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Detection and Examination of
Anthrosols by Phosphate Analysis

Field and laboratory tests for phosphate, well known

in soil science, find new applications in archeology.

Among the nonconventional methods
for detecting abandoned settlement sites
whose physical remnants have dis-
appeared from the earth, that of in-
organic soil phosphate analysis has the
most persistent and varied history of ap-
plications. Studies of abandoned settle-
ments through phosphate methods,
which first appeared in Sweden in the
1930’s and spread gradually across Eu-
rope, spiraled in importance after World
War II (/-3). Research in the United
States, affected by this surge of interest,
began in the 1950’s, but stagnated until
the introduction of a rapid field test for
settlement phosphate in the 1970’s.
Moreover, during the Bicentennial peri-
od, major federal funding made available
for the purpose of locating sites with po-
tential historic or prehistoric value gen-
erated still further use of phosphate field
tests (4-7). The swift diffusion of these
investigations in the United States and
an urgent desire for more efficient meth-
ods of disclosing the past have height-
ened the appeal of chemical analysis of
soils.

Phosphorus in the form of phosphate
is especially appropriate for detecting
settlement-affected soils, known as an-
throsols, because of its universal asso-
ciation with human activities. One of the
basic ingredients of the DNA molecule,
phosphorus increases through the life
chain because of its chemical immobil-
ity. The element is an essential com-
ponent of many manufactured items
such as fertilizers, detergents, pesti-
cides, oils, and foodstuffs, and remnants
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from all of them find their way into the
soil. Curiously, their wholesale removal
cannot be stimulated by normal oxida-
tion, reduction, or leaching processes, as
is true of compounds of nitrogen, cal-
cium, carbon, sulfur, and other common
elements. Consequently, when phos-
phorus is added to soil, it accumulates in
situ across the broadest spectrum of soil
types (5). Although phosphate levels de-
cline extremely slowly in nature, they
deteriorate rapidly during human-related
activities such as harvesting, livestock
grazing, and terrain modification. Since
parent materials supply soils with minute
amounts of phosphate over geologic
rather than short periods of time, natural
recycling does not mask human-caused
alterations (8-/0). By comparing back-
ground and anthrosol phosphate concen-
trations, therefore, the investigator can
interpret abnormal soil phosphate read-
ings as chemical evidence of human set-
tlement. Hence, because nature ulti-
mately destroys physical traces of hu-
man efforts in many soils, authorities
have viewed changes in phosphate con-
tent with great expectations in the identi-
fication of locations, outlines, functions,
and relative ages of past settlement phe-
nomena.

Whereas persistent experimentation
with phosphate detection has begun to
produce a valuable if somewhat dis-
organized body of knowledge, the use of
certain techniques has also produced dis-
appointing and occasionally misleading
results. An appraisal of some of the ma-
jor aspects of settlement phosphate anal-
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ysis would be appropriate at this time not
only because of its rapidly growing and
incidental problematic use in archeologi-
cal research or because of recent im-
provements in the understanding of its
difficult chemistry, but especially be-
cause of promise from a new two-part
approach whose essentials are outlined
in this article.

Forms of Phosphorus in the Soil

Because of the strong affinity of phos-
phorus for oxygen, the orthophosphate
radical forms H,PO,~, HPO,*", and
PO,*~, rather than the elemental form,
appear in soils—a condition true of both
inorganic and organic compounds of
phosphorus. The most common source
of inorganic phosphate is apatite, which
occurs in small amounts in nearly all
rocks. If sufficient phosphate is released
as the soil forms, living organisms con-
vert small amounts from the inorganic to
the organic type. The conversion also
depends on whether the released phos-
phorus exists in a form which is available
to organisms. These critical relationships
determine not only crop success, but en-
tire native vegetation associations (9).
The relationships also explain why soil
tests may indicate adequate phosphate
concentrations even though plant life
suffers from phosphate deficiency. Thus,
agronomists have devised tissue tests
with plant material instead of soil to as-
certain whether the phosphate is soluble
enough for uptake by vegetation (/1). In-
vestigators of man’s role in changing the
phosphate landscape must not only diag-
nose the presence but also interpret the
behavior of inorganic and organic soil
phosphate forms.

When phosphate is added to soils of
relatively high pH, it bonds instantly to
calcium cations. If the pH decreases,
some calcium phosphate dissolves and
becomes available to plants. Aluminum
and iron components immediately resorb
all or nearly all of the released phosphate
ions to produce still other insoluble com-
pounds. Aluminum, iron, and calcium
are practically ubiquitous in soils and
hold most of the inorganic phosphate
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which enters the solum in one or more of
the insoluble forms. Only in theoretical
cases where a scarcity of the primary re-
taining components emerges, such as in
pure sand, would it be difficult for added
phosphate to accumulate. Under the an-
aerobic (reducing) conditions of flooded
soils, there appears to be loss of in-
organic phosphate by conversion of fer-
ric phosphate to the more soluble non-
crystalline ferrous form. Organic anions
may displace phosphate from the soil
matrix under similar circumstances. By
these mechanisms strengite (FePO, -
2H,0) becomes an available source of
phosphorus for lowland rice and swamp
plants (/2).

Phosphate is bonded to organic com-
pounds in the soil in amounts ranging
from approximately 2.5 to 75 percent of
the total in the surface layers (/3). Or-
ganic phosphate differs from the in-
organic form in that an ester rather than
a metallic cation links itself to the phos-
phate radical. When phosphate displaces
the hydroxyl groups on the surface of or-
ganic colloids and the solution envelops
a metallic iron surface, insoluble com-
plexes form which protect iron objects
from corrosion—a fact well known to ar-
cheologists (/4). Organic phosphate per-
meates all living things, from microbes to
plants, animals, and humans, so that
when their remains decompose in the
ground, mineralization gradually con-
verts small amounts in a seasonally vari-
able fashion to an inorganic form (15).
Part of this newly produced inorganic
phosphate enters the soil solution; the
retaining components aluminum, iron,
and calcium immediately bond the rest.
As such, converted phosphate accumu-
lates steadily along with other inorganic
additions and can be measured as part of
the evidence of soil phosphate enrich-
ment.

Problems of Testing for Phosphate

The Swedish agronomist O. Arrhenius
(16, 17) first suspected the close correla-
tion between abandoned settlements and
native soil phosphate alteration. When
his suspicions proved factual, investiga-
tors relied on soil sample analysis by ag-
ricultural techniques designed to reveal
available phosphate, P, (/8). In this ar-
ticle P,, is defined as the minute amount
of phosphate already in solution in the
soil plus a labile part only loosely bound
to the surface of colloidal particles con-
taining aluminum, iron, and calcium.
Plants, which require phosphorus for
proper cell growth, fruit production, and
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Table 1. Two-minute ring chromatography
field-test results are identified according to
length of striae, time of appearance, and col-
or. Quantification of values is inadvisable be-
cause of variations in sample size, color per-
ception, and temperature and unequal extrac-
tion of soil phosphate types.

Length Time of

Phos- of r.adi- appear- arl?)l\Tr%d
phate ating ance sample
lines of lines ) %)
(mm) (min) ¢
5. Strong 8 0.5 100
4. Good 3-5 0.5-1 75
3. Average 2 1-2 50
2. Weak <] 2 <50
1. None 0

0 0

resistance to disease, can extract P,
(19). Agronomists have never found
completely adequate methods of testing
for P,, because of the difficulty of simu-
lating plant-soil chemistry in the root
zone (20).

In spite of this problem, tests designed
for P,, do detect phosphate in the soil.
The soluble or available forms are
H,PO,  and HPO,* since they possess
lower valences and hence lower bonding
energies (21). The more efficient the ex-
tractant, the more the inorganic phos-
phate revealed. This explains the poten-
tial of these tests for simultaneously re-
leasing the tightly bonded (unavailable)
PO,*~ form, which is the one most com-
monly associated with settlement phos-
phate, P,. Following Arrhenius’ work,
most experiments with anthrosols have
been performed in the laboratory, but
procedures have been simplified to the
point where testing in the field has be-
come a reality, even for nonchemists (2,
6). However, because of the general lack
of knowledge about the efficiencies of
extractants and about the fate of phos-
phorus added to the soil, and because
P, represents a type of phosphate dif-
ferent in its chemistry from P,,, inter-
pretive progress by these methods has
been disappointingly slow and marked
by misconceptions.

Those who work with Py, for ex-
ample, still commonly believe that phos-
phate is not easily extractable at low pH
values (22, 23). Such ideas may stem
from confusion over the fact that trans-
formation within the soil from one phos-
phate form to another may occur during
reactions which are pH-dependent (24).
But regardless of pH, the principal
retaining components, whether mainly
aluminum and iron in acidic soils or cal-
cium in basic soils, so quickly bond or
““fix’" most of the phosphate in insoluble
compounds that it accumulates precisely

at the point where it is added. Thus, fer-
tilizer mixed in farm soil does not move
laterally and stabilizes within a few milli-
meters of entry in the vertical profile,
where it remains as evidence of one type
of human activity. Recent tests show
that even on anthropic Oxisols with low
pH, calcium-oriented P, (designated
commonly as Ca-P) remains bound at the
place of deposition in spite of heavy
tropical rainfall, and it is just as easily
detected as it would be in soils of much
higher pH (25).

Others believe, moreover, that phos-
phate is readily leached from the soil at
nearly neutral pH values (26). However,
only some of the small amount of P,, al-
ready in solution may escape the retain-
ing system just described. In any case,
dissolved phosphate constitutes an in-
significant portion of total P,, and, there-
fore, a negligible percentage of P (27).
The small amounts in field drainage wa-
ters, which average less than 0.5 micro-
gram per liter, attest to the low degree of
solubility of phosphate in soil (28, 29).
For practical purposes, nearly all the soil
phosphate may be considered bound to
the Al, Fe, and Ca retaining components
with so many kilocalories of energy that
it cannot be dislodged from the point of
application either by leaching or by the
physical action of vadose waters. Of
course, natural erosion or human-in-
duced transport of the soil mass would
remove the phosphate.

During the last few years scientists, in-
spired by agricultural needs and by soil
and water pollution problems, have pro-
duced a more complete understanding of
phosphate chemistry as well as im-
proved analytical procedures, thereby
intensifying hopes for archeometric
progress with the phosphate method (30—
34). Some of the new knowledge would
appear to offer significant breakthroughs
in the analysis of anthrosols in terms not
only of field mapping but of feature
function (land use) interpretation and
possibly settlement dating as well. The
proper use of this new knowledge in an-
throsol phosphate determination de-
pends on correct understanding of the
forms of phosphate in the soil and of the
problems of testing, as explained ear-
lier. On the basis of this knowledge
and understanding, 1 have devel-
oped a two-part method which in-
volves a rapid qualitative field test for
P,,. and a quantitative laboratory deter-
mination of land use and dating. This
new method is presented in the sections
that follow along with some recent theo-
retical considerations that explain its
function.
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Qualitative Method of Soil Phosphate
Analysis: New Approach, Part 1

Since the time of J. von Liebig’s work
in soil chemistry, investigators have
been aware that an acid-molybdate solu-
tion can be applied to orthophosphate to
form molybdophosphoric-acid (35). The
latter may then be selectively reduced to
create a heteropoly or molybdenum-blue
complex. Various acids (H,SO,, HNO,,
HCl) and various reducing agents
[SnCl,, (CH4CO,),CsH,, CiHyOq4] have
been employed in experiments with Pg,.
My research with hundreds of soil sam-
ples, as well as the work of others,
shows that H,SO, is a less efficient color
producer because of interference from
Fe** and organic materials and that
HNO, should not be used because of its
known ability to complex organic phos-
phate (6, 36, 37). Organic substances al-
so increase resorption of phosphate lib-
erated by HNO,, and this occurs at a
greater rate than with other acids (37).
Experience indicates that the best ex-
traction results with soils of any pH are
obtained with a solution of 35 milliliters
of SN HCI mixed with 5 grams of ammo-
nium molybdate dissolved in 100 ml of
distilled water. The reducing reagent is
prepared by dissolving 0.5 g of ascorbic
acid (C4HgOg) in 100 ml of water. At-
tempts at combining these two reagents
fail because of instability of the sin-
gle solution. However, if two drops of
the first reagent are placed on a 50-milli-
gram soil sample that rests on a small
phosphate-free filter paper, and 30 sec-
onds later two drops of the reducing re-
agent are applied, a blue ring forms
whose color traits and proportions in-
dicate different amounts of P, (6). The
much-used procedure can be carried out
in the field between 5° and 27°C but
should be performed at normal room
temperatures otherwise.

This simple ring chromatography field
test produces a continuous reaction so
that, all things being equal, the investiga-
tor must read color characteristics after
precisely 2 minutes. Afterward, the mo-
lybdenum blue spreads over the entire
filter paper and obliterates any inter-
pretable patterns. Until recently, it has
been necessary to tabulate data regard-
ing the physical traits of the blue color,
such as length of striae, completeness of
ring formation, and saturation of chroma
(Table 1). With a new technique that I
have developed the reaction is stopped
after 2 minutes by thoroughly washing
the filter paper in a small tray filled with
sodium citrate solution (two parts water
to one part sodium citrate). Papers dry
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rapidly and may be stored as part of a
permanent record (38).

Although this ring test serves well in
identifying past settlement areas without
using expensive excavation methods and
is especially helpful where artifacts can-
nct be found to corroborate evidence of
settlement, two major limitations detract
from its accuracy. First, the phosphate
intensities revealed cannot be scientif-
ically compared. Values are only qualita-
tively determined and may change from
place to place depending on sample size,
color perception, temperature, and,
most significantly, unequal extraction of
soil phosphate types. The results may
even vary seasonally in places where P,,
is the major type extracted. It is there-
fore inadvisable to quantify the readings.
Second, the test cannot make a dis-
tinction between occasional soils that
possess sizable amounts of native phos-
phate and anthrosols, whose phosphate
is derived principally from settlement ac-
tivities.

Unfortunately, these limiting factors
may cast serious doubts on some field
analyses because erroneous conclusions

can be drawn about past settlement dura-
tion (vertical soil phosphate profile) and
precise areal extent (horizontal soil
phosphate profile). Under the circum-
stances, the field phosphate ring test
merely assists in locating probable aban-
doned settlement sites and making rough
estimates of their vertical and horizontal
distribution. The investigator can then
more exactly determine and interpret
areal and temporal boundaries by tradi-
tional methods of excavation, provided
interpretable artifacts are to be found. If
the latter are not present, and this may
occur either within the settlement proper
or in its associated work areas, only a
system of chemical analysis that pro-
duces more reliable (that is, justifiably
quantifiable) values of Py will help. It is
evident that a chemical method which
would overcome the two major field test
limitations and simultaneously reveal
enough about phosphate origins for a
thorough site interpretation would be
highly desirable. The growing need to
analyze not just the settlement proper
but the abandoned work areas as well,
where few or no artifacts can be ex-
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Fig. 1. Flow chart of soil fractionation procedure for identifying anthrosol phosphate types.
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pected, would be satisfied by such a
method. Furthermore, chemical analysis
depends only on minute soil samples,
which may be taken even where disturb-
ing the landscape is forbidden—this, of
course, is a plus for the method.

Quantitative Method of Soil Phosphate
Analysis: New Approach, Part 2

The most common methods of soil
phosphate analysis based on quantitative
chemistry measure a precise amount of
elemental phosphorus, represented usu-
ally by P,, or by total inorganic phos-
phate. However, methods designed to
reveal only P,,, such as the calcium lac-
tate and citrate types employed by Euro-
pean geographers and archeologists in
the analysis of abandoned settlements,
probably extract more than this kind of
phosphate (39). Interpretation difficul-
ties arise from the uncertainties of du-
plicating plant-root chemistry as men-
tioned earlier. Therefore, the quan-
tifiable amounts of phosphate deter-
mined are not strictly comparable from
one soil type to another. Considering this
and the other problems with P,,, it fol-
lows that only methods that disclose to-
tal inorganic phosphate should be used in
simplified Py, quantification.

Although quantification of total in-
organic phosphate is easily performed in
the laboratory 40) and solves some
problems of accurate feature mapping; it
has the two serious drawbacks that (i) it
is not possible to distinguish between na-
tive phosphate, which occasionally pro-
duces very high noise levels (as in the
band of diatomaceous earth along the
west shore of Lake Michigan), and P,
and (ii) no information is added about the

role of P,, and other forms of phosphate.

Chemists looked for a quantitative
method that would reveal different kinds
of phosphate, especially after the 1950’s,
and identified several so-called fractions,
including those related to industrial con-
tamination. From this research there
emerged in 1957 a highly innovative se-
quential fractionation system proposed
by Chang and Jackson (32). The method
consists of seven steps, involving NH,ClI
(wash), NH,F (AI-P removal), NaOH-
H,SO, (Fe-P removal), H,SO, (Ca-P re-
moval), sodium citrate-sodium dithio-
nite (occluded Fe-P removal), NH,F (oc-
cluded AI-P removal), and Na,CO, fu-
sion (total P). In later modifications
a sodium citrate-sodium bicarbonate~
sodium dithionite step was added (the
sodium bicarbonate buffered the solu-
tion) and HCI was substituted for H,SO,
(34). Theoretically, the steps fractionate
aluminum, iron, and calcium types of
phosphate in a nonoverlapping system
because of differences in their solubili-
ties in carefully selected extracting re-
agents. The procedure has been used by
s0il chemists to analyze phosphate reten-
tion in soils, the role of phosphate in ani-
on exchange, available versus non-
available types of phosphate, and the
transformation of fertilizer phosphate in
soils.

Over the years, the desire for more in-
formation than that given by the ring
chromatography test developed for an-
throsols and acquaintance with soil
phosphate fractionation methods being
developed led me to experiment with
fractionation of Pg,. The full Chang-
Jackson procedure outlined above em-
bodies operational elements ultimately
considered both unnecessary and too
time-consuming to employ in Py, analy-

sis. Consequently, certain aspects of the
original soil science method were dis-
carded, as illustrated in Fig. 1. Elimina-
tion of the NH,CI wash permits inclusion
of the small amount of P,, that it would
have removed with the rest of the loosely
bound phosphate in an initial NaOH ex-
traction. A sodium citrate—sodium bi-
carbonate step introduced by Syers er al.
(34) corrects interference caused in cal-
careous soils by CaCO,;. The NH,F
treatment has been abandoned since the
distinction between Al-P and Fe-P is
nonabsolute (15, 4/) and hence unneces-
sary in Py, determination. Finally, drop-
ping Na,CO; fusion for measuring a
small amount of residual material that
does not contain Py, further simplifies
the procedure.

In the P, analysis we are therefore
left with separation of the three principal
types of inorganic phosphate now recog-
nized.

1) Easily extractable phosphate, con-
sisting mainly of loosely bound Al-P and
Fe-P and that resorbed by CaCO,, as
well as the minute amount of phosphate
already in solution. This type is removed
with NaOH and sodium citrate-sodium
bicarbonate reagents and is called the
NaOH + CB fraction.

2) Tightly bound or occluded phos-
phate absorbed by diffusive penetration
or by incorporation with aluminum and
iron oxides and hydrous oxides. This
form is extracted with a sodium citrate—
sodium bicarbonate—sodium dithionite
reagent and is called the CBD fraction.

3) Occluded calcium phosphate and
apatite extracted with HCI (the HCl frac-
tion) (42). The flow chart in Fig. | por-
trays the steps recommended for Py
analysis. Once quantitative values are
obtained for all three fractions, they are

Table 2. Inorganic soil PO,*~-P fractionation percentages. Values for sample 2¢. were calculated from data of Khin and Leeper (33).

Fraction 1 . . PO2~-P .
. Fraction 2 Fraction 3 4 Ring
Soil (NaOH (total Land use )
+CB) (CBD) (HCI) ppm) value

la. U.S. Indian settlement, southeast 37 30 33 836 Residential 4
Wisconsin, ~1200, 50 cm

1b. Colonial Indian mission, northeast 38 28 34 2324 Residential S
Argentina, ~ 1600, 20 cm

lc. Northern India settlement, 34 34 32 3237 Residential 5
Varanasi, ~700, 30 cm

2a. Chibcha Indian settlement, 78 10 12 186 Planting ridge 4
Bogotd, Colombia, ~1600, 20 cm

2b. Modern farm, Bogota, Colombia, 75 7 18 665 Planting ridge 4
1976, 20 cm (potatoes)

2¢. Modern farm, Melbourne, Australia 71 6 24 1084 Potato field

3a. U.S. Indian settlement, southeast 48 27 25 322 Suspected 4
Wisconsin, ~1200, 30 cm planting ridge

3b. U.S. Indian settlement, southeast 3 2 95 355 Suspected planting 4
Wisconsin, ~1200, 50 cm ridge subsoil

3c. U.S. vegetable farm (modern), 47 28 25 702 Mixed corn, 4

southeast Wisconsin, 30 cm
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added to calculate total inorganic settle-
ment phosphate. Because the latter
amounts differ from sample to sample,
the fractional values are computed as
percentages. Elimination of this factor of
variability allows more accurate com-
parison of Py, form, distribution, and in-
tensity patterns. The method has the ad-
vantage that it discloses what phosphate
types and amounts have been extracted,
rather than only uncertain P,, at one end
of the scale or simply total inorganic
phosphate at the other.

Results Obtained with the
Quantitative Method

The results of fractionating soil phos-
phate from anthrosols are rewarding,
judging from initial efforts (43). First, the
distribution and concentration of phos-
phate in anthrosol fractions differ con-
spicuously from those of phosphate in
nonsettlement or native soils. Sizable
amounts of native phosphate, which
cause interference with the ring test, are
concentrated almost entirely in one of
the three fractions—a feature which de-
pends on the particular mix of retaining
components, the soil texture, and the age
of the system. On the other hand, Py, is
distributed among all three fractions in
recognizable patterns, as explained be-
low. In practical terms, this means that
the investigator can easily determine
whether the rapid ring test used in the
field is producing reliable information. In
cases where native phosphate causes
false settlement images or blurs the hori-
zontal and vertical outlines of legitimate
abandoned settlement remains, spot
checks can be made in the laboratory by
fractionating a few samples from the
questioned areas. Second, the form, dis-
tribution, and concentration of phos-
phate in the separate fractions are direct-
ly correlated with variations of areal
function, or land use, within settlements.
These correlations have a rational expla-
nation in terms of the different amounts
of phosphate removed from soil by graz-
ing animals, harvesting, irrigation, and
drainage, for example, or added to the
soil by fertilization, waste disposal, elim-
ination, and other normal human activi-
ties. Table 2 presents examples of typical
form, distribution, and concentration
patterns of P, fractions.

In Table 2, soil set 1 includes samples
from residential areas of abandoned set-
tlements in northeast Argentina, the
north-central United States, and north-
ern India. The phosphate results indicate
that residential land use leads to a specif-
ic and parallel distribution of phosphate
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Table 3. Relationships between settlement
density and total parts per million PO2~-P for
three samples from Table 2.

. PO2-P
Soil Estimated (total
pop ppm)
la. Several hundred 836
Ib. ~ 2000 2324
Ic. > 3000 3237

among the three fractions. It is signifi-
cant that this occurs irrespective of soil
types and of total inorganic settlement
phosphate accumulation. Moreover, the
total inorganic phosphate values (ex-
pressed in parts of PO,*"-P per million
because the standards are measured in
units of elemental phosphorus) reflect in-
tensities of residential land use which are
well correlated with what is known about
the population densities of the respective
settlements (Table 3). The mathematical
nature of this correlation will have to be
determined as control data are analyzed
from a broad range of settlement sizes.
Soil set 2 in Table 2 illustrates the re-
sults obtained for representative pre-Co-
lumbian and modern vegetable-growing
areas in Colombia, South America. The
same method of farming on planting
mounds—ridges where one row crop is
raised, beds where there are two to four
rows, and platforms where there are
many rows—has been preserved for cen-
turies (Fig. 2) 44). One sample from
southern Australia is included with this
set because it, like the modern Colombi-
an soil, represents a field in which po-
tatoes were raised for many years (¢5).

Once again, the fractional distribution
and concentrations reflect specific land
use irrespective of soil types. Moreover,
the pre-Columbian sample fractions are
so similar to the modern Colombian and
Australian ones that after considerable
laboratory analysis it has been con-
cluded that Chibcha Indians were raising
potatoes in these ridged fields. Chibcha
farming resulted in a slightly higher level
of phosphate in fraction 1, which is to be
expected because the less intensive agri-
cultural methods employed removed less
P,, from the soil, and more fraction 1
phosphate accumulated during pro-
longed soil rest since the Spanish Con-
quest. The somewhat higher fraction 3
phosphate in the modern soil probably
results from liming. The difference be-
tween the fraction 2 concentrations, al-
though not large, indicates the greater age
of the Chibcha feature, as explained be-
low.

Set 3 in Table 2 includes a representa-
tive sample from modern field tests in
southeast Wisconsin, where corn, beans,
and other crops have been raised for
many years, and samples from two
depths in what appear to be old planting
ridges at an aboriginal site in southeast
Wisconsin. Sequential phosphate extrac-
tion from modern mixed vegetable soils
produces another distinctive set of frac-
tions. On the basis of this, the unknown
ridged field has also been classified as a
mixed vegetable raising area. The 50-
centimeter fractions from the aboriginal
ridged field are likewise of considerable
significance. Judging from experience
with similar soils, values from this level
show purely native phosphate, since

s X

Fig. 2. Ridged field remains about 8 km west of Bogot4, Colombia, along the Rio Bogoti. Soil

samples were taken from the central, U-shaped ridge.
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concentration occurs almost entirely in
one fraction. It should be noted that if
only the ring value from the field test
were available for analysis, the investi-
gator would conclude that human activi-
ty was long-lasting here because of the
same high phosphate readings through-
out the vertical profile. If only total in-
organic phosphate data were available, it
would appear that the same land-use in-
tensity occurred at both levels over a
long period of time. However, fractiona-
tion proves that such conclusions would
be in error.

From the comments above, it can be
seen that examination of the vertical pro-
file of an anthrosol is useful in establish-
ing the relative ages of settlement phe-
nomena. In other words, the thicker the
P, horizon, the older the settlement ac-
tivity. If there are complete breaks in
this horizon, then settlement phenomena
were intermittent. If phosphate fractions
within the vertical profile change, settle-
ment function changed. A continuous
and stable P, horizon implies continuity
of a specific settlement activity. For ex-
ample, by fractionating a thick vertical
chronosequence—one in which all soil-
forming state factors except time vary in-
consequentially (#6)—dated from 700
B.C. to A.D. 700 at Varanasi, India, I
was able to establish that residential set-
tlement during this time span was unin-
terrupted. This conclusion helped sub-
stantiate a claim by Indian specialists
that the site is the original center of one
of the oldest continuously occupied
modern cities in the world (7).

The chronosequence examined at Va-
ranasi further revealed that soil phos-
phate fractionation has potential use as a
dating tool. This conclusion is obvious
since the nonoccluded and occluded
fractions form over different periods of
time (48). Phosphate which enters the
soil is immediately attracted to the sur-
face of sorbing colloidal particles by
means of anion exchange (49). This rap-
idly immoblizes most of the fertilizer
phosphate employed in farming, which is
why it must be replenished yearly in
large amounts. In the following illustra-
tion of nonoccluded sorption (adsorp-
tion), the added phosphate becomes in-
stantaneously attached to reactive alu-
minum sites on the edge faces of hex-
agonally shaped crystals of gibbsite (50).
Iron present in the soil also adsorbs

T Crystal surface

1332

-96

—64

o)

=z -32+

o

(NaOH + €B)/CBD
w
P

3
b

96 1

b ———+

f—+—
A.D.800

Fig. 3. Chronosequence of nonoccluded/oc-
cluded phosphate ratios, Varanasi, India.

phosphate (57). In time, deposition of
more hydrous oxides of iron and alumi-
num and addition of more phosphate oc-
clude the previously formed phosphate
adsorption products (3/). Another pro-
cess, that of diffusive penetration of ions
toward adsorbing surfaces, assists in the
occlusion of phosphate over extended
periods of time (52). Long-term repeti-
tion of these activities causes more and
more occlusion (absorption). Thus, non-
occluded and occluded phosphate types
are generated at vastly different rates.
Figure 3 demonstrates this relationship
for the chronosequence at Varanasi.
The (NaOH + CB)/CBD ratios, plotted
against a time scale, produce such a
smooth curve that once the relative frac-
tional relationships are known, reason-
ably accurate dating becomes theo-
retically possible. To do it, an absolute
date must be available for one end point
in the sequence. It is clear that sequen-
tial dating is also feasible, as in seriation
analysis (53). Further research is needed
before these findings can be generalized.
Because the results described above
were obtained from control samples with
pH values between 5 and 8, it might be
anticipated that soils with more extreme
pH values but representing the same fea-
ture functions might have altered phos-
phate fractions. Hypothetically, this
could occur because of masking induced
by marked changes in the composition of
the ionic environment at extreme pH val-
ues. Masking might similarly be predict-
ed from other extreme landscape condi-
tions such as long-term flooding or per-
manent waterlogging (54). In all forms of
analysis it may be useful to consider the
effects of normal transformation of frac-
tional percentages by measuring native
and settlement soil phosphate redistribu-
tion rates and amounts (55). Continued
research should determine the extent of
calibration required because of these po-
tential forms of masking. When they are

—
800B.C.

accounted for, sufficient samples from
clearly identified features within aban-
doned settlements may be analyzed to
develop representative land use—frac-
tionation correlations and dating curves
for the creation of a master reference
file. Establishment of numerous feature
functions and ages from unknown sam-
ples by means of a matching system like
that used in mass spectrum analysis
should then be within reach.

Summary

Land-use analysis of anthrosols has
been performed by a new, two-part
method. A rapid qualitative field test as-
sists in locating past settlements and de-
termining their areal and temporal ex-
tent, even where artifacts are missing.
The field-test results are verified and
samples are analyzed further by quan-
titative soil phosphate fractionation.
Laboratory fractionation reveals much
more than the simple phosphate test
used at present. Like the chemical field
test, it uses minute soil samples and may
be invaluable where disturbance of the
landscape is forbidden. Phosphate frac-
tions reflect the details of man-induced
changes in the soil and the timing of their
appearance.

References and Notes

1. W. Lorch, a geographer, published the only
book-length treatment of the phosphate method
of abandoned settlement analysis in 1939
[Methodische Untersuchungen zur Wiistungs-
forschung (Gustav Fischer, Jena, 1939)]. Lorch
developed a specialized laboratory technique for
settlement soil phosphate analysis. For litera-
ture published since the 1950’s, see especially P.
Abt, Geogr. Helv. 6, 185 (1968); R. D. Bleck,
Ausgrabungen Funde 10, 213 (1962); P. T. Crad-
dock, in International Symposium on Archae-
ometry and Archaeological Prospection: Ab-
stracts (Philadelphia, 1977), p. 3; D. A. David-
son, Archaeometry 15, 143 (1973); F. Felgen-
hauer and F. Sauter, Archaeol. Austriaca 25, 25
(1959); E. Frauendorf, Alr-Thiiringen 1, 84
(1953); P. Grimm, Ausgrabungen Funde 7, 8
(1962); H. Gundlach, Mikrochim. Acta 5, 735
(1961); H. Jakob, Forsch. Fortschr. 28, 10
(1954); Muench. Beitr. Vor- Fruehgesch. 5, 46
(1955); Dtsch. Akad. Landwirtschaftswiss.
Wiss. Abh. 15, 67 (1955); ibid . 24, 140 (1957); H.
M. Kiefmann, Informationsbl. Nachbarwiss. Ur-
Fruehgesch. Schrift. - Schleswiger. Kreises
(Bonn) 6, 1 (1975); W. Lorch, Kosmos 47, 169
(1951); Kunde 2,21 (1951); Z. Wuerttemb. Land-
esgesch. 11, 246 (1952); Jahrb. Stat. Landeskd.
Baden-Wuerttemb. 1, 367 (1954); S. E. G. Mat-
tingly and R. J. B. Williams, J. Soil Sci. 13, 254
(1962); V. Morani, Ann. Sper. Agrar. 7, 1659
(1953); La Ric. Sci. 25, 2369 (1955); D. M. J.
Provan, Norw. Archaeol. Rev. 4, 37 (1971); R.
Rottlinder, Bonn. Jahrb. Rheinischen Land-
esmus. Bonn 166, 359 (1966); F. Sauter, Archae-
ol Austriaca 33, 41 (1967); ibid. 25, 107 (1959);
U. Sporrong, Geogr. Ann. 50B, 62 (1968); G. de
G. Sieveking, I. H. Longworth, M. J. Hughes,
A.J. Clark, A. Millett, Proc. Prehist. Soc. 39,
182 (1973).

. G. Schwarz, Archaeometry 10, 57 (1967).

. W. U. Guyan, Geogr. Helv. 1, 1 (1952).

. C. M. Baker, Arkansas Eastman Archae-
ological Project (Research Report 6, Arkansas
Archaeological Survey, Fayetteville, 1975), pp.
69-=+ J. M. Cruxent, Am. Antig. 28, 90 (1962);
K. D. M. Dauncey, Adv. Sci. 9,33 (19=+ E. F.
Dietz, Am. Antiq. 22, 405 (1957); R. C. Eidt, J.
K. Syers, C. N. Caviedes, W. Brandt, in Inter-
national Geography, W. P. Adams and F. M.

Hwra

SCIENCE, VOL. 197



l © oa]

14,
15.

17.

20.
21.

22.

23.
24,
25.

Helleiner, Eds. (Univ. of Toronto Press, To-
ronto, 1972), vol. 1, p. 415; H. J. Lutz, Am. J.
Sci. 249, 925 (1951): D. Overstreet, Wis. Ar-
cheol. 55,262 (19 =+ R. S. Solecki, Am. Antiq.
16, 254 (1951); Bull. Bur. Am. Ethnol. No. 151
(1953), p. 313; W. I. Woods, Chesopiean 13
(1975). U.S. Executive Order 11593 (1971) di-
rected federal agencies to locate and maintain
cultural resources in their jurisdiction. U.S.
Public Law 93-291 (1974) provided that any fed-
eral agency contracting for construction on fed-
eral or state lands must first determine whether
there is anything of archeological value present.
Up to | percent of the appropriated funds for
construction projects may be spent in such de-
terminations. Implementation of this law coin-
cided with the Bicentennial year. Since then,
phosphate tests have been used for rapid site
studies in Arizona, Arkansas, California, Illi-
nois, New Mexico, and Texas.

. S. F. Cook and R. F. Heizer, Univ. Calif. Berke-

ley Publ. Anthropol. No. 2 (1965).

R. C. Eidt, Am. Antiq. 38, 206 (1973).

A. Sjoberg, J. Field Archaeol. 3, 447 (1976).

A negligible amount of phosphate is also re-
turned from the air [see (9, 10)].

J. A. Adams and T. W. Walker, Geoderma 13,
41 (1975).

T. W. Walkerand J. K. Syers, ibid. 15, 1 (1976).

. Where soils are highly acid, even moderate ap-

plications of fertilizer phosphate may produce
no crop response. Tissue tests confirm such
problems. See L. E. Davis, Soil Sci. 40, 129
(1935).

W. H. Patrick, Jr., S. Gotoh, B. G. Williams,
Science 179, 564 (19 =+ W. H. Patrick, Jr., and
R. A. Khalid, ibid. 186, 53 (1974); L. N. Mandal
and R. K. Das, Soil Sci. 110, 263 (1970).

. M. O. Ghani and S. A. Aleem, Indian J. Agric.

Sci. 13, 142 (1943). .

S. Limbrey, Soil Science and Archaeology (Ac-
ademic Press, London, 1975).

J. D. H. Williams and T. W. Walker, Soil Sci.
107, 213 (1969).

. O. Arrhenius, Z. Pflanzenernaehr. Dueng. Bod-

enkd. Teil A 14, 185 (1929); Sver. Geol. Unders.
Ser. C 383, 1 (1934); in Vallhagar, A Migration
Period Settlement on Gotland, Sweden, M.
Stenberger and O. Klindt-Jensen, Eds. (Munks-
gaards, Copenhagen, 1955), part 2, pp. 1053—
1064; Ethnos 2-4, 122 (1963).

O. Arrhenius, Z. Pflanzenernaehr. Dueng. Bod-
enkd. Teil B 10, 427 (1931).

. See, for example, B. Ahmed and A. Islam, Trop.

Agric. (Trinidad) 52, 113 (19 =+ R. H. Bray and
L. T. Kurtz, Soil Sci. 59, 39 (1945); S. Das, ibid.
119, 33 (1975); S. R. Olsen, C. V. Cole, F. S.
Watanabe, L. A. Dean, U.S. Dep. Agric. Circ.
939 (1954); R. J. B. Williams and G. W. Cooke,
J. Agric. Sci. 59, 275 (1962); F. W. Smith and R.
L. Cook, Soil Sci. Soc. Am. Proc. 17, 26 (1953).

. C. A. Black, Soil-Plant Relationships (Wiley,

New York, ed. 2, 1968), pp. 637-638.

B. W. Bache and E. G. Williams, J. Soil Sci. 22,
289 (1971).

J. Emsley and D. Hall, The Chemistry of Phos-
phorus: Environmental, Inorganic, Biochemical
and Spectroscopic Aspects (Wiley, New York,
1976), p. 6.

See, for example, the unexplained restrictions
on measuring soil phosphate below a pH thresh-
old of 5.5 recommended by Sjoberg (7, p. 449).
The recommendation may stem from a similar
one in Cornwall (23).

I. W. Cornwall, Soils for the Archaeologist
(Phoenix House, London, ed. 3, 1966), p. 195.

P. H. Hsu and M. L. Jackson, Soil Sci. 90, 16
(1960).

R. C. Eidt, unpublished data from an analysis of
fresh Oxisols collected in 1975 in Brazil. This

30 SEPTEMBER 1977

26.

27.
28.
29.
30.

31.
32.
33.
34.
35.

36.

37.
38.

39.

40.

conclusion corroborates the postulation by P.
Murmann and M. Peech [Soil Sci. 107, 249
(1969)] that hydroxyapatite can persist in acid
soils for long periods of time. The Py, is simply
extracted from highly acid, neutral, or highly al-
kaline anthrosols by either the field or the labo-
ratory method described in this article.

See Cornwall (23, p. 195, footnote 17), where it
is stated that if phosphoric acid is released in soil
it will be leached out and lost in drainage if suf-
ficient bases are not present or plants do not ab-
sorb it.

See the solubility discussion in Hsu and Jackson
24, p. 19).

G. W. Cooke and R. J. B. Williams, Water Res.
7, 19 (1973).

S. S. S. Rdjan and R. L. Fox, Commun. Soil
Sci. Plant Anal. 3, 493 (1972).

G. R. Bauwin and E. H. Tyner 3/); S. C.
Chang, Bull. Assoc. Agric. Chem. (Taiwan) 10,
28 (1961);>_____and M. L. Jackson (32); J. Soil
Sci. 9, 133 (1958); V. Hernando and M. Losada,
in Artti del II Simposio Internazionale di
Agrochimica [Instituto de Chimica Agraria
dell’Universita degli Studi de Pisa, Procchio
(Isola d’Elba), 1958], pp. 192-210; A. Kaila,
Maataloust. Aikakausk. 35, 36 (1963); A. Khin
and G. W. Leeper (:=# J. Murphy and J. P.
Riley, Anal. Chim. Acta 27, 31 (1962); A. N.
Smith, Agrochimica 9, 162 (1965); J. K. Syers
et al., Soil Sci. Soc. Am. Proc. 33, 635 (1969);
J. K. Syers et al. (34); F. S. Watanabe and S. R.
Olsen, Soil Sci. 93, 183 (1962); J. D. H. Wil-
liams, J. K. Syers, T. W. Walker, Soil Sci. Soc.
Am. Proc. 31, 736 (1967). Three books dealing
with general facets of phosphate analysis are: J.
Emsley and D. Hall (21); E. J. Griffith, A. Bee-
ton, J. M. Spencer, D. T. Mitchell, Eds., Envi-
ronmental Phosphorus Handbook (Wiley, New
York, 1973); M. Halmann, Ed., Analytical
Chemistry of Phosphorus Compounds (Wiley,
New York, 1972).

G. R. Bauwin and E. H. Tyner, Soil Sci. Soc.
Am. Proc. 21, 250 (1957).

S. C. Chang and M. L. Jackson, Soil Sci. 84,250
(1957).

A. Khin and G. W. Leeper, Agrochimica 4, 246
(1960).

J. K. Syers, G. W. Smillie, J. D. H. Williams,
Soil Sci. Soc. Am. Proc. 36, 20 (1972).

H. Will, Outlines of Chemical Analysis, Pre-
pared for the Chemical Laboratory at Giessen,
translated by D. Breed (Boston, 1855), p. 121.
Will was a student of Liebig's. See the later ap-
plication of the process in the steel industry, as
reported by F. Osmund, Bull. Soc. Chim. Fr. 47,
745 (1887).

F. Feigl, Spot Tests in Organic Analysis (Else-
vier, Amsterdam, 1960), p. 18; A. Kaila, Acta
Agral. Fenn. 83, 33 (1955).

E.J. Russel and J. A. Prescott, J. Agric. Sci. 8,
65 (1917).

The ability of sodium citrate to form complexes
with soil components that sorb phosphate is well
known and is utilized in the phosphate fractiona-
tion system described in this article. See, for ex-
ample, N. H. Aguilera and M. L. Jackson, Soil
Sci. Soc. Am. Proc. 17, 359 (1953); T. D. Evans
and J. K. Syers, ibid. 35, 906 (1971).

See Guyan (3) for the use of calcium lactate and
Arrhenius (/7) for the application of the citrate
method.

R. S. Beckwith and 1. P. Little, J. Sci. Food
Agric. 1, 15 (19 =+ D. N. Fogg and N. T. Wil-
kenson, Analyst 83, 406 (1958); C. G. Sherrell
and W. M. H. Saunders, N.Z. J. Agric. Res. 9,
972 (1966); L. E. Sommers and D. W. Nelson,
Soil Sci. Soc. Am. Proc. 36, 902 (1972); J. K.
Syers, J. D. H. Williams, T. W. Walker, N.Z. J.
Agric. Res. 11, 757 (1968).

41.
42.

43.

44,
45.
46.

47.

48.

49.

50.
51,
52.

53.
54.

55.

56.

See also S. M. Bromfield, Aust. J. Soil Res. 5,
93 (1967).
In the procedure of Chang and Jackson, the acid
extraction is performed before the CBD extrac-
tion. Since this may result in overestimation of
the Ca-P because of removal of some CBD-P,
this part of the procedure has been placed at the
end [see (34)].
I am unaware that anyone else has attempted to
analyze anthrosols by soil phosphate fractiona-
tion.
R. C. Eidt, Ann. Assoc. Am. Geogr. 49, 374
(1959).
Fractionation data for this soil were computed
from Khin and Leeper (33).
The state factors have been identified by H. Jen-
ny [Soil Sci. Soc. Am. Proc. 25, 385 (1961)]. The
equation for a chronosequence is /, s, v, a4, =
fWctorp.., where | = ecosystem properties,
s = soil properties, v =.vegetation properties,
a = animal properties, ¢ = age, ¢/ = climate,
o = organisms, r = relief, and p = parent ma-
terial.
R. L. Singh, in Souvenir: Silver Jubiliee Cele-
brations (National Geographical Society of In-
dia and Banaras Hindu University, Varanasi,
1971), p. 5; A. K. Narain, A Preliminary Report
on Rajghat Archaeological Excavations 1957
(Banaras Hindu University, College of In-
dology, Varanasi, 1957).
Aspects of the rate of change of phosphate form
in the soil are discussed in Adams and Walker
9); S. C. Chang and W. K. Chu, J. Soil Sci. 12,
286 (1961); E. O. Huffman, W. E. Cate, M. E.
Deming, Soil Sci. 90, 8 (1960); Hsu and Jackson
(24); Rdjan and Fox (29); J. K. Syers and T. W.
Walker, J. Soil Sci. 20, 57 (1969); Walker and
Syers (10);J. D. H. Williams, J. K. Syers, T. W.
Walker, R. Shah, Agrochimica 13, 491 (1969); J.
D. H. Williams and T. W. Walker, Soil Sci. 107,
22 (1969); ibid. p. 213; W. J. Vreeken, J. Soil
Sci. 26, 378 (1975).
S. Larsen, in Residual Value of Applied Nutri-
ents (Technical Bulletin 20, Ministry of Agricul-
gﬁ Fisheries and Food, London, 1971), pp.
1

J. H. Kyle, A. M. Posner, J. P. Quirk, J. Soil
Sci. 26, 32 (1975).

R. L. Parfitt, R. J. Atkinson, R. St.C. Smart,
Soil Sci. Soc. Am. Proc. 39, 837 (1975).

L. V. Vaidyanathan and P. H. Nye, J. Soil Sci.
17, 175 (1966); L. V. Vaidyanathan and O. Tali-
budeen, ibid. 21, 173 (1970).

R. C. Eidt, Natl. Geogr. J. India 31, 135 (1975).
S. M. Banerjea and S. R. Ghosh, J. Indian Soc.
Soil Sci. 18, 259 (1970); R. K. Gupta and T. A.
Singh, Geoderma 14, 255 (1975); E. C. A. Runge
and F. F. Riecken, Soil Sci. Soc. Am. Proc. 30,
624 (1966); E. G. Williams, Agrochimica 3, 279
(1959).

N. E. Smeck, Soil Sci. 115, 199 (1973); J. K.
Syers, R. Shah, T. W. Walker, ibid. 108, 283
(1969). )

I gratefully acknowledge the National Science
Foundation (senior research grant SOC 74-13406
AO1) as well as the Center for Latin America
and the Graduate School of the University of
Wisconsin-Milwaukee for financial assistance. I
am indebted to M. L. Jackson for exchange of
ideas, careful reading of the manuscript, and
valuable suggestions. Special thanks are due J.
K. Syers, who offered encouragement, advice,
and editorial assistance, particularly during the
difficult initial stages of the S-year project. R. L.
Singh and E. Guhl provided generous field sup-
port in India and Colombia, respectively. Un-
stinting help in the laboratory and/or in the field
was received from S. Adams, W. Brandt, C.
Caviedes, J. Giegel, M. Hiraoka, D. Meyer, and
W. Woods.

1333



	Cit r4_c31: 
	Cit r4_c33: 
	Cit r40_c107: 
	Cit r30_c84: 
	Cit r6_c41: 
	Cit r12_c48: 
	Cit r4_c37: 
	Cit r12_c49: 
	Cit r18_c60: 
	Cit r10_c46: 


