
may result if the two merging distributions are
themselves Gaussian. The system may shift back
to dissipation, which is reflected in the progressive
fall in amplitude of the single mode, and then con-
verge on a mixing equilibrium (Fig. 18c).

Non-local mixing proceeds through all of the
same general stages, though typically much faster
and with different characteristic distributional
shapes apparent in each stage.

The emergence of approximately Gaussian nor-
mal distributions in cases of symmetrical local mix-
ing is not surprising since the mixing process as
modeled is a simple random walk equivalent of
one dimensional diffusion (Boudreau, 1997; Denny
and Gaines, 2002). A Gaussian distribution also is
predicted in the case of symmetrical non-local mix-
ing if there is some limit to how far specimens can
move (i.e., a maximum mixing distance). In both
cases, the Central Limit Theorem applies (Denny
and Gaines, 2002). Specifically, since the total dis-
tance traveled by a given specimen within a strati-
graphic section is the sum of the distances traveled
in each of many independent random mixing events,
the aggregate distribution of distances traveled for
all specimens will be approximately normally dis-
tributed. The situation becomes more complicated
when we are dealing with asymmetrical local mix-
ing. Here the appropriate comparison is with biased
random walk models (Turchin 1998), which lead to
normal diffusion with drift in the direction of the
asymmetry.

For the simplest case of symmetrical local mixing
it is also possible to specify quantitatively how the
vertical spread of specimens evolves with time.
Defining a as the sum of the probabilities that a sin-
gle specimen is mixed from a focal stratum j to the
strata immediately above or below (i.e,
a = ajj+1 + ajj�1), then the standard deviation of
the distribution of specimens after t mixing events
is (Denny and Gaines 2002)

r ¼
ffiffiffiffi
at
p

ð10Þ

The standard deviation relative to an initial occupa-
tion horizon is proportional to the square root of
the amount of time exposed to mixing. Estimates
of the spread of specimens in cases of non-local mix-
ing may also be obtained (e.g., Zanette and Alema-
ny 1995), but their form is strongly dependent on
the specific nature of the transport process.

The appearance of a uniform mixing equilibrium
is also expected in cases of symmetrical mixing. This
is easiest to see if we write a simplified version of Eq.
(6) dealing with a focal stratum and only the two
adjacent strata above and below

Dnj ¼ njþ1ajþ1;j|fflfflfflfflffl{zfflfflfflfflffl}
n from stratum above

þ nj�1aj�1;j|fflfflfflfflffl{zfflfflfflfflffl}
n from stratum below

� njaj;jþ1|fflfflffl{zfflfflffl}
n to stratum above

� njaj;j�1|fflfflffl{zfflfflffl}
n to stratum below

ð11Þ

Because the mixing probabilities are symmetrical
and equal in all cases we may replace the various
terms aj+1,j, . . ., aj,j�1 with a single term ajk. Simpli-
fying the resulting equation gives

Dnj ¼ ajkðnjþ1 þ nj�1 � 2njÞ ð12Þ



Fig. 19. Simulated symmetrical local mixing involving small numbers of archaeological specimens. Shown are the vertical distributions of
specimens in ten separate sections after 500 mixing events. For large numbers of specimens the distributions should be Gaussian but are
highly variable because of small sample sizes.
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The system can be in equilibrium (i.e., Dnj = 0) if
ajk = 0, meaning that there is no mixing between
stratigraphic layers, or if nj+1 = nj�1 = nj, meaning
that there is an equal number of specimens present
in each layer. In other words, the mixing equilib-
rium is a uniform distribution of specimens across
all strata.1 The same conclusion obtains in the case
of non-local mixing provided that the mixing prob-
abilities at distances d above and below a focal stra-
tum are also symmetrical.

We must temper the above observations with the
recognition that the small sample sizes typical of
real archaeological contexts might impede our abil-
ity to recognize both different mixing systems and
different mixing stages. Fig. 19 shows nine simulated
vertical artifact distributions for small samples of
specimens (n = 20) after 500 time steps of symmetri-
cal local mixing with ajk = 0.01, k = ±1. The
expected result under these conditions is a Gaussian
1 This is strictly true only for cases where there is no flux of
specimens across the boundaries, which should hold for most
stratigraphic sections and material types. Flux boundary condi-
tions might be more appropriate for studying isotopes or organics
that may be lost through the base of the section. Flux boundary
conditions allow for linear decreasing or increasing equilibrium
solutions.
normal distribution of specimens centered on the
initial occupation horizon (see Fig. 4). At small
sample sizes, however, there is substantial variabil-
ity in empirically observed patterns and individual
stratigraphic sections might be easily misinter-
preted. For example, in none of the nine simulated
sections is there an obvious single peak in occupa-
tion intensity. In some instances (e.g., Section 1)
specimens remain largely clustered vertically, sug-
gesting continuous occupation, whereas in others
there appear to be clusters with intervening occupa-
tion hiatuses (e.g., Section 9). There is also great
variability in the distances over which specimens
have moved (e.g., Section 1 vs. 5). In all of the sec-
tions one would be hard pressed to infer that mixing
was local and symmetrical and it is not obvious
whether the distributions represent a mixing equilib-
rium or some intermediate mixing stage. Only at lar-
ger sample sizes do these patterns become apparent.

A number of criticisms might be voiced about the
research presented here and we address some of
these now. First, it is important to recognize that
the simulations and empirical case presented above
are not meant to be exhaustive of all of possible
types of post-depositional mixing that might be seen
in the archaeological record. Nor is it necessarily the
case that the generic mixing models considered here
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are equally likely to occur in empirical settings. For
example, it may be the case that asymmetrical mix-
ing is far more common than symmetrical mixing in
the vast majority of archaeological settings. While
archaeological site formation and diagenesis is a
complex, multivariate process, we also believe that
there are many advantages to occasionally stepping
back from a complex empirical reality to consider
simple models. These are often easier to analyze
and may provide a clear picture of fundamental
dynamics.

Second, of the many ways in which these models
might find empirical application, we opted for
model-fitting as a reasonable first approach.
Another approach would be to quantitatively char-
acterize the short-term effects of different individual
mixing agents and produce a calibrated transition
matrix. Simulation could then be used to examine
the theoretical impact of mixing by each agent type
over ecological and geological time scales. Compar-
isons between simulations and empirical examples
might reveal which of the many possible tapho-
nomic agents were likely responsible for observed
patterns. The advantage of simulation over tradi-
tional experimental approaches in this context is
that ecological and geological time scales can be
investigated (Wilke and Adami 2002). Unfortu-
nately, this approach is not easily accomplished at
Barger Gulch because many different mixing agents
may have been active and may have had overlap-
ping effects.

Third, it is clear that there are a number of
important variables that have been excluded from
the current models. These include the impact of dif-
ferences in sediment characteristics on mixing
(Johnson et al., 2005; Shull, 2001), variability in
thickness of stratigraphic units (Meysman et al.,
2003; Shull, 2001), active sedimentation and burial
(i.e., advection) (Balek, 2002; Boudreau, 1997), sed-
iment compaction (Andrews, 2006), horizontal mix-
ing, which might occur at the surface before burial
or within a sedimentary column after burial
(Audouze and Enloe 1997; Enloe 2006; Surovell
et al. 2005), and decay or destruction of materials
as a function of time or sediment characteristics
(Pendall et al. 1994; Surovell and Brantingham
2007; Trumbore 2000; Wang et al. 1996). The fact
that we needed to use different model parameteriza-
tions above and below the Folsom occupation sur-
face at Barger Gulch to arrive a reasonable
description of mixing dynamics there illustrates that
most empirical applications may need to move
beyond the simple examples presented here. How-
ever, there are clear avenues for modeling each of
these added complexities. For example, in contrast
to the simulations presented above where the num-
ber of specimens is conserved over time, other types
of materials (e.g., organics) might be gradually
destroyed in addition to being exposed to mixing.
One might incorporate time (and depth) dependent
destruction of specimens by modifying Eq. (6) to
read

Dnj ¼
Xm

k¼1
k6¼j

akjnk � nj

Xm

k¼1
k 6¼j

ajk � cjnj ð13Þ

where cj is a decay constant associated with focal
stratum j. The last term in Eq. (13) thus introduces
time-dependent exponential decay in the number of
specimens present in stratum j. Similar modifica-
tions to Eq. (6) may allow one to consider the im-
pact of active burial into or variable sedimentary
characteristics on mixing dynamics (Boudreau
1997; Meysman et al. 2003; Shull 2001). The ab-
sence of these and other complexities from the cur-
rent models, however, should not detract from the
general conclusions that there may be substantial
regularities that emerge from post-depositional mix-
ing of archaeological deposits.

Conclusions

Post-depositional mixing of archaeological
deposits may be modeled as a stochastic process
that assigns probabilities to the event that a single
specimen of a given artifact class is mixed between
any two discrete stratigraphic layers. The change
in the number of artifact specimens in a single strati-
graphic layers is described by a simple recursion
relation that includes terms for the movement of
specimens both out of and into a so-called focal
stratum. Mass movement of artifacts within a strati-
graphic section is then the cumulative number of
such mixing events between all strata.

Simulations were used to characterize symmetri-
cal local and non-local mixing dynamics. Both pro-
cesses appear to have characteristic dynamics. The
early and intermediate stages of symmetrical local
mixing may be recognized by the development of
Gaussian-like vertical distributions of artifacts
within a stratigraphic column. Symmetrical non-
local mixing, by contrast, may be characterized by
the development of vertical distributions of artifacts
that follow closely the underlying single-specimen
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probabilities of transport between strata. As in the
symmetrical case, intermediate stages of symmetri-
cal non-local mixing may be characterized by the
development of a Gaussian-like vertical distribu-
tions of specimens. The vertical distributions of arti-
facts generated by the late stages of symmetrical
local and non-local mixing are typically uniform.

Simulations were also used to characterize asym-
metrical local mixing, where there is directional bias
in the movement of single specimens downwards (or
upwards) in the section. Here we see the develop-
ment of skewed vertical distributions of specimens
in section and the regular migration of the density
peak (distribution mode) in the direction of the bias.
The equilibrium distribution of specimens in this
case shows most artifacts accumulated in the lowest
(or highest, if the bias is upwards) stratigraphic unit
that allows mixing. It was shown that many of these
general dynamical features of post-depositional
mixing appear even under more complex initial dis-
tributions of archaeological materials in section. In
particular, we considered mixing of more than one
discrete initial occupation and a case of an exponen-
tially increasing distribution of artifact specimens.

Examination of the Barger Gulch Folsom site
suggested that non-local mixing agents may have
played a role in generating the vertical distribution
of artifacts seen there. The preservation of strongly
concave vertical distributions of artifacts both
above and below the initial Folsom occupation is
indicative of early stage mixing. It was proposed
also that there is a global asymmetry characterizing
mixing at the site; more extensive mixing occurred
in the strata above the original occupation surface
compared with below. A calibrated simulation,
using a negative exponential model for the mixing
probabilities, was able to statistically approximate
the vertical distribution of artifacts at Barger Gulch.
We view this result as preliminary support for the
general validity of the models developed herein for
studying post-depositional mixing of archaeological
deposits.
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