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ABSTRACT

The water level in water-table wells and in evapotranspirom-

eters has been observed to fluctuate in response to barometric pressure

changes. It has been suggested that air bubbles entrapped in the

porous media cause the water level changes. It was to test that hypoth-

esis that this study was undertaken. Previous studies of barometric

effects are reviewed. Possible sources and consequences of gas in

aquifers are discussed. Experiments using gamma-attenuation equip-

ment are described which allow measurement of the amount of air con-

tained in a sample of water-saturated sand at different pressure levels.

The theory and practice of gamma-attenuation measurements and the

applicability of this method to hydrologic studies are explained. The

experimental results demonstrate that air bubbles in the water-

saturated sand do change in size in response to pressure changes and

that this size change accounts in large part for water level changes.

However, an exact correlation between air content and water level was

not found, due in part to the difficulty in measuring the small changes

which occur. Additional mechanisms which may cause water-level

fluctuations are suggested.
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INTRODUCTION

It has long been recognized that barometric pressure changes

cause water-level fluctuations in artesian wells and that this response

is a function of the elasticity of the aquifer. There have also been re-

ports of barometrically induced water-level fluctuations in evapotrans-

pirometers and in wells tapping water-table aquifers (that is, water-

bearing sediments in which the water is not confined beneath an

impermeable layer). Various investigators have suggested that in such

wells the water-level changes are due to the pressure response of air

bubbles trapped in the saturated zone.

There is a tendency on the part of some hydrologists to ignore

entrapped air and to assume that the "saturated zone" is literally satu-

rated and is devoid of any air. However, it is known that this assump-

tion is often erroneous and that it is possible for significant amounts of

entrapped air to be present in the so-called saturated zone. Furthermore,

this entrapped air may measurably affect the characteristics of the aqui-

fer system.

The hypothesis that barometric effects in a water-table situation

are due to entrapped air can be tested by determining if the total change

in volume of the air in the saturated zone accounts for the rise or fall of

the water level. It was the purpose of this study to undertake such a

test. In theory, this is simple, but many technical problems arise in

actually attempting to make such measurements. The only satisfactory

approach to this situation was found to be the utilization of gamma ray

1



attenuation equipment. This equipment fulfilled the requirement for in-

place measurement of transient conditions. Data gained from gamma

attenuation measurements were so essential to the progress of this

study that gamma methodology will be discussed before the hydrologic

aspects of the problem.
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USE OF GAMMA RAY ATTENUATION FOR
WATER CONTENT DETERMINATION

The development of gamma radiation techniques has made an

enormous contribution to the fields of hydrology and soil science. Using

gamma methods, it is now possible to make nondestructive measurements,

in-place measurements, and measurements of transient conditions of soil

characteristics. This chapter is divided into three parts: (1) principles

of gamma radiation, (2) work done by previous investigators, and (3)

methods used in this experiment.

Principles of Gamma Radiation 

Gamma rays produced by the decay of radioactive substances

are electromagnetic radiations, related to, but of shorter wavelength

than, X-rays and visible light. The energy released in radioactive decay

is usually expressed in millions of electron volts (Mey) , or in thousands

of electron volts (Key) . An electron volt is the kinetic energy of one

electron after it has been accelerated through a potential of one volt.

The probability that an atom of a given radioisotope will decay

in a certain period of time is independent of the decay of other atoms

around it, the temperature, or the pressure. The half-life of a particular

isotope is the time required for one-half of the atoms in any sample to

decay. The disintegration rate, or activity, is expressed in disintegra-

tions per unit time or in units of curies. One curie is defined as exactly

3.7 x 10 10 disintegrations per second (Gardner and Ely, 1967).

3



4

While gamma radiation represents energy transfer in the form of

electromagnetic emanations, alpha and beta decay involves discrete

particles, the alpha particle being a helium nucleus and a beta particle

being an electron. Alpha and beta decay is often a simple, one-step

decay mode, but gamma radiation involves more than one step and is a

direct result of some other type of decay. Following an alpha or beta

decay event, the product atom may have some residual excess energy

and thus may be left in an excited state. This excess energy can be

dissipated by the emittance of gamma radiation whose energy is equal

to the difference in the energylevels of the excited and stable states of

the nucleus. If two or more excited levels of the nucleus exist, then

two or more gamma rays of discrete energies are emitted. These gamma

rays are usually emitted within about 10 -13 second after the alpha or

beta decay has occurred (Gardner and Ely, 1967).

Figure 1 illustrates the gamma ray spectrum for cesium-137.

Cesium-137 emits monoenergetic radiation at 662 Key, but the detection

equipment reads energy inputs, as shown in Figure 1. Further explana-

tion of Figure 1 will be given later in this chapter.

When gamma rays pass through matter they lose energy mainly

by three independent processes, whose relative importance depends

upon the energy of the gamma ray (Coombe, 1968). These processes

are:

1. Photoelectric effect--This is an important interaction for low-

energy gamma rays (less than 1 Mev). The gamma ray trans-

fers all of its energy to an orbital electron of an atom of the

material through which it is passing. The energy of the gamma
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ray is much greater than the energy binding the electron to the

atom (which is only a few electron volts), and so the electron

is ejected from the atom. The difference between the gamma

ray energy and the electron binding energy is imparted to the

electron as kinetic energy. Thus, the gamma ray is entirely

extinguished.

2. Compton effect--This mechanism is effective for energies be-

tween 0.6 and 2.5 Mev. This process also involves an inter-

action with an electron, but only part of the energy of the

gamma ray is transferred to the electron. The electron will

generally be jected from the atom, and the gamma ray will be

deflected from its original path. Since the gamma rays have

lost energy, they are counted at lower energy levels. They are

grouped under the heading of Compton Scattering in Figure 1.

3. Pair production--In this process, a gamma ray interacts with

an atomic nucleus to produce an electron and a positron. The

gamma ray must have energy in excess of 1.02 Mev for this

mechanism to be possible.

Most early radiation detectors belonged to a group of several

types of ionization tubes. At the present time, however, scintillation

detectors are frequently used. When struck by gamma rays, the scintil-

lator emits visible light in proportion to the intensity of the incident

rays. A photomultiplier is essential to amplify the extremely small

photocurrents involved in scintillation detection so that they may be

raised to the level required for the operation of scaling units and rate-

meters (Washtell, 1958).
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Previous Studies Involving Gamma Methods 
in Earth Science 

Gamma radiation methods have important applications in geology

as a tool for aerial exploration and well logging. Both of these uses

generally rely on the detection of natural gamma radiation. In airborne

exploration, an airplane carrying a gamma radiation detector traverses

an area seeking radioactive anomalies which could indicate buried ore

bodies (Sakakura, 1957) . In well logging, a scintillation counter is

lowered into a well to detect the natural radioactivity being emitted by

the lithologic units penetrated by the well. In general, organic shale

will have the highest gamma activity, while sandstone and limestone

have low activities (Davis and DeWiest, 1966).

The use of gamma method as generally described in a later

section of this study have been carried out almost exclusively in the

field of soil science. Soil moisture measurement techniques were

developed about 1950 using one-probe gamma-ray methods. The one

probe used contained both a radioactive source and a detector, separated

by a lead shield. Gamma rays emitted into the soil were scattered back

to the detector. Thin layers could not be measured.

Several years later, Vomocil (1954) used a two-probe system,

with holes bored in the soil 12 inches (or 30 cm) apart. He used as a

source of gamma radiation cobalt-60, which decays with a dichromatic

radiation of 1.16 and 1.32 Mev and has a half-life of 5.2 years. The

beam was not collimated, and the detector did not discriminate between

direct beam and scattered radiation. As a result a 2-inch (5-cm) layer

was the thinnest which could be accurately measured, and the nearest
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the source could be to the soil surface for accurate measurement was

2.5 to 3 inches (6.5 to 7.5 cm).

In 1959, Bavel published a paper describing a method of mea-

suring soil density in place by gamma transmission. The gamma source

was 5 millicuries (mc) of cesium-137, and the scintillation detector was

a sodium iodide, thallium-enriched crystal (NaI (Th)). Access tubes were

2 inches (5 cm) in diameter and placed 12 inches (30 cm) apart. Bavel

used an integral counting mode with the base set at 0.640 Mev, which

means that all radiation of energy above this value was counted. This

base setting prevented the counting of any scattered radiation, even

though the gamma beam was not collimated at the source. Bavel found

that this system could accurately measure a layer as small as 1.2 cm

(0.47 inch).

Gurr (1962) demonstrated that gamma transmission methods

were effective in measuring the nonsteady-state flux of water through

a column of unsaturated soil. He used 25 mc of cesium-137, with the

beam collimated by a lead shield and with a NaI (Th) detector.

Davidson, Biggar, and Nielsen (1963) studied transient water

flow in packed soil columns using equipment and methods similar to

those described in a following section of this report. They used 200 mc

of cesium-137 with a beam collimated by lead shields. An analyzer al-

lowed only primary rays of energy 0.66 + 0.15 Mev to be recorded. They

measured bulk density and water content of the soil and found that rapid

measurement of transient conditions was possible.
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Equipment and Methods Used in This Study

The source of gamma radiation for these experiments was ap-

proximately 200 mc of cesium-137. Cesium-137 has a half-life of 30

years and decays by emitting a beta particle, thereby transforming itself

to barium-137. The barium-137 is in an excited state in 92% of these

transformations, and the excess energy is released as monoenergetic

gamma radiation of 0.662 Mev (Mac Intyre, 1970).

Transmitted radiation is detected by a sodium iodide, thallium-

enriched scintillator. The NaI (Th) is in the form of a crystal 2.5 cm in

diameter and 2.5 cm thick. Lead shields enclose the source and the de-

tector, with the dual purpose of protecting the equipment operator and

collimating the beam of gamma rays. Holes in the shield 0.3 cm diam-

eter al)ow passage of the radiation. The equipment used in gamma-ray

testing is shown in Figure 2.

Gardner (1965) stated that the degree to which a beam of gamma

rays is attenuated in passing through a soil column depends upon the

combined density of the container walls, the soil, and water or other

material in the soil. If the density of the soil less its water content is

constant, then changes in the attentuation represent changes in water

content.

In practice, oven-dried sand was packed uniformly in a plastic

container. The container was carefully centered between the source and

detector, and attentuation readings were taken at several different levels

to account for possible inhomogeneities in packing. Two-minute counts

were taken as being the optimum compromise between precision and

time expenditure (Mac Intyre, 1970).
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The attenuation of a beam of gamma rays when passing through

a substance is described by the following equation:

I = Io exp (liSp)

where

1 0 - the radiation intensity with no interference,

I - the intensity of the attenuated beam,

- mass adsorption coefficient of the substance in units

of cm 2/gm),

f - density of the sample (gm/cm 3), and

S - thickness of the sample (cm).

For a dry sand, the attenuation equation is (Gardner, 1965):

Id = 10 exp (-Sp s p s - 2S'pc pc )
	

(1 )

where

Id - radiation counted after passing through dry sand,

Io - counts made through air alone,

S - thickness of sand sample,

S' - thickness of container walls,

- mass attenuation coefficient for sand,

- mass attentuation coefficient for container material,

- bulk density of sand, and

- density of container material.

After attenuation readings in dry sand have been taken, water is added

to the sand, and attenuation readings are taken at the same locations

as with the dry sand. The attention equation for wet sand is:

Im = 10 exp [- (Fs ps + jiwe) - 2S'pc pc]	 (2)

where



Im - counts through wet sand,

pw - mass attenuation coefficient for water,

8 - mass of water per unit bulk volume of soil, and

other symbols as previously defined.

Division of equation (2) by equation (1) yields

Im/Id = exp ( -» 8 S) .

Solving for water content gives

ln (Im/Id)

and changing from natural logarithms to common logarithms yields

log (I m/Id)
- 0.4343 ywS

Bulk density of oven-dried sand can be determined in the fol-

lowing manner. The attenuation of the gamma ray beam when passing

through the two walls of the empty container is

lc = Io exp (- 2Su o pc)	 (6)

where Io equals the number of counts through the container.

When equation (6) is divided into equation (1), the resultant can be

rearranged to provide a formula for bulk density:

ln (Id/Io) _	 log (Id/Ic )
/s - -)I s S	 - -0.4343)I sS .	 (7)

A carbon tetrachloride displacement test revealed that the sand

being used had a particle density of 2.65 gm/cm 3 , the established value

for clean quartz sand. Thus, knowing the particle density and the bulk

density for any given packing, the porosity of the sample can be com-

puted as follows:

12

(3)

(4)

(5)

0=
-pwS

0 =



1 3

bulk density 
(1 -

particle density ) x 100 = percent porosity.	 (8)

Having calculated porosity from equation (8) and water content from

equation (5), it is a basic assumption of this study that the difference

between these two values represents the amount of air entrapped in the

porous medium in the form of bubbles.

The value of? s , the mass absorption coefficient for the sand,

can be determined experimentally or theoretically. To determine this

coefficient experimentally, the following formula is used:

ln (Id/Ic)	 log (Id/Ic )
ys	 »ss	 -0.4343AS (9)

This method is complicated by the fact that the bulk density of the sand,

/Ds , must be determined independently, since there are two unknowns in

this attenuation equation.

The theoretical mass attentuation coefficient (y) for any com-

pound is (Reginato and Bavel, 1964):

P2f2 + • • • ± Prifni

where

n	 mass attenuation coefficient for each element

of the compound and

=n	 their respective weight fractions.1 . . . 

With the exception of hydrogen, all of the elements normally found in

soil have attenuation coefficients restricted to a narrow band, as can

be seen in Table 1. Reginato and Bevel (1964) gave as an example a

sandy soil from Georgia, which contained 98.8% Si02, 0.6% aluminum,

and traces of other substances. This sand had a theoretical mass at-

tenuation coefficient of 0.0773.
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Table 1. Theoretical Mass Attenuation Coefficients at 0.662 Mev for
Various Elements

Attenuation Coefficient
Element (cm2/g rn)

Oxygen 0.0775

Silicon 0.0772

Iron 0.0732

Aluminum 0.0748

Calcium 0.0778

Magnesium 0.0765

Potassium 0.0756

Sodium 0.0741

Phosphorus 0.0750

Sulfur 0.0775

Nitrogen 0.0774

Carbon 0.0774

Hydrogen 0.1538

Adapted from Reginato and Bavel (1964).
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In order to examine the utility of the theoretical attenuation

coefficient, a clean, medium-grain, quartz sand was uniformly packed

in a plastic container, and its density was measured both by gravimetri2

methods and by the gamma-ray method with an assumed attenuation

coefficient of 0.0773. A value of exactly 1.57 gm/cm 3 was obtained

by both methods. In a similar experiment with coarse-grain sand in

which a large number of readings were taken and averaged, the gamma

method gave a density of 1.575 gm/cm 3 , while the gravimetric method

gave a density of 1.565 gm/cm 3 , a difference of only 0.6%. These two

tests indicated that an assumed mass attenuation coefficient of 0.0773

would give satisfactory results with the quartz sand used in the experi-

ments which follow.

A theoretical attenuation coefficient for water did not prove

satisfactory, however, because of the variable attenuation properties

of water due to the amount of dissolved solids and the extent of dis-

solved air and small air bubbles. De-aired water had an attenuation

coefficient of about 0.0843 cm 2/gm, while tap water saturated with air

had a coefficient of about 0.0840 cm 2/gm. Consequently, the coeffi-

cient for water was determined experimentally each time an experiment

was conducted with saturated sand. This was done by taking attenua-

tion counts through the dry empty container and then filling the con-

tainer with water and taking counts at the same position. The equation

used was

in (lw/Ic ) log (Iw/Ic)
-0.43438 SPw	 - S  

where Iw = counts through container walls and water, and other terms are
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as previously defined. In this case, 0 = unity, and therefore J1w is the

only unknown.

The optimum value of sand column thickness S may be deter-

mined (Gardner, 1965) by mathematical manipulation of equation (4),

which is the expression for water content. The standard deviation of the

water content can be shown to be

exp S/2 (p5/05 + /Iwo) s5Pc73c
-	 pws

Taking the derivative with respect to S of equation (10) and equating it

to zero, gives the value at which the standard deviation is a minimum.

This equation can then be solved for S to provide the following formula

for optimum column thickness:

S = 2/ (p s 	+ pw 0)	 (11)

The following values were commonly used in the experiments described

in a following section:

Ps = 0.0773

/3
=s 1.57

w = 0.0840

0 = 39.5%.

Substituting into equation (11), these values give an optimum sample

thickness under saturated conditions of 12.9 cm. However, a vessel

8.75 cm in diameter was used simply because it was the size which

was available.

As was previously mentioned, Figure 1 represents the gamma-

ray spectrum for cesium-137. Cesium-137 would theoretically produce

a narrow peak at 662 Key rather than the broad peak extending from

(10)
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about 530 Key to about 750 Key in the illustration. The broadening of

the peak is due to the nature of radioactive decay and counting; since

these variations are not under the control of the experimenter, they are

known as statistical variations (Coombe, 1968, p. 84). Radioactive

decay is a random process, and while the dispersion of counts under

any given circumstance is quite small, this is an inherent source of

error. All of the mechanisms by which gamma radiation entering the

scintillation crystal are interpreted so that its intensity may be read by

the operator must be considered in terms of probability. For example,

most of the radiation entering the scintillation crystal is dissipated as

heat; the remaining part (20% in the most efficient phosphors) is trans-

formed into light (Breitenberger, 1955). No scintillation crystal is com-

pletely homogeneous, and even if it were, the photons produced in

different parts of the crystal have a different probability of entering the

photomultiplier. Some of the light photons are reabsorbed in the crystal

and others are trapped within its boundaries by total reflection. Other

parts of the counting equipment demonstrate similar inefficiencies.  As

a result, repeated measurements of radiation emitted at one energy level

will be registered in a Poisson distribution. For a large number of mea-

surements, a normal distribution will be approximated.

The Compton edge in Figure 1 is the upper end of the Compton

distribution, broadened somewhat by multiple Compton collisions in the

crystal and by the same type of inherent statistical fluctuations which

produce the width of the energy peak at 662 Key. The backs catter peak

is produced by radiation which has been scattered into the scintillator



from surrounding materials. This radiation is in effect large-angle

Compton scattering.

18



ASPECTS OF ENTRAPPED AIR IN AQUIFERS

The suggestion that water-level fluctuations caused by baro-

metric changes are due to entrapped air presupposes that gaseous

bubbles can exist in the saturated zone and that these bubbles will in

some way affect the physical characteristics of the aquifer system. The

first section of this chapter examines evidence for the existence of gas

bubbles in a porous medium and some of the effects which such bubbles

may have. Given that there are bubbles in an aquifer, the second sec-

tion examines the possible sources of the gas. In the third section,

previous investigations of barometric effects are reviewed.

Gas Bubbles in Water and in Aquifers

Reports of investigations of air bubbles in water are rarely

found in the hydrologic literature. As is the case with gamma ray inves-

tigations, most of the reports concerning the significance of air bubbles

in water have been produced in the fields of physics and soil science.

Liebermann (1957), in a discussion of the physics of air

bubbles, stated that the presence of relatively few bubbles in a liquid

may produce profound changes in its acoustical, thermal, viscous, and

elastic properties. Gas bubbles in a liquid are usually unstable; if the

liquid is undersaturated with respect to the gas, the bubble decreases

in size as the gas dissolves in the liquid. Conversely, if the liquid is

oversaturated the bubble will grow in size. Liebermann observed that

freely rising bubbles demonstrate a solution rate more than twice that of

bubbles which are held immobile on the container walls.

19
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Surface tension increases the internal pressure of free bubbles.

On a hydrophobic surface, however, the effect of surface tension may

act oppositely to the ambient water pressure, and thus reduce the total

pressure in the bubble (Liebermann, 1957) . Liebermann theorized that a

bubble one micron or less in diameter, lodged on a hydrophobic surface,

would remain stable in water. To test this theory, he placed a drop of

unsaturated water on a glass slide, introduced a small bubble of air,

and observed the bubble through a microscope. The bubble began to

shrink in size and then disappeared, that is, became submicroscopic or

less than one micron in diameter. When the pressure was reduced to

one-fourth atmosphere, a bubble began forming at the exact location at

which the bubble previously had disappeared in solution. This bubble

grew until it was about 20 microns in diameter because the water was

unsaturated with respect to air at the reduced pressure. Liebermann

postulated the presence of a permanent, submicroscopic bubble, stable

against solution because of the presence of a hydrophobic surface. His

experiment was conducted on a glass slide which acted as a hydrophobic

surface because of contaminants in the water. Liebermann's findings

may be applicable to investigations of air entrapped in quartz sand.

An investigation of persistent air entrapment in soil (Smith and

Browning, 1942) revealed that for approximately 200 samples, the un-

saturation after laboratory wetting averaged 9.1% by volume. The high-

est air entrapment was 22%, and only four samples were essentially

saturated. Maximum entrapment of air seemed to occur in the intermedi-

ate range of pore sizes. In samples with very small pores, strong sur-

face sorption, strong capillary tension, and swelling caused elimination
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of most of the air either by taking it into solution or compressing it and

forcing it out. In samples with large pores, water was able to move

through rapidly enough to flush out most of the air.

Christiansen (1944) investigated the effect of entrapped air

upon the permeability of soils. He stated that in laboratory tests, soil

permeability usually increases as the test progresses, with the maximum

permeability on occasion being 30 times the previous minimum rate.

Elimination of air entrapped in the soil was found to be the cause of the

increase in permeability, with this elimination requiring several weeks

in some cases. Wetting the soil under a vacuum was the only way in

which air entrapment could be avoided. Upward flow of water in the

container in an effort to expel the air was not effective; having once

become immobilized, the entrapped air could only be eliminated by dis-

solving in the water.

In the experiments conducted for this present report, air bubbles

were usually visible in the sand near the container walls. These bubbles

changed size noticeably as the ambient pressure was changed, and at

times the change in size was sufficient to rearrange a few sand grains.

Air was entrapped in the sand whether wetting from the top or bottom,

but air was also introduced into the porous medium by tap water when

it was used. The sudden loss of pressure as the water left the tap ap-

parently caused air to come out of solution.

Source of Gas in Aquifers 

The question naturally arises as to how gas may be introduced

into an aquifer under natural conditions. Answers must be somewhat

hypothetical in nature simply because of a lack of quantitative data.
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Perhaps another complicating aspect is the fact that water samples are

rarely taken from an exact spot in an aquifer but rather are taken at the

well pump discharge. Mixing and turbulence as the water rises in the

pipe may mask the characteristics of water from any given level. It is

here suggested that gas may be introduced into an aquifer by the four

following mechanisms: (1) air dissolved in precipitation or surface water

may be carried into the aquifer as the water percolates downward; (2)

gas may be produced by decaying buried organic substances; (3) air may

exist in an aquifer as "connate air," that is, air which was in the sedi-

ments as they were originally deposited (either as bubbles or dissolved

in water); and (4) seasonal fluctuations of the water table, because

water rising in a porous medium will entrap bubbles of air by interfinger-

ing. To this list might be added waste water recharge, surging during

the development of a well, and helium and argon produced from radio-

active decay, but these mechanisms are of a localized nature.

The first two mechanisms of gas introduction are illustrated by

an investigation (Renick, 1924) of the quantity and composition of gas

dissolved in artesian water in Montana. Analyses of water from eight

wells are listed in Table 2. It is likely that coal beds and disseminated

carbonaceous material in subsurface continental deposits are the source

of the methane. Nitrogen can also be derived from coal, but since it is

a major constituent of air in surface water, the nitrogen could have

entered the aquifer as surface recharge in the outcrop area. Nitrogen

gas is essentially inert, so it would not tend to combine chemically

with aquifer material. Conversely, dissolved oxygen in ground water

will readily combine with many elements; therefore, oxygen in the
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Table 2. Analyses of Gases from Gas-bearing Artesian Wells, Rosebud
County, Montana--From Renick (1924)

Sample No. 1 2 3 4 5 6 7 8

Temp., °F 52 53 54 53 52 54 55 55

Depth, ft 243 255 260 130 402 502 590 486

Cm3 of Gas at
24 0C and 745
mm Hg pressure,
per liter of H20 29.3 33.2 45.9 55.6 46.6 61.9 62.1 60.9

Methane (CH4) 0% 0% 58% 60% 58% 66% 66% 60%

Ethane (C2H6) 0 0 0 0 0 0 0 0

Carbon dioxide 3 2 4 2 5 3 3 3
(CO2)

Oxygen (02) 1 3 2 0 0 6 0 0

Nitrogen (N2) 96 95 36 38 37 30 31 37

Total 100% 100% 100% 100% 100% 100% 100% 100%
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samples listed is either absent or of low concentration. Any gas which

is dissolved in ground water and which is near its saturation point will

tend to come out of solution and form bubbles in the aquifer if a pressure

reduction occurs. Any given unit volume of water in an unconfined aqui-

fer undergoes continual pressure reduction if it moves upward toward the

capillary zone.

It should also be mentioned under the heading of buried organic

substances that ground water in the vicinity of oil and natural gas fields

usually contains measurable amounts of dissolved natural gas. As an

example of the practical significance of gas in water, methane (natural

gas) from buried organic material (and secondarily, from oil fields) is

contained in fresh-water aquifers throughout southwestern Louisiana to

the extent that an explosion hazard exists in closed water containers

(Harder, Whitman, and Rogers, 1965). At least two explosions attrib-

utable to methane have occurred at water treatment facilities in this

area in the last three decades.

The third mentioned mechanism of gas introduction, the entrap-

ment of air during deposition, has received little or no attention in the

literature, and in most cases would be difficult to prove on way or an-

other. Logic dictates, however, that where connate water exists, con-

nate air must also exist, if not in the form of bubbles then in solution.

Air entrapment due to water-level fluctuations can be attributed

in great part to the nonhomogeneous nature of any aquifer. The differ-

ences in lithology, porosity, and permeability cause differences in

capillarity, which in turn results in variations in height of rise. Ex-

pressed differently, as the water rises, the capillary layer will
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interfinger, and some of these "fingers" will join and enclose pockets

of air.

The solubility of a gas in water is inversely proportional to

temperature. Consequently, an increase in the temperature of the water

would tend to cause gas to come out of the solution and form bubbles.

Since the temperature of the earth increases with depth, such a situa-

tion may frequently occur, particularly in an area in which winter pre-

cipitation predominates. Sugisaki (1961) has used the temperature

sensitivity of gas in water to determine the velocity of water movement

in an artesian aquifer. Winter recharge from a river contained relatively

high content of argon, whereas warm summer recharge had a low argon

content. Bands of high and low argon content measured down-gradient

from the recharge area revealed that the ground-water velocity ex-

ceeded two kilometers per year. This unusually high ground-water

velocity is due to the aquifer being composed of coarse gravel (1 cm to

50 cm in diameter) . The solubility of various gases in water is shown

in Table 3 (Davis and DeWiest, 1966).

Barometric Efficiency

A frequent complication of pumping tests of water wells is that

the changes in water level due to changes in barometric pressure mask

the drawdown curve. Where changes in air pressure and water level are

expressed in the same units (usually, in feet of water), barometric ef-

ficiency (B.E.) is defined as follows:

B.E. = 	Change in water level 
Change in barometric pressure
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Table 3. Solubility of Gases in Water--Adapted from Davis and
DeWiest (1966, P. 116)

Temperature
OC
	

N2	 02	 Ar	 CO2

Parts per million by weight of gas in water in equilibrium
with the atmosphere at 760 mm pressure

0 23 15 0.9 1

10 19 11 0.7

20 16 9 0.6 0.6

30 14 8 0.5 0.4

50 •11 6 0.4 0.3

N2 02 H2S C O2

Parts per million by weight of gas in water in equilibrium
with the given gas at 760 mm pressure

0 30 70 7000 3400

10 23 54 5200 2300

20 19 44 3900 1700

30 16 37 3000 1300

50 12 27 1900 760
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One of the first records of barometric effects upon wells was

in a U.S. Geological Survey Water-Supply and Irrigation Paper entitled

"Wells and Windmills in Nebraska" (Barbour, 1899). In some of the

wells described, barometric pressure changes not only caused water-

level changes but also resulted in air blowing in and out of the wells.

Veatch (1906) recorded water-level changes on Long Island,

New York, and attributed them to the compressibility of air and other

gases in the water. The subject of gas in water was previously dis-

cussed as a mechanism for water-level changes, but the wells which

Veatch studied tapped an artesian aquifer, and an entirely different

mechanism is now thought to be responsible for water-level changes

under such conditions.

C. E. Jacob also investigated the wells on Long Island, and

in 1940 he published a paper which is generally considered the defini-

tive explanation for barometrically induced water-level fluctuations in

artesian wells. A decade later he presented a slightly modified version

of the same mathematical approach (Jacob, 1950). The essence of these

two papers is that barometric efficiency under artesian conditions is a

function of the elasticity of the aquifer. Figure 3 (Ferris and others,

1962, p. 83) will graphically explain the effect which a change in at-

mospheric pressure has on an artesian aquifer. A force, AP0 , repre-

senting the change in atmospheric pressure, acts upon the confining

layer. Since air cannot move through the impermeable layer, the entire

layer is strained under the added weight. The effect is transmitted to

the aquifer below, where the added stress is borne in part by a change

in stress in the aquifer material ( pS ii ), and in part by a change in the
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A Po 	A Po 	 AP,

Figure 3. Effect of Atmospheric Pressure Loading on an Idealized
Artesian Aquifer. --From Ferris and others (1962).
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water pressure (AP) in the aquifer. However, in the well, the change in

barometric pressure is applied entirely to the free water surface. Con-

sequently, there is a greater force on the water in the well than in the

rest of the aquifer, and the water level in the well moves downward as

the air pressure increases.

If a hypothetical aquifer is perfectly rigid (undergoes no elastic

deformation), then the barometric efficiency would be 100%, as the

barometric pressure change would be effective only upon the water in the

well. Conversely, if a situation can be imagined in which the aquifer

material has no strength, that is, in which the pressure of the artesian

water bears the full weight of the overburden, then barometric efficiency

would be 0%. In such a case, the water level and the land surface

would both respond to barometric pressure changes, but there would be

no relative movement.

The effect of barometric pressure changes in water-table wells

has traditionally been treated in a manner similar to the above discus-

sion of artesian well. Figure 4, also adapted from Ferris and others

(1962), illustrates an analysis of water-table aquifers which prompted

the comment in the same publication (p. 83) that the fluctuation of water

level due to barometric changes "ordinarily is not observed in water-

table wells." In the illustration, a force, AP0 , again representing the

change in atmospheric pressure, is exerted on the free water surface

in the well. The same force AP() is also exerted simultaneously on the

water table because air (and thus a change in atmospheric pressure) is

able to pass directly through the unsaturated pore space of the soil.
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Figure 4. Effect of Atmospheric Pressure Loading on an Idealized
Water-table Aquifer.--From Ferris and others (1962).
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Subsequently Ferris (1967) amplified upon the preceding ex-

planation and described how water-table wells respond to barometric

changes under certain conditions. He referred to a situation, such as

is illustrated in Figure 5, where layer A is less permeable than layer B,

and the well casing is perforated only below the water level. This sys-

tem would behave like a water barometer, and an increase in atmospheric

pressure would cause a decrease in water level of an equal magnitude

(that is, a B.E. equal to 100%) . If the casing were perforated above the

water level, air leaking in and out of the pipe would result in a baro-

metric efficiency of less than 100% and, in addition, would provide the

requisite characteristics of a "sucking and blowing" well.

Hylckama (1968) reported on his experiments with 11 plastic-

lined evapotranspirometers (known as tanks). Six of the tanks measured

9 x 9 meters at the surface and were 4 meters deep, while the remaining

five tanks measured 6 x 6 meters at the surface and were 3 meters deep.

Hylckama found that the water level in the tanks exhibited distinct diur-

nal fluctuations even when there were no plants in the tanks using water

in transpiration. The water level changes followed barometric changes,

and the system exhibited a barometric efficiency of about 40%. He pos-

tulated two possible reasons for the observed response: (1) air bubbles

entrapped in the saturated zone or (2) elastic strain in the plastic-lined

earth walls of the tank. He calculated that the first mechanism would

require a greater depth of water than was available, so, by elimination,

he decided the second mechanism was the controlling one.

An earlier study (Gatewood and others, 1950) involving lys ime-

ters , also indicated that barometric pressure changes caused water-level
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fluctuations in tanks used for evapotranspiration studies. These lysime-

ters , between 3.5 and 10 feet (1 and 3 meters) deep, were used in

phreatophyte investigations. Tanks containing fine-grained material

had a B.E. of 20%, while tanks with coarse-grained material demon-

strated a B.E. of 4%. Changes were most noticeable when the topsoil

was wet (thus forming a semi-confined situation), but fluctuations were

observed at all times of the year, except during the summer when water-

level changes due to plant transpiration masked fluctuations due to

other causes.

White (1932) conducted a study in an agricultural area of Utah

in which the water table was less than 10 feet below the land surface.

He found that barometric pressure changes caused water-level fluctua-

tions in both water-table and artesian wells. The most significant water-

level changes (of up to one-half a foot per day) were, however, explained

as follows (p. 60):

The ground water evidently comes up by slight artesian
pressure from permeable beds of sand or gravel at some depth
beneath the water table. During the day the capillary fringe
is depleted by the plants, and the movement of ground water
by capillary action to meet the depletion is more rapid than
recharge by hydrostatic or artesian pressure. Therefore the
water table declines and the head increases. During the night
transpiration and evaporation losses are small, the water
table moves upward, and the pressure head declines.

Peck (1960) approached the problem of barometric efficiency by

theorizing that air trapped below the water table was the causative fac-

tor. He derived a predictive equation and found that his experimental

results agreed with it moderately well. However, he did not make in-

place measurements of water and air content; these parameters were

estimated from a separate sample of the same type of sand.
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Raffo (1954) stated that atmospheric pressure changes cause

water-level fluctuations in water-table wells in Argentina, where he

was associated with the National Meteorological Service. He explained

the observed water-level variations by saying that it was not the water

table which rose and fell, but it was the water in the wells. He did not

specifically delineate the mechanisms involved, other than by describ-

ing the experiment, which is illustrated in Figure 6. Three shallow wells

were drilled a short distance from each other. Two of them penetrated a

shallow water table, while the third, which was between these two, did

not intersect the water level. When the ambient pressure was reduced,

the water level in the two outside wells rose higher than the bottom of

the center well, but no water appeared in the center well. Raffo is ob-

viously suggesting that the well is the cause of the water-level varia-

tions, as opposed to the inference by others that the well is merely a

means of measuring what would occur at the water table if the well did

not exist.
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GROUND	 SURFACE

WATER TABLE

Figure 6. An Experiment with a Shallow Water Table

In this experiment, as described by Raffo (1954) , the water in
wells intersecting the water table rose higher than the base of the shal-
low well, but no water appeared in the shallow well.



EXPERIMENTAL METHODS AND RESULTS

Experimentation associated with this thesis was conducted over

a period of two years and resulted in roughly 200 pages of data and cal-

culations. Equipment and methodology saw numerous changes throughout

the course of experimentation in an effort to obtain satisfactory results;

as a consequence, most of the early experimental data cannot be directly

related to data from later tests. However, one phase of the early testing

which was particularly informative will be reviewed.

Early Experiments

Experiments were conducted with a large Plexiglas column about

25 cm in diameter and 2.8 meters high which was filled with medium-

grained quartz sand to a depth of about 2 meters. From the surface of

the sand to about one-half of its depth a smaller Plexiglas tube, 10 cm

in diameter, was situated so as to represent a well casing (see Fig. 7) .

A float and indicator tube allowed measurement of the water level in the

well. Strain gauge measurements showed that volumetric changes of the

Plexiglas cylinder were small enough to be neglected.

When the pressure of the system was changed, the water level

rose and fell with a barometric efficiency usually averaging between

three and four percent. Figure 8 represents one of the experiments con-

ducted with this equipment when tap water was used; the graph shows

the essentially linear response obtained as the pressure was decreased

from atmospheric levels to 22 cm of mercury negative pressure. Interest-

ingly enough, the curve demonstrated some hysteresis as the pressure

36
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Figure 7. Large Plexiglas Column on Which Early Experiments
Were Run
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Figure 8. Water Level vs. Pressure for Tap Water
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was increased to atmospheric levels. The hysteresis occurred as the

water level was falling and is probably due to delayed drainage from

the sand.

Another test, using de-aired tap water, produced a barometric

efficiency of 2.2%. From Figure 9 it can be seen that the results of this

test demonstrated linearity, but contrary to the results of the test pre-

viously described, did not demonstrate any noticeable hysteresis. Fur-

thermore, two pressure-change cycles were run, and it can be seen from

the symmetry of the curve in Figure 9 that the results were essentially

reproducible. The lack of hysteresis in this test was probably due in

great part to the much smaller water-level changes experienced in this

test than in the previous test.

Experiments using this large column were terminated because

of the difficulty in obtaining accurate values for such parameters as

porosity and water content. However, the experiments mentioned above

were valuable as a qualitative introduction to barometric efficiency.

Equipment and Methodology in 
Gamma Ray Testing 

The gamma ray attenuation equipment was previously described

in this thesis as well as by Thames (1966), Thames and Evans (1968),

and Mac Intyre (1970). The remaining equipment consists of a cylindri-

cal Plexiglas container, a mercury pressure gauge, and an air pump.

The Plexiglas container has an inside diameter of 8.75 cm, an

internal height of 40 cm, and walls approximately 0.65 cm thick. The

top and base of the container are attached by screws and have "0" rings

at juncture points to provide an air-tight, water-tight seal.
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In practice, clean, well-sorted, oven-dried quartz sand was

packed as uniformly as possible in the container to a depth of 25 to 30

cm. Bulk density of the dry sand was then obtained by computing the

mean value of four or five gamma attenuation readings taken at equally

spaced intervals on the column. The sand was then slowly saturated

with cool tap water. De-aired tap water and distilled water were used

in some previous experiments in an effort to eliminate the introduction

of air, which is found to be dissolved in water as it comes from the tap.

However, it was eventually determined that the increased air entrapment

in the sand resulting from the use of water directly from the tap facili-

tated the detection of changes in the system.

Attached vertically to the top of the container was a Plexiglas

tube of 0.965 cm diameter and about one meter long to which, in turn,

was attached a meter stick graduated in millimeters. At the beginning of

an experiment, after the sand had been saturated, the container was

sealed and water was added until it reached the midpoint of the measur-

ing tube. The water level in the measuring tube was then used as an

indicator of the changes in "water-table level"; since the cross-

sectional area of the measuring tube was only 0.73 cm 2 as compared to

an area of 60.16 cm 2 for the container, the water-level changes were,

in effect, magnified 82 times. It was thought that this manner of mea-

suring water-level changes was not prejudicial to the concept of "water-

table changes" in this experimental system. Since water is essentially

incompressible, its function here was to transmit the effect of physical

changes occurring below the surface of the sand to the location where

such changes could be measured. In theory, if the container and
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measuring tube were filled with water only (that is, no sand in the con-

tainer), there should be no change in the water level in the measuring

tube during pressure changes. In actual fact, an experiment conducted

under these conditions and at the pressure levels ndrmally employed,

revealed a water-level change in the measuring tube of 0.5 cm. This

value was between 1.8% and 4.3% of the magnitude of change observed

during the regular tests with sand samples. The small changes observed

when the experimental system contained only water can be explained in

terms of (1) fluctuations in the minute, but numerous air bubbles adher-

ing to the side of the Plexiglas container, (2) expansion and contraction

of the container itself, and (3) the very slight compressibility of the

water. This small variation due to systemic imperfections was taken

into account when data were collected for the experiments with sand

samples.

An air pump was used to change the pressure of the air above

the free water surface in the container. In several experiments a partial

vacuum was applied to the container. However, this proved unsatisfac-

tory because as air bubbles in the sand expanded due to the lessened

pressure some of them attained a buoyancy exceeding the weight of the

overlying sand, resulting in the bubbles disturbing the sand packing and

breaking free at the surface. Thus, it proved much more satisfactory to

apply a positive pressure, for this prevented the loss of air bubbles, as

described above.

When gamma attenuation readings were to be taken under con-

ditions of increased pressure, a pressure of 20 cm of mercury in excess

of atmospheric levels was imposed. Pressure readings were taken with
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a "U"-tube mercury presure gauge. This high pressure level was used

to facilitate the detection of changes in the physical system from normal

atmospheric levels. Admittedly, such large changes do not occur in

nature, but the change in water level due to pressure changes is essen-

tially a linear function, and as such, gives validity to the results no

matter what pressure levels are used.

Experimental Results 

This discussion of experimental results will be limited to three

experiments which were conducted with the equipment as described

above. Experiments performed previously to these three utilized various

containers which proved to be somewhat less satisfactory for quantita-

tive studies.

The first experiment was run with a sample of fine-grain quartz

sand, the second with medium-grain sand, and the third with coarse-

grain sand. A test on one sand sample gave a particle density of

2.65 gm/cm 3 , which is the established density of quartz. The results

of the three experiments are shown in Table 4.

The change in air volume shown in Table 4 was computed from

gamma ray attenuation data. The air content change was computed in a

second manner by taking the total air content at atmospheric pressure

as determined by gamma methods and applying the pressure equations

given in Boyle's law:

(PV) initial	 (PV) final •

This equation provided the amount of change which would be expected

simply from pressure considerations. It was assumed that the
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Table 4. Experimental Data

Fine-
Grain
Sand

Medium-
Grain
Sand

Coarse-
Grain
Sand

Total volume of sand sample, in cm 3 1,684 1,504 1,564

Bulk density, in gm/cm 3 a 1.477 1.487 1,505

Porosity, in percent b 44.26 43.9 43.2

Values at atmospheric pressure:

Water content, in percent a 36.50 37.83 37.10

Air content, in percent c 7.76 6.1 6.1

Total volume of air, in cm 3 130.7 91.74 95.4

Values at 20 cm Hg pressure:

Water content, in percent a 37.70 38.82 38.17

Air content, in percent c 6.56 5.1 5.0

Total volume of air, in cm 3 110.5 76.70 78.2

Change in air volume 20.2 15.04 17.2

Average change in water level, in cmd 27.2 13.25 19.8

Barometric efficiency, in percent 0.12 0.06 0.09

a. Values for bulk density and water content were determined
by gamma attenuation.

b. Porosity was calculated from the known values of bulk den-
sity and particle density.

c. Air content was calculated by subtracting the water content
from the porosity.

d. The change in water level is the change in the measuring
tube, which is 82 times the change in the "water table."
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temperature of the gas remained constant, since the gas was in effect

confined in a water bath,

The air content change in the sand sample was computed a

third way be determining the volume of water represented by a rise or

fall of water level in the measuring tube, the cross-sectional area of

which was known. These three methods are not completely independent

determinations, but they do serve as a cross check for the data. The

values determined by these three methods are listed in Table 5, as are

percentage comparisons among them.

Table 5. A Comparison of the Change in Air Content as Measured by
Three Different Methods

Sand Type

Change in Air Content in cm3
Measured by

Percent
Difference

between
Gamma and

Pressure
Equation

Percent
Difference

between
Gamma and

Water
LevelGamma

Pressure
Equation

Water
Level

Fine

Medium

Coarse

20.2

15.0

17.2

27.2

19.1

19.9

19.5

9.3

14.1

+34.6

+27.3

+15.7

-	 3.5

-38.1

-18.0



CONCLUSIONS

This study began as an effort to test the hypothesis that volu-

metric changes in air bubbles entrapped in the porous medium were the

cause of barometrically induced water-level changes in water-table aqui-

fers and in lysimeters . Instead, however, it evolved into an effort to

demonstrate that this mechanism is a cause of water-level changes. A

literature review revealed that there are other valid explanations for the

changes in water level, the most notable being diurnal transpiration

cycles of phreatophytes and temporary sealing of the soil by freezing

or saturation.

However, the results of this study have amply demonstrated

that air bubbles are entrapped in a porous medium, that these bubbles

change in volume in response to pressure changes, and that the "water-

table" will move upward or downward in response to the changes in the

air bubbles.

The correlation among the three methods of determining changes

in air content, listed in Table 5, is not high enough to furnish conclu-

sive evidence that change in bubble size is the only operative mecha-

nism. However, there are inherent difficulties in performing a study

such as this which make close correlation difficult. First of all, the

quantities being considered are so small that even minor errors in mea-

surement produce significant variations. For example, if the porosity

is computed to be 43.0%, when the actual value is 44.0%, it represents

an error of only 2.3%. However, when this value is used in other

46
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calculations, it may change the air content from a true value of 5.0% to

an apparent value of 6.0%, which produces an error of 20% as a final

answer. An error such as mentioned above for porosity is not outside the

realm of possibility, given the possible inhomogeneities in packing and

the statistical fluctuations in radioactive counting. The data from one

experiment were selected at random to be analyzed for the degree of

variance which should be expected from the gamma method. For a series

of five counts taken through air alone, the range in values amounted to

0.25%; five separate counting sequences taken through the same point

of a wet sand sample produced a range of 1.6%.

Another possible source of error is the fact that air comes out

of or goes into solution as the pressure changes. It would be difficult

to quantify this variable because of the many unknowns which would

enter into any calculation (exact composition of the air, amount of water

vapor in the air, total surface area of bubbles in the water) . In these

experiments, however, increases in pressure were not sustained for

longer than five minutes at a time, and it is thus thought that the time

was not sufficient for significant changes due to solubility to have

occurred.

Another minor source of error is that Boyle's law which relates

pressure and volume in a gas is not a law at all, but only a close approxi-

mation. In the pressure range used in these experiments, though, the

error in its use is probably less than five percent (Glasstone, 1946,

p. 245).

A determination of barometric efficiency for the three sand

samples reveals surprisngly low values. The values for B.E. are:
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Fine sand--0.12%

Medium sand--0.06%

Coarse sand--0.09%.

It should be remembered, though, that B.E. under water-table conditions

is a function of saturated thickness and that the sand samples used were

only about 25 cm in height. It would be more illustrative to calculate the

thickness of sand required to give a B.E. of 100%, assuming that the

unknown value is proportional to the values of B.E. and thickness in

the three experiments. Such calculations reveal that for a B.E. of 100%

in the fine sand, a saturated thickness of 233 meters (764 feet) would

be required. For the medium sand, the thickness would have to be 429

meters (1,440 feet), and for the coarse sand the value would be 295

meters (968 feet). Aquifer thicknesses of this magnitude are certainly

not uncommon, but the question arises whether pressure changes can

be transmitted through 300 meters of aquifer rapidly enough to allow for

distinct diurnal fluctuations in water level.

At the other end of the spectrum, Hylckama (1968) found a B.E.

of 40% in evapotranspirometers only 4 meters deep. It seems safe to

assume that a different mechanism is effective in this case (although

change in air bubble size is probably operative to some degree also).

It seems likely to this writer that Ferris's (1967) explanation, as illus-

trated in Figure 5, most nearly indicates what is happening in a situa-

tion, such as was found by Hylckama (1968). Commonly, a water-table

aquifer is partially sealed near the surface by soil saturation, clay

layers, or by a caliche layer. Even in the alluvial basins of southern

Arizona, where the alluvium appears upon visual examination to be fairly
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homogeneous, the horizontal permeability may exceed the vertical per-

meability by as much as two orders of magnitude; this is due to the

presence of clay layers and the arrangement of disseminated clay par-

ticles. Figure 4 shows changes in air pressure acting directly upon the

water table; such a situation may require mass movement of air through

hundreds of feet of unsaturated material. While a change in air pressure

acts almost immediately at the bottom of a well, one must assume that

mass movement of air through the soil and unsaturated part of the aqui-

fer is delayed. Consequently, there is a temporary pressure difference

between the air in the well casing and the air just above the water table

in the aquifer, and the result is the "water barometer" which Ferris

(1967) mentions. The well casing is thus a perturbation of the natural

system, for if the well were not there, the water level would move only

in response to the change in size of bubbles trapped below the water

table. That is, if the well were not present, water-level changes would

be of lesser magnitude and would have a much slower response to pres-

sure changes.

Raffo's (1954) contention that it is not the water table which

rises and falls but it is the water in the well makes more sense in light

of the preceding discussion (reference the review of Raffo's paper on

p. 34 of this thesis). It is likely that the wells which he discussed

were operating like water barometers.

It appears that for this water barometer situation to be effective,

the well casing must extend without perforations below the water table.

If there are perforations above the water table, air could enter the aqui-

fer and tend to equalize pressure changes. Unfortunately, none of the
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reports concerning B.E. give details about the well casing used, so

further conclusions about this must await further study.

Finally, the foregoing explanation should not be confused with

the artesian example, as illustrated in Figure 6. The water-level changes

as described have nothing to do with the elasticity of the aquifer, since

the water does not help to support a confining layer.
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