Table 3. DDT recovered in August 1960
from soil of experimental stand 4, Maine,
sprayed in June 1960 with 3.57 kg of DDT
per hectare (4 Ib/acre). The stand had
never been sprayed before June 1960.

Soil
horizon August 1960
A,y 0.034 = .019
A, 013 = 012
A, 080 = .027
B, 0
Total 127 = .037
than the 10 years previously esti-
mated (5).
There is at present no evidence

that the persistence of DDT residues
in soils is affecting plant populations
in any measurable way (8). There is
abundant evidence, however, that food
chains are contaminated in various
ways, and the persistence of residues
of DDT in soils for as much as a
decade is ample reason to examine the
cycling of this and other noxious
products through ecological systems
with great care.
G. M. WOODWELL¥*
F. T. MARTIN
Departments of Botany and Chemistry,
University of Maine, Orono
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High-Pressure Polymorph of Iron

Abstract. An x-ray diffraction study
of iron under pressure has shown that
alpha-iron (body-centered cubic) trans-
forms to hexagonal-close-packing (des-
ignated epsilon-iron) at 130 kb, room
temperature. The volume change for
the transformation is — 0.20 == 0.03
cm®/mole. The slope for the gamma-
epsilon phase boundary has been calcu-
lated to be 2 =« 1°C/kb. The molar
volume of iron decreases from 7.10
cm®/mole (density = 7.85 g/cm’) at
room pressure to 6.10 += 0.08 cm’/
mole (density = 9.1 =+ 0.1 g/cm’) at
200 kb and room temperature. The ex-
trapolation of the gamma-epsilon phase
boundary, consistent with shock wave
data, suggests that it may have an influ-
ence on the properties of the earth’s
core.

Three polymorphic phases of iron
have been recognized: a-iron (body-
centered cubic) is stable below 906°C
at room pressure, y-iron (face-centered
cubic) is stable between 906°C and
1401°C, and &-iron (body-centered
cubic) is stable between 1401°C and
1530°C, the melting temperature of
iron at room pressure. The effect of
pressure on the phase boundary be-
tween - and y-iron has been investi-
gated over a wide range of pressures by
means of dilatometry by Birch (1),
electrical resistivity by Kaufman et al.
(2) and Clougherty and Kaufman (3),
heat of transformation by Kennedy and
Newton (4), thermal conductivity by
Claussen (5), and shock wave propaga-
tion by Bancroft et al. (6) and Johnson
et al. (7). The results of these studies
have established that the temperature of
the a—y iron transformation decreases
with increasing pressure. The electrical
resistivity study of Balchan and Dricka-
mer (8) has shown that there is a phase
transformation at 130 kb at room tem-
perature. It was considered that, be-
cause of the negative slope of the phase
boundary, the y-iron might become the
stable phase above 130 kb at room tem-
perature. On the other hand, Johnson
et al. (7) showed that a sharp change
occurs in the slope of the a—y phase
boundary at 110 kb and 502°C, and
proposed that this inflection point rep-
resents a triple point for alpha, gamma
and X phases. Jamieson and Lawson
(9), and Jamieson (I/0) made an at-
tempt to identify this high pressure
phase by x-ray diffraction. Working
with one diffraction line and the volume

change for the phase transformation ob-
tained by Bancroft et al. (6), they
postulated that the high-pressure phase
has a hexagonal-close-packed structure.
However, the evidence was inconclu-
sive. The purpose of the study reported
here was to confirm their hypothesis.

A mixture of powdered iron (purity,
99.8 percent) and sodium chloride was
placed between two flat faces (0.5 mm
diameter) of diamond anvils in an in-
strument similar to the one ‘designed
by Van Valkenburg (/1) for his opti-
cal work. A finely collimated x-ray
beam (0.1 mm diameter, MoK« radi-
ation) was directed to the specimen
through the diamond anvil, and the
diffracted x-rays were recorded on a
flat photographic film. The sodium
chloride serves two purposes, being a
pressure-transmitting medium and an
internal standard for pressure measure-
ments. The pressure to which the spec-
imen was subjected was calculated from
the lattice dimensions of the sodium
chloride and the available data on den-
sity obtained by Bridgman (12) for up
to 40 kb and by Christian (I3) for
above 40 kb. A 20°C isothermal pres-
sure-volume relation of sodium chloride
was derived by Christian from his
shock-experiment data by assuming the
constancy of the heat capacity and
(0P/9T)» over the pressure range of
present interest. The uncertainty of the
pressure-volume relations of Christian
is = 3 percent, and the overall uncer-
tainty of the pressure values reported
in this paper is == 9 percent. Although
Evdokimova and Vereshchagin (14) re-
ported an extremely sluggish phase
transformation of sodium chloride to
a cesium chloride type structure below
18 kb, such a transformation was not
observed by us.

The photographic records of x-ray
diffraction obtained at room pressure,

Table 1. X-ray diffraction data of iron at
192 = 18 kb and room temperature. MoK«
radiation; zirconium filter. Unit cell dimen-
sions were: a = 2.45 =+ 0.01 &, ¢ = 3.93
&= 0.01 A, c¢/a = 1.61. Molar volume =
6.16 += 0.08 cm®/mole density = 9.1 =+ 0.1
g/cm® Compressibility (815) = — (1/V,)
(0V/3P)zpoc = 4.94 X 10~7 compressibility at
1 bar and 20°C (8,) = 5.94 x 10-".

1/1, d (A) (hkl) Phase
2.50 (200) NaCl std.*
2 2.12 (100) €
8 1.97 (002) €
10 1.84 (101) e
1 1.44 (102) e
1 1.234 (110) g
1 1.113 (103) €

* NaCl internal standard.
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130 kb, and 192 kb at room tempera-
ture are shown in Fig. 1 (top, middle,
and bottom, respectively). At room
pressure (Fig. 1, top), three diffrac-
tion lines of a-iron, (110), (200),
and (211), are clearly discernible. At

130 kb a new line appears just
outside the (110) line of a-iron. In
Fig. 1 (bottom) taken at 192 kb,
the diffraction lines of a-iron have dis-
appeared completely, and the six lines
present are all attributed to the high-

Fig. 1. (Top) Photographic record of x-ray diffraction of iron at room pressure and
temperature. The diffraction lines are a = (110) of a-iron, b = (200) of a-iron, and
¢ = (211) of a-iron. (Middle) X-ray diffraction of iron at 130 kb and room temperature.
The diffraction lines a, b, and c¢ are the same as in (top), and f, (101) of e-iron, appears
just outside a. (Bottom) X-ray diffraction of iron at 192 kb and room temperature. The
diffraction lines are all of e-iron: d = (100), e = (002), f = (101), g = (102, h =
(110), and i = (103).

MOLAR
VOLUME

7.0

BANCROFT,PETERSON, -
8 MINSHALL(1956).

6.5 AV =-0.20 £ 0.03 SO0 -
i 1
6.0 -_ bCC I hCP — :
1 1 1 |4J 2 N 1 [l | 1 1 2 1 I ' ' A l
0 50 100 150 200
PRESSURE (Kb)

Fig. 2. The molar volume of iron up to 200 kb at room temperature (20° = 2°C).
bCC, body-centered cubic; hCP, hexagonal-close-packed structure.
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pressure phase. This pattern has been
identified and indexed as hexagonal-
close-packing (Table 1). The intensities
of the outer lines as reported in Table 1
are reduced by the flat film geometry,
otherwise the intensities are consistent
with the expected intensities for hex-
agonal-close-packing. This high-pres-
sure polymorph has been designated
e-iron, analogous with the epsilon phase
of cobalt which has a hexagonal-close-
packed structure at room pressure and
temperature.

An x-ray diffraction photograph ob-
tained during an 18-hour exposure pe-
riod immediately after the pressure was
raised above 130 kb showed no lines
of a-iron. Upon reduction of pressure,
the sample reverted completely from
the e-phase to the «-phase during 18
hours of exposure to x-rays. In a shock
wave experiment, the high-pressure
phase of iron is detected during an in-
terval of microseconds. Therefore, the
a—¢ transformation appears to be re-
versible and rapid.

The effect of pressure on the molar
volume of iron is plotted in Fig. 2
along with the data of Bridgman (15)
and those of Bancroft et al. (6). Fig-
ure 2 shows that below 130 kb our
results agree with those of Bridgman
and Bancroft et al. within 0.5 percent.
Above 130 kb, where e-iron is stable,
there are marked differences between
our results and those of Bancroft et al.
The discrepancy at the pressures above
130 kb is probably due to smearing of
the phase transformation under the
shock conditions used by Bancroft et al.
Above 170 kb the data of Bancroft
et al. appear approximately 1 percent
higher than our results. Although this
difference is not quite outside the
experimental uncertainties of our work,
it may indicate the thermal expansion
of the specimen by adiabatic heating
during the shock wave experiments.

The change in volume for the a—e¢
transformation has been determined
from three independent runs to be
— 0.20 = 0.03 cm®mole at 130 kb
and room temperature. This value is in
good agreement with the value, — 0.25
cm®’/mole, obtained by Bancroft et al.
(6) by shock wave techniques.

The shock wave study by Johnson et
al. (7) indicated a triple point of three
iron polymorphs at 110 kb and 502°C
(775°K). Comparing their data with
others obtained under static pressures,
they commented that their temperature
estimations might be 10° to 50°C too
high because of the adiabatic nature of
the shock wave experiments. If the
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a—y boundary obtained by Johnson et
al. (7) is reduced by 50°C, it can be
brought into agreement with the data
of Clougherty and Kaufman (3), Ken-
nedy and Newton (4), and Claussen
(5). The a—y phase boundary shown
in Fig. 3 was obtained by subtracting
50°C from the data of Johnson et al.,
and the a—¢ phase boundary was also
obtained by subtracting 25°C from the
«—X phase boundary of Johnson et al.
(7). The triple point can be best esti-
mated to be at 110 kb and 477°C
(750°K).

If Clapeyron’s equation is applied to
the triple point, the slope of the y—e
phase boundary can be expressed by

dT/dPy = {{(V;—V,) — (Vy=V)]IX
(dT/dPoe) (dT/dP, )} +
[dT/dP, ) (Ve—V,) —
(dT/dPy_e) (Vy— V),

where V is molar volume, T is absolute
temperature, and P is pressure. The
slope of the phase boundaries for a—y
and a—¢ were estimated from the data
of Johnson et al. (7) to be — 2.6°K/kb
and — 93.5°K/kb, respectively. Ac-
cording to Kaufman et al. (2), for tem-
peratures below 1200°K,

(Vy = Vo) = = 0312 +2 X

10 T cm’/mole.
Substituting the temperature of the tri-
ple point, 750°K, into this equation, the
volume change associated with the a~y

TEMP.(°C)
2000 T

1500

50 100
PRESSURE (Kb)

Fig. 3. The phase diagram of iron. The
melting curve was determined by Strong
(18). The a—y and a—¢ boundaries were
modified from the data of Johnson et al.
(7). The 8-y and y—¢ boundaries were
calculated. fCC, face-centered cubic; other
abbreviations as in Fig. 2.
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Fig. 4. The extended phase diagram of iron and the projection of shock wave “Hugo-
niot” (19). The calculated boundary between the vy- and e-phase is nearly parallel to
the projection of the shock wave “Hugoniot,” and extends to the pressure-temperature
conditions within the core of the earth. (Abbreviations as in Figs. 2 and 3.)

transformation is calculated to be —0.16
cm’/mole. If this is assumed to be. in-
dependent of pressure, the slope of the
y—-¢ phase boundary can be computed
to be 2 += 1°K/kb (Fig. 3).

The slope of the §—y phase boundary
was calculated to be 19.6°K/kb by
using the lattice dimensions of Basinski
et al. (16) and the heat of transforma-
tion of Kelly (17) (the volume change
of 0.08 cm®/ mole ,and the heat of trans-
formation of 165 cal/mole at 1673°K).
The probable stability field of §-iron
is shown in Fig. 3 along with the melt-
ing curve determined by Strong (I8).

The shock wave studies of iron by
Bancroft et al. (6) and Al'tshuler et al.
(/9) have shown that, above 130 kb,
the Hugoniot curve has no discontin-
uity in slope up to 4000 kb, indicating
the absence of any rapid phase trans-
formation in iron. This implies that
the pressure-temperature conditions of
the shock wave experiments are within
the stability field of s-iron. The calcu-
lated slope of the y—e phase boundary
is, in fact, nearly parallel to the slope
of the pressure-temperature conditions
of the shock experiments (Fig. 4).

The evidence provided by geophysi-
cal, geochemical, and celestial mechan-
ical measurements indicates that the
core of the earth (2900 km deep to the
center of the earth) is composed prin-
cipally of iron. The pressure and tem-
perature conditions within the core
have been estimated by Birch (20) and

Verhoogen (21) to be at the pressures
of approximately 1500 kb at the pe-
riphery and 3500 kb at the center, and
at temperatures of 3000° == 1000°C.
The y-¢ phase boundary, if it extends
to the pressure-temperature conditions
of the earth’s core, may have a signifi-
cant influence on the core’s properties.
TARO TAKAHASHI
WILLIAM A. BASSETT
Department of Geology, University of
Rochester, Rochester 27, New York
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Cerium-144 and Cesium-137 Measurements in the 1963
United States Wheat Crop and Milling Products

Abstract. The distribution of an abundant short-lived (285 days) nuclide,
cerium-144, and a long-lived (30.5 years) nuclide, cesium-137, has been measured
in wheat samples and milling products by means of radiochemical methods. The
patent flour fraction contained approximately 10 and 15 percent of the mea-

sured cerium and cesium.

Cerium-144 and cesium-137 distribu-
tions have not been studied as fre-
quently in environmental samples as
strontium-90 since neither of the first
two radionuclides are deemed as haz-
ardous to man. They are significant,
however, because of their major con-
tribution to world-wide fallout. Cerium-

Table 1. Results of analysis of Ce** and
Cs™" in samples of wheat grown in the United
States during 1963.

Content of orig-
inal material

Location milj"};‘gitt* (pc/kg)

Cebﬂ Csl3'!
Indiana 15 July 234 483
Kansas (I) 15 June 474 405
Kansas (II) T 15 June 488 410
Missouri 30 June 210 645
Montana 31 July 411 524
Nebraska 30 June 308 576
North Dakota 14 July 334 466
Ohio 15 July 177 225
Oklahoma 25 May 780 477
South Dakota 31 July 90 309
Texas 15 May 471 322
Washington 31 July 132 342

* The date considered to be about the middle of
harvest, for the year 1963. F Duplicate sam-
ple of Kansas (II), which is a composite of
eight varieties of wheat.

144 and its daughter praseodymium-144
are the most abundant radionuclides in
the atmosphere 1 to 3 years after nu-
clear detonations (7). While Cs™ is
initially a lesser contributor to fallout
during this interval, its longer physical
half-life, chemical similarity to potas-
sium, and potential as a hazard make
necessary more detailed studies. In the
study reported here, we measured the
amounts of Ce™ and Cs* in the 1963
U.S. wheat crop and milling products
by means of radiochemical methods.

Relatively little has been reported on
the distribution of natural cerium and
its family, the rare earth elements, in
the environment. Late in the 19th cen-
tury it was reported that “small quan-
tities of the rare earth elements were
detected in the ashes of many plants,
rice, tobacco and also in human bones”
2).

Recently, Nezu et al. (3) found
that the amount of Ce'* was one-tenth
that of Sr” in mixed animal bone, ap-
proximately equivalent to the amount
in a root vegetable, and twice as much
as the amount of Sr” in a leafy vege-
table. It is generally agreed that the rare

Table 2. Cerium-144 and cesium-137 in Kansas wheat and milling products.

Content of

Content of

original material fraction I"erfcentgge
t1
Fraction E;’iﬁg{ (pe/kg) (pc/kg) In traction
CeIA»l Cslﬂ'l Ce144 CSIZW Ce]é-l Csla'l

Wheat (Kansas II) 100 488 410 488 410

Patent flour 52 84 124 44 64 9 16
1st Clear flour 17 162 166 28 28 6 7
2nd Clear flour 6 184 230 11 14 2 3
Shorts 14 1384 1021 194 143 39 35
Bran 11 1945 1420 214 156 44 39
Total ) 491 405 100 100

486

earth radionuclides are assimilated by
the plant root in negligible concentra-
tions and that the association of these
radionuclides with plants is due to phys-
ical adherence resulting from their
particulate origin. However, solubility
measurements of fallout debris in New
York City indicated that 42 percent of
the Ce™** was soluble at the time of
deposition on the ground (4). In studies
of the penetration of radionuclides in
New Jersey soils it was found that Ce'*
was measurable down to 30 cm (5).
Therefore, it seems reasonable to as-
sume that a soluble and exchangeable,
as well as a particulate form of cerium,
exists in radioactive fallout.

Most of the Cs™ is soluble in fallout
debris and is strongly adsorbed within
the top 5 cm of soil. The removal of
Cs™ from soils and its availability to
plants is retarded by the strong absorp-
tive forces of soil. Two of the factors
which tend to reduce these retentive
forces, thus making cesium more avail-
able to plants, are increases in the con-
centration of hydrogen ions in the soil
(6), and increases in the amount of
available potassium (7).

The degree of radionuclide solubility
and the distribution of radioactive ele-
ments in soil are only two of the physi-
cal parameters of the mechanism of
radionuclide transfer from the atmo-
sphere to plants. Another consideration
is translocation of radionuclides by
plants, Gulyakin and Yudintseva (&)
observed approximately 2 and 15 per-
cent Ce™ and Cs* in wheat grain from
plants grown in nutrient solution. The
amount was less for soil grown plants.
From autoradiographic studies of wheat
plants sprayed with Cs*, Middleton (9)
found dispersion throughout the plant
with approximately 10 percent concen-
trated in the grain.

The amounts of Ce* and Cs™" found
in samples of the 1963 U.S. wheat
crop from eleven states are shown in
Table 1.The values are reported as of the
date considered to be about the middle of
harvest. The states listed produced about
75 percent of all the wheat grown in the
United States during 1962. Kansas pro-
duced 20 percent of the 1962 wheat
crop. Two composite samples were
made from eight varieties of Kansas
wheat (Table 1). One of the composites
(Kansas II) was separated into milling
fractions (Table 2). As shown, the
patent flour fraction, which is used for
human consumption, contained approx-
imately 10 and 15 percent, respectively,
of the Ce™ and Cs™ measured in the
grain. This amount is consistent with
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