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R(~ck, HoberL H. M.S., Purdue UniverGity, May, 1975. Spectral charac­
l.(~ri:;Llc;, of ~;oils related to the interaction of soil moisture,
orr;anic carbon, and clay content. 11ajor Professor: Dr. W. W. McFee.

B" measurinG certain physical properties of fifteen soils typical

of Wisconsin-aGed, glacial till soils capped Hith less than tJJ. inches

of loess in Indiana, the variations in spectral response in the

laboratory were explained. Spectral reflectance measured with the

Exotech 20-C can be siC;llificantly explained by percent moi sture,

orGanic carbon, and clay content of these soils. The soils studied

Here predominantly silty with a ranC;e of orc;anic carbon from. tJJ

to 1. 33%. The moisture content of the soils was controlled by use

of the pressure membrane at lS bars, pressure plates at 1/3 bar,

and oven dried at 10SoC for 24 hours in a forced air dryer. The

moisture of the samples was equilibrated, and then illuminated

arUfir~ially by <lGeneral Electric DXWlamp and spectrally measured

from .5)\rn to 2.)2 J~ with Exotech 20-C.

The: interpretation of the rcsul ts alloH s me to sugGest three

wavelenc;th band widths for use in the field when attempting to

r: la~;:;ir:; :;ur£';J.c': :.;otL, and increa:;c the accuracy in mapping them

by fnulLi.:;pr:ctr:l.l :;canner tJ~chniques.

1. To map orc;arlic carbon use the band from .90 to 1. 2211m.

2.

To m;tp Hatr:r con t(:n t U:J) the band from 1..50 to 1. 73 }1m.

J.

To map 81ay use the band from 1..50 to 1. 73 11m.
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IN'I'ROlJUCTIOH

On;;:Lnic carbon content of ;;oil~J L; the physical property of

:;()i}:; r<:col:nlz';u by mo~;t re~~(]arche:r:J lu be most important in

afr(~cUn;~ the ~;pectral response of Goils (Shields et al., 1968;

Bowers and Hank~j, 1965j Baumgardner et al., 1970; Page, 1974;

J-!orv;:Lth, Montr~om(;ry and Van Zile, 1971j AI-Abbas, SHain, and

Baumf':ardner, 1972). Some laboratory instruments that have been used

lo m8asure different portions of the electromagnetic spectrum

reflected by ~;oils (Fig. 1) are the Bausch and Lomb Spectronic 20

measuring in the ultraviolet region (Shields et al., 1968), the

Hunterlab model D2SD?..M in the visible portion of the spectrum

(Page, 1974), and the Beckman DK2A and DU spectrophotometer

in the visible and near infrared (Bowers and Hanks, 1965).

Outdoors, the f1ichigan aircraft scannerl has been used extensively

to measure reflected energy in the visible and near infrared

region~ (Baumgardner et al., 1970; Horvath et al., 1971; AI-Abbas

et al., 1972). Other soil properties have been considered, but no

stud} included controlled soil moisture, organic carbon, sand, silt

and clay in the analysis of spectral data. Many of the studies

u ';':U U,(: ~Jpectral data to e~jtimale the individual fJoil properties

t.ut none, except BOHers and Hanks, attempted to evaluate how

:/)il pruperties aff8ct the spectral rr~~>ponse. I felt the accuracy

(;f e:;limatin[~ ~;oil properties from the reflected :;pectral energy

1
!' rum U-,c Envj ronHl(:nt,al He"earch In~;ti tul(; of f1ichi{~an, Ann Arbor, Mich.



Fig. 1 - A portion of the"E1ectromCtGnetic Spectrum (from Hoffer and

Johannsen, 1969).
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,;oulcl 1)1~ incr(;;I:~<:du:;inC method:', pr-opo:;cd by ath(yrG (Baum8ardner

d al., 19'10; HorvaLh et a1., 19'(1; Al-Abbas et a1., 1972; West,

1972) if they u~(;d the spectral'reflectance data from the wave-

l<JrlClh rec;ions that are affec ted by the Gail property being estimated.

Thi s approach was also taken bj Montc;omery (110ntgomery and

b~llm:~ardncr, 1974) but he attempted to utilize soil property data

r.:athered by SCS-USDAsoil characterization laboratories. His spectral

data waGcollected using the Exotech-20-C indoors to measure 71 soils from

26 ,;tates. He attempted to establish characteristic spectral

refh]ctance curves from. 5-2.6 Jim for each of the 10 soil orders as

dr)scribed in Soil Taxonomy and identified silt and the cation

exchani3e capaci ty as the most important properties used to estimate

variations in spectral response by multiple regression. His

methods were similar to Condit' s (1970) who measured 160 soils from

36 states (from. 32-1. 0 pm) and classified soils by their spectral

curve into 3 typical or characteristic types.

My study followed Montgomery' s approach but the surface soils

Here chosen from the Western part of Tippecanoe County, Indiana,

which varied predominantly in organic carbon values. These soils

developed in loess over Wisconsin-age, glacial till and the tex­

ture:") did not vary greatly. Spectral measurements between. 53­

2.32 )JI:l were taken of the surface soils after they had been equili­

brat(yd at three moisture contents: oven dry, 15 BARand 1/3 BAR.

An Exotech 20-C with artificial illumination provided by a General

Elec tric DXWlamp Has used to make the spectral measurements of

the :;oi15 in the laboratory. The orGanic carbon content was determined



hv t!1n:c meLhud~; to 5tudy the inL'~rpretation; of the spectral data

l1~;Ln;':Uw or;~.:lnic carbon values from the dlfflJrent methods (Appendix

1\). 'I'111:n a :;Lf:jJ~Il:;'J, funrard :;"L!;cUon, mulLiple recression

:J.naly:;l:j (STEPf1)V1;:l:; perforrar:d La help deLermine how much of the

variation in spectral response at several wavelength bands

(dependent variables) could be explained by the soil properties

measured (independent variables).

i
r
r!
1

. !.
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"To :;Luuy :;ati:jfac torily any hr~teror:eneou s I~roup in nature,

oj' :."jJ.:.,. Th0 vitlue of cxperLrncmLal Hork of any kind. is Jeriously

P::~Lric L(~d;:md rno.yr~ven be mi:~leadin,:,; unleS:j the relation of one

:',oil lo anothr:r is knovm" (Brauy, 1974).It is vriLh this idea in

mind the :~tucl'yof ;::,oi.ls, or more "pecific3.lly to classify soils,

~.ha~ lr:acL, leJ the u:.;e of remote sensinc; as a tool. Most research

in ~oil classification has been conducted by individuals traversing

the landscape, probine; and observinG the soils found there and

then aTlalyziw; :~amples taken to the 1 aboratory. For over 40 yea:rs

the coil surv(~yorhas found remotely sensed data (aerial photo­

",raphs) to be quite useful in mappinG soils. A sui table definition

of n;mote sensinG is found in D. M. Carroll's (1973a) review

article on remote sensinG techniques and their application to soil

:;(~icnr;e. The definition of remote sensing from that article

ori.n)n3.ll:.,. quoted Parker and Wolf: "The acquisition of information

about an object (or phenomenon) I'Thich is not in intimate contact

;Ii. th Ul" i.nfr..JrmaLionc;athr:riTlC;devjce is called remote sensjng."

I3l:v:k and Hliite film sensitive to the visible portion of the

d(~(;troma'.:;netic spectrum (.38-.78 pm) was the first remote sensing

rhtil recorder. Then color film coverinf3 the same reGion of the

:;pr~ctnJm Has u~;'CdbuL offered the photointerpreter more information



III<' '1IIL"I'p""I.,:r', VJj Lh c()rnIJin:tLiot1:~ of fU.L(~n; and special films,

Lho :;L.l.r,c of the art of' photo,r,raphic; remote GOnGOrFhas doveloped to

the point th:1.t, Viecan measure the reflected Golar radiation between'.)-

.9 pm. Several systems of multispectral photoGraphy have been

developed whic;h separate the visible (.38-.78 Jjm) and' near infrared

(,78-,9 )Im) portions of the spectrum (Fie;. 1) into several bands.

These bands can be analyzed separately or overlayed in several

combinations to enhance certain spectral characteristics being

Sincr] ahout 1965, il1rjtrumcnts have been utilized which scan

phoLor.r,raphs or ncc;atives for differences in optical density, and

these densities are digitized and used in automatic d~ta analysis

b~1 computers. An eXa111pleconducted by Anuta et al. (1971) used

di ~:Ltized, multispec tral, satellite photoc;raphy from the Apollo 9

mission to at tempt to map soils, crops, and c;eoloGic features.

Usin(~ black and Hhite photo,zraphs with appropriate filters, they

di,r;i ti zed the film density of four bands in the visible region;

. h,/-. 89, .47-.61,.68-.89 and .59-.71)J m. Usine a combination of

Lhrei: bands they Here able to construct a soils map of the El

r::(;[]Leo oX';a in Irnp0rial Valley, California, Hhich approximated

lr,': r:"~I':ral :',oU :;urvcy map. Th(~yconcluded that three band, spectral

d:tt:t ::ar,;j(:rr:d ~lL :;atcllitc altitude shows {~rcat promise for large-

vii Lh all LhL:JHork in photo(~raphic remote sensinG there are

:;umc dl ';advanta:'~crJ which have led to the development of new. sensing
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ini'r';u'cd porLion of the electromaGnetic ~pectrum. Much additional

inl'o rmat..lon i~~ available from the infrared portions of spectrum

bcyc,nd that recorded by photoc;raphic sensors (Fig •. 1) since solar

'~ner(~'yb stillbein:; reflected (.9-2.5 \1m) and there is emissive

r·;;rJj:tLion in Lhe thermal infrared rer;ion.

It j;j Lhl;.j re,'ii()~ (.5; -2. J2pm) of the spectrum that Was used in my

;·,Ludy. A rr~vi,:VIof the Ii Lerature on photo(~raphic sensors by

]j. N. Carroll (197Ja) conclude::; "it vlOuld ::~(:crnthat the well proven

Lr~ci:njrlU(;~~of photo(~raphic inL,:rpretaLion Vlill continue to be an

imp()r'L~lnt<l'Ldto the ::;oil scienList, but the newer sensors may prove

of r;r\Ll.'llvalue if they are carefully developed. These sensors are

cornplim.;nLary to, rather than competinc; Hith, conventional photo-

.. "

<::raprnc sen sors.

The non-pho Loc;raphic sensors are discussed in another

~'evi(~vlhy Carroll (197Jb). These sensors record the data in a form

uther than photoc;raphic film, frequently magnetic tape. The storage

of dat<l on mac;netic tape lends itself to automatic data processing

wi th computers. He discusses several types of sensors, .but my main

intere::;t is the optical mechanical scanner Hhich consists of a

~',!)ltibclnd s}JcctrCimeter Vlith a motor-driven mirror used to scan

ac ro ,',;; the nchi of vicH. All the enerr;y from a C;iven sc ene

t.o it;; position in the spectrum, and is measured by sensitive

det~ctor::'" vlhO:j8output is recorded on mar;netic tape. These multi-
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VlIII~I" 1,1," :d,IIII':',jJIII!t'" dl)I::; tll)L iJ.L:;i)rlJ;;olar' r'iJ,rJLJ.L.i.orl.Tho vi GlbllJ

and t!1;:J.rInl'rarl;<.! rl;'jlon from . )-2. 5 Ii ha:J been used frequently

in remote scn:jin(~, since almost all the solar energy received at

the I;arth's surface (FiS. 2) is contained within that range

(Gates, 19(-5) . Usually compari,;ons have been made between the

guality of information Gathered by non-photoGraphic (optical

mechiJ,nical) ;·'Imsors and photo~raphic sensors in the region C;f the

elcctromar;neUc :;pectrum r;ommonto both. Most of the interpreta-

Lions made .:i th non-photocraphic sensors have resulted from observa-

'Lions m:lde fromphotoc;raphs of the same scene made at the same time.

Upon wetting, a dry soil appears darker. This phenomenon has

been the prim.:lry subject of investic;ation using remote sensing.

An(';:;trom, reported by Planet (1970), concluded that the decrease

in reflectance of soils was due to the total internal reflections

in the Hater film of the energy reflected from the soil surface

Hself. Planet' s work (1970) supports Angstrom's conclusion that

the darkenin{'; of soil upon wettinc; is due to optical effects of a

thin layer of liquid on the surface of the soil.

1dit~ this in mind, Hark Has conducted in 1965 (Bowers and

]hnks, 19~5) usln(j a Beckman DK-ZA spectrophotometer (.185-2. 500 ~m)

::.r:d ie BI~cy.rn:mIJU ;;pcctrophotometur (. 21-1.00pm). Three soils were

:~tudi!;cl Lo evaluate the influences of moisture content, organic matter

and particle size on the reflected spectra. They noticed that as

,
,",
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11.1\"'\':11' 1.11:;d,"'I'f'a:',.·d ;111" LlI;tl, 1.11': 1:I;rVI~:; of J)f~p.:(;nL rnflr)ctance

v.'r:;II:; \·!avulen!~l.l1 ked ~.lmi.lar :;hapc:; at. ::1.11 moi:~Lun; levels.

FIJr I.\I(~ rl(~~IL()Tll,1. :;i1t. loam (l<'L~. )), t.hr:y nvt.lcr;d. tv/a distinct

;d"x.;orJ)l.lon banu:.; locat.ed at 1. 4 and 1. 9 pm which are wavelengths

::!terc :~()lar radiation is strongly absorbed by water and specifically

repp]Gcnt overtones of the fundamental frequenc ies (2.66, 2.73 and

(J.269 11m) at which V/ater molecules vibrate.

In a more recent stuuy by Hunt and Salisbury (1970) the same

findinr~s Here confirmed. They studied montmorillonite and kaolinite

CL:l."{S with aCa.ry Model 14 spectrophotometer covering the spectrum

from . ]-2 . .5 pm and found the spec ral reflectance curve of mont­

morllloni te (Fig. 4) to look like that of Newtonia silt loam used

in BOHers and Ha.."lks study. The montmorillonite spectral reflectance

curve is dominated. by very strong absorption bands at 1.4 and

1. 911 m due to bound water typical of montmorillonite and usually

a. ~!e:J.k(;r ab:::;orption band a.t 1.16 pm pOGsibly due to absorbed water

(Lindbnrrr, and Snyder, 1972).

Kaolini tc I s ma.,jor :;pectra.l reflectance features (Fig. 5) are

:;I~vci'al very :,tronrr, hyuroxyl bands in the near infrared centered

n';a.r l.l~ and 2.2 \! m. Ld[.; k of appreciable bound water is typical of

}-.:!'il'ltli 1.1: and]:; Indicat(~d by the weaknn:;s of the band at 1.9 1m. Their

(Li!!di.':r'" and :3'lplr:r, 19'12) r.:zp.LanaLi(Jrl vi' the aIJ:;orption bands

:;!,;d.I::; Lh;J.t no band.s due to the fundo.Illcnta.l vibration modes oceur

in the; ranr:r,] :;hort of 2.5 pm, so that all features observed in the

:;J>r;r: tral curv0. Clr0. to be con:;idcrcd exclu;;i v(~ly over-

tr)(lC'; or ~ombination tone:> of funda.mental
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i'r'C(lu(~nc ic:~ vlllich occur in Lhe mid- anu J'ar-jn1'rarccl.

In I.h(~ vi:;iblc ran{;c the color imparted La a material

may l)(~ due to the UCCIH'r'r)r\ce of :Jpr~ciric abc;orptiom; in this reGion,

the ultraviolet anu infrared and their shoulders may extend forHard

;tno kl.r:hlard into' the; visible. This Hill impart a color to the

material without its havinc; any specific chormomorphic Group

absorbin~ ener~y in the visible re~ion (Hunt and Salisbury, 1970).

The Hater mo18cule is very commonly associated vrith rocks

and mineral"" AccordinG to Hunt and Salisbury (1970) water molecules

have three fund3lT1ental vibration modes and all are infrared active.

They are Y1, the symmetric OH stretch; Y2' the H-O-H bend; and Y3'

the asymmetric 011 stretch. In a vapor, transmission spectrum 'bands

due to these modes occur at 2.73 pm (3651. 7 em-I), 6.269 pm

( 1595 ern-I) and 2.66 ]Jm (3755.8 em-I) respectively. In the liquid

pha:.>e these bands shift to 3.106 )1m (3219 em-l) , 6.08 )Jm (1645 em-I),

and 2.903 pm ( 3L1-45 em-I). In ice the corresponding fundamentals

appear J.t 3.105 )1m(3220 em-I), 6.06 pm (1630 ern-I), and 2.941 )Jm

(YI-OO em-I). The unusually larCe shifts in the corresponding

f'rerl'18rlCies illu3trate that hydrOGen bonding has taken place in

i(~e ,'!.nd the ob,;crvation that the two stretehinc; modes, Y1 and YJ'

:,aV(>(;()w;idf:raoly lower values in the liquid and solid than in gas,

,irlilo '(2' UV? I)(mdinc; mode has a somewhat hic;hcr value. In the spectra

0f minerals and rocks, whenever water is present, tHO characteristic

band::; appea,r at 1. 4 pm due to 2 Y J overtones and at 1. 9 Pm due to
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I 1\ ()VI:rLotll':',. WIH;!1 Lhey are HelllleJ'lnctl bands it usually
, \ '

i lid i,·:tI.f~:; LlI:LL \.\\(~ ~I;I.LI:I· IIIld ';(:III()~; arr~ l()r;~L(J<lin Hell defined,

f) crJf; cl.:1l :;1Lr::>. \rJhrm Lh(~yare broad. b~nds it indlc~Lesthey are

j(~lat'Lvely unonlcrcd and/or that more than one type of site isoccupi.cu by

the water molecules.The presence of both the 1.4 and

1. 9 pm banus to[';ether is diac;nostic of undissociated water molecules

in the ~,truc tun', i. e., Hater of hydration. The appearance of the

1. 4 pm band Hi thout the 1. 9 J.I m band indicates that OH groups other

than those in Hater are present in the material, i. e., hydroxyls

(Hunt and S~lisbury, 1970).

Lindberc; and Snyder (1972), usinC the same instrument model

a:; Hunt <:lndS<:llL:;bury (1970), examined the spectral reflectance

t'urve" of several clay minerals and found the same characteristic

Cllrve:.; for mantmorilloni te (Fie;. 6) <l!1dkaolinite (Fig. 7) as Hunt

and S<:1li~~burj(Fig. 4 and 5). They also studied illite but did

not publish any spectral reflectance curves even though the spectra

Here fJ.uite different from the other tHO clay minerals, however,

r'lath':\,u~ (1972) did publish a spectral reflectance curve for illite

(Fir. e) and it fi t~) the verbal description given by Lindberg and

:::nydcr (1972) .. It has a much IOHer reflectance at any wavelength

Or',"::tfl'I': raaLtJ:c ha:~ uerm d{:rnol1:.;Lr:J,L(~dto af1't;cL the :;pectral

rr~Ll{~f:tanc': of :;oil:.:. (DaHer:.:.and Hank~:;, 1965; Hathews, 1972)

\;.;J ~;(:arminrj th8m before and after beinc; treated Hi th hydrogen

pcroxid(~ (it'ifj:J. 9 and 10). Regardless of the type of Clay present,



Fig. 6 - ChanGes in the spectral reflectance of montmorillonite as
a result of chanGes in hydration state. Curve (a) original
sample; (b) after heatinc; ~;ample to 120°C; (c) after heat­
inG sample to 600°C; (d) sample from curve (b) after
humidii"ication for two weeks; (e) sample from curve (c)
after humidification for two weeks (from Lindberg and
Snyder, 1972).
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i;'iC;. 7 - Chanf~es in the ~:;pectral reflectance of kao1ini te as a
resul t of chan/:cs in hydration state. Curve (a) original
sample; (b) after heatinc; to (./JOoC; (c) scunple from "curve"
(b) after humidification for two weeks (from Lindberg
and Snyder, 1972).
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F'ic;. 8 - Percent reflectance v::.. Havelength of incident radiation
for kaolinite, nontronite. and Hli te (from Nathews, 1972).
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Fig. 9 - Percent reflectance Vs. wavelenGth of incident radiation
for H202 oxidized and check samples of Newtonia silt loam "(a) "
and Summit eil ty clay" (b)" (Bowers and Hanks, 1965).
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F'ir':, 10 - Perccmt reflectance v~;, Have1cnrjth of incident radiation
for HZOZoxidized and check ~:amples of Ellery silty clay
and iron oxide removed and check ~.;amples of Hacerstown
silt loam (from Nathewc, 19'12).,
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!.IIC or:';;tnic maL-L(:r~;cem:..;to lov/{~r the :.;poctral curve in all wave-

len:::;Lh::::;with no well defined absorption bands (Figure 9). But, the greatest

difff~rence in the amount of energy reflected betHeen the oxidized

and unoxidizedsamples is from .7-1. 3 \J m (Figs. 9 and 10).

P::lrticle Gize also influences the spectra.l reflectance of soils

(Bm1f~r~jand H:wks,196S; Hunt and'Salisbury, 1970). As the particle

size of pure clays decreased, spectral reflectance increased. Bowers

,md Hanks (1965) calculated, with increasinr, particle size from

22 to 2650 Jim, at least an additional lLL6 percent of the direct

mlar radiant enerC;y Hould be absorbed. Althou~h no measure of

:~urface rouchness Has made, it Has apparent that as particle size

dec reased, the surfaces became smoother and reflected more energy indicating

that rou.c;hnessof the surface is a function of the particle size.

Iron seems to influence the ::;pectra of minerals (Fig. 10) at

the .9 pm rec;ion (Hunt and Salisbury, 1970 i MatheHs, 1972) but not

to the extent the previously mentioned properties do. Montgomery

found that iron (Fe20) didn I t siGnificantly explain the variation

in spectral reflectance at any wavelencth from .37-2.32 ~m (Montgomery

and Baurncardner, 19'74).

After BOHers and Hanks (1965) conducted their study, several

individua.ls attempted to use their information to help classify

:_~(nl:;. Shields r:onducted a study of several Ap horizons in an

:l.t tf~r.lpt to distinVlish between the Dark Gray Chernozemic and

Dark Gray Wooded Great Groups (Canadiar. Soil Survey) based on their

soil color (Shields et al., 1968). He used a Bausch and Lomb
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:')pr~cLronic (JOO Hi.th an ul Lr;lViolr]L attac hmcnL. Perc cnt ore;anic

c;trbon H;l:.J dcLcnnincu by dry coml,ustion o.nd ranccd from l.Ol-6.0~.

He f"ounrl LhaL moisLure had no effect on tho hue or chroma of the

moistened from air dry to field capacity by 1. 5-2.0 units-compared to

1 uni.t for Chernozem:::;. The reflectance in the ultraviolet region

was C3at-isfactory in ulstinc;uishing between the two soil classes.

Another study, by Pac;e (1974), estimated organic matter percentage

in 96 coastal plain soils. Using a Hunterlab Model D25D~1calibrated

Hith tHO reflectance sta1\Clards (94.5% and 21. J% reflectance) ,

air-dried samples passing a 12 mesh sieve were scanned in the visible

portion of the spectrum. Reflectance values were highly correlated

(r .89) Hith soil orGanic matter by vJalkley-Black method within

the 0 - 5%orc;anic matter ranee. These laboratory studies indicate

the po tential for mappinc; soil oY{~anic matter or' carbon values in

the field Hith remote sensors.

Condit (1970) attempted to classify the spectral reflectance

curves of 160 soils'from several states. He used the Cary Model 14

recordinG spectrophotometer to measure reflected radiation from .3

to 1.0); m. He was able to classify the 160 soils into' three general

types bascd on the shape of their spectral curves. Partially using

Lh'; 1933 soil classification system, the three classes were

Chernozems, Pedalfer-type silts, and red quartz and calcite sands.

The necrJssity of extending spectral reflectance measurements to 1. 0 ~ m or

beyond was noted because several samples have spectral curves of similar

Ii
I
I
I
I
i



33 .

:~h;Jl'(!:; in U\f~1I1travio1et and visible portions of the spectrum

but ;tl·(~ fluit(~ d.iffenmt. in the infrared. A study using

ExoLr;ch 20-C l1a:::; m:::tdeon soil::.:; of Tippec:::tnoe CounLy, Indiana,

;'Ii ~h similar rc:,;ults (Cipra et a1., 1971).

In the early 1970 I s, the Laboratory for Application of Remote

Senc;inc (LARS) at Purdue University and Environmental Research

Ir.sti tue of Michie;an (ERIM) at Ann Arbor first at tempted to use

n~motcly c.,8nsed data from field spectroradiometers (Exotech 20-C)

<lnd aircralt SC:Lnners. These at tempts to classify soils were based on

the preliminary re~>ults obtained by Bowers and Hanks (1965)

and C,mdit (19'10).

Ev!.~nHiLh this informiJ.t.i.on, most. of the vlavclen{r,th bands

sr~l(;(;ted for <ltCr:mpLinr:to clas::>ify soils Hith remote sensors

1\\' the refiearchrJrs at LARS, ERHl and other laboratories, were

clu~;tcrcd in the visible re'~i.on (Table 1).

I:lvesti0ators at LARShave u::;od the information c;athered by

t' (' ERIN multispectral scanner from soil test areas 2-6 located in

IndLm<l to mCLp:.~oil scrie~;, or{~anic matter, clay, texture and various

ot,hcr ;;011 properties from about 3,000-5,000 ft (Al-Abbas et al..,

1972; 5aum:'~Cl.rdneret a1., 1970; Baumgardner and Staff, 1972; Cipra

d 3.1., 1972; Horvath et al., 1971; Kristof, 1971; Kristof and

5aum':axdner, 1972; Kri~,;tof and Zachary, 1974; Stoner et al.., 1972;

vle~;t, 1972; Zachary ct al., 1972), Soil test areas numbered 2

and 3 are developed in late ~isconGin-ac;c, ~lacial material including

till, outHash and aeolian soils, located in the central. part of

I

I

I

\



'1';lhlc 1. Sami! ]·:rn~1 :1.1 rcr;d'~" mulLi:;pr]ctral :/;arlDcr channels uGed
in n):;r~;).rch at Ltd~S.

Channel Havelr;n.n:th Ranr;8 Covered Qi m)
I'lumber

A*B*c*D*

1

.40- .44• 1.}6- • 49· 40- . 44· 40- .44

2

.46::' .48· 48- . 51.44- .46.44- .46

J

• 50- . 52· 50- . 54· 5~- . 55,'46- ,48

4

.52- .55· 52- . 57· 55- . 58· 48- ,50

5

· 55- . 58.54- .60· 58- . 62.50- ,52

6

· 58- . 62.58- .65.62- ,66,52- ,55

7

,62- .66· 61- . 70,66- . 72,55- ,58

8

· 66- . 72.72- .92· 72- . 80· 58- • 62

9

· 72- ,801.00-1. 40.80-1. 00,62- . 66

10

· eO-I. 001. 50-1. 801. 00-1. 40· 66- ,72

11

1. 00-1. 402.00-2.601. 50-1. 80· 72- ,80

12

1. 50-1. 80 2.00-2. &J,80-1. 00

13

2.00-2.60

A* Baumzarclner and Staff. LARS, Information Note 012672;
B,:wmcardner and Kristof, Lars Print 102372.

B* Stoner, Baumgardner, Anuta, zilld Cipra, LARS Print 111372,

c* Zachar,I, Cipra, Diderickson, Kristof, and BauIno'?;ardner, LARS
Print 110972; AI-Abbas, Swain, and BaumGardner, Soil Science, .
111.~(6): 478; Horvath, f'1ontcomery ilnd Van Zile, Indiana Academy
of Science, 80: 479; Baumc;ardner, Kristof, Johannsen, and
Zachary, LARS Information Note 030570.

D* Kristof and Zachary, Photo{3rammetric Engineering, 40(12):1428.

I
/,



r,

35

Jndi :1J1:, in ~1()n;;'I.nCounty. ;)011 tC:jt arca:3 l~, 5, and 6 are located

jll 'l'lppccCl,nocCO\1nLy,I rHH Cl,lla, ar.d hCl,vCsoil::; developed in 18 to

JG incl1cc; of r-Jlt ovcrlyin,j r;lacial till.

TI\r~rravclr:w:Lh 1J::J.nrl:,;in Hhich :;prJr;tral reflectance data was

('011,:,:ted \1.1 Lh Lhe ERH1 mul ti :,;pcctr::ll r.;Canner seem to. have been

Condit (1970), or Hunt and Salisbury (1970) who sugcested certain

wavelF~r~r:;thbands in the infrared might offer more information about

~oil properties than bands in the visible region. Notice the

majori ty of bands chosen in the visible region «. 72 ~m) versus

the number of bands in the near infrared (Table 1). The wavelength

reGions most sensitive to water (1.4 and 1.9 \1m), hydroxols (2.2 \..1m)

a!ld or!~anic matter (.7-1. J \I m) are often separated or partially

resorded.

Even thouC;h the multispectral ~3canners Here not set to measure

the spectral rec;ions that are most affected by soil properties,

the attempts at mappin~ soil series has been demonstrated as some-

what successful by Zachary et a1. (1972), Kristof and Zachary (1974)

:1.~1d ': ipra et a1. (1972). One of the problems mentioned in these

~Ludie:; has been the inability to distinguish between sandy soils

and :.J.lt loam soils when they are liGht colored, possibly because

thr: Hater ab:;orption bands are ::;canned ;;eparately Hith some loss

of In['orm:,Uon Hhen only one of the channel:3 ~cnsi ti ve to water

are \1 :~ed in the analydf; to classify the soils.
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OUI"I':; 11:1'1" aLI.':IIII'I.,~cl to cla:;:;i {'y :;oi.L:; oLher than by Gerles,

':Iwh :I:: V,!•••.'~l.al.,:d and 1I01l-V':I~(:LaLI:u :;oLl:;, :,;ui.l culor (Kristof,

19'11), ul.1Tecent parent materia_ls and eco:;ion classcs (Mathews

d al., 19'13), ana engineering propertie:,; (vlest, 1972). Kristof

r:onr;ludl!cl frum his preliminary study of :-;oi13 in Horgan County,

T lid i :1J1:l, that. actual :;urf'ace mol:~tun:, (;rosion, oq"anic matter

!:oTlLI::\1. and :;urracc rour:hncGG factors would have greatly aided the

inl.erppd,atlon of the data. It seemed to others that if these

1tern:: \o1CJuldhave aided the interpretation::; of field data, that

I.he:;(: lLemrj could possibly be mapped using the spectral data

I;athered. Mathews et al. (1973) found this could be done somewhat

:;uccessfully in their study in southeastern Pennsylvania. The

:~oil" that. had developed in sandstone parent materials were

<';OITI:C tl v id~ntified 96% of the time while other soils developed

in alluvium were correctly identified 55% of the time. When West

(1972) attempted to classify sandy floodplain soils versus till

plain soils, 76% correct discrimination was made between the two

:~il~. So attempts at soil classification with remote sensors looks

prumi :,;jnf':but accuracy is not as high as hoped.

In an attempt to determine which ::;oil properties affect the

';pr:<.; t ral reflectance curves of soils in the field, investigators

::,';;l:;:: r.:,j i:..h(:F"ffw;L CJf al ti tude on mappinf" ~oil organic matter,

related on~anic matter and clay content to the multispectral

r:.1.dL.JY;cof :;oil:;, and meavured the effects of organic matter on

U:e r!IIJltispectral properties of soils (Horvath et al., 1971; AI-Abbas
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',~L ;d., 19'/2 j Baumc;ardner et al., 1970). But, ar;ain notice the

Lick of chosjng wavelenGlh bands (Table 1) sensitive to soil

pt'oIwrLi'~~,;s\J/~{~e:;tedearlier by Bowers and Hanks (1965), Condit

(19/0) and Hunl and Salisbury (1970).

All of th~cc studies us~d multiple reGression analysis to

11'~tf}nninc the "trenr;th of the relationship bctHeen spectral response

;J11d Lile :;oil property of interest. Horvath et al. (1971) found the

il1Il1Uple correlation coefficient to be .76 when using all 12 channels

alld Lhe ~.;pcctral data collected at 5,000 feet. The channel most

IIi::hl.v correlated wjth orr;anic matter was .72-.80 \I m. Baumgard,ner

d al. (1970) found correlation coefficients of .7/.} for organic

c;lrbotl conten t and spectral response u:;inr; linear multiple regression

;l!1aL.'/~;.i:;. Th,;,y also sur'.{~c:;ted that a linear relationship may not

;.,: v;did hut :l <jlladr;l.tir: rc:laUon:;hirJ midll b(; v;,llid over the range

u[' on';I.nlc maLLer uUli/';(!rl, and above and helow 2 percent organic

maLLcr U10rc is a difference in the ~;lop(; of the curve.

:,11,1 •.:

1.11 <l laL':r :;tud.y ViiLh the ~;;tJnc daLa, AI-Abba:; at a1. (1972) were

In inc rr~;l:,;(;Lhf~I'2 value::; for or,:;jnic carbon ver:~us spectral

r',;:;pUII:;'; ["rolll .526 Lo . SCo Hi th a :jcconu. oni(~r quadratic. When it

';f;l:: ;q)p] lL!u to percent clay versus spectral response at 1.00-

::;11, th,~ qU2.dratic increa::>ed the r2 from .405 to .505. They suggest

i.:; tI<l:"cl'~arl'y defined and miGht be secondary as a result of the

h\ !~h <:;0 ['relation of orr-;anic matter and clay conten t.
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1n ;t di (TI~n:1\I. :;I.l1d'y an~;t :~illli lar to Lht: orl(; ,iu:;L mentioned,

!~:lllIIW;tnJrl\:rand :~I~a[T(19'!2) found Lhc correlation coefficient

i'd,HI:':11or:~:1.nic matLf:" al\d :;pccLral n::;pon:.:;e to be .70 after geometric

(;(Jrr-<:r:Liunof Lltf~rlaLa Vla~; madr:. Ba.:;cd on Lhcir study, three channels

in 1.11(:vi :;i hle (.55-.)i) II mj .62-.66 II m; .66-.77 II m) and one channel

i 1\ 1.1:': i nfran:<1 (. 80-1. 00 II m) ~~avf;thf~ :)(~hi~~hcorrelation coefficients.

G:jv:r at t<:mpts have been made to increase the accuracy of

III;Lppl nl': ::0i1 properties. One such attempt used ratios of selected

;1:l'/.;l,:ti",Lhhand:~. Vincent and Thom:.:;on(1971) found that if the

,' •. fl,;cl.:\JICC IlIca:;ured in a band located at 11. 5-1).0 11mwas divided

into L11';reflecLance from 8-11.5 11m,the raLio:.> .Ioulri permit the

r.~(;(r·ni Lion of' ~;ilicate minerals a~; a r:roup from most non- silicate

t ..•. r"TV;. Once the si1i<:ate:::; had been ·;cpil.raLed. from non-silicates,

f.III';:\J!lollnLof :;j 1iea pre:;")T1tcould b(~ mca:~urcd by using the ratio

from Lhf: rcflcc tance at 8.2-10.9 11mdivided by the reflectance

at 9.J}-l2.1 11m.

Dillman and Vincent (1974) found that ratio images and

mu1ti:;pcctral n:coc;nition maps produced from ratio inputs to statis­

f.i'.:al n:eol3niLion theory have been found to be u:.:;eful for geologic

relllot,,! :jen::;;inl~. Spectral ratios are u:.:;e1'ulbecause they 1) enhance

the conLra:j1. betHeen 'tarfr,cts which have interestinG spectral

n~f 1-:'~t~lr;c(~(;u rV1::;; 2) ~;lljJprc:;s ()r reducl~ "illumination variations

:l<':nJ;::; th<') :;CC)rlC; and J) permit acceptable correlations between

:;p'JC ~-Tal rat.ios calculated from field reflectance spectra and

lahoratory reflectance spectra.
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lhi nr; the advan ta{~e of ratiolnc; to suppresG ullwanted atmospheric

; 1.1 \(\ :;olar varial.lon~~, Vincent ami PillarG (197l~) studied 211

laboratory samples of rocks, min(~ral::;, soils, and vegetation to

G(;:lecL opt.imum channel~; to be UGcd in '.-he Sy.ylab 5-192 multispectral

~->canw!r. After studyinG the ratios they found that three of the top

four channelG (2.10-2. )h, .93-1.05, .45-.50 and 1. 55-1. 75 ~ m) for

m;:tppinr:rocb;, ~;oil~~and minerals are beyond the infrared spectral

ranr~() (.9 IIm) of photographic film. It was also noted that using

Lhe Lop fOllr ratios C.77-.89/.W-.65, .50-.55/.45-.50, .9)-1.05/

.54-.60, 1.15-l.28/l.0)-1.19\Jm) the soils were eaGily confused with

UI'.! v,.]:']taLion srunples. This is somewhat difficult to understand

'~i:1(~eLhc spec tral curves for several r:reen plants illustrated by

Hoff']r and ,Johannsen (1969) show there is very little absorption

lJ~: leaves (Fie;. 11) in the three infrared bands selected by Vincent

and Pillars which lie between .77-1.28. However, the denominators

of these ratios fall within the chlorophyll absorption bands of the

vi ~;ible region possi bly accoun ting for part of the difficulty.

Baumgardner, Kristof and Melhorn (1972) found ratioing of three

bands of the 4 ERTSbands to be very useful in mapping six soil

a~;,X)clations from ERTS-Aremotely sensed data. A problem in the

interpretation of the spectral reflectance of soils that was not

COIT(:r;L'!dby ratioinc;, was the use of uncorrected relative reflectance

fii:urr: for cla~;:..;ification as de~£ribed by Kristof and BaumGardner

(1972). In mappin~ the changes of multispectral soil patterns with

ine npooinr·: crop canopy, the use of uncalibrated data led them to the
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()ppC):;i Lt; conclu:;ion from Hoffer and Johannsen I s (Fie;. 12). They stated

Lh:lL :;illce non-vegetated soils ausorb relatively little energy in

LI\t) vi :;i.hle :;]1cc trum and relatively more in the infrared spectrum,

the hl(~hest ratio values were in the bare soil when dividing the

r<)fll:(_~Lance from .58-.62 \I 10 by the reflectance from .80-1. 00 ~ m.

At: :Lt.Lclllr\.to :1.void th1:; Lype of error ~Ias madp. in a study by

:~L(JII';r' ':L :1.1. (L972). Thl~.Ycalibratr:d the T·:HH1 lTIulLispcctral sCanner

i.y Lhe ll~·.eof rcflec tance panels placed in close proximity to the

:;i.lt lO:iJn plot:> 0tudicrJ. ~lhen the scann(:r dcita was calibrated by

t.llr] u:;e of thr):.;e panels Lhe .spectral curvr~ of the bare soil plots

Look Lhr~;:;hapc described by Bowers and Harlk::;(Fig. J) and others.

The compuLer programs have been successfully developed which

':iiat.Lc researchers to usp. automatic data processinc; in the classi­

fic:lt1on of c.oil properties .. With the approaches taken to correct

:;carm(;i data ;md the use of ratios the accuracy of mapping soil

propr)rUes is sLill not as c;reat a~; many of the researchers cited

\-Iollld like. Hy ::;tudy is approached Hith the information provided

!)'1 Uw h::l;:;ic r8::;carchers, Bowers, Hanks, Hunt, Salisbury and others

in illind. Rcport.::; have been presented showin~ the spectral character­

j:;tj c':; of or{~anir::carbon in soils before and after oxidation and

t~.f] (~ffccts of :->oil moisture on the spectral response of clays,

: :,', ::'J {;~1'-; h".:; ::tudierl Lhr~spr]r;ific l.nterar;tion between soil

;;JJ;.::Lur': ;uld ur'~:..Lnic carbon in soils controlled moisture levels

;.I.nd id';ntif.; Lhe H;J.velenr.';thbands mo:.>taffec ted. That is the

purpo'>r:::of this thesis.



.j ,

12 - Percent reflr](:tance v~~. Havr:lerwth of lncident radiation for
leavef; and HaLer (from Hoffer a~d J:)hannsen, 1969).
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MA'l'EIU ALS AN)) M8'l'HOlJS

I. Soil Sample Selection

Onl: of Lhe objective:::; of this study Was to o.etcrmine how much

() r' UI'; v;cri::J.Lionin ~;pcctral responses of soils coulo. be explained

iJY Lhl:i r' or:~;,lniccarblJn content. To make this c1etcmination, soils

1)1' 1.11': ;;Luu.y are<1.Here chosen to represent a wide range in organic

con tcn L.

The Tippecanoe County Soil Survey Report, soil survey laboratory

lht:l, and profile descriptions (Foms SCS-421) were studied for

·]:;LimaLcs of thr: or,n;;1.niccarbon contents in soils of the study area.

Bla(: V.and white' aerial photos were used alone; with the soil survey

rf.]port to locate the sample areas. Each samplinc; site, a 4 square

meter (2 x 2) area, Was sampleo. to a depth of approximately 3 em

with an::lt shovel. All of the soils except two were collected

from ;Hi area within 8 miles east of the Tippecanoe-Benton and

TipIHy.:a.noc-Warnm County lines and north of the Wabash River.

Thr] soil~; in the study area were formed on the upland loess

( !~Ol,nch(:';) over Hisconsiri.-a,je, calcareous, loam till. The soils

~Jf:r'] (:la;:::;Lfjcd <:is Udolls, Udalfs, ACJu;:;lfs, or Aquolls.

Thf; or;'.lIllc r;arIJOr. content in thc::;e ~;urface soils (Ap Horizons)

r~lI1.(r.edfrom .60-3.33% and the textures predominately silt loam

or ~ilty clay loam .(Table 2).



Table 2. Information on the Soil Series.
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u. l'hv~;lcal C1I:I.r';t<:Lcrl~;Lic s of the Soils

'j'11(~ Qr{'::tnic c;:trbon conLent of the 15 surface soils CApHorizons)

"I:t;j mf~::l:jLlrr~dby thref) commonly US0Q rle':. combustion methods, Allison's

mc\..hodof total ca.rbon (Allison, 1965), Hebius' method for organic

f:ar{",n (McbiU:-;, 1960), amI tht: vlalkley-Black method for easily

ox iJ i~;:ddf~or::an ic carbon (Alll~;()n, 1965). Since all are frequently

\J :;cd, i t wa~;felt that all three methods should be compared using

t.il"~;'.' :;oil:-, (App')ndlx A).

The '\lli:;on method lTIea:.:;uresall thfJ carbon prescnt in the soil,

both till: orr:an1c and the inor{'.anic (carbonab3s) forms. To test

Cor carbonate:; the so il samples Vlere treated with 4,!! HC1, a procedure

:',lWI~'::;Lr:d hy All tson (All Lson, 19(5), and no carbonates were detected.

T!if:rd'orc, the v:.tluc:j de L(~rmincdby the Alli~jon method were taken

:1:; the t.otal on~:mic carbon content. The sample containing

appr-oximate1y )0 me; C is mixed with 1 ,n;r;unof potassium dichromate

:tnd then 25 ml~ of a 60:40 mix of Gulfuric and phosphoric acids

i:; ;].ddcd. Thf; CO2 evolved from the rcaction is trapped in Ascarite

;Ind ;'Ir:i(~hedr;ivin,'S results similar to those obtained by dry combustion.

The t'lebius method (r1ebiu:.::, 1960) involves the direct titration

of ';I;rplus pota:jsium dichromate \-lith !10hr's salt solution after

;tj;pl:; 1:< f;xtr:rnCll h(~~t and usin~ reflux condensers. This is

rr'f'ort.'~(! to p;lvc: results practicCllly identical rlith those of the

drJ comhu:.:>Lionmethod and carbonates, if present, do not interfere.



'['\1(:Walkley-Black method (Alli:>on, 1965) is essentially

iden Lieal to the Hcbiu::; meLhod, except the Walkley-Black method

doc:;11•L call for hcatill(t, the sample externally nor the use of the

rr;flllx c:ondcn::;cr:>. Accordinr; to Allison i t determim~s the easily

oxhl i zahlr:: orrjanic carbon.

Th(: :;oil :.::lmp10sV/r;re air dried and crushed by hand to pass

all Lh() :;0 i.l Lhrour~h a %.38 rom:>ieve. Each ~i.evcd :jample was then

::\lI);',:uJiplcd1J:;j.nr~a Cenco Soil Sample :::plitter. One subsample,

:lpprnxi lliaLcly )00 !~raITIS,was hand cru::;hed u:>inC an a!';ate mortar

:UIU p(~::L.l0. (vIl10.n nccc:j:':;Llry) to paf;s a .lJ.2 mmsieve. The other

:;l1b:;~lmplcW,"1:, :~round to pass a .149 mmsieve uGinr; a motor driven

;l.'~att) mortar and pestle. Each of the three organic carbon analyses

HCn) then performed on the .42 nunand .149 mmsieved soils.

The.: texture of each soil was determined by mechanical analysis.

The: clay fraction was determined by the hydrometer method (Bouyoucos,

19(,%) and t\1c sand fraction was sieved u0i.n(,; a .05 mmsieve,

To determ.ine how much of the variation in spectral reflectance

of :;<)i1;could be explained by their wat.er content, subsamples from

r::-.f)j--, :~oi1 (approximately 1)0 ;;r::uns) vlere equilibrated at two

1!1()l::tur.; tension:.:;; 1/3 bar (4.9 psi) and 15 bars (220 psi). After

i);~':~I;' ;11J.(JI·/(~1l Lo r::ql1ilihrat.e 48 hour~:, the s:unples Hcre spectrally

rol');).SUP::O in tlI8 laboratory usinG a field :::;pectroradiometer

(Exot..ech ZOC), weic;hed, oven dried and reweiGhed to determine percent
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w;dpr at each Lcn::;ion and the ov<m dried 1/3 bar samples ••.Iere measured

Thi.~; rc~;ultcd in spectral measurements of each soil at three moisture

l.l:n:;lOI1:;. The :;pcctral reflectance curves for each soil sample at

1/3 bar and oven dry were from the same :5ample because it was desir­

;ible to have the same surface rouGhness on all samples spectrally

hir-dried samples were placed in rubber rin~s 2 cm deep and

10 em .in diameter and then saturated with "'Iater for 16 hours and

~(lull ibrated at 1/3 bar in a pressure plate apparatus for 48 hours.

Separat.e air dried s;unples were placed in similar rubber rings,

:>at.uraLIJdand allowed to equi librate at 15 bars in a pressure

membrane apparatus for the same len~th of time as the 1/3 bar

::-.amples. All samples were later oven dried at 10SoC for 48 hours

in a forced air dryinc; oven and expo:~r:d to the atmosphere only

dlJLin.~ spectral measurement (2 minutes).

IV. Spectral Mca:;llrcmcnt:. of the Soils

Aft.er the soils had equilibrated at the desired moisture tension,

t.he} were spee trally measured indoors over the ranGe from .53 microns

to 2. -3;~ mleron:; 1.1 :;lnf'. a field spectroradiomcter (Exotech 20-C)

;·Ii L:: (;oll.imaterl illumination providctl by a specially housed General

;';1.:-: i.ri'· ·)j,}1 1::JII]> ;I.:](J ;t :~J>hcric;:u mirror (Fif·:. IJ). The spectro­

,-;uJiorTI/;V:rha:;;. :..;hort rlavclcTlro;th head (.J'1-2.5 11m)and a long

rJ;:;'V(:lr::~!;Lhhi:au (2.8-14 rm). The shorl. wavelenGth head was used

;lnd r1a.c; Lwodetec tors. The silicon df;tee tor covers the wavelength

O. JS to 0.70 pm and the lead sulfide detector uses a circular



Fi,,,;o I) - Dia(';ram of Exotec h 20-C laboratory set up (from DeWitt and
Robinson, unpubli shed) 0
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v;lrLahl(: fL1Le:r Lo cover two wavelcnr~th ranees, 0.65 to. 1.)0 }.J m

and 1. 25 to 2.5 \I m (Cipca, Silva and Hoffer, 1971).

Tu calibraLe the instrument, pressed Barium Sulfate, a perfect

JiffuG(}r, is mea~ured spectrally. After every fifth sample, the

~.;\,;:nei:tnl,BarLum Sulfate, is measured and the ratio of the

';:unplc rc"pon"c to the standard 1~; multiplied by a correction

L.lC Lor, to corrcc t for chan{~es in scn sl ti vi ty of the detector.

The; raLio can be converted to percent reflectance by multiplication

by pi (II) if two assumptions are true; (1) the standard is a perfect

tJiffu:-;(~r and (2) the sample is a perfect diffuser (DeWitt and Robinson,

unpublished). If both assumptions are not true then multiplication

hy 11 is still the best estimate and the result is called the

reflecf-;:mce factor. If the ratio is not converted to percent

n:fl(~cf-;1J1ce the ratio is referred to as Rho-Prime (p ') and is the

11:11 t ;:t(;c(}ptedby the National Bureau of Standards for energy being

n'~;i,~;iJn~(j. The rr:latl.on:3hip between percent reflectance and p'

.•.:; :t~; 1"0110\-1::;: 100;6 reflectance is equal to 11 times p', )1. 8 for

Jhri.l:m Sulfatc. The valuc:> recorded consist of six complete scans

c(Jvl:rln,~ the ellt'1 rc \~avclenc;th range measured and when these values

;iTC dL:';ith.;ed ;u'lCl processed, the average of these six scans are

re:port(:d ;C;j pt.

TII'.: hi.r:;h in Ler.:.,i~:I lamp used for inlab experiments has different

pru!J';!'Lies than ~.;olar radiation (Fit. 2)'. There are several bands

in tlV] infrared r0(~ion lhat reflect little solar energy due to absorption

Ly \-later in the atmosphere, but the lamp has energy in these, bands so

extrapolation of laboratory results to the field must be made carefully.
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HJo::~IJl,'I':; AND IJl::':Cl/::.::.aON

Th'~ mea~jllred.phy:;ical properties of the soils used to explain

U,,: v;l.f·iaLion arf~ prc:;ent(~d. in Table J. The or[~anic carbon content

(d'. :.1,,: :;;Llllplf'~;ran(~e~ from. f.f) to J. JJ% with no clustering of data

and ;l 1TI(:;'U1of 1. 55% by the Alli~jon method u:::;inGsoil crushed to 0.149

mmd.i<Vilcter. The textures 'rlere predominantly silt loams and silty

clay loams as seen in Table 3 with a mean of 14.2% sand, 55.4%

~;i.lL, ;:md )0. J~% clay. These samples are representative of .mid­

Hc;;tern soils developed. in 10e:::;5 over Glacial till, but the inter­

peetatlons are somcVlhat limited in many soil regions because of the

.lilTlit.r~dtexLlle;).l range. Noisture ha:; been shown to dominate the

:·;pr.:cLr;I.1 reflec Lance of soils over the electrom<1Gnetic spectrum

f)'om . je JImto 2.5 IIm (Lindberg and Snyder, 1972), therefore

::I0.a:'.un:mentswere at three tensions of agronomic interest; oven

deY, 1/3 har and. 15 bars. Percent water by weiGht (dry weight

In:;i:;) jf; reporLed in Table 3 V11th<l mean of 10.5% retained by

LII,.;,;,: :;()lL~ ::tL 1') har~; and. a m()an of 27. J;~at 1/3 bar.

';h(~ phj:~jc;ll properties affect the spectral reflectance

(r'iw::;!:J.l cfJlor notation:j) in the vi:jiblc n~cion as can be readily

:;';';:, in Tahlr:: ), eSpf~CLU.ly or~~anic carbon con tent and moisture.

Th" NIJt1:j(;ll~olor notation:, of these soils ShOHa e;eneral trend of

llr~r:t(:r 'ia.lu(]~.j~Iith d.ecreasinc; orGanic carbon content when the samples

an, air d.ry, but when moistened they order themselves almost
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P(~rf',:c Lly from darkest to liGhtest values wi th decreasinG organic

C.lrhtm content.. Moisture affects Munsell color values most often

alld ';l1romitf; next at;recinr; with Shields et a1. (1968).

Continuous spectral curves Here recorded on magnetic tape

(Exosys Tape No. )122, Run Numbers 74)12)00-74))4000, experiment no.

,?1~100C01,Laboratory for Application of Remote Sensing, West

L:1.faycttc, IN) a~1danalysis was conducted by breaking these continuous

:.>pectral curv~into narrOH seGments or bands. The results of pre­

vious ~:;xperiments at LARS(personal communication with Jan Cipra)

led to the selection of 57 bands, .0) and .04 pm wide for use in the

analy si G.

A representative sample of the spectral reflectance curves

is that of Brookston silty clay loam (Figure 14). The first segment

J. s the Gcction scanned by the silicon detector, the second and

Lhi.n] ~;ci'::ncnt.sare scanned by the lead sulfide detector with the

c:i.!Tular variable filter rotatinG in front of the lead detector.

A~;Hi.Lh any recording instrument the data recorded at the extreme

encL; of any seGment arc not as accurate as the center section, so

L!1edat.-t nearest those chances was not used.

All the :jamplcs m(~a;jured have a shape similar to that of

r~fJr:tme)ri.llonite as ;;hol-1t1by others (Hunt and Salisbury, 1970;

L~n'j:,f:r·" ::.nd ;jnj'(kr, 1972; !1aUv.J:'[;j.1972), and the overall spectral

n:f·lf:': Ltne;,: in'; r':;l:~'::;frum the vl:;iblc to Lh,: infrared wavelength

T':r;iO;l:.;;L:.~ 0uG7!:·;tcd previously (Bower and Hanks, 1965; Mathews,

19('2) .
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the effcc t of the soil properties on the spectral

re:Jpon~;e a ~;tep\~ise, fon/ani selection, multiple reGression program

Has used (STEPR). The averaGe ::-.pectral reflcctances (p ') from two

p~plir;ati.ons 01' each ,nil in every band Vias used as the dependent

variable~;; and the ~;oil properties the indepemlent variables. The

(:ol:1'1'i(;ient or ul~termination (r2) Vias then plotted on the ordinate

and ti,e band Hidths on the abscissa as in Figures 15 through 2L

The experiments were designed to study the effects of soil

or;-:anic carbon content and moisture on the spectral reflectance

properties of soils. It Vias first proposed that different methods

of determininr; percent organic carbon miGht have a significant affect

upon the rer;re~;sion of orGanic carbon versus spectral .response. This

is of concern since the three methods used are commonly used in soil

analy:::;is. There was no significant difference among the three methods

in explaininF, the variation in spectral response as shown in Table 4.

The values obtained from .149 mmsoil by the Allison m'ethod will be

th'~ orC;iJ11iccarbon values discussed in the rest of this paper.

In attempting to describe wh.i,.chwavelength bands are affected

mo';l. by the soil property measured, single regression analyses were

:nade Hi th spectral response versus each soil property. Figure 15

:,<1::; thr(~c; curve:::; shm/ing the r2 values (of organic carbon versus

·;P"':!.r.~tl rcflc(;Lanc(;) at ,~;:Lch v:avelencth hand, each curve representing

()~i'; of t.he three moisture levels. Orcanic carbon explains the

variation in ~;pectral reflectance most effectively when the soils

are o'/en dry and least when they are at 15 bars. I expected the r2

val\JI"':~ for the 1/3 bar to be 10Vler than the 15 bar values because

Lhr; 0w:r~tral reflectance at every wavelenGth measured decreases
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Fig. 15 - Coefficients of determination 'IS. Havelength far organi.:
carbon and spectral reflectance at each moisture level. IIIIIII·';.~.. :.IIIIIIII
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C\jl~;Ticlcnt;J of cleLcrminaLion for each ore;a.nic carbon method
vs. oven dry spectral reflectance for 10 wavelength bands.

Coeffjcients of Determination (r2)
Alli:;on Hebius Halkley-Black

.149 mm* .42 mm .149 mm .42 mm .149 mm .42 mm

.90- .93

.9J- .90

.96-1. 00

1. 00-1. OJ

L.0)-1. 06

1. 06-1. 09

1. 09-1.12

1.12-1.15

1.15-1.18

1. 18-1. 22

.802

.801

.807

.821

.819

.823

.823

.822

.82)

.827

.783

.780

.786

.798

.796

.799

.798

.795

.794

.799

.774

.770

.778

.791

.789

.791

.794

.796

.796

.799

.765

.759

.763

.776

.771

.774

.777

.775

.781

.787

.828

.835

.843

.853

.852

.858

.861

.864

.862

.863

.803

.800

.805

.819

.817

.819

.821

.821

.823

.827

x Values used in FiGure 16.
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;1;' 1.11,) ;l1nOl111L of water increase:.> (Fie;. 14), therefore having less

variaLion in ~~pcctr<ll respon:.>e to be explained. This is true when

onlj LI)fJ<.unoul1L of vlater presen L is used to explain the variation

.In ~..;pe(;tral reflectance (FiC;. 16), hOHever, this reasoning is

~,.upported only in the water absorption bands (1. 4 and 1. 9~ m)

H!l()11 u~~i.nr:,ju:.>tthe orl~anic carbon percentaGes. This indicates

Lh;lL r.:V(;nthOl1{~hthe variation is reduced by increasing amounts of

Vl;lt'~r, or,:anic carbon effectively explains the variation in spectral

refl.)ct,:mce of ~..;oils at the same moisture level especially from

.90-1. 22 \I In.

AL least 6Z!o of the variation in spectral response (15 bars)

(;:tll be cxpl:Llncu by orr,anic carbon and up to 82% (oven dry) at

hest, Indicatin,n: the band from .90-1. 22 \I m should be the best

;,pe,;Lra1 nJ[~ion to u::.;ein field studies to map oq~anic carbon

content. This band, in previous field studies, has been split at

1. 00 p In (Table 1), if t.he entire band (.90-1. 22 ~ m) had

been measured, the results of Horvath et al. (1971), Baumgardner

,~t. :1.1. (1970), AI-Abbas ct a1. (1972), and Baumgardner and Staff

(1972) mLn;hthave had higher percent correct identification of

or;T;,.ni.cmatter contents. The spectral curves presented by Mathews

(19~·~) :LndEOH0r and Hanks (1965) of soils before and after oxidation

of U C;:LtI is carbun Vii lh h'ydrol~en peroxide show the widest distance

tlr;h:';C~l the e.per::tral response curves before and after treatment

at the res10n .90-1.22)Jm (Fi/3s. 9,10).

Lindb~rc and Snyder (1972) stated all the reflectance minima

(ab:;orption maxima) shoHn by the reflectance spectra of kaolinite
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Fig. 16 - Coefficients of cletermination vs. Havclenc;th for water
and spectral reflectance at each mo:i sture level.

II



!/3 8/\R

r-- ;--~ -~--~ ~
I 15 BAR.

.. ",,.- ...r' .....rv "I ~" ',~ '
,'1 " " ..)\_, • , , \.0',

.. ~' , , "'\, ,
, I. .'
'J

IIIIIIIIII I.°r
II .91

I /I .8\/'
r2 II .7\

Ir .6\

I.5, I ,.41,/
....v

T.01.50

F i !',. i {,

1.0

WAVELEtJGrH, f'-

2.0 2.5

64

,
\

\I
Il



.•

65

(P'i.;:. j) and montmurillonit.e (Fil~. I~) in the near infrared can

",'ad i J,v be accounted for by comparison with the reflectance spectra

{'or wab)r (Fl{~. 12). This statement describes the reflectance

spec Lra of montmorilloni te but not kaolinite (Fig. 5) because of its

limi -::'edabsorption of water, notice the lack of absorption at 1. 9 pm

I-Ihich must he occur if Hatr~r i" pre:~r~nt., The spectral reflect3..'1ce

i.n triG :.:;;.:.mplcsof this stUlly. [~icure 16 ShOHS that the absorption band

,~i.. 1. 9 1,11I for samples at 1/3 bar water explains less of the varia-

tion in spectral response than any other region in the infrared.

Since c1.11 soils in the field are not at the same moisture content

due to other factors, this would be a band to avoid in attempting

to map ~;urface moisture content of soils. Or possibly it may be of

value a~>a denominator or numerator in usinG rati os to aid in

mappinr: the surface moisture of soils, because it is difficult to

determine if Hater i:3 present if both Lhe 1.4 and 1.9 ~m reflectance

'/alu'~:~ ;tre not used.

CJ.;ty and thi~ .lII1ountof water held are hiGhly correlated in these

:;;1.mplc:', (.00). [n }i'il';Ure 17 the 1/3 bar r2 values explain more

variaUon in :;p(~ctral respon0c than 15 bar or oven dry samples.

are due to little variation in the spectral curves

litLlr) i~,rljf·.J.tiO!1Hhich re[~ion ,:ould off(;r the ~reatest amount of

n:qJ] cHI:).!.; q:;. in t.h: varL.J.Llun of :..;pectral response of the samples,

Fir:l)p: 17 do(~:..;. Since not all :;".oilGin t.he field would be expected



Flg. 17 - Coefficients of determination vs. wavelenc;th
spectral reflectanr.e at each moisture level.
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moi:;Llln: lr:vc.L:;VlnuJ.tlt)r! the n~{:lon from 1.4-1.9 JIm. To say whether

cby type or waLer ,;ould be m<lppcdis somcVlhat insiGnificant, since

for a I~iven cl;),y t.hr) amount of Vlat.er capable of beinr; held is

d8tr;nnined by the amount of clay present. For these predominantly

lIIonLmorllloniLi.c s()il~;, the hand from 1.4-1.9 pm would be expected

to "'j 'J'-) the bc;.t F)sul ts in mappinc: clay:::; or moisture of surface

~.oils ~:::;indicat.ed by LindberG and Snyder (1972) and Bower and

Fir;ures 18 ClllU 19 indicate that the other two constituents of

texture don't explain much of the variation in the spectral response

of L~cse soils. This can be explained by the fact that these soils

are predominantly silty and don't have much sand in them and the

~;:Lrnple~jwere not selected to obtain a Hide range of textures.

These findin,':Ss disaGree Hith Mathews (1972) and Montgomery

and Baumr,ardner (1974), however. I will attempt to explain the

difference in f1ont{'.orncry's findings but can offer no explanation of

Mathe:-:'~: findinGs si.nce I h:1.vrJno access to his oriGinal data.

Wh()nexamining r10nt{~omery'~j ~,;pectral curves, it becomes evident

that not ;).11 the sample:,; of the same order have the same type of clay

~jin("I th(; :;h<lp(;~;of the CUrVf')~2:)Ie different. But, looking at the

J)r'~::()n t in till; :jample:; f';encrally explain:; the overall percent reflectance

at a.ny H:.lvelcngth. If the ore;anic carbon content is high, the entire

::pr:()t.r,'1,l curve for th<lt c~amplehas the lor/est percent reflectance,

,~t.c. Thi::.; i~~ true as long aG the percent Gilt is about the same,



· (,f)

Fig. 18 - Coefficients of determination vs. wavelength for silt

and spectral reflectance at each moisture level.
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Fie;. 19 - C00fficients of determination v:~. Havelcnrrth for s;mn
and spectral reflectance at each moisture level.
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hu L i l' Lhe pcn;cn L :311 t. varics r;rea Lly GO doe~; ranking of the spectral

curve:3 aC3Montr;omery'::; work indicates. His dat.a indicatp.s that :i f

LHO ::;j milarly Ghapcd C",pccLral curves of so:i1:, h8ve the S3..'!le org::t11ic

carbon con ten t., the CDi1 vIi th the Grc~tcst a;::ount of
-.":'.1- ,_ .• ,
OJ.LLt. lid::; lAlt:J

r

r

hir;hr'::t rcflcct.a.!1ce. ThL:; ;nay be due Lv cUI increase in the amount of

3url"a<.:u area CLilJ. d n:sul ting thinner coat of organic carbon as the

<.JJ11ount of sand. decreases and silt increases. As the thickness of

the orr;anic carbon coating is decreased the amoun t of spectral

enerp;y reflected increases. So Hhen dealing with soils varying more

in silt than in orGanic carbon or clay content, the variation in

spectr01 response can best be explained by the amount of silt.

FiGUre 20 shoHs the amount of variation in spectral response

that can be explained when all the soil properties measured, except

sand, :lre entered into the multiple regression. Water enters the

multiple regression first followed by organic carbon. at the 1/3

bar moisture level. Whereas at 15 bars, the orr,anic carbon enters

flr:..;L from .5"3 La 1.15 Pm follol-Ied by silt and from 1.31\J m to

2.32 pm clay en t.F~rs first folloHed. by oreanic carbon and silt.

'j"he rc;';ression of oven dry soils Hhich contain no measurable water r

or(:Cinic carbon enters the multiple regression followed by silt and

Lhr:n (;1;].'l. Sa.nd vl;,t:: not U C;0.din th(~ 10'11 Lipl(~ n:r~rc::;c~ion because

Iii 1.11 :llt '-':r: Lf.r~n1:;but :~ami ill the mulLiple rc[~ression (FiG. 21)

'/'1 to 93% of i,IIC: v<Lrlation in spectral n~::;pon::;e was explained indica-

I,i,\/' ti,e be:;t that r;ould be expected. with the properties measured.



'/'1

Fi~. 20 - Multiple coefficients of determination VB. wavelength for

oq~ani.c crlrbon, silt. clay, Hater and ::;pcctru.l reflectan':t;
at each moisture level.
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Fig. 21 - Multiple coefficients of determination vs. wavelength
for or{~anic carbon, silt, clay, \>laterand Sp88troJ.
reflectance.
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SUMMAHY

By meaGurinr; certain phydcal properties of fifteen soils typical

nl' v]j ~;';()Il:~in-;j,I';ed,I';lacial till :~oils r.appcd ~Ilth less than 60 inches

\If' J orJS:'; in Indiana, the variations in spectral response in the

I-,'hnr:ot-nry \o!(>rp. ",xpJained. Spectral reflectance measured with the

EX0Lcch 20-C c:::.n be ::;iG:1ifica..'1-tly e:,=p1ained by percent moisture,

orr;anic: carbun, CJ.ud cla.y clJntent of these soils. The soils studied

Hcre preuominantly 3il ty with a range of organic carbon from • (jJ

Lo 1. JJ%. The moistur.e content of the soiL:; was controlled by use

of the pressure membrane at 15 bars, pressure plates at 1/3 bar,

.I.!'Hl QVIJndried at 10soe for 24 hours in a forced air dryer. The

moisture of the samples was equilibrated, and then illuminated

artiflciaJ ly by a General Electric DXWlamp and spectrally measured

from . 5J\l mto 2.)2 I!!!! with Exotec h 20-C.

The inLerpretaLion of the results allows me to suggest three

vlavelcngth bands Hidths for use in the field in an attempt to

classify :.;urface soils and increase the accuracy in mapping them

by multispectral scanner techniques.

1.To mCl.!> orr~;:mic carbon use the band from .90 to 1. 22 \.I ffi.

2.

To map Hater content use the band from 1. 50 to 1. 73 \.1m.

).

To map clay use the band from 1. 50 to 1. 73 \.I m.

The ;:L'TJountof moisture present affects the spectral response of soils

the mor>tfolloHed by orc;anic carbon content, percent silt and then
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