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ILWSTRATIONS 

Figure 1. a Line profile in the solar spectrum observed directly. 

~Line profile in the solar spectrum reflected from nonluminescing 
' 

materials. £Luminescence contribution as a nonvariable with 

wavelength. ~ Line profile of material containing both reflected 

and luminescent components. 

Figure 2. Labor a tory fluorescence spectrometer. Source (A) , excitation 

monochromator (B) , sample compartment (C) , emission morio-

chromator (D), corrected spectra attachment (E), and recorder (F). 

Figure 3. Relative luminescence intensity of rhodamine WT dye versus 

concentration as measured in both the front surface and 90° or 

right angle modes. 

Figure 4. Attenuation coefficients of fresh water and sea water as a 

function of wavelength (modified from Polcyn and Rollin, 1969). 

Figure 5. Perkin-Elmer redesigned FLO, showing the optical head (A) , 

·electronic console (B), and light collector (C). 

Figure 6. Isomet FLD showing the optical head (A), electronic console (B), 

and light collector (C) • 

Figure 7. FLO ground test configuration showing · pyrex tank containing 

water 1/2 metre deep beneath optical head. 

Figure 8. FLD optical head and light collector installed in a basket mid-

ship of a Bell Jet Ranger helicopter. 

Figure 9. Calibration tray containing black, gray and white reflectance 

standards (A, B, and c, respectively, and a rhodamine WT 

luminescence stanQard D). 
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Figure 10• Dye concentration patterns based on unreduced FLD readings 

made on. eight runs during late morni.ng (lls07-lls34) June 13, 

1974. The three dyes were released at points 152,. 229, and 

304 metres (500, 750, and 1000 feet) from shore between 10:26 

and 10:28 a.m. Numbered circles and triangles are anchored 

buoys and on-shore refsrence points. 

Piqure 11. Luminescence versus dye concentration obtained during cali-

bration of the Fraunhofer line discriminator. The three 

curves were obtained by varying the concentration of each 

dye separately in ~ tank containing 1/2 metre of water. 

Luminescence counts were measured with the FLD suspended above 

the tank. Note that the abscissa has been reduced by a factor 

of 5.0 for Uranine B. 

Figure 12. Stripple pattern shows area of figure 13. (Modified from Huff 

(1963) • 

Figure 13. Distribution of copper and location of sample trees growing 

in background and anomalous oils (modified from Huff (1963). 

Figure 14. Excitation spectra of Pinus ponderosa needles from geochemically 

anomalous and bac~ground areas·, Malachite Mine, Jefferson County, 

Colorado, as measured with a laboratory fluorescence spectrometer 

(source-detector corrected only). Integration of the area under 

eaeh excitation spectrum permits comparison with the excitation 

spectra of a rhodamine WT standard. 

Figure 15. Relativ~ luminescence of twigs from seven trees growing in a 

qeochemically background area, Malachite Mine, Jefferson County, 

Colorado, 107.2 ~ 9.6 counts. Mean and standard deviation of 

relative luminescence are measured in reference to nonluminescent 

gray-card standard (18 percent reflectance) 
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Figure 16. Relative luminescence of twigs from seven trees growing in 

a geochemically anomalous area, Malachite Mine, Jefferson 

County, Colorado, 90 ~ 19.6 counts. Mean and standard 

deviation of relative luminescence are measured in reference 

to nonluminescent gray-card standard (18 percent reflectance). 

Figure 17. Temporal luminescence of Pinus ponderosa and meteorological 

parameters. Maximum luminescence contrast between stressed and 

non-stressed trees tends to occur during periods of minimum 

cloud cover. 

Figure 18. Temporal luminescence of Pinus ponderosa and meteorological 

parameters. Minimum luminescence contrast between stressed and 

non-stressed trees tends to occur during periods of maximum 

cloud cover. 

Figure 19. Temporal luminescence of Pinus ponderosa and meteorological 

parameters. Luminescence contrast of stressed and non-stressed 

trees do not correlate with cloud cover conditions cited in 

Figure 17 and 18. 

Figure 20. Location of geochemically anomalous and background trees in the 

Alpine Mill area, about 17 km southeast of Gardnerville, 

Douglas County, Nevada. Background trees are arbitrarily 

denoted as those containing 70 ppm molybdenum or less. 

Figure 21. Linear regressive analysis correlating FLO luminescence counts 

for specific trees with molybdenum concentrations from 20 to 300 

P~· 

Figure 22. Geologic map of part of the Sespe Creek area showing location 

of the helicopter traver~e and helicopter hovers (A through D) . 
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Fi9UX'e 23. Stati·stical plot showing correlation between relative 

luminescence and specific gravity of 29 crude. oils at the 

following Fraunhofer lines: A, 396.8 nm, B, 422.7 ·nm, 

c, 486.1 nm, D, 518.4 nm, E, 589.0 nm, F, 656.3 nm~ 

Figure 24. Map showinq 1) dispersal of oil from natural seep off Coal 

Oil Point, :Santa Barbara· Channel, ·and 2] ·rw luminescence 

responses from clear water, thin oil film, and heavy crude 

layer. 

Figure 25. Map showing Buckeye Cellulose plant, and locations A through F 

where FLO measurements were made. 

Figure 26. Spectra of sulfurized liquor and rhodamine WT dye measured on 

the MPF-3 fluorescence spectrometer. Sample was collected 

from the clarifier pond at the Buckeye Cellulose plant, Foley, 

Florida. 

Figure 27. Tannic acid concentration (ppm) plotted as function of rhodamine 

wr equivalency (ppb). 

Figure 28.. Index map of east central Florida showing Mulberry and Lakeland 

area where phosphate processing plants are located, where 

effluent samples were collected. Also shown is the Alafia, 

Little Manatee, and Manatee Rivers where reference samples were 

collected • 

.Figure 29. General lay~ut of a phosphate processing plant near Lakeland, 

Florida, and FLO counts measured at various peripheral components 

of the plant. 
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TABLES 

Table 1. Comparison of luminescence of selected standards measured with 

the laboratory fluorescence spectrometer and the FLO at ~cific 

Praunhofer lines. 

Table 2. Luminescence (source-detector, solar and depth correct~d) of 10 

bean pl~ts expressed in terms of rhodamine WT equivalency {ppb) • 

The plants .were qrown hydroponically in Hoagland #2 nutrient 

aolution: five of these plants were qeochemically stressed with 

10 ppn sodium molybdate (NaMO 
4

) • 

Table 3. Mean and standard d~rivation of copper and zinc content (parts 

per million) of needle ash from 13 Pinus ponderosa growing in 

geochemica~ly anomalous and background soils. 

Table 4. Location, molybdenum content (ppm), and luminescence, expressed 

in rhodamine WT · equivalence (ppb); .of qeochemically stressed and 

non-stressed trees in the Alpine Mill area. Background trees 

are arbitrarily denoted as those containing 70 ppm molybdenum or 

less. 

Table 5. Luminescence counts varying inversely with molybdenum concentration 

in the range from 0-300 ppm, and.directly with molybdenum con­

centration in the range from 300 to 500 ppm. 

Table 6. Luminescenee of 10 ph~sphate samples measured with the laboratory 

fluorescence spectrometer at 486.1 nm in terms of rhodamine WI' 

equivalence (source-detector, solar, and depth correqted). 

Table 7. Luminesc~nce of phosphate and gypsum samples, collected from the 

Santa Margarita Formation near Pine Mountain, California, and 

measured with the MPF-3 at 486.1 nm in·terms of rhodamine wr 

equivalence (source-detector, solar, and depth corrected). 
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Table 8. Reflectance, !'ID counts, and luminescence in terms of rhodamine 

wr equivalency (source-detector, solar, and depth corrected) of 

phosphate, gypsum, and background reference materials. Field 

PLD measurements were performed in November, 1964. 

Table 9. Reflectance, FLO counts, and luminescence in ter.ms of rhodamine 

WT equivalency of phosphate, gypsum and backqround materials. 

Pield FLO measurements were performed May a, 1975. 

Table 10. FLO counts and luminescence in terms of rhodamine ·wr equivalency 

ot associated phosphate and gypsum materials in the Lakeland, 

Plorida area. 

Table 11. Integrated excitation intensity of crude oils at specific 

Praunhofer wavelenqths in terms of equivalency with rhodamine WT. 

Table 12. Integrated excitation intensity of refined oils at specific 

Praunhofer wavelenqths in terms of equivalency with rhodamine WT. 

Table 13. Integrated excitation intensity of crude oils and oil films at 

six Fraunhofer wavelenqths in terms of rhodamine WT equivalency. 

Table 14 ~ Luminescence at 486.1 nm of sulfurized liquor and background 

materials in the vicinity of the Buckeye Cellulose plant, Foley, 

Florida in terms of MPF-3 rhodamine WT equivalency, FLO counts, 

and FLO rhodamine WT equivalency. 

Table 15. Equivalent tannic acid in parts per million for waters in the 

vicinity of the Buckeye Cellulose plant, Foley, Florida. 

Table 16. Luminescence of samples of phosphate processinq effluent at six 

Fraunhofer lines in terms of rhodamine WT equivalency (source­

detector and solar corrected; depth corrected to 4 em) • Effluent 

samples were collected from processinq plants west of Mulberry 

Florida. Reference samples were collected from rivers several 

tons of kilometres outside the phosphate area. 
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Table 17. Measurement of luminescence effluents and associated materials 

at a ph~sphate processi_nq plant near Lakeland, Florida. Lumi­

nescence is presented in terms of FLO counts as well as 

rhodamine WT equivalences (source-detector, solar, and depth 

corrected) derived from both FLO. and MPF-3 measurements. 

Table 18. Luminescence measured from a helicopter with the FLO compared 

with laboratory predicted values measured with the MPF-3 

fluorescence spectrometer (source-detector, solar i ·and depth 

corrected) • 
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Use of airborne Fraunhofer line discriminator 
for the d tection of solar stimulated luminescence 

by 

Robert D. Watson!! and William R. Hemphill~ 
u.s. Geological Survey 

ABSTRACT 

Luminescence is t e property of some materials to emit light when excited 

by external stimuli h as ultraviolet or visible light or by chemical or 

mechanical action. Fraunhofer line discriminator (FLO) is an airborne 

electro-optical device which operates as a non-imaging radiometer and permits 

detection of solar sti ulated luminescence several orders of magnitude below 

the intensity detectab e with the human eye. A prototype FLO, used in 1969 

to monitor the dynamic of water currents in the San Francisco area, was 

than 5 parts per 

Airborne tests o a redesigned FLO, featuring an order of magnitude 

improvement in sensit ' vity, permitted measurement of differences in the 

luminescence of trees containing geochemically anomalous 

concentrations of Colorado) and molybdenum (near Gard -

nerville, Nevada) trees growing in background areas nearby. In the tests 

near Denver, luminesc nee-contrast between stressed and non-stressed trees 

tended to be greater uring periods when cloud cover was 10 percent or less; in 

most cases, contrast insignificant when cloud cover exceeded 10 percent. 

In other airborne tes the FLO distinguished luminescing phosphate rock 

and gypsum from sands one and siltstone near Pine Mountain, California; 

!/Flagstaff, Arizona 

21R v · · · - eston, 1rg1n1a 
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dispersal of oil in a natural seep from uncontaminated sea water in the 

Santa Barbara Channel; cattle feed lot and municiple sewage effluents near 

Denver; and paper and phosphate processing effluents in eastern and central 

Florida. 

Procedures employing a laboratory fluorescence spectrometer permit 

prediction of the detectivity with an FLO prior to monitoring an airborne 

test. Luminescence spectra of the material are corrected for wavelength 

variation in spectrometer source, detector sensitivity, and solar illumina­

tion. By comparing these results with the luminescence of a rhodamine WT 

dye standard, the luminescence .of the material may be expressed in terms 

of rhodamine dye equivalency at the wavelength of several Fraunhofer lines. 

The FLO detectivity may be assessed at each Fraunhofer line, and the optimum 

line for field observation of the material may be selected. 

Future work will include the integration of the FLO with a line scan 

imaging system in order to assess the contribution of two-dimensional 

spatial resolution to the interpretability and usefulness of luminescence 

data. It should also include 1) investigation of luminescence polarization 

of some materials, particularly metal stressed plants, 2) an assessment of 

the use of pulsed lasers to stimulate phosphorescence decay time in the 

nanosecond and microsecond ranges; and 3) a study to determine the feasibility 

of conducting an FLO experiment from the Space Shuttle or other spacecraft. 
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1. INTRODUCTION 

Laboratory and field study of the measurement and interpretation of 

luminescent materials began in 1964, with experimental work using an active 

ultraviolet imaging system ·(Hemphill and others, 1965; Hemphill and Carnahan, 

1965). This work l~d to the development of a prototype Fraunhofer line 

discriminator (FLO); an airborne remote sensing tool for measuring luminescence. 

The FLD was designed to operate on the Fraunhofer line depth principal (Kozyrev, 

1956; Grainer and Ring, 1962) which uses the sun as an excitation source and 

permits detection of luminescing materials under daylight conditions. 

Experiments with the instrument showed that selected materials, such as 

luminescing tracer dyes, could be detected in very small quantities (Hemphill 

and others, 1969; Stoertz and· others, 1969). For example, rhodamine 

WT dye was detected in the Pacific Ocean west of the Golden Gate in California 

in concentrations of less than 5.0 ppb (parts per billion). Attempts 

to measure the luminescence of other materials were not successful because 

1) the prototype FLO operated at 589.0 nanometres (nm), the wavelength of 

the sodium D Fraunhofer line, and many materials luminesce at other wave­

lengths; and 2) the sensitivity was an order of magnitude less than 

required for detection of some of these materials. 

In order to predict optimum wavelength and sensitivity requirements for 

detection of materials other than rhodamine WT, luminescence of a variety 

of materials was measured with a laboratory fluorescence spectrometer in 

terms of rhodamine WT, used as a laboratory standard. These results, coupled 

with those obtained with the prototype FLD were used as a basis for engi­

neering a redesigned FLO with an order of magnitude increased sensitivity. 
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This redesigned model, built by the Perkin Elmer Corporation!/ operates 

at three discrete Fraunhofer lines, hydrogen B at 486.1 nrn, sodium D 

at 589.0 nm, and hydrogen a at 656.3 nm and has the sensitivity to detect 

rhodamine WT dye in concentrations as low as 0.1 parts per billion (ppb) 

in 1/2 (m) of water at 20° Celcius (C). An additional system built by 

Isomet Electronics uses a tunable acoustical optical filter which pennits 

tuning to an accuracy of less than 0.5 nm with an average bandwidth of 

less than 0.1 nm. The sensitivity of this instrument is approximately 

an order of magnitude less than the Perkin Elmer FLD. 

The basic approach to the ~roblem of accurate measurement of 

luminescence both in the laboratory with a laboratory spectrometer and in 

the field with the redesigned model FLD is detailed in the following pages. 

The objective of this report is 1) to present the results of laboratory and 

field measurement of luminescence of natural materials in support·of the 

design, development, and field testing of the redesigned FLD; 2) to 

demonstrate how the laboratory quantification of luminescence can be used 

to predict and interpret field measurements with the FLD; 3) to· compare 

field results with design specifications of the redesigned FLD; and 4) to 

describe modifications to calibration techniques and operational procedures 

which evolved during field tests. 

Luminescent materials reported herein include oils (bulk and thin film, 

both crude and refined), artificial dyes, phosphate rock and. gypsum, phosphate 

processing plant effluent, vegetation (geochemically stressed versus non­

stressed), lignin sulfonates, and selected industrial and residential pollutants. 

!!use of trade names in this paper is for description purposes only and 

does not constitute an endorsement of the product by the U.S. Geological 

Survey. 
13 
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Design and development of the prototype PLD, and operational evaluation 

of ita performance was jointly supported by the . U.s. Geol.oqical Survey and 

by the National Aeronautics and Space Administration (NASA) Manned Space­

craft Center (renamed Johnson Space Center) through NASA's· Supporting 

Research and Technoloqy (SR & T) funds·. Since 1971, development of the 

redesiqned FLO by the Perkin-Elmer Corporation, as well as associated lab-

oratory and field stUdies, has been supported by both the Earth Resources 

Observational Systems (EROS) Proqram of the Department of the 'Interior and 

the Advanced Applications Flight Experiments (AAFE) Program of NASA (NASA 

order L-58,514). Development of the FLO by Isomet Electronics was supported 
·· ........ 

by NASA's Supporting Research and Technoloqy (SR & T) Program. 
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2. FRAUNHOFER LINE DEPTH METHOD 
OF MEASURING LUMINESCENCE 

Fraunhofer lines are dark lines in the solar spectrum caused by 

selective absorption of light by gases in the relatively cool upper part 

of the solar atmosphere. Line widths range from less than 0. 01 nm to several 

tenths of a nanometer, and the central intensity of some lines is less than 

10 percent of the adjacent continuum. The lines are sharpest, deepest, 

and most numerous in the near ultraviolet, visible, and near infrared 

regions of the electromagnetic spectrum. 

The Fraunhofer line-depth method of measuring luminescence involves 

observing a selected Fraunhofer line in the solar spectrum, and measuring 

the ratio of the central intensity of the line to a convenient point on 

the continuum a few tenths nanometer distant; this ratio is compared with 

a similar ratio of a conjugate spectrum reflected from a material that 

is suspected to luminesce. Both ratios normally are identical, but 

luminescence is indicated where the reflected ratio exceeds the solar 

ratio. Reflectivity differences between the central intensity of the 

Fraunhofer line and the adjacent continuum can generally be ignored because 

variation of reflectivity with wavelengths is negligible for most materials 

over spectral ranges of only a few tenths nanometer. 

Figure la shows an idealized Fraunhofer line observed in the solar 
,: ~-: 

spectrum directly, which may be expressed as the ratio R , 
s 

where 

b = central intensity 

a = adjacent continuum 

R = s 

15 
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The aame Fraunhofer line is given in Figure lb, in a spectrum reflected 

from a nonluminescing material. The ratio of the line depth ~n the spectrum 

reflected by the material is 

b . 
R •~•R. 

• ~· . 8 
(2) 

where .. 
·P • reflectance. 

. 1 -

. cefttr•1 
tntel\stt1 

Fi.gure .la · - L fne · profi 1 e in. the 
solar spec~rum observed directly 

-------

' -
.. . . . . 

. ·Piguro lc - ll.minescence contribution 
as a nonvariable ~ith wavelength 
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Figure lb - L 1 ne pro fi 1 e · in the ~ 
solar spectrum reflected from 
aonlumioescing . mate.rials · 

' ... 
c• pb + L 

1 -
~ . 

Figure ld ~Line profile of materia1 
containing both reflected and 
luminescent components 
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Figure lc illustrates the luminescence component, L. Because many 

materials exhibit broad-band luminescence, commonly half-widths of several 

nanometers, the luminescence contribution, L shown in figure lc may be 

assumed to be constant across the width of one Fraunhofer line. 

Figure ld shows the line profile of a material containing both reflected 

and luminescing components. Since the luminescence component is assumed to 

contribute equally to both the central intensity and the adjacent continuum, 

d = pa + L 

c c pb + L 

Rm = pb + L ·= c 
pa + L d 

R > R m s 

(3) 

(4) 

(5) 

The difference between R and R is a measure of the amount of luminescence. m s 

The luminescence component may be measured in terms of the continuum compc•nent 

level, and expressed as a luminescence coefficient by 

t = L 
a (6) 

leading to · 

L = F;a (7) 

where 

( = luminescence coefficient 

L = luminescence 

a = continuum component level. 

Substituting equation 7 into equations 3 and 4 

d = pa + (a (8) 

c = pb + F;a (9) 
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~ese two equations can b8 solved to determine the two unknowns p and t. 

Multiplying equation 8 by b, and equation 9 by a, yields 

be!- pab +tab 

Subtracting equation 10 from equation 11 

Solving for t : 

ac - be! • ta (a-b) 

ac- bd 
t • a(a-b) 

t • ...!._ [c- ~] a-b . a 

(10) 

(11) 

(12) 

(13) 

(14) 

Equation 14 is useful because p and L are eliminated, and the expression 

of t is independent of incident solar flux. 
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3. LABORATORY PREDICTION OF THE FRAUNHCFER LINE 
DETECTIVI'l'Y OF LUMINESCENT MATERIALS 

In order to assess the sensitivity required to detect luminescing materials, 

Hemphill and Stoertz (1971) and Watson and others (1973, 1974) used a 

laboratory fluorescence spectrometer (Figure 2) to quantify the luminescence 

Figure 2. Laboratory fluorescence spectrometer. Source (A), excitation 

.monochromator (B), sample compartment (C), emission monochromator 

(D), corrected spectra attachment (E), and recorder (F). 

intensity of materials at six Fraunhofer lines (396.8, 442.7, 486.1, 518.4, 

589.0, and 656.3 nm) in terms of equivalent luminescence of specific con-

oentrations of rhodamine dye. The spectrometer was operated so as to pro-

due~ @Xeitation spectra; that is, the excitation monochromator was scaruted 

while the emission monochromator was stationary at the wavelength of a 

specific Fraunhofer .line. This arrangement provided a system in the 

laboratory analogous to an FLD in the field, where the broadband excitation 

of the sun produces an emission in a luminescent material, the intensity of 

19 



which is monitored at one or more Fraunhofer lines. The spectrometer, 

equipped with a corrected spectra attachment, automatically adjusted for 

the wavelength dependence of the source and detector, and produced a 

corrected distribution of excitation intensity. 

In the front surface mode, solid samples, or liquid or powdered samples 

in a centimetre quartz cell, were so positioned in the sample compartment 

that both excitation ·and emission were through the front surface of the 

sample. Light from the excitation monochromator illuminated the sample 

surface at an angle of approximately 30° to the normal, and luminescence 

from the sample surface was directed in a narrow solid angle (centered at 

90° from the incident beam) into the emission monochromator and onto the 

detector. In the right angle mode, light from the excitation monochromator 

passed through the sample cell, with resulting luminescence measured at 

right angles to the incident beam. 

To relate all luminescence spectra to one set of conditions, 

rhodamine WT was used as the reference "standard" prior to each measurement. 

When the area under the curve of the excitation spectra of the sample 

was compared to the area under the curve for rhodMrine WT dye (at a 

specific dye concentration), a relative equivalent rhodamine WT concen­

tration was obtained. For example, a sample having an integrated excitation 

intensity of SO was compared to a rhodamine WT concentration of 10 ppb, 

which also has an integrated excitation intensity of SO; the sample is 

said to have had an equivalent luminescence of 10 ppb rhodamine WT. This 

standardization makes it possible to correct for instrument response 

variations during measurement and to assess results achieved in the 

laboratory in terms of whether or not the same material in the field would 

be within the sensitivity range of an airborne FLO. 
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Self-absotption of luminescence intensity of rhodamine WT dye has 

increasingly important effects as the concentration increases. Figure 3 

shows the self-absorption effect of rhodamine WT Dye where measured in both 
I 

front surface and right angle modes. Because both front surface and right 

angle modes exhibit equal luminescence intensity at 1200 ppb, this concentration 

is used _as a basis for the rhodamine WT standard in the following discussion. 

103 

10
2 

10
1 

/ 
/ 

I 

I 
I 

~~------------------~------------------~~------------------~ 101 102 103 104 

ROODAMINE WT DYE CONCENTRATION (PPB) 

Figure 3. Relative luminescence intensity of rhodamine WT dye versus 

concentration as measured in both the front surface (solid line) 

and 90° or right angle modes (dashed line). 
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To obtain the same wavelength and intensity dependence of luminescence 

in the laboratory as would be observed in an FLO measurement, the source-

detector corrected spectra must be convoluted with the spectral intensity 

of total solar radiation (direct sunlight plus diffuse skylight). Although 

direct sunlight and diffuse skylight vary diurnally and seasonally, the 

solar-corrected spectra presented by Watson, et al. (1973) are referenced 

to a standard set of conditions, as measured by Luckiesh (1946) in Cleveland, 

Ohio: 

0 airmass 2.0 

0 solar constant = 1.9 cal cm-2 min -l with diffuse radiation for 

a typical midday, 

0 midsummer clear weather. 

A further correction is required when adjusting the standard of 

rhodamine dye as measured in a centimetre quartz cell in the spectrometer 

to that .measured in the field in a -half metre of water by the FLO. 

Measurements indicate that self-absorption of light emitted by rhodamine 

WT at the sodium line (589 nm) is negligible at low dye concentrations, 

but that the attenuation by particulates can be significant. 

Equation 15 describes the emission of solar-stimulated luminescence 

L(AF) in a Fraunhofer line at a wavelength AF from a solution of depth x, 

where absorption obeys the well known exponential relationship and 

luminescence is emitted uniformly in all directions: 

where I
0

A = spectral solar radiation, 

and 

a~ = measured attenuation coefficient of the solution at wavelength A, 

Q,~ = measured quantum efficiency of the solution (fraction of photons 
emitted at AF to those absorbed in 6A), 

~A = wavelength band of excitation in the solar spectrum, 

= measured attenuation coefficient of the solution at the emission 
wavelength AF. 
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For rhodamine WT dye in water, Qi represents the quantum efficiency of 

the dye (the water is assumed nonluminescent). aAF is the attenuation 

of the solution at an emission wavelength of 589.0 nm, and 6~ is the 

wavelength band of excitation from 440 to 580 nm. 

Using equation 15 and the attenuation coefficients shown in figure 4 

o.oot· 

I O.OOT 

D 

• 0 
;: 
c 
~ 0®4 • ... ... ... 
c 

----·-·· lX T UPOLlffO 

no ~ 

WAVfLINGTH UUU 

Figure 4. Attenuation coefficien·ts of fresh water and sea water as a 

function of wavelength (modified from Polcyn and Rollin, 1969). 
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the attenuation of luminescence emitted at 589 nm from 1/2 m (metre) of 

water containing rhodamine WT dye ranges from 4\ for distilled water to 

18\ for average coastal water. For comparison, tap water at Lakewood, 

Colorado, at 17° C shows a 13\ attenuation. These considerations indicate 

that rather than observing a linear relationship between luminescence 

and depth of water containing rhodamine WT dye, a factor is introduced 

that is directly proportional to the attenuation. For example, the lumi­

nescence of rhodamine WT, as measured in 1/2 m of distilled water with 

an FLO, would be 48 times more intense than the same concentration of 

rhodamine WT measured in a centimetre quartz cell with a laboratory 

spectrometer. The luminescence would be 43 times more intense if Lakewood 

tap water were used as the solvent. 

Accordingly, in the following discussion, which concerns quantifying 

the luminescence of crude and refined oils and plants in terms of rhodamine 

WT dye equivalency, the integrated rhodamine WT dye equivalent for the 

material is divided by 43 to allow for the difference in the depth of the 

dye column as viewed by the spectrometer and by the FLO. 

The rhodamine WT equivalencies discussed below and shown on the 

graphic data should be considered reliable as predicted with corrections 

noted above. However, the actual field observation with an FLO may depart 

from these predicted values by as much as an order of magnitude due to 

varying atmospheric and seasonal conditions, temperature dependence of 

luminescence, time of day, and instrument sensitivity. 
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4. DESCRIPTION OF THE YRAUNHOFER LINE DISCRIMINATOR 

Perkin-Elaer instrullent 

The recSesigned. Perltin-El.ller FLD (figure 5) consists of an optical 

head, electronic console, and light collector. The main components in 

the optical head are two telescopes, one earth-looking and one sky-looking; 

a" rotating optical chopper wheel; three replaceable optical filter sets; 

and a photomultiplier with its power supply. Sunlight and skylight falling 
-- - - -- -- ~- . - - - ---- -- -- - ·· -- - · - - ·--------·--··-- - · ··---- --- ·-··· · ··---- ---- - -

Figure 5. Perkin-Elmer redesigned FLD, showing the optical head (A), 

electronic console (B), and light collector (C). 

on the diffuse surface of the light collector are reflected by a mirror into 

the sky-looking telescope. The earth-looking telescope observes the target 

whose reflectivity and luminescence are to be measured. Light from the two 

telescopes is sequentially routed through two different paths by the 

rotating chopper wheel . In one path, light passes through a filter which 

is centered at a specific Fraunhofer line but whose bandpass is several hundredths 

nanometres wider than the Fraunhofer line. This signal constitutes the light 
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intensity measured on the solar continuum adjacent to an~ including the . 
Fraunhofer line, and is designated signal "a" in the sky-looking channel and 

signal "~" in the earth-looking channel. In the other path, a Fabry-Perot 

interference filter, with half-width of less than 0.07 nm, passes light coin-

cident with the intensity of the central part of the Fraunhofer line; this 

signal is designated signal "~" in the sky-looking channel and signal "c" in 

the earth-looking channel. These signals are fed to a mini-computer that 

generates luminescence and reflectance by solving the following equations: 

p = (d- c)/(a- b); € = (d/a) - p, where pis reflectance and € is the 

luminescence coefficient. Both p and £ are displayed as four-digit numbers 

(from 0000 to 9999 counts) on the front panel and are fed to a digital printer 

for permanent record; hence, 100 counts for p or £ implies a reflectance or 

luminescence of 1 percent. Reflectance values are displayed and recorded as 

percent directional reflectance. Inasmuch as displayed and recorded lumines-

cence are only proportional to true luminescence for each substance measured, 

the luminescence count is referenced to the count from a standard (such as 

a dye sample or a photographer's gray card), permitting relative luminescence 

measurements to be made.* An automatic gain control (AGC) is used to monitor 

and maintain the a-signal at a nearly constant level by varying the gain 

of the photomultiplier tube (PMT detector}. This permits measurements under 

a wide range of illumination and allows the PMT to operate at full gain 

under low illumination. Three sets of Fabry-Perot filters are available, 

permitting measurement at the 656.3-, 589.0-, and 486.1-nm Fraunhofer 

wavelengths. Additional filters can be fabricated at other Fraunhofer 

wavelengths, including 396.8, 422.7, and 518.4 nm. 

Funding for the design and construction of the Perkin-Elmer engineering 

model FLO was provided by NASA's Advanced Application Flight Experiments 

(AAFE) Program. 

*Reflectance and luminescence values are presented in this report in tenns 

of their mean plus or minus the standard deviation of the mean (Heel, 1965, 

p. 139). 
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Isomet instrument 

The Isomet FLO consists of an optical head, electronics console, and 

light collector as shown in figure 6. The optical head consists of two 

telescopes, one earth- and one sky-looking; an electronic tuneable filter, 

and photomultiplier with power supply. Incoming radiation through each 

--------

telescope is alternately viewed. by a chopper and sequentially routed to a 

polarizing beam splitter, where it is linearly polarized, and then to the 

electronically tuneable filter (ETF) . This is a solid state device which 

has the unique capability of changing its optical transmission with the 

frequency of an applied electrical signal. The ETF consists of a crystal 

into which an acoustical wave has been induced. This acoustical wave 

rotates the polarization of a very narrow spectral component of the incoming 
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radiation by goo. All of the light incident on the ETF is retro-reflected 

by a mirror on one end of the crystal the beam emerges and is again incident 

upon the beam splitting polarizer. The unselected portion of the beam which 

is unaltered in polarization is directed back toward the source. The 

selected portion, having been rotated goo is deflected by the polarizer and 

appears as the desired monochromatic light beam. The center wavelength of 

the optical bandpass is inversely proportional to the frequency of the 

electric signal and can be tuned throughout the visible spectrum. In order 

to achieve the required narrow bandwidth for the FLD, it was necessary to 

use the ETF's in tandurn, thereby narrowing the wavelength resolution to 

less than 0.1 nm at the blue.end of the spectrum to slightly greater than 

0.1 nm at the red end. Transmission losses through the tandum ETF's 

proved to be greater than expected and this coupled with excessive photo­

mul~iplier noise due to thermal emission, greatly reduced the sensitivity, 

especially at wavelengths less than 486.1 nm. Since several acoustical 

frequencies can be propagated simultaneously in the crystal, the ETF operates 

concurrently at several discrete wavelengths. "!_", "£", "::._", and "~" 

isgnals are simultaneously generated using this characteristic. These 

signals are fed to a mini-computer that calculates luminescence by solving 

the luminescence equation. Luminescence is displayed as a three digit 

number {from 000 to 999 counts) on the front panel and fed to a digital 

printer for permanent record. ·An automatic gain control is used as with 

the Perkin-Elmer FLO, with the exception that it can be by-passed and 

the photomultiplier voltage controlled manually. 

Development of the FLO by Isomet Electronics was supported by NASA's 

Supporting Research and Technology (SR&T) Program. 
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5 • MEASUREMENT 'l'ECHNIQOES USING '1'K£ FRADHHOFER LINE DISClUJURA,.-u" 

GnMmcS baaed waeasurementa 

lni tial ground tests of the redesigned Perkin-Elmer Fraunhofer line 

discriminator were conducted outdoors at the Denver Federal Center, Lakewood, 

Colorado during the ~ring and summer of 1974. These tests were desiqned 

to determine the FLD operating characterist~cs with various sky conditions 

and with materials of various reflectance and luminescence properties. 

'1'he ground test configuration is shown in figure 7. The optical unit 

vas mounted on a moveable platform under which various targets, including 

a tank filled with water to a depth of one-half metre, can be positioned 

aDd illuminated by the sun without shadows from the supporting structure. 

-A dual channel digital recorder simultaneously recorded luminescence and 

reflectance. Measurements were made on a variety of natural materials 

(results described in section 6.0) and on selected luminescence and 

reflectance standards. The rhodamine wr equivalent luminescence of each 

atandard as measured with the FLD was confirmed with a laboratory fluores-

cence ~ectrometer using procedures described in section 3.0. Measurements 

on selected luminescence standards are shown in the following Table 

(equivalent rhodamine wr concentration in ppb; source, detector, solar, and 

depth corrected). 

~able 1. Comparison of luminescence of selected standards measured with the 

laboratory fluorescence s~ectrometer and the FLO at specific 

Fraunhofer lines. 

Material Luminescence CsEectrorneter) Luminescence (FLO) 

486.1 nm 589.0 run 656.3 run 486.1 nm 589.0 nm 656.3 nm 

Blue paint 4.6 3.3 

Green paint .9 1.9 

Red paint 13.0 22.0 

Fluorescent cloth 133.0 115.0 109.0 102.3 
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Figure 7. FLD ground test configuration showing pyrex tank containing 

water 1/2 metre deep beneath optical head. 
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Grow1d tests show that rhodamine WT dye can be det.ected at the 589.0 nm 

Fraunhofer line in one-half metre of water under clear sky c~~ditions i? 

concentrations as lo\l as 0.1 ppb; however, sensi ti vi ty under field conci tions is 

generally considered to be 0.25 ppb. The relationship between dye concen-

tration anC. lt:."T.Unescertce measured by !:.!"e instrwnent is approxima<:ely 

linear 1 with 1. 3 ppb per 100 FLD ccH~nts ~t. the 589.0 nm line under clear 

sky conditions. ~-'1 operational cha:-acteristic that adversely affected the 

performance of the FLD during the initial tests was the strong dependence 

of luminescence on reflectance, particularly under cloudy conditions. 

Typically a change in reflectance of 80\ would cause a change of 100 counts 

(clear sky) and 300 counts (clcJdy sky) in luminescence, and i.ntroduced 

an "appc;rentr' lu!ninescence of a highly reflective material of some 300 

counts, or up to 3.9 ppb rhodamine wr equivalent, a greater magnitude of 

luminescence than most of the natural materials being measured. This problem 

arose because of the critical nature of the optical balance of the Ferkir.-

Elmer FLD; however, a solution which significantly reduced the reflectance 

dependence to less than + 10 counts for an SQ percent reflectance change is 

described in section 7.0. Measurements under both clear and cloudy 

conditions de.znonstra te that llLe sensi li v .i. Ly of the FLD unch:::.r clea..c .skies 
I 

is greater than under clouds. For example, comparison of ground measure-

~ents on gray card standards consistently showed 25 percent higher lumines-

cence for clea~ sky versus cloudy conditions; similar results were echieved 

in airborne n1easurements of phosphate rock w'""ld gypsum in Florida where 

differences in luminescence under cloudy and clear conditions ranged from 

23 to 38 percent. 

In addition to the tests on the Perkin-Elmer FLO mentioned above, the 

sensitivity of the Isonet FLD was ·compared to the rerkin-Elmer FLD at the 
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656.3 nm Fraunhofer wavelength. The two units were operated concurrently 

outdoors at the Denver Federal Center. Fluorescent red cloth was 

selected as a standard because it was available in a size appropriate 

as a ground calibration target for airborne operations. When viewing 

this material, the Perkin-Elmer and Isomet FLO's read luminescence counts 

of 2750 and 1750 counts, re~pectively. The Isomet FLO required twice 

the warm up period (45 minutes) of that of the Perkin-Elmer FLO (20 

minutes), but sensitivity deteriorated markedly for the Isomet instrument 

following the warm-up period. Sensitivity, measured in terms of the 

minimum concentration of rhodamine WT detectable in one-half metre of 

water at 20° c., is 0.25 ppb for the Perkin-Elmer instrument. Sensitivity 

for the Isomet instrument is 1.0 ppb measured during the period of 

optimum performance at the end of the 45 minute war.m-up period. 

An attempt to measure sulfite liquor and phosphate rock at 486.1 nm 

was not successful with the Isomet FLO, although these materials were 

readily deteqtable with the Perkin-Elmer FLO. 



Airborne measurements 

The Fraunhofer line discriminator was first operated as an airborne 
.". 

fluorometer aboard a Bell Jet Ranger helicopter at Lake Michigan, near 

Pentwater, Michigan (see section 6.0). Figure 8 shows the FLO optical 

head and light collector installed in a basket located near the middle 

of the fuselage. During trial mounting, the optical head was mounted high, 

Figure 8. FLO optical head and light collector installed in a basket 

mid-ship on a Bell Jet Ranger helicopter. 

close to the rotor blades to avoid reflections from the sides of the 

fuselage, but this caused considerable degradation in the FLD performance, 

probably due in part to synchronization of rotor blades with a harmonic 

of the instrument bandwidth. The lower mount proved satisfactory and has 
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been used in all succeeding helicopter experiments. The most consistent 

results were achieved when the diffuse surface of the light collector had 

approximately the same orientation to the sun during a series of traverses, 

and when shadows of the tripod legs did not obscure the aperature of the 

sky-looking telescope. 

Figure 9 shows the installation of a tray containing black, gray, and 

white cards, and rhodamine WT for reflectance and luminescence standardso 

Figure 9. Calibration tray containing white, gray, and black reflectance 

standards {A,B, and c, respectively) and a rhodamine WT 

standard, D. 

The tray was mounted below the earth-looking telescope and was brought 
' \. 

into the field of view by a motor driven rack for inflight calibration. 

Altho~gh the calibration tray worked satisfactorily, subsequent exper-

iments have used .a single luminescent cloth panel deployed on the ground 

for an inflight systems checkp and several reflectant and luminescent 

chips, 20 x 25 centimetre (em), which were place beneath the ground-looking 

telescope for pre- and post-flight calibration. 
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The work at Lake r~ichigan showed that sun glint is to be avoided 

over water targets because intermittently high and low reflectance values 

occur in these a~eas, apparen~ly at a higher frequency than can be tolerated 

by the FLD computer. Visu~l identification of the water areas being 

observed with the FLD and location of ma:r:>~er buoys in the FLD field of 

view was also very difficult .. Following the Lake Michigan experime:ltSr 

therefore, a viewing sysiern was developed and field tested which includes: 

1) a television camera with a remotely controlled focus and zoom lens fer 

monitoring the target measured with the FLD, 2) a second television camera 

which monitors a bank of light emitting diodes containing reflectance and 

lmninescence data that are continually updated by the digital output of the 

FLDi 3; a tape recording system for recording the data from both cameras 

and voice description, and 4) a television monitor on which is displayed 

a real time the target scene upon which is superimposed the reflectm1ce and 

luminescence counts. Boresighting of the vie'f:ing system is achieved by 

positioning a luninescence panel on the ground a.nd marking the: position of 

the pC.mel on the television screen by the luminescence indicated while 

hove::ring over the pa."1el . The viewing system has proven dependable and allows 

discrimination 10f small lumines::ence targets which would othen.,rise be 

lost in data reduction. It also permits storage of the data in a form 

Y.'hich can be recovered rapidly. 
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Current operational procedures for airborne measurements with the FLO 

are aa followsa 

1. Optical filter and electronic warm-up -- 30 minutes for the 

Perkin-Elmer instrument and 45 minutes to one hour for the 

Isomet instrument. Because reserve'electrical power of most 

helicopters is limit~d, a DC inverter operating from a 12-volt 

automobile battery is used for on-the-ground standby power. 

2. Pre-flight calibration using reflectant and luminescent chips. 

3. In-flight systems check using a ground-deployed luminescent 

panel. 

4. Airborne luminescence and. reflectance measurements over target 

area. 

5. Post-flight calibration using reflectant and luminescent chips •. 

Air temperature, extent of cloud cover, and other meteorological 

parameters, as appropriate, are recorded throughout the day. 
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MEASUREMENT OF NATURAL AND MAN-MADE SUBSTANCES 

Luminescent dyes 

Rhodamine WT, rhodamine 6GDN, rhodamine B, and uranine B are water 

soluble luminescent dyes used by marine geologists and hydrologists to 

monitor current dynamics in rivers, estuaries, and coastal waters. Con­

ventional methods of monitoring dispersal and transport of the dye are 

awkward. One method involves boat traverses of the dye cloud and the 

collection of water samples which are subsequently analyzed for dye 

concentration with a laboratory fluorometer. A disadvantage of this 

approach is that the boat disrupts the normal dispersal of the cloud. 

Another method is to photograph· the dye cloud from an aircraft, but this 

approach is satisfactory only when dye concentrations are relatively high, 

and when lighting conditions permit marked contrast between light reflected 

from the dye cloud and from the uncontaminated water. Neither method 

permits immediate availability of the data • 

. The FLO has the sensitivity to detect rhodamine WT dye in 1/2 m of 

water ·in concentrations of 0.25 ppb or less at 20° c. During the week 

of June 9, 1974, a joint u.s. Geological Survey--u.s. Army Coastal Engineering 

(CERC) experime~t was conducted at Charles Mears State Park, Pentwater, 

Michigan, using the dyes noted above as tracers to study currents along 

the shore of Lake Michigan. The experiment was conducted to determine the 

feasibility of detecting the mapping luminescent dyes with the airborne 

redesigned FLO and making the traverse results i~iately available in the 

field. 
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Prior to the Lake Michigan experiment, the luminescence of selected 

dyes (rhodamine 6GDN, uranine B, and rhodamine B) supplied by CERC were 

measured in the laboratory using a laboratory fluorescence spectrometer. 

These measurements show that the 589 nm Fraunhofer line is optimum for 

the Pentwater experiment because all the dyes show relatively high lumines-

cence intensities at this wavelength. 

The FLO was flown on·a Bell 206 Jet Ranger helicopter. The selected 

flight altitude was approximately 75 m (250 ft.) above the lake at a speed 

of 16-32 km/hr (10 to 20 miles/hr) indicated air speed. The results of 

June 13 are shown in Figure 10. The dyes were placed at fixed locations 

at distances of 152, 229, and 304 metres (500, 750, and 1000 ft.) from 

I 

shore and released into the water at nearly the same time (within three 

minutes). 

Several runs both perpendicular and diagonal to the direction of dye 

flow were made, with the time of each run shown in Figure 10. The diagonals 

were selected to increase the number of measurements near the points of 

release and were flown in a southwest direction. The numbers along each 

run are the average of 10 luminescence counts, and the distance between each 

number represen~s a distance of approximately 22m (75 ft.). The total 

distance of each run varies from approximately 213 to 304 m (700 to 1000 

ft.). Based on the average counts, isopleths representing equal lumines-

cence intensity have been drawn for the rhodamine 6GDN, rhodamine B, and 

uranine B dye clouds; the isopleth interval varies from 15 to 200 counts. 

FLO readings shoreward from the uranine B and rhodamine B clouds range from 

8 to 49; these are the residue of an earlier dye release, and isopleths 

were not drawn in this area. 
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Figure 10. Dye concentration patterns based on unreduced FLD readings made on 

eight runs during late morning (11:07-11:34), June 13, 1974. The 

three dyes were released at points 152, 229, and 304 m ( 500, 750, 

and 1000 ft.) from shore between 10:26 and 10:28 a.m. Numbered 

circles and triangles are anchored buoys and on-shore reference points. 



calibration curves in ficzure 11 show FLD luminescence counts plotted 

as a function of dye concentration in parts per billion. These curves 
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Fiqure 11. Luminescence versus dye concentration obtained duri_nq calibration 

of the FLO. The three curves were obtained by varying the 

concentration of each dye separately in a tank containing 0 .5 

a of water. Luminescence counts were measured with the FLO 

suspended above the tank. Note that the abscissa has been 

reduced by a factor of 5.0 !or uranine B. ,. 
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were obtained with the FLO by measurinq the luminescence of each of three 

dyes separately at a known concentration in a tank of, water. The FLO was 

•u.pended over the tank and the mean and standard deviation of luminescence 

counts measured for each concentration. These curves permit conversion 

of the luminescence FLO counts shown in figure 11 into dye conce~tration in 

parts per billion (ppb). 

The Pentwater, Michigan test was the first opportunity for aircraft 

operation of the new FLO; probably the most siqnificant result of this 

test was the experience in operational methodology and qeneral "shake-down" 

of the instrument and field procedure. It is believed that temporal 

dispersion of dye plumes can be monitored, areally quantified, and mapped 
I 

from a helicopter with the FLO. 
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Geochemically stressed vegetation 

The relationship between luminescence and photosynthesis in plants 

is complex, but in general, factors that both impede and enhance photo-

synthesis can modify luminescence (Hollaender, 1956). Several such factors 

exist in nature. Based on the air pollution work of O'Gara (1922), Thomas 

(1961, p. 236-23.7) ranked cultivated and native plants according to 

resistance to sulfur dioxide fumigation. Although luminescence effects 

were not studied, Thomas noted substantial variability in sulfur dioxide 

susceptibility of some species, including conifers, but others were 

relatively constant. Alfalfa, barley, and cotton were most sensitive. 

Using alfalfa as - unity, elm, birch, sumac, and poplar were about 2.5 times 

more resistant, pine 7-15 times more resistant, and live oak 12 times more 

resistant. Thomas (1961, p. 253) also noted that 3-4 month old ponderosa 

needles were sensitive to hydrogen fluoride fumigation, but that old needles 

were resistant. Another such factor is geochemical stress, where toxic 

concentrations of one or more metallic elements may subject plants to chemical 

and physiological changes. Copper and zinc are toxic if present in large 

quantities (Kramer and Kowlowski, 1960, p. 225-226) and are reported to 

produce symptoms closely resembling iron chlorosis (Sauchelli, 1969, p. 65). · 
I 

J. E. McMurtrey (in Sauchelli, 1969, p. 156) notes that copper in excess of 

0.1 ppm stunted tobacco plants. F. A. Gilbert (in Sauchelli, 1969, p. 158) 

states that growth of tomatoes in nutrient solution was reduced by as little 

as 1 ppm copper. Sauchelli (1969, p. 112) cites zinc having a toxic effect 

in some cereal grains where levels exceed 150 ppm, and in citrus where levels 

exceed 220 ppm. K.C. Beeson (in Sauchelli, 1969, p. 133 and 138) reports that 

concentrations of molybdenum in plants may vary from less than 0.1 ppm to 

more than 300 ppm without adverse effect on growth. Press (1964, p. 374-375) 
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reports that bean plants grown in solutions containing varying concentations 

of lead exhibited chlorosis and that spectral reflectance at 550 nm ranged 

from 15 percent for 1 part per million (ppm) lead to JnOre than 30 perc·ent 

Watson, Hemphill, and Hessin (1973) grew bean plants hydroponically and 

treated them with varying metaf concentrations, including molybdenum, copper, 

zinc, and lead, to demonstrate that luminescence is an indicator of geo­

chemical stress produced by metal toxicity. Measurements were made both 

in the early stage of growth and at full maturity. Table 2 shows 

·luminescence differences observed for 10 plants, f~ve nonstressed and five 

stressed with 10 ppm sodium molybdate (NaM0
4
). Both groups were grown 

in a Hoagland #2 solution. 

Table 2. Luminescence (source-detector, solar and depth corrected) of 10 

bean plants expressed in terms of rhodamine WT equivalency (ppb) • 

The plants were grown hydroponically in Hoagland #2 nutrient 

solution; five of these piants were geochemically stressed with 

10 ppm sodium molybdate (NaM04) • 

Description, 

Top surface, large trifoliate leaves 

Top surface, small trifoliate leaves 

Stressed 

2 weeks 5 weeks 

0.62 

0.67 

1.05 

0.64 

Nonstressed 

2 weeks 5 weeks 

0.45 

0.49 

1.19 

0.98 

Differences in luminescence at two weeks are. reve~sed at five weeks. The 

reversal not only occurs between stressed and nonstressed plants but also· 

between large and small leaves. The difference in luminescence is reduced 

at five weeks for the large leaves. These results illustrate the complexity 

of luminescence during various stages of growth, and tend to support the 
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observations of Thomas (1961) in his.plant fumigation experiments noted 

above. 

To investigate the luminescence of needles of Pinus ponderosa, trees 
I 

growing in a copper- and zinc- rich soil near Malachite Mine, Jefferson 

County, Colorado (Figure 12) were measured in the field using the 

laboratory fluorescence spectrometer and were compared to measurements 

of needles from background trees. Country rock where trees grow includes 

biotite schist and hornblend gneiss, and younger pegmatite dikes; all are 

of Precambrian age (Huff, 1963). 

Melechlte ., .. 
COLORADO 

N 

1 
I Ml 

Figure 12. Location of Malachite Mine area, Jefferson County, Colorado. 

Stipple pattern shows area of Figure 13. Modified from Huff 

(1963) • 

Figure 13 shows the copper anomaly in the Malachite Mine area, and the 

location of background and geochemically stressed tree groups. Measurements 
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were made both diurnally (every four hours over a 24-hour period) and 

seasonally (every 4-5 weeks, July-November 1973 and April-May 1974). Data 

during the period from December 1973 through March 1974 could not be 

obtained because of heavy snow. Four twigs were collected from each of 

seven background and geochemically stressed trees making a total of 56 

samples that were measured. The needles were removed from the twigs, placed 

on a black-matt nonluminescent surface, and measured in the front-surface 

mode in the spectrometer. The four-hour spacing between separate collection 

runs was determined by the time required for sample collection, measurements, 

and logistical considerations, but it was verified that the period of as 

much as two hours between time of collection and completion of measurement 

did not alter the luminescence of the needles beyond experimental error. 

Subsequent measurement of copper and zinc in the ash of the needles was 

determined by standard analytical techniques, and Table 3 shows the results 

of chemical analyses of samples collected during late summer and autumn of 

1973. Mean copper content of ash from stressed trees on four dates exceeds 

Table 3. Mean and standard deviation of the mean of copper and zinc 

contert (parts per million) of needle ash from 13 Pinus ponderosa 

growing in geochemically anomalous and background soils. 

Sa le Date Anomalous Trees Back round Trees 

Copper Zinc Copper Zinc 

July 26, 1973 175 + 16 >2000 110 + 7 730 + 25 

August 30, 197 180 + 8 2180 + 77 115 + 4 1130 + 30 -
Oct. 18, 1973 125 '+ 5 2330 + 36 100 + 7 700 + 84 

Nov. 12, 1973 140 + 7 2080 + 35 100 + 4 . 880 + 30 -
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the mean copper content of the background tree ash by factors of 1.2 to 

1.6. Mean zinc content of stressed tree ash exceeds the background trees 

by factors of 1.9 to 3.3. 

Distribution of copper in the soil in the vicinity of the Mine is 

given by Huff (1963). Additional ash analyses for copper coritent of 16 

trees in the area are given py Howard, Watson and Hessin (1971). 

Figure 14 shows the spectral excitation curves obtained in March 1973 

for both groups of trees and also for rhodamine WT dye at a concentration · 

of 1200 ppb. The integrated excitation intensity is significantly greater 

for background than for stressed trees; solar-corrected rhodamine WT 

equivalency are 19 ppb and 5 ppb, respectively. Solar- and depth-corrected 

rhodamine WT equivalency are 0.4 and 0.2 ppb, respectively (see Section 3). 

In order to test the sensitivity of the redesigned FLO to chlorophyll 

luminescence of stressed and nonstressed Pinus ponderosa, twigs were 

collected from seven stressed and seven background trees at the Malachite 

Mine site in early March 1974. Luminescence measurements were made within 

two hours outdoors at the Denver Federal Center. Figures 15 and 16 show 

that the difference between the mean luminescence of stressed and back­

ground trees is about 16 percent. 

Following this initial experiment, the FLO was used from a helicopter 

to measure the luminescence of stressed and nonstressed Pinus ponderosa 

trees at the Malachite Mine, both on a diurnal and seasonal basis for the 

period of September 1974 through July 1975. 
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Figure 14. Excitation spectra of Pinus ponderosa needles from geochemically 
I 

anomalous and background areas, Malachite Mine, Jefferson County, 

Colorado, as measured with a laboratory fluorescence spectrometer 

(source-detector corrected only). Integration of the area under 

each excitation spectrum permits comparison with the excitation 

spectra of a rhodamine WT standard. 
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These results combined with the results a j quired with the fluorescence 

· I · d ' h spectrometer during summer and autumn, 1973 ani spring 1974 1n 1cate t at 

luminescence contrast between background and s ressed trees was independent 

of air temperature, relative humidity, and win~ speed, but maximum contrast, 

ranging from 1.6 to 2.2, tends to occur during parts of six days when cloud 

cover was less than 10 percent {Fig. 17)!/. On six days when cloud cover 

exceeded 10 percent, the diurnal luminescence trace of both groups tended 

to be similar and contrast did not exceed 1.4 (Fig. 18)!/. Data collected 

on September 28, 1973, September 24, 1974, an · April 22, 1975 are exceptions 

(Fig. 1~. A maximum contrast of 2.7 at 11: / 5 a.m. on September 28, 1973 

was obtained during a period of 100 percent loud cover. Contrast on 

April 22, 1975 does not exceed 1.4 despite c cover of less than 20 
I 

percent prior to 2 p.m. Contrast of 1.3 at :30 on September 24, 1974 is 

during a period of no cloud cover. An explalation for these exceptions is 

not known, although wind speed is somewhat h t gher for the three dayS shown 

in figure 19. than for the 12 days shown in f l gures 17 and lB. 

· Standard deviation of the mean for FLD ground measurements of twig 

samples from Pinus ponderosa at the Denver ~ederal Center in March, 1974 

(see above), as well as for the fluorescencJ spectrometer measurements of 

trees during 1973 and 1974 at the Malachite Mine site ranged from less than 

one percent to three percent of the mean. t owever, standard duration of the 

mean of airborne FLO measurements during 19 4 and 1975 frequently somewhat 

higher. This was due to the relatively spl rse foliage of the Pinus ponderosa 

(which permitted bare ground to be observe through the foliage at relatively 

high frequency), whereas pine needles comp etely filled the field of view in 

both the spectrometer and ground based FLO measurements. This experience 

suggests that a smaller standard deviation may be assured in airborne measure­

ments by avoiding species or individual tr es with sparse foliage. 

!!standard National Weather Service nomenclature: relative humidity in 
percent, wind speed in miles per hour, nd cloud cover in percent. 
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Figure 17. Temporal luminescence of. P~us eonderosa and meteorological 

parameters. Maximum luminJscence contrast between background - I 
and stressed trees tends t0 occur during periods of minimum 

cloud cover. 
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Pigure 18. Temporal luminescence of Pinus nderosa and meteorological 

parameters. Minimum lum nescence contrast between background 

and stressed trees tend to occur durinq periods of maximum 

cloud cover. 
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~iqure 19. Temporal luminescence nus ponderosa and meteorological 

parameters. Luminescence contrast of background and stressed 

trees do not correlate wi cloud cover conditions· cited. in· 

figures 17 and 18. · 
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In addition to Pinus ponderosa, minescence measurements were also 

made July 25, 1974 and May 6, 1975 on trees growing in soils containing 

background and anomalous concentratio ,s of molybdenum 

southeast of GardnerVille, Nevada (~il .. 20). Country 

monzonite, and volcanic rooks of Tr1af s1c to Jurassic 

the area are limited to pinon pine (~inus monophylla) 

17 kilometres (km) 

rock includes limestone, 

age. Trees in 

and juniper 

(Juniperus utahensis). In the 1974 .~asurements, the standard derivation of 

FLD luminescence counts for pinon pi e commonly exceeded the value of the 

mean; this is also attributed to vie ing background soil and grass through 

the low density pine foliage similar to the experience described above. 

By restricting FLO observations on ~oth dates to denser junipers, standard 

deviation, rarely exceeded 7 percenf of the mean. Molybdenum content in 

plant ash of 32 juniper trees in Fil ure 20 are shown in Table 4. Figure 21 

shows a linear regressive analysis orrelating luminescence counts on both 

dates with molybdenum in concentra of 20 to 300 ppm. Correlation 

coefficients are 0.73 for the July data (17 trees) and 0.80 for the 

May 1975 data (17 trees) at confid levels of 99.97. Luminescence 

measurements were not performed on all 32 trees because of small size and 

low foliage density of some individuals, and because some grew in places 

difficult to approach with the he icopter. 

The 1975 data were measured t 10:00. Repeated measurements on 12 

stressed and background trees at 2:00 and 15:00 hours showed marked 

increased from 53 to 10:00 a.m. o 58 at noon, and decreased to 49 at 

15:00. Mean FLD cou~t for stres1ed trees showed even less variation, 

increasing from 37 to 10:00 to 3r at noon, and decreasing to 35 at 15:00. 

The 1974 data also appear to bel iurnally consistent, although because 

of high winds and helicopter enJ ine power problems, earlier data were 

not acquired sequentially and t e time of each measurement was not recorded . 
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Figure 20. Location of geochemically stressed l nd background trees in 

the Alpine Mill area, about 17 km sl uthedst of Gardnerville, 

Nevada. Background trees are arbiJ:arily denoted as those 

containing 70 ppm molybdenum or leJ s. 
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Table 4. Location, molybdenum content (ppm) in ash, and luminescence, 
expressed in rhodamine WT equivalence (ppb), of geochemically 
stressed and background trees in the Alpine Mill area. Background 
trees are arbitrarily denoted as those containing 70 ppm 
roolybdenum or less. 

Tree Number MOlybdenum content Luminescence 

1 150 0.69 
2 50 1.60 
3 300 0.73 
4 500 0.56 
5 500 (not measured) 
6 300 0.20 
7 500 0.74 
8 20 (not measured) 
9 30 (not measured) 

10 70 1.02 
11 50 0.87 
12 200 0.33 
13 500 0.53 
14 500 0.26 
15 70 0.92 
16 50 (not measured) 
17 100 (not measured) 
18 500 0.18 
19 150' 0.33 
20 200 0.38 
21 500 0.57 
22 500 0.58 
23 100 0.21 
24 200 0.51 
25 70 (not measured) 
26 150 0.27 
27 200 0.38 
28 30 1.09 
29 70 0.75 
30 30 0.87 
31 20 (not measured) 
32 50 (not measured) 

.. tj.: 
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Pigure 21. Linear regressive analysis correlatinq FLO luminescence counts 

for specific trees with molybdenum concentrations from 20 to 

300 ppm. 
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Both the 1974 and 1975 data show a decrease in luminescence of juniper 

with an increase in molybdenum. 

Although these results show correlation of luminescence and gee­

chemically induced plant stress for only two species, ~ponderosa 

and Juniperus Utahensis, it is possible that luminescence may vary 

diurnally and seasonally with species; for example, although Pinus 

ponderosa showed marked diurnal variability, Juniperus utahensis was 

remarkably consistent during the days these trees were measured. A 

practical approach may be to restrict analyses of luminescence of gee­

chemically stressed plants to single specie areas, or to one or two 

species in mixed groups. Additional work is required to understand 

variation of diurnal and seasonal luminescence with species. 
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Phosphate rock 

Sedimentary phosphate rock is an increasi~gly important raw material 

for production of agricultural fertilizer. A common problem in prospecting 

for this material, however, is that cursory field observation reveals few 

physical properties which distinguish phosphatic from non-phosph~tic beds. 

Although small hand-carried ultraviolet lamps have been used to stimulate 

luminescing minerals · and rocks, these methods of prospecting are limited 

because the lamps are low powered, effective range is limited to a metre 

or less, and the work must be conducted at night because the low intensity 

luminescence is obscured by b!ight sunlight. 

To assess the application of the FLO in prospecting for phosphate rocks, 

the luminescence of ten samples of sedimentary phosphate rocks from several 

geographic locations, measured with the laboratory fluorescence spectro­

meter at the 486.1 nm Fraunhofer line, are shown in Table 6. All samples 

luminesced within the sensitivity range of the FLO, and pointed to the need 

for a field test. 

Several deposits of commercial grade phosphate occur in southern 

California {Gower and Madsen, 1964). One of the highest grade deposits 

occurs near Pine Mountain, northeast of Santa Barbara, in the upper part 

of the Santa Margarita Formation of Miocene age (Fig. 22) where a 

phosphate zone more than 24 metres thick occurs in siltstone and 

siliceous shale. 
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Table. 6. Luminescence of 10 phosphate samples measured with the laboratory 

fluorescence spectrometer at 486.1 nm in terms of rhodamine WT 

equivalence (source-detector, solar, and depth corrected). 

Blue apatite from Brazil 
(low F 

2
, high rare earths) 

CUnday, Colombia 
(25\ P

2
o5 , 2\ F

2
, 100 ppm rare earths) 

Monterey, california pelletal phosphate 
(25\ P2o

5
, 2-3\ F

2
, rare earths present) 

Tennessee brown phosphate 
(30\+ P

2
o

5
, 3\ Fi, rare earths.unknown) 

Diammonian phosphate-aqueous NH 0 +H PO 
4 4 3 4 

(H(l5\)-P(S3\)-K(O\), ~ F 
. 2 

Cook Hollow, Tennessee 
(reprecipitable phosphate, low rare earths) 

Triple super phosphate ca H P04 X y 

(N(O\)-P(48\)-K(O\) some F2) 

Homeland Mine, Florida 
(35\ P

2
o

5
, 3.5\ F

2
, 20Q-300 ppm rare e~rth) 

Manatee County Florida red phosphate 
(30\ P

2
05, 3\ F2) 

North Carolina TGS 16 heavy fraction 
(30% P

2
o

5
, 3.5\ F2, 209 ppm rare earths) 
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Figure 22. Geologic map of part of the Sespe Creek area (Vedder, Dibblee, 

and Brown, 1973) showing location of a helicOpter traverse 

(solid line east of Chorro Grande Canyon), and helicopter 

hovers (A through D). Numbers along traverse are FLO 

luminescence counts. 
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Excitation spectra of gypsum and phosphate rock and soil samples from 

the Santa Margarita Formation measured on the laboratory fluorescence 

spectrometer show that luminescence at the 486.1 nm Fraunhofer line exceeds 

luminescence measured at 589.0 and 656.3 nm lines. Table 7 shows that the 

luminescence of the phosphate and gypsum samples appear to be within the 

sensitivity limits of the FLO. 

Table 7. Luminescence-of phosphate and gypsum samples, collected from 

the Santa Margarita Formation near Pine Mountain, California, 

and measured with the MPF-3 at 486.1 nm in terms of rhodamine 

WT equivalence (source-detector, solar, and depth corrected). 

Sample 

Phosphate pellets 

Phosphate soil 

Gypsum 

Gypsum soil 

Assorted samples from nonphosphatic rocks 
(Tmv and Ts, fig. 22) 

Luminescence (ppb) 

0.37-1.05 

0.33 

0.65 

0.53 

0.22-.34 

Two experiments were conducted to measure -these materials in the 

field. Through a cooperative arrangement with the Geological Survey's 

Water Resources Remote Sensing group in Prescott, Arizona, the Perkin-

Elmer FLO was flown aboard their UUlB helicopter over the Sespe Creek 

area on November 26, 1974, at a hover altitude of 50 metres. Reflectance 

and luminescence of gypsum, phosphate rock and soil, background soil and 

vegetation along Ch~rro Grande Canyon are shown for the 486.1 nm Fraunhofer 

line in Table B. Although both gypsum and phosphate are luminescent, 

the two are significantly different in reflectance so that it is possible 

to distinguish them. 
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Table 8. Reflectance, FLO counts, and luminescence in terms of rhodamine 

WT equivalency (source-detector, solar, and depth corrected) of 

phosphate, gypsum, and background reference materials. Field 

FLO measurements were performed in November, 1974. 

Sample 

Gypsum 

Phosphate rock and 
soil 

Gray card 

Background soil and 
vegetation 

Average of 10 readings 
from Tmv and Ts 
(figure 22) 

Reflectance 

0.2253 

0.0471 

FID counts Luminescence 

68 + 5 (66 + 2 ) 1.16 

52 + 3 (43 2: 2) 0.95 

0 + 3 (0 2: 1) 0.26 

3 +1 0.30 

16 + 4 .46 

ppb 

Values in parenthesis in Table 8 were obtained by placing samples of the 

phosphate and gypsum under the FLO in a static ground measurement test. 

Agreement between the flight and static techniques is good, with a larger 

standard deviation occurring in the airborne helicopter measurements because 

of the nonhomogeneity of outcrops, soil, and vegetation in the FLO field of 

view. A calibration figure of 1.32 ppb/100 counts (see Section 5) was used 

to convert airborne counts to rhodamine WT equivalence. 

This experiment was repeated May 8, 1975 with a commercial rental 

Bell Jet Ranger helicopter at alitudes of 35 m for hover and 150 rn for 

traverse. FLO counts for a single traverse are shown along the bold north-

south line in figure 22. The counts are substantially higher in the Santa 

Margarita Formation than in the less phosphatic older rocks. In addition, 

luminescence and reflectance of gypsum, phosphate rock, phosphate soil, 

background sandstone, and background grass and soil were determined by 
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hovering over each material along Chorro Grande Canyon (points A, B, C, 

and D, figure 22) and collecting approximately 50 data points for each 

material. Reflectance, FLO counts, and rhodamine WT equivalent lumines­

cence for two hover runs over Chorro Grande Canyon are shown in Table 9. 

Comparison of Tables 8 and 9 show that relative values of reflectance 

and luminescence for gypsum and phosphate correlate well for both dates, 

although the 1975 data are higher; background grass and soil are substan­

tially higher. These increased levels of luminescence could be due, in 

part, to greater insolation in May than in November. The differences could 

also be attributed to the fact that 1974 and 1975 hovers were in the same 

area but over slightly different outcrops. Comparison between values of 

rhodamine WT equivalency calculated from FLD counts (Tables 8 and 9) and 

those values based on measurements with a laboratory fluorescence spec­

trometer (Table 7) shows that higher values were obtained for luminescence 

of phosphate from the spectrometer than with the FLD. This is probably 

caused by phosphate content of the pellet sample measured with the laboratory 

spectrometer being higher than the bulk phosphate rock measured with the 

FLD in· the field. It is not understood why the luminescence level of 

gypsum measured with the FLD exceeds the level measured with the laboratory 

spectrometer by nearly a factor of 2. 

In addition to the measurements noted above, phosphate rock was 

measured with the FLD during a series of airborne experiments in the Lake­

land, Florida area. The materials measured had been mined and are therefore 

not representative of weathered surfaces on natural outcrops as in the 

case of the California phosphate. Luminescence of these materials is 

shown in Table 10. 
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Table 9. Reflectance, FLO counts {mean and standard deviation of the mean), and luminescence 

in terms of rhodamine WT equivalency of phosphate, gypsum and background materials. 

Airborne field FLO measurements were performed May 8, 1975. 

Run 1 Run 2 
Luminescence Luminescence 

Sample Reflectance FLO counts rho. WT ppb Reflectance FLO counts rho. WT pob 

Gypsum (hover A) .1114 97 +5 1.54 .0948 92 +15 1.47 

Phosphate rock and 
soil (hover B) .06 77 +7 1.28 .051 72 +8 1.21 

Phosphate soil 
(hover C) ~ 042 56 +6 1.0 .045 , 64 +8 1.10 

0\ Sandstone 
0\ 

(hover D) .082 41 +4 0.80 .147 50 +11 0.90 

Background grass and 
soil .041 35 +2 0. 72 .052 21 +3 0.52 

Gray card 0 +5 0.26 0 +4 0. 26 . 



Table 10. FLO counts (mean and standard deviation of the mean) and 

luminescence in terms of rhodamine WT equivalency of 

associated phosphate and gypsum materials in the Lakeland, 

Florida area. 

Source 

Gray card 

Phosphate venier in dredged pit 

Phosphate rock pile (Royster 
plant) 

Gypsum pile 

FLO counts 

0+2 (overcast) 

2+3 (clear sky) 

65+12 (overcast) 

116+4 (overcast) 

143+4 (clear sky) 

137+4 (overcast) 

189+15 (clear sky) 

Luminescence 
rho. WT ppb 

0.26 

0.29 

1.12 

1.79 

2.15 

2.04 

2.75 

COmparison of the gray card, phosphate rock pile, and gypsum measurements 

shows that the FLD performs adequately under overcast conditions, although 

rhodamine WT equivalency for these three materials is reduced 10, 17, and 

26 percent, respectively. 

J . 67 



Oil spills and seeps 

In order to quantify the luminescence of selected oils in terms of 

rhodamine WT equivalence, the excitation spectra of 29 crude oils and 20 

refined oils were measured with the laboratory fluorescence spectrometer 

by Watson and others (1974). The integrated excitation intensities, 

corrected for source detector, solar, and depL~ effects for all samples 

of crude and refined oils, are shown in Tables 11 and 12. 

Table 11. Integrated excitation intensity of crude oils at specific 

Fraunhofer wavelengths in terms of equivalency with rhodamine 

WT. Samples are or~ered by decreasing intensity at the 486.1 

nanometer Fraunhofer line and corrected for source-detector, 

solar, and depth effects. 

SAMPLE DESCRIPTION SPECIFIC WAVELENGTH (NANOMETERS) 
NO. NAME GRAVITY 396.8 422.7 486.1 518.4 ~ 656.3 

(ppb) (ppb) (ppb) (ppb) . (ppb) (ppb) 

lC 19327 MICHIGAN .8327 4.88 12.95 34:62 36.3G 20.62 . 5.95 
2C 17394 WYOHit!G ·• 7866 4~ 16 11.51 29.33 30.46 '15. 90 6.26 
3C 31473 .IYOHJNG .8098 4.86 13.64 26.86 26.36 12.44 3.33 
4C 26294 .NIGERIA .8163 6.63 12.33 25.80 22.17 .8.76 3.87 
5C 24563 COLORADO • 0172 3.16 8.84 22.19 22.63 . 11.24 . 4.07 
6C 17636 LOUISIANA .8834 ·5.84 11.12 16.54 14.84 3.40 2.24 
7C 29350-5 DEW-\ARK .7790 1.21 3.45. .14.68 18.16 12.32 5~91 

. 8C 24461 HISSISSIPPI .7932 2.91 6.74 10.93 10.58 5.90 2.36 
9C 31316 CALIFORNIA .8532 5.52 8.98 . 8.49 6.91 2.23 0.58 

lOC . 28212 MISSISSIPPI .8455 1.30 3.28 6.39- 5.93 2.74 1. 90 
llC 31317 CALIFORNIA .8377 0.71 1.84 6.34 7.77 5.65 2.43 
12C 26241 TRIUIDAD .8318 0.76 2.03 6.31 7.22 3.48 1.86 
l3C 3053,-1 .7317 0.93 2.48 6.16 6.89 4.29 . 1.84 
14C 32219 CALIFORNIA .7713 0.87 ·2.59 5.76 6.48 3.47 2.16 
15C 245G9 COLORf\00 .8574 1.18 3. 74: 5.45 10.64 5.19 2.21 
16C 27358 liBYA .8350 . 0.88 2.02 5.41 5.66 3.32 1.44 
17C 1378G MISSISSIPPI .8045 0.66 l. 74 5.07 6.40 6.93 2.22 
18C 27458 CANAD/\ .7735 1.56 2.80 3.01 3.78 1.90 0.87 
19C 31851 B/\HRAIN .8695 0.43 i.l6. 3.27 3.95 3.44 2.02 
20C 30229-1 AlASKA .8654 0.35 0.78 2.50 2.91 2.35 0.59 
21C 13588 WYOHING .9110 1.80 2.42 2.33 2.29 1. 76 1.09 
22C 25968-2 WYOr-tiNG .8430 0.23 0.70 2;10 2.52 1.72 1.27 
23C 25179 IRAN .8854 0.21 0.62 1. 74 1.97 1.64 0.84 
24C 27173 BAHRAIN .8370 0.29 0.59 1. 72 2.25 2.74 1.23 
25C 29619 CALIFORNIA .8639 0.29 0.66 1.63 . 1.90 1.44 0.77 
26C 27360 LIBYA .8481 0.41 0.89 . 1. 45 1.60 1.01 0.26 
27C 14525 VENEZUELA .8752 0.28 0.58 1.43 1.06 0.72 0.30 
28C 17112 CANADA .9G77 0.09 0.19 0.60 0."78 0.88 . 0.47 

· J 29C 17556 LIBYA .9312 0.05 ·o.o9 0.22 0.26 o·.s1 .0.05 
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Table 12. Inteqrated excitation intensity of refined oils at specific 

~raunhofer wavelengths in terms of equivalency with rhodamine 

WT. Samples are ordered in decreasinq intensity at the 486.1 

nanometer Fraunhofer line and corrected for source-detector, 

solar, and depth effects. 

SAMPLE DESCRIPTION WAVELENGH (NANOMETERS) 
422.7 486.1 518.4 589.0 
(ppb) (ppb) (ppb) (ppb) 

lR 
2R 
3R 
4R 
SR 
6R 

.7R 
8R 

"9R 
lOR 
11R 
.12R 
l3R 
14R 
15R 
16R 
17R 
18R 
l9R 
20R 

"Rf'H AVIATI or~ OIL - ioO 
OIE\'ROI~ TURlHNE OIL 24 TEP 
CHE\'ItCm JOUWIAL OIL CO 
CJit:VRON DELO ~\ARJ UE 01 L SAE 40 
CIIEVRO:~ HACIIIUE OIL 19 
CJIEVROfl GEAR 01 L 90 
CHEVRON COHPRt:SSOit 0 t L 
CHEVROU DELO CYLIHOER LUBRICANT' 
CIIEV!tON ~11\RU:E OIL 31 X 
CHEVROU REFI:IGERATION OIL 15 
CIIEVROH OELO CYLINDER OIL 155CX 
CIIEVROa HULTI-Hf\CHINE OIL SAE 40 
CHEVRON VAClllli~ PUHP OIL 
CIIEVROf~ DIESEL FUEL 
RPH J[T ENGINE OIL 1010 
CIIEVROU TELHiOTOR OIL 5 
CtiEVHON CUITHIG OIL 210-TA 
CHEVROr~ WHITE OIL 15 
CJI(VROtl BASE OIL C 
CHEVRON WHITE 0Il .3 NF 

396.8 
(ppb} 

. 41.05 
50.52 
30.70 
42.70 
29.24 
30.93 
41.60 

-22.49 
25.00 
42.96 
29.36 
21.80 
41.90 
29.85 
14.37 
17.53 
3.04 
0.13 

. 0.07 
0.03 

90.59 
70.29 
53.20 
81.13 
59.43 
so. 66· 
77.86 
49.70 
50.90 
98.91 
88.53 
23.11 
50.33 

. 29.51 
. 16.90 
19.32 
5.38 
0.22-
0.05 
0.06 

lt18.09 137.64 '37.42 
112.29 80.69 15.60 
96.19 89.81 . 68.96 
91.58 62.80 10.20 
82.58 . 74.14 26.10 
78.43 83.76 24.17 
68.75 38.27 6.40 
64.97 60.12 15.71 
57.33 80.47 15.66 
43.64 16.02 ·. 1.68 
27.78 26.80 .. . 15.26 
15.80 10.67 2.06 
14.70 6.43 1.49 
10.11 4.75 0.78 
9.95 6.15 1.51 
9.74 7.80 1.52 
6.16 5.18 2.95 
0.15 o·.o2 0 
0.05 0.06 0.16 
0.02 0 0 

Results for the crude oils (Table 11) exhibit a peak rhodamine WT 

equivalency at Fraunhofer wavelengths of 518.4 nm or shorter, with 19 

656.3 
(ppb) 

5.34 
2.50 
9.97 
1.55 
5.26 
5.40 
0.99 
3.02 
3.31 
0.32 

.. 6.26. 
4.16 
4.37 . 
0.27 
1.17 
0.57 
o. 71 

·o 
0.14 
0 

samples (65 percent) having a maximum at 518.4 nm. Luminescence of twenty-

eight of the twenty-nine samples exceeds 0.25 ppb rhodamine WT equivalency 

and appears to be within the sensitivity range of the FLO. Refined oils 

(Table 12) show a greater range in rhodamine WT equivalency than do the 

crude oils. Laboratory values for 17 samples (85 percent) show a peak 

rhodamine WT equivalency at 486.1 nm or shorter, but in this case only 

seven samples (35 percent) have a maximum at 422.7 nm and one sample (6 

percent) has a maximum at 396.8 nm. Seventeen of the twenty samples 

appear to be within the sensitivity range of the FLO. 
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Specific gravity of the 29 crude oils ranges from 0.7317 to 0.9677. 

The dependence of bulk oil luminescence on specific gravity is shown in 

Figure 23. A regressive analysis was performed on the 29 crude oil 

samples to obtain the best least-squares fit to the data points, with 

both the correlation coefficient and the standard error determined :or 

six selected Fraunhofer lines throughout the visible spectrum. Correlation 

coefficients range from .34 at 656.3 nrn to .77 at 396.8 nm and indicate 

that the best correlation between luminescence and specific gravity occurs · 

at 396.8 nm. 

To assess the feasibility of correlating luminescence with oil thickness 

such as a film of oil in a marine spill, measurements were performed with the 

laboratory fluorescence spectrometer and with liquid sample holders into 

which oil films of discrete thickness could be inserted. The sample holders 

consisted of a quartz substrate approximately 2 em in diameter, onto one 

surface of which an aluminum film of either 3 ~ (micrometres) or 10 ~m 

was deposited as a ring. The oil sample was placed in the center of the 

ring the excess thickness removed by positioning a quartz cover plate in 

firm contact with the aluminum film. 

The excitation spectra of six crude oils in 3 ~m and 10 ~ films and 

in bulk thickness were measured at six Fraunhofer wavelengths. Table 13 

summarizes these results, which are expressed in terms of rhodamine WT 

equivalency (corrected for source-detector, solar, and depth effects) and 

listed in order of increasing specific gravity. 
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Figure 23. Statistical plot showing correlation between relative 

luminescence and specific gravity of 29 crude oils at 

the following Fraunhofer lines: A, 396.8nm; B, 422.7 nm; 

C, 486.1 nm; O, 518.4 nm; E, 589.0 nm; F, 656.3 nm. 
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Table 13. Integrated exitation intensity of crude oil~ and oil films at 

. aix Praunhofer wavelengths in terms of rhodamine wr equivalency. 

Samples are corrected for source-detector, solar, and depth 

effects. 

Film WAVELENGTH (NANOMETERS) 
SAMPLE Thickness SP·. GR. 396.8 422.7 486.1 518.4 589.0 656.3 

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

,13C . Bulk . 0.7317 5.52 8.98 8.49 6.91 . 2.23 .sal 
10.0}1 .721 .915 .643 .488 .171 .054 
3.0.. .372 .503 .310 .217 .124 .075 

7C Bulk .7790 5.84 ·11.12 16.54 14.84 3.40 2.24 
10.0}1 2.91 5.38 5.02 3.83 1.19 .28E 
3.0" 1.· ~s 1.95 1.72 1.27 .356 .07E 

lC Bulk .8327. 4.88 12.94 34.62 36.36 20.62 5.95 
10.0" 4.51 10.93 20.53 11.48 3.86 9.76 
3.0p . 1.81 ·4.29 5.17 4.35 1.28 .3H 

27C Bulk .8~2 .279 .5{\l 1.~3 1.06 · .• 07?. • :'\Oi 
lO.Op .224 .~ns .91~ ,91\4 .o~~ • ~11 
3.0p. .217 .488 .930 1.01 .062 • 31 i 

29C Bulk .93.12 . .054 .093. .225. .256 .201 • 14( 
lO.Op .054 .078 .194 .194 . .178 .14: 
3.0p .054 .078 .194 .209 .201 • 14( 

28C Bulk 9~77 .093 • lBG .605 .775 .884 • 47: lO.Op .OBS .171 .666 .837 .814 .52: 
3.0.. .078 .163 .620 .798 .760 • 5()( 

Table 13 suggests the following: 

1. The luminescence of the 3 ~m and 10 ~m · films of the lower specific 

gravity oils (0.7317) to 0.8327) is significantly less than that of the bulk 

oil. 

2. At specific gravities of 0.8752 or greater, luminescence of the· filD 
, 

approaches that of the bulk oil. 
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3. The peak luminescence of the 3 ~m and 10 ~m films shows a spectral 

shift toward the blue end of the wavelength spectrum for the low specific 

gravity oils and toward the red end of the spectrum for the higher specific 

gravity oils. 

4. Comparison of luminescence of the 3 ~rn and 10 ~ films at the six 

Fraunhofer wavelengths suggest that the thickness of an oil film can be 

determined for specific gravities of 0.8327 and lower. 

5. For oils of specific gravity of 0.8752 and heavier, the difference 

in luminescence between the film and bulk oil is negligible. 

Natural fractures in the ocean floor of the Santa Barbara Channel, 

california permit oil of varying densities to seep to the surface. Throughout 

the Channel, patches of oil films at various times can be seen with the 

naked eye. At times heavy crude seeps form narrow filaments near Coal 

Oil Point that extend for several miles parallel to the shore line. 

To measure the luminescence of crude oil with the prototype FLD, --a 

sample of oil from the Santa Barbara Channel was poured into a tank of water; 

l~nescence of the resulting film was not detected (Hemphill and others, 

1969); because 1) the emission peak of the Santa Barbara oil is at a shorter 

wavelength than 589.0 nm where the prototype FLO operated and 2) sensitivity 

of the prototype FLO was inadequate. 

Luminescence of oil seeps off Coal Oil Point were measured during the 

week of November 24, 1974 with the redesigned FLO operating from a helicopter 

at the 486.1 nm Fraunhofer wavelength. Use of optical gain techniques 

described in sections 4 and 8 was necessary to offset the dynamic range problem 

encountered when measuring material of very low reflectance. Mean and 

standard deviations in luminescence for the November measurements are 

shown in figure 24. 
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· Piqure 24. Map showing 1) dispersal of oil from natural seep off Coal 

Oil Point, Santa Barbara Chaimel, and 2) FLO luminescence 

responses from clear water, thin oil film, and heavy crude 

filament. 

·. 
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The relatively large standard deviations encountered for both clear 

water and thin oil layers are believed to be due to alternating small areas 

of thin oil and clear water throughout the Channel that are included in 

both measurements. This problem of alternating target intensities was not 

encountered in the measurements on the denser and thicker crude oil layers. 

Luminescence intensities of small lakes several miles inland from the coast 

average 20-40 counts less· than the counts of so-called "clear" Santa Barbara 

Channel water, suggesting that small amounts of oil or other luminescing 

material is present in the Channel. 
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Lignin sulfonate 

Spent sulfite liquor is produced as a waste material in the process 

of making paper from wood pulp. Disposal of the material into rivers and 

estuaries constitutes a severe water pollution problem in areas where 

numerous paper mills are located. The spent sulfite liquors are injurious 

to fish due to the high oxygen demand of the liquors (T. Almgren and B. 

Josefsson, 1973). 

Lignin sulfonate is a constituent of the liquor that exhibits inherent 

luminescence. Christman and Minear (1967) observed that both pure lignin 

sulfonate and whole spent sulfi~e liquor, collected from three localities, 

exhibited identical excitation and .emission peaks at 340 nm and 400 nrn, 

respectively. The relation between luminescence intensity and concentration 

of the whole waste liquor was linear for the samples studied. H. F. Smith 

and P. S. Flandreau (Perkin-Elmer Corporation, written commun., 1969) observed 

a slight shift of the emission peak of sulfite liquor towards shorter wave­

lengths as the concentration of the liquor in the water was reduced. They 

also nOted that changing the pH of the solution from acidic to basic was 

accompanied by both a reduction in emission intensity and a 20 nm to 40 nm 

shift in the ·emission peak toward longer wavelength. Kullbom, Smith, and 

Flandreau (1970) measured the luminescence of lignins in whole spent liquors 

from both the "sulfite process" and the "Kraft process." They show that 

Kraft liquor exhibits a higher luminescence than sulfite liquor but at a 

shorter peak emission wavelength. Kraft liquor has a peak emission of 

340 nrn compared to 380 nrn for sulfite liquor. 

In order to predict the luminescence of sulfurized liquor that could be 

measured with the FLD, excitation spectra of samples of spent liquor were 
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collected at the Buckeye Cellulose plant, Foley, Florida!/. The plant, 

which is located on the Fenholloway River, has a series of oxidizing lagoons 

and a final stage waste treatment, the residue from which is dumped into 

the river. Samples are collected as shewn in figure 25 on the river at 

the upstream side of the plant, at the clarifier pond, at the outlet ~f the 

west oxidation lagoon, and on the river at the downstream side of the plant . 

.I 

I 
I 

I 
I •••••• 

A 

-

. , 
I 
i 
! 

Pigure 25. Map showing Buckeye Cellulose plant, and locations A through 

p where FLD measurements were made. Results are shown in 

I 

Table 14. 

Excitation spectra of sulfurized liquor were measured with the MPF-3 

excitation monochromator operating in the scanning mode and the emission 

monochromator centered at the 486.1 and 589.0 nm Fraunhofer lines. These 

spectra clearly show a greater response at 486.1 nm than at 589.0 nm (fig. 26) 

!I The help of the Buckeye Cellulose Corporation is gratefully acknowledged. 
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48 6.1 n 

500 

(NANOMETERS) 

WT 
58 9.0 nm 

Spectra of ulfurized liquor and rhodamine WI' dye measured on 
I • 

uorescence spectrometer. Sample was collected 

from the rifier pond at the Buckeye Cellulose plant, Foley, 

Florida. 

in the laboratory (see section 3). Table 14 shows luminescence of the 

sulfurized liquor measured with the MPF-3 in terms of rhodamine WT 

equivalency. The sulfuriz d liquor was predicted to be within the sensitivity 

limit of the FLO operating at 486.1 nm. 

78 



Table 14. Luminesc nee at 486.1 nm of sulfurized liquor and background 

material in the vicinity of the Buckeye Cellulose plant, 

Foley, F orida in terms of MPF-3 rhodamine WT equivalency, 

FLO coun s, and FLO rhodamine WT equivalency. Location of 

measurem nts A through F are shown in figure 25. 

Source 

Gray card 

Non-luminescent st dard 

MPF-3 rho. 
·equiv. {ppb) 

River (upstream) (A .26 

Clarifier pond (B) .88 

River (downstream o 
plant outlet) (E) .33 

River (downstream s 
hundred metres) (F 

FLO counts 

0+3 

0+3 

0+3 

0+2 

54+4 

145+7 

129+7 

7+1 

5+3 

FLD rho. 
equi v. (ppb) 

.25 

.26 

.26 

.97 

2.17 

1.96 

.35 

.33 

In January 197 , the waste liquor effluent from the Buckeye Cellulose 

plant, Foley, Flori a, was measured with the FLD operating at 486.1 nm, 

and the helicopter overing 30 metres over s·ampling points shown in figure 

11: A) the Fenholl River at the upstream side of the plant, B) clarifier 

pond (lift) station, C) east oxidizing lagoon, D) west oxidizing lagoon, 

E) the river at the west lagoon outlet, and F) the river several hundred 

yards downstream fr m the plant. Results are summarized in Table 14, both in 

terms of luminescen e counts and equivalent ppb rhodamine WT dye. Measure-

ments were made und r overcast sky conditions. Although a slight increase 
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in luminescence was detected downstream from the plant relative to the 

oxidizing lagoons, the river showed little luminescence; this suggests 

that treatment facilities ar effective. A comparison between predicted 

and measured luminescence in icates that the technique of predicting 

luminescence detectivity with the FLO from laboratory measurements is 

reliable. 

Determination of the 

the areas measured with the 

Kraft waste liquor. Lignin 

of lignin degradation products in 

is complicated by the chemistry of the 

oducts are a class of chemical compounds 

optically similar to One calibration technique used by the 

Environmental Protection Agen and by industry is to optically compare 

the waste liquor to tannic and combine them into a category called 

"equivalent tannic acid." photometric absorption of a sample of waste 

liquor is compared with standards of tannic acid and the equivalent 

concentration of tannic etermined. This procedure was followed in 

determining the equivalent t nic acid concentration for samples at Foley, 

Florida.~ In addition, kno concentrations of samples of waste liquors 

(with tannic acid determined) were measured on the MPF-3 and the relation 

of equivalent tannic acid con to rhodamine WT concentration 

(ppb) determined (fig. 27). om this curve, the "equivalent tannic acid 

concentration" for each FLO surement was calculated (Table 15). 

It appears from these res lts that the Fenholloway River has a high 

background equivalent tannic a id concentration upstream of the plant and 

that the plant is adding imately 20% to the total concentration of 

the river. 

~Determined by EPA National ieid Investigations Laboratory, Denver, Colorado. 
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Figure 27. Tannic acid concentration (ppm) plotted as function of 

rhodamine WT equivalency (ppb). 

Table 15. Equivalent tannic acid in parts per million for waters in 

the vicinity of the Buckeye Cellulose plant, Foley, Florida. 

' Measurement locations are shown in figure 25. 

Source 

River (upstream) 

Clarifier pond 

West oxidizi.ng 

East oxidizing 

(A) 

(B) 

lagoon 

l~goon 

(C) 

(D) 

Rhodamine WT · 
equivalency 

0.26 

0.97 

2.17 

1.96 

River (downstream of plant outlet) {E) 0.35 

River (downstream several hundred 
metres (F) 0.33 
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Tannic acid 
concentration 

3.2 ppm 

7.2 

10.5 

9.8 

3.9 

3.6 



Phosphate procesainq plant effluents 

The occurrence of radioactive materials in mined phosphate rock can 

contribute to severe environmental problems. Uranium concentration varies 

directly with phosphate concentration)and through radioactive -decay radium 

is produced. Maximum permissable concentration of radium 226 is an order 
' 

of magnitude_less than other .decay isotopes because it is the most hazardous 

water pollutant (Environmental Protection Agency, 1973). Radium 226 decays 

lDto radon 222 which in turn decays into products that have been implicated 

in an increased incidence of lung cancer in workers exposed to high levels. 

All of these materials are re~eased during the processing of phosphate rock. 

Comprehensive information on the milling of phosphate rock and pro-
, 

duction of phosphoric acid and fertilizers are found in a number of articles 

(Waggaman, 1952; Ruhlman, 1958; Waggaman and Ruhlman, 1960; Environmental 

Protection Agency, 1973). Mining techniques vary depending upon geological 

and hydrological conditions of the locality. In Florida, land pebble 

phosphate deposits are mined by large electr~c draqlines. The overburden 

is removed and the ore slurried and pumped to washing plants. Particles 

less than 200-mesh are discharged from the washing plant to a slime pond. 

Slime slurry i~ extremely difficult to treat or dewater, and breaks in 

slime pond dikes constitute a potential source of ground water pollution. 

Material larger than 200-mesh is treated in an amine flotation circuit. 

Silica sand is separated and either slurried to sand piles or placed in 

mined-out areas. The spent amine flotation water is discharged to mined-

out areas and recyc_led . Following mining and amine flotation, the phosphate 

rock is either acid treated or thermally reduced. A by-product of this 

acid treatment is gypsum, which contains radium waste (Environmental 

Protection Agency, 1973, p. 10). This material is slurried and discharged to 
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a gypsum pile, where the clarified water is decanted and recirculated to 

clurry directly into surrounding rivers (Environmental Protection Agency, 

1973, p. 11). The gypsum piles are surrounded by a drainage ditch which 

can overflow or break during heavy periods of rainfall and become a source 

of water pollution (Environmental Protection Agency, 1973, p. 23). In 

addition, the bottoms of recycling ponds in Florida consist of an artesian 

limestone aquifer which, in turn, overlies the Floridian aquifer. Reaction 

between the acidic gypsum transport water and the limestone aquifer, 

together with solution cavities in the aquifer, has resulted in the move-

ment of highly radioactive water into the shallow ground water and con-

stitutes a serious source of pollution (Environmental Protection Agency, 

1973, p. 25). 

To determine the feasibility of detecting phosphate processing effluent 

with the FLO, samples were collected from surface drainage adjacent to 

settling pond dikes of processing plants near Mulberry in central Florida 

(figure 28). Reference samples from outside the phosphate area were also 

collected from the Alafia, Little Manatee, and Manatee Rivers, 37, 46, and 

58 km respectively from the plant area. Table 16 shows luminescence intensii 

of the samples at six Fraunhofer wavelengths. Values have been depth 

I 
corrected to 4 em, an expected depth in at least some surface pools of 

effluent which has leaked from adjacent settling pond dikes. 

In cooperation with the Environmental Protection Agency, luminescence 

of phosphate processing wastes were measured with the FLO in the Lakeland, 

Florida area during January 1975. Effluents from several major phosphate 

processing plants we+e measured at the 486.1 nrn Fraunhofer line on both 

clear and overcast days. Measurement layout for one of the phosphate plants 

is shown in figure 29. Table 17 shows luminescence counts (mean and 

standard deviation) and equivalent rhodamine WT concentration (ppb) as 
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Table 16. Luminescence of samples of phosphate processing effluent at 

Jix Fraunhofer lines in terms of rhodamine WT equivalency 

(source-detector and solar correctedJ depth corrected to 4 em). 

Effluent samples were collected from processing plants west 

of ~ulberry, Florida. Reference samples were collected from 

rivers several tens of kilometres outside the phosphate area. 

FRAUNHOFER l'lA VELENGTH (NANOMETERS) . 

Sample 396.8 422.7 386.1 518.4 589.0 656.3 
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

Effluent 1 .35 .77 1.81 1.87 .67 .15 
Effluent 2 .30 .74 1.23 1.12 .41 .09 
Effluent 3 .30 .. 60 .91 1.00 .25 .OS 
Effluent 4 .so .88 1.18 1.17 .25 .02 
Effluent 5 .41 .77 1.10 1.09 .33 .12 
Effluent 6 .37 .81 .98 1.00 .28 .09 
Reference 17 .08 .12 .15 .15 .07 .04 
Reference 18 .09 .14 .17 .23 .10 .02 
Reference 19 .06 .11 .16 .16 .08 .03 
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