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Measuring Cave 
Air Movements with 
Condensation Nuclei 
By F. W. Went (t 

ABSTRACT 

Using condensation nuclei (en), conveniently measured with a en counter, 
outside air penetration and internal air movements in Lehman Cave were moni
tored. Whenever outside air temperatures are well below the cave temperature, 
outside air enters cave openings, but in summer, the en concentration inside the 
cave drops to nearly z ro, unless matches or flames are lighted. The en produced 
by a single match could be detected for as long as 12 hours in the cave, and at 
times without outside air penetration, a slow air circulation of about 40 m/hr 
occurred from the highest part of the cave to the lower regions. 

J TRODUCTIO 

Recently, staff members of the Desert Re
search Institute of the University of Nevada 
System have made a study of Lehman Cave. 
This cave is 50 miles. east of Ely in eastern 

evada, in the Wheeler Peak area, and it 
has been made accessible to the public 
through the National Park Service as Leh
man Caves National Monument. 

The cave is a typical limestone cave with 
stalactites, stalagmites, and many other cave 
structures. Figure 1 shows a plot of the 
cave, which has an approximate total volume 
of 40,000 m3, making it one of the smaller 
cave systems in the U. S. It is at a high 
altitude ( 2,200 m) in a desert ar a; there
fore the stream erosion producing the cave 
must have occurr d long ago. 

Under a special contract with the Na
tional Park Service, a study was made of the 
air movements in Lehman Caves. The fol
lowing is a partial report of this study; 
special thanks are due to Park Superin
tendent Lee Robinson and Chief Ranger 
Naturalist Roy Graybill for the invitation 

0 Laboratory of Desert Biology, Desert Research 
Institute, Reno, Nevada. 89507. 
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and perm1 s10n to work in Lehman Caves. 
Other studies have been reported earlier 
(Stark, 1969; Went, 1969); there are no 
other studies published on Lehman Caves. 

The many studies of air movements in 
caves already made have been summarized 
by Cullingford ( 1962). A detailed study 
on air circulation in a pecific cave has been 
presented by Little ( 1952). To the author's 
knowl dge, condensation nuclei have never 
been used before in the analysis of air 
movem nt in caves. 

METHODS 

In addition to the standard methods of 
wind m asur ment, air movements can be 
followed by labeling air. The latter method 
has the advantage that air masses can be 
followed and detected long after local move
ments have subsided and rates of movement 
of 1 m/min or less can be measured. 

Many material have b en us d for lab l
ing air: dyes, odors, pollen, radioactive ma
terial, smoke, etc. For cave tudies, particle 
size of the tracers is of importance, because 
larger particles are not kept buoyant except 
by major air turbulence while molecularly 
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Figure 1. Map of Lehman Cave, showing numbered measurement stations. 

dispersed material does not disappear in 
stagnant air in darkness. 

Aitken condensation nuclei ( en) , meas
ured with condensation nucleus counters, 
have turned out to be ideally suited to 
study air movements in and air penetration 
into caves. These en are particles of sub
micron size which occur normally in all air 
and on which water droplets can condense 
from air supersaturated with water vapor. 
Their concentration normally fluctuates from 
102 to 106 en/cc of air. They have been 
used by meteorologists to study air move
ments and air provenance (Went, 1966) . 

The Gardner Associates CN Counter (Fig. 
2) was used to measure en. It gives reliable 
measurements, each determination takes 
about one minute, and a set of 3 successive 
determinations gives highly reproducible 
values for the en content of more or less 
stagnant air masses. A difference of more 
than 10% in successive measurements indi
cates that an air mass with less or more en 
is moving in. 

The major sources of en are: ( 1 ) com
bustion processes, such as flames, smoke, 
fires, or internal combustion engines; ( 2) 
photochemical decomposition of organic 
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Fi~re 2. Condensation nucleus meter used in en studies. At left, carrying case with 
bicycle pump for sucking air into sample tube of counter (left side of instrument). 
Vac~um produced in right-hand tube (shown with pre sure gauge) produces adiabatic 
~ooling of humidifi d air in sample tube, cau ing water droplet condensation on en. This 
IS measured by reduction in light transmission through sample tube. Instrument available 
from Gardner Associat , Scotia, . Y. 
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vapors, g1vmg rise to mog and haze; ( 3) 
du t stirred up by wind; ( 4) evaporating 
sea water droplets; and ( 5) sparking motors 
or heated wires. Obviou ly, if there i no 
smoking or lighting of matches or use of 
torches or carbide lamps in caves, source 
# 1 is completely absent. In the absence of 
unlight or any oth r actinic ray ource 

(ultraviolet light), process #2 is inoper
ativ too. Lack of both wind and bursting 
eawater bubbles eliminates sources 3 and 

4, and source 5 can ea ily be excluded. This 
means that, having no sources, cave air 
hould be entirely devoid of condensation 

nuclei. Yet mea ur ments in Lehman Cave 
in June 1967 and June, July, September, 
October, November, and December 1968 
practically always indicated the presence of 
en in the cave air, sometimes of th ord r 
of 1,000 en/cc or more, the same concen
tration as found in outside air. 

RESULT 

Measurements soon indicated that matches 
u ed to light the cave, carbide lamp used 
for spelunking, and outside air penetration 
were responsible for high en counts. Sev
eral days after these sources had been elimi
nated, cave air became essentially free of 
condensation nuclei. Figures 3 and 4 show 
3-day sequences of en measurements in 
Lehman Cave when no matches or other 
flames were being lighted and when high 
outside temperatures had prevented outside 

2000 

1100 

air penetration into the cav . The e figures 
how th en cone ntration in a cro - ction 

of Lehman Cave. The numbers on the 
abscis a r fer to th individual stations in 
the cave, as in Fig. 1. Station 1 is just 
outside the entranc , stations 2-7 are from 
the visitors entranc through the Gothic 
Palace and the Que ns Room to the Lodge 
Room, and stations 8-17 are from the In-
cription Room to the Talus Room and back 

again along the loop trail, station 12 b ing 
furthest north in a high part of the Talus 
Room. 

Figure 3 shows that, on the aft moon of 
July 1, 1968, the en concentration outside 
the caves was high ( 2,100 en/cc), but it 
decreased to 200 to 400 en/ cc inside, exc pt 
for the south part of the Talus Room ( sta
tion 15), wh re match had be n lit during 
the day. Next morning, the en concentration 
had dropped everywhere, and on the fol
lowing day (curves 3 and 4) concentrations 
had dropped to near zero. Similarly, on 
September 24 (Fig. 4), the en concentration 
inside the cave varied between 300 and 
600 en/ cc in the morning, decreasing to 
about 200 en/cc toward evening. The next 
day, concentrations decreased further-to 
well below 100 in the evening, and to below 
50 en/cc the following day. On Sept. 27, 
in the morning, no measurable numbers of 
en were left at most locations in the cave. 

In these cases the outside temperatures 
were higher than temperatures in the cave, 
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Figure 3. Number of en/cc at the diff r nt cave stations, on July 1, 2, and 3, 1968. 
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Figure 4. Number of en/ cc at the different cave stati'ons, from September 24 through 
S ptember 27, 1968. 

and no out ide air with high concentrations 
of en penetrated. The natural rate of dis
appearance of these condensation nuclei can 
be calculated. This turns out to be a 4 to 
5% d crease every hour or a thr e-fold de
crease per day. It is about the same in the 
Talus Room (stations 12, 13, 14, and 15) 
a in the corridors. This may be due to a 
slow rate of mixing of the cave air. 

In certain part of the cave, th re were 
higher concentrations of en than in other 
part . In Fig. 3, for in tanc , the south end 
of the Talus Room (stations 14 and 15) 
and adjoining corridor (stations 16 and 17) 
had twice as many en on July 1 than any 
other part of the cave. Thi was due to 
four matches which had been lighted be
tw en tations 14 and 15 during the day. 
The occasional rises in en (e.g. at stations 
7 a, 14, and 16 in Fig. 4) are t ntatively 
attributed to local penetration of outside air. 

These data have established that cave air 
is free of Aitken condensation nuclei, and 
without pollution from flames or outside air, 
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the en count in the cave is reduced to zero. 
This also means that the occasionally heard 
statements that reduction of the number of 
en in air may lead to sudden bursts of en 
or that after en have been filtered out of 
air, new ones can be formed by a dark 
process ( Bricard et al., 1968), have to be 
explained in a dilferent way. Only high 
energy processes-such as bursting bubbles, 
high temperatures, high winds, or high light 
intensities-can lead to en production. 
The work of Bricard et al. has to be inter
preted by assuming that when all measur
able en have be n filtered out of day-air, a 
big population of sub-measurable nuclei are 
1 ft which then grow to measurable size 
during the subsequent quarter hour. 

Whenev r there is an increase in the 
number of en inside the cave, either nuclei 
are released inside or outside air i' p ne
trating. The latter case is clearly exempli
fied by Figure 5, which represents a con
tinuous record of en present in the Gothic 
Palace at station 3. This record was taken 
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Figure 6. Number of en/cc at the different cave stations, on June 29, 1968, from 05:30 
till 20:00. 

in late autumn, with outside temperatures 
mostly below freezing. Whereas the number 
of en in the outside air was usually low 
(under 1,000 en/cc in the morning), oc
casional high values were encountered, gen
erally in the absence of wind, probably due 
to contamination from car exhaust near the 
cave entrance and from the oil furnaces of 

the administration building. These periods 
of high en in the outside air are reflected 
in sudden rises in en in the Gothic Palace. 
Most of the penetration of nuclei-rich air 
occurred while the outside temperatures 
were lowest, whereas a general decrease in 
en occurs during the warmer periods. At 
14:00 on December 1, the rise of en was 
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due to their gen ration in th Gothic Palace 
by UV irradiation of turp ntine vapor. Two 
months earlier, when the outside tempera
tures were at or abov cave temperatures, 
there was not a single sudden rise in en 
cone ntration in the Gothic Palace for a 3-
day period. 

Figur 6 hows a ca e wh r , in th early 
morning of June 29, 1968, the en count had 
become v ry low ( 100 en/ cc or less) in the 
whole cave, except in the Gothic Palace 
where outside air had penetrated. By 08:30 
the en in the center of the cave (stations 
11-16) had decreased still further, but even 
though the en concentration outside had de
creased, there was a general increase from 
the Gothic Palace on through the Inscrip
tion Room and slightly beyond, originating 
from air which had penetrated earlier from 
outside. Then, in the early afternoon, there 
was an enormous increase in en in the 
Gothic Palace, far beyond any increase in 
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2 000 
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the outside air. This was due to the use of 
carbide lamps near the Gothic Palace, and 
the en penetrated into the Lodge Room, 
Inscription Room, and even the Talus Room, 
where there was a very slight increase in 
en. By late aft moon (curve 4) and even
ing (curve 5) the penetration into the deeper 
parts of the cave had increased till further. 

A clear-cut case of en penetration from 
the outside is hown in Fig. 7. In th early 
morning of November 28, a considerable 
ma s of outside air with a high en concen
tration had penetrated the Lodge Room and 
the Inscription Room ( curve 1 ) . Eight hours 
later (curve 2), this polluted air mass had 
started to p netrate the Talus Room, espe
cially through the east entrance (stations 
9, 10, and 11). Again 6 hours later (curve 
3), the en concentration had decreased 
everywhere in the cave, except in the Talus 
Room and surroundings, and in the next 
10 hours ( curve 4), the maximum en con-

X 28 07:00 -I0°C 

/;o 2a 1s:oo +1"c 2 

0/1 

OUT 2 3 6 ?A 7 8 9 10 I I 12 13 14 15 16 17 8 

Figure 7. Effect of outside air penetration on en/cc in Lehman Cave. Sloped hatching: 
airmass penetrated before 07:00 on November 28 from the visitors entrance and Lodge 
Room; vertical hatching: further penetration of this airmass toward Talus Room by 
15:00; horizontal hatching: final penetration into Talus Room by 20:30. 
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centration had moved further south into the 
Talus Room. The hatching in Fig. 7 shows 
how an air mass, containing easily measured 
en, moved gradually from south to north in 
the cave. 

When all data on outside air penetration 
into the cave is pooled, the following pic
ture emerges. When maximum temperatures 
exceeded 5°C ( 41 °F), in only 1 out of 11 
days was air penetration observed between 
noon and evening. On all 4 days with maxi
mum temperatures below 5°C, outside air 
entered the cave all day and night. 

On many days during the observation 
period, the early morning temperatures were 
below freezing, and thus on 7 of 8 days 
outside air entered the cave. On the 2 days 
that minimum temperatures were between 
0 and 5°C, a small amount of air penetrated; 
whereas during the 7 days that minimum 
temperatures ranged above 5°C, only once 
did outside air enter the cave. The picture 
is therefore very clear. Only when outside 
temperatures are well below cave tempera
tur s ( 9 to 12°C) can outside air enter the 
cave through the main entrance (two ex
ceptions out of 35 observations). Since 
there is no basis to assume that in Lehman 
Cave air penetrates contrary to physical 
laws, the chimney effect will be paramount. 
Therefore, whenever the outside tempera
ture is well below the cave temperature, 
cold outside air enters and replaces the 
warmer inside air, which then escapes 
through openings from the Talus Room. The 
locations of these escape vents have not 
been stablish d. There was no case in 
which air penetration could be attributed to 
chang s in barometric pressure. Since there 
are no big cave chambers in the Lehman 
Cave other than the Talus Room, the 
normal fluctuation in barometric pressure of 
well below 1 % could not po sibly affect air 
penetration beyond the Gothic Palace and 
even then only on exceptional days. 

ARTIFICIAL PRODUCTION OF en 
Air movements within the cave were 

mea ured by artificial production of con-

densation nuclei. One such ca e has already 
been discussed in connection with en pro
duced by carbide lamps. 

Sev ral method were used to produce 
condensation nuclei in Lehman Cave. First, 
a high pres ure mercury arc lamp was 
lighted in the Gothic Palace on November 
30. Apparently there was not enough or
ganic matter in the air to produce en with 
the ultraviolet light of the mercury arc, 
since there was no measurable increase in 
en. One day later the mercury arc again 
was lighted (at 14:20), but this time 1 gram 
of turpentine was volatilized in the Gothic 
Palace (from 14:10-14:30), which resulted 
in a six-fold increase in en (Fig. 5) . These 
nuclei penetrated further into the cave and 
100 min later could be found in the In
scription Room and slightly beyond (stations 
9 and 17). Six hours later the en count in 
the Talu Room had increased 50% (except 
at stations 13 and 14, the highest locations), 
whereas the natural decay of en should 
have resulted in a 40% decrease. 

During early autumn, the outside temper
atures were so high that no air penetrated 
the cave, and en counts inside decreased to 
10 en/cc or lower, below any counts nor
mally measured in nature. Thi meant that 
the en produced by burning a single match 
dispersed through th cave and subsided 
again within 24 hours. Thus a match experi
ment could be carried out once a day. Fir t 
a paper book match was struck in a 3 x 5 
x 2.5 m room; 3 x 1012 nuclei were pro
duced by letting the match burn over a 
length of 1 cm. The highest counts occurred 
10 to 15 min after, indicating that at first 
the nuclei produced were below measurable 
size. 

On September 27 two matches were 
lighted at station 13. This resulted in an 
immediate increase locally, but the nuclei 
moved south only 10 m in 20 min, and 
n v r reached station 14, 20 m south of sta
tion 13. The nuclei took 15 min to move 
10 m northward and reached station 12 
( 30 m north of station 13) in the center of 
the Talus Room 41 min after the match 
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was struck. Within 1 hour they had spread 
all through the end of the Talus Room and 
2 to 3 hours later could be measured at 
station 11; after another 3 hours, the en 
were found in very low concentrations at 
stations 9 and 10 as well. Twelve hours 
after lighting the match, en could not be 
detected anywhere in the cave. Interest
ingly, these two matches produced slightly 
more nuclei in the whole cave ( 3.1 x 1012 
en) than the single match in a small room 
(3.0 x 1012 en). 

On September 26 a match was lighted at 
station 16. The nuclei never reached station 
15, which is 30 m north at a higher ele
vation, but they moved readily to station 
17, 15 m outh of 16 and were found at 
still lower elevations at stations 8, 9, and 10 
three hours after lighting the match. In 
July a match was lighted at station 17, with 
similar results. Therefore, during periods 
when there is no outside air penetrating into 
the cave, there is a sufficiently effective air 
circulation within the cave to transport en 
over distances of 50 to 100 m and to evenly 
di tribute them in the major cave chambers. 
The movement is only in a downward di
r ction within the corridors, and in the 
chambers there is an even spreading. This 
latter effect is probably caused by rising air 
currents near the electric lights. 

SUMMARY 
( 1) Und r natural conditions no cond n

sation nuclei are formed in the cave. 
(2) Out ide air, with concentrations rang

ing from 200 to 5,000 en/cc, penetrates into 
the cave whenever the outside t mp rature 
is 5°C or lower. 

( 3) Use of carbide lanterns, cigarettes, 
and matches cause a significant increase in 
en, which can be used to label air and fol
low its movement through the cave. 

( 4) Outside air can penetrate all the way 
into the center of the cave (the Talus 
Room), indicating that there are air exits 
from the center of the cave. 

( 5) During periods without mass air 
penetration into the cave, there is a slow 
mass air circulation inside the cave, at the 
rate of 40 m/hr. Thi mass air flow is down
ward from the highest area in the cave 
(station 15) . 

( 6) Within each chamber there is a 
thorough mixing of the air, probably due to 
thermal currents set up by the electric lights. 

( 7) The conclusions reached based on en 
are in agreement with the other work on 
air currents and CO 

2 
concentration of the 

cave air. 
( 8) Except in summer, there is an active 

penetration of outside air into the cave, re
sulting purely from subsidence 0£ cold air. 

LITERATURE CITED 

Bricard, J., F. Billard, and G. Madeleine. 
1968. Formation and evolution of nuclei 

of condensation that appear in air 
i'nitially free of aerosols. Geophys. 
Research, 73: 4487-4496. 

Cullingford, C. H. D. 
1962. British caving, an introduction to 

sp leology. Routledge and Kegan, 
London. 

Littl 'w. 
1952. Significant air-streams in Ogof 

Stark, N. 
1969. 

Ffynon Ddu. Trans. Cave Re
search Group, 2 ( 2). 

Microecosystems in Lehman Cave. 
Natl. Speleol. Soc. Bull., 31 ( 3): 
73-82. 

Went, F. W. 
1966. On the nature of Aitken conden

sation nuclei. Tellus, 18:549-556. 
1969. Fungi associated with stalactite 

growth. Science, 166:385-386. 

Manuscript reoeived by the editor 26 August 1969 

VOLUME 32, NUMBER l, JANUARY 1970 9 



1 Optimum Frequencies 
For Underground 
Radio Communication 
By evin W. Davis 0 

ABSTRACT 

The radiating propertie of loop and wire antennas through conducting rocl 
are analyz d. Along with m asured curv of atmospheric: noise vs. frequency, 
this enables calculation of the signal-to-noise ratio (a measurement of received 
signal quality) for fr quencie b tw en 1 kHz and 10 MHz. For induction ur
veying equipment, the optimum frequency is about 3.5 kHz. This gives an 8-db 
improvement in the received signal-to-noise ratio and about a 30% increase in 
range over the much-used 2 kHz. 

For voice communication, the optimum frequencies lie near the 160-m ter 
amateur band. The signal path attenuation is demonstrated to be not as severe 
as some people surmised. At a distance of 500 m from a buried 1-watt, 1-MHz 
transmitter (buried 100 m), using a 25-m wire for an antenna, the calculated 
signal-to-noi e ratio at the receiver would be 70: 1 during the day. 

I TRODUCTIO 

In the past few years interest has been 
shown in small portable communications and 
surveying equipment for caving use. The 
device which have been built to date use 
magnetic induction at 2,000 Hz. In general, 
the papers by Charlton ( 1966), Mixon and 
Blenz ( 1964), Plummer ( 1964a), and 
Ro chi in (1960) cover the subject in detail 
as far as the range of the actual units and 
use of the unit for surveying are concern d. 
Some work has been done by Plummer 
( 1964b) on making the ant nna more port
able by using an iron core solenoid. Other 
work has involv d simplifying th el ctronic 
circuitry by using more available compo
nents. How v r, nothing ha been published 
about optimizing the transmitted frequency 
to improv the r ceived signal-to-nois ratio 
or analyzing the effects of using higher fre-

0 162 Sycamore Dr., State College, Penn ylvania. 
16801. 
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qu ncy lectromagnetic radiation i'n cave-to
surface or cave-to-cave communication. 

Published work on underground electro
magnetic propagation deals mainly with low 
frequency, very long range communication. 
Recent work has been spurred by the need 
for dev lopment of "hardened" und rground 
communication sites. The problem in caves 
is not long range communication ( 1,000 
miles or more) but communication over 
range of feet or thousands of feet; however, 
the analysis of some of the problems in long 
range communication is applicable to this 
situation. In any investigation of this prob
lem, the requirement that the equipment 
mu t be portable in a cave environm nt 
should be kept in mind. The equipment 
should fit in a mall box with the antenna 
being either small or collapsible. 

NOISE 

N oi e i of primary importan e in any 
communications system. The amplitude of 

11 



the received signal must be greater than or 
nearly equal to the received noise. Of 

Hs Es 
importance is the ratio: - or - where 

Hn En 
Es = electric field intensity at the receiver 
due to the signal, En = the electric field 
intensity at the receiver due to the noise, and 
H5 and H n are the same for magnetic field 
intensities. Above 30 MHz, antenna and 
receiver front end noise are usually greater 
than atmospheric noise; however, below 30 
MHz, the region of interest, atmospheric 
noi e greatly exceeds receiver noise. In this 
region, the receiving antenna makes very 
little difference as long as sufficient atmos
pheric noise is received to overcome the 
receiver input noi'se. For instance, a port
able broadcast band receiver ( 500 kHz to 
1600 kHz) ne ds only a small ferrite loop 
stick antenna for good reception. (In this 
case the efficiency of a loop stick antenna is 
so poor that the received noise is very nearly 
equal to the receiver noise. ) Thus, either 

the E or H field ratios can be used at the 
receiving site as indicators of the quality of 
the transmitting system. 

Atmospheric noise is primarily due to 
electromagnetic radiation from lightning dis
charges. The majority of noise originates 
from several large storm centers located over 
land masses near the equator. Noise inten
sity varies with time of day, distance from 
the equator, and with the seasons as the 
storm centers shift. Most atmospheric noise 
tends to be impulsive in character and, as a 
result, is quite different from thermal or 
Gaussian noise. The impulses are sharp, and 
b ing such, a c.w. signal can be detected by 
selective listening by the ear below the peak 

noise level, i.e.,~< 1, while a vofoe-modu-
N 

lated signal cannot be understood unless 
s - > 1 or the noise pulse rate is very low. 
N 
N = peak noise value (µv /m) and S = signal 
level (µv / m). 

ATMOSPHERIC RADIO NOISE 
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E 

' > 
::l 

40 

w 
> 20 · o 
CD 
<l 

..0 
'O 0 
z 

>- -20 I-
(/) 

z 
w 
I- -40 z 

w 
(/) 

-60 0 z 

10° 1a2 104 

FREQUENCY (KHz) 

Figure 1 
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The distribution of the noise is of primary 
importance in selecting an operating fre
quency. Figure 1 is a plot of atmospheric 
noise ( electric field intensity ) for a 100 Hz 
bandwidth versus frequency, adapted from 
Watt and Maxwell ( 1957) and "Refer
ence Data for Radio Engineers" ( 1956). 
The values shown are 0.1 % values, i.e., the 
values shown are exceeded by noise pulses 
only 0.1 % of the time. otice the nulls at 
3.5 to 4 kllz and 2 MHz (daytime). These 
are due to selective attenuation or poor 
propagation by the ionosphere. The effects 
of these null frequencies on short distance 
communication will be investigated. 

Plummer ( 1964a) indicates problems with 
a different kind of noi'se with inductive "cave 
radios". This is the familiar 60-Hz A.C. 
line hum, which is usually of no consequence 
if the loop atenna is shielded and the ampli
fier following the antenna is sufficiently 
selective to reject 60 Hz. 

BASIC ELECTROMAGNETIC CoNSIDERA TIO NS 

Before considering factors such as anten
nas, the variation of field strength with dis
tance, and the subsequent variation of 
signal-to-noise ratio ( S/ ) with distance, 
depth, and frequency, the conditions of the 
propagating medium should be discussed. 
The earth will be treated as a poor con
ductor rather than a lossy dielectric. For a 
poor conductor the conductivity ( u) is much 
greater than the product of radian frequency 
( w) and ground permittivity ( eoer ) : 

U » W eoer 

w = 27rf. 
f = frequency, Hz. 
u = conductivity, mho/m. 

er = relative dielectric constant 
( 10 for limestone) . 

eo = permittivity, 8.85 x lQ-12 farads/m. 

This inequality expresses the fact that the 
conduction current is much greater than the 
displacement current. Both conductivity and 
permittivity are functions of frequency (Kel
ler and Licastro, 1959); however, for this 
investigation they will be set constant within 
the limits of the above inequality. 
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For a poor conductor there are several 
special considerations which arise. First, the 
velocity of propagation (phase velocity) is 
a function of frequency: 

/~ 
v = \/-

µu 
µ = 411" x 10-7 (permeability) 

Second, waves through ground are attenu
ated by a factor: 

-a/ 6 -1.987 x 10-3 a V fa 
e = e 

where: 
1 

o = skin depth = 
V 7rfµu 

a = distance from source 

For higher frequencies or lower conductiv
ities where u <: we, the above generaliz.ations 
are not true. The velocity approaches a value: 

1 c 
v = --- = --

v µeoer v-;; 
c = velocity of light in a vacuum 

and the attentuation approaches a constant 
with respect to frequency equal to: 

(}' ;;;--
e -2 J-;:;: 

Only the region <r » we will be considered, 
keeping in mind that at higher frequencies 
and lower conductivities (beyond the ends 
of the graphs on Figs. 6 to 14) , the attenu
ation becomes independent of frequency. 

THE NEAR FIELD OF A SMALL LooP 
ANTENNA 

The popularity of the loop antenna for 
cave radios is understandable. The antenna 
can be electrically and physically small; it 
can be easily carried into remote areas of 
caves. Electrically small means the loop 
radius ( r) is less than one-sixth of a wave
length ( :>..) • Indeed, antennas described for 
most "cave radios" have r < 1 m and :>.. 

about 150 km at their operating frequency. 

The magnetic field intensity for the induc
tion field ( H1 ) on the axis of a loop in air 
is given by: 

NIA 
Hi = ------

211" (r2 + a2 )3 / 2 
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where: I = loop current, amps 
N = number of turns 
r = coil radius, m 
a = disfance from plane of 

loop on the axis, m 
A = area of the coil, m2 

For this case, a» r, and the equation can be 
written: 

NIA 
H1 = --

27ra3 

When this loop is buried in the ground, 
there is an attenuation of the field due 
mainly to ground conduction in the form of 
eddy currents. This loss in the induction 
field should be proportional to frequency, 
but the literature contains very little infor
mation on the treatment of eddy currents in 
bulk conducting media. Hansen states that 
for the near field, using the "Lien approxi
mation," the field is reduced by an inverse 
cubic distance relationship with an attenu
ation factor 0£ approximately e-a/lJ. This 
is the same factor discussed under "General 
Electromagnetic Considerations" and is the 
attenuation factor which will be used here. 
The induction (near) field for a buried loop 
is now: 

NIA -a/a 
H1 = -e (1) 

27ra3 

at the surface on the axis of the antenna 
(Fig. 2). 

111/J!f lj 
cove Ct) / 
loop antenna 

Figure 2 

THE FAR FIELD oF A SMALL Loop 

For the same loop in air, considered as an 
electromagnetic radiator, 

7rNIA 
Hr = -- sin O ( 2) 

aA.2 

where: Hr = radiated magnetic field 
intensity 

O = angle measured from the 
axis of the loop to the 
direction in which Hr is 
desired. 

Notice that Hr i zero where H1 is maxi
mum, and Hr is maximum at o = 90° (in 
the plane of the loop). The maximum value 
of Hr will be used for this investigation. 

For the loop buried in ground, the wave
length ( A.) is a function of conductivity. 

;-;; 
A. = 2 /- <r " w fo fr 

y fµ,<r 

Also, the field is attenuated by e-a/lJ. Then 

Hr (max.)= NIA r:: e-•/s] (3) 

at the surface directly above the antenna 
(Fig. 3). 

Hr air 

I / / / jlJ grr/und 

/coveS('O_l I 
/1oop antenna j 

I I I 
Figure 3 

Once on the surface the electromagnetic 
waves will propagate along the surface with 
very little attenuation. The attenuation will 
be due mainly to spreading and will be in
versely proportional to distance. 

Consider the ca e where H1 (max.) = 
Hr (max. ) . Setting ( 1 ) equal to ( 3) gives 

2 A. 
f = -- or a = -

7T"a2µ,<r 4.4 
As a consequence, if 

2 A. 
f>-- =a>-, 

7ra2µ,<r 4.4 
the radiation equation should be used to 
describe the maximum field, and if 

2 A. 
f<-- =a<-, 

7T"a2µ,<r 4.4 
the magnetic induction equation should be 
used. 
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THE BURIED RADIATING WIRE 

Chose (196la, b) treats the case of a buried 
radiating wire where the field intensity is 
desired at a distance greater than the depth 
of burial. He explains that the primary 
waves, those generated by the antenna and 
propagated through the ground, will be of 
no consequence at the receiver. However, 
the set of secondary waves generated at the 
earth's surface by the transmitted field will 
propagate to the receiver and can be re
ceived underground by the refraction of the 
secondary wave at the surface. The electric 
field at the receiver is given by: 

P -(dt+ dr)/a 
I Eh I :::::: -- e X 

27rup3 
J 1 + i Bzp - Bz2p2 J cos </> volt/meter 

for a short underground antenna (Fig. 4) 

Figure 4 

where: P = dipole moment of the antenna, 
amp-meters 

<r = average earth conductivity at 
the transmitter and receiver, 
mho/m (geometric mean) 

dt , dr = depths of transmitter and 
receiver, m 

B2 = 27r/A.0 , propagation constant in 
air 

A.o = free space wavelength, m 
</> = azimuthal angle of the receiver 

measured from the transmitter 
antenna axis 

p = distance between transmitter 
and receiver, m 

Eh = radial, horizontal component of 
the electrical field underground 

Notice that the field strength is zero oppo
site the antenna and is a maximum at the 
ends. Thi's is a distinct change from the field 
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of an above ground dipole which is maximum 
opposite the antenna and zero at the ends. 
This equation is valid as long as J B2/B 1 J 2 
« 1 where B 1 is the propagation constant 
in the ea~th. The above requirement reduces 
to <r ,. 2wfo. In this discussion only cases 
where <r » Wfofr and fr ~ 10 are consider
ered; so the equation is valid. 

For a«p»A.o/4 and setting</> = 0, the equa
tion for Eh reduces to a simpler form: 

27rP -(dt + dr)/a 
I Eh (max.) I = --e 

<rpA.o2 

which can be used for the signal-to-noise 
ratio calculations. 

Notice the mention of refraction of the 
waves in the above discussion. When an 
electromagnetic wave is interrupted by the 
interface of air and earth, whether it is 
propagated from the earth or into it, there 
is a refraction of the wave from a predomi
nately horizontal polarization below the sur
face to a predominately vertical polarization 
above. The ratio of the electric field in
tensities is given by the ratio of their char
acteristic impedances below and above the 
ground. The ratio 

Ev (above) ;-;;- _ 
!- = 4240 v <r/£ 

Eh (below) Y Wfo 
where: fo = 8.85 x 10-12, farad/m 

f = frequency, kHz 
gives their relative field strengths. Note also 
that the atmospheric noise near the surface 
is predominately vertically polarized and 
upon entering the ground becomes hori
zontally polarized. 

THE SMALL LooP AT A DISTANCE 

The propagation equation for a buried 
loop antenna with its axis horizontal and 
pointed toward the receiver can be derived 
from the equations for a loop above ground 
and the equations for a short wire above 
and below ground as: 

47T"2 A -(dt + dr)/o 
I Eh (loop) I= --Nle cos <P 

<T pA.o3 
where: </> = the angle measured from 

the axis of the loop to the 
receiver. 
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THE SIGNAL-TO-NOISE RATIO 

Four equations now describe the signal 
field of a buried loop and a buried hori
zontal wire, with the conditions under which 
each is valid. These equations can be re
arranged as shown b low: 

Buried Inductive Loop: 

Hi = NIA [ -
1
- e _a I 6 

] 

27ra3 
a< A/4.4 

Buried Radiating Loop: 

Hr=NIA [ :: -"/• ] a> t../4.4 

Buried Loop at a Distance: 

NIA 
I EL (max.) I = -- X 

p 

[ 
411"2f3 e -( dt + dr) I 6 ] 

c3cr 

Buried Wire at a Distance: 
p 

I Eh (max.) I=- X 
p 

[ 
271"£2 e-(dt + dr)/6 ] 

a«p»t../4 
c2cr 

where the term outside the brackets denotes 
mainly transmitter antenna properties and 
the term in brackets is the propagation term. 

These equations and the graph in Fig. 1 
can now be used to find the signal-to-noise 
ratio at the receiver. Using the relationship 
for plane waves in air, H = E/12071", gives 
noise magnetic field intensity at the surface 
using the electric field intensities from the 
graph. The ratios directly above the loop 
antenna at the surface are now available: 

s H1 
--
N H (noise) 

10 NIA 
[ 60 -a V 7rfµ,u ] e = 

vBW a3E (graph) 

IONIA 
[ G (f,cr,a)] 

vBW 

s Hr 
--
N H (noise) 

10 IA [ 3011"£µ,u -a V 7rfµ,cr 1 e 
vBW aE (graph) 

10 IA 
-- [H(f,u,a)] 
vBW 

The functions G(f,u,a) and H(f,u,a) are plot
ted in Figs. 5 and 6. Figure 5 is for daytime 
noise and Fi'g. 6 for nighttime. The actual 
signal-to-noise ratio for given conditions of 
f,u,a, and time of day can be found by add
ing the value from the appropriate curve to 

201og10 [ NIA/ \/BW 110 ] where "BW" is 
the receiver 3 db bandwidth in Hz and the 
other symbols for the transmitter antenna 
are as described before. 

The curves of the function G(f,cr,a) are 
plotted until H1 = Hr; then the antenna is 
considered rotated 90° and H(f,cr,a) is plotted. 
Tliis change between near and far field is 
indicated on the curves by a change from 
solid to dotted lines. 

In a similar manner the signal to noise 
ratio for the horizontal wire and the loop 
at a buried, distant receiving site can be 
found. However, in this case the refraction 
of the noise field at the surface and attenu
ation of this field in the earth must be 
known. After evaluating constants: 

Eh (earth) = 7.46 x 10-6 E (graph) X 

[ yf/u e-dr/~] 
and for the horizontal wire, 

S Eh P 
------ x 
N Eh (noise) pVBW/10 

[ 

27rf2 e -( dt + dr) V 7rfµ,u J 
c2u 

7.46 x 10-6 E (graph) V £/ u e-dr V 7rfµ,u 

Notice that dr, the depth of receiver bur
ial, cancels from the expr ssion, so that 

s p 
- - ---- [I ( f,u,dt)] is not a function 
N pVBW/10 

of the receiver depth. Again this is true as 
long as sufficient noise voltage is delivered 
to the antenna terminals to overcome the 
receiver noise. The function 20log

10 
[I(f,cr,dt)] 

is plotted In figures 7, 8, 9, and 10. As 
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before, the actual signal-to-noise ratio at the 
receiver is found by adding the appropriate 
value from the cu~e to a factor, this time 

20log,, [p~/lOJ whore P"''IL"'~ 
for a hort dipole. 

L = l ngth of antenna, m 
W = power, watts 
Ao = free space wavelength 

The signal-to-noise ratio at the surface at 
a di tance from the transmitter greater than 
X/ 4 can also be found from the curves. ot 
only does the signal-to-noise ratio at th 
receiver not depend upon the receiver depth, 
but the signal-to-noise ratio on the surface 
is the same as that for a depth of burial, i.e., 

( surface ) Ev/ Eh/ 
receiver Ev (noise) Eh (noise) 

( underground ) Th f f th. . receiver • e proo o 1S equation 
is left for the reader. 

For the radiating loop at a distance 
(p>:\/4), the same discussion hold as for 
the wire. The constant to be added to the 
values from figures 11, 12, 13, and 14 is: 

20log10 [ IA ] 
pYBW/10 

ANALY IS 

An examination of the curves shows that 
as the operating frequ ncy and the depth 
of burial of the transmitting antenna in
crease, ther is an increased dependence of 
the signal-to-noise ratio on ground conduc
tivity. In order to analyze the results more 
fully, one should have an idea of the mag
nitude of ground conductivity (er). Table 1 
is taken from Keller and Frischknecht (1966). 
All a tern limestones are Paleozoic (pre
Carboniferous) or Precambrian; their con
ductivities hould be on the ord r of lQ-4 
to 10-5 mhos/m. G. V. Keller and P. H. 
Licastro ( 1959) demonstrate the depend
ence of conductivity upon water content. 
The greater the saturation of the rock, the 
higher its conductivity. Possibly limestone 
over caves is better drained than that of the 
bulk material, giving lower conductivities 
and better propagation. Measurements by 
the author indicate a value of conductivity 

20 Tu 

on the order of l0-4mhos/rn for cavernous 
Ordovician limeston . To illustrate the cli
matological dependence of ground conduc
tivity, Wait ( 1966) states that the average 
radio ground conductivity in the southwest
ern United States is of the magnitude 10-2, 
while in the ortheast, it is more like 10-3 
mhos/m. These conductivities are for surface 
propagation and refl ct mainly the soil con
ductivity. Notice also that the curv for 
different conductivities stop at varying fre
quencies. The curve for u = 10-5 stops at 
100 kHz, the one for u = lQ-4 stops at 
lMHz, and that for u = lQ-3 stops at 10 
MHz. This is done because the equations 
which were derived lose their validity unless 

(j 

f<--
211"£oEr 

Examination of Figs. 5 and 6 indicates a 
small peak at about 3.5 kHz. This corre
sponds to a dip in the atmospheric noise 
curve at that frequency. The spacing of 
the curves at 3.5 kHz is very small. This 
frequency r presents the optimum frequency 
for magnetic induction "cave radios" if 
the rock conductivity is abnormally high 
( u > 10-2 mhos/m). Consider the case of 
the typical "cave radio". Let N = 400 turns, 
A = 0.2 m2, I = 0.5 amps, and BW = 100 
cps. Then the worst case of signal-to-noise 
ratio for u = 10-2 mhos/m at 3.5 kHz and 
lOOm burial during the day is: 

IA 
20log10 ---+ (-14 db) = 18 db = S/N 

VBW/10 
Thus the signal-to-noise ratio is very good, 

and the device with such properties could 
be u ed at greater depths. The equations 
given can be used to find the ignal-to-noise 
ratio for greater depths. If the receiver 
bandwidth were further narrow d, perhaps 
to 1 Hz, the signal would be enhanced by 
20 db. This significant improvement, how
ever, would require special rec iver and 
transmitter techniques. A bandwidth suf
ficient to pass voice, 3 kHz, would reduce 
the signal-to-noise ratio to nearly unity ( ac
tually 3.2 db) at 100 m and the voice would 
be barely intelligible because of the noise. 
Induction d vice can also be u d at higher 
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frequencies with improved signal-to-noise 
ratio but with increased dependence upon 
conductivity. For the sharp nulls in the 
antenna pattern used in "cave radios" for 
surveying, the low frequencies ( 3.5 kHz) 
should be satisfactory. 

For greater range, the radiation field can 
be investigated. For typical rock conductivi
ties ( 10-3 to 10-5 mhos/m) the ill effects 
of using frequencies higher than 500 kHz are 
not as bad as formerly thought. Because of 
the sharp decrease in noise and drastically 
improved antenna efficiency as frequency 
increases, these "radio" frequencies are su
perior. Consider the following example using 
the antenna shown in Fig. 4 with the 
earthed ends and the curves of Fig. 7: 

l t p = 500 m 
<F = 10-S mhos/m (typical worst 

case in the eastern U.S.) 
W= 1 watt 
L=25 m 

BW = 3 kHz (voice) 
f= 1 MHz 
a= 100 m 

U ing the approximation of constant cur
rent distribution along the antenna, 

/W 
P = IL = L /- where the antenna in-

v R 
put resistance is R. The value of R is found, 
using equation 21 given by Chose ( 1960), 
to be about 40 ohms for a walking-size cave 
passage. 

Also using the constant for the graph 
p 

201og10 ----

p V BW /10 
the signal-to-noise ratio at 500 m with the 
antenna buried 100 m is about 70: 1. This 
will come as a surprise to persons used to 
thinking that higher frequencies under
ground give extremely high signal losses and 
consequently poor signals. Higher frequen
cies ( 500 kHz to 2.5 MHz) can obviously 
be used advantageously for voice under
ground communication provided the con
ductivities of the rock are not too high. The 
only disadvantage of H.F. is that the pat
tern of this 25-m long antenna could not 

have the directional characteristics necessary 
for cave surveying as is done with induction. 

The small loop antenna radiating would 
not have the advantages of the wire. Be
cause of design problems, mainly inter-tum 
capacitance, a sufficient number of turns 
could not be used to offset the disadvantage 
of the loop antenna's low effective radiation 
area. If the actual design problems associ
ated with a loop could be overcome, this 
would be a fine antenna comparable to a 
wire. 

CONCLUSIONS 

1. A frequency of 3.5 kHz should be used 
in most cases for induction radios, not 
2 kHz as has been formerly used and not 
a lower frequency such as 1 kHz. The 
receiver bandwidth should be as narrow 
as possible, and the antenna should be 
shielded against 60-Ilz stray pickup. 

2. Higher frequency propagation is not as 
bad as some people have described. 
This doesn't mean that everyone should 
get out their C.B. rigs and use them in 
caves. The optimum frequency for oper
ation varies with noise conditions, depth 
of the transmitter, and ground and rock 
conductivity. If the rock conductivity is 
low enough ( lQ-4 to 105- mhos/m), even 
citizen band can be used, although the 
loss per meter of depth is greater than at 
low frequencies. The author has even 
used 50-MHz Walkie-talkies in a cave at 
a burial depth of 15 m (this high fre
quency is not recommended), finding 
that the signal propagates well along the 
surface. 

3. The appropriate equations have been 
found in the literature and are presented 
here. They can be used in various ways, 
i.e., finding the maximum operating depth 
for given conditions, selecting a frequency 
for operation, etc., with only simple alge
bra being needed for manipulation. 

4. The signal-to-noise ratio at the receiver 
does not depend upon the depth of the 
receiver. Indeed, the receiver can be on 
the surface or underground and still re
ceive the same signal-to-noise ratio, pro
vided sufficient signal and atmospheric 
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noise are received to overcome the re
c iver' s noise figure. This stipulation im
plies that an antenna with a sufficiently 
large effective area must be used. Some 
small loops do not meet this requirement. 
In mo t cases, for higher frequencies, a 
wire antenna (electric dipole) works 
much better for receiving. 

5. The discussion at the end of the section 
"Basic El ctromagn tic Considerations" 
provides an interesting ob ervation. If the 
optimum frequency or an acceptable fre
quency for a given environment is at the 
upper fr quency end of one of the graphs 
(the graphs end at <F slightly less than 
we), the signal-to-noise ratio will be im
proved if a higher frequency is used. This 
observation is especially applicable at 
shallow burial depths. 

FIELD OBSERVATIONS 

Using BC-611 military walkie-talkies, 
qualitative measurements in the 160-m band 
were made to verify the results of the 
mathematics. These units have an output 
power of only 125 mw coupled to a 3-foot 
whip antenna. A buried 120-ft wire ( %
wavelength) was used instead of the whip. 
The buried antenna was not grounded on 
its far end as indicated by Chose ( 1960 or 
1961) because the antenna was not electri
cally short such as the one he used. 
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The first tests used a horizontal antenna 
in the cave and one on the surface. In this 
situation, communication was lost at about 
300 ft from directly over the transmitter 
buried 120 ft below the surface. However, 
when the surface ant nna was elevated 
vertically with a balloon or kite, a two way 
conversation was maintained to about 2,000 
ft from directly over the transmitter. This 
improvement with a vertical antenna is to 
be expected from the mathematical dis
cussions. 

In the course of the above measurements, 
another important factor in a cave-to-surface 
or cave-to-cave communication system was 
discovered. This is manmade noise. Before 
an operating frequency is selected, one 
should listen to the proposed frequency with 
a sensitive receiver to determine what type 
of interfering signal may be present. 
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