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Partitioning tracer test for monitoring petroleum contamination in subsurface;        
3-dimensional sand box experiment  

Test du traceur de la partition pour le monitoring de la contamination du pétrole dans la subsurface; 
L’expérimentation de la boîte du sable de 3-dimensions  

S. Rhee & J. Park 
Seoul National University, Korea (Republic of) 

ABSTRACT 
Petroleum can be retained for a long time in subsurface environments and their presence causes a threat to groundwater and soil
quality because of their slow dissolution into groundwater. One important problem of conventional monitoring methods is that they 
usually underestimate the petroleum contamination because of local distribution of petroleum in subsurface. The partitioning tracer
test has been studied to overcome this weakness of conventional monitoring method. In this study, a partitioning tracer test was
conducted in a three-dimensional sand box before and after containing a petroleum spill to test its validity in real groundwater flow.
Methanol was used as nonpartitioning tracer and 4-methyl-2-pentanol, 2-ethyl-1-butanol, and hexanol were used as partitioning tracer. 
Tracer breakthrough curves were obtained at extraction well and they were used to estimate the petroleum contamination by first
moment method. Our results showed that petroleum contamination can be detected in three-dimensional groundwater flow by 
partitioning tracer test and the amount of contamination also can be estimated quantitatively. A three-dimensional experiment 
confirmed that estimating the petroleum contamination from analyzing the separation between methanol and 2-ethyl-1-butanol 
reached comparatively to the real value. 

RÉSUMÉ
Le pétrole peut être conservé pendant longtemps dans les environements de la subsurface et leur présence provoque un danger à l’eau 
de source et à la qualité du sol à cause de la dissolution lente dans l’eau de source. Un problème important des méthodes du
monitoring conventionnelles est que normalement, elles sous-estiment la contamination du pétrole à cause de la distribution locale du 
pétrole dans la subsurface. Le test du traceur de la partition était étudié pour surmonter cette faiblesse de la méthode du monitoring
conventionnelle. Dans cette étude, un test du traceur de la partition était conduit dnas une boîte du sable de trois-dimensions avant et
ensuite contenu une fuite du pétrole pour tester leurs validités dans la circulation de l’eau de source réel. L’acool méthylique était
utilisé par le traceur de non-partition et 4-méthyl-2-pentanol, 2-éthyl-1butanol, et l’hexanol était employé par le traceur de la partition. 
Les courbes de la découverte du traceur était obtenue suffisament à l’extraction et elles étaient utilisées pour estimer la contamination
du pétrole par la méthode du premier moment. Nos résultats montrent que la contamination du pétrole peut être détectéé dans la
circulation de l’eau de source de trois-dimensions en divisant le test du traceur et le nombre de la contamination peut être aussi éstimé
quantitativement. Une expérimentation de trois-dimensions a confimé que l’estimation de la contamination du pétrole qui viend de
l’analyse de la séparation entre le méthanol et 2-éthyl-1butanol atteindue comparativement à la valeur réelle. 
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1 INTRODUCTION 

Transitional monitoring methods for petroleum contamination 
in subsurface are usually using point-source sampling data but 
they are often not capable of providing the level of data required 
for effective risk assessment because the distribution of 
petroleum contaminants in subsurface is complex and highly 
variable (Brusseau et al. 1999). The partitioning tracer method 
has been studied to overcome the limitation of transitional 
monitoring methods, which are based on point-source 
measurement. The partitioning tracer method consists of the 
simultaneous injection of several tracers, which have different 
partition coefficients with respect to NAPLs at one or more 
injection wells and subsequent measurement of tracer 
concentrations at one or more extraction or monitoring wells. 
Injected tracers are retarded in proportion to its partition 
coefficient between NAPLs and water due to their 
chromatographic separation in aquifer. This separation of the 
partitioning tracers indicates the presence of NAPL in the 

targeted zone and is used to determine the volume and 
distribution of NAPL present (Jin et al. 1995). 

Previous studies on the partitioning tracer method have been 
usually focused on evaluating the amount of contamination with 
dense nonaqueous phase liquids (DNAPLs) or representative 
components of LNAPLs such as benzene, decane, 
dichlorobenzene, ethylbenzene, and etc (Jin et al. 1995, Nelson 
& Brusseau 1996, Wilson & Mackay 1996, Cain et al. 2000, 
Brooks et al. 2002, Jackson & Jin 2005). In this study, the 
LNAPL contamination was simulated by using refined 
petroleum such as diesel and the amount of contamination was 
evaluated by using the partitioning tracer method in three-
dimensional sand box. The purpose of this study is to find 
suitable tracers for petroleum contamination and to evaluate the 
exact amount of petroleum using partitioning tracer method 
within three-dimensional groundwater flow. 
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2 EXPERIMENTAL STUDY 

2.1 Partitioning batch tests 

Methanol was used as conservative tracer and hexanol,             
4-methyl-2-pentanol (4M2P), and 2-ethyl-1-butanol (2E1B) 
were used as partitioning tracers, which can be reversibly 
retained by petroleum. Partition coefficients of each tracer were 
measured by partitioning batch test with diesel, which was dyed 
with Sudan VI and was obtained from the commercial gas 
station to represent petroleum contaminant in subsurface. The 
alcohol aqueous concentrations were varied between 100 and 
600 mg/L (100, 200, 400, 600 mg/L). Equal volumes of dyed 
diesel and water (10 mL each) were placed in a 20 mL vial that 
was capped with a Teflon septum, leaving minimum headspace. 
The vial was shaken on a vortex mixer and rotary shaker for 
each 30 seconds and 24 hours, respectively. After shaking these 
samples, they were allowed to stabilize for 1 hour and then 
centrifuged for 5 minutes to allow a complete separation of the 
phases. Reacted alcohol aqueous solution was translated from 
aqueous phase to the 2 mL vial using a pipette and were 
analyzed by an Agilent 6890 GC-FID. Then, the partition 
coefficient was calculated using a mass balance. 

2.2 Partitioning tracer test with 3-D sand box 

A three-dimensional sand box was made by acrylic material 
having 46 cm length, 20 cm width, and 25 cm depth and side 
walls were supported by reinforcement-bars to resist the soil 
and water pressure acting on the sand box wall. The inlet and 
outlet ports were installed at the bottom of the sand box and the 
porous thin walls were installed at adjacent to the inlet and 
outlet ports to prevent the preferential groundwater flow in the 
sand box. The sand box was filled with Jumunjin sand, which is 
the alluvial soil and it was classified as poorly graded sand (SP) 
under the Unified Soil Classification System and it was mainly 
consist of quartz. Bentonite was used for sealing the top of sand 
box to simulate saturated aquifer. Glass bids were installed in 
front of the inlet and outlet ports to distribute the groundwater 
flow. After the porous walls and contaminant injection well 
were placed, Jumunjin sand and glass bid were filled in the soil 
box with aligning the ground level of each material up to the 
level of 20 cm from the box bottom. Then, bentonite was filled 
with 2 cm thickness to prevent leaks of water and Jumunjin 
sand was again added to fill the remaining portion of sand box 
and sealing of acrylic plate on the top of sand box was followed. 
The packed sand box war purged with CO2 gas for 6 hours to 
promote the following water saturation. And then, the sand box 
was saturated with deionized water for 48 hours at the flow rate 
of 3 mL/min to establish the steady state flow inside the column. 
Figure 1 shows three dimensional sand box filled with soils.  

Figure 1. Three dimensional sand box filled with soil. 

After sand box saturation, the mixed tracer solution, which had 
600 mg/Ls of methanol, hexanol, 4M2P, and 2E1B, was 
injected into inlet port for 4 hours at the flow rate of 2 mL/min 
and the injection of deionized water was followed to the end of 

test at the flow rate of 2 mL/min. The samples were collected at 
outlet port in every 1 hour. Dyed diesel was injected with 
known amount through contaminant injection well and all of 
mobile portion of diesel was removed from sand box using 
water flushing. After inducing the residual contamination with 
diesel, the mixed tracer solution was injected again with same 
condition of pre-tracer test. Collected samples were analyzed 
with GC-FID.  

2.3 Estimation of petroleum contamination 

Jin et al. (1995) fully presented the theoretical foundation for 
the method of first temporal moment analysis of partitioning 
tracer test. They suggested Equation 1 to calculate the average 
saturation of NAPLs (SN), which is the ratio of the volume of 
NAPLs and that of total void in soil. 

                                      (1) 

is the first temporal moment of the tracer response curve for 
tracer n and Kn

N,w is the partition coefficient of tracer n which 
partitions between NAPL and water. 

3 RESULTS AND DISCUSSIONS 

3.1 Partition coefficients of tracers 

The partitioning of alcohol tracers between diesel and water are 
shown in Figure 2. Linear relationships are found between the 
concentration of a tracer in water and that of a tracer in diesel. 
From these linear relationships, the slope of the regression 
curve represents the partition coefficient of used alcohol tracer. 
All of partition coefficients for methanol, 4M2P, 2E1B, and 
hexanol are 0, 2.54, 2.92, and 4.42 respectively and the 
regression coefficient of results have a value of over 0.995. 

Figure 2. The partitioning of tracers between diesel and water. 

3.2 Three dimensional sand box experiment 

Figure 3 shows the breakthrough curves of tracers from tracer 
test before diesel contamination. All of tracers have the same 
flowing velocity in sand box and it indicates that any retardation 
of tracer didn’t occur due to the absence of diesel and there 
wasn’t any effect of tracer’s sorption onto soil. 
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Figure 3. The breakthrough curves from partitioning tracer test before 
diesel contamination. 

Figure 4~6 show the breakthrough curves of tracer from 
partitioning tracer test after diesel contamination. The transports 
of partitioning tracers, which are 4M2P, 2E1B, and hexanol, are 
retarded than those of conservative tracer, which is methanol, 
because diesel reversibly retains partitioning tracers. For the 
convenience of comparison between transport-velocities for 
each tracers, these breakthrough curves can be converted to the 
mean residence times using the first moment method, which is 
suggested by Jin et al. (1995), and the results are in Table 1.  

Figure 4. The breakthrough curves of methanol and 4-methyl-2-
pentanol from paritionting tracer test after diesel contaminaion. 

Figure 5. The breakthrough curves of methanol and 2-ethyl-1-
butanol from paritionting tracer test after diesel contaminaion. 

Figure 6. The breakthrough curves of methanol and hexanol from 
paritionting tracer test after diesel contaminaion. 

Table 1. The mean residence time of tracers. 

The residual saturation of diesel in sand box was estimated 
using both of partition coefficients and the separations between 
tracers by partitioning tracer method. Table 2 shows the 
comparisons of measured and estimated results for the residual 
saturation of diesel in sand box. Using the separation between 
conservative tracers and partitioning tracers, the estimated 
values by partitioning tracer method are varied from 0.008 to 
0.021. The measured value, which is the injected amount of 
diesel, is matched with the estimated values from using 
separation between methanol and 2E1B. 

Table 2. Comparisons of measured and estimated residual saturation of 
desel in sand box. 

4 SUMMARY AND CONCLUSION 

The partitioning tracer test was conducted in three-dimensional 
sand tank before and after containing a petroleum spill to detect 
and estimate residual contamination of petroleum in aquifer. 
Methanol was used as nonpartitioning tracer and 4M2P, 2E1B, 
and hexanol were used as partitioning tracer. The breakthrough 
curves obtained from monitoring tracer concentrations at 
extraction well indicated that the petroleum contamination 
caused the separation of tracers and the amount of petroleum 
contamination was estimated by analyzing this separation. 
Results from three-dimensional experiment showed that 
estimating the petroleum contamination from analyzing 
separation between methanol and 2E1B reached comparatively 
to the real value. 
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