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Models for Predicting Volatilization of Seil-Incorporated Pesticides'

R. MAYER, J. LETEY, AND W. J. FARMER?

ABSTRACT

In the absence of appreciable mass transfer due to water
wmovement, diffusion processes in the soil account for the move-
ment of pesticides to the soil surface to replace that lost by
volatilization. Published solutions for heat fHow equations
have been applied to the volatilization of lindane and dieldrin
from Gila silt loam for a2 number of different initial and bound-
ary conditions. Predicted fluxes agreed well with experimental
values. Five models have been propesed to describe various
environmental conditions found in the field. Models I, II, and
[1I assume pesticide concentration at the soil surface is main-
tained at zero concentration by air movement. Model IV as-
sumes surface pesticide concentrations greater than zero with
air turbulence sufficient to maintain zero pesticide concentra-
tion gradient in the air above the soil. Model V assumes a non-
moving air layer of various depths above the soil surface so
that the pesticide concentration gradient in the air controls the
rate of volatilization.

Additional Index Words: dieldrin, lindane, organochlorine
insecticides, diffusion, transport processes.

SOME ORGANIC compounds, especially pesticides, appiied

to soils are frequently transported to nontarget areas.
In order to predict losses from soil, it is desirable 1o know
something of the mechanisms involved in the transport of
pesticides through the soil. This paper will concentrate on
loss from soil by volatilization, Several investigators have
demonstrated that the wvolatility rate for soil-incorporated
pesticides is initially high and decreases with time at a rate
dependent on the pesticide and on the experimental condi-
rions (Farmer et al.. 1972; Igue et al., 1972; Spencer and
Cliath, 1973). .

As a pesticide volatilizes at the soil surface, it may be
repiaced by pesticides within the "soil profile. Pesticides
move to the soil surface by mass transport in water flow to
the surface. or by diffusion of the pesticide. Farmer et al.
(1973) has shown the importance of diffusion processes
in controlling dieldrin volatility,

The objective of this study is to develop mathematical
equations for predicting volatilization of soil-incorporated
pesticides as a diffusion-controlled process and to compare
calculated with measured results.

THEOQORETICAL CONSIDERATIONS

The basic assumption in the mathematical treatment of the
movement of pesticides in soils under a concentration gradient
is the applicability of the diffusion [aws. The changes in pesti-
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cide concentration within the soil as well as the loss of pesticides
at the soil surface by volatilization can then be predicted by
solving the diffusion equation for different boundary conditions.
Recognizing the analogy between the heat transfer equation
{Fourier's law) and the transfer of matter under a concentra-
tion gradient (Fick's law), solutions of the heat transfer equa-
tion given by the mathematical theory of conduction of heat
may be used. The mathematical model for predicting volatiliza-
tion of pesticides is then given as a set of boundary conditions
sufficient to solve the diffusion equation.

Consider a system where a pesticide is uniformly mixed with
a layer of soil and volatilizing at the soil surface. If diffusion is
the only mechanism supplying pesticide to the surface, and if
we assume isotropic conditions in the soil as well as constancy
of the diffusion coefficient D, then the general diffusion equa-
tion is

e b ac
—_——— = (1]

axt Dot

where ¢ is the pesticide concentration in the soil (g/cm ~* total
volume), ¢ is the distance measured normal to the soil surface
(cm). D is the diffusion coefficient {cm? sec—1), and r is the
time (sec).

Model I

As a first approximation we may assume that pesticide vola-
titizes and is removed rapidly maintaining a zero concentration
at the soil surface. The depth of the soil layer treated uniformly
with pesticide is L and the initial concentration C, (g/cm?®). The
initial and boundary conditions for which Eq. [1} is to be solved

are then o

c=Cat:=0.0sx =L
c=0atx=0and¢ >0
de/dx=0atx = L.

Carslaw and Jaeger {1959, p. 97, Eq. (8) ] give a solution for
these boundary conditions that can be used by accepting the
following analogies:

v (temperature) = ¢ (concentration)
V, (initial temperature) = C_ (initial concentration}
x {thermal diffusivity)

K (thermal conductivity) = D (apparent diffusion coefficient).

The concentration units for ¢ and C, must be éxpressed on a
total volume basis in order for D to be analogous to K and «.
The solution for Eq. {1} is then

_4C, I e

> — D2 132 22 /4L
fr,,=0(2n+l){exP[ (2n+ 13 =2 1}

<

Cr+ )wr{lL—x)
S :

2L f2l

co

(Carstaw and Jaeger used the boundary condition x= L and
we have used x = 0 at the soil surface. Identical results are
achieved by our using (L — x) in the equations where Carslaw
and Jfaeger used x). The pesticide flux, f (g/cm2/sec), through
the surface is given as the concentration gradient at x = 0 times
the diffusion coefficient D
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f = D{de/ox],—,

DCO - T i
=W[l +2 3 (— nexp (—n2L/ Do)l

n=1

Model 11

The summation term in Eq. [3] decreases with increasing L
and decreasing D and +. If this term is small enough to be negli-
gible, Eq. [3] reduces to

f = DC,/(xDt}#. [4]

This equation is identical with the solution given by Carslaw
and Jaeger [1959, p. 59, Eq. (3)] for heat flow in an infinite
solid. The concentration for the semi-infinite case is given by

¢ = C, erf [x/2(DD¥]. {51

Equations (4] and [5] are applicable also on a finite system (in
the region 0 < x < L) as long as the concentration at the lower
boundary of the soil layer. x = L, is not decreased by pesticide
moving in the upward or downward direction. To estimate the
maximum time at a given set of parameters for which Model 11
is adequate, let us assume the critical value 10 be a drop of | %
in the initial concentration. €, at the lower boundary of the soil
layer. With this assumption the boundary conditions used in
deriving Eq. [5] are violated if

erf [L/2(DN%] < .99

t>L%144D.

Model I1I

Model [ assumed that no diffusion occurs across the lower
boundary x = L. This boundary condition is appropdate for
laboratory studies which will be reported later, but not realistic
for field conditions where diffusion can occur downward across
the boundary x = L. The boundary conditions for the latter case
are

c=C,att=0,0<x<L
c=0attr=0,x>L
c=0atr>0x=0

Solution of Eq. [1} with these Initial and boundary condi-
tions is given by Carslaw and Jaeger (1959, p. 62, Eq. [14]) as

¢ = (C,/2) {2 erf [x/2(Di)%] — erf [(x — L)/ 2(D1)*%)
—erf [(x + LY 2(DO®]}. (6]

The flux is obtained by differentiating Eq. {6] with respect to
x, determining d¢/dx at x = 0, and multiplying by D. The result
is

f=[DC,/(=Dn)¥] [1 — exp (— L2/ 4Dr1)). 7

Note that Eq. [7] reduces to Eq. [4] for large values of
L2/4Dt. Less than 1% error will result from using Eq. (4] if

exp (— L*/4Dn < .01

t < L%18.4D.

Model IV

The solutions for the diffusion equation become more diffi-
cult if the concentration at the soil surface is variable instead of
being maintained at zero. The rate of removal of pesticide in the
air layer above the soil may then become a limiting factor in the
rate of volatilization.

A model which accounts for a possible incomplete depletion
at the soil surface may be described as follows. A soil layer
(0 < x < L) has a uniform initial distribution of pesticide C,
with no flux allowed through the lower boundary at x = L. The
soil surface, x = 0, is in contact with a volume, ¥, of well stirred
air (uniform concentration within the air) from which a volume
per unit time and unit area, v, is withdrawn and replaced by the
same volume of air at zero concentration. The airflow thus re-
moves an amount of pesticide which is equal to the flow veloc-
ity, v, times the concentration within the air, ¢,. The initial and
boundary conditions are

c=C,,.';.tr=0,0.<_x£L
dc/dx=0atx =1L
f=vezatr >0, x=0.

This modei is analogous to that of Carslaw and Jaeger (1959,
p. 129, Eq. [11]) in which a slab of uniform initial temperature
is in contact with a mass per unit area of well-stirred fluid which
loses heat by radiation at a rate H times its temperature. The
initial temperature of the fluid is zero C. Their solution is

3 exp (— Dai Nih— kai) c0s [a, (L — x)]

C=2CD el oy e
ney [Llh— ke + o2 (L+ k) + hjcosa L

(8]

where o, are the roots-of
atan (al) = b — kn®. 9

Carslaw and Jaeger define h = H/K where K is the thermal
conductivity. For our case K is replaced by the diffusion coeffi-
cient. D, and H by the air flow velocity, v.

The concentration in the air, ¢, must be expressed in terms
of the concentration at the soil surface, ¢,. This is done by the
use of the adsorption isotherm. Adsorption isotherms for lin-
dane and dieldrin given in literature (Spencer and Cliath, 1970; °
Spencer, Cliath and Farmer, 196%) suggests that we may, for
a small concentration range of ¢, consider the isotherm as :

¢, =Re, . {101

Thus, A in Eq. [8] appears to be

h = Rv/D. {11

{Note that both concentrations ¢, and ¢, in Eq. [10] must be
expressed on a total volume basis.)

The term &, appearing in Eq. [8] is defined by Carslaw and
Jaeger as the ratio of the heat content of the fluid to the heat
content of the slab. The ratio in the heat flow model is equal to
R in Eq. [11] so that

k=R. {12]

It can be shown that for all cases treated here
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k<<horkaﬁ << h.

Equations [8] and [9] can therefore be simplified to

= - 2 .
c=2¢, 3 exp (— Da, ) hcos [, (L — x}]
(LAt 4 aiL + k) cos aﬂL

n=1

(i3]

and
atan (al) = A. [14]

The pesticide flux through the soil surface at x = 0 is then
given by

f=2DC % exp (— Dai t) h?
- o

-~ 15
Z TR T L+ h (31

Carslaw and Jaeger (1959, p. 491) give a table of the first six
roots of the equation

atana =M [16]

which can be used instead of Eq. [14) when L = 1 or by scal.
ing all variables containing units of length in terms of L.

Model V

Medel IV assumes the air above the soil to be sufficiently
stirred so that its concentration may be taken to be constant
throughout. This may be due to turbulence as well as to a large
diffusion coefficient within the air. However, Model [V does not
take into account any diffusive transfer of pesticide. When air
velocily becomes zero, the predicted flux through the soil sur-
face becomes zero as well. This mode! thus can only be appro-
priate if the convective flow due to air movement is consider-
ably greater than the flow due to a diffusion gradient.

If there is a non-moving air layer in contact with the soil sur-
face. the following model may be adequate. The diffusion coef-
ficient of a pesticide in air is D’ and the thickness of the air
layer is 4. As a first approximation we may neglect the capacity
of the air layer. For example, Spencer and Cliath (1970) report
that at 30C a soil with 104 ng/cm® lindane is in equilibrium
with a lindane vapor density in air of 0.22 ng/cm?3. Then, if the
concentration in soil at the soil surface is ¢ and the concentra-
tion in air at the soil surface is Re, we have the flux through the
air layer given by

F=D'Rc/d

when the concentration at the upper edge of the air layer is zero.
The initial and boundary conditions are

e=C att=0,0<x<L
dc/dx=0atx=0L
f=(D'Rec)/datt>0,x=0

c=cyatr>0,x=0.

These conditions are equivalent to the “radiation” boundary
conditions described by Carslaw and Jaeger (1959). We may
then adopt the solution given by these authors {p. 316, Eq.
(24}] after substituting / in their equations by

h=D'R/Dd. [17]
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Fig. 1-——Comparison between calculated values {solid curve)
from Model II and experimental values {horizontal lines)
for dieldrin Aux. The experimental values were taken from
Spencer and Cliath (1873). The length of the horizontal
lines indicate the time over which the experimental values
were taken.

The concentration of pesticide in soil is

2D'RC,
€ =
Dd
§ exp (— Da, 1) cos [a, (L — X)) (18}

; [L(D'R/Dd)® + La® + D'R/ Dd] cos a,L

n

with
atan {al) = D'R/Dd. £19]

The flux through the soil surface at v =0 is

f=oDC % P (— Do ) (D'R/ Dd)?

LS _ . (20
ot L (D'R/ DAY + La® + D'R/ Dd

Note that Eq. [i8], [19], and [20] are identical with Eq. [131].
{14] and {15], but instead of

h=Rv/D
we have defined / by Eq. [17].

RESULTS

A comparisen will now be made between calculated re-
sults from our equations and results of published volatiliza-
tion experiments. All these experiments, using lindane and
dieldrin, were designed to measure the volatilization of
pesticides from the surface of 2 soil column by leading an
air stream over the surface. To prevent net loss of soil
water and thus prevent transport of pesticide by mass flow
to the soil surface, the air was brought to 100% relative
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Fig. 2—Comparison between calculated and experimental
values for lindane flux from treated Gila silt loam. Experi-
mental data are from Farmer et al. (1972).

humidity. The amount of pesticide carried by the air stream
was measured for distinct periods of time.

The rate of volatilization of dieldrin measured by Spencer
and Cliath (1973) is presented in Fig. L. The soil was Gila
silt loam at a bulk density of 1.4 g/cm® The initial concen-
tration, C,, in the soil was 1.4 x (04 ng/em? (10 ppm}. Soil
water content was maintained at 23% (w/w). The tempera-
ture was kept at 30C. Igue (1969) gives an apparent diffu-
sion coefficient of O = 2.3 mm?/week for dieldrin under
these conditions. Air flow velocity was maintained at 2.13
cm sec ™!, The depth of the column was 11 cm. According to
the evaluations given for Model II, we may assume the col-
umn to be infinite in length for at least 2 x 10 days after
the start of the experiment. The solid curve in Fig, | was
calculated according 1o Eq. [4]. The good agreement between
measured and calculated values indicates that zero concen-
tration at the soil surface is, under these conditions, a rea-
sonable assumption. For very short times after the start of
volatilization, the boundary conditions are violated in that
the pesticide concentration at the spil surface is greater than
zero. This may lead to some over estimation of the initial
volatility rates. The low initial measured flux as compared
to the calculated flux may be due to the experimental tech-
nique (e.g., losses by adsorption on walls).

Figure 2 represents data taken from a volatilization ex-
periment carried out with lindane by Farmer et al. (1972).
Parameters for this experiment were: Gila silt loam, soil
water content 10% (w/w), bulk density 0.75 g/cm?, tem-
perature 30C, initial concentration 7.5 x 102 ng/cm?® (10
ppm), and depth of the column 0.5 cm. With the diffusion
coefficient for lindane under these conditions equal to D =
30 mm?/week (taken from Ehlers et al.,, 1969), we calcu-
late that after 22 hours from the start of the experiment
the concentration at the bottom of the column decreases
by more than 1%. This accounts for the considerable dif-
ference between the two solid curves in Fig. 2. calcuiated
from Model I and Model II.
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Fig. 3—Comparison of calculated and experimental values for
dieldrin volatilization Aux from uniformally treated Gila silt
leam for air moving over the soil surface at two velocities.
Experimental data from Farmer et al. (1972).

Figure 2 also shows a curve calculated from Model IV, . [+
The air velocity across the surface of the column was v =
0.433 cm sec~!. R. as calculated from the adsorption iso- = -
therms given by Spencer and Cliath (1970). was R = 3 X
10—, Therefore # = R v/D becomes equal to 26.1 cm™!
compared to K = R = 3 X 1075 the Eq. {13], [14], and -
[15] being applicable. The agreement between values cal- i
cujated from Model IV and the measured values is quite _:g
good at the longer times and indicates that the flow velocity =
was not sufficient to create a zero concentration at the
surface.

Volatilization experiments were conducted with dieldrin
by Farmer et al7 (1972) in which different air velocities
were used. The soil was a Gila silt loam, soil water content
10% (w/w), bulk density 0.75 g/em?, initial dieldrin con-
centration was 7.5 X 10 ng/em® (10 ppm), depth of the >
column was 0.5 c¢m, and temperature was kept at 20C. The
diffusion coefficient of (.5 mm?/week was derived from :
Igue (1969), assuming a reduction of 30% compared to.
the value given by this author to account for the lower tem
perature (20C instead of 30C). A similar reduction with %"
decreasing temperature was found by Ehlers et al. (1969) #
for lindane. R was taken from Spencer, Cliath, and Farmer “J.
(1969) 10 be 2.4 X 1078, With air velocities of 0.443 and
0.108 cm sec™!, i became 39.46 and 9.86 cm™!, respec:
tively, Again, Eq. [13], {14], and [I15] apply to this situ
ation to allow calculation of pesticide flux.

Figure 3 shows the measured rates of dieldrin volatiliza~;.4
tion at two different air velocities together with the curvesi]
calculated from Model IV as well as a curve calculated for:
Model 1I. Under the conditions given in the experiment, it}
can be seen at the higher air flow velocity the boundary 3
condition ““zero concentration at the soil surface™ is appro-
priate. This is not true for the lower air flow velocity where.
Model 1V better accounts for the lower volatilization rates

Note that the calculated curves for Model 11 and Model’;
1V at the higher air velocity are very similar. Mode! IV 3
predicts a lower flux during the initial time period than J
Model II. This is reasonzble because initially there is pesti- 3§

K

‘.

k-

e
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cide at the soil surface and a higher air velocity would be
necessary to maintain a concentration equal to zero at the
surface which is required by Modet 1I. As time progresses
and volatilization has occurred, the surface is depleted of
pesticide and the surface concentration can be kept at zero
with a lower air velocity. The low fluxes measured, as com-
pared 1o the calculated, in the beginning of the experiment
are probably due in part to losses by adsorption on wails.

DISCUSSION

From the equations presented for Model I and Ii, it can
be seen that for a given initial concentration and depth of
the soil layer, the flux at any time depends only on the
apparent diffusion coefficient. Since the apparent diffusion
coefficient depends on vartous parameters including bulk
density, water content, concentration. temperature, and ad-
sorption (Ehlers et al., 1969; Farmer and Jensen, 1970),
all equations presented can only be used if during the time
of observation, D remains constant. Ehlers et al., (1969)
showed for lindane that this assurnption holds true up to
concentrations of about 20 ppm. This agreement between
measured and calculated pesticide fluxes, if an appropriate
model is chosen. indicates that constancy for the conditions
met in the experiments may also be assumed for the dieldrin
diffusion coefficient.

Modeis [, 1I. and 1V prove to be valid for describing
volatilization losses from experiments carried out in the
laboratory with appropriate boundary conditions. Predic-
tion of volatilization rates of pesticides under field condi-
tions with these or similar models becomes more difficult,
mainly because the boundary conditions are not as well
defined as in a laboratory experiment. Yet. the models are
valuable at least in making reasonable estimates of pesticide
losses by diffusion.

Let us take, for example, a pesticide incorporated in a
soil surface layer. If the soil surface is in contact with a
moving layer of air, and if diffusion to the surface is the
only transport mechanism for pesticide in the soil, then
Model IV should apply. The wind velocity can be mea-
sured. One difficulty is that the model assumes that the
air increment passing over each unit area of surface is ini-
tiatly devoid of pesticide. When a large land area is treated
with pesticide, the wind will become enriched with pesticide
as it passes over the field.

The results presented in Fig. | and 3 indicate that only
very low wind velocities (less than about 0.016 km/hr~!
or 0.04 mi/hr—Y) are required to keep the pesticide con-
centration at zero at the soil surface. Thus it would appear
Models I, IT, or III could be used with considerable confi-
dence if there is much air movement.

The situation is different if we have a non-moving air
laver above the surface, for example where the air move-
ment is restricted by a standing crop. Under these condi-
tions Model V applies.

Figure 4 gives some lindane tlux curves calculated for
different values of k. The diffusion coefficient 2’ for lin-
dane in air is not known, but may be derived [Ehiers et al.
(1969). p. 502, Eq. (9) ] as being 10% cm?/day. The initial
concentration was assumed to be 10* ng/cm?, the diffusion

ng /cm‘?/doy

MAYER ET AL.: MODELS FOR PREDICTING VOLATILIZATION OF SOIL-INCORPORATED PESTICIDES 567

2000 T T —T ™ T 7 T T
MODEL | OR MODEL § {h=® d=0}
2000 - ]
MODEL 5 (h=10cm' 82 0.5¢m)
oo MODEL § (h:5 cm'.d= 1.0 cml i
300 J
MOBEL 5 {h=Q,5¢m
f ds10em)
200
100 -
5o
/-MODEL 5 (h:0,05cm',d=10Cem)
20
10 1 il i 1 1 ) e, L
I 2 5 [l¢] 20 50 100 200 560 1500

TIME (days)
Fig. 4—Calculated values for the influence of depth of non-
moving air laver on lindane volatility flux from uniformally
treated Gila silt loam.

coetficient for lindane in the soil 20 mm?/week. R as used
above was 3 x 1073, The depth of the soil laver treated
with pesticide was assumed to be 10 cm. Equation [17] then
gives the values of & which correspond with different values
of d. the thickness of the air layer.

From Figure 4 it can be seen that a non-moving air layer
may restrict the rate of volatilization considerably. Finally
it may be mentioned that since we have under most condi-
tions water movement in the soil profile. the models pre-
sented above prediet volatilization rates from a soil surface
better for moderately to strongly adsorbed pesticides of low
mobility with moving water.
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Time-Dependent Linearized Infiliration: II. Line Sources'

D. O. LoMEN AND A. W. WARRICKZ

ABSTRACT

Water flow from line sources is analyzed using a linearized
form of the moisture flow equation. Both single and parallel
line sources are considered. Results are particularly relevant
for high-frequency irrigation, such as by trickle sources, for
which the soil moisture at any particular point varies over a
relatively small range. Numerical calculations include lines of
constant matric Hux potential {or equal moisture content) as
a function of time and the time-dependent response to a cvelic
input. Although the results are developed for surface sources,
the analysis may easily be extended to buried sources.

Additional Index Words: soil water, trickle irrigation, tran-
sient How, unsaturated flow.

IN AN EARLIER PAPER (Warrick, 1974) time-dependent
point sources were considered using the matric flux
potential ¢ of Gardner (1958), Philip (1968, 1969, 1971),
Wooding (1968} and Raats (1970, 1971, 1972):

b= J'h K{h)dh = K/ a [

with
K =K, exp (ah)

alk=dirde, k=dK/dp [2]
in Eq. [1] and {2], K is the hydraulic conductivity (units
L/T), h the_pressure head (L), 4 the volumetric water con-
tent (dimensionless), K, the saturated hydraulic conduc-
tivity (L/T), and « an empirical constant (1/L). The units
of ¢ are L2/ T. With k (units L/ T) of Eq. {2] a constant, the
linearized form of the moisture flow equation is

deb/ at = (k/a) V32 — k(dp/ 32) (3]

with the z-axis chosen positively downwards,
In this paper, we consider the solution of Eq. [3] where
a line source of strength g (units L2/ T) lies on the soil sur-

! Arizona Agticultural Experiment Station Paper no. 2198.
Support was from Western Regional Project W-128 and funds
provided by the United States Department of the Interor, Of-
fice of Water Resources Research, as authorized under the
Water Resources Research Act of 1964, Project B-035-ARIZ.
Received 6 Nov. 1973, Approved 4 March 1974.

* Associate Professor, Department of Mathematics, and Asso-
ciate Professor, Department of Soils, Water & Eng., respec-
tively, The University of Arizona, Tucson, Ariz. 85721.

2:284-289.

I1. Spencer, W. F., M. M. Cliath, and W. J. Farmer. 1963.%
Vapor density of soil-applied dieldrin as related to soff.
water content, temperature, and dieldrin concentration’ =~
Soil Sci. Soc, Amer. Proc. 33:509-511.

face along the y axis. Such a geometry results, for exampl}_g"_‘_%_ig‘.—*
when trickle emitters are closely spaced in a line or for ©
irrigation from a porous pipe. The companion paper to thi.
one (Warrick, 1974) is applicable when emitters are tog - L

far apart to consider as a continuous line saurce. ,; ’“* .
The initial condition on ¢ is taken to be zero (A = —a) .
and the boundary condition chosen such that no vertical , -

flow is permitted except along the y-axis (the location of'?'-'

the line source): R
$(x, 5,2,0)=0 (41,

and e
—~04/oz+adp =0, z=0, x0. ;51

Also assume ¢, 3¢/ dx and 3¢/ dz vanish as x¥ 4+ 22 —> oo, -7

The sclution of Eq. [3] with a three-dimensional point
source of sirength gAy at the origin buried in an infinite i
medium is given by Carslaw and Jaeger (1959, p. 261) is - ;@

N

wt L
A¢p =g Ay Va/8rV/ rE)J rm32 exp o [ 4 y? E
o +

Y

-

+ (2 — k)2 dk+) dr. [6}:

(Note: In the interest of conserving space, dumnmy variables’
of integration will not be defined in the text.) AN
To obtain a solution of Eq. [3] for a line source along the
y-axis in an infinite medium, we consider ¢ in the expression
above to be the strength per unit time per unit length along
the y-axis and integrate on y from — o to o to obtain

- i .

b= f aV e/ 8r Vak -+ -

—= ﬂ.."‘ ol

2 f:‘.’g_ ..-

J‘ 32 exp{—alx? + (z — k)% dkr} exp (— y2/ 4k1-)d1d35 n

[+} Iy «
75

This integral is such that the interchange of the order gf'f, ,
integration is permissible, Use of the well-known result ;S
(see, for example, Eq. 860.11 of Dwight, 1961) o

X,
vy
LK

fﬂ exp (—a2y® dy = \/7/a [71

—=

gives the solution of Eq. [3] with a line source buried (sub-
scripted by B} in an infinite medium:






