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ABSTRACT

Deep saline aquifers are being used for disposal of hazardous liquid wastes.
A thorough knowledge of the competency of such aquifers and their confining
geologic beds in permanently isolating the hazardous substances is the key to suc-
cessful disposal operations. Characterization of such systems, and in particular
the detection of any conduit that may permit hydraulic communication between
the host aquifer and nearby freshwater aquifers, must be carried out prior to the
initiation of disposal projects. In deep, multi-aquifer systems, leaky faults, aban-
doned wells, highly conductive fractures or shear zones may all provide leakage
paths. If not initially detected, such conduits may show no apparent effect until
contaminants in the freshwater aquifer reach detectable levels at the discharge

point. By then, of course, detection is generally too late.

This paper is an attempt to address the problem of initial detection of
improperly plugged or open abandoned wells. A new analytic solution has been
derived to calculate the amount of leakage from an abandoned well and the
corresponding drawdown at monitoring wells. A method is proposed that can be
used to detect such deep abandoned wells in the area of influence of a proposed

deep injection well in a multiple-aquifer system.
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INTRODUCTION

Injection into deep saline aquifers is one of several methods used for disposal
of hazardous liquid wastes. Although the use of wells for subsurface disposal of
industrial wastes has been known since early 1930’s, its use was initially limited
to brine disposal (Donaldson, 1964; and Warner and Orcutt, 1973). Injection of

- hazardous wastes in deep underground aquifers are documented from 1950
(Donaldson, 1964). Between 1950 and 1965 an average of only two wells per year
were built for disposal of hazardous wastes. During the period of 1965-1980,
however, stricter regulation of industrial waste disposal into surface water bodies
resulted in renewed interest in deep-well disposal techniques leading to construec-

tion of more than 130 deep hazardous waste injection wells.

Hazardous waste injection wells are a subset of Cléss I wells. Class I refers
to those wells used for disposal of municipal or industrial waste liquids that
discharge below the deepest underground source of drinking water (USDW),
(Federal Register, 1982). Figure 1 illustrates the increase in number of total
Class I wells as well as the hazardous waste subset of them with time. It is
estimated that 423 million gallons of non-aqueous hazardous waste with about 10
billion gallons of water was injected through 181 wells in 1983 (U.S. Environmen-
tal protection Agency, 1985). Deep-well disposal is used by chemical, petrochemi-
cal and pharmaceutical industries, refineries, steel mills, and photo-processing
plants, among others. The depth of the wells is generally between 1000 and
10,000 ft; most of them are between 2000 and 6000 ft deep. Most of the injection
wells are located in states with long history of oil and gas exploration (Office of
Technology Assessment, 1983). Currently 15 states have active wells that inject

hazardous liquid ‘wastes (U.S. Environmental Protection Agency, 1985).

In an effort to protect underground sources of drinking water against the
danger of contamination, the ‘‘area of review” concept, which is the major
Underground Injection Control (UIC) requirement, has been devised (Anzzolin

and Graham, 1984; Thornhill et al., 1982). The area of review process requires
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Figure 1. The trend of deep-well injection.
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that the records of existing wells penetrating the injection zone be examined to
-ensure that wells are properly constructed or abandoned. However, the lack of
existing records for thousands of the abandoned wells severely hampers the pro-

Cess.

The number of wells abandoned in the United States between 1859 and 1974
is estimated to be 1,647,661 (Anzzolin and Graham, 1984). Other estimates puts
this number at 1,930,000 wells (Fryberger and Tinlin, 1984). Records on the
locations and characteristics of many of these wells are non-existent (Canter,
1984). Such information is available for only about 1,200,000 abandoned wells.
Approximately 450,000 or more of these wells were abandoned between 1859 and
1930. The majority of abandoned wells are also located in regions with long his-
tory of oil and gas exploration. It is estimated that most of wells abandoned
before 1930 were probably improperly plugged by today’s standards (Anzzolin
and Graham, 1984). Thousands of these wells penetrate formations of both fresh
and saline waters. The leakage of contaminated oi' highly mineralized water
through abandoned wells and unplugged exploration holes has led to insidious
groundwater pollution problems (Gass et al., 1977). Numerous examples of
groundwater contamination related to abandoned wells have been reported (U.S.
Environmental Protection Agency, 1977; Fairchild et al., 1981; Wait and McCol-
lum, 1963).

It has been reported that leakage through undetected abandohed wells has
led to the failure of a number of deep-well disposal projects (Gass et al., 1977).
One case of hazardous waste leakage through abandoned wells is reported (U.S.
Environmental Protection Agency, i986). However, one must be concerned with
the potential of leakage for future deep-well injection projects and also keep in
mind that leakage through improperly plugged abandoned wells into USDW
could continue for a long time before it can manifest itself at a discharge point.
Therefore, prior knowledge of the location of the deep abandoned wells and their
ability to conduct the liquid waste to shallow freshwater aquifers is a necessary

step toward the design of a successful deep-well injection project.
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In this paper present methods of locating abandoned wells will be briefly
reviewed and their shortcomings discussed. A new method will then be intro-
duced which should permit detection of leaky abandoned wells avoiding the prob-

lems encountered in the present methods.



-6
Present Methods of Locating Abandoned Wells

Methods presently used for determining the location of abandoned wells are

discussed in detail by Aller (1984). These methods may be divided into 4 groups:

&

- (2)

(3)

(4)

Search for existing records and contact local residents. Most states follow
this method for locating wells in the area of review; however, records are

missing for many wells drilled before 1930.

Interpretation of historical aerial photographs. This could be a useful tool
except that the use of photographic coverage was not widely employed in the

United States before the 1930s (Avery, 1968).

Geophysical methods. Magnetic, electrical resistivity and electromagnetic
surveys can be used to detect cased wells. These methods do not work with
uncased wells or those equipped with nonmetallic casings. Ground-
penetrating radar may be used to find both cased and uncased wells. The
major problem with all of these methods is the difficulty in determining

whether a well, when located, is properly plugged, or subject to leakage.

Hydrologic methods. Two hydrologic techniques have been discussed by
Aller (1984). In the first method water levels are monitored in wells
penetrating the freshwater aquifer overlying the injection formation in the

vicinity of the abandoned well. Any major leakage from the abandoned

~ wells should produce a water level anomaly in the fresh water aquif'er. How-

ever, this method is only feasible if several water wells are already present in
the vicinity of an unknown abandoned well. The second method involves
injection of fluid into the injection zone. The presence of a leaky abandoned
well is indicated if pressure resulting from fluid injection causes fluid to flow
up through the abandoned well to the ground surface. However, if the con-
duit is not open to - the surface or the induced pressure increase is

insufficient, there may be no observable leakage to the surface.
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PROPOSED NEW METHOD

Theory

Let us assume that Aquifer A is a shallow freshwater aquifer and Aquifer B
is a deep aquifer underlying Aquifer A. Aquifer B is assumed to be homogeneous,
isotropic, uniform in thickness and of infinite areal extent. An aquiclude with
very low hydraulic conductivity separates these two aquifers (see Figure 2). Let
us further assume that liquid is injected 1nto Aquifer B through Well 1 at con-
stant rate Q. Assume also that Well 2 is an abandoned well located at distance
R from the injection well. Originally open in both aquifers, Well 2 has never
been properly plugged. If sufficient hydraulic head builds up in Aquifer B, some
fluid may migrate up through the abandoned well from Aquifer B into Aquifer A,
perhapé even reaching the ground surface. We want to determine the effect of
such migration at the injection well itself and at an appropriately located moni-
toring well (Well 3). This leads to a procedure for locating the abandoned well.

First we will look at the effect at 2 monitoring well.

The change of hydraulic head at Well 2 due to injection at Well 1 is given
by (Theis, 1935)

Q .._R2
47T Ex(

Ahy = - ) (1)

4at

where T and a are the transmissivity and hydraulic diffusivity of Aquifer B and
-Ei(-x) is the exponential integral. Assuming that at any moment the rate of leak-
age ,Q,, from Aquifer B to A through the abandoned well is proportional to the
difference between the hydraulic head at the two aquifers and inversely propor-
tional to the resistance to the flow, 2, one can write

Ahy' - H,

. 2

Qo(t) =

where H1 is the initial difference in the hydraulic head between the Aquifers A
and B, ( hy - hg ), and Ahy is the net increase in hydraulic head at the
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Injection well #1

Monitoring well #3

Figure 2. A schematic section showing the position of the wells in the
hypothetical aquifer system.
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abandoned well in Aquifer B. The expression for Ahy’ may be written as

abY (1) = Aby(t) - sult) 8
where s,(t) is the drawdown at the abandoned well due to leakage through that

well. The expression for s, (t) may be written as

1'2
.
(t) = ot ) — oyt o (@)

Here Qy(t) is the rate of leakage from the abandoned well and ry the effective

radius of that well. Substituting for Ahy’ in (2) yields

Qt) = o | “QEi (- ) - sz(t'

{ =
w
4a(t-t' ) } ,
o ) dt’ - 47TH,

(5)

If, for the sake of shortening the equations, we assume that the initial heads in

bqth aquifers are the same, and thus, letting H, vanish, (5) may be written as

47T

_Q .. [-R
=T { dat } (6)

One must first find Q,(t) in order to calculate the effect of such leakage at other

) . 1'2
I
Q Qut) + — [ Qu(t’ ) fa(tt' ) ) g
0

points in the aquifer.

The Laplace transformation of (6) with respect to t is

nQ2+—{2Q2Ko(\/§_)} ZEKEY/ L) O




-10-

where K, is the modified Bessel function of second kind and zero order and p is

the Laplace transform parameter. Solving for 62 we obtain

Q K"(R\/_%_ )
P

Q, = —2=1 (8)

1 p
0+ 57 (r“\/: )

Equation (8) gives the solution for the leakage rate from the abandoned well in

the Laplace transform domain. To obtain the Laplace inversion of (8) we use the

A
‘ Q KilRy/% )
1, T 77T »
Qt) = 5~ ﬂllm [ exp(\t) N = dX
—o0 g Y
oK/ 2 )

- where v is so large that all singularities of the integrand in (9) lie to the left of

complex inversion integral shown below:

(9)

the line (~-ioco , 7+ico) on the complex plane. Appendix A shows the procedure

for solving (9) and the result is given below.

Jo(uR) {mz “Yo(urw)} + Jo(ury) Yo(uR)

du :
T(IO)

Qq(t) = Q - Eﬁg_ J e p
0 {4Tﬂ - Yo(urw)} + Jo3(ury)

where Jy and Y, are Bessel functions of first and second kind, respectively. Equa-
tion (10) gives the leakage rate from the abandoned well located at distance R

from the injection well. In dimensionless form (10) may be written as
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. 20p
0o Jo(v) {"— - Yo ver)} + Jo(VI'wD)Yo(V)
QM) =1- % [« Ly

20, o v
—- Yo(erD) + Jo(vry,) ,

where
Q)
Qp(t) = Q (12)
t
=7 (13)
I.\N
Twp = r (14)

Drawdown due to Leakage

Drawdown due to leakage from an abandoned well, observed at a monitoring
well located at distance ry from the abandoned well, may be obtained from the

following equation:

h(t , ry) == f Q2(t' ! (18)

47rT

Substituting for Q, from (10) yields

1'22 ’ Io

t T oy t
. Q e da(t-t') - e
hy(t , 1) = 47T -!; t-t") dt omr2T { t-t")

Jo(uR){m—Yo(urw)} 4 Jofury)Yo(uR)
Y 2 ety
{,4’1‘0 - Yo(urw)} + J(ury,)

\ ' J

ot 8

To obtain the corresponding drawdown at the injection well itself, we substitute

R for ry in (17). As a result we obtain
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R2 . R2
t

t T e Ty P TETIE
. Q e do(t-t) - Q e dat-t)
ORI =or ey Y e oo

3\

Jo(uR){4m~Yo<urw>} + Io(ury)Yo(uR)
‘L—“ g (18)

— auit!

S| e 3
‘ {4TQ - Yo(urw)} + J&(ury)

o— 8

\

In dimensionless form (17) and (18) may be written as

hy (tp » Rp) 176”'(1 1°fe-y
’ == —_—dy - — —_—
4t To
(
2Qyp
X vqtp- ) Jo(v) § — = Yo(vryy) ¢ + Jo(Vrwg) Yo(v) .
e 4y 20 ) TV s dy  (19)
0 b _
{T - Yo<vrwb>} + J¢(VTiwg)
\
and
oo oo
1 ey 1 ey
tpyl) = —dy - — _—
hy(tp,1) > ]1' " - jl' >
4o Foy
r \
2%
o it Ly Jol7) { = = Yolrrug) [+ Iovr) Yolv)
1fe &) — 5 hdy (20)
0 D
{_w_ - YO(VI‘WD)} + J92(ver)
where
2rTh, '
T T Q (21)
T.
: 22)
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DISCUSSION AND RESULTS

Equation (11) gives the amount of leakage that may occur through an
improperly plugged abandoned well existing in the vicinity of an injection well.
The abandoned well is assumed to be open in the injection formation and in an
upper aquifer, thus providing a conduit between the formation and the aquifer
that might be an underground source of drinking water (USDW). The amount of
leakage is a function of time, the resistance of the abandoned well to flow, rate of
injection, and the distance between the two wells. Hydrologic properties of the
injected formation are also important parameters in controlling the leakage rate.
All of these controlling factors have been combined into four dimensionless

parameters: Qp, tp, {Ip, and ry .

Equation (11) has been evaluated for several values of r,_ and a wide range
of tp and Qp. Table 1 shows values of Qp(t) for ry = 0.001 and useful ranges of
tp and Qp. More extensive tables are presented elsewhere (Javandel et al., 1986).
Figure 3 shows the variation of Qp as a function of dimeﬁsionless time for values
of (p ranging between 0.01 and 10Q, and ry = .002. Examination of results
indicates that for a given value of time little change in Qp is achieved by decreas-
ing the resistance of the abandoned well beyond Qp = 0.01. Figure 3 shows that
for some unfavorable conditions where resistance to flow in the abandoned well is
negligible, up to about 50% of the injection rate may leak through the this well.
One may note. that this is the upper limit of leakage and is unlikely to happen.
When the leakage rate is relatively high, pressure buildup in the upper aquifer
becomes appreciable and that will reduce the driving force causing the leakage.
It must be emphasized that, at least at early times, the leaking fluid consists of
the host-formation water, which although is free from injection fluid, is greatly

inferior to drinking water quality.

If the distance between the abandoned well and the injection well is known,
and an estimate of the hydraulic resistance of the abandoned well has been made,

then the results from (11) can be used to obtain leakage rates and their variation
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Table 1
Values of Qp(t) for
Pwp = 0.001

_39_/ -(39 ..... 9.01 .05 °.10  0.50 1.00 5.00

8.1 2.014 8.014 8.014 0.013 9.012 6.068

8.2 9.929 9.029 90.929  ©.827 9.9256 9.917

9.5 6.060 ©.060 ©.959 ©.958 8.952  ©.835

9.7 9.973 2.073 ©0.972 ©.089 ©.064  9.043

1.9 9.088 ©0.088 ©.887 ©9.983 @.978  ©.953

2.9 8.12¢ ©.119 ©0.118 9.113 9.186  ©.973

5.9 9.162 ©.181 9.166 ©.163 O.144 8.101

7.9 8.177 0.176 ©8.176 ©9.187 ©.168  ©.111
19.0 8.193 ©9.192 ©.191 $.183 2.173  ©.122
20.9 @.223 9.222 29.221 28.211 8.201 3.143
50.9 8.260 ©.269 ©.267  @.247 9.235  9.169
70.9 9.273 ©.272 ©0.278° ©.269 ©.247  8.179
100.0 9.286 ©9.286  ©.283 8.272 9.266  9.189
200.0 8.311 9.309 0.308 ©.296 8.283 9.207
500.9 0.340 ©.339 9.338  9.325  ©.311 9.231
700.9 8.351 8.368 ©.348 ©8.335  ©.321 9.239
1000.0 9.362 9.3680 9.369 9.348 9.331 S8.248
2000.9 9.381 9.38¢ ©.378 ©.385 ©.360  ©.284
5000.9 0.406 ©3.404 ©0.463 ©6.389 ©.374 3.284
7809.0 9.414 9.413  9.411 8.398 ©.382  ©.291
10006.0 9.423  9.421 0.420 ©0.406  9.391 9.299
20000 .9 0.439 3.438 9.436 9.422 3.408 9.313
50000 .0 @.450 3.458 ©0.468 3.442 0.428  ©.330
76000 .9 $.466 B3.485  ©.463 0.449  ©0.433  0.337

Values of Qp(t) for

Twp = 0.001

tD/(ID 19.40 20.00 50.00 109.00 200 .08 £06.00
2.1 $.008 9.003 9.902 9.901 9.000 9.990

9.2 8.012 2.007 9.203 9.002 9.9001 0.000

2.5 28.928 2.016 9.9007 2.004 2.9002 2.001

9.7 9.831 8.819 2.009 2.908 9.9003 9.9901

1.8 9.038 9.924 9.011 9.008 9.9203 2.001

2.0 9.062 9.033 2.918 2.9009 0.004 .002

5.9 2.073 20.047 9.923 9.912 2.0986 9.993

7.0 9.081 9.952 - 9.028 9.914 9.007 2.903
10.9 9.989 9.058 9.028 9.015 9.008 2.903
28.9 9.1086 9.089 9.034 9.918 3.909 9.004
8.9 9.128 9.9083 Q.041 9.022 9.012 9.985
790.0 9.133 9.088 3.044 9.024 92.912 9.988
190.9 2.141 9.993 9.948 9.9285 9.913 9.908
200.8 9.1568 9.104 9.962 9.028 9.0156 9.008
$59090.93 9.174 9.117 2.659 a.832 9.817 9.007
782.0 g.181 9.122 9.0682 9.034 3.018 9.007
1029.0 2.188 9.127 0.084 9.9356 9.919 9.008
2000.9 9.2081 9.137 9.870 9.038 2.929 9.008
S5000.9 9.218 D.149 9.877 0.04%2 9.922 ?.9009
7000.90 9.224 ?.154 2.079 0.044 9.923 2.010
10002 .90 9.231 9.1568 9.082 9.045 29.9024 2.910
20000 .9 9.243 2.188 2.087 9.9048 9.928 28.911
50000.0 9.258 2.179 9.094 3.962 9.928 2.011

.8

8.263 9.183 8.998 0.053 6.928 8.012
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with time.

An examination of (19) reveals that hy is a function of dimensionless time
tp, dimensionless hydraulic resistance {p, dimensionless radii Rp, and ry,.
Therefore, values of h, have been calculated and presented for a large range of
tp, and some reasonable values of Rp, {Ip and for r,, = 0.002. Table 2 presents

values of net drawdown caused by the leakage of fluid through the abandoned

well at a monitoring well tapping the injection zone for Rp = 0.5. Tables of hy

for other values of Rp are available elsewhere (Javandel et al., 1986).

Figure 4 presents varie,tions of head with time observed in a monitoring well
located 100 m from the injection well. An abandoned well is located 300 m from
both the injection and monitoring wells, The injection rate is about 3.79 x
102 m3/s (600 gpm). The no-leakage curve in Figure 4 represents the increase
of head with time at the monitoring well if the abandoned well is properly
plugged. The other curves show the expected values of increased head in the
monitoring well for different values of dunensxonless hydraulic resistance of the
abandoned well. An interesting result which is apparent in this figure is that the
departure time of all the curves is practically the same, regardless of the magni-

tude of hydraulic resistance. Note that Qp changes by 2 orders of magnitude.

Figure 5 presents the expected values of increased head at the same nnlonitor—v
ihg well. But here, the abandoned well assumes different positions, such that the
dimensionless distance Rp varies between 0.5 and 0.9. When R is fixed, the
larger values of Rp correspond to larger distances between the abandoned well
and the monitoring wells. This requires more time for the response of the aban-
doned well to be detected at the monitoring well. For this reason the curves for
larger values of Rp tend to depart from the no-leakage curve at later times.
Therefore, the time of departure from the no-leakage curve is an indication of the

spread in the distances between these three wells.

One may note that for problems such as this where there are several running

parameters on the dimensionless plot, the type curve superposition technique can
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Table 2

Values of h2D for
Rp = 0.5 and r,, = 0.002

'

tp/Cp e.01 .05 0.10 .50 1.00 5.0
0.1 ©.0056 ©.0056 ©0.0054 ©.0051 0.0047 ©0.0029

2.2 0.0188 ©0.0186 0.0185 ©.0173 0.0161 0.0182

9.5 0.0614 0.061¢ 0.9605 0.0570 ©.8531 0.0343

2.8 ©.0981 ©.0975 ©.0968 0.0913 ©0.0853 ©.8558

1.9 9.1195 ©.1188 0.1179 0.1114 ' 0.1041  0.0684

2.5 0.2348 ©.2333 0.2317 0.2196 ©0.2081 ©0.1382

5.9 ©.3498 0.3480 ©.3457 0.3283 ©.3098 ©.2100

7.5 ©.4275 ©.4252 ©.4226 0.4019 9.3787 ©0.2593
18.0 9.4868 0.4843 0.4813 0.4581 @.4322 0.2974
25.8 ©.6989 ©.6935 0.6894 0.8580 ©.8226 ©.4351
50.90 ©.8745 ©.8705 9.8655 0.8276 0.7846 ©.5544
75.0 ©.9849 ©.9805 ©0.97560 ©0.9332 ©.8858 ©.6297
100.9 1.0659 1.0612 1.0564 1.8108 ©.9602 ©.6855
250.0 1.3372 1.3318 1.3248 1.2713 1.2104 9.8750
500.0 1.5544 1.5480 1.5482 1.4863 1.4117  1.8297
750.0 1.6856 1.8789 1.6706 1.6869 1.5337 1.1244
1000.0 1.7806 1.7736 1.7649 1.6984 1.6222 1.1933
2500.9 2.8917 2.0839 2.8741 1.9993 1.9130  1.4222
5000.0 2.3354 2.3269 2.3163 2.2363 2.1417  1.8041
7500.9 2.4809 2.4728 2.4610 2.3764 2.2785 1.7138
10000.0 2.5864 2.5782 2.5649 2.4778 2.3778 1.7930
25000.0 2.9248 2.9147 2.90924 2.8076 2.8973  2.0528
50000 0 3.1872  3.1767 3.1637 3.0631 2.9461  2.2584
75000.9 3.3430  3.3322 3.3187 3.2149 3.0948 2.3782

Values of hy  for

Ry = 0.5 and r, = 0.002

2.1 0.0029 9.0012 9.990S 0.3003 9.2001 9.2001
9.2 0.20879 9.90043 9.9020 9.9910 2.0005 9.0002
2.5 9.8238 9.0148 ?.00689 3.08937 9.0019 9.0008
0.8 8.9389 0.9243 9.9114 9.0061 2.90031 9.0013
1.9 3.0479 0.0300 9.9141 9.90875 3.9039 9.0018

2.5 9.9978 9.0618 9.8293 9.9158 9.0081 9.0033
5.9 9.1499 9.0964 3.2456 9.9244 9.90128 9.0052

7.5 9.1860 9.11898 8.0579 9.9305 9.0158 9.0085
19.0 9.2140 9.1371 9.0680 9.9364 9.9184 9.907S
25.9 0.3182 0.2044 9.9992 9.9534 9.09278 9.9114
50.9 0.4068 9.2649 9.1289 9.0696 9.9362 9.0149
76.9 0.4828 9.3021 g.1481 3.9801 9.9417 9.0171
109.9 9.5049 9.3307 2.1825 9.9879 9.9459 9.0188
260.9 0.6600 9.4292 9.2128 9.1154 9.0803 9.9248
500.0 9.78986 8.5111 9.2548 9.1387 9.9728 9.9299
750.0 9.8431 8.5820 9.2809 3.1632 9.90802 9.8330
1009.9 9.8989 9.5993 9.3003 9.16840 2.0859 0.9354
25029.9 1.9768 9.7248 9.3859 9.2005 9.1063 3.0434
5000.9 1.2210 9.8283 9.4196 9.2304 g.1212 9.0529
7500.9 1.3084 9.8882 9.4524 3.2489 0.1310 9.0541
12029.9 1.3718 9.9333 0.4784 9.2823 9.1382 9.9571
25000.9 1.5897 1.0827 9.5568 9.3975 9.1623 9.96872
50000.0 1.74568 1.2018 9.8210 0.3449 g.1818 9.9753
75009.0 1.8447 1.2734 9.68601 9.3862 9.1937 9.9803
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not be correctly applied. Therefore, one must modify the type-curve-matching
analysis.

Since the cost of drilling and construction of a separate monitoring well is
relatively high, one may be able to use the injection well for measuring the pres-
sure changes with time. This will fix the value of Rp at unity and as a result
eliminatg one of the dimensionless parameters.

Figure 6 illustrates the effect of r,_ on the plot of dimensionless drawdown
versus dimensionless time for Rp = 1 and Qp = 10. This figure shows that the
two curves covering a reasonable range of ry_ run parallel and are close to each
other. Similar studies for other values of {}p show the same results. Therefore,

for the sake of simplicity, for each 2p, one may replace two curves with an aver-

aged one, and thus eliminate the parameter r, . Figure 7 shows a set of type
curves representing the variation of hy versus tp for Rp =1 and r, ranging

between 0.001 and 0.0001. This figure, which is based on one running parameter,

Qp, can be used for analysis of data obtained from the injection well.

Procedure for Finding Abandoned Well and its Leakage Rate

The following is the step-by-step procedure for determining the location of
an unplugged or improperly plugged abandoned well that may establish a conduit

between a deep injection zone and a more shallow freshwater aquifer.

1. Inject water at constant rate Q in the proposed deep disposal well. The rate
Q should be equal to or greater than the maximum injeétion rate planned

for that well.
2. Record the change of hydraulic head in the injection well with time.

3. Having obtained the hydraulic properties (T, S) of the injection zone from
conventional pump tests or other sources, calculate the expected hydraulic

head buildup at the injection well in the absence of leakage.
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Find hy, the difference between the calculated values of buildup obtained in

Step 3 and the measured values from Step 2.
Convert the drawdowns obtained in Step 4 into dimensionless form using
(21).

271'Th«2
h2D - Q

(21)

Plot values for hy vs time on log-log paper having the scale used in Figure
7. |

Superimpose the plot obtained in Step 6 over the log-log type curves in Fig-
ure 7. Keeping the horizontal axis of both plots coincident (make sure that
horizontal axes refer té the same value of h, ) shift the top plot horizontally.
until you obtain the best match with one of the curves on Figure 7. If the
best match happens to fall between two of the curves, additional curves can
be ploltted from available data. Because the plots can not be shifted verti-
cally over each other, the amount of error in this process is usually not
appreciable. Once the best match is obtained, read the value of Qp from the
curve that ,best matches the méasured data, and read values of t and tp

from any matéhing point.

Calculate the value of R from
at &
R = (-t—)l/ ? (23)
D
R is the estimated distance betWeeh the injection well and the leaky aban-

doned well.

Estimate the magnitude of r, and calculate ry_ from

rw
v~ | (14)

Ty

Choose the appropriate table of variation of Qp versus tp for the known

value of Q. Table 1 is a sample for r, = 0.001. For other values of r,
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refer to Javandel et al. (1986).

11. Tabulate variation of Q, versus time by using the definition of dimensionless

parameters.

Further information about the location of the abandoned well can be
obtained if an observation well is available. Let r, represent the distance
between the injection and observation well. To find the distance between the
- observation well and the abandoned well, ry, the following steps may be carried

out.

1. Plot the variation of the h,  , from Table 2 or Javandel et al. (1986), vs tp
-on a log-log paper for the known value of Qp (calculated above) and several

values of Rp,.

2. Calculate the net drawdown due to leakage from the abandoned well at the

observation well (follow Steps 2-4 above).

3. Convert hy and t from Step 2 into dimensionless parameters h, and tp .

4. Plot hy vs tp obtained in Step. 3 on log-log paper with the scale used in Step
1.

5. Superimpqse the plot prepared in Step 4 ont>o the one obtained in Steb 1.
Keeping both axes of both plots coincident read the appropriate Ry from the

curve matching the observed curve.

6. Calculate ry from
r, =Rp 'R (24)

7. Using the location of the injection well as a center, draw a circle of radius R;
using the location of the observation well as a center draw another circle
with a radius of r,. As shown in Figure 8 the two circles will intersect at

two points, one of which will be the location of the abandoned well.
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8. If surface investigation fails to identify the true position of the abandoned
well from these two points, then another observation well is needed to esti-

mate the true position of the abandoned well.

Example 1.

This example is designed to show how the results of this study may be used
to estimate the time variation of drawdown at the injection well due to leakage

from the abandoned well and thus examine the limitation of this method.

Consider a deep sandstone formation iﬁtercalated between two impermeable
layers. The sandstone has a thickness of 30 m (98.4 ft). The hydraulic condue-
tivity and storage coefficient of the sandstone are assumed to be
10%m/s (0.283 ft/d) and 9 x 1075 respectively. Let us suppose that we want to
test an injection well at a rate of 3.79 x 1072m3/s (600 gpm). We also assume
that an unplugged or improperly plugged abandoned well is located at 200 m
(656 ft) from the injection well. Examine a wide range of Q between 1 and 107

s/m2.

The lower limit of  represents the open casing and the upper limit
represents the case where the well is filled with materials having a permeability in
the order of darcies. Estimate the variation of drawdown in the injection well

with time due to ‘leakage from the abandoned well.

Dimensionless parameters corresponding to the given case are calculated.

Because we are monitoring the injection well itself, R = ry, thus

Rp =

2y 25
2=t (25)

Estimating a ra.dius_ of 0.2 m for the abandoned well leads to

0.2
= —— =0.001 26
p 200 (26)

Values of Uy vary between 1.9 x 10~* and 1880. Table 3 gives the values of
dimensionless drawdown versus dimensionless time for the above parameters.

Conversion factors for changing values of dimensionless time and dimensionless
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Table 3
Values of hy  for
Rp = 1.0 and r,, | = 0.001
"tp/Sp 0.108-03 0.10E-02 0.10E-0L 0.508-01 0.10E+00 0.50E+00 0.10E+01

0.1 0.0012 0.0012 0.0012 0.0012 0.0012 0.00l1 0.0010

0.2 0.0056 0.0056 0.0056 0.0056 0.0056 0.0052 0.0049

0.5 0.0252 0.0252 0.0252 0.02351 0.0249 0.0236 0.0221

0.8 0.0453 0.0453 0.0453 0.0450 0.0447 0.0434 0.0398

1.0 0.0579 0.0579 0.0578 0.0575 0.0571 0.0542 0.0510

3.5 0.1324 0.1334 0.1323 0.1316 0.1308 0.1245 0.1174

5.0 0.2145 0.2145 0.2143 0.2132 0.2119 0.2022 0.1912

7.5 0.2726 0.2726 0.2723 0.2710 0.2694 0.2573 0.2436
10.0 0.3182 0.3181 0.3178 0.3163 0.3145 0.3005 0.2848
35.0 0.4852 0.4851 0.4847 0.4825 0.4799 0.4596 0.4366
50.0 0.6316 0.6316 0.6309 0.6283 0.6249 0.5995 0.5705
75.0 0.7244 0.7243 0.7236 0.7206 0.7169 0.6883 0.6556
100.0 0.7931 0.7930 0.7923 0.7890 0.7850 0.7541 0.7188
350, 1.0268 1.0267 1.0258 1.0218 1.0168 0.9785 0.9346
500.0 1.2170 1.2169 1.2159 1.2113 1.2055 1l.1616 1.1110
750.0 1.3331  1.3330 1.3319 1.3269 ° 1.3207 1.2735 1.2190
1000.0 1.4175 1.4173 1.4162 1.4110 1.4045 1.3549 1.2976
3500.0 1.6963 1.6962 1.6949 1.6889 1.6815 1.6244 1.5582
5000.0 1.9168 1.9166 1.9151 1.9086 1.9005 1.8378 1.7650
7500.0 2.0492 2.0490 2.0475 2.0406 2.0320 1.9661 1.8895
10000.0 2.1445 2.1444 2.1428 2.1356 2.1268 2.0586 1.9793
25000.0 2.4558  2.4557 2.4539 2.4460 2.4363 2.3609 2.3730
50000.0 2.6983 2.6981 2.6962 2.6878 2.6774 2.5967 2.5025
75000.0 2.8437 3.8435 2.8406 2.8319 2.8210 2.7373 2.6395

Values of h,_ for
Rp = 1.0 and r,, = 0.001

tD/S]D 0.50E+01 0.10E+02 0.50E+02 0.10E+03 0.50E+03 0.10E+04 0.20E+04

0.1 0.0007 0.000S 0.0001 0.0001 0.0000 0.0000 0.0000

0.3 0.0032 0.0022 0.0007 0.0003 0.0001 0.0000 0.0000

0.5 0.0147 0.0104 0.0031 0.0017 0.0003 0.0002 0.0001

0.8 . 0.0268 0.0191 0.0057 0.0031 0.0006 0.0003 0.0002

1.0 0.0345 0.0246 0.0074 0.0040 0.0008 0.0004 0.0003

3.5 0.0808 0.0582 0.0179 0.0096 0.0020 0.0010 0.0005

5.0 0.1331 0.0965 0.0301 0.0162 0.0035 0.0017 0.0009

7.5 0.1707 0.1243 0.0391 0.0211 0.0045 0.0023 0.0011
10.0 0.2005 0.1464 0.0463 0.0250 0.0053 0.0027 0.0013
35.0 0.3117 0.2296 . 0.0739 0.0400 0.0086 0.0043 0.0022
50.0 0.4112 0.3048 0.0993 0.0539 0.0116 0.0058 0.0029
75.0 0.4751 0.3535 0.1160 0.0630 0.0135 0.0068 0.0034
100.0 - 0.5229 0.3900 0.1286 0.0700 0.0151 0.0076 0.0038
250.0 0.687S 0.5168 0.1730 0.0945 0.0304 0.0103 0.0052
500.0 0.8239 0.6227 0.2109 0.1154 0.0350 0.0126 0.0063
750.0 0.9080 0.6885 0.2346 0.1286 0.0279 0.0141 0.0071
1000.0 0.9696 0.7368 0.2522 0.1384 0.0300 0.0152 0.0076
3500.0 1.1754 0.8993 0.3123 0.1720 0.0374 0.0189 0.0095
5000.0 1.3404 1.0306 0.3617 0.1997 0.0436 0.0220 0.0l1l1
7500.0 1.4405 1.1106 0.3921 0.2168 0.0474 0.0240 0.0121
10000.0 1.5129 1.1687 0.4144 0.2294  0.0502 0.0254 0.0128
25000.0 1.751S 1.3611 0.4891 0.3716 0.0596 0.0302 0.0152
50000.0 1.9395 1.5138 0.5493 0.3058 0.0673 0.0341 0.0171
75000.0 2.0524 1.6059 0.5860 0.3267 0.0719 0.0364 0.0183
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drawdown can be calculated from

2 2
t=B—-tD= (200 m)

a (0.333 m?/s) (60 s/min)

tp = 2000 tp min (27)

-2 3/
hy = Q h _ (38.79x 10 m°®/s)

= h, = 201.06 h m 28
2rT 2m(3 x 10~ m?/s) % o (28)

Applying the above two equations, Table 3 gives the net time variation of draw-

down at the injection well as a function of Q. The results are shown in Table 4.

Obviously in this example when permeability of the fill material in the aban-
doned well is less than tenth of one darcy the magnitude of the leakage is Avery
small. As a result, the corresponding drawdown observed at the injection well is
too small to give reliable results, since errors in field measurement of hydraulic-

head can overshadow these small drawdowns.

Example 2

This hypothetical example is intended to illustrate the detection of a leakj
abandoned well in the vicinity of a proposed deep injection well, and the estima-
tion of the distance between the two wells. The leakage rate from the abandoned

well is also calculated.

Table 5 shows values of the net drawdown (difference between the observed
and calculated nonleaky values of buildup) in an injection well, located in a sand-
stone aquifer having the properties described in Example 1. If the injection rate
is again 3.79 x 1072 m3/s (600 gpm), estimate the distance of the unplugged, or
improperly plugged, abandoned well from the injection well, and the time varia-

tion of leakage rate in the abandoned well.
The procedure is as follows:

1. Calculate the corresponding dimensionless drawdown h,  for each value of

drawdown given in Table 5 as given by

2 T hy 2m(3 X 1075 m?/s) |
h, = = h, = 4.97 X 102 h, (m 29
% Q 379 X 102 m%/s B (m) - (20)
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Table 4 -

Time variation of drawdown expected at the
injection well for Example 1

Time, Drawdown (m)
(min) QD = QD == ' QD = QD= QD= QD = QD == QD ESS QD =
0.0001 0.001 0.01 0.1 1. 10. 100. 1000. 2000.
200 0.24 0.24 0.24 0.24 0.2 0.1 0.02 0 0
400 1.12 1.12 1.12 1.12 0.98 0.44 0.06 0 0

1,000 5.06 5.06 5.06 5.00 4.44 2.09 0.34 0.04 0.02
2,000 11.64 11.64 11.64 11.48 10.25 4.94 0.80 0.08 0.04
.5,000 26.62 26.62 26.6 26.29  23.60 11.70 1.93 0.20 0.10
10,000 43.12 43.12 43.12 42.60 38.44 19.40 3.25 0.34 0.18
20,000 63.95 63.95 63.89 63.23 57.26 29.43 5.02 0.54 . 0.26
50,000 97.55 97.55 97.45 96.48 87.78 46.16 8.00 0.86 0.44
100,000 | 126.98 126.98 126.84 1256 1146 61.28 10.83 1.16 0.58
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Table 5.

Values of the net drawdown calculated from
the measured data at the injection well
for Example 2

Time Drawdown
(min) (m)
1,000 ' 0.34
2,000 : 0.80
5,000 1.93
10,000 3.25
20,000 5.02
50,000 8.00 -
100,000 10.83
Table 6

‘Calculated values of h,, as a function of time
for Example 2

Time ' hay
(min)
1,000 0.0017
2,000 0.0040
5,000 : 0.0096
10,000 0.0162
20,000 0.0250
50,000 0.0400

100,000 0.0539
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Table 6 shows the calculated values of h,  versus time.
Plot hy vs time on log-log paper with the scale used in Figure 7.

Superimpose this plot on Figure 7 and keep the horizontal axes (hy = 107%)
of both figures coincident. Shift the top figure horizontally until the plot of
the measured data matches one of the type curves in Figure 7. Read the
values of t and tp from any arbitrary match point on both figures. The

value of t corresponding to tp = 1 would be 2000 minutes.

Calculate the distance between the abandoned and injection well from

1/2
A 2 3 - .
R — (gg_)x/z _ | (0.333 m*/s) (2 x 10° min)(60 s/min) —200m (30)
tp | 1
The value of Qp from the matching type curve is
Qp = 100 (31)

If we assume a radius of 0.2 m for the abandoned well the corresponding

value of ry,, would become 0.2/200 = 0.001.

Find values of Qp as a function of tp for ry, = 0.001 and {p == 100 using
Table 1. Convert tp and Qp to t and Q, using (13) and (12). The results
are tabulated in Table 7.



-32-

Table 7

Time variation of leakage from the
abandoned well for Example 2

tp t,min Qp Qg, gpm
0.1 200 0.001 0.6
0.2 400 0.002 1.2
0.5 1,000 0.004 24
0.7 1,400 0.005 3.0
1. 2,000 0.006 3.6
2. 4,000 0.009 5.4
5. 10,000 0.012 7.2
7. 14,000 0.014. 8.4
10. 20,000 0.015 9.0
20 40,000 0.018 10.8
50 1X10° 0.022 13.2
70 1.4X10° 0.024 14.4
100 2%x10° 0.025 15.0
500 1x10° 0.032 19.2
1,000 2% 108 0.035 . 21.0
5,000 1x107 0.042 25.2

10,000

2%107 0.045 27.0
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SUMMARY AND CONCLUSIONS

For thousands of abandoned wells drilled prior to 1930 there are no records
on their location and characteristics. It is believed that the majority of these
wells are improperly plugged. Many of the wells are located in regions in which
underground deep-disposal facilities have or are being established. Consequently,
the deep disposal facilities in these regions are subject to the risk of leakage
through the nearby abandoned wells. It is therefore very important to detect any
of these wells that may be within the area of influence of a proposed deep injec-

tion well.

In this report a new method is proposed for detecting the presence of an
improperly plugged abandoned well near a proposed injection well. The method
is based in pump testing the injection well. Measurement of pressure variations
within the injection and/or observation well(s), coupled with the use of the new
set of type curves given in this paper, should reveal the distance of a leaky aban-
doned well to an injection well. Extensive tables provided by this work enable
one to determine the magnitude of leakage from the abandoned well and its vari-
ation with time. Furthermore, apbroximate location of the leaky well can be
determined by measuring pressure variations in an observation well located in the

vicinity of the injection well.
There are two conditions under which this method may not be applicable:

(1) If the confining layers leak. In this case, since the effect of leakage from the
confining layers overshadows the effect of leakage from the improperly
plugged well, one may not be able to detect the abandoned well. However,
this is beyond our scope of interest, because if the layers above and/or below
the injection zones leak, the zone is not suitable for disposal of hazardous
liquid wastes anyway.

(2) If the abandoned well is filled with very low permeability materials (on the
order of one tenth of a Darcy or less). In this case, the amount of leakage

from the well is so small that the corresponding drawdown measured in the
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observation or injection well is too small to be detected. However, the solu-
tion derived in this work and the resulting tables should enable one to esti-
mate the magnitude and variation of leakage from a hypothetical well
located at a given distance and the materials filling the borehole have a

given permeability.
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APPENDIX A _
THE LAPLACE INVERSION OF EQUATION (8)

As was noted the Laplace inversion of (8) may be obtained through the

application of the complex inversion integral shown below:

o SRy/2)

Y+iB
Qq(t) = L lim [ exp(\t) 2rT A dXx (A1)

27 f-ooo —if 1 \/_
Q+ ——

where  is so large that all singularities of the integrand in (A1) lie to the left of

R |>

the line (y-ico , y+ico) . To perform the above integration it is customary to
choose a new path shown by the contour given in Figure Al. The value of the
integral over the line AB when R tends to infinity gives the solution for Q,(t) .
Since the integral over the large circle with the radius R vanishes when ﬁ tends
to infinity, the value of intégral in (Al) is equal to the integral over CD, EF, and
the small circle DE.

On CD we let A = auZe!™. Then

d\ _ 20ue™du _ 2du
>\ auQeiﬂ' u

and if the integral on CD, when R tends to infinity, is represented by Iop, then

. T

KoRue 2) gy

Q o0

Iep = emau = A2)

cD 2Tr2Ti { 1 i% u (
Q+ —Q-T-r—T—' (rwue )

Substituting for K, in terms of J; and Y, we obtain

-mi {Jo(Ru)—iYo(Ru) }
du

. o™ (A3)
Q- ZIT-{JO(rWu) - iYo(rwu)} |
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Figure Al. Contour path for Lapldce inversion
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The corresponding integral over EF may be written as

- T

-

0 2
Rue
Ipp = Q [ emou® K ) du (A4)
2m’T i & 1 —i% u
Q+ ﬁ (rwue )
or
Ipgp = - Q f eau’t du (A5)
2m2Ti % i . 2u
0+ —{ Jo(ryu) + iYy(ryu)
4m
On the small circle, X\ = auZe!®. Therefore
L
2
Q b ours Ko(Rue *) . -
Ipg = h et idd Ab
PE ™ 450 42T ‘{.- i (48)
27rT Kolrw ue *)
Noting that when z—0 , Ky(z) = -In z one can write
.8
p —ln(Ruel?)
IDE = |im f da (A7)
u—0 411' r i
T ST In(r,ue *)
Using L'Hospital’s rule it can be shown that Ipg = Q . Therefore,
Jo(Ru) - iY(Ru) du
t) = -au% au
Qult) = Q- 41rT f ¢ i u
Q- T Jo(rwu) = IYo(ryu)
© Jo(Ru) + iY,(Ru .
__9Q fe‘““ef' o(Ru) + iYo(Ru) du (AS)
4T . u
Q+ 4—'1‘- {Jo(rwu) + lYo(rwu)}
Simplifying (A8) we obtain
0 00 . Jo(uR) {4TQ —Yo(urw)} + Jo(urw) Yo(uR) d
Qg(t) =Q - _Q f e—auzt : u{AQ)
T % u

2 )
{4TQ - Yo(urw)} + Jo2(ury)
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Equation (A9) gives the leakage rate from the abandoned well located at a dis-

tance R from the injection well.
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NOTATION

—— dy, exponential integral
y

initial head difference between Aquifers A and B in the vicinity of the

abandoned well (hy~hg ), m

drawdown due to leakage through the abandonded well, observed

at a monitoring well, m
initial hydraulic heads in Aquifers A and B, m

change of hydraulic head at well 2 due to injection at Well 1, m

‘net increase in hydraulic head at the abandoned well(Well 2)

in Aquifer B, m
Bessel function of first kind and zero order‘
Modified Bessel function of second kind and zero order
Laplace transform parameter
injection rate through Well 1, m3/s
leakage rate through the abandoned well, m3/s
Q./Q, dimensionless leakage rate
distance between injection and abandoned wells, m
ro/R, dimensionless radius
effective radius of the abandoned well, m
distance between abandondgd and injection well, m -
distance between abandoned and monitoring well, m

r,/R , dimensionless radius of abandoned well
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drawdown at the abandoned well due to leakage through it, m
transmissivity of the Aquifer B (injection zone), m?/s

time since the start of injection, s

at/R?, dimensionless time

Bessel function of second kind and zero order

di.ffusivity of Aquifer B (injection zone), m?/s

hydraulic resistance of the abandoned well between Aquifer A

and Aquifer B, s/m?

27T(), dimensionless hydraulic resistance of the

abandoned well
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