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ABSTT 

Studies in 1963 at Catheart t.ountain, Maine (where a copper 

molybdenum depcsit is concealed benea:h soil on a forested mouncaia

side), sugcs:cd chat measurment o: :.; soeczral refectance o: 

ve---on .:igh: be a useful too-1 in ::izora:ion for concealed -_ineral 
de-nozi:s zram aircra:t and, possibly, fr:om ssccr-_-:. . o a

r.-f2za..z .,? -r rzd S~r-:ce anfb'ia-- h 350 - 0o 

lO0-..e:er region showcd differe.:ces ba:wean spe:e'S growing over 

and a::: . the minera. eaosi. . tne inferences r.ha: could 

be Zrom che data were .l.miti:ed; -h sma.l number of samplcs (19) 

anz :n rh'lzively large vir-.anca of u s ccrorafo .,etric daza. Thus, 
.:e;: improved jastrut:.ta became available L959, cxpcrimcnt~ Uion in the 

uas rcpcnzqd on a --- rou ( 5 anoa.ouz :ruca, 9.... 

fir, and i0 background fir). 'easurements o:snruce, 10 ano. 1ous 
copper ann .oydtnu contents .n the su=porzing soil ;ere usedi to 

categorize Lhe trees as anomalous or baa.kgro.nd. 
Analyes using para -:ct:ic and nonDz:azmecric statistical tets were 

-
perforTcd to establish -. hether sigifica: ifferenccs existed between 

confidence level,ihe ano.:aious and background 	 groups. A: the 95-pe-ent 
found to e:xist for bot.- spcies, generallysig~i...ct differences were 

in the chlorophyll hand centered at about 550 and in thenanometers 

region from 700 Lo 900 nano-.eers. -eneral,In these results confirmed 

the 1963 study but at a much hi.gher level o: confidence. 

*?ublication authorized by the Direccor, U.S. G0ol.ogical.Survey 
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IN'TRODUCT tON 

The i'asic long-range objective of o'ir work is to attempt" to ,'evelon 
more cficient ways of prospecting for mineral deposits. Traditional 
prospccting methods, wherein geologi.sts roam across the co,,ntrysi.dc and 
e-:amLne rocks visible at the sirfacc, c no longer be ezp'ctccd to 
produce many important mineral discoverics. Most areas of the world 
aenable to this way of prospecting have been czami. ed repeacedly hy 
several generations of prospectors. However, in large areas of the 
world, rocks favorable for the occurrence of ore l'e concealed beneath 
a mantle of soil. It is in such areas that many important ore discov
eries have been made by utilizing the newer gcochcmical and g,- ophysical 
techniques. For cxample, the discovery oE an area of soils abnrmally 
rich in metals--a gcochemical aroma'_y--furnishcs a strong clue to the 
poss:' __ presence cr a near;.' conccaled mineraldeposit. Wt to find 
such aaoch-emical anomalies on the ground requires ?ainstaking ,-
expensive ground surveys. We simply have to develop cheaper :Ccaniques 
of finding such ainomalous zones by appropriate sensors mounted on air
craft or spac;- :iatforms if the world's needs for an increased supply of 
critical minerals are to be met. 

At the last program review I reported on the feasibility of using 
the reflcctancc snectra of trees to detect such soil anomalies. Inter
relationships between a tree aid its environment are complex, and many 
?araicters affect -plant _., growth, andr.trac-clemen composition; 
,o 3eolo-ical environmen: is one of che mcre important envircamental
 

.-.. n r;cCccr t , ,rav--,-is - s o number oe 

-
:ha. :reos growing in an a,,ormal. . me L-rih soil should be in a 

stressed cond :i.on and ha: this szcssed conditicn and, hopefully, the
 
cause of the stress--a mineral deposit--could be detecced by analysis of
 
vegetation spectra.
 

PREVICUS WORK 

Two years ago the U.S. Geological Survey and the Science and 
Engineering Group of Long Island Uaiversity under ?rof. Edward Yost 
collaborated in a Feasibility study on this supposition. The site used 
to Lt:*t Llih! hypoth,i.;is was C-hilar t .,oun atn, 'Maine, whore a copper
moLyhe.',:Nu c.hIpo:nit is lar.ely conceaLed beneath soil on a compleitely 
forested mountainside. The soils cotain anomalous amounts oF metal, 
mostly copper and molybdenum, and these metals, especially molybdenum, 
are also concentrated in the trees.
 

http:co,,ntrysi.dc


As I reported last year, the reflectance spectra of balsam f.ir and 
red spLru,: trecs were ieasured by placi.ng a spectrorad,;o-meter on a 
"hcrry-pi.cer" to got thc instruments above tree andthe level thus 
look at the tree as an aerial can:era or scanner would sue it. Sgwtl
taneitts 1measire.iits of relected and iocident radiation were obtained. 
The rc'itlts indic.atc'i that a di ffLrenc .ted ietwren the sp-cira (if 
halsa:,i [r and red spr;ic growin, in s-ilis '42L h anot:a]oIs copper
molybdenum contents and the same species growing in soils of normal 
rectal contents. H,,wever, although the differcncc. notcd were highly 

encouraging, wc could not claim, in general, that they were significant 

at the 95-percent confidence level. This was due principally to the 
sc-all ni..ber of samples used--(19)--and by the relatively lacrge variance 
of the data in the 750- to ll00-nanor.,ter region. 

Thus, when improved equipmcnt became available the following year it 
seemed advisable to repeat the experiment on a larger .-,:;.ple group. This 
was done in August 1969.
 

1969 FELD .R'K 

The equipment employed for measuring incident and reflected radia
tion in the aear-ulraviolat, the visible, and the near-infrared portions 
of the spectrunt was modified considerably for the second test. A truck 
equiped with a*36-foot periscope tower replaced the cherry-picIcer, both
 
re..4:an e spectroradio..ecers were located within the truck, and the
 
.:_.-. ":rec C '.V.yon 0-.-er tape. The use or this truck 

gr -::ly increased :he efficiency of tihe peraaLnn because, as the uppermirror could4 be "n"'-rl ad4s.ca
ba.nlarly adjustec and the entire tower itsel, could be 

rotated, iive to ten trees could generally be scanned from one setup. 

Tv.o incident spectrometers were set up in a clear area close to the
 
equipment van. These instru=ents were calibrated separately, and the 
resultanc data were then averaged and treated as one reading.
 

All reflectance measurements consisted of three scans per target; 
each scan included 27 data points of three readings each rteasurcd at 
every 25 nanometers from 350 to 750 nanometers and at-every 50 nanometers 
from 750 to 1250 nanometers. At the start of each day the reflecrance 
spectroradiometers were calibrated against a white diffusing place. 

Also, because a cdoled detector was used, the precision of the infrared 

measurements was much better in 1969 than in 1968. 

Great care was taken in the experiment that several important
 
variables did not influence the data appreciably. Measurements were
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Vade jr. fully iUlluninated areas of the tree, and extraneous .-cf"!ctance 
from background ,bjects such- as other trees, patches of ground, or dead 
branches was kept minimized by careful selecti.on of the tre'c area to be 
measurced. 

Sar.ples of soil at the base of cach tree, as well as samples of 
tree needles, were collected and chcmically anaLyzed. The division of 
trees into background and anomalous groups was made on the basis. of the 
metal content of the soil. In this second c;xpcricnt, /4 trcs were 
nicasurcd--15 ano-malous spruce, 9 background spruce, 10 anomalous fir, 
and 10 baccground fir. The av-rage directional reflectance spectra of 
each or the 44 trees was computed from the in situ measurement'; of 
inciident and reflcctcd radiation using the calibrated reflectance 
s tandard. 

RESULTS
 

These data were analyzed for significant differences between tree 
groups using both parametric and non.arametric statistical tests. I am 
glad to be able to report that dif- ences again appeared between 
anomalous and background groups, and that this time the differences were 
generally significant at the 95-percent co. <.dence level. 

Figure I shows data for red snruce and balsam fir. For red spruce 
the obvio,.s increase in spectral reflectance of the anomalous group in 

. . of t*--. s:;ectrM. "4Z3-,730 and decra.s in.*-*0 2.Z-!-r. no0etrs 


infrared (IR) par of -he spectru- (703-1100 nanometcrs) is evident.
 
TL. .iack band at the top shows i..here tine differences are significant.
 

In : 63 our eaca revealed the dccrcase in the infrared for the anomalous 
group ht not the increase in the visible. In 196G, however, our 
anomalous group was grow',g in soil only slightly anomalous in. itetal i: 
contrast tc the 1169 group. The increase at about 550 nannmrctors prob
ably indicates a lower chlorophyll contcn.t Ln the naeczlcs of the ano~ralous 
gr,-up caused by the effect of the a-no-mal chemical environmnt 'on the 
m-ezazO..sm, of the treas. The decrease in TR reflectance undoubtedly 
reflects some nesophyll cell structure.alteration ini th, -.


For baLsam z" you note the anomalous group is more highly re.:.ec
tive in both the visible and IR. This is also what we found in 1968 
although at a lower level of significance. For balsam fir, as for 
spruce, the higher reflection in the visible is probably indicating an 
incipient chloratic condition, although the anomalous trees appeared 
quite healthy to the eye. Why anomalous fir should show an enhanced IR
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r Elrectancc Thereas a :alous spruce shows a decrcase is most interesti.g, 
-- but ke have no good u:Xplanati.-in at the mo:;.ent. One of us ('CC), hc-:cver, 

plans to make s0-!. studies of necdlc-c,' ! :;Lructure and these may pro

vide sore clues. 

In order to ilterr.-ine to what ext-n' the soil geachemis try was 

related to the reficectance spoctra, a miultiple rcgression analysis was
 

perrr;ro (:ld for Ibot'h trec, :;noc i: ,snin;. hw soil minet'Irali.zation -is the
 

iiirlepondti.L variahkI an, the rr. fL(.ct;,nc. spe:c tn an theL :peh:ndent
 

vnri lt .. 'ie:;e shown r.:tibLr Yowi"'ua , in
1l:ittn arta.-.ie ii 1. ::;in t.;It,
(:()lr.*I .:i ' ri I,.Lwe',.,I :ai*}a'll,.r'a I , I,:,l :;, ,,I Fir ::Iiew:' Ilh' . r,.,. :-''s" .im, t Li p ,. 

:iz LI-' :ptc:.rht--:il,.ta ntLIr:r of ::;r.Jl,;L a' wl.: d r .|'l.:la (:e. 0.8 at : o 

lewigtI:;. The cocfficLC!nts of red Spit'uCe show the same general r(.lton

ship oewcen soil geochemistry ard spectra although the values of these 

coefficients are so.mcwhat less. 

data and me=tl c.ntent in the 

plant tissue itself have not as yet" been studied in detail, but I 

thought thesc data (fig. 2) worth sh.ng. You will note the rather 

good rclationship bet-e,; molybdenum contenz and reflectance; the copper 

points, on the other hand, are rather erratically distributed. One nay 

speculate that, at least for balsam ;ir at Catheart Mountain, .olyhdenum 

may be the more important eleme t. atfecting reflectance. 

The corrolations between reflcctance 

Of course, in these copiex natural environments, it is really 

quite difficult to evaluate the influence on reflectance of any one 

be necessary to go to controlledlemet. To do t.is ! t-ink it will 

sis =,.=hi the Ge.-ilgi--i Sur..ey has - get SU 7. 

s:udies uaderWay very soon. 

FUTL-T.2 W: MS 

Where do we go Irom here? Obviously, af:er the succes'sful second 

Catheart ground experiment, aerli-- e<Oeriments were indicated and these 

were done the las: week in August by r:he Michigan aircraf-. I:e ware 

plaguad by bad weather and could not "fly all scheduled lines and runs, 

but the more i-moortan't ones were successfully fLo;.:n, have not yet 

received any daza from this mission. Providec the results of the 

Michigan flight are encouraging, the Cathear: site will be suggested for 

an ERTS-tyoe exoeriment because the size of the anomalous area is about 

a mile square.
 

Additional Catheart-type ground e:":rmnt for en eaSL 

and vegetatio, species in different geologic-- environmreans should be 

http:ptc:.rht--:il,.ta
http:arta.-.ie


*doi..'." A ro'tp .n the Geolo"ical SuivL'y has, in Fact, just complCe'd 

last 	wc,.* one such st,'Iy in the Front Rang in Colorado. There the
 
to be
reCicctance of Pinas Pondcrosa in the near IR was found 

signific;antly gcca r for sitcs of high copper content--in the .8G-1,900 

ppr' range in the'soiL--than for sites of low copper content--4 0-170 ppm. 

The Goological S,,rvey also has plans to study a site in the
 

Republic of PLinanta where a coplier-molybdenum deposit occurs in a
 

tropi.cal rain-forest environment.
 

R,.petitive covcrage of one or more sites is sorely needrc to ascer

tain changes in reflectance during a growing season. It seems Lhat this 

could be accomplished easily from ERTS, and such an experi.ent will be 

proposed. 

In conclusion, I am still highly optimistic that continuation of
 

research ia this field will ulcrimately result in *adramatic new way o
 

prospecting for mineral deposits zrom aircraft or space platforms.
 



' SO L
WITH TRACTE-ELE%l'NT CO-;T .' r\ 

OF REFLECTANCETABLE I.- CORREIATION 
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WAVELENGTH REGIONS WHERE GROUPS DIFFER 
AT 95 PERCENT CO:,,F&DENCE LEVEL 

0 14 	 1 
l.,1 r-


z
 

w 
-. 1U.0J i 
w 

j 6oi
< .ANOMALOUS GROUP
 
Z 	 (10 TREES),o' &J0,2225PPM 

" Cua7700 PPM 

BACKGROUND GROUP 

t:l2o 	 CMU a PP.M. 

:.. 	 (IN SOIL) 

I-I BALSAM FiR 
-L 0 

400 500 600 700 800 g0o 1000 1100 1200 1300 
WAVELENGTH (NANOMET'RS) 

WAVELENGTH REG:ONS WHERE GROUS DIFFER 
AT 95 PERCENT CONFD,-"'C.-- LEVEL 

lOG -	 .. 

L 2ACkGROUND GROUP
i 

(Av-RAOZP, " u OF 9M TREES)-4
L'-l :" PP, 

-. Go-	 PP.MZ--	 Mo a 

o i(IN SOIL) / ANOMALOUS GROUP 
to o-.I MO:975 PPM ,

" 	 I Cu='O0 PPM
 
,0 (IN SOIL)
 

La 	 RED SPRUCE 

w 	 ' 
gaI 	 I i I i I 

400 500 600 700 803 So loco 1100 1200 1300 
WAVELENGTH (NANOMETERS) 

Figure l.- Reflectance of balsa= fi~r and red spruce 
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contents of balsam fir needles and directional reflectance 
at 550
 

and 800 nanometers.
 


