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Abstract

For a given soil-contaminated site, a level of soil contamination is characterized and decisions on risk may be made from the risk assessment. The 
study evaluated critical design factors for the determination of sample size in the sampling design plan and the assessment of soil contaminant- leach-
ing to groundwater. Two variables, the minimum relative detectable difference (T) and coefficient of variation (CV) were evaluated for the sample 
size determination. The minimum number of samples can be appropriately determined by CV under a T value greater than or equal to 0.2. Soil-conta-
minant leaching to groundwater was evaluated by using the Soil Screening Level equation of U.S. Environmental Protection Agency and the Risk 
Based Screening Level equation of American Society for Testing and Materials, with the same input parameters. The groundwater concentrations 
estimated from soil contaminant concentrations were significantly affected by the Darcy velocity of groundwater and the organic content of soil. 
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1. Introduction
1

The number of hazardous sites contaminated by inorganic or 
organic compounds are increasing in several industrial countries. 
In the United States, a total of 1499 sites has been known as 
contaminated sites and most of the sites are still remediated by 
several trials.1) European countries have also found a huge num-
ber of contaminated sites and spent much efforts to remediate 
them.2) Once a possible contaminated site was discovered, an 
investigation-procedure-line would be applied for site charac-
terization and evaluation; preliminary survey, preliminary in-
vestigation, main site investigation, implementation of remedia-
tion activities.3)

Contaminated sites pose a unique challenge for risk assessment 
and remediation because contaminants present in a site may be 
exposed to humans and ecological receptors.4) Risk assessment 
is normally conducted to characterize the potential threat to human 
health and the environment that may be posed by contaminants 
at a contaminated-site. The first step to risk assessment of con-
taminated site is to characterize a level of contamination and 
determine an exposure concentration of the area. 
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Natural field soils have quite heterogeneous properties, both 
in the horizontal and vertical directions. A sample set of mea-
surements of soil contaminant concentrations might vary signi-
ficantly in space or in time. Soil data obtained from field may 
include three types of errors; sampling error, sample preparation 
and analysis errors.5) It is known that sampling and sampling 
preparation errors are similar to errors occurred from the chemi-
cal analysis.6) Accumulation of all types of errors made during 
soil investigation could substantially affect environmental deci-
sion-making. A statistical test is thus performed to make a cor-
rect decision about whether a site is contaminated.

In a statistical test, the decision being made is whether to acc-
ept or reject the null hypothesis. Four possible outcomes of a 
test can be obtained as shown in Table 1.7) If the null hypothesis 
was incorrectly rejected, that would be called Type I error. If 
the null hypothesis was incorrectly accepted, that would be cal-
led Type II error. The possibility making Type I error, α, is con-
ventionally set at 0.05,8) while there is no traditional value for 
the possibility making Type II error,  . U.S. Environmental Pro-
tection Agency (USEPA) admits these errors in soil data and 
suggests specifying limits on the decision error rates.5) It sug-
gests that the probability of Type I error is normally set at 5 
percent (= 0.05) and the probability of Type II error is set at 
20 percent (= 0.20). Therefore, the sampling design plan from 
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Table 1. A definitive explanation of types of errors in statistical testing

Decision
True

Ho HA

Accept Ho Correct (certainty = 1-) Type II error (probability = )
Accept HA Type I error (probability = ) Correct (power = 1-)
Ho: null hypothesis; HA: alternative hypothesis

the beginning of the site investigation should be prepared based 
on the decision error rates for later making a reasonable decision. 
This study investigated important factors influencing on deter-
mining the number of samples that would be compliant to the 
decision error rates.

Exposure concentrations of the chemicals of potential concern 
in different environmental media are so important in the risk 
assessment to calculate intakes in the exposure assessment. Ex-
posure concentration of contaminant in soil is normally determi-
ned at the 95 percent upper confidence limit on the arithmetic 
mean chemical concentration. However, considerable effort and 
expense can be required for groundwater data collection, due to 
the installation and development of monitoring wells. Risk ass-
essors may be recommended to use simple, screening level ana-
lytical models for estimating exposure concentrations of conta-
minants in groundwater. There are two analytical models for 
estimating groundwater concentration from soil contaminant 
concentration; equations for obtaining Risk-Based Screening 
Level (RBSL) of American Society for Testing and Materials 
(ASTM) and Soil Screening Level (SSL) of USEPA. This study 
evaluated the difference between two analytical equations and 
sensitivity of input parameters. 

The purposes of the study were to suggest appropriate para-
meter values for determining a practical and efficient sample 
size in soil sampling planning and to find parameters influen-
cing on determining groundwater concentration from soil con-
centration through analytical models.

2. Determination of Sample Size

The number of samples required to meet statistical acceptance 
is suggested by the following equation9) ;

                                   
 5.0 2

1

2
11

α
βα

−
−− +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
≥ Z

D
ZZ

n
 (1)

where n is the number of samples required to achieve a 
specified precision and confidence level, Z1-α and Z1-β are the 
critical values for the normal distribution with probabilities of 
1-α and 1-β, D is T / CV, T is the minimum detectable relative 
difference, and CV is the coefficient of variation. As described, 
the equation is governed by several parameters. Determination 
of the number of samples should be considered with respect to 
the cost and time to fulfil investigation. This study evaluated 
sensitivity of each parameters of the equation to select app-
ropriate parameters for practical use.

3. Estimation of Groundwater Concentration

There are three analytical models for estimating groundwater 
concentration from soil contaminant concentration. ASTM pre-
sents an equation relating soil contaminant concentration to 
groundwater concentration.10) Concentrations of chemicals in 
two media are related by the leaching factor. The equation of 
ASTM was rearranged to well express the relation between soil 
concentration and groundwater concentration (Eq. 2). USEPA 
suggested the soil-water partition equation for migration to 
groundwater pathway for users to estimate groundwater concen-
trations from calculation of a dilution factor that relates the 
concentration of contaminant in soil to the soil leachate concen-
tration.5) Equation (3) was also rearranged to express the relation 
between two media concentrations. Therefore, Equations (2) and 
(3) were rearranged from equations for obtaining RBSL of ASTM 
and SSL of USEPA, respectively. The RBSL equation of ASTM 
shown in equation (2) includes both soil leachate generation 
and dilution due to groundwater mixing, while the SSL equation 
of USEPA in Equation (3) separates the two processes. Defini-
tions of symbols used in Equations (2) and (3) can be found in 
Tables 2 and 3.
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The third equation available for estimating groundwater con-
centration from soil contaminant concentration is an equation 
suggested by the National Institute of Public Health and the En-
vironment (RIVM). An equilibrium concentration in pore water 
is calculated from soil contaminant concentration and the conta-
minant concentration in groundwater is then determined by divi-
ding the pore water concentration by a constant dilution factor 
of 10.11)

This study evaluated Equations (2) and (3) with same input 
parameters. Table 2 shows the input parameters used for com-
parison of the groundwater equations. The soil and groundwater 
properties used for comparison were same, except for the ground-
water mixing zone depth. The groundwater mixing zone depth 
of RBSL was identified as a default value of 200 cm, while that 
of SSL was calculated according to an equation shown in the 
foot note of Table 2. Table 3 shows chemical parameters of or-
ganic contaminants used for comparison of the two equations. 
Table 4 shows chemical parameters of inorganic contaminants 
used for comparison.
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Table 2. Input parameters used for comparison of the soil contaminant- leaching to groundwater equations
RBSL SSL

Soil bulk density 1.7 kg/L ⇒ a

Porosity 0.38 ⇒

Volumetric water content (θw) 0.12 ⇒

Volumetric air content (θa) 0.26 ⇒

Fraction of organic carbon in soil (foc) 0.01 ⇒

Infiltration rate of water through soil 30 cm/yr ⇒ (0.3 m/yr)
Source dimension 1,500 cm (width) ⇒ (15 m, length)
Darcy groundwater velocity 2500 cm/yr ⇒ (25 m/yr)
Groundwater mixing zone depth 200 cm 1.76 m b

Aquifer thickness (da) - 5 m
asame to value of RBSL                                             

bcalculated from ⎟
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Table 3. Chemical parameters of organic contaminants used for estimation of groundwater concentration
Benzene Toluene Ethyl benzene Mixed xylenes10)

Soil organic carbon-water partition coefficient (Koc, L/kg)a 58.9 182 363 239.8833
Dimensionless Henry’s law constant (H ')5) 0.228 0.272 0.323 0.29
Soil contaminant concentration (mg/kg) 20 20 20 20
RBSLw (mg/L) calculated by Eq. 2 using the parameters above 2.378 0.855 0.440 0.657
Cw (mg/L) calculated by Eq. 3 using the parameter above 2.666 0.958 0.494 0.737
a Koc used for Kd = Koc foc

5)

Table 4. Chemical parameters of inorganic contaminants used for esti-
mation of groundwater concentrationa

Soil-water partition
coefficient (Kd) 

Dimensionless Henry’s
law constant (H’)

Hg 52 182
Cd 75
As (III) 29
Pb 2457b

Cr (VI) 19
Ni 65
a at pH = 6.85)

b at pH = 6.813)

4. Results and Discussion

4.1. Sensitivity of Input Parameters in Determination of Sam-
ple Size

Two variables, T and CV in Equation (1) were evaluated in 
this study. Figs. 1(a) and 1(b) show variations in the sample 
number required to satisfy the decision errors that were set at 
=0.05 and =0.20. The number of samples decreased with 
increasing T (Fig. 1(a)), while that increased as CV increased 
(Fig. 1(b)). 

In the region of T greater than 0.5, the lines of Fig. 1(a) sho-
wed convergence in the number of samples. The convergence 
implies that T may play an insensitive role in determining the 
number of samples under a certain condition. However, Fig. 1(a) 
also reveals that n is so sensitive to T values in the region less 
than 0.3. As T became small, there was a substantial increase in 

n because soil contamination would not be easily discriminated 
from background levels. Fig. 1(b) shows variations of n with 
changing CV at four T values (0.1, 0.2, 0.3 and 0.4). Four T 
values were selected in the sensitive region shown in Fig. 1(a). 

Change in n was greatly dependent on T rather than CV un-
der T values of 0.1 and 0.2, while that was relatively insensitive 
to T at two values of 0.3 and 0.4 (Fig. 1(b)). Generally, n would 
be dependent to CV rather than T, except for T values less than 
0.2. The minimum number of samples, n, may be appropriately 
determined by CV under a T value greater than or equal to 0.2. 
Therefore, CV should be approximately determined through the 
reference9) or preliminary study. It is known that the CV values 
of heavy metals obtained from contaminated sites were normally 
larger than those of organic contaminants.12) As the CV value 
increases, the number of samples is then increased.

4.2. Important Field Parameters in Estimation of Groundwater 
Concentration

Equations (2) and (3) relating soil and groundwater contamina-
tions were evaluated with the same input parameters. The most 
frequently detected contaminants in the oil spill area, benzene, 
toluene, ethyl benzene, and xylenes, were selected for comparison. 
As shown in Table 3, all contaminant concentrations in soil 
were assumed at 20 mg/kg. RBSLw and Cw of Table 3 show 
comparative results of the groundwater concentrations esti-
mated by Equations (2) and (3). Little difference was observed 
in the groundwater concentration between two equations. 

This study evaluated influencing factors on the determination 
of groundwater concentration from Equations (2) and (3). Four
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(a)

(b)
Fig. 1. Variations in the sample number required to satisfy the decision 

errors that were set at =0.05 and =0.20, under conditions of 
CV and T.

parameters, soil contaminant source dimension, water and air 
content in soil, organic content in soil, and Darcy’s velocity 
were selected for analysis, and the parameter sensitivity to 
groundwater concentration was then evaluated by varying each 
parameter value. 

The target contaminant for sensitivity analysis was benzene, 
and the values already shown in Tables 2 and 3 were used as 
input parameters. Fig. 2(a) shows the sensitivity of the ground-
water benzene concentration to the benzene contaminant source 
dimension in soil for SSL and RBSL equations. As already 
shown in Equations (2) and (3), the RBSL equation and the 
SSL equation used width and length for the contaminant source 
dimension, respectively. Groundwater concentrations obtained 
by Equation (3) (the SSL equation) were little higher than those 
of Equation (2) (the RBSL equation). Generally, groundwater 
concentrations are linearly related to soil contaminant source 
dimension. 

Fig. 2(b) presents variations in the groundwater concentration 
for soil contaminant source dimension. The result also showed 
that groundwater concentrations of the example contaminants 
linearly increased with increasing the soil contaminant source 
dimension. The estimated groundwater concentration of Cr(VI) 
was found to be highly dependent on the length of soil contami-

Fig. 2. (a) Sensitivity of the groundwater benzene concentration to the 
benzene source dimension in soil for SSL (Soil Screening Level) 
and RBSL (Risk-Based Screening Level) equations; (b) varia-
tions in the contaminant concentration in groundwater for soil 
contaminant source dimension.

nant source. 
The effect of the organic content in soil on the groundwater 

concentration was evaluated by using Equation (3) (Fig. 3). Ground-
water concentration significantly increased in a region of the 
organic fraction in soil less than 0.02 (2%), implying its depen-
dency on the organic fraction in soil. However, groundwater 
concentrations were found to be relatively independent of the 
organic content in soil greater than 0.02. Therefore, the results 
indicate that organic content should be carefully determined for 
estimation of groundwater concentration. Table 5 lists several 
default values of organic content in soil. Various default values 
for the organic content in soil are used. The SSL equation uses 
a small value of 0.002 (0.2%) for organic content while RBSL 
uses 0.01 (1%). According to Fig. 3, users of SSL and RBSL 
equation would be recommended to accurately measure an 
organic content in the contaminated site-soil. 

Fig. 4 shows the sensitivity of water and air contents in soil 
to determination of groundwater concentration. The analysis
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Fig. 3. Effect of the organic content in soil on the ground water 
concentration estimated through Equation 3.

Fig. 4. Sensitivity of the groundwater concentration to the water and 
air contents in soil.

Table 5. Default values of the organic content in soil (foc)
Models foc

RBSL10) 0.01
SSL5) Inhalation pathway 0.006

Groundwater pathway 0.002
Cal-Toxa Upper soil zone 0.0156

Vadose zone 0.00306
Aquifer zone 0.00306

CLEA14) 0.025 or 0.050
CSOIL11) 0.058
a California residential site15)

revealed little difference in the most groundwater concentrations. 
The estimated groundwater concentrations were found to be 
relatively independent to the water and air content in soil, except 
for Cr(VI). 

Fig. 5 shows the effect of Darcy velocity on the groundwater

Fig. 5. Effect of Darcy velocity on the groundwater concentration 
estimated from Equation 3.

Fig. 6. Comparison of the soil contaminant concentration to the ground-
water concentration estimated through a soil contaminant-leaching 
to groundwater equation.

concentration estimated from SSL equation. The groundwater 
concentration would increase with decreasing Darcy’s velocity. 
The groundwater concentrations estimated from soil contami-
nant concentrations were normally dependent on the Darcy velo-
city. Therefore, risk assessors would be recommended to obtain 
a site-specific Darcy velocity for better prediction of ground-
water concentration. 

The relationship between soil contaminant concentrations and 
groundwater concentrations estimated through the soil-leaching 
to groundwater equation (Eq. 3) was displayed in Fig. 6. Conta-
minants in soil were leached into the groundwater zone and the 
leached contaminants would be mixed with groundwater, resul-
ting in groundwater contamination. The SSL modified equation 
(Eq. 3) relates the concentration of contaminant in soil to the 
groundwater concentration. The study estimated groundwater 
concentrations from soil contaminant concentrations by using 
Equation (2). Chromium (Cr (VI)) present in soil was much lea-
ched to the groundwater while lead present in soil was little lea-
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ched to the groundwater. As shown in Table 4, the soil-water 
portioning coefficient (Kd) of Cr (VI) is lower than those of other 
metals. Lower Kd implies less adsorption to soil. Generally, in-
organic contaminants in soil would be more leached to the ground-
water than organic contaminants in soil. For this reason, soil- 
water partitioning coefficient appears to be a key factor for 
understanding the leaching of soil contaminants to the ground-
water. In the risk assessment for soil contamination, if a site is 
contaminated by inorganic contaminants, much attention should 
be made to groundwater pathway of exposure assessment. A 
relationship between soil contaminants and groundwater conta-
mination as like Fig. 6 can be appropriately used for screening 
exposure pathway and estimating a level of groundwater conta-
mination. 

5. Conclusions

This study evaluated factors of the USEPA formula influenc-
ing on determination of sample size. The formula was so sensi-
tive to T values in the region less than 0.3. Evaluation of two 
parameters showed that the sample size was dependent to CV 
rather than T. Therefore, the minimum number of samples would 
be appropriately determined by CV under a T value greater than 
or equal to 0.2.

Two analytical equations of ASTM and USEPA for soil- 
contaminant leaching to groundwater were evaluated with the 
same input parameters. Although the SSL equation of USEPA 
showed higher groundwater concentrations than the RBSL 
equation of ASTM, little difference was observed. Generally, 
groundwater concentration is linearly related to soil contami-
nant source dimension. Groundwater concentration was signifi-
cantly increased in a region of the organic fraction in soil less 
than 0.02 (2%). However, groundwater concentrations were 
found to be relatively independent of the organic content in soil 
greater than 0.02. The estimated groundwater concentrations 
were found to be relatively independent of the water and air 
content in soil. The groundwater concentration would increase 
with decreasing Darcy’s velocity. The groundwater concentra-
tions estimated from soil contaminant concentrations were 
normally dependent on the Darcy velocity. Therefore, risk asse-
ssors would be recommended to obtain a site-specific Darcy 
velocity and an organic content for better prediction of ground-
water concentration.

The results of soil contaminant-leaching to groundwater 
showed that chromium (Cr(VI)) present in soil was much lea-
ched to the groundwater while lead present in soil was little 
leached to the groundwater. Sites contaminated by chemicals 
having low soil-water partitioning coefficients should be care-
fully assessed for groundwater pathway in the risk assessment.
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