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I. INTRODUCTION

Field surveys and data anlysis of several biogeochemical test
sites have been completed under National Science Foundation Grant
DAR-78-16320 to Columbia University. The research has been in coopera-
tion with Dr. Frank Canney, Dr. Gary Raines, and Dr. Roger Ashley of
the U.S. Geological Survey. The earlier phases of airborne data ac-
quisition and preliminary analysis were conducted under NASA Grant
NSG-5222 to Columbia University.

Very promising results have been obtained in the four major

test sites of the study. These sites are:

Cotter Basin, Montana;
Spirit Lake, Washington;

Blacktail Mountain, Montanta;

SN

Catheart Mountain, Maire.

Known or suspected sulfide zones were detected on each site. The Cotter
Basin experiment, furthermore, was able to successfully repeat the
results of a survey flight two years previous.

The present research was stimulated by the earlier successful
results ottained in a Goddard Institute for Space Studies funded
Columbia University experiment in Cotter Basin (Collins, et al., 1978).
In that study, anomalous spectral properties of the forest canopy
growing in a known copper, lead, zinc zone were discovered using the

prototype airborne spectroradiometer system designed and developed at
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Columbia University and Goddard Institute for Space Studies (Chiu
and Collins, 1978).

Results of field data analysis under the present NSI grant
strongly correlate with our past results indicating that sulfide
mineralization can affect overlying vegetation, and hence induce
anomalous spectral reflectivity properties. The spectral region
most affected by mineral stress is between 550nm and 750nm. The
spectral variations observed in the field occur on the wings of
the red chloropyhll band centered at about 680nm. The metal-stressL
induced variations on the absorption band wings are most success-
fully resolved in the high-spectral-resolution field data using
a waveform analysis technique being developed at Columhia Univer-
sity.

Complimentary studies on laboratory grown plants have been

e

conducted under the present NSF grant to Columbia University  The same
spectral effects that we observe in the field data have been re-
produced in our laboratory studies (Chang and Collins, 1980). Doping
of greenhouse plants with copper and zinc retards the development of
the chlorophyll pigments. The lowered chlorophyll production in
metal poisoned laboratory plants results in specificly identified :
changes on the wings of the chlorophyll bands of reflectance spectra
from those plants. These spectral effects are now well documented
and identical to those observed in the field.

The laboratory studies have also yielded convincing evidence
that the present high resolution spectoradiometer insturmentation
and waveform analysis techniques offer the most sensitive method of
stress detection, especially under field conditions (Collins, et al.,

1980). The major problem we encounter in field data analysis is



filtering of noise induced by vegetation canopy and other environ-
mental effects. The noise is especially bothersome because it

contains low-frequency components that are very similar in nature

to the spectral waveforms related to stress but at much higher
amplitudes. With the waveform technique, we establish a vary sensitive
narrow band-pass filter that passes the specific spectral curves
indicating metal stress and rejects all other low and high frequency
spectral features present in the airborne survey data. The prospects
of developing a new mineral exploration technique based on these
techniques looks very hopeful.

Preliminary analyses to determine the potential for using
discrete spectral bands and imaging techniques for detection of
mineral stressed vegetation have also been assessed in the present
study. Our studies show that the LANDSAT broad bands will not.work.
Stress detection, however, may be possible using multiple narrow
bands in the 55Cnm to 750nm region. Determination of specific bands
will require further study of filtering techniques to remove the
effects of canopy density, slope, texture, and irradiance angle.
These effects produce broad-band radiance variations two orders of
magnitude greater than the subtle variations caused by mineral rich

soils.



II. COTTER BASIN TEST SITE

A spectral anomaly in the forest canopy growing over a sulfide
vein system was detected in a Columbia University experimental surveyv
flown in 1976 (Colliins, Raines, and Canney, in press). The test ..ite
in the Cotter Basin area, Lewis and Clark County, Montana, was floun
for the second time in 1978 to assure the repeatability of the ea. lier
results and to allow further analyses of the vegetation stress phenomenon.

Mineralization in Cotter Basin occurred along westerly striking
shear zones in Precambrian sedimentary rocks. Veins up to 3 feet thick
are calcitic with copper and lead sulfide mineralization. Geochemical
studies indicate anomalously high concentrations also of Ag, Zn, and Au
in the soil. The soil concentrations are up ¢ 10,000 ppmm copper, up to
1,500 ppm lead, and up to 400 ppm zinc. The copper geochemical anomaly
as mapped by Utah International, Inc. is shown in I'igure 2. More complete
geochemical and plant ash sampling are presently being conducted by the
U.S. Geological Survey and Columbia University.

The high mineral content of the soil, are (A) .n the aerial photo
of the test site (Figure 1), has resulted in a natural clearing where the
local tree species fail to grow. The cleared areas (B) and (C) are open
cuts on the sulfide veins. The geologic data indicates westerly striking
shear zones (D) through the northern open cut area (C) and through the
southern clearing and open cut area (B and A). The clearings and mineral-
ization are located on a northerly facing slope. The area is thickly
forested with a mature (climax) growth of sprucé and pine.

The airborne survey procedure acquires 500-channel spectra at the
rate of 2.5 complete spectra per second along the flight path. The data
comes out of the system in digital form and are stored on computer-com-

patible magnetic tape on board the aircraft. 1In the 1978 survey, the
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200km per hour ground speed, :The target meast;rements"were";f;agfgwm‘ggﬂ ¢

18-meter square field-of-view and in a contigucus one-dimensional line

sequence along the ground track. The survey site was covered in a pattern

of south-north flight lines with about 200 feet of spacing between lines.
The ground tracks of the flight lines, determined from aircraft 35mm film

acquired simultaneously with the spectral data, are plotted in Figure 1.

The survey lines are about 3 kilometers long and were planned to cover the

areas of both background and anomalous vegetation. Each traverse con-
tains 130 to 200 spectral measurements in 500 bands each. The symbols
along each flight line in Figure 1 mark every tenth speétral measurement
in the sequence, at which time the 35mm camera records an image of the
ground track. All survey parameters were kept, as nearly as possible,
the same as those of the 1976 survey. |

The aircraft data are calibrated channel-by-channel for spectral
radiance received at the entrance aperture. The data are processed first
using our waveform anal!vses techniques. In the case of the Cotter Basin
data, discrete band techniques were also applied to compare the two
methods and to determine if discrete bands could be used in future sensor
systems.

Waveform Analysis and Mapping of Spectral Anomalies

Our waveform analysis techniques fér analysing the higb density
500-channel spectrometer data have been used on all sites presented and
have consistently produced the best results. fhe Chebyshev polynomial
functions reduce the 500 point spectral curves to a small number of

variables similar to the simulated spectral band ratio technique. In
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the Chebyshev functions, however, the relative values among, many more

points along the spectral curve are considered. We are, thereforz, able [f
to achieve much more reliable recognition of certain spectral patterns
(Collins and Chiu, 1979).

With various polynomial functions we are able to recognize several
spectral patterns which can, to varying degrees, be separated. The
spectral variations caused by canopy density and irradiation level, how-
ever, remains by far the largest effect and the one that often limits
recognition of other vegetation spectral features. For this reason, we
have extended the mapping technique by allowing it to first identify
and sepafate areas of thin canopy or low irradiance levéls. where the
data will tend to become unreliable. The computer pattern recognition
technique can then be applied ir a second step, and possible a third or
more steps, using only data from areas with good vegetation cover and
with good surface exposure to the solar irradiation. The multistage
discrimination is useful mostly in areas where the vegetatation anomalies
are very weak.

Thin Canopy Discrimination

The data from flight line 7 in Figure 1 were used for reference
in developing a mapping technique for Cotter Basin and the other sites.
This traverse crosses the main part of the.geochemical anomaly. A poly-
nomial function sensitive to cancpy density along flight line 7 is
plotted from south to north in Figure 2a.

To obta'n a relative scale that will cléarly resolve contrasts
within the survey data set, each mapped polynomial function for the array
of data points containing all spectra from all flight lines in the survey
area are rescaled into the interval frocm 0 to 10. For each polynomial

function, therefore, we have in the computer an array in which the x, y
ORIGIN/

OF PO



e

CHEBYSHEY POLYNCMIAL FUNCTION

CLASSIFICATION FUNCTION

ORIGINAL PAGE IS
OF POOR QUALITY

CANOPY DENSITY USING WAVEFORM ANALYSIS

.7 T T 1 T T T T T
FIGURE 2e
S
L SULFIDE -
ZONE
6.3 |- -

WAVEFORM FUNCTION

BN f

THIN CANOPY

27

st

0.3 1 L

0 20 40 60 80 100 120 140 160 180
SPECTRAL MEASUREMENT ALONG FLIGHT PATH
8.70 I Ll 1 1 1 I il f |l :
FIGURE 2»

763 |- 4

o
w
o
I

1

CLASSIFICATION
OF THIN CANOPY B

- \I\«L/\ ML , M M -
|20 b 7N ;A e 1A . | l 1
20 40 60 80 100

120 140 160 180
SPECTRAL MEASUREMENT ALONG FLIGHT PATH

o
>

©
]

F
>
L

w
w
»

Figure 2. (a) Traverse 7 Chebyshev function sensitive to canopy density
(b) Classification of thin canopy along traverse 7.
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plag&.contains the coordinates of the survey grid shown in Figure 1. The
z axis is the rescaled, from C to 10, mmggggppea‘of a pagticular poly-
nomial function. By this technique, the absolute values of the variations
in polynomial functions are normalized, and the contrast is enhanced.

For example, the variation in functions sensitive to cover density are
two orders of magnitude greater than functions sensitive to the apparent
stress variation (Figure 3a). The spectral variations reflected in
Figure 3a would be imperceptible if plotted on the same absolute scale

as the function in Figure 2a. Plots as shown of aircraft traverses are
essentially a slice of the array. The variables plotted along aircraft
traverses are on a maximum/minimum scale, also to enhance contrasting
spectral qualities along the traverses. The y axis values are on the
same 1 to 10 scale used in the survey grid array.

From the polynomial data in Figure 2a, a very precise separation
of thin canopy areas can be made using a simple thresholding technique.
Areas of thick canopy cover are well below 2 in magnitude on the relative
scale, while areas of thin canopy are close to 10. The area of high
values in the first 15 measurements along the traverse are mostly bare
soil. Other areas of vegetation cover vary from a background value of
approximately 1 or less in areas of thick cover to 2 and above for
thinner forest canopy with soil showing through.

In the Cotter Basin survey, a good practical threshold for
eliminating thin cover is 1.2 in the relative magnitude of this poly-
nomial function. All points above 1.2 are eliminated from consideration
in the next step of the analysis. The higher order polynomial terms
used in calculating this and other functicns are sensitive only to the
relative wave shapes rather than absolute energyv under the curve, or the
amplitude. The 1.2 threshold limit, therefore, has proven to be trans-

ferable from this reference data to all other data in this survey site

(&)
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and in other survey sites with very good results. The results of the

threshold discrimination are shown in Figure Zb. All poinga,above

-y

1.2 are considered thin canopy.

Anamalous Vepetation Mapping

The rescaled polynomial function sensitive to mineral-induced
differences in the chlorophyll absorption region between 550nm and
750nm is shown in Figure 3a. Flight line traverse 7 crosses the sulfide
zone petween measurement 60 and 80. A very high contrast in the mag-
nitude of the polynomial function sensitive to specciral waveforms of
vegetation stress is very evident over the sulfide zone. The variation
in the magnitude of this function is between 1 and 3 over background
forest canopy areas. The signal in the anomalous region is greater than
200 percent above this background level using the polynomial technique.
This signal to noise ratio is consistent in other sites where veéetation
anomalies have been observed.

The spectrally anomalous vegetation in the Cotter Basin survey
site has been mapped by threshold discrimination using the polynomial
functions shown in Figure 3a. A threshold magnitude of 3 has been
established for discriminating anomalous vegetation using the poly-
nomial function in Figure 3a. This discrimination threshold hées proved
consistent in other sites. The discrimination results for traverse 7
or Cotter Basin are presented in Figure 3b.

The waveform analysis for the entire array of survey data points
is presented in Figure 4. The fine cross hatcliing encompasses areas in
which anomalous spectral properties were detected. The anomalous vege-
tation zone is centered over the known copper anomaly zone (white stip-

pled area), and is elongated east/west similar to the mapped soil geo-
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igure 4. Photo of Cotter Basin with 1978 survey results. Anomalous
egetation mapped wi . the waveform analysis technique is indicated
y fine cross hatching.
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chemical anomaly. Broader cross hatehing (labeled no HACa) indicate

.....

areas where no geogh%”_cal dataxwqua

national survey Ground geochemical data from the ar énclose&”by'

the broad cross hatched pattern in Figure 4 indicg;gq@ﬁpgkground metal

2
content in soils.

The vegetation anomaly extends eastward to the rim of a large
glacial cirque. Thin canopy conditions east of the rim may be masking
vegetation anomalies in that area. The spectral survey indicates that oold
the geochemical anomaly cuts off on the western edge about where the pﬁd
ground geochemical sampling stopped. Two geochemical sampling traverscs ﬁ“A
were subsequently run along the western boundary by the U.S. Geological iyt
Survey and Columbia University. This data confirms that the geo- &
chemical anomaly does stop about where it is indicated by the spectral
survey. The spectral anomaly extends to the south of the copper{geo-
chemical anomaly. Our ground reconnaissance reveals that previously
unmapped porphyry outcrop extends to the south in the area of anomalous
vegetation. The anomalous vegetation extends to the northeast. The

reason for this distribution has not been determined.

Correlation of Results from 1976 Survey with 1978 Survey Results

The two-fold aim of the 1978 survey flight over the Cotter
Basin site was to determine both cur experimental repeatability and the
temporal persistance of the vegetation anomaly. The results were
positive in both cases.

The results of the waveform analysis and mapping of anomalous
vegetation ave shown for both surveys in Figure 5. The cross hatching
sloping down to the right indicates areas mapped with the 1978 survey

data, as seen in Figures 4, Other areas with opposite cross hatching

- vJ
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‘were mapped from the 1976 survey data. The results are essentially
the same. Differences 1n the shapes_of the mapped areas can be at-
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errors. The main anomaly areas, however, overlap very well.

From the results of the two Cotter Basin surveys and waveform analysis,
we can conclude that vegetation anomalies over this sulfide zone can

be detected with suitable remote sensors and data processing. It

also appears that the vegetation anomalies are persistant over time.

We still require further experimental surveys to determine the

effects of season, sun angle, rainfall, and cther environmental factors

on the observed spectral properties of forest canopies.

Discrete Band Analysis

Several discrete band techniques have been employed in our
analysis of the Cotter Basin data. The aim is to determine the effective-
ness of discrete band measurements for detection of vegetation anomalies.
Methods of detection using a limited number of fixed spectral bands
- are essential for future airborne and possibly satellite spatial sc¢anner
systems.

The spectral properties of the vegetation canopy observed in
the Cotter Basin site are presented in the spectra of Figures 6. The
long wavelength limit of photon absorption on the near IR absorption
edge of spectra from the sulfide zone is shifted toward the shorter
wavelengths. This change in the absorption properties of the chloro-
phyll pigments is often accompanied by a change in the spectral ab-
sorption properties of the 550nm and 650nm region on the short wave-
length wing of the main chlorophyll a bank at 680nm. Further analyesis

of the chlorophyll spectral properties using laboratory grown plants
ORIGINAL PAGE (2
OF POOR QUALITY
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hzve been obtained under the present, National Science Foundation Grant.
These results clearly substantiate the field observations presented
here (Chang and Collins, 1980).

The spectrum of exposed white soil is included in Figure 6 to
indicate the general shape of the normal solar spectrum in the absence
of absorbing pigments. The slope of the reflected solar radiance
curve changes from ncgative to positive in the 750nm to 770nm region
on either side of the 02 absorption band. The magnitude of the
positive slope of the curve in this narrow region has been used suc-
cessfully in analyzing the spectral properties of some types of
agricultural vegetation (Collims, 1978). A negative slope in vhis
region has also been used previously to detect the vegetation anomaly
in Cotter Basin using the 1976 survey data (Collins, Raines, and Canney,
in press). The slope in each case was determined using band ratio
techniques. The discrete band methods, however, have high noise

susceptibility in some cases, as we show in the following analysis.

Band Ratio

Bands of various widths, usually lgpm, have been computer simu-
latei for the present study by iﬁtegtgtipﬁjof narrower (l.4nm wide)
bands in the aircraft spectroradiometer data. The ratios of 10Onm
wide spectral bands placed at 745nm and 785nm are presented in
Figure 7a. The data in Figure 7a is from reference traverse 7.of the
1978 survey as presented in Figures 2a and 3a. Other simulated band
745nm and 785nm ratios for a 1976 survey traverse, flown very close
to the 1978 traverse in Figure 7a, are presented for comparison in

Figure 7b. The ratios of these two bands tend toward unity as the
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absorption edge shift to shorter wavelengths, and goes below one in
the absence cf a chlorophyll absorption feature in this wavelength
region.
A decreasing trend is visible in the 785/745 band ratios in the
area of sulfide zone, which falls between measurements 60 and 80.
ellect v

vhpmd
Mineia|mak

There is, however, a similar, and much larger, decreasing trend along cans@ cm!
the traverse caused by other canopy variations along the traverse inT
Figure 7a overwhelm the ratio changes over anomalous vegetation.

This effect was not as serious in the earlier 1976 survey data because
of the lower sun angle at that time. In the 1976 Cotter Basin survey,
it was possible to map the vegetation anomaly using this ratio alone
(Figure 7b). The 1976 traverse shown in Figure 7b crossed the geo-
chemical zone between measurement 63 and 93 where the band ratio values
are lowest. It becomes obvious in the 1978 survey data, then, that

the combination of sun angle, ground slope, and canopy density are
going to have a very serious negative effect on discrete band data
analysis.

Other spectral band ratios were tested. Bands 1lOnm wide were
simulated in parts of the spectrum selected for optimum sensitivity to
the major wide band vegetation features. The bands were placed at
785nm on the near IR plateau, at 680nm in the red chlorophyll absorption
band, at 550nm on the green peak, and at 480nm in the blue pigment
absorption region. In each case the reference traverse 7 path from
the 1978 survey are presented. The ratio of the 785nm near IR band
over the 680nm chlorophyll absorption band in Figure 8a is very scasitive
to canopy density variations. All the other spectral variations are

submerged in the canopy density signal. The ratios of bands at 550nm
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over 680nm (figure 8b) are also dominated by the canopy density effect.

merged. |

The ratios of bands in the blue and green region are dominated

by two first order effects: canopy density, and irradiance level.

The ratios of the 550nm band over the 480nm band, which are sensitive

to canopy density, show an interesting artifact of the ratio technique.
The Figure 6 spectral curves show that, in the first order approx-
imation, there is essentially the same slope relationship between

points at 480nm and 550nm on both the vegetation spectral curves and

the curve for white soil. The radiance at 480nm, however, approaches

a value close to zero in vegetation spectra at which point the ratios
will rapidly approach a very large number not indicative of the true
slope on the curve. The ratios of the same two points on the exposed
soil curve, on the other hand, are the ratios of two large numbers,

in which case the ratios will approach unity. This effect is demon-
strated in the Figure 9a ratios where the traverse crosses exposed white
soil and rock in the first 15 measurement points and several other areas
along the flight path. The problem is that the simple band ratics are
not a true Ay/Ax function.

A more broadly varying slope or irradiance effect in the dense
canopy areas is superimposed on the ratio cureves in Figure 9a and 9b.
The ratios of the bands at 680nm and 480nm show the slope/irradiance
effect very well in Figure 9b. The flight line 7 traverse crosses the
south facing slope of the ridge above Cotter Basin at measurement 40

and traverses the north facing slope to the valley at measurement 120,
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Figure 9. Band ratios of.1978“Cotter Basin data, Traverse 7 (10nm wide

bands) :

(a) 550nm/480nm,” (b) 680nm/480nm.
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second order effects in vegetated terrain. Narrow bands on the near

<,_. o L

IR shoulder or in other regions  of the spectrum are dominated by the
o {.a .:.;(

much larger first order effects cf canopy density, irradiation 1 el,

S
,«ﬁ*ﬁ':""-' R

and target slope and texture. This does not, however, precludenﬁhs
use of multiple bands to filter the canopy-induced '"noise" effects

and extract the desired signal.

Multiband Analysis

1
The principal component technique of multiband analysis hés

been applied to the spectral data from reference traverse 7 in the

CottertBasin data. The multiband analysis using from 4 to. 32 10nm

,wide'badﬂs in various regions of the spectrun yield promising“results

interval and the entire 480nm to 785nm pigmentﬁregion, and to the

’\..‘\ > i I

550nm to 780nm region used in the waveform analysis;method ; ,f;
e

s
The near-IR’ region was tested using 4 bands between 710nmxgnd

785nm. The results plotted in Figure 10a indicate that a component
' : i

exists in’ the 4 band relationships that can: uniquely identify tEL ege-
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ditional bands we can establish that the canony noide’effects{@hn be

significantly reduced.
The short wavelength wing of the chlorophyll absorption b% £

was tested using 12 contiguous narrow bands between 560nm and &ang‘
(Figure 10b). The response to the vegetation anomaly using this
region alone is reduced and mostly submerged in the noise. The road
erfects seen in Figure 10a, however, can be filtered out using the
principal component function in Figure 10b. 3
The blue pigment absorption region from 480nm to 550nm was"
tested.n?ing‘S_bends in Figure lla with essentially no imprové@engfp

over the‘resulrs_using the 560am tc 670nm region. The response.to.the

Vigad I‘<;A~L. .

) . Lous . 5, on akly above the noise level.. Ext
A : h iy} %,51"'\-': s fﬁ'»-hwvﬂ;ﬂ
?0,ban33 in‘t e 490nm to 68

Bt

A hensurfidetzone..
o T4 g

)

Wifﬁifurther extension of the principal component analyaia to

32 bands, including the near-IR edge, the sensitivity to the’ ancmalous
oy 'l\' n*“ o

zone increeses significantly. ‘The broad interval from 480mn to“t785
AR 2

shown in Yigure 12a however is still sensitive to background caﬂopy-

fi-f :

induced norse.eftects.: These results are improved by narrowing rﬂ% 7
R S ”u.—u..,xiw’ oA 1
spect!al region to 24 bands in the 550nm to the 780nm region (Figure

#on 12b) ;Theﬁtegponse_to;anomaious wvegetation. in ‘Figure+12b comequeiosesc
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Figure 11. Principal,component analysis;of 10nm wide bands. in 1978
Cotter Basin‘date, Traverse7:/{a);480nm to 550nm region (8 .bands),.
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band analysis will be ‘noise filtering; %

Multiband Analysis Using LANDSAT Bands

Cotter Basin reference traverse 7 to determine the possible LANDSAT
system responsitivity to the vegetation anomaly. The four LANDSAT
band responsitivities were simulated by integration of the radiaqce
in the aircraft spectral curves over the spectral intervals of the

LANDSAT bands. The principal component anal fis results for the

_~>

‘1‘.-u r,{sw.\g)mé?;"r‘;), Yo ,;“'_ '\

The ‘remain ing components,'”&;!

The LANDSAT bands

gross first order variations.in broad-band reflectaéceﬁproperties'of

jn& : ~‘,,..’ v

vegetation canopies, and cén1q9t separateéthe_subtl JB ectx

ﬁ%nomal ?o Cotter as .¢ R

Conclusions in Cotter Basin Experiment ,'fﬁﬁsz.'

S - e 2  Jor HS
d —»f vz, \a “e",'f‘“‘y S, A»’.Aﬁ

,The second Cotter Basin survey in 19 8 succeéofully repeated'the

..',,»_'}-,;“ #1) S ‘\V‘..

results obtained in the 1976 survey. In. ootk‘oaqegrgpe'coigglgg}oq of
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conventional soil sampling techniques. In the case. bé the southward
extension of the vegetation anomaly in Cotter Basin, the tree stress i
appears to be related to the altered porphyry bedrocks and clay rich
soils. This correlation is interesting because our present labo(atory
studies indicate that plant stress may be related to low iron uptake !
Low available iron in the leached porphyry zone could cause plant

stress. We are further encouraged by our field reconnaissance reveal-

ing that the geochemical anomaly does cut off at the western edge as
Y

2

the spectral survey data indicates.

The important carry-on researxch includes continued analysis of
2 2 2PN “:"’3'

the aircraft data to*extend-ou:‘knowledge about the spectral propertiee

of natural targets and noise filtering and signal extraction ‘tech-

r

Further research willlinclude multiple flights over Cotter Basin
to determine the effects of environmental factors on the vegetation
anomaly. The contrastwbetween background and anomalous vegetation
apparently does* change. The contrast in the anomalous zone was sig-

nificantly greater inﬁthe 1978~data. This factor could be very sig-
-
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ant in mapping applications;

vipg%edv
have also shown that the present high resolution spectroradiomefef Qf
instrumentation and waveform analysis techniques offer the most .,q f‘"
sensitive method of stress detection (Collins, et al.; 1980), B g, ’3

Al ! 'l'k\ 5 i
R - a3, 3 ~ it
b s AL :
. 14 s
A X e
A At H g ey 1) "
& . v :
o

ORIGINAL |
UF FO‘)F‘ s ' "“’

\v)



s~ W N <

" IIT.  'SPIRIT LAKE

data. The survey covered two knownf 1fide occurrences 1n“the central
portion of the Spirit Lake quadrangle: Hydrothermal sulfide minerali-

zation in the area is associated wiﬁﬁ-Tertiary plutonic intrusions into

S

earlier volcanic host rocks (Hollis;er, 1979).

The same waveform analysis and discrimination techniques

R T =

developed in the Cotter Basin stddy detected strong vegetation anomalies
associated with both the copper and the iron sulfide zones.

Goat Mountain Site

The Goat Mountain site in Figure 14 was traversed by f%ve
survey flight lines flown from west to east. Copper sulfide mineraii-
zation is associated.with a circular porphyry intrusion on the south
flank of Goat Mountain. The intrusion is surrounded by a pyritic

hydrothermal halo. The porphyry and pyritic zones are shown on Figure

) - - : \w 3 ﬁ-»:'i,éq?r.'.r‘ e 8ad e 'i
14 > £ " ‘

“The mineralizedxzones are covefed by *hin volcanic sediments and

o Ayl gl
ZAy ' ;,.7« ‘,“ 4 \4‘

thin overburdén on the upper sLopes.‘5

The overburden on the lower slopes
(roughly through the center of the mineralized zones shown on Figure 14)
thickens raptdly to 110 feet and greater. The area is coveréd by very
dense Douglas fir and pine forest.‘ Spring water emerging near the middle
and base of the slope is hiqh in copper content. Samples of the Douglas
fir taken by the Duval Corp. are. hxgh in copper, but this data is not yet
avajlable. ;
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Figure 14, Photo, surve traverses, and analysis results.of the’
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Goat Mountain site;™
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sulf}dep,,
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The strongest anommlies are near migyglope where the intetactiVe effects

of down slope soil and ground waternmibration and thin overburden are

most favorable for influencing the_vegetation. i
Another area of strong anomalies was detected to the wegt of ?

the mapped pryritic zone.. This area lies directly-above the "Last

Hope" mine. This and other anomalous areas are being examined further

on the ground by Columbia University and the U.S. Geological Survey.

-Red Springs Site

t

’

The Red Springs site five miles north of the Goat Mountain site
is a pyritic alteration zone with very‘high levels Qf‘ iron pyrite but
little or no known copper mineralization. Three traverses shown in

Figure 15 were flown over the pyritic‘zone and backgronnd forested

e N

axe.as‘ ) : -_.":"“.;' A “y ‘.",' "“. ‘..-. ﬂ“"‘" o _1-;@: . P ~.‘L‘§1 * .»v _l- ' " g

The vaveform anglysis  shows very, strong anomalies in the Red

.‘1

= % L g e D

springs area“in two appaxentiy‘elggg’tec'fvzones. Thése vegetation
anomalies occur over the zone of known pyrite mineralization and are
elongated along the direction of known pyrite shear zones. The
anomalous areas_in-rigure 15 are also shown in Figure 14.

The waveform analyeie techniques have performed very well in
analyfing the data from these teet sites. The traverses in the Red
Springs area crossed a wide varietyﬂof terrain and canopy conditions

L]
with no apparent false indications or noise problems. The detected
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Figure, 15, Photo, Surv:y traverses, and analysis
Red Spring site ’




g o

valley and has higher and thicker valley torest cove:, Thefwave‘arr

vi)

”analysis is able to filter ‘the widely varying'terrain~effé5£8§and
w .quely classify the anomalous areas. The data analysis is reviewed
in the following sections.

The anomalies detected in the Red Springs area are also being
followed up with ground studies by Columbia University and the U.S.
Geological Survey.

Spirit Lake Waveform Analysis

The waveform analysis from the Spirit Lake sites followed the
same procedures as the Cotter Basin analysis with essentially the same
results. The data from traverses E4 (Figure 14) and RS2 (Figure 15) were
used for reference and are presented in the following figures. Traverse
E4 was flown west to east and RS2 was flown east to west.

1The waveform function sensitive to canopy density effects was
used to thresho}d unreliable data from areas of thin canopy. The wave-
£orm funétionvééhsitive to ﬁhe"anohaléﬁSNQ;gefaéisA (Figure 16) is
100 percent to 300 percent above the background noise in the Spirit Lake
data, The classification threshold was placed at agnitude of 3.0 for
the waveform functions in Figure 16.

The results of this ¢ rvey and data analysis very strongly
correlate with the -esults of the Cotter basin study. There is additional
eviderce in thie arca that tﬁé anomalous speétral pfoperties of vegeta-
tion ma, not be restricted to the zone of heavy metal concentration. The
strongest anomaly detected ‘n the series of airborne surveys is the one
in traverse RS2 (Figure 16b). This is an area with little reéorted

heayy metal conceptration but high iron pyrite mineralization and present

00K QUALITY
-
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Spectral 'Siqnatures' from Sg;r X Laﬁé Test Site

The spectral properties of the anomalous vegetation zones in
Spirit Lake are the same as those observed in Cotter Basin. Spectral
measurements from forest canopies in backyround and anomalous areas of
Goat Mountain are presented in Figures 17a and b. The spectrum from
background vegetation shows wider wings on both sides of the 680nm
chlorophyll band,

The slope of ‘he near-IR region on either side of the oxygen
line at 760nm is positive for the backgrourd spectrum indicatiqg pig-
ment absorption in this region. The near-IR shoulder of the agpmalous
spectrum is sharper and shifted toward the shorter wavelengths. The
near-IR change in the anomalous spectrum is accompanied by a streper
negative slope on the 550nm to 680nm wing, resulting in a more intanse
green peak, "Eh\‘

These anomalous spectral curves in the 550nm to 780nm region
pass through the filter function of the waveform analysis~ and in this
second test site, again are uniquely associated with the known minerali-
zation. |

~Band-Ratios in' Spirit Lake Data

Several band ratios were tested again in the Spirit Lake data

to test the results of the simple band ratioc experiment with the Cotter
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Basin data. The results substantiate the conclusions dr&Wp;ﬁg;'

'- *:V" -l," ’_‘\f Jc|>-|g|l|(|’1.\

.order effects of vegetation atress.

“The ratios of—slmulated 10np?w1de bands fromfth

.. o 3
‘,“') £ y

traverse E4 of Figure 14 and 16a are plotted in Flgures 18a through 4.
The anomalous zone occurs between measurement 45 and 85 of the traverse.
There is a subtle decrease in the 785nm/745nm ratios in the anomalous
zone, but these are obscured by larger variations caused by background
canopy effects.

There is a general decrease also in the 785nm/680nm ratios in
the anomalous zone, but there are much larger variatioos both within
the anomalous zone and in the background areas caused by canopy thinning.
The 680nm/550nm ratios are very sensitive to background canopyteffects.
There is also an apparent general increase in the 680nm/550nm ratios
in the anomalous zone, but this is an artifact of the data. The higher
ratios correlate with thin canopy patches. Careful comparison with
the wayeform analysis indicate that these.points were filtered out as
thtﬁ'cenopy, not anomaloﬁs vegetation;”—

The_§50nm/480nmrratios again are sensitive to bothucanopy
denéfty qndwéiope/lffgaiahce effects; Traverse E4 started-oo a eouth-
vesterly facing slope with more direct suﬁlight (high ratio values) and
£followed around ‘to a 5outheaster1y,faciog slope with-indirect sunlight
(low rattoAvalues{.

Conclusion in Spirit Lake Experiment

’ The results of the Spirit Lake survey and data analysis very
strongly enhance the conclusions drawn from the Cotter Basin site.
We detect a unique spectral waveform that appears definitely associated
with known sulfide mineralization. The analysis techniques developed

CRIGINAL PAGE S
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Figure 18 a and b. Ratios of simulated 10nm wide bands from traverse E¢
over the Gozt Mountain anomaly: (a) 785nm/745nm, (b) 785nm/680nm.
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Figure 18 ¢ and d. Ratios of simulated 10nm wide bands from traverse
E4 over the Goat Mountain anomaly: (c) 680nm/550nm: (d) 550nm/480nm.
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but background canopy effects were successfully filtered in tﬁe
We can draw a further conclusion from*the Spirit Lake results th
vegetation stress may well be associated with iron pyrite geochemical

effects rather than simple uptake of heavy metals.
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results in this- site.are positive. This site w@l{&pe¢£1bmg*iﬁfthe'

future with a more specific flight line pattern.

The test -site area contains a stratabound copper prospect.
The mineralized geologic unit strikes northwest/southeast through
Blacktail Mountain in the center of Figure 19. Drilling is now in
progress on the site in the area of the dottad circle on Blacktail
Mountain. This area was not covered by any aircraft traverses
because the prospect was not well enough known at the time of the
survey,

Flight lines were planned to cross the known copper-rich
unit north and south of Blacktail Mountain. Using the same waveform
analysis techniques appli .d in the two previous experiments, a strong
anomaly was detected to the northeast of Blacktail Mountain along
trayerses 2 and 2a, The spectrally anomalous vegetation is within
tﬁa;golid circled area of these two traverses. |

This anomaly correlates well with the known geology and
suspected location of the stratabound copper minerals in the area.
More specific data, however, are not yet available. The site will !
be studied on the ground and sampled by Columbia University and the

U.S. Geological Suryey.

W —————




ORIGINAL PAGE IS

Figure 1¢

. Photo, survey traverses,
Blacktail Mountain site W

and analysis results of the




gy vpad- e ; RYSTERE  h
. ‘(";{',‘/ .l”'] ?ﬂ‘\‘r i .‘,j .:“ V& .{:_‘L‘.”.' y
v o A gl <l ,'1;:‘ 232
V. CATHEART MOUNTAIN, MAINE, TEST SITE ORIGINAL PAGE 18

OF POOR QUALITY.

in a closely spaced survey pattern with:ls,trave;sgs, ,Théiﬁpjveylwés

flown to determine the spectral propertiésﬁbfléhé,kﬁdwn pdébh?fy:copper
prospect and the surrounding mixed forest terrain. The experimental
results in this area are very promising. The Catheart test site has
presented a special challenge to the techniques developed in the western
states because of the background canopy variations and the weak anomalous
vegetation features that were encountered. The experiment has been most
useful in demonstrating the effectiveness of high spectral resolution data
and the accompaning waveform analysis. Equally important, this site re-
veals some of the limitations imposed by general canopy variation effects.

The mineralization in the Catheart Mountain site is cgpper and
molybdenum associated with a porphyry intrusive centered on the left flank
of Catheart Mountain. The major mineralization is located by the dashed
boundaries ia Figures 25 and 26. Another area of strong mineralization,
as indicated on the photo and map, occurs on the southwest flank. Total.
sulfides generally exceed two percent in these two areas (Schmidt, 1978).
The two mineralized zones, within the dashed boundaries, have thin over-
burden and strong soil geochemical anomalies. .

The test site is well forested with mixed conifer and deciduous
trees. The distribution of species, however, is uneven, with spruce
density increasing at higher elevations on mountain tobs and also in wet
bog areas. The spectral variety of the canopy over the survey area was
furtker aggravated by the Autumn foliage change. The survey was rlown
Sepéember 2, 1978. An early Autumn change was just becoming apparent to

the eye. The Autumn change was found to prcduce a red shift, toward the
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This spectral phenomenon is similar to the "red shift" seen’fn wheat

senescehce.
anomalies observed in the western test sites.

Spectral Siggatureé Observed in the Catheart Site

A variety of speciral properties of vegetation were observed
in the Catheart survey. Spectral curves for spruce canopies from back-
ground areas and from Catheart Mcuntain (Figures 20a and b) show the
typical spectral changes seen over sulfide zones. The near-IR edge moves
toward the blue end of the spectrum and the shorter wavelength wing of
the 680nm chlorophyll band increases in intensity. The same effect ap-
pears to develop in the deciduous trees (Figure 2la and b) but to a much
weaker extent.

The normal spectral properties of the deciduous canop{ in this
area are confused because of the Autumn change effects. A background de-
ciduous spectrum from an earlier Summer survey over Catheart in 1976 is
compared with a background spectrum of deciduous trees taken from the 1978
survey in Figure 22a and b. The early effects of the Autumn change ap-
parently cause the wings of the 680nm band to broaden considerably pro-
ducing the red shift on the near-IR edge and the depressed green intensity
seen in Figure 22a. This Autumn effect, then, would tend to obscure the
opposite effect on the chlorophyll wings produced by stress or other re-
lated environmental or geological factors.

In addition to these spectral variations, we observe others in
the spruce growing in bog areas. The dwarfed spruce growing in the wetter

bog areas (Fig. 23a) have a sharp near-IR shoulder and an intense green peak
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Catheart Mour.cain with a weak short wavelength shift on the near I-R
shoulder, (b) deciduous trees from a background area with a normal
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" Taller background spruce (Figure 23b) growing on the bog periMcters have

a more intense green peak than other background spruce (Figure 2bb,, but
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spruce.
The spectral variety in this area, then, is considerable, and it
complicates the data analysis.

Catheart Waveform Analysis

The waveform analysis technique developed in the western sites
was used on the lCatheart site, but with adjusted threshold limits to ac-
comodate the data. The classification limits in this area were lowered to
the degree that the second order effects of background spectral variations
caused by species and bog conditions, as shown in the spectra of pre-
ceeding section, become a factor.

The Ch2byshev functions along traverse 8 (Figure 25) are shown
in Figure 24. The survey line, flown east to west, covers a large area
of background mixed cancpv then traverses Catheart mountain with dense
spruce. The last portion traverses the porphyry zones to the west
flank of Catheart. The west flank is mixed canopy.

The entire travérse:covers very dense cancpy, except for a few
sma.l, slightly thin, exploration cuts on Catheart mountain. These are
indicated by the few peaks greater than 1.2 in Figure 24a. The wavefcrm
functions sensitive to canopy thinning in Figure 24a are generally vory
low and respond strongly, up to a magnitude of 9 (e.g. Figure 2a), over
thin canopies. The variations below 1.2 are within the noise limit, and
in this case reflect second order effects of spectral changes caused by
species differences.

The species differencas also appear as weaker second order

variations in the waveform function (Figure 24b) sensitive to anoma lous
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“The threshold of 2.5

.'chlorophyll features. The magnitude of *his function is as ﬁf&ﬁ'ésZS

over sulfide zones, whereas they are generally below 2. .‘iz i
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western sites would see nothing in this area where all points arg‘lbwer.
The subtle variation of less than 2.5 in the Figure 24b fuhctioﬁéfréfiect
the spectral differences among deciduous, conifer, and bog areas, as well
as possible weaker mineralization effectc. Successful data analysis in
this terrain, then, is especially dependent upon precise filtefing of
many background effects. This will require a multi-step disc'imination
procedure with additional discrimination functions to separace the various
effects. The technique is under study. But for the present analysis, we
used the two step procedure . with the function shown in Figure 24a and
b. The threshold for the vegetation mapping function, in Figure 24b,

was lowered to 1.4 and 1.8. Separation of the various canopy effects was
then accomplished using photo and map interpretation.

The computer mapping results are transferred to the site photo
in Figure 25. The cross hatched areas along survey traverse liines in-
dicate the areas discriminated’using the lowered threshold values. The
solid boundariecs in Figure 25 outline areas discriminated from background
forest. The dashed boundaries are the known mineralization. These
boundaries have been transcribed to the topographic map of the site in
Figure 26. From the topographic map, it can be seen that thg computer
mapping has identified very reliably two distinct environmental areas:
mountain tops with spruce stands, and bog areas. Spruce areas indclude
Catheart Mountain, two peaks to the southeast, Bean Brook Mountain, a
peak.between Bean Brook Mountain and Catheart Mountain, and a ridje in

)
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stands and the bogs fall wlthin the dashed boundar;es_of the mineralized
zones. % 45~%fff_ ‘ §¢L:

AT KN 2 ol

: Conclusions in Catheart Mountain Experiment

The results of the Catheart Mountain survey study are especially
encouraging because it demonstrates the capacity of the high-spectral-
resolution system and data analysis techniques to opperate in complicated
terrain. The mapping results, when accompanied by further map and photo
interpretation are quite adequate for detecting anomolous spectral pro-
perties associated with mineralization in confined sites as in the
Catheart survey. Regional reconnaissance will benefit frem more sophis-
ticated filtering techniques. However, these should be develode after
more study has been made to determine the optimum seasonal periéds for
detection of mineral effects. The Autumn canopy changes appear to have

a negative, or masking effect,in the deciducus canopy.
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detect an mmalws sxae_.,ct!ral . w;yef,om that appears ;deﬁ ini,
with sulfide minetaiizacioo‘ Along with the'airborn instrhmenﬁs;*back-
ground canopy-induced "noise" filtering and signal extraction techhiques
are essential for analysis and mapping of the more subtle vegetation
features, such as those associated with mineralization. The computerized
waveform filter and analysis technique under development is most sensitive
to the second order vegetation signals, and it has proven applicable in
several different sites with little or no modification: With more re-
search, it will be possible to design discreet band systems for bio-
geochemical surveys; but the high resolution airborne spectroraéiometer

y

system and waveform analysis will remain the most 'satile method for

research and the most sensitive technique for survey applications.

Further research into biogeochemical techniques of exploraticn
u51ng alrborne spectral sensors 1s recommended by three approaches. lab-
oratory stedles, airborne surveys extended to add1t10na1 51tes,'aodrap-
pllcation of - EQe developed techniques to mapping one or two extenigg areas.

4 Labo;atory studies to ' explain the pigment absorption ;;i;ef;?es
observed in the field, have proven of very great value in understanding
these phenomena,; and in guiding further field research. These studies.are
being conducted at Columbia University, under National Science Eouhdation
funding. The laboraﬁory scudies are complicated, however, by the lack of
capaeity to ieproduce the soil, plant and environmental factors present in
the £ield. The laboratory studies, when correlated with field studies,

promise the optimum return.
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research. These surveys offer an expeditious x:oute 'to pxove ‘“the””ﬁ;'.f‘-
: ‘A Lfﬁs ..‘ f

borne techniques and ‘to deve';lop t.hem ":ilhté "survey ‘method’ e 'rhé fapd‘fﬁional

surveys are essential for continued development of analysis methods to
filter various unﬁanted canopy effects and for studying spectral "sig-
natures" of various geologic features that will be encountered in extended
terrain.

The very good experimental results obtained in Montana and
Washington suggest that regional mapping in these areas is possible.
Plans are being formulated to attempt larger scale mapping :n the Spirit
Lake region to coincide with present U.S. Geological Survey mineral
mapping. This experiment will provide an excellent applications test for

the techniques that appear so promising in the studies to date.
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The spectral analysis of data from the Columbia senscr»systems
depends heavily on the polynomial waveform analyais techniques
developed at Co;umbia University. A standard polynomial function
is used to fit the data. Differences in the frequency components
of the spectral curves can be fcund by simply comparing the
coefficients of polynomial terms. The particular function that

we have found useful is the Chebyshev polynomial, which is defined:

To ()= |
Tn C7) = cos (= 0)

Cos @ = -¢

A detailed presentation of the Chebyshev poiynomials can be found
in the standard texts, for example "Mathematical Analysis" by
Lyvsternik and Yanpol'skii.
Enclosed are data for six aircraft spectra from Cotter Basin.
Three are in background areas:
records 1458
1461 o
1474. ORIGINAL PAGE 13
OF POOR QUALITY
and three are from tiae anomaly:
records 1414
1423
1426.

The data include:

2. a plot of the above,

3. the corresponding polynomial coefficients
derived from the six spectra.

1. radiance and wavelength of the 500
L ¢ : channels of data for each spectrum,
s



fitted.

the relative values contain the useful information.
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