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FORLWORD

This report di,,c,, rc.(,:vich that was authorized under Task IC622401A10202.
Chemical Agent Warning and l)ctection Techniques (U). It covers work from May 1968 through

December 1969. The original record of this research is retained at Edgewood Arsenal in

notebooks 0704 and 8031 and in rciat,:d spe:-tr-photonictur charts. In addition, absorptivity
cocfficie!.ts of somc soil samples are retaincd at Ldgewoul Arsenil on magnetic tape.

Reproduction of this document in whole or in part is prohibited except with permis-

sion of the Commanding Officer, Edgewood Arscnal, ATTN: SMUEA-TSTI-T, Edgewood
Arsenal, Maryland 21010; however, DDC and the Clearinghouse for Fedeial Scientific and
Technical Information aic a,'horizcd to reproduce the document.
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DIGEST

It is well known that dust clouds selectively absorb radiation in the 700 to 1300
cm atmospheric window region. Studies have shown that dust clouds are composed of the
same minerals as surface soils, although in different proportion. We have examined 70 soil
samples from a number of locations around the world to determine their composition and
spectral characteristics. The results indicate that there are five major components that
selectively absorb radiation in the 700 to 1300 cm-I region. These are three clay minerals,
silica, and calcium carbonate. Absorptivity coefficient spectra of representative soil samples are
given in the body of the report, and transmission spectra of all the samples are presented in the
appendix.
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SMEC IRAL ABSORPI ION CHIARAC'TERISTIC'S
O1: THE MAJOR COMPONEN] S 01:

D)UST (1 OUIDS

1. INiRPOIUCTION.

The 700 to 1300 cmn- regien is becoming inore widely used for hoim *itlI-patli
infrared nicasuremenrts, Thec Army is invcstIigaiting devices for th- I ledctctiou of' at;i spl icric
pollutants iising their chafacteristic infrared absorption bandLs inl 11hiS lCV ion. TheIse devices mlay,
operate passively . using background radiation, t or actiVcly. usinV. laQr iadiation, refkctcd fronm
the backgroundj. 2 .3

Naturally occurring dust clouds also absorb inl this tegion arid thus iiiter'.'re with the
operation oftdetection instruments and other liorizontal-patli in [raied deviccs.

The primaly objective of- this piograin was to deterniii: 11,e variey of inijeirals
present in surface dust clouds. These were determine~d ulsing tile stalldnd potassium br-omide
(Kl3r) pellet techinioue arid a laboratory spvct rophotoic ter. We used a rapid-sean
spectroradiole ter, howevor, to demonstrate that the spectral absorption properties of' m~inerals
inl dust clouds are similar to those of the samec minerals in a Kl~r mnatrix.

11. ISXPERIMLNTA1TION.

This study was conducted entirely in tile laboratory using the following
samples: Soils from a world-wide collection by the U.S. lDepartnient of Agriculture; soils fromn
five military installat ions-, anid finely ground industrial minerals froin Whittaker, Clark, anld
Daniels, Inc., New York, New York.

The spectra of airborne dusts were obtained using a rapid-sec;n spectroradiomle ter.
This instrument was designed anid constructed to Ldgvwood Arsenal specifications by Lxotechi
Inc., Rockvillc, Maryland. The waveleng-Ai selection elemnwrt is anl Optical Coating Laboratories,
Inc., Santa Rosa. California, circular variable filter (CVF) wheel. Thle CN/F has a split. linear
wavelength range of 3 to 6 gmn anid 7 to 14 urn. Resolution isý approximately 2%/' of thle
Wavelength.

For these tests a scanning speed of 4 seconds per revolution of the CVF (2 seconds
for the 7- to 14-pin range), a He-cooled 6-,:llg detector, anid a remnote Nernst glower infrared
source were used. The dulSt cloud was generated in a 3.7-mecter long, 0.3-square-mieter.
openi-ehldvd, shieet-mietal duct. Results are qualitative.

Thle spectra of dusts in KBr pellets were takent with a Beckman IR9
spectrophiotuine Icr equipped with a Datex digital data recorder.

The soil samples contained particles of all diamect..rs to several millimeters. Only
particles smaller than 10 pill were of interest because only these have significant spectral
absorption effects. In addition, thle composition of the larger particles would be mostly quartz.
Consequently, the soil samples were filtered, not ground.
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Two filtering methods were used. In the first, a soil sample was placed indistilled
water and boiled to break up agglomerates. The suspension was filtered through Whatman No. 4
filter paper. The filtrate was then evaporated over a low flame with care to assure no
degradation of the sample. The dried soil sample and the finely ground KBr powder were mixed
with an agate mortar and pestle to minimize contamination. Care was taken to apply enough
pressure for mixing but not enough to grind the sample. The resulting mixture was pressed into
a KBr pellet using standard techniques.

In the second method, a glass tube 45 cm long and 5 cm in diameter was used with a
filter paper at one end and a ceramic filter holder at the other. The column was placed in a
vertical position with the ceramic filter holder, containing the soil sample, at the lower end. An
airstream was passed through the sample. The air agitated the soil sufficiently to collect a
specimen of dust on the filter paper at the upper end of the column. A portion of this specimen
was mixed with the KBr powder and pressed into a pellet.

Spectra taken of samples prepared by either method were essentially identical. Most
of the samples were prepared using the more convenient wet method.

The transmission spectra were digitized, and absorptivity coefficients were calculated
from the Beer-Lambert Law as a function of wavenumber and were plotted accordingly.*

*The spectral data were gathered for the evaluation of dusts as interferences in the operation of infrared

pollutant detection systems. This evaluation requires that the data be entered into a computer as a part of a
detector simulation program. Therefore. the spectral data were digitized as a continuous set of transmittance
values. This set was used to calculate a set of absorptivity coefficients using the Beer-Lambert Law.

If the Beer-Lambert Law is to give an accurate representation of transmittance, the absorptivity coefficient
must be constant over the required transmittance range. Thi, is true to a good approximation for gases and
liquids, but not for solid particles. Jones4 gives a detailed description of the variation of the absorptivity
coefficient for chnges in particle diameter and sample transmittance. For a given weight of material the
projected area of -,-,1- w:1I rease as the average particle diameter increases. This decrease in projected
area will makc. 1 ctive as an absorber of specific wavelengths. We do expect that the
absorptivity c(,,- "I -:i errors of this type. If so, the peak absorptivity coefficients may
be stronger by 10% t1,

There is an additional complicating factor for soil samples. They are composites of a variety of compounds
whose relative concentrations are not fixed. Thus, even if the absorptivity coefficients were as good as those
for liquids or vapors, they would be valid for only a particular mixture.

Despite these limitations, absorptivity coefficients were calculated for a large number of soils for the following
reasons. ( 1 ) Transmittance values could not be used directly because a wide range of concentrations had to be
simulated. Over this wide range, the use of absonptivity coefficients is superior to a linear extrapolation of
trinsmittance values. (2) By using a large number of compounds, the random concentration variations should
average out.
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Ill. THE SPECTRA OF AIRBORNE DUSTS.

There are several questions to be answered if the spectra of airborne dusts are to be
compared with the spectra of dusts in a KBr matrix. Does the K1r matrix suppress scattering
and enhance spectral absorption? Does it introduce distortion of bands or change their peak
wavelengths?

Phillippi5 discusses these optical effects. While these effects may be important, we do
not believe they alter our basic conclusions for the following reasons. (I) Bands are fairly
symmetrical (a criterion for nondistortion). (2) Peak locations agree with those in the
literature. (3) The airborne dust spectra and the KBr dust spectra agree.

Figure I shows a freon calibration spectrum illustrating the response of the system to
a known gas. Figure 2 presents the spectrum of a finely ground industrial kaolin Kaolin, which
will be discussed in more detail later, is a major component of maniy soils, and consequently, of
many' dust clouds. A comparison of figures I and 2 shows that the kaolin absorbs specific
wavelengths about as effectively as freon. Furthermore, the kaolin spectrum shows little, if any,
scattering. Figure 3 shows spectra for samples taken from two different locations at Dugway
Proving Ground, Utah. These soil samples were sized only by the rapid fallout of the larger
particles during the course of the experiment. They show that the extinction is still largely
spectral absorption.

Comparison of figures 2 and 3 with the KBr spectra of figure 4 indicates that band
shapes and positions of the dust in the two media agree within limits of resolution and
wavelength accuracy of the spectroradiometer. The comparison is particularly good between
airborne kaolin dust (figure 2) and kaolin dust in a KBr pellet (soil sample 58 in figure 4b).

These preliminary spectroradiometer results lend credence to the KBr data to be
presented in the next section. Consequently, we believe that the question of the spectral
characteristics and varieties of dust can be successfully approached using the KBr pellet
technique.

IV. THE SPECTRA OF DUSTS IN KBr PELLETS.

Selected absorptivity coefficient spectra of the soil samples are shown in figure 4. The
transmission spectra for al! 70 soil samples and some industrial minerals are shown in the
appendix, figures A-I through A-74.

The spectra of almost all of the soil samples were very similar. Most spectral features
could be attributed to five compounds: The three clay minerals, silica, and calcium carbonate.
This was surprising in view of the large number of available minerals.6 ,

V. THEORY.

The following discussion was gleaned from a number of sources. including geology
texts8 ,9 describing generally accepted geological theory.

If an airborne dust is to be an effective spectral absorber of infrared radiation, particle
diameters should be less than 10 pm. In addition, there should be a large number of these

9
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Figure 1. Spec'roradiometer Spectra of Figure 2. Spec toradiotneter Spectra of
Freon Gas Industrial Kaolin
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Figure 3. Spec troradiometer Spectra of Samples From Dugway Proving Ground, Utah
(a) road sample, Ib) test grid sample.

particles. Small particles in large numbers with wide geographical d-stribution are generally
litlited to the weathered products of minerals. The weathered pr( lucts of most common
minerals arc the clay minerals, metal oxides, and silica. 1 0 , 1 1 These minerals are stable. Either
they do not undergo further chemical or physical breakdown, or such processes are in
.. i.ILi.... -... ......m.is ,a.Utabale v,,eathnrd product, coun..on.--y found in dry
arvas.

1 2

Most features in the transmission spectra (400 to 4000 cm-1) of the soi! samples
co•ild be explainet by the presence of the clay minerals, silica, and calcium carbonate. Our
"p1,ectra, however, consistently showed a small band at 1380 cn-n1, which we identified as
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Figure 4. Spectra of Selected Soil Samples

Spectra are absorptivity versus wave numbei, where absorptivity was calculated from the Beer-Lambert relationship.
Spectra were normalized by dividing each value of absorptivity by the peak value of the largest band
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potissium nitrate. J3 The geology texts do not mention this material specifically. Its presence
does ilot appear to he affected by either the wet or the diry method of sample preparation, but
it might arise from a chemical exchange between components of the soil sample and the KBr
pellet material. fliidalc and Blanco14 also noted a traction between the ,nitrate a4nd theu KI-r.

Similar exchanges are reviewed by Lawson. 1 5 Potassium nitrate also has a band at 824 cm- 1
but its absorptivity is low and therefore n )t visible in otr spectra.

Other studies have shown that dust clouds are composed of the same minerals as the
surface layer of soil, although in different proportions. Barrett et al. 1 6 found kaolinite and silica
in samples deposited on various surfaces above ground. The samples in this study were
compositionally biased toward clay because of the much larger average size of the silica
particles. I loidi .e and Blanco,1 4 in studies conducted in the American southwest, found silica,
calcium carbonate, sodium nitrate, and the three clay minerals in samples filtered from the
atmosphere. Sakabe et al. 1 7 found essentially the same results in samples taken in Tokyo.

There are, of course, innumnerable other particles ill the atmosphere. These particles
can be organic. inorganic, or biological. Sources of such particles include the sea, forest fires,
volcanoes, industry. and even meteoric dust.1 8 Occasionally, the surface concentrations of these
particles c.an be very high. Normally, however, the airborne concentration by weight of such
materials is quite low relative to the soil minerals.

Dry areas occasionally contain surface deposits of unusual minerals. Blanco and
Hloimdall 4 found evidence of sulfates in dry areas; over the total geographical range of their
studies, however, such minerals were of little consequence.

VI. DESCRIPTION OF MINERAL DUSTS.

A. The ('lay Minerals.

The clay minerals are divided into three major groups: Kaolinite, illite, and
montmorillonite. These are hydrous aluminum silicates. Kaolinite has a well defined
composition. however, the compositions of illite and montmorillonite are variable. Detailed
discussions of the chemical structures of all three can be found in Dapples8 and Mason. 9

Physically, the clay minerals are agregates of extremely minute crystal pat iicies.
Thesc particles range in diameter from 0.1 to 100.0 pm, but the most common sizes are
between 0.1 and 1.0 tim.1 9 Sample 58 in figure 4b is almost pure kaolinite. (See also figure
A-7 1.) Its spectrum is well defined and sufficiently detailed so as to be easily identified. Sample
27 in figure 4a is probably montmorillonite: illite is very similar, but the major peek
falls at 1030 cm- I instead of 1040 cm- 1 .2- Spectra of these minerals are presented by Hunt et
al. 6 and indicate that iliite and montmorillonite are poorly defined and very similar. Some
subtle d:"ferences exist,2 0 but are of no apparent consequence for atmospheric absorption
spectroscopy.

Al! three clay niierals have one characteiistic in common: One or more very strong
bands exist in the region between 1000 and 1050 cm-1. These bands are attributed to the
framework vibrations of the silicon-oxygen group.2 1 The positions of the principal infrared
peaks of the clay minerals in the 700 to 1300 e:n-1 region are given in table 1. These were
assigned from values given in the literature and frum spectra taken of the industrial minerals.
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Table I. Peak Positions and Intensities of the h•nfrarcd Bands of tlic
Conimnon Dust Minerals

1W: weak;,M: medium;S: strong, VS: vcry strongi

Kaolinite Milc Montmilh i lmolite

Oi-1 t -OI Tum Oi- I itu

700 14.29 M 913 10.95 M 913 1275 M
755 13.25 W 1031 9.7 VS 1040 9.6 VS
790 12.66 W 1117 8.95 M* 1117 9.95 M*
913 10.95 S
938 10.66 M

1010 9.90 VS
1035 9.66 VS
110 0 9.09 S

1115 8.97 S

Silica Calcium carbonate

780 12.67 M 714 14.0 W
800 12.50 W 845 11.83 W

1090 9.17 VS 873 11.45 S
1175 8.51 S* 1430 6.85 VS**

*Shoulder.
"**Extends well into the 700 to 1300 cm-l region,

Peak positions of the soil samples frequently do not agree exactly because the overlap of strong
bands of different minerals cause apparent shifts.

B. Silica.

Silica occurs in several common crystalline varieties that have essentially the same
infrared spectrum. 6 A commercial silica also has the same spectrum (see figure A-73). The peak
positions are given in table I.

Silica is one of the most resistant of all minerals to weathering.2 2 It occurs in all sizes
ranging from silt to pebbles in weathered soils. 2 3 In addition to these relatively large particles,
some weathering processes apparently produce silica particles of colloidal dimensions. 2 4

Ou!r snr,-tra ()f rhrned,,:t , dc not d•pv or t-Anfirm thie ,vistoncPc, f thspQ

fine particles. In the "synthetic atmospheric dust spectrum" developed by Hoidale and
Bianco, 1 4 silica constituted about 6% of the total sample weight. The KBr transmission
spectra of the soil samples show little scattering at high wavenumbers and strong absorp- -
tion at 1090 cm"1 . This is supporting evidence for the existence of silica particles of
colloidal dimensions.

13



C. Metal Oxides.

Ferric oxides oceur in two stable forms. Hematite and a hydrated ferric oxide,
limonite. lldroxides also occur, but these weather to the hydrated oxide. All three are
responsible for reddish-colored sediments and rocks.25

A spectrum (figure A-74) was taken of a sample of ferric oxide from Whittaker, Clark,
and Daniels, Inc. Three bands were found. One occurred at 1025 cm- , the other two at 470
and 545 cm- 1. The 1025 cm- I band is only about 27f, of the intensity of the silicate bands,
which occur in the samnc region, and consequently is undetectable. The 470 cn- I and 545 cm- I
bands arc about 10 times stronger than the 1025 cm- I band, but generally are masked by
kaolinite bands in that region. In any event, ferric oxide would appear to be of little
consequence in the 700 to 1300 cn- I region.

Certain areas of the world contain high concentrations of aluminum and titanium
o.xides. 2 0' We did not run spectra of these minerals because we had no evidnce that they were
of consequencC in the 700 to 1300 cn- I region.

I). Calcium Carbonate.

Calcium carbonate is generally formed by the dissolution of the mineral calcite. It is
not subject to other chemical weathering processes. Normally, the calcium carbonate is carried
downward through the soil and deposited at some lower level. In very dry regions, however, it
does occur on the surface. Between rains in these regions, the normal flow of water is upward.
This movemernt carries the dissolved calcium carbonate to the surface, where it occurs in a
deposii known as "caliche." Caliche commonly occurs as a crust in desert soils.27 This crust
contrihutes particles to the atmosphere that can be detected using infrared techniques.' 4

Calcium carbonate has a very strong band at 1425 cm I (figure A-72). Although the
peak of this band is well ou! ide the region of interest, the shoalder extends into the 700 to
1300 cm- I region. There is another band at 875 cm- I that is about one half the intensity of
the 1425 cnm- band and much narrower. (See sample 54, figure 5.)

VII. DISTRIBUTiON.

A crude but useful gunewhlization of soil distribution can be madc by defining three
conditions of temperature and humidity. Condition I is characterized by a cold, wet climate.
Surface scýils in these areas are composed of silica and illite. Kaolinite can also occur. but
generally in small quantities. 2 '7 Condition 2 is characterized by extreme heat and humidity. Soil
weathering is most intense under these conditions. Kaolinite is the only clay present, and little
silica is found. (Extreme heat and humidity are the only conditions under which silica is not
stable. 28 ) Concentrations of metal oxides art high, but this has little effect on the infrared
spectra in the 700 to 1300 cm- n region. Condition 3 is characterized by aridity. Temperatures
can be either hot or cold, but weathering proceeds slowly because of limited moisture. The
con,'nion soil minerals are silica, montmorillonite. and calcium carbonate; 2 7 but all dust
mincrals can be found in arid regions.14

Table II presents an analysis of components of our soil samples by inspection of their
infrared spectra. Illite and montmorillonite were treated as cae material because of the

14



I

difficulty ii differeniiug".... between t1e two by infrared techniques. ThV pesefiice Of very Srifal

quantities of kaolinite could be detected by bands in the 3600 cmn" region. Similar quantities
of illite and montnilorillonitc could not be detected.

. ...------ *I .1 -.. .. _- I-. .. - - 1II . .Inl gclne.ral, the', results slho-wi' itl tai c 1.1I•i agicc7 w•ifilt, | fli,- s o" -iti .. " ... 1 l

outlined. Samples from northern latitudes contain large amounts of silica and montiiorillonite
or illite, possibly with small amounts of kaolinite. Moving southward, the kaolinite content
increases in the wetter areas until it becomes predominant. Even fai south, very dry areas
contain little kaolinite.

Six spc-ctra indicated that the samples contained appreciable amounts of calcium
carbonate. Three (samples 14, 27, and 35) were from dry or desert areas. The others (samples 2,
9, and 54) came from legions of relatively high rainfall. The source of the lat~er samples is not
in accord with the generally accepted geological theory. There are explanations for two of the
anomolous samples. The almost pure calcium carbonate of sample 54, figure 5, (from South
Miami, Florida) probably resulted from the deposition of marinc organisrms. Sample 2 from
Vadso, Norway. came from a site that is known to have been excavated during World War IH.

VIII. CONCLUSIONS.

A typical dust cloud contains few minerals in sizable quantities. Only five
compound3, which absorb in the 700 to 1300 cm- region, are likely to be encountered. These
are the clay minerals, silica, and calcium carbonate.

Airborne dusts occasionally contain other minerals, that absorb in the 700 to 1300
cm-1 region; but in most locations these should not be significant spectral factors in the
operation of short horizontal-path infrared instruments.

Figure 5. Spectrum of Soil Sample 54
This sample is almost pure calcism carbonate.
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Table If, Relative Concentiations of the Common Dust Minerals in tile Soil Samples
IT: itace;L: low;M: medium; H: hitil

No. Location KaO Monl Sil CaCO 3  1
I Barrow, Alsk. H

2 Vadso, Nor. 11 M H
3 Baroufoss, Nor. If it
4 Fairbanks, Alsk. T t If
5 Reykjavik, Ice. M H

Oslo, Nor. T H H
7 Edmonton, Can. T H H
4 Loqiueville. FH. T H 11H

9 Paris, Fr. T H H L
10 Port Angeles, Wash. T H H
I I Mandan, N. Dak. L H H
12 St. Laurent, Ft. T H ii
13 Longview, Wash. H H
14 Bozernan, Mont. H H L
15 St. Paul, Minn. H H

16 Orono, Maine H H
17 Corvallis, Oreg. H H
18 Burlington, Vt. H H
I Q Rapid City, S. Dak. L H H
20 Florence, It. L H H
21 Boise, Idaho T H H
22 Madisor,,Wisc. T H H
23 Rochester, N.Y. T H H
24 Ithaca, N.Y. T H H
25 Amherst, Mass. H H
26 l)elroit, Mich. H It
27 Logan, Utah H L L
20 Des Moines, !•owa H
29 Kingston, R. 1. H H1
30 University Park, Pa. L H H
31 Salt Lake City, Utah T H H
?2 New Brunswick, N.J. T H H
33 West Lafayette, Ind. T H H
34 Columbus, Ohio T H H
35 Ankara, Tut. T H H
36 Springfield, 111. T H H
37 Derby, Colo. L M H
3h Newark, Lic. H H

31) Morgantown, W. Va. M M H

40 Manhattan, Kans. T H H
41 Baltimore, Md. M M H
42 Lexington, Ky. L M H
43 Tulsa, Okla. L M H

16



IlI
No. Loca6 0n P1a Ma Sl CaCO 3

44 Rahciv,1, N.C. 11 L

45 Tokyo, lap. r II 1t

46 Little Rock, Aik M M I]

47 Los Angeles, Calif l. H 1-
48 Atlanta, Ga. H L
49 Newton, Miss. M H II

50 Tucson. Arii tl M T
51 Waco, Tex. L I H
52 Alexandria, La. T H M
53 Jacksonville. Fla. - 11 H

54 South Miami, Fla. H
55 Oahu. 11a. 1% L
56 Manila, Phil. t1 H
57 Panama Canal Zone M M I1
58 Leedon Park, Singapore II L
59 Singapote It L
60 Muguga, Kenya !I L
61 Katherine, Austl. It M
62 Salisbury, Rh. i L
63 Antofagasta, Chile !
64 Dutban, S. Afr. H L
65 North Auklard, N. Z. M M
66 Ft. McClellan, Ala. H M

6Ft. SillI, Okla.M,
Yunma Proving Grounds, Ariz. T MI M

L70 Edgewood Arsenal, Md. L
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APPENDI X

TRANSMISSION SPECTRA
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Figure A-1. Barrow, Alaska

I A

Figure A-2. Vadsb, Norway
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S~Figure A-1. Baroufoss, Norway
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Figure A-4. Fairbanks, Alaska
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Figure A-5. Reykjavik, NIcland
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Figure A-6. Oslo, Norway
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Figur2 A-7. Edinortcn, Canada
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Figure A-S. Longueville, France
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Figure A-9. Paris, France Daot
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Figure A-I 10. Port Angeles, Washington
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Figure A-12. St. Laurent, France
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Figure A-14. Bozeman, Montana
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F iare A-I S. St. P,' I Minnesota

[-igute A-16. Orono, Maine
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Figure A- 7. Corvallis, Oregon
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Figure A-18. Burlington, Vermont
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Figure A-19. Rapid City, South Dak )ta
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Figure A-20. Florence, Italy
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Figure A-21. Boi, Idaho
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Figure A-23. Rochester, New York

Appendi\ 
28



-- 1.-'-7 7---7!7"TT _"

-- ... . •4-

.-- D-1-.l- I- Figu-re-IT- I -iuiuj___• L / - -tjt

Figure A-24. Ithaca, New York
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Figure A-25. Amherst, Massachusetts
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Figure A-26. Detroit, Mtichigan
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Figure A-29 .Kingst n, UhdeIsah d
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Figure A-30. University Park, Pennsylvania
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Figure A-32. Nhw Brunswick, New Jersey
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Figuie A-33. Wtest LUfayette, Indiana
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Figure A-34. Columbus. Ohio
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Figuie A-35. Ankara, Turkey
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Figure A-38. Neprknil, Delliwaie
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Figure A-39. Morgar town, West Virghima
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f-igurc A.40. Ma:nhattan, Kanmas
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Figure A-4 . Baltimore, Maryland
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Figure A.42. Lexington, Kentucky

-T-- , 1 A-- i

Figurt A -43. Tulsa, Oklahomna
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Figure A44. Raleigh, NoithCarolina
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Figur A-4. 'TkyoJapa
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Figure A47. Lokyogle, Cap ionan
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Figure A-48. Atlanta, Georgia
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Figure A-49. Newton, Mississippi

Figure A-50. Tucson, Arizona
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Figure A-5 1. Waco, Texas
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Figure A-52. Alexandria, Louisiana
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Figure A-53. Jacksonville, Florida
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Figure A-54. South Miami, Florida

1 -I' ---- II 1 I l--- - Ii•• I l -2 -! :-! --! -I A I V.--_ _ •

Figure A-55. Oahu, Hawaii
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Figuret Ao56. Manila, The Philippines
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Figure A-57. Panama Canal Zone
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Figure A-58. Leedon Park, Singapore
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Figure A-59. Singapore
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F igure A 1-62.. S alisb ryn, Aou sth Rhodeia
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Figure A-63. Antofag-ista, Chile
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Figure A-64. Durban, Un'ion of South Africa
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Fi•rue A-65. North Aukland, New Zealand
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Figure A-66. Ft. McClellan, Alabama
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Figure A-67. Fi. Benning, G.eorgia
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Figure A-68. Ft. Sill, Oklahoma
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Figure A-09. Yunia Proving Grounds, Arizona
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Figure A-70. Ldgeood Arse~nal, Maryland
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Figuire A-71I. Georgia Kaolin, Ii'dustrial
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Figure A-72. Calcium Carbonate, Industrial

Figure A-73. Silica, Industrial
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Figure A-74. Iron Oxide, Industrial
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