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Documenting variation and change in the use of particular plants and plant parts for fuel in ancient households
contributes to an understanding of settlement location, local and regional abandonments and resource depletion.
Chemical analysis of ash surviving in hearths and other thermal features to determine the kinds and relative amounts
of fuels consumed may be less biased by formation processes than the macrofossil record currently employed to
document ancient fuel use. Our studies indicate that it is possible to distinguish, chemically, ash of common fuel taxa
and tissue types (bark, wood, etc.) in both modern and ancient samples of fuels found in the northern Colorado Plateau
region of the American Southwest. However, the chemical signatures of the ancient and modern material of the same
taxon differ, indicating possible alteration by post-depositional processes. Although multiple regression performs well
in determining the relative contributions of different fuels to modern ash mixtures, possible post-depositional
alterations and incomplete characterization of the range of within-taxon variation, currently limit our confidence in
applications of this approach to ancient ash from Pueblo III settlements in south-west Colorado.
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Introduction

P atterns of fuel use and depletion have played an
increasingly important role in studies of ancient
land use, resource depletion, settlement lo-

cation, and settlement and regional abandonment
(e.g. Minnis, 1978; Johannessen, 1988; Kohler &
Mathews, 1988; Johannessen & Hastorf, 1990; Kohler,
1992). Reconstructions of ancient fuel use are currently
based on microscopic recognition of anatomical
features of preserved charred wood fragments at least
4 mm2 in size (Minnis, 1987: 122). Unfortunately,
taxonomic identifications are not always secure when
pieces are minute or distorted by burning. In addition,
cooking and heating activities commonly result in
complete consumption of most fuel used, leaving only
ash. Variation among woody taxa and tissue types of
the same taxon in their propensity to distort, break
into small fragments, and reduce to ash (Jordon, 1965;
493
0305–4403/98/060493+11 $25.00/0
Stewart, 1994) creates a strong potential for bias in the
macrofossil record of fuel use.

Because most fuel is burned to ash, a more complete
picture of ancient fuel use might be obtained through
chemical analysis of ash surviving in hearths, roasting
pits, kilns and other locations where ash accumulates.
Analyses of sediments from cave sites in Israel indicate
that ash continues to be chemically recognizable even
in contexts of great antiquity (Schiegl et al., 1994). In
addition, chemical studies of plant tissues demonstrate
that different taxa and tissue types of the same taxon
vary in their elemental composition (Kollmann &
Cote, 1968; Hillis, 1987; Dunn, 1992; Durand, Rose &
Shelley, 1993). These results support the potential for
using chemical analyses to identify the kinds and
relative amounts of fuel taxa and tissue types in ash
recovered in archaeological contexts. However, three
conditions must be satisfied for this approach to be
feasible: (1) we must know the chemical composition of
? 1998 Academic Press Limited
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potential fuel taxa and tissue parts and these must
be chemically distinguishable; (2) if extended post-
depositional weathering significantly alters chemical
signatures, such alteration must be systematic and
measurable; and (3) it must be possible to distinguish
the relative amounts of different taxa and tissue types
in mixed ash samples.

Using inductively coupled plasma atomic emission
spectrometry (ICP-AES), we analysed (1) modern
potential fuels, (2) ancient charcoal that was reduced to
ash in the laboratory, (3) ancient hearth ash, and (4)
modern ash mixtures, to investigate the potential for
chemically identifying the presence and relative abun-
dance of fuel taxa and tissue types in ancient hearth
ash. The samples analysed for this study were collected
from settlements in south-western Colorado occupied
in the final decades before the migration of Pueblo
people out of the San Juan Basin near the end of the
13th century  (Lipe, 1995). By developing the tech-
nique of ash chemical analysis, we hoped to obtain a
more complete picture of fuel use during the late
Pueblo III period in south-west Colorado, and of any
role that fuel depletion may have played in the
subsequent abandonment of the region.

Materials and Methods
The study area from which samples were collected is
located on the north-eastern edge of the Colorado
Plateau at the base of the Rocky Mountains, and
ranges in elevation from 1500 to 2000 m, while receiv-
ing around 32 cm of precipitation annually (Figure 1).
Plant taxa belonging to the Great Basin Desertscrub
(Turner, 1982) and the Great Basin Conifer Woodland
(Brown, 1982) biotic communities occur within the
region. Major woody taxa commonly found as macro-
fossils in ancient hearths include pinyon pine (Pinus
edulis), Utah juniper (Juniperus osteosperma), and a
variety of shrubs including sage (Artemisia tridentata),
mountain mahogany (Cercocarpus montanus), and
Utah serviceberry (Amelanchier utahensis). In addition
to these woody taxa, corn (Zea mays) cobs with kernels
removed were also used as tinder or fuel. All ancient
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and modern samples were collected from in or around
two relatively large late Pueblo III (c.  1250–1280)
settlements investigated by Crow Canyon Archaeologi-
cal Center—Sand Canyon Pueblo (5MT765) and
Castle Rock Pueblo (5MT1825). Sand Canyon Pueblo
is a large aggregated settlement with over 500 struc-
tures that lies in a dense pinyon and juniper woodland
at the head of Sand Canyon (Bradley, 1992, 1993).
Castle Rock Pueblo is also an aggregated settlement
consisting of approximately 60 structures built around
a small sandstone butte in a less densely wooded region
near the mouth of Sand Canyon.

Several ICP-AES runs using modern and ancient
samples were conducted to determine the best prep-
aration and analysis procedures for these kinds of
samples. Once appropriate procedures were selected
and standardized, the elemental chemistry of 34
samples was analysed for this study, including; (1) 17
modern examples of six known ancient fuel wood taxa,
(2) 11 samples of ancient fuel wood charcoal of known
taxon identified via anatomical criteria and then re-
duced to ash, (3) two ancient hearth ash samples, (4)
two samples of archaeological sediments, and (5) two
mixtures of modern ash created in the laboratory
(Table 1). Most of the modern samples were obtained
from the bark and wood of Pinus edulis and Juniperus
osteosperma trees rooted in slightly different substrates
to obtain data on potential effects of soil differences on
chemical composition. We included the ancient char-
coal and sediment samples to provide data on the
effects of post-depositional weathering. The two mix-
tures of known quantities of different kinds of modern
ash were created to test the methods used to identify
the taxonomic composition of mixtures that were
likely to make up the ancient hearth ash samples. In
addition, two blanks (containing only the chemicals
used to process the samples), two machine standards
(in-house samples with known element concentrations)
and two US National Institute of Standards and
Technology pine needle standards (Standard Reference
Material 1575) were run with the other samples to
check for instrument ‘‘drift’’ and to aid in identifying
unreliable element concentration data.

Preparation and chemical analysis of all samples
followed five steps:

(1) samples were oven-dried at 100)C for 20 h and
weighed to the nearest 0·0001 g;

(2) samples (including ash, charcoal, sediment, and
pine needle standards) were burned to ash in a
muffle furnace at 600)C for 12 h and weighed to
the nearest 0·0001 g;
Table 1. Samples analysed for elemental chemistry

Sample
ID No. Taxon or type Tissue type Age Provenience

1 Pinus edulis Wood & bark Modern Dakota sandstone at 5MT765
2 Pinus edulis Bark Modern Dakota sandstone at 5MT765
3 Pinus edulis Wood Modern Dakota sandstone at 5MT765
4 Pinus edulis Wood & bark Modern Navajo sandstone at 5MT1825
5 Pinus edulis Bark Modern Navajo sandstone at 5MT1825
6 Pinus edulis Wood Modern Navajo sandstone at 5MT1825
7 Juniperus osteosperma Wood & bark Modern Dakota sandstone at 5MT765
8 Juniperus osteosperma Bark Modern Dakota sandstone at 5MT765
9 Juniperus osteosperma Wood Modern Dakota sandstone at 5MT765

10 Juniperus osteosperma Wood & bark Modern Navajo sandstone at 5MT1825
11 Juniperus osteosperma Bark Modern Navajo sandstone at 5MT1825
12 Juniperus osteosperma Wood Modern Navajo sandstone at 5MT1825
13 Zea mays (Hopi Blue) Cob Modern Mesa top garden near 5MT765
14 Zea mays (Chapalote) Cob Modern Provided by Native Seed search
15 Artemisia tridentata Wood Modern Dakota sandstone at 5MT765
16 Amelanchier utahensis Wood Modern Dakota sandstone at 5MT765
17 Cercocarpus montanus Wood Modern Dakota sandstone at 5MT765
18 Unknown A Ash Modern Lab mixture of modern ash
19 Unknown B Ash Modern Lab mixture of modern ash
20 Pinus type Uncharred wood Ancient 5MT765, Struc. 1008, Strat. 2
21 Juniperus Charred wood Ancient 5MT765, Struc. 1004, Strat. 2
22 Juniperus Uncharred wood Ancient 5MT1825, Struc. 105, Surf. 5
23 Juniperus Charrred wood Ancient 5MT1825, Struc. 105, Surf. 5
24 Juniperus Charred wood Ancient 5MT1825, Struc. 105, Strat. 3
25 Zea mays Charred cob Ancient 5MT765, Struc. 1204, Strat. 3
26 Zea mays Charred cob Ancient 5MT765, Struc. 1204, Strat. 2
27 Zea mays Charred cob Ancient 5MT765, Struc. 1204, Strat. 2
28 Zea mays Charred cob Ancient 5MT765, Struc. 808, Strat. 1
29 Zea mays Charred cob Ancient 5MT1825, Struc. 105, Surf. 5
30 Zea mays Charred cob Ancient 5MT1825, Struc. 105, Strat. 1
31 Hearth ash Ancient 5MT765, Struc. 1005, Fea. 2
32 Hearth ash Ancient 5MT1825, Struc. 304, Fea. 6
33 Sediment 5MT765, Struc. 808, A horizon
34 Sediment 5MT765, Struc. 808, Strat. 1
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(3) ash was digested to a liquid analyte by soaking at
room temperature for 24 h in 100% reagent qual-
ity aqua regia (HNO3:HCl, 1:3) followed by heat-
ing of this mixture at 125)C until the volume was
reduced to 3 ml. Solids remaining after digestion
were recovered in filter paper for analysis;

(4) the liquid analyte produced by the digestion pro-
cess was then diluted with deionized distilled
water to a volume of 100 ml except for six smaller
samples (ID Nos. 3, 6, 9, 12, 14, 27) which were
diluted to a volume of 50 ml;

(5) the concentrations (ppm) of 30 elements were
measured simultaneously for each analyte sample
using a Jarrell Ash ICAP 9000 inductively
coupled plasma atomic emission spectrometer lo-
cated at the Lakehead University Instrumentation
Laboratory.

Eleven samples of solid digestion residue from the
samples reported in this paper were analysed to deter-
mine the percentage of original ash not digested and
the elemental composition of this residue. These were
all derived from ancient archaeological specimens and
included three replicate samples of ancient uncharred
Pinus wood (sample ID No. 20), three replicate
samples of ancient charred Juniperus wood (sample ID
No. 21), two samples of different ancient charred corn
(Zea mays) cobs (sample ID Nos. 25 & 26) and three
replicate samples of ancient hearth ash from Sand
Canyon Pueblo (sample ID No 31). Five modern
specimen residue samples from an earlier ICP run were
also analysed. Although problems with that run led to
the exclusion of the ICP results from this study, the
residues provide useful comparisons to those from the
archaeological samples. The five modern samples in-
clude one modern Zea mays cob supplied by Native
Seed Search and wood from two Pinus edulis trees and
two Juniperus osteosperma trees at Sand Canyon
Pueblo. Each wood type includes samples collected
from trees growing on two different sandstone forma-
tions present in the collection area. To avoid contami-
nation of the sample from surface sediment, we
snipped the specimens from dead branches on the trees.

The percentage not digested and thus remaining
as residue was measured by dividing the weight of
the residue by the total weight of the ash before diges-
tion. The semi-quantitative elemental composition of
seven of these residue samples (one of each sample
type) was determined through energy dispersive spec-
trometry coupled with a scanning electron microscope
(SEM-EDS). The X-ray data were acquired by raster-
ing the electron beam over between one and three
areas of each sample for 100 s.

Treatment of the raw ICP-AES data involved cali-
brating and standardizing all values, and selecting
elements for inclusion in quantitative analyses. Con-
centration determinations for each element were cali-
brated by subtracting the values obtained for the blank
samples. All sample values were then standardized by
dividing by the weight of digested ash and correcting
for dilutions. The ICP analysis produced high and low
measurements for four elements (Ca, Fe, Mg and Na).
Selecting the most accurate measurement depends on
the element’s concentration in a given sample. In
samples with relatively high concentrations, the
high values were selected, while in samples with low
concentrations, we used the low values.

We eliminated elements from inclusion in subse-
quent quantitative analyses based on three criteria.
Eliminated were: (1) elements for which most samples
yielded values below reliable instrument detection
limits (IDL); (2) elements whose values for pine needle
standards compared poorly to certified concentrations;
and (3) elements comprising a large proportion of
residue remaining after digestion of the ash as deter-
mined by SEM-EDS of residue samples. The accuracy
of concentration measurements near the IDL varies
among elements. As a general rule of thumb, we
considered elements for elimination from quantitative
analyses if their concentrations were less than three
times their IDL. Only Si was eliminated due to high
concentrations in the digestion residue, and it also
yielded inconsistent results for the pine needle standard
samples. To avoid the problem of digestion residues
in future analyses, digestion should be forced to
completion by heating samples during digestion and
possibly by using other chemicals such as nitric and
hydrofluoric acid.

Results
Analyses of digestion residues

The percentages of digestion residues of the digested
ash for the ancient wood and charcoal samples range
Table 2. Estimated element concentrations (%) from SEM-EDS analysis of digestion residues

Sample Al Ca Cl Fe K Mg Na S Si Ti Zn

Ancient Pinus 5·49 0·62 0·55 0·98 3·38 0·16 1·03 0·41 85·2 1·85 0·35
Modern P. edulis 2·39 0·48 0·16 0·80 4·85 0·32 0·34 0·10 83·7 2·49 0·42
Ancient Juniperus 6·23 0·53 0·36 1·02 3·44 0·54 0·97 0·80 83·9 1·43 0·82
Modern Juniperus 7·49 0·46 0·10 0·69 3·89 1·08 1·94 0·35 82·2 1·86 0
Ancient Zea mays 5·07 0·99 1·01 0·34 3·20 0 1·93 0·56 86·0 0·17 0·77
Modern Zea mays 1·58 0 0·51 0·12 1·18 0 0 0·37 95·2 0·13 0·94
Ancient Ash 8·28 0·38 0·31 1·69 3·78 0·64 1·39 0·28 81·5 1·31 0·45
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between 11 and 49%, with an average of 34·5% for the
eight ancient samples. The modern samples range from
14·3% to 53·4%, averaging 34·9%. Among the archaeo-
logical samples, Pinus consistently produced less
residue than Juniperus samples with Zea mays cobs
intermediate. Results from the modern samples were
similar to the ancient specimens except that Zea mays
produced the least residue. Digestion residues for the
ancient hearth ash were considerably higher with an
average of 76·7% for the three samples weighed. The
higher values for the ash samples probably result from
mixture of the ash with sediment from the enclosing
deposits, which may also account for the greater
amount of residue from the archaeological Zea mays
cobs than the modern cob samples. However, some of
the variation in undigested residues may result from
differences among tissue types. For example, one Pinus
specimen produced 23·4% of residue when the wood
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and bark were digested together, but wood and bark
digested separately produced <0·1% and 35·3% of
residue respectively.

Table 2 shows the percentage element concen-
trations (averaged from the multiple rasters) for the
seven sample types. In all samples, Si constitutes over
80% of the residue, with Al and K making up most
of the remaining residue. Fortunately, element
concentrations are fairly consistent across sample
types.

It is possible that the residues are derived, at least in
part, from inorganic nutrients in the tissues. Temperate
zone woods contain 0·1–1·0% inorganic nutrients
(Hillis, 1987: 83). To investigate this possibility, we
conducted brief SEM-EDS examinations of the vari-
ous structures and cell types in heartwood, sapwood
and bark across radial sections of Pinus edulis and
Juniperus osteosperma specimens. Some apparently
crystalline substances containing some elements found
in the digestion residues were observed, suggesting a
possible area for future investigation.

In summary, our digestion method produced
undissolved residue, primarily of a siliceous nature, the
amount varying among taxa and among tissue type
within a taxon. Hence, we eliminated Si from the
ICP-AES data set of elements in the analyte solutions
to reduce the impacts of variation among samples in
digestion residue.

ICP-AES analysis
Table 3 shows the calibrated results in ppm of digested
ash from the ICP-AES analyses of the 34 samples
included in this study. Although data were generated
for 30 elements by the ICP-AES instrument, only the
elements considered reliable for quantitative analyses
are included in Table 3. Using the criteria stated
earlier, we eliminated 16 elements from consideration
(As, B, Co, Cr, Fe, Mo, Na, Nb, Ni, Pb, S, Se, U, V, Z,
Zr). Most of these elements were eliminated due to
inconsistent results in comparison to the pine needle
standard. Five of the elements (Nb, Pb, Tl, V and Zr)
were eliminated due to concentrations near or below
the detection limits of the ICP instrument at Lakehead
University and three elements (As, Se, Mo) were
eliminated based on multiple criteria.

Most of the data were generated in a single run of
the instrument. Only two samples (ID Nos. 25 and 26)
were analysed in a separate run which did not include
the pine needle standard. However, the samples were
included in this study because they appear to be
reliable, based on consistency in the blank and the
machine standards run with the samples. Close corre-
spondence between the measured values and major
element concentrations reported for other temperate
wood species (Hillis, 1987) indicate that the data
generated for this study fall within an expected range.

Discussion
The quantitatively reliable element concentration data
can now be used to evaluate the three issues critical to
distinguishing the fuel constituents of ash: taxonomic
and tissue type variability; post-depositional alteration;
and sorting out taxonomic/tissue type ash mixtures.

Taxonomic and tissue variability
If variation in elemental composition is consistently
greater within than between taxa and tissue types, the
potential for using elemental concentrations in hearth
ash to identify the fuel sources of the ash would be
limited. Potential sources of variation within taxa
include different growing conditions (mainly sub-
strate), and varietal, age and health differences within
taxa that can affect element uptake (Hillis, 1987; Dunn,
1992).

Figure 2 presents graphs of the ratios of the concen-
trations of the 14 selected elements in different kinds of
samples. In these graphs, values around 1·0 indicate
little or no difference in element concentrations in the
particular samples being compared. Values greater
than 1·0 indicate enrichment of the sample element in
the numerator, while values less than 1·0 indicate
depletion. Figure 2(a) shows the element concentration
ratios of bark to wood for Pinus edulis and Juniperus
osteosperma samples grown on the same substrates
with paired samples from two different substrates
(Navajo and Dakota sandstone) included. These data
show that the composition of wood and bark varies
considerably for some elements suggesting that it
should be possible to distinguish between these two
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tissue types using element concentration data. In
addition, the patterns of bark/wood element concen-
tration ratios are very similar for the two different taxa
and substrates compared. Figure 2(b) compares the
same taxa and tissue types grown on the two different
sandstone substrates. Although some variation is
evident, most values fall close to 1·0, indicating that
substrate plays a minor role relative to taxon and tissue
type in determining element concentrations in these
samples. Figure 2(c) displays the element concentration
ratios for the two different varieties of Zea mays cobs
(Hopi Blue and Chapalote) analysed. Chapalote Zea
mays has greater concentrations in several of the
elements compared. Although this graph may indicate
the potential for varietal variation in element concen-
trations, the meaning is complicated by the growth of
the two cobs in two different locations.
Figure 3 depicts in a scatter plot the results of a
discriminant function analysis of selected element con-
centrations in modern samples of different taxa. We
selected a subgroup of seven elements (K, Mn, Sr, Ti,
Tl, Y and Zn) to minimize violations of the linear
model assumptions that underlie discriminant analysis,
particularly the problems introduced through strong
correlations among elements (Tabachnick & Fidell,
1983: 299–301). The first two discriminant functions
used in the graph encompass 97% of the variation
within the modern data set and produced a perfect
discrimination of all six taxa. Despite the potential for
within-taxon variation documented in Figure 2, there
appears to be more between-taxon variation than
within-taxon variation when considered in a multivari-
ate fashion. For example, striking differences between
bark and wood tissue types did not confound our
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ability to distinguish taxa regardless of tissue type in
the discriminant analysis.

Post-depositional alteration
Weathering in the soil can lead to accumulation and
leaching of elements that might significantly affect our
ability to discriminate taxa in ancient samples of ash.
Figure 4 shows ratios of element concentrations in
ancient and modern samples of the same taxon and
tissue type and surface and subsurface samples of
sediment and of ancient Zea mays cobs. The compari-
son of ancient and modern samples (Figure 4(a)) shows
differences in concentrations of some elements. No
discernable differences were found in concentration
ratios between elements that are more soluble (K, Mg,
Ca, Sr, Ba, Cu) and those that are less soluble (Ti, Mn,
Zn), indicating that post-depositional leaching or
enrichment may not be responsible for the differences
between ancient and modern samples. This conclusion
is reinforced by Figure 4(b) comparing element concen-
tration ratios in sediment from the surface (ID No. 33)
and 100 cm below the surface (ID No. 34, taken at the
same depth as sample No. 28) in Structure 808 at
Sand Canyon Pueblo, and charred Zea mays cob
samples recovered from Stratum 1 (ID No. 30)
and from 150 cm below the surface on the floor of
structure 105 (ID No. 29) at Castle Rock Pueblo. In
both sets of samples, the upper samples were recovered
from the zone of leaching while the lower samples came
from the zone of accumulation. Almost all values are
very close to 1·0, indicating that the migration of
elements through post-depositional soil formation
processes has not been a significant factor in these
samples.

Figures 5 and 6 respectively depict the results of
discriminant analyses in which the ancient samples are
classified using functions generated for the modern
samples, with the ancient samples considered by them-
selves. Figure 5 shows that the ancient and modern
samples of the same taxon differ substantially. Using
the discriminant functions derived from data on the
modern samples to classify the ancient material, none
of the ancient charcoal samples is classified to the
correct taxon. However, the three taxa represented in
the samples of ancient material shown in Figure 6
discriminate perfectly when treated by themselves.
These results indicate that if some form of post-
depositional alteration is responsible for the compo-
sitional differences between the ancient and modern
samples, this alteration has not impaired our ability to
distinguish taxa in the ancient samples chemically.

Taxonomic and tissue mixtures
Being able to discriminate samples of individual taxa
and tissue types offers no guarantee that the particular
plant fuels contributing to mixed ash samples can also
be distinguished. To evaluate this issue, we created two
samples (Unknowns A and B in Table 1) composed of
known amounts of ash from modern samples. We then
used multiple linear regression in an attempt to
‘‘unmix’’ these mixtures. In this analysis, dependent
variables (the different samples of known taxon)
remain in the regression equation only if their slope
coefficients are positive and they result in a significant
change (P<0·1) in r2. Standardized slope coefficients
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indicate the proportional contribution of each depen-
dent variable (See Kohler & Blinman, 1987, for use of
the same approach to unmix ceramic assemblages).

Table 4 shows the results of the regression analysis
of the two ‘‘unknowns’’ prepared in the laboratory. In
Unknown A, the regression analysis properly identified
Pinus edulis bark and Amelanchier utahensis wood, but
also included Juniperus osteosperma bark and subsur-
face sediment which were not parts of the prepared
mixture. However, Pinyon bark was the first dependent
variable entered into the regression model and
accounts for 80% of the actual mixture. Perhaps the
elemental differences between Pinyon and Juniper bark
are too subtle for distinguishing with multiple re-
gression as additional dependent variables were added.
We cannot currently account for why sediment was
included in the regression model. The results for
Unknown B are much more favourable. Not only were
the proper taxa and tissue types accurately identified,
but the estimated proportions almost exactly match the
actual proportions in the prepared samples. Encour-
aged by the results of the regression analysis of the
prepared mixtures, we employed the same procedure
on the two samples of ancient hearth ash. Table 5
shows the results of this regression analysis of the ash
from Feature 2 at Sand Canyon Pueblo (sample ID
No. 31) and a list of the types of plant macrofossils
identified from the same feature. Although a wide
variety of macrofossil remains was present in the
hearth, the regression analysis distinguished only
Cercocarpus montanus wood, surface sediment, and
Pinus bark in the ash. We can imagine three possible
reasons for the poor match between the ash and
macrofossil data. Firstly, the taxa and tissue types
present as macrofossils, but not distinguished in the
ash, actually may not have been used as fuel and thus
did not contribute much to the ash in the hearth.
Secondly, post-depositional processes altered the
hearth ash chemistry such that the chemical data from
modern samples are not adequate for unmixing the
ancient ash. Thirdly, the small data set on modern
samples generated for this study does not adequately
document the range of variation in composition of
important fuel taxa and tissue types, making it difficult
to match and unmix samples drawn from outside the
data set. We currently do not have enough information
to distinguish among these possibilities. The regression
analysis of the hearth ash from Castle Rock Pueblo
(sample ID No. 32) identified Pinus wood and bark as
the only material contributing to the ash. Unfortu-
nately, no comparable macrofossil data exist for this
feature.
Table 4. Multiple regression results for unmixing of prepared modern ash samples

Actual composition Estimated composition

Taxon Tissue type Percentage Taxon Tissue type Percentage

Unknown A
Pinus edulis Bark 80* Pinus edulis Bark 49

Juniperus osteosperma Bark 35
Amelanchier utahensis Wood 20 Amelanchier utahensis Wood 9

Sediment Subsurface 7

Unknown B
Pinus edulis Bark & wood 61 Pinus edulis Bark & wood 66
Juniperus osteosperma Bark & wood 29 Juniperus osteosperma Bark & wood 26
Sediment Subsurface 10 Sediment Subsurface 8

Percentage by dry weight of ash.
Table 5. Regression analysis of ancient hearth ash data from Sand Canyon Pueblo in comparison to identified
macrofossils recovered from the same feature through flotation

Macrofossils identified Estimated composition

Taxon Tissue type Taxon Tissue type Percentage

Pinus type Wood
Pinus type Cone
Pinus type Bark
Juniperus Wood Juniperus Wood 13
Zea mays Cob
Zea mays Kernel
Rosaceae type Wood Cercocarpus Wood 46
Unknown Wood
Opuntia (prickly pear) Seeds
Phaseolus (bean) Cotyledon

Sediment Surface 41
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Conclusions
The results of this study indicate that there is enough
variation in elemental composition of fuel materials to
allow us to distinguish taxa and different tissue types
within taxa through chemical analysis of ash. Post-
depositional alteration could be a confounding factor,
but the small number of samples analysed for this
study proved inconclusive on this point. Although
clear differences exist between modern and ancient
samples, we are not able to determine if these differ-
ences result from post-depositional alteration, or
because we have thus far included too few samples to
document the range of chemical variation in modern
materials adequately. If the post-depositional alter-
ation issue can be resolved, multiple regression may
offer a powerful tool for resolving problems with
mixed-taxon ash samples, but other approaches should
be investigated as well.

Further work is needed before the method can be
used with confidence. Adequate characterization of the
chemical variation within and between modern taxa
and tissue types will require multiple determinations of
elemental chemistry over a wider range of taxa than
was accomplished for this study. Resolving the issue
of post-depositional alteration will require a more
thorough analysis of ancient materials and their chemi-
cal contexts, and possibly analyses of modern material
weathered under controlled conditions. Researchers at
Crow Canyon Archaeological Center have collected
some of the necessary samples for these additional
studies.

If the problems we identified can be resolved, chemi-
cal analysis of ash appears to offer an important
adjunct to the macrofossil record in studies of fuel use.
In addition to the problem of fuel selection and deple-
tion that inspired this work, the technique could be
used to investigate the composition of ash recovered
from ceremonial contexts, the use of ash as fertilizer
in fields, environmental changes that affect fuel
resource availability, and functional differences in fires
composed of fuels with distinct combustion qualities.
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