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Abstract

Bromine-82, a 35.3-h half-life radionuclide, was used as a tracer to
determine the paths and rates of leakage from an unlined, 1,000,000-gal
(3,785,000 L), surface impoundment at the Oak Ridge National Laboratory.
Since the impoundment is underlain and surrounded by storm sewer and
sanitary sewer lines (most of them predating the impoundment), known and
suspected leak sites in storm drain catch basins and sanitary sewer
manholes were sampled periodically and analyzed for 82Br. A series of
four ground water monitoring wells—three downgradient and one upgradient
from the impoundment—were also sampled for 82gr_ Although the catch
basin and manhole samples picked up 82Br in leakage from the impoundment
less than 5 h after application of the tracer, the monitoring well samples
did not contain detectable levels of the radionuclide. It was concluded
that the monitoring wells were sampling groundwater moving through the
formation, whereas the storm cjrrains and manholes were sampling water
leaking rapidly through secondary porosity and along preferred pathways.
The decline in tracer concentration as a function of time was used to
determine the residence time of water in the pond and hence the flow rate
through the pond. This flow rate, when compared with the known outflow
rate, indicated that the leakage flow was small. Hence, the main value
of the test was to identify rapid leakage pathways. The experiment
demonstrates the need for sampling subsurface drain systems as part of an
integrated monitoring system for leak detection. The effectiveness of
8^ as a tracer for rapid leaks was also shown.
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1 Introduction

Oak Ridge National Laboratory (ORNL) is a large, multidiscipline
research and development institution owned by the U. S. Department of
Energy and operated by Martin Marietta Energy Systems, Inc. ORNL performs
research in energy-related areas as well as in the physical and life
sciences. In addition to conducting research involving the use of radio-
active materials, ORNL produces radioisotopes for medical and research
use. In the course of these activities, radioactive wastes are generated
in both solid and liquid form.

For over 25 years, low-level, liquid, radioactive wastes have passed
through the 3524 Equalization Basin (EB), which serves as a holding pond
for the Process Waste Treatment Plant (PWTP) at ORNL (see Figure 1). The
PWTP uses an ion-exchange treatment system to remove the radionuclides
from these waste streams. Flow through the PWTP is maintained at a
relatively constant rate by using the EB as a surge volume.

The EB was constructed in several phases and was completed in 1961.
During excavation of the western third of the basin, a limestone outcrop
was encountered. Hence, this portion of the basin overlies a limestone
substrate. Underground piping atlases, the original construction
drawings end visual observation all reveal the presence of old storm and
sanitary sewer lines underlying part of the basin. These lines were
apparently abandoned, but not removed, during construction of the basin.

Over the past several months water (contaminated with 90Sr) has
been observed leaking into storm drains at various locations south and
southwest of the basin (3524 SWSD, 3594 SESD, SSD mid-pond, 3518 SD. and
3513 SWWB in Figure 1). As the leaks were identified, the lines serving
these storm drains were isolated, and the water was collected and pumped
into the EB.

A tracer experiment was conducted to determine if the EB was the
source of the leaks and to evaluate the magnitude of leakage.

2 Methodology

Bromine-82, a 35.3 h half-life radioisotope, was chosen as the
tracer because it does not readily sorb onto soil and emits readily
detectable gamma-rays, which are distinct from those emitted by other
radionuclides present (e.g.. 1 3 7Cs. 90Sr, 60Co, and 154Eu according to
Braunstein et al. 1984). The tracer was prepared in ORNL's High Flux
Isotope Reactor, using a flux of 2 x 1015 neutrons cm"2 sec"1 for 3 days.
Approximately 22.2 mCi of 82Br was prepared, as a potassium-bromide
solution, in six 100-mL glass bottles.

At 9:00 a.m. on March 4, 1986, the tracer solution was distributed
around the periphery of the EB. The application procedure consisted of
attaching a bottle of solution to the end of a 6 ft (2 n) metal pole and
slowly pouring the contents into the basin while walking along the bank.
The tracer was thus added to the water about 3 ft (1 m) from the bank.
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Figure 1. 3524 Equalization Basin showing tracer sample locations.



No special attempt to mix the tracer was made. Appropriate health physics
procedures, including protective clothing and respiratory protection,
were used during the application. Radiation readings taken on each
bottle varied from 1 to 2 R/h.

Beginning at 2:00 p.m. on March 4, samples were collected from
points previously selected (see Figure 1). These sample collection
points were generally selected because they had shown a tendency to
accumulate water from unknown sources. Table 1 presents the schedule of
sample collections at each point. Each sample (1 L in volume) was placed
in a plastic bottle. All well samples were drawn after pumping out one
well volume of water. The water elevation in the EB was measured each
time samples were taken. On March 6, samples were also taken from three
monitoring wells south (downgradient) of the EB (labeled 31-002, 31-003
and 31-004 in Figure 1), from an upgradient monitoring well (31-001 in
Figure 1), and from another monitoring well southeast of the EB (31-007
in Figure 1). These wells are part of the ground water monitoring system
installed at ORNL in compliance with the Resource Conservation and
Recovery Act (RCRA) regulations and are completed in the Conasauga
Formation that underlies this portion of ORNL.

Table 1. Sample collection points and schedule

Collection Point

Sampling schedule (date/time)

3/4/86 3/5/86 3/5/86 3/6/86 3/7/86 3/10/66
1400 0830 1400 1230 1230 1230

3524 Pond
3524 Pond SW corner
3524 Pond pipe
MH 141
3524 SWSD N-S
Pipe
3524 SWSD seep
MH 143
3594 SESD
3518 SD
3524 NESD
3524 SESD
SSD Mid-pond
3513 SWWB
3513 SWCB
WOC P6
PZ Well 49
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S = Sample collected at this time and date.
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After collection, the samples were transferred to Marinelli beakers
and analyzed by gamma-ray spectrometry, using a Nuclear Data 6 700 micro-
processor system coupled to a Ge(Li) detector. The techniques of
efficiency calibration employed were similar to those described by Larsen
and Cutshall (1981). Typical counting intervals were 30 minutes. The
detection limit for 82Br was about 100 to 200 pCi/L, in the presence of
152Eu, 137Cs and 60Co. In some instances, longer counting intervals were
used. All samples were corrected for decay to the time of collection.

In addition to measuring 82Br activity in water samples, rough flow
measurements were made at three suspected leak sites (3524 SWSD N-S pipe,
3524 SWSD seep, and 3594 SESD in Figure 1) ty determining the length of
time required to collect a known volume of water from the leak.
Measurements were made on three days when the EB was at different
levels. On each day, several measurements were made at each leak site.

2.1 Calculation of Leak Rate Using Tracer Decay Data

Assuming that the concentration (C) of 82 B r at any time (t) is a
function of radioactive decay and dilution, each of these processes may
be expressed by an exponential function as follows:

for dilution, C^ = Co e " ^ 1 ^ ) ^ where Co is the original
concentration and T is the average time an atom of
bromine spends in the pond before it is flushed out;

for decay, C^ = C o e""̂ -*-, where \ is the decay constant
(In 2/half-life or I/average life).

These two expressions may be combined as follows:

Ct = Co e^-

The combined expression is the equation of an exponentially declining
line and is somewhat difficult to work with. We can simplify the math by
linearizing the expression. This can be done by taking the logarithm of
both sides, as follows:

In Ct = In Co + (-X - 1/T)t , (2)

which is the same form as the equation of a straight line. The slope of
the line is:

dfln Ct)/dt = -X. - 1/T . (3)

Note that this is equivalent to linearizing the curve by plotting the data
on semilog graph paper.

Since the slope of the line can be calculated by a regression of
the data points (converted to logarithms) and since \ is known
(0.0196 for 8 2Br), T can be calculated. T may be thought of as the
turnover time,or the time required for one volume (V) of water in the
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pond to be flushed through. Hence, the dilution rate (or flushing rate)
is simply V/T. Note, however, that these calculations assume that the
volume in the pond is constant.

3 Results and Discussion

Data from the gamma-ray scan of the samples is presented in Table 2.
Within 5 h, water containing 82Br had moved from the EB to several leak
sites, some more than 300 ft (100 m) distant. No 82Br was detected in
the monitoring wells.

Figure 2 illustrates the rapid leak paths identified as a result of
this experiment. The arrows represent probable flow paths through
fractures in the clay and limestone, and the solid lines represent flow
paths along storm and sanitary sewer lines. It should be noted that the
flow paths along storm and sanitary sewer lines may be both inside and
outside the actual pipelines, since the backfill material around the
pipes has a higher permeability than the surrounding clay. The rapid
leak paths in Figure 2 appear to follow the general hydraulic gradient in
the area primarily because the pipelines also follow this gradient.

There is probably another, slower component of leakage from the EB
that flows through the less permeable material of the Conasauga
formation. This slower component is being sampled by the monitoring
wells. Given the low hydraulic conductivity (~6xlO~5 cm/sec per
Davis et al. 1984) of the formation, ̂ 2Br is too short-lived to reach
the downgradient monitoring wells before it decays to undetectable levels.

As discussed in Section 2.1, the measured rate of decline in 8ZBr
activity with time can be used to evaluate the rate at which water moves
through the EB. This rate can then be compared with the known flow rate
from the EB to the PWTP. The difference represents the water that is
leaking from the pond.

Table 3 presents the data from linear regressions of the
activity at four points. These four points are considered to be
representative samples of the activity in the EB, since they are
apparently directly coupled to the pond through rapid leak paths. The
mean slope can be inserted into Equation 3 in Section 2.1 to yield an
average turnover time of 79 h for water in the EB.

The volume of water in the EB was calculated from the water level
and the original design drawings. At an elevation of 783.8 ft (238.9 to),
the volume of water in the pond was 743,000 gal (2,812,000 L) (W. R. Reed,
Engineering Division, ORNL, personal communication). However, since
completion of construction in 1961, sediment has accumulated in the pond
and reduced the volume available to water. In late 1983 the measured
sediment volume was 264,000 gal (1,000,000 L) (Braunstein et al. 1984).
Assuming that this volume of sediment had accumulated uniformly since the
EB was completed in 1961, the average accumulation rate was 12,000
gal/year (45,000 L/year).
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Table 2. Reeult3 of gamma scan on 3524 equalization basin tracer samples

to

Date of Sampling
Time of Sampling
Elapsed Time (h)
Pond Elevation[ft/(m)]

Sample Point

3524 Pond
3524 Pond SWC
3524 Pond pipe
MH 141
3524 SWSD N-S pipe
3524 SWSD seep
MH 143
3594 SESD
3518 SD
3524 NESD
3524 SESD
SSD Mid-pond
3513 SWW6
3513 SWCB
WOC P6
PZ Well 49

3/4/86
1400
5
783.8
(238.9)

4,936
*
*
ND

9,082
11,570
5,387
5,004
2,300

A
*

10,890
10,140

*
*
ND

3/5/86
0830
23.5
783.8
(238.9)

4,544
*
*
700

5,381
5,548
2,049
5,426
5,110

*
*

2,924
4,287

*
*
ND

3/5/86
1400
29
783.8
(238.9)

3/6/86
1230
51.5
783.8
(238.9)

3/7/86
1230
75.5
783.5
(238.7)

r Concentration (pCi/L)

3,452
*
*

843
4,244
4,157
1,541
4,616
3,847

ND
ND

2,490
3,400

ND
ND
ND

1,823
*
*

864
2,206
2,709
763

2,690
2,442

ND
ND

1,129
1,661

ND
*
ND

898
1,161
953
462

1,317
1,357
369

1,213
1,219

*
*

641
796
ND
*
*

3/10/86
1230

147.5
782.8

(238.6)

ND
*
*
*

188
183
ND
ND
*
*
*
ND
*
*
*
*

* = No sample taken.

ND = 82Br Not Detected (aetection limit 100-200 pCi/L, depending on length of
count).
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Table 3. Regression data and results

Elapsed time (h) Logarithm of concentration Slope

-0.03173524 pond:
23.5
29.0
51.5

3524 SUSD seep:
5.0
23.5
29.0
51.5

3524 SWSD H-S pipe:
5.0
23.5
29.0
51.5

SSD mid-pond:
23.5
29.0
51.5

8.42
8.15
7.51

9.36
8.62
8.33
7.90

9.11
8.59
8.35
7.7

7.98
7.82
7.03

-0.0322

-0.030b

-0.0343

-0.0322 Mean
+0.0016 Standard

deviation

At this accumulation rate the projected accumulation to the date of
the experiment would be approximately an additional 36,000 gal (136.000 L)
of sediment,, fcv a total sediment volume of 300,000 gal (1,136,000 L).
This Leaves a water volume [at an elevation of 783.8 ft (238.9 m)] of
443.000 gal (1,676.000 L).

Given the water volume of 443,000 gal (1,676,000 L) and the turnover
time of 79 h, the average flow rat^ through the pond during the portion
of the experiment where EB volume was relatively constant (i.e., 0900
on 3/4/86 through 1230 on 3/6/86) was calculated to be 93 gal/rain
(354 L/min). The standard error of the mean slope (equal to the standard
deviation divided by the square root of the number of points) can be used
to obtain s,i estimate of the sensitivity of this calculation. This
procedure yields + 17 gal/min (64 L/min) as the 95% confidence interval
for the calculated flow rate.

During the period from the start of the experiment through 1230 on
March 6 the average measured flow rate through the PWTP was 117 gal/min
(443 L/min) (C. B. Scott, Operations Division, ORHL, personal
communication). This indicates that there is little or no leakage from
the EB other than that which is being collected and pumped back.
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Table 4 summarizes the mean flow data from field measurements at
three leak sites, as described in Section 2. The total flow from these
three sites (all of which is being collected and returned to the EB)
varies from 1.1 to 2.4 gal/min (4.4 to 8.8 L/min) , depending upon water
elevation in the EB. Visual observation indicated that the flow in the
other leak sites (also being collected and returned to the EB) was
probably equal to or less t!ian the flow in the measured sites. Thus, the
total flow in known leak si*-,es appears to vary from 2.4 to 4.6 gal/min
(8.8 to 17.6 L/min). Assuming that the known leak sites represent at
least half of the leakage, the total leak flow from the EB at the highest
observed water level is probably no more than 10 gal/min (38 L/min), which
is consistent with the order of magnitude predicted from the tracer test.

4 Summary and Conclusions

Bromine-82 was detected in some suspected leak sites within 5 h after
application to the Equalization Basin. This rapid movement indicates the
existence of rapid leakage pathways, probably associated with abandoned
underground pipelines. Samples from ground water monitoring wells
installed south (downgradient) of the basin did not yield 8^Br. This
indicates that these wells are measuring the slower movement of water
through the bedrock aquifer under the site, as they were designed to do.

Comparison of the flow rate through the EB as calculated from the
decline in 82Br concentration over tine [93 + 17 gal/min (354 + 64 L/tain)]
with the measured flow rate through the PWTP [117 gal/min (443 L/min)])
indicates that very little, if any, water is leaking from the EB other than
that already being collected and returned. Direct flow measurements at
three leak sites, coupled with observations at other known leak sites,
suggest that the total leakage from the EB is on the order of 10 gal/min
(38 L/min), or less.

Table 4. Measured leak flow rates

Date
Time
Pond Elevation [ft/(m)]

3524 SWSD U-S

Pipe 779.2 (237.5)

3524 SWSD seep 779.2 (237.5)

3594 SESD 779.5 (237.6)

Total Flow

3/5/86
1200

783.8

(238.9)

Mean Flow

1 . 0
(3.7)

0 . 7
(2.6)

0 . 7
(2.5)

2 . 4
(8.8)

3/7/86
1400
783.1

(238.7)

3/10/86
1400
782.8

(238.6)

Rate [Ral/min/(L/min)]

0 . 7
(2.8)

0 . 7
(2.6)
0 . 5

(1.8)

1 . 9
(7.2)

0 . 3
(1-3)

0 . 6
(2.2)
0 . 2

(0.9)

1 . 1
(4.4)
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The use of 82Br as a tracer has not only allowed the identification
of rapid leak pathways from the EB but has also permitted determination
of the order of magnitude of the leak rate. As indicated in Table 2, the
82gr JLS virtually eliminated from the system in 6 days. Hence, the
tracer does not present a lingering source of contamination, nor will it
interfere with any future tracer experiments in the same area.
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