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An Experimental Study of the Effect of the Test-well Arrangement on the
Partitioning Interwell Tracer Test for the Estimation of the NAPL Saturation
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ABSTRACT

Partitioning interwell tracer test (PITT) is a method to quantify and qualify a site contaminated with NAPLs (Non-
Aqueous Phase Liquids). Analytical description of PITT assumes that the injection-pumping well pair is on the line of the
ambient groundwater flow direction, but the test-well pair could frequently be off the line in a real field site, which could
be an erroneous factor in analyzing PITT data. The purpose of this work is to study the influence of the angle of the test-
well pair on the ambient groundwater flow direction based on the result from PITT. From the experiments, it was found
that the obliqueness of the test-well pair to the ambient groundwater flow direction could affect the tracer test resulting in a
decreased NAPL estimation efficiency. In case of an oblique arrangement of the test-well pair to the ambient flow
direction, it was found that the injection of a chase fluid could enhance the estimation efficiency. An increase of the
pumping rate could enhance the recovery rate but it cannot be said that a high pumping rate can increase the test efficiency
because a high pumping rate cannot give partitioning tracers enough time to partition into NAPLs. The results have a
implication that because the arrangement of the test-well pair is a controlling factor in performing and interpreting PITT in
the field in addition to the known factors such as heterogeneity and the source zone architecture, flow direction should be
seriously considered in arranging test-ell pair.

Key words : Partitioning interwell tracer test (PITT), Test-well arrangement, Chase fluid, NAPLs (Non-aqueous Phase
Liquids), Pumping rate
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Fig. 1. An example of the arrangement of test-well pair off the
line of the ambient groundwater flow direction in a real field site,
resulting from the biased estimation of the flow direction based
on topographic gradient.
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Fig. 2. A schematic drawing of the experimental setup (Injection Well : IW-1, IW-2), Pumping Well : PW-1, .PW-2).
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Table 1. Experimental conditions for the tracer tests in an unconfined aquifer
Parameter Value
PITT-T (Q.ow0°) PITT-II (Quows45°) PITT-IT (Qyigh:45°)
Pre Post Pre Post Pre Post
Tracer
Species Br™ as NaBr DMP 6M2H
Input concentration (mg/l) 100
Injection phase
Rate (m’/s) 1.39x 1077 124 x10°
Total injected volume (ml) 752.4 556.2
Duration (min) 90 90 30
Withdrawal phase
Depth of sampling points (cm) 7.0, 9.0, 11.0, 13.0
Rate (m%/s) 1.36 x 1077 1.02x 107

Dominant sampling interval (min)
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Fig. 3. Breakthrough curves obtained at the depth of 11.0 cm from the surface during Pre-PITT-I (Q.j04,0°) and Post-PITT-I (Q_jo4,0°).
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Fig. 4. A comparison of the linear velocity (v) and retarddation factor (Ry) between Pre-PITT-I (Q_,,0°) and Post-PITT-I (Q.iow,0°).

Table 2. Results of Pre-PITT-1 (Q-low,0°) and Post-PITT-I (Q-low,0°)

Br~ DMP 6M2H
Pre Post Pre Post Pre Post
\% 2.50 x 107 1.89 x 107 298 x 1073 1.90 x 107 2.92x 107 1.89 x 107
D=9.0cm D 2.96 x 1077 2.11 x 1077 4.19 x 1077 1.98 x 1077 3.82 x 1077 1.87 x 1077
R; 113.60 90.43 83.42 104.99 70.17 121.66
v 2.57 x 107 1.89 x 107 3.17 x 107 1.75 x 107 3.10 x 107 1.69 x 107
D=11.0cm D 3.08 x 1077 244 x 1077 470 x 1077 1.60 x 1077 4.17 x 1077 1.08 x 1077
R; 107.14 97.83 80.81 95.82 69.35 88.56
unit : v [m/s], D [m%s], R; [%]
Table 3. Comparison of retardation factor (R;) between Pre-PITT-I (Q-low,0°) and Post-PITT-I (Q-low,0°)
DMP 6M2H
Rf-l’rc Rf-l’usl Rf-Pusl/Rf-Prc Rf—l’rc Rf-Post Rf-Pusl/Rf-Prc
D=7.0cm 8.39x 107! 9.91 % 107! 1.18 x 10° 8.54x 107! 9.90 x 107! 1.16 x 10°
D=9.0cm 838 x 107! 9.98 x 107! 1.19 x 10° 8.55x 107" 1.00 x 10° 1.17 x 10°
D=11.0cm 8.10 x 107! 1.08 x 10° 1.33 % 10° 8.28 x 107! 1.11 x 10° 1.35% 10°
D=13.0cm 8.79 x 107! 9.72 x 107 1.11 x 10° 9.04 x 107! 9.56 x 107! 1.06 x 10°
unit : R [-]

AR AAAG gk BE ATdA 18 2 g8 UE o =& TCE} & AT}, A= AeE
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AE 11.0 cmol|A] 81522 DMP, 6M2Hel <3l = DMP, 6M2H Z}7} 102ml, 1.2mlE FY¥ TCE
A= NAPLY H 3= Ztz} 437 ml[44.61%], 0.44 ml 9.8 mll =A3kd DMP, 6M2H Z}Zte] 739~ 104.08%,
[4.51%]°].2H TCE 9 A% 10.0 emAS F3IHS 10.40%°1 AB=H AA] FUAFT FARIATHTable 4).
u ERC AL TCEZ} oF= 333 Ao = ActHc. A% 11.0 cmollA] DMP, 6M2HS] A=W 382 Z17}
ey FHEOA Y vls TS wE TCEF 3% 80.81%, 69.35%H= 1HetAs W I5E&S AR
3= AT oFE A3l 13 ecmEU= 7cm, 9 cmollA] A=z HEE NAPLe] 88 18] 2ol Bt
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Table 4. Estimated TCE saturation and volume using the relative retardation coefficient of Post-PITT-1 (Q-low,0°) compared to Pre-
PITT-I (Q-low,0°)

DMP 6M2H
Depth (cm)
Sn Vn Sn Vn
D=7.0 8.85% 107 2.00 x 10° 8.19x 107 2.11x 10
D=9.0 928 x 107 2.73 x 10° 8.76 x 107 2.96 x 107!
D=11.0 1.61 x 1072 437 x10° 1.78 x 1073 442 x 107!
D=13.0 5.15x 107 1.13 x 10° 3.00 x 107 7.65 % 107
Total estimated volume - 1.02 x 10" [104.08%]" - 1.02 x 10° [10.40%]"

“The estimated percentage compared to actual volume of the spilled TCE, 9.8 ml

Pre-PITT- T (Quow,0°) Pre-PITT- II (Quon,45°)
1 1
08 ] 08 -
g 06 j g 06 i
© 04 - Oy |
02 — 02 —
0 - I T |---,.--.|._-.|- -l.- T 0 ===|=--|: At .l-_-,.==T===|===|== —
0 100 200 300 400 500 0 100 200 300 400 500
Elapsed time {min) Elapsed time {min)
(a) (b)
D=7.0cm

Fig. 5. Breakthrough curves obtained at the depth of 7.0 cm from the surface during Pre-PITT-I (Q_w,0°) and Pre-PITT-II (Q_ow,45°).

Table 5. A comparison between Pre-PITT-I (Q-low,0°) and Pre-PITT-II (Q-low,45°) with respect to the test-well arrangement

Br- DMP 6M2H
0° 45° 0° 45° 0° 45°
\% 2.50 x 107 245x107° 298 x 1073 2.81x107° 2.92x 107 n.c
D=9.0 cm
R; 113.60 17.17 83.42 2.11 70.17 n.c

n.c : cannot calculated due to poor breakthrough curve
unit: v [m/s], R; [%]
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Pre-PITT- II (Q.iow,45°) without chasing
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Post-PITT- I (Q.iow,45°) with chasing

05 05
04 —] D:70cm 04 —] D:70cm
o ®—9 95 | ®—9 @b
03 — E—&—Eowe 03 —| [ e
g 7
Q02 -
01—
7] )
0 —
0 100 200 300 400 500 0 100 200 300 400 500
Elapsed time (min) Elapsed time (min)
(@) (b)
D=7.0cm

Fig. 6. Breakthrough curves obtained from experiment of with or without chasing tracer tests; a) Pre-PITT-II (Q.j0,45°) without chasing,

b) Post-PITT-II (Q.j0w,45°) with chasing.

Table 6. A comparison between Pre-PITT-1I (Q-low,45°) without chasing and Post-PITT-1I (Q-low,45°) with chasing with respect to the

use of the chasing fluid

Br DMP
without chasing with chasing without chasing with chasing
v 2.83x 107 1.46 x 107 271 x 107 1.43 x 107
D=7.0 em R; 831 29.89 9.20 26.62 i
v _ 3 e 748 x 107
" ’ [0.76%)]
n.c : cannot calculated due to poor breakthrough curve
unit: v [m/s], R; [%], V, [ml]
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Fig. 7. Comparison of a) Tracer velocity, b) Recovery rate, between the tracer tests of Pre-PITT-II (Q_ow45°) without chasing and Post-

PITT-II (Quow,45°) with chasing.
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Table 7. A comparison between Post-PITT-II (Q_ow,45°) and Pre-PITT-III (Q.y4igh,45°) With respect to the pumping rate

Br DMP
Q—]n\v Q—I ligh Q-low Q-I Tigh
v 1.46 x 107 2.8907 1.43 x 107 4,08 x 107
D=7.0cm R; 28.89 63.55 26.62 37.98
Ry - - 1.02 x 10° 7.07 x 107!

unit: v [m/s], Ry [%], Re[-]

J. Soil Groundw. Environ. Vol. 19(3), p. 111~122, 2014



251 55 ekl U3k TAE|Fo] BalS A} AlF| r|Xe ok 1A 121

B Wzl AP 2o A3 glonk, WYl
180 41 5 G A S8 101% A ulg
A B RS R 7 BT e

AWZ;EEFFH g7t 9
. 5 T el 9 9 sl A9t 249
B9 250k Frgee] Gl hslel X2
A7 noh Qs ATARE AN 5 9
Ao 7|,

mlo La

AL AL

2 A7e =AEALATY 712 AR AT
W3l e sl FR BETA /NEH(11-3414) A
o] XY} BT} EU5laL EwE s E3E
°J°1W A A ATAR (117182 C05)el 9

FRABIEE TS Aol A7) Aol o3|
TBEFJMBL]DP

References

Annable, M.D., Rao, P.S.C., Hatfield, K., Graham, W.D., Wood,
A.L., and Enfield, C.G,, 1998, Partitioning tracers for measuring
residual NAPL : field-scale test results, J. Environ. Eng., 124(6),
498-503.

Brusseau, M.L., Nelson, N.T., and Cain, R.B., 1999, The parti-
tioning tracer method for in-situ detection and quantification of
immiscible liquids in the subsurface, In Brusseau, M.L., Saba-
tini, D.A., Gierke, J.S., Annable, M.D.(Eds.), Innovative Sub-
surface Remediation, Field Testing of Physical, Chemical, and
Characterization Technologies. ACS Symposium Series 725,
American Chemical Society, Washington, DC, 208-225.

Deeds, N.E., Pope, GA., and McKinney, D.C., 1999. Vadose
zone characterization at a contaminated field site using partition-
ing interwell tracer technology, Environ. Sci. Technol., 33(16),
2745-2751.

Dwarakanath, V., Deeds, N., and Pope, GA., 1999, Analysis of
partitioning interwell tracer tests, Environ. Sci. Technol., 33(21),
3829-3836.

Guvanasen, V. and Guvanasen, V.M., 1987, An approximate
semianalytical solution for tracer injection tests in an confined
aquifer with a radially converging flow field and finite volume
of tracer and chase fluid, Water Resour: Res., 23(8), 1607-1619.

Jin, M. Delshad, M., Dwarakanath, V., McKinney, D.C., Pope,
GA., Sepehrnoori, K., and Tilburg, C.E., 1995, Partitioning
tracer test for detection, estimation, and remediation perfor-
mance assessment of subsurface nonaqueous phase liquids,

Water Resour. Res., 31(5), 1201-1211.

Jo,YJ., Lee, J.Y., Yi, M.J,, Kim, H.S., and Lee, K.K., 2010, Soil
contamination with TCE in an industrial complex : contamina-

tion levels and implication for groundwater contamination,
Geosci. J., 14(3), 313-320.

Kang, D.H., Chung, S.Y., and Kim, B.W., 2005, Study on the
leachate dispersion around a waste landfill site using single-well
push-pull tracer test, Proceedings of 2005 Spring Meeting of
Korea society of soil and groundwater environment, Kongju
National University, 105-1009.

Kim, B.A., 2012, Experimental study of the effect of test-well
arrangement for partitioning interwell tracer test on the estima-
tion of NAPL saturation, Chonnam National University, Gwangju,
Korea.

Kim, Y.C., Saenton, S., Moreno-Babero, E., and Illangasekare,
T.H., 2006, Partitioning tracer tests for DANPL distribution
characterization in a heterogeneous aquifer, Econ. Environ.
Geol., 204-206.

Kim, Y.C., 2004, Experimental study on tracer methods and
DNAPL mass transfer characteristics using various aquifer mod-
els, Seoul National University, Seoul, Korea.

Lee, D.G, Moon, H.S., and Lee, K.K., 2013, Investigation for
TCE migration and mass discharge changes by water table ris-
ing in porous meida, J. Soil Groundw. Environ., 18(2), 27-35.

Lee, 1.Y., Park, Y.J., Kim, T.H., Kim, Y.C., Cheon, J.Y., Ryu,
D.R., Park, K.W.,, and Kim, S.J.,, 1999, Guideline for field
hydraulic tests, Lab. of Hydrogeological environment, Seoul
National University, 43-59

Mayer, A.S. and Hassanizadeh, S.M., 2005, Soil and Groundwa-
ter Contamination : Nonaqueous Phase Liquids-principles and

observations, Water Resources Monograph, Washington, D.C.,
5-9.

Nelson, N.T. and Brusseau, M.L., 1996, Field study of the par-
titioning tracer method for detection of dense nonaqueous phase
liquid in a trichloroethene-contaminated aquifer. Environ. Sci.
Technol., 30(9), 2859-2863.

Park, GH., Park, M.H., Shin, H.S., and Ko, S.0O., 2006, Appli-
cability of partitioning tracer test to quantify the saturation
degree of diesel in unsaturated soil, Proceedings of 2006 Spring
Meeting of Korea society of soil and groundwater environment,
Dongguk University, 20-28.

Park, Y., Lee, J.Y., Na, W.J., Kim, R.H., Choi, PS., and Jun,
S.C., 2013, A review on identification methods for TCE con-
tamination sources using stable isotope compositions, J. Soil
Groundw. Environ., 18(3), 1-10.

Rhee, S.S., Cho, S.Y., Oh, M.H., and Park, J.B., 2007, Estimat-
ing partition coefficients of partitioning tracers between water
and BTEX mixtures, J. Soil Groundw. Environ., 12(2), 47-54.

J. Soil Groundw. Environ. Vol. 19(3), p. 111~122, 2014



122 Auol - A8 - 9l - 1734

Wang, F., Annable, M.D., and Jawitz, J.W., 2013, Field-scale
prediction of enhanced DNAPL dissolution based on partition-
ing tracers, J. Contam. Hydol., 152, 147-158.

Wonju City, 2003, Detailed investigation report on contami-
nated soil and groundwater in the Woosan Industrial Complex
and Joongang-dong area in Wonju City, Wonju City and Envi-
ronmental Management Corporation (EMC), Korea, 141.

J. Soil Groundw. Environ. Vol. 19(3), p. 111~122, 2014

Young, C.M., Jackson, R.E., Jin, M., Londergan, J.T., Mariner,
P.E., Pope, GA., Anderson, F.J., and Houk T., 1999, Character-
ization of a TCE DNAPL zone in alluvium by partitioning trac-
ers, Groundw. Monit. Res., 19(1), 84-94.

Yu, C., Warrick, W., and Conklin, M.H., 1999, A moment
method for analyzing breakthrough curves of step inputs. Water
Resour: Res., 35(11), 3567-3572.



