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THERMAL ANOMALIES AND GEOLOGIC FEATURES OF THE
MONO LAKE AREA, CALIFORNIA, AS REVEALED BY
INFRARED IMAGERY

by
Jules D. Friedman
ABSTRACT

The Mono Lake area, California, was selected for airborne infrared
scanning radiometer experiments because of the exposure in this area of a
variety of lithologies having different physical and thermal properties as
well as a diversity of textural and morphologic features. Infrared surveys
were undertaken in 1965 and 1966 to measure variations in infrared emission
from the surface in the 4.5 - 5,55 and 8-1Y4; bands. Areal variations in
emission from the surface were registered on film as differences in image
tonal density. In addition, variations of surface radiant temperature
with time during the diurnal cycle were recorded at several selected
localities. The contrasting thermal patterns observed can be grouped as
follows:

1) Thermal anomalies due to convective heat loss detected when
the temperature difference between the heat source and sur-
rounding terrain was maximal, e.g., hot springs and a warm
effluent at Black Point.

2) Daytime radiant-temperature differences resulting from
variations in the incident radiant solar flux as a
function of microrelief and morphology of the surface.

3) Nighttime radiant-temperature differences resulting from
contrasts in physical and thermal properties of various
lithologic units and water expressed as different rates
of change in emission, e.g., between olivine basalt
lapilli-ash beach deposits, lacustrine carbonate deposits
and water along the north shore of Mono Lake at Black Point.

The detectability of the third group of thermal patterns in the Mono
Lake area is of the greatest experimental interest. Nighttime radiative
heat loss is dependent upon the (l-nﬁ) ratio as a property of materials,
A

the total radiant energy incident on the surface during daytime (J0 as

a function of topography) and integrated emissivity (€ ) as a function
of surface roughness and blackbody cone effects, and to a lesser extent,
of composition.



INTRODUCTION

Infrared airborne surveys of the Mono area were undertaken in 1965 and
1966 utilizing a NASA Convair 240 and USGS twin-engine Beechcraft to study
natural thermal anomalies relasted to structure and to analyze emittance
charscteristics of several lithologies as represented on infrared imagery.
Imagery taken in 1965 using a detector sensitive to radiation in the 4.5 -
5.5u wavelength band is not analyzed in detail in the present report, but
was used to plan the 1966 surveys. Varistions in radiant emission from the
earth's surface in the 8-1l4, wavelength interval were registered during a
diurnal cycle as image tonal density differences on conventional photographic
film by an airbrone scanning radiometer on July 27-28, 1966. In addition
to earlier overflights and several test runs, three N-S flightlines (Figure 1)
with a total flight length of 54 miles were flown during a sequence of six
surveys (Table 1) during a 24-hour period in the Mono area, July 26-28,
1966. Ground monitoring stations at Black Point, South Beach, Mono Lake
and Aeolian Buttes, utilizing automatic recording, variable-sequencer
thermistor and infrared radiometer systems, recorded ground surface temper-
atures in a variety of materials simultaneously with overflights. This
report is primarily a summary of the data obtained from the July 27-28, 1966,
experiment. At an earlier stage in the project, a geologic map (Plate 1),
was compiled at a scale of 1:31,680 on a rectified orthophotomosaic base
to provide geologic control for location of grouﬁd monitoring stations,

sample collection and interpretation of the infrared imagery acquired.



The unusual variety of lithologic, volcanic and tectonic features
of Mono Basin, the locus of the most intense and complex volcanism of the
Owens Valley region, influenced selection of this area for the infrared
survey experiment. Lithologies surveyed include late Pleistocene olivine
basalt pyroclastics of the sublacustrine Black Point volcano, recent
andesite-basalfébolcanics and carapace of lacustrine deposits of Negit and
Paoha Island, the largeiy recent rhyolite-obsidian complex of brecciated
youthful tholoids, coulees and block craters; as well as rhyolitic tephra
rings, ramparts and basin-floor layers of the main crater complex south of

the lake, and the older Pleistocene Bishop tuff of Aeolian Buttes.

Previous Investigations

The Mono Lake - Mono Craters area has been studied extensively during
the past eighty years with attention focused primarily on the geology of
the Lake Basin and the volcanic rhyolite-obsidian complex. For a list of
selected reports on the geology of the area through 1965, see Friedman,
1966, Geologic Map of the Mono Craters Area, California, U. S. Geol. Survey
Technical Letter NASA-12, The geologic map compilation prepared for
Technical Letter NASA-12 (reproduced in this report on Plate 1) sums up
much of the literature for the specific area of infrared radiometry surveys
reported in this Technical Letter. The most recently published geological

map of a large part of the area is Kistler, 1966, Geological Map of the

Mono Craters Quadrangle, Mono and Toulumne Counties, California, U. S.

Geol. Survey Geological Quadrangle Map GQ-L462.



Previous studies of the Mono aresa carried out by the Infrared

Laboratory, U.S. Geological Survey, include Daniels, 1966, Infrared Spectral

Emittance of Rocks from the Pisgah Crater and Mono Craters Areas, California,

U.S. Geol. Survey Technical Letter NASA-13, in which the spectral emittance
in the 8-1hy wavelength band, of selected rock types from the Mono area is
reported. Daniels concluded that the emittance spectra of acidic igneous
rocks of the area are very similar, are recognizasble in spite of their
rough and weathered surfaces but differ from the spectra of basaltic rocks
fram ﬁhe aam:-ea,.é2
Objectives

The purpose of the Mono area infrared imagery experiment reported here
is to determine the degree to which it is possible to distinguish lithologic
and other natural materials of different thermal properties or different
emissivity (€ ) by means of infrared emission variations resulting from
varying rates of cooling or warming at sunset and dawn and registered by
tonal density differences on photographic film by an airborne scanning
radiometer that senses radiation in the 8-1l4; wavelength band from the
terrestrial surface. |

Procedures

Three north-south flightlines (Figure 1) were used to control the
infrared surveys made with a Reconofax IV scanner mounted in the Geological
Survey's twin-engine Beechcraft on July 27-28, 1966. Rotating high-intensity
beacons marked the flightlines during night surveys. Several ground
instrument monitoring stations were set up along or close to the flight-
lines at geologic contacts between selected lithologic map units: See

Teble 1. The ground stations were designed to obtain observations on
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diurnal temperature variations of selected natural lithologic surfaces.
Two types of instrument systems were operated simultaneously with survey
overflights: Barnes IT-3 and IT-2 fixed-field radiometers recording
continuously on an Esterline-Angus strip-chart recorder and Sprinkle
variable-sequencer thermistor-probe systems also recording on Esterline-
Angus recorders. Other equipment included automatic recording tempscribe
thermographs and a recording Epply pyrheliometer to determine variations
in the incident radiant flux at the terrestrial surface, ? recording
thermographs for determining ambient temperature variations and a velometer
for near-surface wind variations. Diurnal surface-temperature curves were
established from these ground measurements.

Infrared survey overflights were made at 4-hour intervals during a
24-hour cycle. Selected frames of infrared imagery obtained by this method
were scanned in the laboratory at magnifications of five and ten times by
a double-beam recording isodensitomer to obtain color printouts of film
emulsion density increments -~ roughly equivalent to form-line isoradiance
maps with a variable contour interval. Density profiles were also obtained.
A comparison between image tonal density differences ‘and diurnal surface-
temperature curves for various materials established from ground observations
(Figures 14-18) was the next step. Thermal properties and infrared integrated
bandpass emissivity determinations on rocks of the Mono area were compiled

to aid in construction of theoretical diurnal surface-temperature curves

/3 The major part of the incident radiant solar flux is recorded by the
Epply pyrheliometer. The transmission capability of the glass bulb is
above 50 percent for wavelengths from 305 to 4.4y and is above 90 percent

for wavelengths between 360R and 2460



using equations for a physical model. The theoretical warming and cooling
curves obtained were compared with those obtained by ground observation

to estimate the degree to which surface temperature variations and infrared
emission variations are influenced by differences in the thermal inertia
(R) of natural materials. Finally, anomalous thermal patterns recorded
on the infrared imagery, but not attributable to insolation variations,
thermal-parameter, or emissivity differences of materials, were inter-
preted geologically.

Accuracy of Surface Temperature Measurements

At Ground Monitoring Stations

Barnes IT-3 Infrared Thermometer (Fixed-Field Radiometer). Integrates
temperatures over the entire area subtended by its optical
system. Absolute accuracy attainable within l;2oC for a
target of unity emissivity. Average emissivity of surfaces
studied is 0.9+. Additional error of 4.100 inherent in
Esterline-Angus recording system.

Sprinkle Variable Sequencer Multiprobe Thermistor System. Error less
than 1°C, but subject to additional error of < 1°C inherent
in Esterline-Angus recording system.

Tempscribe Recording Thermograph. Calibration error of less than lOC,

but additional error introduced in positioning needle arm.
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SYMBOLS AND ABBREVIATIONS
Thermal diffusivity in cm? sec-l.
Automatic gain control setting of scanning radiometer.

Thermal inertia, i.e., measure of the rate of heat
transfer at the interface be?ween two dissimilar

nmedia in cal cm.-2 OC-l sec=-
Specific heat in cal gm °-T.

The amount of energy radiated in all directions from

one cm? blackbody surface at temperature T per second
and per unit wavelength interval.

Integrated emissivity; in this report the ratio IN/IBB
determined in the laboratory for a flat surface
for the 8-14, wavelength interval.

Apparent emissivity dependent upon cavity shape.
Spectral emissivity.

Net radiant solar flux, measured as the diurnal maximum
incident radiant flux (J ) minus the reflected radiant
flux (R,).

Net radiant solar flux - thermal inertia ratio that
controls the initial temperature rise of a point on
the terrestrial surface; approximstely proportional
to the maximum-minimum amplitude of a dlurnal surface
temperature curve,

Film emulsion density as measured by double-beam
recording isodensitometer.

Increment in film density; in a specific frame of
infrared imagery a function of infrared emission from
the terrestrial surface.

Intensity of radiation emitted .by one cm? of a natural
surface within a specific wavelength range, per second,
at blackbody-equivalent temperature T.
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Radiation emitted by one ecm of a natural surface
within a specific wavelength range, per second, at
temperature T.

Incident radiant flux at the terrestrial surface.

Thermal conductivity in cal cmpl sec-l oC-l.

Quartz monzonite of Cretaceous age of Aeolian Buttes.
See Plate 1, Geologic Map of Mono Craters Area,
California.

Wavelength; measured in microns (p) in the infrared
region of the electromagnetic spectrum.

In Equations (4) and (5), latitude.

Micron; one millionth of a meter.
=2 -1

Radiance in watts em sber .

The angular velocity of the earth, 7.27 x 1Ol5 radians
1
sec-",

Quaternary geologic map units representing distinctive
lithologies; subscripts indicate specific map units -

see Explanation accompanying Plate 1, Geologic Map of

the Mono Craters Area, California.

In this report, bulk density in gm cm °.

Total reflectivity of a surface for the incident
radiation Jg; r_ = Ry; (l-ro) = ratio of total

i, R
absorptivity to thermel inertia of a specific material;
characteristic of specific lithologies.
Reflected radiant solar flux.
Solar declination.

Temperature in degrees Centigréde or Kelvin.

Mean daily surface temperature of a specific point
on the terrestrial surface.

Surface temperature of a specific point on the terrestrial

surface at a given instant in time.



t = Time in Equation (4) measured from local noon.
V/H = Ratio of velocity of survey aircraft to altitude;

if aircraft velocity and film transport are im-
properly synchronized V/H settings of scanning

radiometer may cause geometric distortion of infrared
imagery.

Geology of Mono Lake and Craters Area

The volcanotectonic depression containing Mono Lake has been the locus
of the greatest concentration of volcanic activity in the upper Owens Vali
since the mid-Pliocene. The oldest manifestations of volcanism in the ares
are the Tertiary volcanic rocks of the Bodie area north of Mono Lake.
Rhyolitic ignimbrite of the Bishop tuff of Pleistocene age is exposed in
the Aeolian Buttes area several miles south of the lake. The volcano-
tectonic basin has undergone continued subsidence throughout Quaternary
time. Tt is bounded by near-vertical faults on the basis of recent
geophysical studies (Pakiser and others, 1960, 1964) and probably contain
about 300 cubic miles of Cenozoic sediments and volcanics to a depth of
approximately 18,000 feet. Mono Lake itself presently occupies the lowest
part of the basin. The surface of the remainder of thé basin is underlain
by lacustrine deposits covered in part by ashfall tephra deposits. Studies
of the lake bottom topography (Scholl and others, 1965) indicate that its
eastern half is a smooth plain, but the western half has two deep basins
with irregular topography attributed to faulting, volcanism, glaciation
and submarine slumping. Paocha and Negit Islands in the lake are of volcanic

origin and represent some of the most recent volcanic activity in the area.
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A gravity low with a Bouguer gravity value of about = 260 mgals is centered
on Pacha Island. (Pakiser and others, 1960). Slump features in Recent
mar]l deposits exposed on Paoha Island may be the surface expression of
sublacustrine uplift or volcanism. East of Negit Island is an archipelago of
eight small islands composed of lacustrine sediments; some of these islands
are diked and silled with andesitic lava (Scholl and others, 1966). Black
Point, on the northwest shore of the lake, is an accumulation of almost
flatlying tephra resulting from a sublacustrine pyroclastic eruption
(Christensen and Gilbert, 1964) during the high-stand of Mono Lake
(= Tioga time?).

The Mono Crater rhyolite obsidian and pumice complex south of the
lake extends southward in a broad arc, convex to the east. The Inyo Craters
continue this volcanic lineament farther south. The main complex of the
Mono Craters represents considerably more than 50 volcanic events, perhaps
separated by only short intervals of time. Recent potassium-argon age
determinations by Dalrymple (1967) suggest ages of 5,000-6,000 B.P. for
much of the complex. The lack of lakeshore features on most landforms of
the main complex also indicate a post-Tioga age for this multiple volcanic
event, A possible exception is an older andesite crater remnant near the
northwestern end of the chain which may have a wavecut bench on its
western face. The pattern of evolution of individual volcanos within
the complex is recognizable. Pyroclastic éruptions of rhyolitic pumice
from a central crater formed tephra rings, ramparts and cones, in most
cases followed by emergence of tholiods or endogenous domes as, for example,
at North (Panum) Crater where the tephra ring is still intactzy'Elsewhere,
as at North and South Coulees, the viscous rhyolgte-obsidian flows over-
ran the tephra rim obliterating most of the initial-stage tephra features.

In the northernmost rhyolite-obsidian coulee and possibly elsewhere, a



viscous second-stage tholoid emerged and expanded as a flow above the lower
stage flow. Partially emergent tholoids, blowout craters and rhyolite-
block pyroclastic craters are also identifiable. At a late volcanic stage,
very recent pyroclastic eruptions covered much of the volcanic complex

and surrounding lacustrine plain with ashfall tephra.

Lunar Analogues

Features of the area which might be regarded as analogous to certain
features of the lunar surface include the subcircular volcanotectonic
depression of Mono basin itself, small blowout craters throughout the
area, circular tephra rims, and pumice plains of ashfall tephra. No

proved examples of impact features are present.

GEOLOGIC FACTORS AFFECTING INFRARED IMAGE TONAL DENSITY
Radiative heat transfer

To analyze the geologic factors affecting image tonal density for
the Mono area (Plates 2-6 and Figures 2-13) on July 27-28, 1966, we note
that image tonal density obtained in the 8-14u wavelength region is
related to electromagnetic emission from the terrestrial surface in such
a way that image tonal density as measured by a recording isodensitometer
is a nonlinear function of blackbody-equivalent temperature of the surface
(Figures 19-20; Table 2) as modified by instrumental and photographic
processing factors.

Infrared image tonal density, thus, is largely controlled by those
factors affecting its surface temperature. Stated theoretically, (IN) is

the intensity of radiation emitted by one cm? of a natural surface within a
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specific wavelength range, per second,at temperature T. The following
discussion demonstrates the role of emissivity ( €) of the natural surface

in affecting IN.

Radiation emitted in all directions by a blackbody within the wave- '~

length interval A - A , on the basis of Planck's law is given by
1 2

2

: A
= B 1
L f (A, T) dA (1)
Al
where B( A , T ) is the amount of energy radiated from one cm? of

a '"black" surface at temperature T per second and per unit wavelength

interval.

Radiance, N, from a natural surface is modified by the spectral

emissivity, € (A), according to:

AL A.L
IN-= f N (A, T) daa =f €(A) B (A, T)da (2)
A A
If € (A) is known in the wavelength interval N\, to A, Iy

may be calculated from Equation (2). Alternatively, I and I
>N BB

may be measured directly in the laboratory. Their relationship

is then given in terms of the integrated bandpass emissivity, € , as:

Ai
IBB = cxf B(l, T) dA (3)

=
i
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or the relationship between spectral emissivity FA (emittance in
Daniels, 1966) in the 8-1llp wavelength region and integrated bandpass

emissivity € may be as stated as

lty/.g

¢ - L “‘I,«WUMB”'T)“
mf B (A T)dA

The ratio IN or E ; integrated bandpass emissivity, for the 8-1hpu

TgB

wavelength region, has been determined in the laboratory for representa-
tive lithologies of the Mono area by Daniels (Table 3) using a Kern-
Buettner-type emissivity box and Barnes IT-3 infrared thermometer. The
results are reported in average digital values for the entire 8-1hy band.
Spectral emissivity (emittance), €A, for the 8-14y band was determined
in the laboratory by Daniels (1966) by comparison of continuous analog
traces of the sample surface in contrast to a laboratory black body re-
ference by means of a Black model I-U4T Spectrometer (interferometer type).
Results are reported in continuous analog curves giving emissivity
variations over narrower spectral bands within the 8-lﬁp wavelength region
than is possible with the Kern-Buettner emissivity box method of determine
ing & .

Certain generalizations can be made from the results of these labora-
tory emissivity studies.

The emittance spectra of acidic igneous rocks of the Mono area
(rhyolite obsidian and pumice, rhyolitic ignimbrite of the Bishop tuff and
quartz monzonite) are very similar and are spectrometrically difficult to

1
distinguish from one another.” Their spectra, however, do differ from the
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spectra of basalt. The spectra of weathered surfaces in general are still
recognizable as the spectra of the underlying rock. The integrated
emissivity (€ ) determinations lead to a similar conclusion, that the
averaged emissivity over the 8-14u wavelength region is between 0.868 and
0.969 for these same rock types (Table 3). The effect of topographic
irregularities in enhancing the apparent emissivity beyond even these
values and in causing aﬁparent emissivity differences greater than 0.1
(Figure 26) is discussed in a later paragraph of this report.

Wide differences in infrared emission from different materials were,
however, recorded by the Reconofax IV scanner, suggesting that differences
in surface temperature (Figures 19 and 20) are of considerable importance
in affecting total emission and consequently image tonal density (Table 2).

The following discussion demonstrates the significance of thermal
properties () of rock and soil materials, total reflectivity of the
surface (ro) and the diurnal maximum radiant flux, JO, in controlling
temperature of the earth's surface.

The temperature of a specific point on the terrestrial surface varies
in a periodic way with the diurnal cycle. The dependence of the diurnal
variation upon properties of the terrestrial surface has been calculated
by Jaeger and Johnson (1953) using a simplified model for the thermal flux

across the surface. The result is given by:

w2 1 A r n¥2 (n2-1)

:gc f (L6 w, t)

- )
8y = f%_ [}osx cosé z 2(sin nh cosh - ncos nh sin h) cos (nut - %)J (%J




Where Ts

Fo

cos h

15

Surface temperature

The net radiant solar flux across the solid terrestrial
surface, i.e., the diurnal maximum radiant flux, Jo’
incident upon the surface minus the reflected radiant
flux, R,.

Thermal inertia.

- tan A tan §

Angular velocity of the earth, 7.27 x lO—5 radians sec-l.

Solar declination

19.3° for July 27-28, 1966.
o

23.2 for summer solstice.

0.0 for autumnal equinox.

L = Latitude (38°W).

The function f (L, §, w, t) is graphed for the summer solstice,

the autumnal equinox and for July 27-28, 1966, for the latitude (38°N)

of Pacha Island (Figure 21).

In order to compare these theoretical warming and cooling curves

with surface temperature records, a mean daily surface temperature for a

given point must be introduced into the theoretical curves such that:

Ts=f[‘md+%>_)(“” 5w, €) (5)

where Tmd = mean daily surface temperature at a specific point. For the

purpose of experimental comparison of theoretical diurnal temperature

curves with recorded curves, the mean daily surface temperatures for two

lithologies, lacustrine marl (Qm) and basalt lapilli-ash beach deposits
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(Qvb) at Black Point, have been assumed to be equal. A similar assumption
has been made for two lithologies at Aeolian Buttes, Bishop Tuff (Qbt) and
quartz monzonite (Ka).

Fo in Equation (4) is a measure of the peak thermal flux into the
solid terrestrial surface. In terms of the peak radiant flux incident upon
the surface, JS’ and the amount of this which is reflected, ro, we have:

Fo = J (l-ro) (6)

s is given for the south beach of Mono Lake for July 27-28, (upper
curve, Epply pyrhelicmeter records, Figure 14). Total reflectivity, o
is dependent upon lithology and other factors and has been estimated from
published absorption coefficients of solar radiation of various terrestrial
materials and from recorded surface temperature curves (Table 4). In terms
of J, and the estimated reflectivity, T the theoretical expression (U4)
for the diurnal temperature variations becomes:

To = J_ (1-r,) (6p)

2T L5 we)
R
In actuality, the recorded temperature curves for .two lithologies at
Black Point and two lithologies at Aeolian Buttes resemble the theoretical
curves and have the expected differences in amplitude (Figures 22-25). The
theoretical curves were constructed using the best estimates and determinations
13

for Jo, T (hence Fo) and 5 .

The recorded diurnal curves thus reasonably‘confirm that the Fo/B

ratio does indeed control amplitude (Table 4) of the Black Point and Aeolian
Buttes surface-temperature curves. Comparison of the Black Point and Aeolian

Buttes theoretical curves with recorded temperature curves also significantly
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confirms the role of Ty in estimating Fo and JO.

The mean daily surface temperatures, Tmd, in Equation (5) have been
assumed the same for the pairs of lithologies in the construction of Figures
23 and 25. Where ry varies considerably, however, as at Black Point, this
assumption yields theoretical curves which are too closely spaced in com-
parison to the recorded curves.

The recorded curve suggests a significantly lower mean daily surface
temperature for marl (Qm) than for basalt lapilli-ash beach deposits (Qvb).
This distinct surface temperature difference between Qm and Qvb throughout
much of the diurnal cycle gives rise to one of the most outstanding features
of the imagery (Plate 2) and isodensitracer scans (Figure 2-7) derived from
the imagery of Black Point, i.e., the contrast between lacustrine carbonates
and basalt pyroclastics.

A second point of difference is that the recorded surface temperatures
between 10 p.m. and 7 a.m. (Qm, Qvb, Ka, and QbT) are higher than would be
expected from the theoretical curves (Figures 22 and 24). An explanation
of this disparity lies in the boundary condition at the surface leading to
Equation (4) and (6b). The loss of heat from the surface is assumed con-
stant throughout the day in this calculation. A more realistic assumption
is that the loss of heat from the surface is dependent upon temperature.

As the temperature decreases during the night, the loss would also de-
crease, yielding a lowered nightime cooling rate.in accord with the

recorded temperature curves.



18

The denominator, ﬁ in the Fo/ﬁ ratio, the thermal inertia

characteristic of specific lithologies, is given by the following equation:

p=VRFe (7)

1 o0l

where k = thermal conductivity in cal cm-— ¢~ - sec-
P = bulk density in gm cm.--3
¢ = specific heat in cal gm—l co-1
k= &A¢ P (8)

where K = thermal diffusivity in em® sec-T

[3 is a measure of the rate of heat transfer at the interface between

two dissimilar media. Literature data and U. S. Geological Survey
laboratory determinations by Greene of thermal parameters of several
lithologies sampled and imaged in the Mono area are given in Table L,
A direct logarithmic relationship between k and £ for certain rock types
(e.g., basalt) has been suggested by Robertson and Greene (Monthly Progress
Reports, Branch of Theoretical Geophysics, U. S. Geol. Survey, December 1965
and December 1966).

From the foregoing, it is suggested that low bulk densities and/or

low total reflectivity yield high FO/;3 ratios and high amplitude surface
temperature curves. If infrared image tonal density is a function of
blackbody-equivalent temperatures of the surface as suggested by analysis
of isodensitracer scans of the Mono imagery (Figures 2-13, 19 and Table 2),
we may conclude that lithologies of low bulk density and/or low total
reflectivity will be registered on infrared imagery in contrast to lithologies

of high bulk density and/or high total reflectivity if all other factors are
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equal. The contrast between lacustrine carbonates (Qm) and basalt
pyroclastics (Qvb) of Black Point and Pacha Island represent wide dif-
ferences in total reflectivity (Table k4).

Moreover, differential solar heating of the terrestrial surface during
daylight hours occurs across uneven topographic surfaces because Jo, the
incident radiant flux on the surface is dependent upon the inclination
of the solar rays to the topographic surface. Such variations in Jo
influence emission in the 8-1lp interval particularly during daylight
hours, but also continue to affect 8-1lhyu range emission to a lesser extent
at night (plate S5e and f) producing thermographic imagery of topography and
microrelief. An extreme case occurs where thermal shadows in early morning
and late afternoon imagery enhance surface textures (Plates 2a, 3a, la,

S5a, 6o and b).

One additional type of radiative heat transfer to the atmosphere,
dependent on topography, affected image tonal density during the
July 27-28 survey period in the Mono area. Apparent emissivity (€, ) which
is dependent on surface roughness is more effective in influencing emission
than is(¢ )simply as a function of rock type (Table 3). This is
demonstrated by graphs of change in apparent emissivity (ec) as a
function of cavity shape (Figure 26). A surface composed of rock of
uniform emissivity ( € ) may exhibit variations in apparent emissivity,
(EQ): due to topographic relief. Figure 26 showg the dependence of
upon the dimensions of a cylindrical cavity forming a depression in a
surface of emissivity € (Gouffé). Examples of situastions intermediate

between the latter two effects are common.
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Radiative heat loss from the terrestrial surface in the Mono area
during the period July 27-28, 1966, was affected by the interrelationship
of four parameters characteristic of specific lithologies, a fifth de-
pendent on topography and microrelief and a sixth on surface texture:

1) thermal diffusivity (X)

2) specific heat (C)

3) bulk density (P)

k) total reflectivity (r,)

5) total radiant energy incident on the surface (JO) as
a function of topography.

6) apparent emissivity ( €.) as a function of surface

roughness and blackbody cone effects.

Convective heat transfer

Convective heat loss from fractures heated by the movement of
epithermal solutions or gases, detected on night and pre-dawn imagery,
provides a means for outlining the surface coﬁfiguration and estimating
the intensity of thermal anomalies associated with hot springs and fumaroles
at Pacha Island (Plate 3a, d, e, and f) and Deschambeau Ranch at Black Point
(Plate 2a, 4, e, and f).

Hot spring activity in the Mono Basin and specifically on Paoha Island
has long been known and was first reported by Russell in 1889; the present
status, distribution gnd structural control of ﬁot springs and fumaroles
here continues to be a subject of interest. A decline in the level of Mono
Lake since 1955 made possible the detection of an array of distinct points

of convective heat loss ringing the southeastern peninsula of the island
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where remnants of a recent andesite-basalt volcano are exposed through a
carapace of lacustrine deposits (Figure 27 and Plate 7a and b).

Surface ﬁemperature at the apertures of hot springs ranged up to
85°C at several points based on measurement with a bimetallic thermo-
meter on July 25, 1966, This thermal activity bears a superficial
resemblance to that of several other active volcanic areas including the
classic andesite caldera of Santorin (Th{ra) volcano in the Cyclades
archipelago (Figure 28).‘ Santorin is now known to have had two Krakatoan
eruptions 25,000 and 1400 B.C. More than 1000 years after the second,
Néa Kagmeni, the Santorin analogue of Paoha, emerged as a central island
crater in the subsided caldera. Since then, recurrent volcanic activity
has occurred in the area of Néﬁ Kaiheni. Recent Russian reports (Butuzova,
1966) indiceate continued hot spring end fumarolic activity around the peri-
phery of Néa Kaimeni.

Other possibly analogous volcanotectonic depressions in the
Philippines and Indonesia have similar morphology and distribution of thermal
points around a resurgent central crater island which has been the locus of
the most recent activity. The analogy should not be pressed too far, yet
if we consider the evidence of differential uplift involving deformation
of the carapace of lacustrine deposits of Paoha (plate 7c), the gravity
low centered on the island (Pakiser, 1964), the volcanic morphology (Plate 7d)
of Paoha (as well as of its neighbor, Negit) and the greatest concentration
of thermal points in Mono calders around Pacha, it seems likely that the
Paocha~-Negit Islands areé was indeed the most recent locus of volcanism in

Mono basin, that the fumaroles and hot springs may represent late-volcanic
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activity and that Mono caldera as suggested by Pakiser and others (1960)
should indeed be regarded as one of the areas of active albeit late-stage

volcanism in the United States.

Other anomalies

Two additional types of anomalies were noted on imagery of the Mono
areas the first associated with thermal currents in the Mono Lake where
hot springs discharge into effluent ponds at Black Point (Plate 2a, d,
e and f) and into Mono Lake from points along the north shore and peripheral
to Paoha Island. (Plate 3a, d, e and f). Secondly, negative daytime
anomalies in saturated unconsolidated materials, e.ge., a playa surface on
Paoha Island (Plate 3d), suggest that evaporation and lateral heat transfer
change in specific small areas where a thermal near-equilibrium has been

established.

SUMMARY

Field and laboratory studies of infrared imagery of the terrestrial
surface of the Mono Lake area, California, during July 27-28, 1966,
conf&rm that interplay between several physical and thermal parameters
of surface materials controls radiant emission from the surface in the
8-14y wavelength interval. The following physical properties and processes
in addition to meteorologic factors probably have the greatest influence:

A) Emissivity of the surface as a function of surface roughness,

topographie blackbody cone effects and to a considerably

lesser extent, as a function of lithology.
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B) Radiative heat loss dependent on the following properties
of the surface.

1) thermal diffusivity (&X)

2) Bspecific heat (C)

3) bulk density (P )

4) total absorptivity, (1-r,), integrated
over the entire solar spectrum

5) radiant flux intensity (J,) as a
function of inclination of solar rays
to the topographic surface

C) Convective heat loss from,

1) structures heated by circulating epithermal
solutions

2) actual surface discharge of hot springs
and fumaroles representing late-volcanic
activity mostly on or near Paoha Island.

3) thermal currents in Mono Lake associated
with cold and hot spring discharge.

D) Evaporative cooling and lateral heat transfer by conductive and
convective mechanisms in saturated unconsolidated materials and
by air movement or entrspment in and around talus slopes and
surfaces having compliceted microrelief.

To determine the relative importance of the;e physical properties
and heat transfer processes, ground surface-temperasture and radiant flux
intensity monitoring were found to be useful as were meteorologic re-
cords. Field measurement of thermael parameters and total solar reflectivity

should also be carried out in future surveys preferably as part of the ground
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monitoring procedures simultaneously with infrared imaging overflights.
A sequence of overflights during the 2l-hour diurnal cycle at Mono Lake
provided data for diurnal surface temperature curves. Construction of
theoretical warming and cooling curves for the same surface materials
permitted comparison with observations and estimation of either the thermal
inertia ( B ) or total reflectivity (r,) where other parameters plus the
radiant flux intensity (JO) were known.

Comparison of recorded temperature curves with theoretical curves
confirmed that the Fo/ﬁ3 ratio does indeed control amplitude of the sur-
face temperature curves and that this ratio is a function of the parameter

(l-ro), a characteristic property of specific lithologies. Comparison of

B

image tonal densities by means of an isodensitometer scanning technique

indicate that variations in amplitude (or variations in time-rate of change)
of diurnal temperature curves are detectable by means of infrared imagery
provided radiant flux intensity is known, that meteorologic and hydrologic
factors do not interfere and that topography and microrelief are simple.
Where topography, vegetation, saturation and meteorologic factors do not
affect the Fo /(3 ratios, many rock types having characteristic FO / 3 ratios
are distinguishable though not categorically identifiable. Because /3

generally increases with bulk density and FO is related to absorptivity

(o]

(1-r,), so that T, ~ f [J (1-roi' lithologies of high density and/or

R
high albedo contrast sharply with lithologies of low density and/or low
albedo. Thus, with sufficient ground monitoring data to support infrared

imagery surveys the geologic contacts, if exposed, between bedrock and
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unconsolidated materials, between volcanic flows and low-density pyro-
clastics, between iron-rich volcanic rocks and light-colored carbonates
and similar contrasting lithologies can be distinguished.

The best time of day in Californis in July and August for detection
of thermal anomslies involving convective heat loss, is 8:00 p.m. - 6:00 a.m.
Maximum distinctions between surface materials, arising from differences
in the Fo /‘3 ratio occur between 3:00 and 7:30 p.m., but thermographic
effects from the surface mask these distinctions. The thermographic effects
diminish after sunset faster than the decline in emission related to the
Fy [ ratio as a property of materials. 8:00 - 10:00 p.m. is thus a good
period for meximum distinetion of lithologies, but a sequence of surveys
from 8:00 p.m. to 4:00 a.m. showing different rates of cooling is best for

delineating lithologic units.
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FOOTNOTES

Petrographic studies by Kenneth LaJoie, University of California,
Berkeley, reported since completion of this paper, indicate that
the volcanics of Paoha and Negit Islands are of rhyodacitic

composition.

Recent work by R.J.P. Lyon, Stanford University suggests that
careful computer programming of the infrared emittance spectra
of acidic igneous rocks of the Mono area permits identification

of several more rock types.
See p. 5.

Recent absolute age dating by Irving Friedman, U.S.G.S. suggests

an age of less than 2,000 years for this endogenous dome.

Reported by LaJoie to be highly diatomaceous.
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Note of age relations within the main crater

complex and at Black Point

Potassium-argon absolute-age determinations (Dalrymple, G. B.,
informal communication, 1966) indicates most of the main crater complex

is Recent in age, i.e., post-Tioga glaciation.

Cutting relations indicate Qyrc, Qyrt, Qyrb and Qyrp are younger than
contiguous Qor units, but they are probably not contemporaneous in different
parts of the map area. At least one Qyrc unit (South Coulee) is younger
than Qta which it transects. Most of the rhyolite-obsidian units are also
post-Tioga glaciation (post-Qti and in part post—Qll), with possible exception
of some Qor, based on the following evidence: Qyrc, Qyrt, Qyrb, Qyrp and
some Qor appear to overlie Q11 and none of these units shows morphologic
evidence of a Tioga-age Mono Lake shoreline., The crater complex actually
overlies landforms on which the Tioga Mono Lake sﬁoreline is cut in the
vicinity of North Coulee. The generally south-trending bench on the west
side of Qam (a dissected volcano, one of the oldest in the Mono complex)
may be a vestige of the Tioga shoreline, suggesting that Qam is pre-Tioga.
Similar shoreline features appear on unconsolidated materials overlying

Qjbl one mile farther south.

Qbpb of Black Point may be the product of a sublacustrine eruption
(Christiansen and Gilbert, 1964) suggesting that GQbpb accumulated during

the Tioga highwater level of Mono Lake.



See map in back of this document.

(Plate 1)
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Plate 2

Infrared imagery. 8-14p wavelength region. July 27-28, 1966
Black Point, California.’ 2A) 0725 hours, 2B) 1157, 2C) 1631,

2D) 2029, 2E) 2359, 2F) 0400, Note reversal of image density of
water and land areas during the diurnal cycle. Relative change in

radiance of lithologic surfaces indicates different F, ratios for

P

a) Qvb; b) Qm, c) Qal. Maximum lithologic distincitions are apparent
between 2000 and 2400 hours. Convective heat loss from effluent

ponds d) retaining discharge from thermal spring is most striking
between 2000 and 0400; Maximum effect of differential solar heating of
topographic surface appears here at 0725. Thermal currents in lake (e)
are probably due to cold spring discharge. Area of isodensitracer scans
shown by rectangles (f): approximately same areas were scanned for
surveys a) - f). Ground monitoring station g), located near geologic
contacts between Qvb, Qm and Qal, was instrumented with an automatic-
recording multiple thermistor-probe variable sequencer system to establish
diurnal surface temperature variation of several lithologies; a similar
thermistor-probe telethermometer system was operated at h); Tempscribes,
recording thermographland bulb thermometers were utilized to determine

surface and thermal spring effluent temperatures at i).







































Figure 2, Legend

Isodensity Scan of IR Imagery, Wilson Creek Delta

Black Point, Mono Lake 0750 7/27/66 Line 1

10X magnification

MAP UNIT RELATIVE FILM DENSITY
Hot
Color Pattern
60 N
Dash «56
a RED
Dot «52
Space +48
Dash .44
[o| BLUE
Dot «40
Space «36
Dash «32
c| BROWN
Dot 028
Space 24
Dash «20
d| GREEN
Dot .16
Space 12
Dash 008
e| BLACK
Dot .04
Space 0,00 v
Cold
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Figure 2. Isodensity scan used in cdireiating surface
temperatures with image emulsion density scale
(Figures 19 and 20).

al) Generally silty surface (Qb) of Wilson Creek delta.
bl) Evaporating pans of lacustrine carbonates (Qb), and
cl) Mono Lake

Senmce




Figure 3. Legend

Isodensity Scan of IR Imagery, Wilson Creek Delta, Black Point
Mono Lake 1233 7/27/66 Line 1

10X magnification
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al) Lacustrine silt (Qb) of Wilson Creek delta.

bl) Mono Lake.

/10 m i LE L

Secne

surface temperatures
igures 19 and 20).




Figure 4. Legend
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Isodensity Scan of IR Imagery of Wilson Creek Delta, Black Point

Mono Lake 1631 7/27/66 Line 1

10X magnification
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Figure 4. Isodensity scan used in correlating surface temperatures
with image emulsion density scale (Figures 19 and 20).

al) Lacustrine silt (Qb) of Wilson Creek delta.

bl) Mono Lake.
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Figure 5. Legend

Isodensity Scan of IR Imagery, Wilson Creek Delta, Black Point,

Mono Lake 2008 7/27/66 Line 1

10X magnification

MAP UNIT RELATIVE FIIM DENSITY
Color Pattern
Dash .96 ;?t
a RED Dot «84
Space 072
Dash « 60
b BLUE
Dot .48
Space <36
Dash o24
c BROWN Dot 012
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Figure 5. Isodensity scan used in correlation of surface temperatures
with the image emulsion density scale (Figures 19 and 20).

al) Lacustine silt (Qb) of Wilson Creek delta.
bl) Highly reflective evaporites (Qb) and
cl) Mono Lake.
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Figure 6. Legend

L3

Isodensity Scan of IR Imagery of Wilson Creek Delta, Black Point,

Mono Lake 0404 7/28/66 Line 1

10X magnification
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Figure 6. Isodensity scan used in correlating surface

temperatures with the image emulsion density scale

(Figures 19 and 20).

al) Lacustrine silt (Qb) of Wilson Creek delta,
bl) Highly reflective evaporites (Qb) and
cl) Mono Lake ,
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Figure 7. Legend

Isodensity Scan of IR Imagery of Wilson Creek Delta,
Black Point, Mono Lake 0404 7/28/66 Line 1

10X magnification

MAP UNIT RELATIVE FIIM DENSITY
Hot
Pattern 6
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Space 96
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Space .60
Dash -48
¢! Dot «36
Space .24
Dash .12
d| Dot .00D
Space v
Cold

Figure 7. Isodensity scan used in correlating surface temperatures
and the image emulsion density scale (Figures 19 and 20).

ai) Lacustrine silt (Qb) of Wilson Creek Delta
b:) Highly reflective evaporites (Qb) and
c1) Mono Lake
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Figure 8.

L5

Effluent from a hot spring near Deschambeau Ranch,
Black Pointe. Ground temperature measurements
confirm that the middle pond (al) is warmer than the
southeasternmost ponds Note contrast in radiance

between ponds and adjacent marshy vegetation at (bl).
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ISODENSITY SCAN OF IR IMAGERY: DECHAMBEAU RANCH, BLACK POINT, CALIFORNIA
7/27/66 2359 HOURS LINE1 10 X MAGNIFICATION

Figure 8
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Figure 9.

L6

Northeastern Paoha Island: (al) is a salt pan in the
pit of a pyroclastic crater; (b!) Mono Lake water;
(cl) unconsolidated material and vegetation;

(dl) 1acustrine tuffaceous marl; (el) andesite-basalt

flow; and (f!) andesite-basalt pyroclastics.
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Figure 10.

b7

Northeastern Paoha Island: isodensity
scan of post~sunset imagery shows thermal
distinctions between al) mark (Qm),

bl) andesite-basalt flows (QPva) and

cl) Mono Lake.
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ISODENSITY SCAN OF IR IMAGERY: NORTHEASTERN PAOHA ISLAND, CALIFORNIA
7/27/66 2038 HOURS  LUINE2 10 X MAGNIFICATION
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Figure 1l. .Northeastern Paoha Island: isodensity scan showing
virtual disappearance of radiant-temperature
distinctions between most lithologic units (e.g.,
dart) by 4:07 a.m., July 28, 1966, compared to
8:00 pem, imagery, with the exception of the residual
anomaly at (é’) correlated with the position of
andesite-basalt flow ridge. Note the reversal in
comparative temperature position of Mono Lake (dl):
Lake water exhibits higher radiance at this predawn

hour than bedrock or unconsolidated materials.
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ISODENSITY SCAN OF IR IMAGERY: NORTHEASTERN PAOHA ISLAND, CALIFORNIA

7/28/66 0407 HOURS LINE 2

X MAGNIFICATION
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Figure 12,

L9

Eastern Paoha Island: area of lowest radiance (al) is

a thickly vegetated beach deposit; (bl) is a hummocky

area of lacustrine marl (Qm); (cl) Mono Lake; (dl) andesite-
basalt volcanics (Qpva); and (el) a thermal spring area
barely distinguishable on this scan in which only 12

isodensity units are used.
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ISODENSITY SCAN OF IR IMAGERY: EASTERN PAOHA ISLAND, CALIFORNIA
7/27/66 2010 HOURS LINE 2 10 X MAGNIFICATION
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Figure 13.

50

Eastern Paoha Island: wutilization of 21 isodensity units
permits delineation of five thermal anomalies as distinct
from normally warm andesite-basalts which appear as units

of lower density.
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Figure 19. IR image density in relation to surface temperature
Black Point, Mono Lake, California, July 27-28, 1966,
Determined from isodensity scans of infrared imagery.

A Qpbp Lapilli-ash basalt
or Qvb  Pyroclastics
A Ql Silty deltaic and channel deposits
o Qm Lacustrine carbonate deposits
@® Mono Lake Wafer
{] Hot Spring Effluent,

Black Point

(1) 7/27/66 0750 hours Wilson Creek Delta, Black Point
(2) 7/27/66 1233 hours Wilson Creek Delta, Black Point
(3) 7/27/66 1233 hours Deschambeau Ranch, Black Point
(4) 7/27/66 1631 hours Wilson Creek Delta, Black Point
(5) 7/27/66 1631 hours Deschambeau Ranch, Black Point
(6) 7/27/66 2008 hours Wilson Creek Delta, Black Point
(7) 7/27/66 2008 hours Deschambeau Ranch, Black Point
(8) 7/27/66 2359 hours Wilson Creek Delta, Black Point
(9) 7/27/66 2359 hours Deschambeau Ranch, Black Point
(10) 7/28/66 0404 hours Wilson Creek Delta, Black Point
(11) 7/28/66 0404 hours Deschambeau Ranch, Black Point
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Figure 27.

Aerial photograph of Paoha Island showing areas
scanned by isodensitracer technique. Arrows on
east side indicate points of thermal emissione.
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Figure 28. Subsided Santorin (Th{}a) caldera in the Cyclades archipelago, Aegean Sea.
Geologic features similar to Mono basin include comparable scale, comparable recency
of caldera subsidence and late-volcanic stage emergence of central island craters
with Néa and Palaid Kaiméni analogous to Paoha and Negit Islands. There have alsg
been parallel inward shifts of focus of volcanic activity with time toward Néa Kaiméni
and Paoha, somewhat similar lithologies (N&a Kaiméni has andesitic. Paoha andesitic-
basaltic volcanic products), similar widespread tephra layers resulting from earlier
pyroclastic eruptions and similar late-stage distribution of convective thermal
anomalies peripheral to the central islands.
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