
Macrobotanical remains of fruits and seeds
found in the archaeological record are essential to
our understanding of human cultural develop-
ments. Carbonization is one of the processes by
which these remains survive the physical and
chemical decomposition associated with burial at
an archaeological site. In this context, carboniza-
tion can be described as the exposure of fruits and
seeds to any heat source in the absence of air. Sub-
sequently, the heat or thermal energy is then
transferred by radiation from the heat source to
the plant tissues (Braadbaart et al. 2004a).

While carbonization can facilitate the preserva-

tion of plant remains, it also can cause various
distortions in the physical properties of the fruits
and seeds which may impact their shapes and di-
mensions (Hopf 1955; van Zeist 1970; Kislev
and Rosenzweig 1989; Smith and Jones 1990;
Wright 1998, 2003). Because archaeobotanists
often rely on lengths, widths, and diameters of
the carbonized fruits and seeds to determine if a
plant remain reflects a wild or a domesticated
species, the distortions can impede their ability to
measure and to reconstruct the precarbonized di-
mensions necessary for assessing domestication.

In North America, it is common to differenti-
ate between wild and domesticated forms of sun-
flower (Helianthus annuus L.) based on the mea-
sured length and width or a calculated size index
(Lentz et al. 2001). For sunflower, an L*W index
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is used in conjunction with a single correction fac-
tor (accounting for the shrinkage associated with
carbonization) to estimate the original size of the
achene or seed (Yarnell 1978). However, physical
as well as chemical properties depend strongly on
the variables that determine the carbonization
process (Braadbaart and Bakels n.d.), and it can
be expected that changes in the dimensions of the
achenes and seeds will depend on these variables.
In this study, two types of variables are recog-
nized: (1) more general variables related to the
heat source, and (2) more specific variables related
to the samples under investigation.

Studies on various fruits and seeds show that
their physical properties and chemical structure
change as a function of the temperature and the
time of exposure to the heat source (Braadbaart
2004b). The primary process that results from
carbonization is the gradual conversion of the
main constituents of the plant tissues (polysaccha-
rides, protein, lipids, and lignin) into a range of
aromatic moieties. Simultaneously, many volatiles
are formed that cause a considerable mass loss and
a corresponding shrinkage of the original material.

Braadbaart et al. (2007) assess the influence
of carbonization on the chemical structure of a
single variety (Arikara) of sunflower achenes
and seeds. Results indicate that at 310°C the
original constituents (polysaccharides, pro-
teins, and lignin) are converted into aromatic
compounds, and most lipids evaporate rather
than carbonize. Between 370 and 400°C, all
the lipids have disappeared from the residues.

The current research expands upon the 2007
article. We have broadened our study to include
two other varieties of sunflowers and focused this
research on the physical changes in dimension
that are critical to the evaluation of archaeological
sunflower remains. In sum, we found that impacts
of carbonization on mass and dimensions are a
function of heat source and sample-related vari-
ables. In this article, we detail information about
those interrelationships and present a method that
can not only enhance our understanding of ther-
mal exposure, but also can, with more precision,
aid in correcting for carbonization.

Samples and Methods
Samples

Modern sunflowers (Helianthus annuus L. var.
Arikara) were grown by Wright in an experimen-
tal garden situated in St. Louis, Missouri, U.S.A.
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Seeds were obtained from the North Central Re-
gional Plant Introduction Station of the United
States National Germplasm System. Initially, the
variety, Arikara, was chosen based on conversa-
tions with Charles Heiser (personal communica-
tion 2004; Heiser 1953), who, along with Rich-
ard Yarnell, conducted seminal research in
understanding the carbonization and domestica-
tion of the sunflower in North America. The
Arikara achenes were harvested in the fall of
2004. To better assess the range of effects that oc-
curs with carbonization, we expanded our experi-
ments to include other varieties of sunflowers. In
keeping with previous experiments conducted by
Wright (2003), we chose the variety Hopi Black
Dye. We also selected a third variety, Apache
Brown. These latter two varieties were obtained
in bulk from Native Seed SEARCH, a privately
operated U.S. seed bank dedicated to the preser-
vation to the preservation of Native American
strains of crops. Combined, the three varieties
represent a diverse range of sizes and shapes.

Because achenes as well as isolated seeds are re-
covered from archaeological contexts, we experi-
mented with both forms. The seeds for the labo-
ratory experiments were separated from achenes
by manually removing the pericarp or hull.
Lengths and widths of the total population
(n = 100) were measured (Fig. 1), and masses
were obtained of each variety. These data are
summarized in Table 1. In order to reduce the

Fig. 1. Key to the measured dimensional features
and the orientation of sunflower achenes on the scan-
ner bed. For seeds the same procedure is followed.



size of the samples to be investigated, 95% confi-
dence intervals were calculated (Table 1). The re-
sults showed that for sunflower achenes and
seeds, random samples of n = 10 are sufficient to
fit the 95% confidence interval for length and
width. Means of lengths and widths for each
sample were used to investigate the influence of
carbonization on changes in dimensions.

To illustrate the potentials of our method for re-
constructing dimensions, we applied our method
of reflectance on archaeological achenes. These ach-
enes were derived from the Stelzer Site (23SC910),
St. Charles County, Missouri (Harl and Wright
1994). These samples are referred to as “archaeolog-
ical achenes or seeds.”

Reflectance
The carbonization process and its governing

variables, as well as the application of reflectance
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measurements, have been discussed extensively
elsewhere (Braadbaart 2004b). Because they play
an important role in this study, these phenomena
will be briefly described. In particular, reflectance
measured on carbonized organic material, in this
case sunflower achenes and seeds, can be used to
determine the temperature at which they have
been carbonized. The main constituents of ach-
enes are cellulose, lignin, proteins, and oil. With
increasing temperatures, the oils evaporate, and
the chemical structure of the other three con-
stituents gradually changes into aromatic ring
structures. These aromatic rings are more planar
than their precursors and tend to align with each
other, causing more light to reflect. Reflectance is
measured through the optical properties, i.e., the
refractive and absorption indices of the aromatic
rings, and is defined as the percentage of verti-
cally incident monochromatic light reflected

Table 1. a. Length and width of the investigated sunflower achenes.

Arikara Hopi Black Dye Apache Brown

Length (mm) Mean (n = 100) 11.95 10.30 11.51
S.D. 1.04 0.74 0.67
Degree of variation 9.40–14.10 8.55–12.04 9.80–13.17

Width (mm) Mean (n = 100) 6.53 4.85 8.30
S.D. 0.95 0.81 0.81
Degree of variation 4.38–9.40 3.84–9.24 5.91–10.48

95% conf. interval length (mm) 11.31–12.60 9.57–10.57 11.13–11.97
(n = 10) width (mm) 5.94–7.12 6.18–7.2 7.94–8.94

b. Length and width of the investigated sunflower seeds.

Arikara Hopi Black Dye Apache Brown

Length (mm) Mean (n = 100) 8.38 7.68 8.37
S.D. 1.17 0.62 0.66
Degree of variation 5.69–10.37 6.36–9.74 7.20–10.02

Width (mm) Mean (n = 100) 4.18 4.16 4.73
S.D. 0.56 0.65 0.56
Degree of variation 2.96–5.43 2.84–5.86 3.60–6.11

95% conf. interval length (mm) 7.66–9.10 7.30–8.06 8.06–8.88
(n = 10) width (mm) 3.82–4.55 3.76–4.56 4.38–5.08

c. Weight of investigated achenes and seeds.

Arikara Hopi Black Dye Apache Brown

Mean mass of Achene 0.7780 (100%) 0.8850 (100%) 1.2051 (100%)
samples of 10 Seed 0.4231 (53.7%) 0.3675 (41.5%) 0.4947 (41.1%)
specimens (gr) Hull 0.3649 (46.3%) 0.5175 (58.5%) 0.7104 (58.9%)



from a highly polished surface of a sample cali-
brated against the light reflected from a standard
of known reflectance. At temperatures of approxi-
mately 270°C and higher, the formation of
multi-ring (3–5) aromatic structural units causes
an increase in reflectance (Carr and Williamson
1989; Braadbaart 2004b). From about 440°C,
condensation and further molecular reorganiza-
tion associated with the formation of large pol-
yaromatic sheets further increases the reflectance.
The dependence on chemical structure, which
determines the optical properties, means that re-
flectance can be used as an indirect method for
resolving differences in the chemical structure.

To determine reflectance (%Rr), the following
procedures were followed. From each sample car-
bonized at a given temperature, three specimens
were embedded in resin blocks and polished. For
each specimen, 100 randomly performed re-
flectance readings were performed in order to ob-
tain a statistically acceptable population. From
that population, the mean reflectance of each
specimen was calculated. Reflectance was mea-
sured under oil immersion at a wavelength of 546
nm using a Leitz motorized DMLA microscope
equipped with a xyz-stage and a Basler video
camera (Veld 2006). Preparation of polished
blocks and reflectance measurements were per-
formed according to standard methods defined in
ISO 7404, Part 2 (1985), and ISO 7404, Part 5
(1994). The same set of procedures was followed
to measure the reflectance of the archaeological
specimens. The results were compared to the ex-
perimental samples to determine the carboniza-
tion regime and, in turn, to estimate the shrink-
age of the archaeological specimens.

Digital Imaging Analysis
Digital imaging analysis was used to record di-

mensions (Braadbaart and van Bergen 2005).
This technique offers an objective and quantita-
tive method to extract digital images from fruits
and seeds and their carbonized residues. These
images can be used to measure dimensions of in-
dividual specimens and mathematically extract
size and shape-related information. For the exper-
iments, length and width of achenes and seeds
were extracted from images in which each sample
had been placed in the same orientation (Fig. 1)
and measured by digital analysis.

The imaging hardware and software, and the
image grabbing and analysis, have been described
extensively in earlier studies, and the reader is re-
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ferred to the relevant publications (Braadbaart
2004b; Braadbaart and van Bergen 2005).

The Carbonization Process and
Laboratory Simulation

Samples of sunflower achenes and seeds ex-
posed to any heat source will absorb the heat or
thermal energy that is transferred by radiation
from the source to the samples. When this pro-
cess occurs under conditions where air has free
access, samples will burn and ash. Under reduced
or anoxic conditions (i.e., the absence of air), the
samples not only undergo a very different chemi-
cal conversion, but contrary to the burning pro-
cess, their structure is often retained and may be
recognized following recovery from archaeologi-
cal contexts. This process is usually referred to as
carbonization or charring. The absorption of the
heat causes an increase in temperature of the
samples, and the degree of change is dependent
on heat source-related variables such as tempera-
ture and time of exposure. Heat transferred into
an object by thermal radiation is a function of
several components, including surface reflectivity,
emissivity, conductivity, surface area, and geomet-
ric orientation, among others. This second group
of variables, which also influences the change, is
directly related to the properties of the sample
and is referred to as the sample-related variables.

Increasing temperature will drive the chemical
reactions that convert the main constituents of the
achenes and seeds, polysaccharides (cellulose),
proteins, and lignin, into a range of new, mostly
aromatic, moieties, while most oils will evaporate
(Braadbaart et al. 2007). These conversions are ac-
companied by the release of large amounts of
volatiles that disappear into the external environ-
ment. One result is a mass loss that quickly in-
creases to 60 or 70% from 250 to 370°C, and
reaches more than 80% at 600°C. Simultaneously,
the carbon content increases, hence the term “car-
bonization” (Braadbaart et al. 2007). In addition,
the color of the achenes began to blacken at
290°C. At higher temperatures, the color remains
black, but other physical properties and the chem-
ical structure change as a function of temperature
and time. Accordingly, carbonization is a process
that depends strongly on a number of variables.

In the current study, the influence of these
variables on the physical and chemical properties
of carbonized achenes and seeds is investigated by
simulating the carbonization process. In the labo-
ratory, samples were heated in a tube oven under



a constant flow of nitrogen to produce anoxic
conditions. Samples were heated to a variety of
temperatures and times. More details about car-
bonization are described in Braadbaart (2004b)
and embedded in the discussions below.

Variables Determining the
Carbonization Process of Sunflower

Achenes and Seeds
Heat Source-Related Variables

Temperature and the time of exposure are the
most obvious heat source–related variables that de-
termine the carbonization process. Loss in mass of
the samples is a key feature associated with this pro-
cess. In previous experiments with peas and wheat,
Braadbaart (2004b) has shown that samples with
an equal mass loss have an identical chemical struc-
ture. This important relationship exists because
specimens absorb a similar amount of heat or ther-
mal energy that drives the chemical reactions, and
that, in turn, converts the main constituents of the
specimens into a series of new moieties. For peas
and wheat, as well as for sunflower achenes and
seeds, these changes occur in two stages. At temper-
atures lower than 370°C, or stage 1, mass loss not
only intensifies with higher temperature, but also
with increasing time of exposure. This scenario im-
plies that a sample that has attained a mass loss of
40% could be exposed to a heat source for seven
days at 290°C, but the same mass loss could also be
reached by heating a sample for 120 minutes at
310°C or for nine minutes at 340°C. In the second
stage, with temperatures higher than 370°C, and
after a short initial time (maximum eight minutes),
the mass loss remains constant for each tempera-
ture even when the time of exposure increases. In
addition, the chemical structure does not change.
As previously described, the reflectance measured
on samples can be used as a proxy for the chemical
structure. By measuring the reflectance on samples
carbonized at temperatures higher than 370°C, it is
possible to determine the temperature at which
achenes and seeds were carbonized, even if the time
of exposure is unknown.

Above we suggest that temperature and time of
exposure determine the carbonization process.
However, one needs to consider “time” as the
time needed to heat achenes and seeds from their
ambient to their final temperature. This approach
to time is determined by the heating rate or the
increase of the temperature of the samples in de-
grees Celsius per unit of time (°C min−1).
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The heating rate depends on heat source and
sample-related variables. The large number of
variables that shape the carbonization process
makes it difficult to study the influence of this
process on achenes and seeds. To understand the
process, it becomes necessary to isolate and limit
the number of variables. Consideration of the
conditions in which archaeological achenes and
seeds may carbonize resulted in our selection of
two kinds of heating conditions.

In the first scenario, we attempted to simulate
conditions where samples come into direct and
immediate contact with the heat source, for ex-
ample, when a burning roof falls on stored sun-
flowers. For this simulation, achenes and seeds
were introduced into a preheated tube oven and
directly exposed to the prevailing temperature of
the heat source. Thermocouples inserted within
the samples measured the temperature within the
grains during the whole experiment, and the re-
sults indicate that the samples attained the oven
temperature in a relatively short time (Braadbaart
et al. 2004a). For oven temperatures of 310 and
600°C, this took 11 and 6 minutes, respectively,
and corresponds to heating rates of 26 and 97°C
min−1. For the purpose of this study these values
are designated as high heating rates (HHR).

A second condition was simulated in which
samples are less directly and more slowly exposed
to a heat source. In an archaeological context,
one can think of seeds in a ceramic vessel situated
close to or in an open fire or in the vicinity of a
fire that has just started and still has to reach its
final temperature. Under this scenario, the tem-
perature of the sample will rise from an ambient
temperature of around 20°C, which is assumed
to be the temperature before the fire existed, to
its final temperature. To simulate these scenarios,
the samples were placed in the tube oven that has
reached this ambient temperature. Subsequently,
the oven was set for the selected final temperature
and heating rate. By selecting a heating time of
around 120 minutes, the heating rates are much
lower than the ones attained in a preheated oven,
as mentioned above, and are designated as low
heating rates (LHR).

Sample-Related Variables
Sample-related variables are directly related to

the size and the chemical composition of the
samples. However, variation in chemical compo-
sition associated with thermal properties is lim-
ited (Braadbaart et al. 2007), and it is, therefore,



assumed that these variables are identical for the
investigated varieties. In the case of sunflowers,
size may differ according to the variety; conse-
quently, three different varieties were investi-
gated.

The oil and water content of uncarbonized
achenes and seeds requires more intensive analy-
sis. The quantity of free water present in sun-
flower achenes or seeds is converted into vapor
that disappears into the external environment
when they attain a temperature of 100°C. The
available heat is used only for this conversion. As
a result, the temperature of the sample will re-
main stable until all the water has been removed.
If heat is still available, the temperature will rise
again, and the usual chemical reactions character-
istic of the carbonization process will occur. A
similar conversion, but at different temperatures,
occurs for any oils present in the samples. In
short, our experiments show that variation in
water or oil content of uncarbonized achenes and
seeds will not influence the chemical conversion
of their other constituents, the polysaccharides,
proteins, and lignin. This does not mean that the
oil content could not influence mass loss or
changes in dimensions.

Carbonization and Change of Mass,
Reflectance, and Dimensions

Selection of the Variables
Carbonization experiments with sunflower

achenes and seeds, variety Arikara, were per-
formed at oven temperatures ranging from 160 to
700°C. The samples were introduced into a pre-
heated tube oven inducing carbonization at a
HHR. The time of exposure of all the experi-
ments was 60 minutes, which was considered suf-
ficient based on earlier works (Braadbaart et al.
2007; Braadbaart and Bakels n.d.). These experi-
ments afford results as a function of a range of
temperatures. Only the variety Arikara was used
for the HHR experiments. Subsequently, the in-
fluence on the carbonization process on more va-
rieties and at different heating rates was investi-
gated. Hopi Black Dye and Apache Brown, in
addition to Arikara, were used.

The influence of a LHR was studied by intro-
ducing the samples into a tube oven with an am-
bient temperature of about 20 °C. Tests were per-
formed on samples of seeds and achenes, each
containing 10 specimens per variety. To reduce
the number of tests for the additional experi-
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ments, three temperatures were selected: 310,
440, and 600°C. The rationale for the selection
of these specific temperatures is as follows. At
310°C the conversion of polysaccharides, lignin,
and proteins, present in achenes or seeds, into
aromatic moieties is almost completed. The con-
version makes the resulting residues more resist-
ant to attacks by microorganisms upon deposit
into the soil, and the chances that this material
will be recovered from archaeological sites are
much greater compared to material that consists
of starch and proteins. The temperature of 440°C
was selected because the chemical structure, now
consisting only of condensed aromatic moieties
(the lipids are not present anymore), will not
change at higher temperatures. However, the re-
flectance continues to increase. The temperature
of 600°C was selected because it seems to be a
maximum temperature that can be reached when
samples are heated in an open fire.

To study the influence of the LHR, the sam-
ples were carbonized at the above temperatures in
separate series of experiments. For each tempera-
ture, 120 minutes was allowed for the oven to
reach the optimal temperature of 310, 440, and
600°C. Accordingly, the heating rate varied from
2.4–4.8°C min−1. After the desired temperatures
were attained, the samples were kept at that level
for another 60 minutes in order to compare the
results to those obtained under the HHR regime
for 60 minutes.

Mass Loss of Achenes and Seeds
Samples, each containing 10 achenes or seeds,

were weighed before and after carbonization, in
order to calculate the percentage of mass loss. A
strong rate of mass loss was observed for both
achenes and seeds carbonized in the range of 250
to 400°C, after which the rate of mass loss slowly
decreased with temperature (Fig. 2).

The main constituents of sunflower seeds are
lipids (47–65 wt%) and proteins (20–40 wt%)
(González Pérez 2003). Carbonization has differ-
ent effects on each biopolymer (Braadbaart et al.
2007). Lipids will evaporate, and, at a tempera-
ture of 370°C, they have mostly disappeared. At
400°C lipids are no longer recognized. Proteins
react differently. At temperatures in the range of
150–250°C, when water once again becomes
available due to dehydration processes, the pro-
teins will swell, causing an increase in dimensions.
At temperatures exceeding 250°C, the proteins
will gradually convert into aromatic compounds.
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Fig. 2. Mass loss (%) of sunflower achenes and seeds as a function of the temperature in °C. Solid symbols
carbonized at a high heating rate (HHR), open symbols at a low heating rate (LHR).



From 310°C and higher, proteins are no longer
observed. This process is accompanied by the re-
lease of many volatiles and, in turn, a strong mass
loss occurs (Fig. 2). Between 310 and 440°C, a
further condensation of the aromatic compounds
occurs with a loss of CO and CO2 that results in
more mass loss (Braadbaart 2004b). At higher
temperatures, a different type of conversion oc-
curs, and the rate of mass loss decreases further.

The mass loss of seeds between 250 and 370°C
is somewhat less than for achenes. With increasing
temperature this difference gradually becomes
smaller, and at temperatures above 400°C, the
mass loss of seeds exceeds that for achenes. These
deviations can be attributed to the relative differ-
ences in the presence of oils and the fact that oils
do not carbonize but rather evaporate. Mass loss
occurs by evaporation of oils and chemical con-
version of the other constituents. Seeds contain
relatively more oils than achenes. Apparently in
the lower temperature range, evaporation of oils is
slower than chemical conversion. Consequently,
seeds lose less material and have a lower mass loss.
Once oils have evaporated, between 370 and
400°C, the mass loss of the seeds becomes higher.

When compared to a HHR, the mass loss of
achenes and seeds carbonized at a LHR is lower.
The volatiles, which occur as a result of the car-
bonization process, traverse the residues on their
way to the external environment, causing second-
ary reactions between these volatiles and the con-
verting solids of seed and hull. In the case of a
LHR, the time in which the volatiles reside
within the heated specimens is longer compared
to a HHR, and more time is available for second-
ary reactions. Thus more secondary moieties with
identical chemical structure are formed. Conse-
quently, more mass is formed and mass loss de-
creases.

Reflectance
The chemical structure of the constituents of

the different sunflower varieties is similar. At
temperatures where reflectance can be measured
(higher than 270°C when aromatic ring struc-
tures start to form), the chemical structure of the
carbonized sunflowers will be similar regardless of
variety. To measure reflectance, the variety
Arikara was selected. Reflectance rises slowly
from 270 to 400°C (Fig. 3). Thereafter, it rises
more rapidly. The S.D. of the measurements in-
creases from 0.072 at 280°C to 0.23 at 600°C.

When samples are carbonized at a HHR or
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LHR at identical temperatures, the mass loss may
vary, but the chemical structure is identical and,
in turn, the reflectance will be identical. By mea-
suring reflectance, the temperature at which ach-
enes and seeds have been carbonized can be mea-
sured independent of the heating rate (Braadbaart
and Bakels n.d.).

Seeds: Changes in Length and Width
Samples containing 10 seeds of the variety

Arikara were prepared by manually removing the
hulls from the achenes. Length (L) and width
(W) of each seed were measured and their means
calculated. These samples were carbonized for 60
minutes in the preheated tube oven (HHR) at
each of the following temperatures: 160, 220,
250, 310, 340, 370, 400, 440, 500, and 600°C.
After cooling, the specimens in the samples were
remeasured and new means were calculated.
Changes in the means of L and W are plotted as
the percent shrinkage versus temperature (Fig. 4).
Shrinkage is defined as the ratio of the untreated
or original dimension minus the carbonized di-
mension to the untreated or original dimension,
for example, for the width: Wuntreated − Wcarb /
Wuntreated * 100 %.

At 160 and 220°C, the Arikara seeds swelled,
resulting in increased L and W, which is shown as
a negative shrinkage (Fig. 4). From 250°C, L
starts to shrink, but W remains almost equal to
the width of the untreated seed until 370°C. At

Fig. 3. Reflectance measurements (%Rr) on sun-
flower achenes (var. Arikara), carbonized for 60 min-
utes at a high heating rate (HHR), as a function of the
temperature in °C. ▫ = samples of achenes.
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Fig. 4. Mean shrinkages of length (L) and width (W) of samples containing ten sunflower seeds of the indi-
cated varieties as a function of the temperature in °C. Solid symbols carbonized at a high heating rate (HHR),
open symbols at a low heating rate (LHR).



higher temperatures, W begins to shrink, eventu-
ally reaching a 20% reduction at 600°C. Under
these conditions L shrinks slowly from 250 to
310°C, then shrinks more rapidly reaching an
18% reduction at 370°C and 28% at 600°C.

Subsequently, samples of 10 seeds of the vari-
eties Hopi Black Dye and Apache Brown were
carbonized under similar conditions (HHR), and
the shrinkages of L and W were calculated based
on their sample means. The mean mass of the
original Arikara seeds is higher than the seeds of
the other two varieties, which points to a higher
oil content. The results indicate that differences
in shrinkage of L and W between the three vari-
eties are not substantial, even when the oil con-
tent differs (Fig. 4).

In order to investigate the influence of the
heating rate on the shrinkage of L and W, the
three varieties were carbonized at 310, 440, and
600°C at a LHR. At temperatures higher than
310°C, seeds of all three varieties carbonized at a
LHR show a substantial greater shrinkage of L
and W than when carbonized at a HHR (Fig. 4).
The differences between the three varieties are
still rather small. It is noted that the seeds car-
bonized under the latter conditions are rather dis-
torted and fragile, but L and W are still measura-
ble. One may wonder if these vulnerable residues
will survive deposition into the soil and subse-
quent recovery by the archaeologist.

Achenes: Changes in Length and Width
Samples of 10 Arikara achenes were carbonized

under similar conditions (HHR) as described for
seeds. The shrinkages of L and W are plotted ver-
sus the temperature of the heat source (Fig. 5).
From 160°C, the shrinkage of W gradually in-
creases to 13% at 310°C, then more strongly to
23% at 340°C. Thereafter it increases more
slowly to 27% at 700°C. The shrinkage of L per-
sists at about 3% to 310°C, then increases to
17% at 370°C, and eventually rises to 22% at
700°C.

Samples of the varieties Hopi Black Dye and
Apache Brown were carbonized under similar
conditions (HHR) and shrinkages calculated
based on the sample means for L and W. The
achenes of Hopi Black Dye show a trend similar
to Arikara achenes, but the shrinkage is about 5%
less for both L and W. Uncarbonized Hopi Black
Dye achenes are the smallest of the three vari-
eties, and this difference in size might explain
their relatively less shrinkage. However, uncar-
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bonized Arikara achenes are smaller than Apache
Brown achenes, but their respective percent
shrinkage does not substantially differ.

The influence of the heating rate on L and W
of sunflower achenes was determined by carboniz-
ing the three varieties at 310, 440, and 600°C at a
LHR. For achenes, the results are different from
those obtained for seeds. The differences among
the varieties are rather small (Fig. 5).

Properties of the Archaeological
Achenes and Seeds

Internal Morphology
The microphotograph of the polished cross

section of the archaeological achene (Fig. 6a)
show depressions (d) that are surrounded by light
colored walls (w). It is very likely that these walls
are the original cell walls, which have been pol-
ished to a flat surface. The SEM micrograph of
the cross section of an achene of the variety
Arikara, heated for 60 minutes at 370°C (Fig.
6b), is also characterized by depressions (d) sur-
rounded by walls (w), but in this case the walls
do not exhibit a flat surface. When comparing
both figures, a similar cross section is observed;
however, the polishing necessary to measuring re-
flectance resulted in a flattening of the superior
walls of the archaeological achene.

Reflectance and Chemical Structure
The reflectance and chemical structure of the

five archaeological achenes recovered from the
Stelzer site were determined. The reflectance var-
ied from 0.63 to 1.25%Rr, corresponding to
temperatures of 365 and 420°C, respectively. The
differences in temperature are possible as each
achene will not have been in the same position
near or within the fire that caused the carboniza-
tion. Of great interest, the temperatures derived
by reflectance fall in the range where the greatest
variation in shrinkage occurs (Fig. 5). Also of sig-
nificance, and as expected given the results of our
experiments, oils are not present in the specimens
carbonized at 400°C and higher.

Reconstruction of the Original
Dimensions

General
Open fires, wherein the supply of air is limited

due to a poor mixing of fuel and air (Albini
1993), are the commonly expected conditions
producing carbonized plant remains at archaeo-
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Fig. 5. Mean shrinkages of length (L) and width (W) of samples containing ten sunflower achenes of the in-
dicated varieties as a function of the temperature in °C. Solid symbols carbonized at a high heating rate (HHR),
open symbols at a low heating rate (LHR). Dashed lines indicate the upper and lower limits of the mean shrink-
ages.



logical sites in temperate open-air settings. To en-
hance analysis, it becomes important to under-
stand the carbonization process. Accordingly, car-
bonization experiments on modern plant tissues
under well-controlled conditions in a laboratory
were conducted and compared to experiments
with similar propagules under less controlled
conditions in an open fire (Braadbaart 2004b).
The results of the experiments under both types
of conditions show that the processes governing
carbonization are similar for any type of heat
source. Therefore, results obtained from experi-
ments carried out in the laboratory can also be
used for carbonized specimens recovered from the
archaeological record. This conclusion is impor-
tant and affords a better understanding of how
archaeological remains have obtained the charac-
teristics that today’s researchers observe.

The difference in temperature between a heat
source and the achenes and seeds causes a transfer
of heat by radiation to these samples; the temper-
ature of the samples will increase until it has
reached the temperature of the heat source. In
the case of oil-containing seeds, the increasing
temperature will cause the evaporation of the
lipids and drive the reactions causing the chemi-
cal conversion of polysaccharides, proteins, and
lignin, the other main constituents of the sam-
ples. It is these reactions which result in the losses
of mass noted for the carbonized samples (Braad-
baart et al. 2007). Consideration of these factors
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provides methods that make possible the recon-
struction of the original dimensions of car-
bonized sunflower achenes and seeds recovered
from an archaeological site.

The results of the present investigation on three
varieties of sunflower achenes and seeds under
different carbonization conditions show that tem-
perature, heating rate, and variety cause differences
in shrinkage of lengths and widths, varying accord-
ing to data presented in Figures 4 and 5. As de-
picted in these figures, an important trend is ob-
served that corresponds with the mass loss of the
samples as a function of the temperature (Fig. 2).
This trend is especially well noted in the case of ach-
enes. It is possible to ascertain upper and lower lim-
its of shrinkage (note the dashed lines in Fig. 5) that
describe the shrinkage as a function of the tempera-
ture. By measuring the reflectance, it becomes pos-
sible to determine the temperature at which car-
bonization occurred, and by comparing the
reflectance data to the background data achieved by
the experiments, upper and lower percentages of
shrinkage can be determined for archaeological
specimens. Although achenes and seeds show more
or less a similar behavior, certain differences are ob-
served that require a separate discussion.

Seeds
The cells of the seeds contain oil as well as pro-

tein (Braadbaart et al. 2007). No other biomole-
cules are present, except those that constitute the

Fig. 6. Micrographs of the internal structure of sunflower achenes: (a) polished cross section of the resin-
embedded archaeological achene, and (b) SEM cross section of an achene (var. Arikara) carbonized for 60 minutes
at 370 °C. d = depression and w = wall.



cell walls. At 310°C, the mass loss of the seeds
reaches 30%, but hardly any shrinkage of L and
W is observed (Fig. 2 and 4). The width does not
shrink until 370°C, when the bulk of the oil is
evaporated. These results point to an evaporation
of oil from the cells between 310 and 370°C;
during the intervals, the dimensions of the seeds
remain unchanged because the oil inhibits the
shrinkage of the cells. Thus only a gradual in-
crease in mass loss is measured, while the shrink-
age of L and W is limited. Once the oils have
completely disappeared, between 370 and 400°C,
the amount of shrinkage increases.

Little difference in shrinkage is observed be-
tween the varieties when the samples are car-
bonized at a HHR for all investigated tempera-
tures. Under a LHR regime to temperatures of
310°C, the percentage shrinkage of the seeds is
identical to seeds carbonized at a HHR. But at
higher temperatures, the shrinkage of LHR seeds
is much higher than that for HHR seeds. Figure
7 illustrates the results. In the figure, the lowest
levels of shrinkage for the three varieties reflect
seeds carbonized at a HHR. Their shrinkage
forms a nearly straight line (Fig. 7). Beginning at
310°C, the upper range of shrinkage reflects
those seeds that were carbonized at a LHR. It
should be noted that the LHR seeds are greatly
distorted and fragile and are not likely to survive
burial and recovery from archaeological contexts.
It initially appears that slower heating causes a
higher percentage of shrinkage than quicker heat-
ing. However, we suggest that it is not the rate of
heating but the time of exposure to the heat
source that explains the results. At LHR the seeds
remained for three hours in the oven, while at a
HHR they spent only one hour in the oven. The
relationship with time is supported by previous
experiments by Wright (1998, 2003).

Carbonized seeds are frequently found to-
gether with pieces of carbonized broken hull or
with pieces of hull still stuck to the seed. Appar-
ently seeds have been carbonized within the hulls,
and after deposition or during recovery activities,
mechanical forces caused the hulls to break.
However, the current experiments reflect seeds
carbonized after the removal of the hull. To inves-
tigate the influence of the presence of a hull,
whole achenes were carbonized. Subsequently the
hulls were carefully removed and the seeds mea-
sured to calculate the shrinkage. For this purpose,
four samples were used: two carbonized at 440°C
and two at 600°C, all at a LHR. The results indi-
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cate that the shrinkage of the seeds is a function
of the presence or absence of a hull at a HHR
(Fig. 7). Moreover, a linear relationship with a
strong positive correlation for both L and W ex-
ists. When reflectance is measured and plotted in
Fig. 7, the shrinkage can be measured and the
original dimensions reconstructed.

Achenes
The rate of shrinkage of achenes, as a function

of the temperature, corresponds with the rate of
mass loss: a strong increase in shrinkage is ob-
served from 250 to 370°C, and thereafter the
shrinkage increases more gradually (Fig. 5). In
the lower temperature range where there is much
shrinkage, the differences between the varieties
and the heating rates are rather small. It is noted
that seeds behave in a different way. In tempera-
ture ranges greater than ca. 370 to 400°C, the
lower limit of shrinkage is represented by car-
bonized Hopi Black Dye achenes, which are the
smallest specimens of the three varieties. The
upper limit in this temperature range consists of
Arikara and Apaches Brown achenes.

Archaeological Interpretations and
Reconstruction of the Dimensions
To illustrate how the original dimension can

be reconstructed from the dimensions after car-
bonization, the archaeological achenes recovered
from a site in Missouri are used. The results are
summarized in Table 2. On each sample the re-
flectance (%Rr) was measured. By plotting the
reflectance in Fig. 3, the temperature at which a
sample has been carbonized can be measured.
Concurrently the temperature of each sample is
plotted as a vertical line in Fig. 5, and the range
of shrinkages can be measured at the intersection
of each line with the upper and lower limit of L
and W. The shrinkage for L varies between 7.5
and 19% and for W between 16.5 and 29%. To
reconstruct the original L and W, the correction
factor, 100/(100-% shrinkage), has to be calcu-
lated. For L this factor ranges between 1.08 and
1.23, and for W between 1.20–1.41 (Table 3). By
multiplying the correction factors with the actual
L and W of each sample, the original L and W is
reconstructed. The original length and width is
also reconstructed by using Yarnell’s correction
factors: 1.11 for lengths and 1.27 for widths. It is
important to note that for the five archaeological
achenes, the latter correction factors produce low
values for the uncarbonized dimensions
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Fig. 7. Relationships between mean shrinkage of length (L) and width (W) of seeds of the three indicated va-
rieties and the temperature in °C. The solid and open symbols represent high heating and low heating rates, re-
spectively, and are carbonized after removal of the hull. Crosses (+) represent seeds carbonized in the hull at a low
heating rate.



Consequences for Archaeological
Research

In 2001, while arguing for the domestication of
sunflowers in Mesoamerica, Lentz et al. called into
question the use of measurement as a means to dis-
tinguish domesticated versus wild forms of sun-
flower. The measurement scheme (and correction
factor) referred to by Lentz et al. (2001) was insti-
tuted by Richard Yarnell. In his seminal article,
“Domestication of Sunflower and Sumpweed in
Eastern North America,” Yarnell (1978:296) says,
“In order to convert measurements of carbonized
sunflower seeds and achenes to estimates of original
achene size, it is necessary to increase achene length
and width by 11% and 27% respectively, in accor-
dance, with results obtained by Heiser (1953) . . .”

Yarnell’s correction factor became a standard
for those researching the domestication of sun-
flower in North America. One could increase the
achene length and width as prescribed and then
compare the results to Table 1 of Yarnell’s 1978
text. There Yarnell indicates that a L and W range
of 3.0–5.5 × ? (W) is suggestive of a wild form of
sunflower; 4.0–7.0 × ? (W) is suggestive of a rud-
eral form; and 6.3–20+ × 3.2–1.2+ is suggestive

2007] BRAADBAART AND WRIGHT: CARBONIZED SUNFLOWER SEEDS 151

of a cultigen. His Table 1 also contains a series of
corrected lengths and widths from archaeological
achenes that had been derived from Late Archaic
through Mississippian period deposits.

Since Yarnell’s article, experiments such as
Braadbaart (2004b), Smith and Jones (1990),
Wilson (1984), and Wright (2003) have re-
searched the effects of carbonization on a diverse
range of seeds. The current experiment focused
on sunflower. Experiments were conducted that
demonstrate that a decrease of 2.5–22.5% in ach-
ene length and 10–29% in achene width can
occur, depending on the heating regime and the
variety used (Fig. 5). These figures are based on
the assumption that the recovered specimens
were carbonized between 310 and 600°C. Cor-
rection factors can range from 1.03–1.29 for
lengths and 1.11–1.41 for widths. We did not in-
clude the correction factors for temperatures
below 310°C as these samples still contain sugars
and proteins, and their chances to survive micro-
bial attack in the soil are rather small.

In general, our correction factors contrast with
Yarnell’s single correction factors: 1.27 for widths
and 1.11 for lengths. For the sake of argument in
Table 4, we present the mean LW as calculated by

Table 2. Results of the determination of reflectance, carbonization temperature, shrinkages,
and correction factors for length (L) and width (W) of five archaeological achenes.

Shrinkage Correction Shrinkage Correction 
Sample Reflectance Temp. range factors range factors

No. (%Rr) (°C) L (%) L W (%) W

1 0.63 365 7.5–14.5 1.08–1.17 16.5–28 1.20–1.39
2 0.63 365 7.5–14.5 1.08–1.17 16.5–28 1.20–1.39
3 0.85 395 10–18.5 1.11–1.23 21–28.5 1.27–1.40
4 0.95 405 10–18.5 1.11–1.23 21–28.5 1.27–1.40
5 1.25 420 11–19 1.12–1.23 21.5–29 1.27–1.41

Table 3. Reconstruction of the original length (L) and width (W) of five archaeological
achenes applying correction factors from this study and Yarnell* (1978).

Original L Original L Original W 
this study Yarnell* Actual W this study Original W 

Sample No. Actual L (mm) (mm) (mm) (mm) (mm) Yarnell* (mm)

1 5.14 5.55–6.01 5.71 9.96 11.95–13.84 12.65
2 5.07 5.48–5.93 5.63 12.00 14.40–16.68 15.24
3 5.24 5.82–6.45 5.82 10.82 13.74–15.15 13.74
4 5.95 6.60–7.32 6.60 10.14 12.88–14.20 12.88
5 6.08 6.81–7.48 6.75 10.46 13.28–14.75 13.28

* Correction factor for L = 1.11 and W = 1.27.



Yarnell (1978:Table 1) for a variety of Eastern
Woodland sunflower achenes, and the range of
mean LWs for these archaeological achenes based
on our experiments. The comparison shows that
Yarnell’s mean LW produce conservative to moder-
ate corrections. Accordingly, when comparing the
mean LW or mean lengths and widths of an ar-
chaeological assemblage to the modern measure-
ments, the archaeological assemblage could be clas-
sified as “wild” or “ruderal” when, in fact, it
represents a “cultigen.” While Yarnell’s correction
factors have been useful in identifying trends in
achene and seed changes that can be linked to do-
mestication, it is important to note that his correc-
tion factors reflect rather conservative estimates.

The problem in interpreting sunflower remains
may not be measuring per se but rather the use of
a single correction factor (viz., increasing achene
length and width by 11% and 27%, respectively)
for all achenes and seeds. If one considers that
variation in size is dependent on achene develop-
ment and the variety of sunflower (Nelson 2002)
and couples this understanding with variation in
size as a result of heating, a single correction fac-
tor can grossly bias the interpretation. We argue
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that looking at ranges of large assemblages or
caches provides a more realistic basis for interpre-
tations for subsistence strategy. In addition, re-
flectance can control for the heating regime, and
provides a corrected size range that is more spe-
cific in correcting for heating regime variables.
Improvements in data analysis offered by this
study can enhance our abilities to reconstruct
prehistoric subsistence strategies and to under-
stand interactions of crops and weeds.

Summary
It is understood that the carbonization of sun-

flower achenes and seeds has become increasingly
significant given recent discussions in the litera-
ture about the origins of sunflower domestica-
tion. Lentz et al. (2001) call into question the use
of measurements and corrections factors such as
those posited by Yarnell (1978). The former
(2001:372) aptly suggest that “carbonization is a
highly variable process dependent on the temper-
ature of the fire, exposure time, and moisture
within the plant tissue.”

Our experiment not only provides data to sup-
port Lentz’s suggestion, but also provides a means
to compensate for most of the variables associated
with carbonization. Temperature, heating rate, and
variety determine the shrinkage of achenes and
seeds as a result of the chemical conversion caused
by heating under anoxic conditions. By measuring
the reflectance, the temperature at which the car-
bonization occurred can be calculated. The next
step is the calculation of the shrinkages and the ac-
companying correction factors to reconstruct the
original dimensions of achenes and seeds. Rather
than abandon correction factors based on car-
bonization, we recommend testing the reflectance
of archaeological seeds or achenes as a means to re-
construct their noncarbonized dimensions. As a
caution, we acknowledge that the sunflower vari-
eties recovered from archaeological sites may be-
long to unknown taxa or may have been distorted
in ways that are unknown.

It is important to note that reflectance has ap-
plications beyond discussions of sunflower do-
mestication. For example, in Europe, differentiat-
ing species and varieties of carbonized wheat
grains (Triticum L.) based solely on the measured
dimensions poses problems (Hillman et al. 1996;
Jacomet 1987). Experiments involving the heat-
ing of three species of wheat have shown that the
initial difference in the ratio of length to width
among the three species gradually disappears with

Table 4. Mean LW based on correction
factors from Table 1 of Yarnell (1978) compared
to correction factors as calculated in this
study.

Mean LW Range of mean LW 
from Table 1, based on this study 

Sites Yarnell (1978) (see text)

Late Archaic to Early 
Woodland

Higgs, TN 24 20–31
Salts Cave J4: 10–11 18 15–24
Salts Cave J4: 5–8 24 20–31
Salts Cave J4: 4 25 23–33
Mammoth Cave–Nelson 49 40–63

Middle to early Late 
Woodland

Owl Hollow, TN 34 28–44
Boyd, MS 25 20–32

Mississippian
Great Oasis, IA 56 46–72
Wilford, MS 41 35–53
Steed Kisker, MO 58 47–75
Paul McCulloch, MO 82 66–106
Turner-Snodgrass, MO 76 61–98
Campbell, I., OH 78 64–101
Cramer, OH 78 64–101



increasing temperature (Braadbaart and van
Bergen 2005). Accordingly, the use of reflectance
can be broadly applied to a variety of plants and
investigations and interpretations that hinge on
measurements of carbonized remains.
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