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ABSTRACT 

Environments in Lehman Caves were studied with particular emphasis on 
seasonal and spatial gradients and stability. Parameters measured during a 
nine-month period at stations throughout th cave were air movement patterns, 
co2 concentration in the air, air and rock temperatures, and water chemistry. 

L hman Caves was found to be stable for the parameters m asured, xcept 
that CO 2 concentration in the air varied with the season from a high in June 
( 1040 ppm) to a low in December ( 390 ppm) and with daily air movement 
near the entrance. Other parameters had spatial and seasonal gradients of vari­
ability that were steep near the entrance and gradual or undetectable within the 
back sections of the cave. 

INTRODUCTION 

The environments in caves in dry climates 
are remarkably stable (Trexler, 1964; Wig­
ley, 1967; Moore and Nicholas, 1964). The 
environments in caves in more humid re­
gions vary to considerable depths and fluctu­
ate widely during flooding and with changes 
in stream and air flows (Davies, 1960; 
Cropley, 1965; Reams, 1968). Recent in­
terest (Poulson and White, 1969) has cen­
tered in the study of caves as natural 
laboratories with stable environments and 
simple ecosystems. According to Poulson 
and White, some controversy exists as to just 
how stable cave environments are. 

As an ass ssment of daily and seasonal 
variation in a cave environment, I measured 
sev ral parameters throughout the length of 
Lehman Caves in the Snake Creek Range of 

Research conducted in Lehman Caves National 
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Biology, Desert Research Institute, University of 
Nevada System, Reno, evada 89507. 
0 present address: Laboratory of Nuclear Medicine 

and Radiation Biology 
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White Pine County, eastern Nevada. These 
parameters were CO 

2 
concentration in the 

air, air movement patterns, air and soil/rock 
temperatures, and wat r chemistry. In addi­
tion, qualitative ob rvations on environ­
mental and biological conditions were made 
throughout the caves. Periods of measure­
ments in 1968 were: June 26 to July 3, Sep­
tember 22 to 28, October 23 to 27, and 
Decemb r 3 to 8. Another sampling was 
done on January 11, 1972. 

METHODS OF MEASUREMENT 

Th C0
2 

concentrations of the air wer 
monitored (ppm by volume) with an infra­
red gas analyz r attached to a continuous 
recorder at a sampling station in the Gothic 
Palace, about 40 m from the natural en­
trance. In June, monitoring was conducted 
at a sing] station. For the rest of 1968. 
monitoring was conducted at three stations; 
an airstream switching devic was used for 
measurements at minute intervals at each 
station. Throughout th caves, air sampl s 
were collected in large plastic bags at inter­
vals during th test periods and imm diat ly 
analyzed for CO 

2 
content. 
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Air temperatures were measured at six 
stations (Fig. 1), located from just past the 

othic Pa]ace to the back of the Talus 
room. Thermistors. with 12-ft leads were 
instaB d and r ad with a YSI unit to the 
nearest 0.1°C, at a distance which permitted 
accurat , undisturbed readings. During the 
June visit, wall temperatures were measured 
with a radiometer. Spot temperature meas­
urements also were taken in other sections 
of th caves. Wind sp ed and direction 
initially were measured by timing with a 
topwatch th direction and fall of a piece 

of down. Later measurements wer made 
throughout most of the caves using a sensi­
tive hot-wire anemometer to measure air 
speeds and oap bubbles to find the direc­
tions of th air currents. 

Wat r sample in 1968 were analyz cl in 
the caves with a portable, battery-powered 
titration unit. The values measured or 
calculated were pH and ppm of anions. 
Simultaneous measurements of the water 
t mperature, atmosph ric pressur , and CO 

2 

concentration were also taken. These water 
samples wer taken from pools unmodified 
by construction of visitor pathways in the 
back s ctions of the caves, mostly from the 
Talus room, and from drops on "soda straws" 
and other talactites near the Grand Palace. 
Water in undisturbed pools in the caves in 
1972 was measured for pH. Samples were 
then taken and analyzed for anions and 
cations in th laboratory. 

RESULT 

CO., measurements: The CO., concentra­
tions i-n the cav s are hown in Figs. 2 to 5. 
In Figs. 3 to 5 simultaneous measurements 
from the thre stations arc indicated; spot 
readings are indicated by points. 

Th concentration of CO., was highest 
in June-July, when it rang~d from 1040 
ppm (July 2, 1968) to 550 ppm (June 30, 
1968). The CO., concentration then de­
crcas d until Dec- mb r 6, 1968, wh n the 
lowest concentration of CO., ( 390 ppm) 
was record d (Fig. 5). During S pt mb r 
27, 1968, a maximum of 1070 ppm co2 

was measured in the Talus room after four 
days of quiet air. 

Causes of this decrease from June through 
December apparently include an increase in 
air penetration into the caves during this 
period. The amounts of water entering the 
caves decrea e rapidly after June, and le s 
CO., is re1eased into the air. In addition, 
low~red temp ratur s have b n shown 
( Pitty, 1968) to result in reduced biological 
activity and rel ase of CO., by soil organ­
i ms and, hence, in a reduction in CO 

2 
levels 

in the water of Jimestone r gions. 

Daily variations in CO,, content are caused 
by air movem nt patte;ns, which can b 
related to several factors, including outside 
air temperature . Air movement into the 
caves generally brings about lowered co2 
cone ntration. In June, only one period of 
lowered concentration occurred. This took 
place when a cold night with temperatures 
below freezing resulted in flow of air into 
the caves. In September and October, the 
CO., content fluctuated, generally increas­
ing -during the day when outside tempera­
tures were abov 10°C ( 50°F) and either 
decreasing or remaining steady during the 
night when outside temperatures were near 
or below 10°C. In December, air flow 
g nerally was into the caves, and the low 
CO., cont nt varied only 50 to 60 ppm 
<luring the entire month. 

In general, the gradient of CO 
2 

content 
incr a ed toward the Talus room in the 
back of the caves. The readings in the 
Lodge room ranged from 0 to 40 ppm 
above those in the test area near the Gothic 
Palace; and reading in the Talus room 
ranged from 20 ppm below to 270 ppm 
above those of air in the Gothic Palace. 
Differences were greatest when there was 
rapid air movement into the caves and 
smallest when mass air mov ment was 
toward the entrance. At no place in the 
caves was a great difference in CO., con­
centration found, indicating fairly go~d air 
circulation throughout the entir cave . No 
higher concentration of CO., was found in 
lower pas ages, in contrast -to the findings 
of Delecour, et al. ( 1968). 
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Figure 1. Map of Lehman Caves showing the locations of sample stations and measure­
ment points (adapt d from National Park Service map). Anoth r ntrance has b en 
added off the Lodge room since this study. 
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Figure 2. Chart of the changes in CO 
2 

concentration in air in Lehman Caves for the 
period June 28-July 2, 1968. The spikes during the hours 8 a.m. to 4 p.m. are caused 
by groups of visitors. 
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Figure 3. Chart showing changes in CO 
2 

concentration in the air in Lehman Caves for 
the period September 23-28, 1968. 
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Figure 4. Chart showing changes in CO 
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concentration in the air in Lehman Caves for 
the period October 23-27, 1968. 
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Figure 5. Chart showing changes in CO 
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concentration in the air in Lehman Caves for 
the period December 4-8, 1968. 
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The CO 
2 

content was increased locally in 
the main passage by visitors, although no 
long term or extensive changes were related 
to visitor use. Th~ present (artificial) en­
trance affects the co2 concentration by in­
fluencing air movement, as discussed in the 
next section. The outside weather (air tem­
perature fluctuations , wind speed and direc­
tion, and passing storms) caused rapid 
changes in CO 

2 
content. Again, the influ­

ence was related to changes in the direction 
and speed of air movement in the caves. 

Air movements: Air movements throughout 
the caves were determined from changes in 
co2 concentrations, spot anemometer read­
ings (Table 1), and directional observations 
on soap bubbles. 

Air flow during warm periods, when mean 
temperature outside is above l0°C (50°F), 
is toward the entrance; i.e., cool air in the 
caves is moving down from higher passages 
and out the entrance. This movement would 
indicate possible higher openings to the 
caves allowing air to flow in, be cooled, and 
flow out of the entrance. With outside air 
temperature below l0°C, air flowed into the 
caves and lowered CO? concentrations as far 
back as the Talus ro;m, but generally the 
air movement itself was measurable only as 
far as the Lodge room. 

Except at the entrance and Gothic Palace, 
wind speeds in the caves varied from no 
detectable movement to about 20 cm/sec 
( 8 in./ sec), depending on the time of day 
and on the direction of air flow. Speleo­
thems and passage irregularities cause turb­
ulence, eddies, and local reversal of air flow, 
and probably impede air movement in much 
of the caves. 

Because of the configuration of the en­
trance, air circulation there consists of cool 
air flowing down the floor into the caves and 
warm air flowing on the ceiling toward the 
entrance, as measured on October 25 and 
26 (Table 1). On these mornings, wind 
speed measurements indicated cold, dry air 
flowing along the lower passage from the 
artificial entrance into the Gothic Palace 
and a reverse flow of warmer, moist air 
along the ceiling toward the natural en-

trance. The warm and moist air at the 
higher natural entrance was especially no­
ticeable during December when the lower 
passages were cooler and dry. Wind speeds 
were moderate on those two mornings, 
averaging only 20 cm/sec along the floor; 
at other times breezes were noticeably 
stronger. This air circulation was felt every 
morning from December 5 through 8. Open­
ing the entrance door approximately doubled 
the speed of air circulation. 

Air movement in the caves was greatly 
increased by a passing storm front on Octo­
ber 25, 1968 (also noted by Trexler, 1964). 
Increased air flow is assumed to be the 
result of changing temperatures and higher 
winds rather than of a barometic pressure 
effect, because the small volume of air en­
closed by the caves together with the postu­
lated other openings would equalize any 
pressure changes quickly. 

Temperatures: Temperatures measured in 
the caves (Table 2) show that the back of 
the caves is warmer and has fewer fluctua­
tions in temperature than have the front 
portions. The range of temperatures in 1968 
at the Gothic Palace was 1.2° (2.1°F), i.e., 
from 10.8°C (51.4°F) in September to 
9.6°C (49.3°F) in December. The Talus 
room had only a 0.2°C (0.4°F) range from 
11.3 ° to ll.5°C (52.3° to 52.6°F). The 
range in temperatures from the front to the 
back of the caves was 2.2°C ( 4.0°F) on 
December 7, when 9.8 °C ( 49.6°F) was 
recorded in the Gothic Palace and 12.0° 
( 53.6 ° F) (the highest temperature found 
in the cave) was recorded in the Grand 
Palace. The temperatures in the Lodge 
room and the Inscription room were lower 
in December, possibly as a result of cold air 
penetration. Station No. 2 was 4 m ( 13 ft) 
off the floor and, consequently, was warmer 
than Stations nos. 1 and 3 which were 
about 1 m off the floor. 

Hygrothermographs were installed at two 
locations during the September and Octo­
ber visits. One was located just off the 
Gothic Palace, in the Test Area. The other 
was placed on a wooden stand in the back 
of the Talus room. The Talus room was 
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TABLE 2. Air temperatures (°C) at several locations in Lehman Caves, Nevada, 1968. 

AREAS SAMPLED °' 
Date 
1968 

June 29 
30 

July 1 

2 

Sept. 23 
24 

25 

26 
27 

28 

Oct. 23 
24 

25 

26 

27 

Dec. 5 

6 

7 

8 
1972 
Jan. 11 

Time 

0855 
1920 

0645 
1900 
1515 

2000 
0900 
1100 
1600 
2030 
0800 
1130 
1700 
2030 
1630 
1730 
2015 
0700 

2000 
0920 
1430 
0915 
1455 
1945 
0830 
1730 
0700 

1030 
1150 
1515 
1915 
0900 
1330 
1730 
0915 
1430 
1930 
0845 

1145 

Gothic 
Palace 

1 

10.6 
10.2 

10.l 
10.5 
10.7 

10.7 
10.8 
10.8 
10.8 
10.6 
10.6 
10.7 
10.8 
10.7 
10.8 
10.8 
10.8 
10.7 

10.4 
10.5 
10.6 
10.8 
10.6 
10.6 

9.7 
10.8 
10.5 

9.8 
9.8 
9.8 

10.0 
9.6 
9.8 
9.8 
9.7 
9.8 
9.8 

10.3 

9.1 

0 See map (Fig. 1) for locations. 
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Light 
19 
2 

11.3 
10.5 

10.8 
10.5 
10.9 

11.l 
11.3 
11.3 
11.2 
11.0 
11.l 
11.4 
11.2 
11.2 
11.5 
11.3 
11.3 
11.2 

11.3 
11.2 
11.3 
11.3 
11.4 
11.4 
11.4 
11.4 
11.4 

10.9 
10.9 
10.9 
11.2 
11.l 
11.l 
11.l 
11.2 
11.0 
11.0 
11.l 

10.0 

Lodge Inscription Grand 
room room Palace 

3 4 5 

11.l 10.9 10.9 
11.2 10.6 10.9 

11.2 
11.6 
11.7 

10.9 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.9 
10.8 
10.8 
10.8 

10.8 
10.7 
10.6 
10.7 
10.8 
10.7 
10.8 
10.8 
10.7 

10.3 
10.3 
10.3 
10.4 
10.2 
10.4 
10.3 
10.2 
10.2 
10.2 
10.2 

11.l 

10.7 
10.5 
10.6 

11.4 
11.4 
11.l 
11.2 
11.l 
11.0 
11.l 
11.0 
11.0 
11.l 
11.0 
11.l 
11.0 

11.3 
11.l 
11.0 
11.l 
11.l 
11.0 
11.2 
11.l 
11.1 

10.9 
10.9 
10.9 
10.9 
10.8 
10.8 
10.8 
10.9 
10.6 
10.7 
10.6 

11.8 

10.9 
11.0 
10.9 

11.6 
11.4 
11.5 
11.4 
11.4 
11.4 
11.5 
11.5 
11.5 
11.6 
11.5 
11.5 
11.4 

11.7 
11.6 
11.6 
11.4 
11.6 
11.6 
11.7 
11.8 
11.l 

11.4 
11.5 
11.7 
11.7 
11.7 
11.8 
11.7 
11.8 
12.0 
11.8 
11.8 

12.0 

Talus 
room 

6 

11.5 
11.5 

11.4 
11.5 
11.5 

11.5 
11.4 
11.4 
11.3 
11.4 
11.4 
11.4 
11.3 
11.3 
11.3 
11.3 
11.4 
11.4 

11.4 
11.4 
11.3 
11.3 
11.3 
11.3 
11.3 
11.3 
11.3 

11.4 
11.4 
11.5 
11.5 
11.4 
11.4 
11.4 
11.4 
11.4 
11.4 
11.4 

11.7 
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constant at 100% relative humidity and a 
temperature of ll.4°C (52.5°F), as cor­
rected with a themistor unit. In the sample 
area, the temperature varied from 10.0° to 
11.2 ° C ( 50.0 ° to 52.4 ° F) with relatively 
little change from 10.6°C (51.1°F) over 
this period. The relative humidity stayed 
at 100% until October 14, at which time it 
dropped to 90%; it remained between 88% 
and 100% until October 24. At this time 
of year, the winter cycle of cold air enter­
ing the caves through undiscovered higher 

ntrances and also the gravity air exchange 
at the entrance begin. 

A comparison of these measurements of 
temperature and humidity with those of 
Trexler ( 1964) shows that throughout the 
periods measured in this study there was 
less fluctuation than recorded by Trexler. 
My method of leaving thermistors in place 
reduced variations, relative to the values 
Trexler recorded; however, the trends found 

are the same as those described by Trexler, 
exc pt that Trexler was not aware of the 
extreme stability of the Talus room. 

Water conditions and chemistry: The re­
sults of the analysis of the water samples 
taken in 1968 are presented in Table 3, and 
those for the water chemically analyzed in 
1972 in Table 4. The pH of undisturbed 
water in pools is slightly higher than usual 
for water in limestone areas. Water in pools 
presumably fed by phreatic ground water 
has a higher and different mineral content 
than has water seeping into the cave from 
above. Compare, for example, samples 6 

and 7 with samples 1 to 4 in Table 4. 
Bicarbonate is the principal anion present 
in all samples. Ca2+, Mg2+, and Na+ seem 
to have about equal concentrations in pool 
water, but there is a relatively high percent­
age of Ca2+ in seepage from the ceiling. 

In order to determine if the water in the 
pool and the water in the drops are in 

TABLE 3. Air and water characteristics at selected locations in Lehman Caves, Nevada, 
December 1968. 

Date 

1968 
Dec. 5 

Dec. 6 

Dec. 7 

Sample 
Time number 

1215 la 

1535 lb 

2010 le 

1130 ld 

1745 le 

1135 2 

1145 3 

1500 4 

pH 

8.4 

8.4 

8.2 

8.2 

8.1 

8.1 

8.3 

8.3 

Anions 
(ppm) 

216 

221 

216 

214 

214 

107 

212 

256 
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co2 in 
C0

2 
in air Location 

Temp. Pressure air calculated 
( °C) (inches) (ppm) ( mg/l) 

11.3 23.80 

11.3 23.85 

11.3 23.85 

11.3 23.90 

11.3 23.90 

11.9 23.90 

11.2 23.90 

11.2 23.90 

500 

530 

530 

460 

460 

530 

510 

510 

2.21 

2.2 I 
I 

3.2 r Talus room 

I 
Pool 1 

3.2 

3.2 J 
2.6 Drops from 

passage off 
Grand Palace 

2.8 Grand Palace 
pool 

3.0 Passage off 
Grand Palace pool 
under sample # 2 

43 



TABLE 4. Chemical analyses of water samples measured and collected on January 11~ 
1972 in Lehman Caves, Nevada. 

Sample Location 

0 
Cil 
0.. -'O 0 -- 0 

0 0.. 0 ........ ""' 
0 0 

0 ::s ..., 0.. 
0 ..., 0 

~--0.. 
- Q) 

~ 0.. Q) 

0 ~ Cl)'-' 
- CJ ~ s 

Q) 
-=@ § 

o ro ..c= 0 
CJ ~C;j ~C;j t: 0 s s ro ro~ o· ..... ell~ o IZ 

8.-1 gC\l C;j 
Cl) '""d = 0. Q) "'O = Q) 

""' .......... ""' .......... 
~ 

Q) = Cl)·;:: 
Q) = Q) 00 

en 0 en 0 "'O oo ro 00 CJ oo ro 00"'0 
ro""' ro en ro""' ro o :::1 0 :::1 0 = en= C;j~ C;j~ ro ~ C) enl'-( ~ C) ~~ 

""' ro ro ro ro 
E-< E-< C) ~ ~ ~ ~ 

Sample number 1 2 3 4 5 6 7 

pH in cave 7.6 7.9 
4 pH in laboratory 8.3 8.3 8.5 8.4 8.2 8.2 
Temperature in cave 11.3 11.3 11.3 10.9 

0 Anions 
HC0

3 
181 170 201 156 160 97 115 

Cl 20 23 17 16 22 12 
S0

4 
20 22 27 35 42 10 

Cations 
Ca 21 17 21 26 24 
Mg 19 17 18 10 4 
Na 17 17 20 12 7 
K 2 3 3 1 1 
p 0 0 0 0 0 

0 Analysis by Water Analysis Laboratory, Desert Research Institute, Boulder City, Nevada. 

chemical equilibrium under conditions in 
the caves, two situations were measured. 
Since the CO 

2 
concentration in the air 

varied more than two-fold, the pH of a 
pool in the Talus room was measured under 
three situations: ( 1) the pH probe was 
carefully lowered into the pool with no 
stirring, and a pH of 7.55 was measured; 
( 2) the pool was agitated as the probe was 
lowered, and the pH increased to 8.02 after 
3 min; and ( 3) water was removed and 
stirred in a beaker (as in the titration meas­
urements), and the pH was 8.36 after two 
min. Calculation of the pH of the pool 
under the existing conditions of tempera­
ture, pressure, and co2 concentration in 
the caves and under the assumption that 
the activities of the various ions present are 
approximately equal to those of Ca2+ and 
HCOa and approach unity at these low 

molalities, indicates that the pH for a CO 
2 

concentration of 500 ppm is 8.2 and that for 
1,000 ppm is 8.0 using the method of 
Garrels and Christ ( 1965, p. 76). The bi­
carbonate concentration calculated under 
these conditions is 67 ppm at 500 ppm CO 

2 

air concentration and 88 ppm when concen­
tration is 1,000 ppm. 

These two situations suggest, then, that 
the water in pools is not in equilibrium 
and that the pool water is supersaturated 
with bicarbonate and has a low pH clue to 
a high level of dissolved CO 

2
• Fluctuating 

conditions in the caves probably play a 
minor role in determining water chemistry, 
although changing cave conditions bring 
about changes in water equilibrium with 
time. Although CO 

2 
concentration in the 

air varies seasonally, at no time is the co2 
concentration high enough to cause dissolu-
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tion of calcite in the back section of the 
caves. 

The pII and alkalinity of water in the 
pools depend on the source of the water. The 
water evidently enters the caves from areas 
high in C0

2
• After entry of the water into the 

caves, co2 is slowly released from the water 
to the cave air. Stirring the pools drives 
off part of the CO 

2 
by changing carbonic 

acid to C02 and water. The relatively lower 
pH of incoming water, also, permits more 
calcite and other minerals to be held in solu­
tion. During subsequent times of increasing 
pH, these would be deposited in the caves. 
That this process is going on under undis­
turbed conditions is evidenced by calcite 
rafts floating on the pools. Stirring the pool 
water would have the double effect of de­
creasing CO., in the water and of dissolving 
the calcite r;fts, thereby accounting for the 
change in pH from 7.55 to 8.32 observed. 
Wat r from pools brought back to the lab­
oratory also evolved CO? and, after standing 
a few weeks at room temp rature, had a 
pH of 8.3 to 8.5. 

It is noteworthy that water dripping into 
the caves had the least amount of dissolved 
solids (Table 3, sample No. 2), but that 
ground water from a pool in the same sec­
tion of the caves had the most (Table 3, 
sample No. 4). It is assumed that the drops 
had already lost much of the CO 

2 
to the 

cave air and that the dissolved minerals had 
been deposited. 

Samples taken from one pool in the Talus 
room (samples la - le, Table 3) over a 
period of 2 days in December, 1968, showed 
less than a 3% change in alkalinity over a 
range of 460 to 530 ppm CO 

2 
in the air. 

This range is less than the degree of accur­
acy of the methods, so that there may not 
have been a measurable change during this 
2-day period. Conditions at this time were 
very stable with respect to air temperature, 
CO., concentrations, and barometric pres­
sur~. Comparison during other seasons hav­
ing higher co2 concentrations and more 
water presumably would show changes in 
pH and in alkalinity. 
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How this cycle of CO 
2 

concentration and 
equilibrium changes with the seasons or 
with the rapid addition of percolating waters 
is not known. In December, when there 
was little change in CO., concentration of 
the air, water in the po~ls varied little in 
pH and alkalinity. This suggests that the 
water was at or near equilibrium, although 
this was not observed. Water collected from 
"soda straws" and from small conical sta­
lactities had low alkalinity, possibly because 
the inseeping ground water at this time of 
year contains relatively less CO 

2 
or is under­

saturated with respect to calcite. 

In order to determine deposition rate or 
growth of formations in the caves, a series 
of measurements at different times of the 
year will be required. Observations made 
on water dripping on cables and lights in 
the Talus room and the Grand Palace in­
dicate that calcite is being deposited at a 
slow rate under present conditions. Dissolu­
tion of some formations was observed near 
the Lodge room, and some of the permanent 
pools in this area occupy deep solution 
bowls in the calcite. 

A few observations on possible additional 
entrances to the caves are pertinent to this 
study. In the Gypsum Extension, in the pas­
sage off the north end of the Talus room, and 
in the Talus room, relatively recent packrat 
trails and droppings were observed, indicat­
ing possible use until the lights were installed 
and the visitor path extended. Packrat trails 
in several places end abruptly at holes in 
th upper walls of these passages, indicating 
that entrance to the cave was gained here 
through small openings to the surface not 
penetrable by man. Bones of rodents in the 
spelunker section north of the entrance once 
were abundant at the end of the passage; 
however, this section of the caves is fairly 
near to the surface and to the natural 
entrance. 

The walls from the Gothic Palace to the 
In cription room once had a fairly thick 
cover of "lint'', composed of threads, dust, 
fungal hyphae, and spider webs. This por­
tion of the caves also was the driest. 
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Since closure of the natural ntrance 
area, masses of fungal hyphae have devel­
oped on the abundant organic matter b -
neath the opening and fruiting bodies are 
common here. N 'w fruiting bodies were 
observed both in September and in Decem­
ber. The warm, moist air trapped in this 
higher section has undoubtedly increased the 
rate of decomposition of organic material 
since the entrance was sealed. 

Discus ION 

Temperature and humidity are fairly 
tabl in the L hman Caves. There is a 

stability gradient from the front to the back 
of the cav . Temperature in th Talus room 
and Grand Palace remained almost constant 
at 11.4 ° C ( 52.5 ° F) and relative humidity 
remained at 100% during the period of 
study. The front of the caves from the 
Gothic Palace to the Lodge room varies 
seasonally as much as 2.2°C (4.0°F), and 
the relative humidity decreases after about 
the middle of October. The back portions 
of the caves are little influenced by fluctua­
tions at the entrance or by outside environ­
mental conditions. 

Factors important to cave processes which 
change seasonally are the direction of air 
movement, the rate of air movement, and 
tho relationship of co2 concentration to 
air movement. The concentration of CO.., 
vari s from an average of 1000 ppm ( 0.1 % ) 
throughout the caves in the early summer 
to an average of 450 ppm ( 0.0453 ) in 
December. The predominant direction of 
air movement in summer and early fall is 
toward the entrance. This is reversed about 
the rniddl of October and, pr sumably, 
remains reversed until late spring. This 
means that th front of the caves is sub­
jected to drying conditions at the tim 
when the volume of water entering the caves 
is minimal. 

The concentration of CO., in air in the 
caves is a function of th ra-te of th diff u­
sion of CO., out of wat r percolating into 
the caves. -CO., is carri d throughout the 
caves by air c;rrents and its concentration 
in most of th caves is qualiz cl within 

two to three days, in periods of fairly stable 
air. Changes in concentration of up to 500 
ppm CO., are brought about by reversal of 
air flow -in the front portion of the cave. 
A fairly continuous exchange of cave air 
with the outside atmosphere prevents the 
building up of high concentrations of CO.., 
which would slow the rate of calcite depo: 
sition, especially in early summer when CO.,-
rich water percolates into the cave. -

Lehman Cav s is representative of a type 
of cave which is quite stable in temperature, 
humidity, and moisture. Environmental fac­
tors in caves such as these, located in arid 
or semi-arid regions and having only one 
main entrance, r spond slowly to external 
seasonal influences. There is no rapid flow­
through either of air, or of water. Thu , 
the cave lacks the high heat exchange ca­
pacity which would be required for it to 
rapidly alter its internal environment. Air 
flow from the entrance into the obstructed 
and highly decorated passages, is quickly 
slowed, o that there is created a gradient 
of increasing stability from the entrance 
toward the back of the caves. The most 
variable factor measured was CO., concentra­
tion, but some other seasonal -trends and 
changes do occur. The most rapid fluctua­
tions are found near the entrance, due to 
rev rsals of airflow into the caves. 

ACKNOWLEDGME TS 

I wish to thank Mr. Thomas Despard 
and Mrs. Patricia Harris of the Center for 
Water Resources Research, Desert Research 
Institute, for the use of instruments and help 
in the water studies for this report. Dr. 
John Sharp, also of the CWRR-DRI, pro­
vided help in the water studies calculations 
and was instrumental in s tting up the water 
studies. Mr. Jack Saunders, of the Water 
Resources Laboratory, Desert Research In­
stitute, Boulder City, assisted in the 1972 
water analysis. 

The Park ervice personnel at Lehman 
Caves National Monument were of great 
assistance in providing facilities and in help­
ing with 'CJuipm nt at Lehman Caves during 
this study. 

46 TIIE NATIONAL SPELEOLOGICAL SOCIETY BULLETIN 

LITERATURE CITED 

Cropley, J. B. ( 1965 )-Influence of Surface 
Conditions on Temperatures in Large 
Cave Systems: NS S Bulletin 27: 1-10. 

Davies, W. E. ( 1960 )-Meteorological Ob­
servations in Martens Cave, West Virginia: 
NSS Bulletin 22:92-100. 

Delacour, F.; Weissen, F.; Ek, E. ( 1968 )­
An Electrolytic Field Device for the 
Titration of CO., in Air: NSS Bulletin 
30: 131-136. -

Garrels, R. M.; Christ, C. L. (1965 )­
Solutions, Minerals, and Equilibria: NYC, 
Harper & Row, pp. 76-83. 

Moore, G. W.; Nicholas, G. ( 1964) -
Speleology, the Study of Caves: Boston, 
Heath & Co., 120 pp. 

VOLUME 35, NUMBER 2, APRIL 1973 

Pitty, A. F. ( 1968 )-Some Features of Cal­
cium Hardness Fluctuations in Two Karst 
Streams and Their Possible Value in Geo­
hydrological Studies: ]our. Hydrol. 6:202-
208. 

Poulson, T. L. ; White, W. B. ( 1969 )-The 
Cave Environment: Sci., ns. 165:971-981. 

Reams, M. W. ( 1968 )-Cave Sediments and 
the Geomorphic History of the Ozarks: 
Ph.D. dissertation, Washington University, 
167 pp. 

Tr xler, K. A. ( 1964)-Cave Atmosphere 
Studies, Lehman Caves National Monu­
ment: Arizona Caver 4:20-27. 

Wigley, T. M. L. ( 1967)-Non-steady Flow 
through a Porous Medium and Cave 
Breathing: ]our. Geophys. Research 72: 
3199-3225. 

47 



Scapegoat Alpine Karst, Montana 
Newell Campbell ~ 

ABSTRACT 

The Scapegoat Mountain alpine karst area is a high plateau lying in the 
center of the Scapegoat Wilderness, 75 miles west of Great Falls, Montana. The 
plateau is underlain by more than 1,700 feet of Cambrian rocks, part of the 
upper plate of a large thrust sheet. Nearly 1,000 feet of Middle Cambrian car­
bonates cap the 8,000 foot plateau and solution features are widely scattered 
over the plateau surface. Solution features range from pits several hundred feet 
deep to small karren less than an inch wide. All of the karst is developed along 
three joint sets, N20E, N35W and N65W. 

The location of the larger sinkholes is controlled by the position of 'large 
n rth-south trending snowbanks that drift in during the winter months. More 
melt-water is available for solution beneath these snowbanks, allowing larger pits 
to develop there than elsewhere. 

All runoff from the Scapegoat Plateau is channeled underground through 
sinkholes and resurges from caves in the canyon walls 1,000 feet below. 
Mapping of several of these caves revealed that the joint pattern is consistent 
throughout the carbonate section. The age of the karst probably is post-Pleistocene. 

INTRODUCTION 

The Scapegoat Mountain karst area is 
located between Observation Peak (elev. 
8,522 ft) and Scapegoat Mountain (elev. 
9,207 ft) in sections 3, 4, 9, 10, 14, 15 and 
16, Tl8N, RlOW, Lewis and Clark County, 
Montana. The area lies about 25 airline 
miles southwest of Augusta, Montana, and 
20 miles north of Lincoln, Montana (Fig. 
1). Scapegoat Mountain is shown on the 
Cooper Lake Quadrangle ( 1: 125,000) and 
the new Crown M o u n t a i n Quadrangle 
(1:24,000), now available only as a pre­
liminary sheet. 

The karst region, a high plateau 8,000 
feet above sea level, is included in the new 
Scapegoat Wilderness and lies more than 15 
miles from the nearest road. Access usually 
is made from Benchmark via the Straight 
Creek Trail. In this paper, the high karst 
area will be called the Scapegoat Plateau. 

0 Geology Department, Yakima Valley College, 
Yakima, Washington 98902 

The plateau is quite barren of vegetation, 
although a few scattered patches of small 
trees and grass occur in the central part of 
the area. The precipitation averages nearly 
50 inches per year, most of it as snow fall­
ing between the months of October and 
May. Strong westerly winds create large 
snowbanks on the plateau. Some of the 
drifts exceed 100 feet in depth and do not 
melt completely away during wet years. 
Temperatures range from highs around 
80°F during summer to lows far below 0°F 
during winter. The coldest temperature ever 
recorded in Montana (-77°F) occurred only 
a few miles to south, at an elevation of 
6,000 feet. The harsh climate makes effec­
tive study possible only during the months 
of August and September. Many of the karst 
features are completely free from snow only 
during very dry years. 

Scapegoat Mountain ranks as one of the 
finest alpine karst areas in the United States 
but, because it is so isolated, it remains rela­
tively unknown. Reports by hunting parties 
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Fig. 1. Index map of northwestern Montana, showing location of Scapegoat Plateau. 

during the 1950's told of numerous caves 
and deep pits, but no explorations were 
made at that time. In 1968, the area was 
flown for the U. S. G. S. wilderness map­
ping project and the r e s u 1 t i n g photos 
showed hundreds of sinkholes on the pla­
teau. Two trips into Scapegoat Mountain to 
map the caves for the Montana Bureau of 
Mines cave proj ct were made by the au­
thor in July, 1971 and August, 1972. These 
trips were only partially successful due to 
heavy snow cover, but they did show that 
the area had great potential for deep caves 
and as an alpine karst study area. 

GEOLOGY 

Regional Setting 

Scapegoat Mountain is part of the Lewis 
and Clark Range in the Rocky Mountain 
Province. The range is composed of Pre-

Cambrian, Paleozoic, and Mesozoic sedi­
mentary rocks that have been thrust-faulted 
into a series of blocks known as the Dis­
turbed Belt. Thrusting was from the west 
and created a series of north-south trending 
linear ridges and valleys. In general, resist­
ant carbonates hold up the ridges while 
softer shales and sandstone underlie the 
valleys. In addition, normal faulting oc­
curred during the thrusting and further 
complicates the g ology. An excellent arti­
cle by Mudge ( 1970) contains more infor­
mation on the geology and origin of the 
Disturbed Belt. 

Structure 

The Scapegoat Plateau consists of an ele­
vated block of Cambrian carbonates about 
5 by 10 miles in siz that is folded into a 
broad, shallow, southeasterly-trending syn-
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dine (Fig. 2). Dips seldom exceed 10°. 
An exception is the extreme southern por­
tion of the plateau, where a large normal 
fault has tilted the rocks into a nearly ver­
tical position (Fig. 3). 

According to Mudge (personal commun. , 
1972), the rocks of the Scapegoat Plateau 
are part of the youngest major thrust sheet 
in the region. The front of the thrust runs 
southeastward along Straight Creek, near 
Halfmoon Park, and along Dearborn Creek 
(Fig. 3). Mudge tates that "the rocks at 
Scapegoat have been transported eastward 
on thi fault , possibly as much as 10 miles". 
It was this thrust which moved the large 
carbonate block of the Scapegoat Plateau 
upward and eastward to its present position. 

Stratigraphy 

A thick ·Cambrian section is preserved in 
the Scapegoat Mountain area. The Cam­
brian rocks here have been divided into the 

following units: Flathead sandstone, Gordon 
shale, Damnation limestone, Dearborn lime­
stone, Pagoda limestone, Steamboat lime­
stone, and Switchback shale, all of which 
are Middle Cambrian in age, and the Devil's 
Glen dolomite of Upper Cambrian age. Fig. 
4 contains brief descriptions of all units. 
Deiss ( 1938, p. 1,084) measured a section 
on Observation Peak, at the west end of 
the plateau. A total of 1,723 feet of Cam­
brian rocks are present at this point. Scape­
goat Mountain also contains approximately 
1,700 feet of Cambrian rocks. Both peaks 
are capped by Devil's Glen dolomite, which 
contains no sinkholes in this area. On the 
plateau proper, the Devil's Glen dolomite 
and Switchback shale have been removed 
by erosion and the Steamboat limestone is 
uppermost over most of the area. Below the 
Steamboat limestone, exposed in cliffs sur­
rounding the top of the plateau, are in 

Fig. 2. Aerial photo of Scapegoat Plateau. Scapegoat Peak is at center of photo. Over 
1, 700 feet of Cambrian rocks, including 1,000 feet of carbonates, underlie the plateau. 
Note large snow drifts. 
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descending order the Pagoda, Dearborn, 
and Damnation limestones. These four car­
bonate units together have a thickness of 
951 feet. The Gordon shale and Flathead 
sandstone are largely concealed by a talus 
slope below ( Fig. 5 ) . 

Meltwater is funneled into sinkholes and 
open joints in the Steamboat limestone, 

passes entirely through the carbonate sec­
tion, and resurges at the base of the Dam­
nation limestone. 

SOLUTION FEATURES 

Scapegoat Plateau is scarred with many 
kinds of solution features. These range in 
size from sinkholes 50 feet wide and hun-
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AGE NAME THICKNESS DESCRIPTION 
(feet) 

Upper Devil's Glen White, massive, medium crystalline dolomite 
Cambrian dolomite 350 

Switchback Green-gray, fissle shale with thin interbeds 
shale 70 of brown dolomite 

Steamboat Gray, thin-bedded, mottled limestone with 
~ limestone 255 some thin mudstone layers 
C1$ 

Pagoda Gray - brown, medium - bedded, fine - grained 
'""' ,.D limestone 296 limestone and dolomitic limestone; argillace-

s ous in lower part 
CIS 

Dearborn Dark gray-brown, massive, fine-grained lime-u limestone 251 stone with some mottling 
a> 

Damnation Dark-brown, medium-bedded, medium-
"'O limestone 149 grained limestone; thin bedded and sandy 
"'O in lower part 

~ Gordon Gray, fissle shale, calcareous and sandy in 
shale 274 lower part 

Flathead Red, coarse-grained, poorly sorted, quartz-
sandstone 78 rich sandstone 

1723 feet (total thickness) 

Fig. 4. Cambrian rocks cropping out in Scapegoat Plateau area (modified from Deiss, 
1939). 

dreds of feet deep to karren only a few 
millimeters wide (Fig. 6). All of the solu­
tion features are developed along three sets 
of vertical joints that run N35W, N65W, and 
N20E. These joint directions are consistent 
throughout the whole carbonate section. 
Passages in caves at the base of the Dam­
nation Lime tone follow joints having the 
same directions as do those followed by 
karren at the top of the plateau (Fig. 7). 
It is this consistency in joint pattern that 
allows ground water to penetrate the entire 
carbonate s ction. 

Large Features 

Several hundred of the larger sinkholes 
and pits (those more than two feet wide 
and 20 feet deep ) were measured to see if 
any one joint set contained more sinks than 
the others. It was found that 50% of the 
large solution featur s are developed along 
N20E joints, 32% along N35W joints and 
17% along N65W trending joints. Smaller 
karren were not measured for trends. 
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Large sinks are not scattered randomly 
over the entire plateau, but are concen­
trated in groups. Although some of the 
larger sinks have formed at the intersection 
of two prominent joints, this does not ap­
pear to be a dominant factor in determining 
where the larger pits occur. More important 
is the relationship between joints and large 
snowbanks on the plateau. Snow is blown 
in large drifts along the lee sides of ridges 
on the plateau. The ridges usually trend 
from north to south. Since the wind blows 
mostly from the west, snow is piled up in 
long north-south banks. More water is avail­
able for solution beneath these drifts than 
anywhere else on the plateau and the loca­
tion of the snowbanks appears to have been 
responsible for controlling the location of 
the largest sinkholes. Meltwater tends to 
select the joints that most nearly parallel 
the snowbanks (those trending N20E and, 
in part, N35W) and seldom travels over 
50 feet before sinking into the ground. 
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Fig. 5. Cambrian carbonate section in Green Fork Canyon. Cs-Steamboat limestone. 
Cp-Pagoda limestone. Cde-Dearborn limestone. Cda-Damnation limestone. Arrow 
points to small stream resurging from a cave in the Damnation limestone. Photo by 
Charles Pease. 

In areas where the snow is normally 
blown off the ground, only small karren 
can be observed. All of the larger features 
form in more protected areas. There is little 
or no soil cover on much of the plateau. 
In a few areas where soil (and some sub­
alpine fir) are present, almost no karren 
can be found even though such areas should 
yield far more CO 

2 
for solution. The soil 

must effectively shield the limestone from 
solution. In soil- and tree-covered areas, 
small surface gulleys have formed and water 
may flow several hundred yards to more 
barren areas before sinking. 

Attempts were made to follow some of 
the deeper pits to their end, but these 
attempts were largely unsuccessful because 
many holes were found to be plugged with 
snow and the rest pinched out at vertical 
depths of not more than 250 feet. It was 
found in the deeper sinks that the water 

almost never followed bedding planes but 
flowed rapidly down joints, probably all the 
way to the base of the Damnation limestone. 
Sinks tend to be elliptical or linear in shape 
at the surface. Circular openings were found 
only at joint intersections. Pits along single 
joints tend to be long narrow openings with 
vertical sides. 

Small Features 

Small-scale k a r r e n are widespread in 
Scapegoat Plateau, although their formation 
is somewhat restricted where soil mantle 
exists. Karren and larger solution features 
occur together without regard to elevation. 
Both karren and sinkholes occur between 
7,700 feet and 8,200 feet. The dominant 
karren are cleft karren (classification of 
Pluher and Ford [1970]). Cleft karren have 
r latively flat walls and penetrate many 
successive carbonate beds. Minor amounts 
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Fig. 6. Aerial photograph of part Scapegoat Plateau, oriented for stereoscopic view-
ing. North is to left. Three joint directions and numerous pits are visible in the photo. 

of trench karren were observed. Trench 
karren occur on Scapegoat only where frost 
wedging has loosened the uppermost car­
bonate bed, usually on the most exposed 
parts of the plateau, and allowed meltwater 
to escape laterally. 

Groove karren and runnels were observed 
at the surface only where thick-bedded 
carbonates are exposed. Where the rock is 
thin-bedded, grooves and runnels are ab­
sent, probably having been destroyed by 
frost action. In some of the deeper pits, 
well-developed runnels and grooves remain 
primarily because they are better protected. 

Resurgences 

There is no surface runoff from Scape­
goat Plateau. All melt- and rain-water is 
quickly channeled underground. In some 
places, a sort of "reverse" drainage has 
developed where the drainage thalwegs 
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slope toward higher peaks and ridges in the 
center of the plateau and away from the 
main canyons below. Although the west 
side of the plateau was not checked closely, 
the bulk of the ground water is thought to 
flow eastward toward Green Fork Creek. 
Some of the water may flow southward 
toward Cabin Creek, as two small springs 
were seen in Cabin Creek Canyon. In Green 
Fork Creek, one stream with a discharge 
of several hundred cfs and three smaller 
streams can be observed issuing from the 
west canyon wall at or near the base of the 
Damnation limestone. All of the streams 
emerge from caves developed at the 6,800-
foot level, several hundred feet above the 
valley floor. Three of these caves were en­
tered and one was mapped for a distance 
of nearly 2,000 feet. The last cave is nar­
row and high and trends in directions cor-
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Fig. 7. Upper photo shows joint pattern 
on Damnation limestone, near base of 
the Cambrian section; lower photo shows 
karren developed along the same joint 
sets in Steamboat limestone at the top 
of the Plateau. 

responding to those of the joint pattern ob­
served previously-N20E, N35W, N65W. 
The joint pattern visible on the plateau 
must extend downward through the entire 
carbonate section. Ground water is chan­
neled vertically downward over 1,000 feet 
along these joints to the base of the car­
bonates, where it is diverted laterally to 
the canyon walls. The cave gradients are 
quite flat, indicating either that an imper­
meable zone (the Gordon shale?) has 
stopped the downward movement of ground 
water or that the rocks below the 6,800 foot 
level are not broken by jointing. 

Cave Passages 

Cave passages at the 6,800 foot level 
generally are wider than those observed on 
the plateau. Apparently, rainwater can re­
move enough CO 

2 
from the atmosphere to 

dissolve limestone, because there is little 
opportunity for it to pick up CO 

2 
from the 

soil. There is no evidence that mechanical 
abrasion occurs on the passage walls either 
on top of the plateau or at the resurgence 
level. It would seem that passages are 
larger at 6,800 feet solely because ground 
water here remains in contact with the rock 
for a longer period of time, in relatively 
slow lateral motion toward the canyons. 
Vertical cave passages at the top of the 
plateau are narrow because of the rapid 
downward movement of meltwater during 
spring and summer runoff. Solution may be 
further retarded at high elevations by the 
extremely low cave-air temperatures (32° to 
33°F). Ice coats the cave walls during 
much of the year. Water may flow over 
the ice and never actually came into con­
tact with the rock walls of the caves. 

One might consider that there may be 
little or no solution going on today and that 
all cave development may have taken place 
during the retreat of the last glaciers from 
the area. A much larger amount of melt­
water would then have been available for 
solution. However, since the largest sinks 
are concentrated only where present day 
snowbanks exi t and because no glacial de­
bris has been found in any of the caves, it 
is likely that solution is occuring at the 
present time. Because an ice field probably 
covered the whole plateau during the last 
glacial stage, sinks formed by glacial melt­
water should have been uniformly distri­
buted across the whole plateau. 

AGE OF THE KARST 

All evidence suggests that the Scapegoat 
karst is of Pleistocene or younger age. The 
plateau probably was covered by an ice 
field that fed a series of valley glaciers. 
Upper Green Fork Canyon, Half Moon 
Basin and Cabin Creek Canyon are all 
cirques (Fig. 6). Very little glacial material 
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was seen on the plateau and none of the 
solution features are filled by debris. The 
cirques do not appear to have truncated 
caves at the 6,800 foot level or sinks along 
the canyon rims. There is no evidence that 
a fossil karst, such as that found in Missis­
sippian Carbonates in other parts of Mon­
tana and Wyoming (Keefer, 1963), exists 
in Cambrian rocks of the Scapegoat area. 
Finally, as previously mentioned, large sink­
holes are concentrated only near modern 
snowbanks, suggesting that modern climatic 
conditions control the location and forma­
tion of the caves. Glacial meltwater may 
have initiated formation of the karst, but 
conditions since glaciation must have played 
the major role in its development. One can 
only conclude that the karst is late Pleisto­
cene to Recent in age and probably is less 
than 10,000 years old. 

FUTURE STUDIES 

Much work remains to be done on the 
Scapegoat karst. Completion of cave map­
ping, geochemical work, ground water trac­
ing, and other studies is needed in order 
to complete our knowledge of the area. The 
plateau, although very inaccessible, would 
be a superb locale for more-detailed studies 
of alpine karst. 

NEARBY ALPINE KARST AREAS 

At least two other alpine karst areas occur 
in the nearby Bob Marshall Wilderness, but 
these areas have not been studied in detail. 
However, an alpine karst developed in Mid­
dle Cambrian carbonates in the Mt. Castle­
guard area, Canada, has been extensively 
studied by Ford ( 1971). Mt. Castleguard 
is bounded by active alpine glaciers. Karst 
features there app ar on surfaces recently 
abandoned by glaciers. Sinkholes often are 
found near moraines, suggesting that they 
are directly related to recent glacial activity 
(Ford, 1971, p. 239). In contrast, the 
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Scapegoat karst does not seem to be gla­
cially controlled. There are no moraines on 
the Scapegoat plateau, and frost action has 
destroyed any glacial polish which may 
have existed. There is some benching due 
to glacial activity, as may be seen in Fig. 6. 
All debris found in sinkholes on the plateau 
was produced by frost wedging. There ap­
pears to have been no infilling of any solu­
tion features by glacial debris. There is no 
direct evidence suggesting that sinkholes 
existed under the glacial ice that once cov­
ered Scapegoat Plateau but, in light of 
findings in the Mt. Castleguard area, such 
a possibility should be kept in mind during 
future studies. It is interesting that Ford 
should mention one sinkhole related to a 
large n arby snowbank ( 1971, p. 245 and 
Fig. 5). There is no question that melt­
water, whether glacial or from yearly snow­
banks, plays a major role in karst formation 
in both areas. 

SUMMARY 

The Scapegoat Plateau is underlain by 
flat-lying Cambrian carbonates having a 
total thickness of nearly 2,000 feet. Large 
sinkholes, pits, and various kinds of small­
scale karren are developed in the Steamboat 
and Pagoda limestones on the plateau. All 
solution features are joint controlled and 
occur along three sets of joints: N20E, 
N35W and N65W. Many of the larger 
sinkhoies lie along joints trending N20E, 
because those joints closely parallel many 
of the long snowbanks on the plateau. The 
locations of the snowbanks control the loca­
tions of the sinks, as more water is there 
available for solution. The joint system 
penetrates the entire carbonate section. A 
series of horizontal, resurgence caves formed 
in the base of the Damnation limestone at 
the 6,800-foot level have passages corres­
ponding in trend to the joint trends ob­
served above. The age of the karst probably 
is Pleistocene or Recent. 
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or writers, are invited to consult with the editors for guidance or aid in the presentation 
of their material. 

Two double-spaced, typewritten copies of each manuscript, including all illustrations, 
are required. Manuscripts should not exceed about 10,000 words in length (approximately 
40 pages of typescript) , although this limit may be waived when a paper has unusual 
merit. Photographs must be sharp, high in contrast, and printed on glossy paper. All line 
drawings should be neatly rendered in "india" ink or its equivalent; the smallest lettering 
must be at least 2 mm high after reduction. Typed lettering is not satisfactory. Captions 
will be set in type and added in proof. The dimensions of original drawings and of cropped 
photographs should be made some multiple of the length and width of a column or of a 
page, when possible, in order to avoid problems with the layout. In case of doubt regard­
ing length or illustrations consult with the editors. 

Abstracts are required of all papers; these must be brief and must summarize the 
author's discoveries and conclusions, not merely tell what he did. Captions are required 
for all illustrations. All unusual symbols must be defined. References to the literature must 
be by author and date, with specific pages where desirable. Literature cited must be 
listed in an end bibliography with entries arranged alphabetically by the author's surname, 
typed in the format employ d in this Bulletin. 

Contributed papers will be refereed by one or more authorities in the appropriate 
specialty and will be edited for style before publication. After being refereed and again 
after being edited, papers will be returned to the authors for inspection and for any 
revisions which may be necessary. 

Reprints may be ordered when galleys are returned by the authors to the Managing 
Editor; these will be supplied at cost. 
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