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Aquifers in China’s southeast coastal areas are protected by the overlying marine soft clays formed in Holocene transgression.
However, a fundamental understanding of the characteristics of DNAPL (dense nonaqueous phase liquid) contamination in
marine soft clays is limited. The study was conducted on the site of a former pharmaceutical factory in Shanghai, where
serious 1,1,2-trichloroethane (DNAPL) contamination was detected up to the depth of 22.0m below the existing grade.
Partitioning calculation method was used to identify the presence of pure phase, and the results showed that pure 1,1,2-
trichloroethane was accumulated at the interface of the upper soft silty clay and lower soft clay. The vertical transport was
believed to be the pure DNAPL displacing pore water following the principle of two-phase flow, rather than the convection
and diffusion of aqueous phase. The contamination (NAPL-soil interaction) impacted the soil properties slightly, and this
effect could not account for the deep contamination. Soil structure analysis showed that these clays contained a proportion of
large interaggregate pores, providing pathways for the transport of pure DNAPL. Considering their flocculated structure, the
marine soft clays are not capable to perform as a barrier to prevent the downward migration of pure DNAPL.

1. Introduction

Soil and groundwater contamination due to leaks and spills of
toxic organic chemicals has been well acknowledged. The
organic components contaminate the subsoils and groundwa-
ter in the form of slightly soluble and/or volatile nonaqueous
phase liquids (NAPLs), as a result of pipeline breaks, poor stor-
age, and/or disposal practices, such as leaking of underground
storage tanks, or as a solute dissolved in water as in the case
of landfill leachate [1]. Dense nonaqueous phase liquids
(DNAPLs), including chlorinated solvents (most commonly
trichloroethene and chlorobenzene) and polychlorinated
biphenyls (PCB), are commonly found as contaminants in
the subsoils and groundwater due to their intensive use in the
industry. As DNAPLs have a larger density than that of water,
they can transport downward through the vadose zone and/or
saturated zone until encountering a barrier, e.g., a competent
clay or bedrock surface. A few decades ago, clay-rich deposits
were assumed to be a barrier to protect the underlain aquifers

from DNAPL contamination due to their lower void ratio
(e.g., [2, 3]). However, in North America where many aquifers
were protected by the overlying clayey or silty aquitards,
DNAPL contaminants were often found in the confined
aquifers, through preferential pathways such as open fractures,
root holes, stratigraphic windows, or unsealed boreholes [4–6].
Roberts et al. [7] and Schwartz et al. [8] had reported a trans-
formermanufacturing plant site in Regina, Saskatchewan, Can-
ada, where the spilled polychlorinated biphenyl (PCB)
migrated laterally in a perched groundwater regime andmoved
downward through the fractures in the unsaturated Regina clay
to the depth of 7.0m-9.0m below grade. PPG Industries [9]
reported the migration of tetrachloroethylene (PCE) and tri-
chlorethylene (TCE) DNAPLs through a 50.0m thick alluvial
clay aquitard to the underlying aquifer at the site of a chemical
manufacturing facility, due to the root holes and fractures act-
ing as preferential pathways for DNAPL migration. Fjordbøge
et al. [10] reported a site of a former distribution facility for tet-
rachloroethene (PCE) and TCE located in Naverland near

Hindawi
Geofluids
Volume 2023, Article ID 5059543, 11 pages
https://doi.org/10.1155/2023/5059543

https://orcid.org/0000-0003-0851-8237
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5059543


Copenhagen, Denmark, where the vertical migration of
DNAPL occurred through fractures in a shallow oxidized zone.
In these cases, fractures were the determining factor for
DNAPL transport in clay aquitards, so DNAPL migration in
fractured clay had drawn much attention of scholars [11–14].

Clay aquitards formed under different geological condi-
tions usually present different structural characteristics and
hydraulic properties. The reported fractured clay aquitards
are generally composed of stiff Pleistocene (Q3) deposits,
which underwent a desiccation cracking process at late Q3.
The coastal areas of Southeast Asia is widely distributed
the marine soft clay formed in Holocene (Q4), which
includes Ariake (Japan), Bangkok (Thailand), Busan (South
Korea), Singapore, Mekong River Delta (Vietnam), and
China’s coastal areas [15]. The marine soft clays are gener-
ally homogenous deposits characterized with large void ratio
(over 1.0) and flocculated structure [16]. Up to now, the
characteristics and mechanisms of the DNAPL contamina-
tion in the marine clays were rarely reported. The efficiency
of these marine sediments to protect the underlying aquifer
against DNAPL contamination is still unclear.

China’s coastal areas underwent intensive industrial
development since the 1950s; numerous manufacture facto-
ries for electrical appliance, pharmaceutical, pesticide, print-
ing, dyeing, and other purposes were constructed in the
areas. Although most factories in these areas were shut down
or moved to inland after the 2000s, potential contamination
might have occurred during the operation of the plants. In
this study, a chlorinated hydrocarbon (1,1,2-trichloroethane,
DNAPL) contaminated site of a former pharmaceutical fac-
tory in Shanghai was introduced, and the mechanism of
DNAPL migration in the marine soft clay was analyzed,
characterized, and discussed herein.

2. Geological Settings

2.1. Holocene Transgression and Deposition of Marine Soft Clay.
In early Holocene (Q4

1, about 10,000 years ago), the climate
became warmer and the sea level rose. This geological event is
known as the Holocene transgression. In the middle Holocene
(Q4

2, about 5000 years ago) period, the transgression reached
its peak in the southeast coastal areas in China (see Figure 1).
Then, the coastal lines gradually retreated to current position.
During this transgression-regression cycle, fine particles deliv-
ered by some rivers (Yellow River, Yangtze River, and Pearl
River) sedimented in the coastal areas shown in Figure 1. The
total thickness of the marine sediments generally ranged from
10.0m to 30.0m, increasing from the mainland to the coastline.
These sediments usually have water content larger than liquid
limit (wL) and void ratio (e) lager than 1.0. Because of aging
effect, they have larger intact shear strengths (most in the range
of 30 to 45kPa) than most modern marine clay. However, the
remolded strength is low (most below 10kPa), so they are cate-
gorized asmarine soft clay in Chinese standard (Code for Inves-
tigation of Geotechnical Engineering, GB50021 2001).

Shanghai is located on the delta of Yangtze River, north
of Hangzhou (HZ) Bay (see Figure 1). The ground is flat and
the elevation is only several meters above the sea level. The
groundwater level varies from 0.5m to 1.5m in depth annu-

ally. The total thickness of the Quaternary sediments reaches
300.0m, composed of various saturated clay, silt, and sand.
These sediments constitute five (5) aquifers confined by
the clayey aquitards. The overlying 25.0m thick marine soft
clays constitute the aquitard of the first aquifer right below
the ground. The sedimentary environment and geotechnical
properties of the Shanghai soft clays have been documented
in some literature [15, 17]. The e ranges from 1.0 to 1.5 and
the water content (w) range from 35% to 55%. Illite and
illite/smectite mixtures are the predominant clay minerals,
quartz, feldspar, mica, and carbonate prevail in nonclay
minerals, the silt particle makes up over 60%, the clay con-
tent is usually below 30%, and the organic contents are
below 2%, and the activities are generally around 0.8. These
soils have liquid limit wL below 45% and plasticity index IP
below 25, classified as low plasticity clay according to the
unified soil classification system [18]. According to the Chi-
nese standard [19], these soft clays are further categorized as
soft silty clay (10 ≤ IP < 17) and soft clay (IP ≥ 17). The soft
silty clay has lower clay content and smaller IP than soft clay.

2.2. Soil Strata at the Site. The studied site was previously
used as a pharmaceutical factory, which was built in 1958
and shut down in 2000. The ground is flat with the ground
elevation of about 3.6masl (meters above sea level). The
groundwater level is about 1.0m deep below the existing
grade. The site location is shown in Figure 2.

Figure 3 illustrates the soil strata and the corresponding
physical properties across the site. The physical properties were
tested according to the China’s National Standard for Geotech-
nical Testing Method (GB/T 50123-2019). From the ground
surface to 36.0m beneath the site, there were a total of six (6)
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Figure 1: Holocene transgression and marine soft clay
distributions in China’s coastal areas.
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Figure 2: Site location plan.
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continuous soil strata with a minor elevation variation, except
layer ⑥ which was absent at some areas. The soil strata are
presented below:

Modern Deposit

(i) Layer②, about 2.2m thick, continuous silty clay with
an average void ratio of 0.90, with desiccation frac-
tures due to the weathering

Q4 Marine Soft Clay
This consists of three (3) layers with total thickness

about 25m, void ratio 1.00-1.50, and hydraulic conductivi-
ties in the order of 10-7 cm/s.

(i) Layer ③, soft silty clay with average void ratio of
1.15, about 4.4m thick, deposited in the regression
process

(ii) Layer ④, soft clay with average void ratio of 1.40,
largest IP and highest clay content, about 4.4m
thick, deposited in the transgression process

(iii) Layer ⑤, soft clay/silty clay with average void ratio
of 1.20, about 16.0m thick, clay content and IP
decreased with the increase of depth, deposited in
the transgression process

Q3 Deposites

(i) Layer ⑥, dark green silty clay, hard, 3.0m thick with
average void ratio of 0.71

(ii) Layer⑦, sand, the first aquifer of the site (saturated),
not penetrated

3. Contaminant Distributions and
Transport Patterns

3.1. Distributions of Contaminants. Layout of the former
pharmaceutical factory is shown in Figure 4. A preliminary
investigation conducted in 2014 prevailed that the
manufacturing area had been seriously contaminated by vol-
atile organic compounds (VOCs). Detailed investigation was
further conducted in 2019, in which both shallow and deep
boreholes were advanced to depths of 3.0m-25.0m at the
manufacturing area. Boreholes over 15.0m are plotted in
Figure 4. All the soil samples were screened using a portable
PID upon retrieval, and the contaminated samples were
transported to the laboratory for chemical testing.

The distributions of the contaminants are illustrated in
Figure 4. It showed that VOC contamination was detected
in the north, middle, and south of the manufacturing area
and semivolatile organic compound (SVOC) contamination
was detected in the south. The organic contaminants were
mainly chlorinated hydrocarbons, dominated by 1,1,2-tri-
chloroethane (C2H3Cl3), reaching several thousand mg/L
in the soil samples. The physical and chemical properties
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Figure 4: Factory plan and contaminant distribution.
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of the 1,1,2-trichloroethane are shown in Table 1. It is a
DNAPL (density1.435 g/cm3) with low water solubility
(4.360 g/L) and low dielectric constant. Other detected chlo-
rinated hydrocarbons included vinyl chloride (C2H3Cl), tri-
chloroethylene (C2HCl3), and 1,2-dichloroethane
(C2H4Cl2), with total concentration below 200mg/kg in the
soil samples.

Most VOC contamination was found 7.0m below grade
and deeper, up to 22.0m deep in layer⑤, indicating a typical
deep DNAPL contamination. Figure 5 shows the tested con-
centrations of 1,1,2-trichloroethane at three boreholes
BH#60, BH#64, and BH#65 located in the central zone.
The concentration C referred to the mass of 1,1,2-trichlor-
oethane in per kilogram of wet soil (water-saturated soil in
this case). At the depth from 3m to 16m, the 1,1,2-trichlor-
oethane significantly exceeded 2.8mg/kg, the limit defined in
local bylaw. The contamination peaked at the depth around
10.0m, where it was the interface between layers ③ and ④,
with the concentrations over 2,000mg/kg. The concentra-
tions in layer ⑤, with depth exceeding 16m, were mostly
less than 2.0mg/kg.

3.2. Presence of Pure 1,1,2-Trichloroethane. NAPL in satu-
rated soil presents in the forms of the aqueous phase (dis-
solved in pore water), adsorbed phase (adsorbed by solid
components), and nonaqueous phase (pure NAPL). The
aqueous phase migrates in/with pore water by convection
and diffusion, while the nonaqueous phase migrates follow-
ing the principle of two-phase flow [14]. The soil chemical
analysis provided the total chemical concentration but was
not capable to determine the proportions of the aqueous,
sorbed, or nonaqueous phases. In this case study, the most
testing results were less than 2,500mg/kg and mass percent
less than 0.25%. The saturation Sr of the pure 1,1,2-trichlor-
oethane (if present), defined by the ratio of the volume of the
pure 1,1,2-trichloroethane to the total pore volume of the
soil, was within 5.5‰ (taking void ratio e = 1:2, porosity n
= 0:545, and bulk density of soil ρ = 1:73 g/cm3). For such
a small fraction, it is very difficult to identify the pure NAPL
by direct methods [20].

Therefore, the partitioning calculation method described
by Feenstra et al. [21] was used to identify the presence of
pure NAPL (1,1,2-trichloroethane). Parker et al. [22] pro-
vided more details on this method. The principle of this
method is to calculate the threshold concentration content
Cs (unit in mg/g) first, which represents the maximum con-
centration in soil without pure NAPL. Thus, a tested con-
centration C greater than this threshold concentration Cs
infers the existence of pure NAPL in soil. The threshold con-
centration Cs is calculated as follows, by assuming the aque-
ous phase reaching the effective solubility and the adsorption

reaching equilibrium:

Cs =
Ce
wsn

ρbwet
+ Ce

wsρbKd

ρbwet
= n + ρbKdð ÞCe

ws
ρbwet

dissolved sorbed
, ð1Þ

where Ce
ws is the effective solubility of the NAPL in water

(mg/L), Kd is the distribution coefficient between pore water
and soil solids (mL/g), ρb is the soil dry bulk density (g/cm

3),
ρbwet is the soil wet bulk density (g/cm3), and n is the soil
porosity. For single NAPL condition, the effective solubility
Ce
ws can take the water solubility of the studied NAPL

directly, which can be obtained from some literature [23].
For NAPL mixtures, the effective solubility of the studied
NAPL should be determined with the mole fraction in the
mixtures according to the Raoult’s law as follows [21]:

Ce
ws,i = XiCws,i, ð2Þ

where Xi is the mole fraction of the studied component i in
the mixtures and Cws,i is the water solubility of the studied
component i. It can be seen that the effective solubility of a
NAPL in a mixture is smaller than its water solubility.

Table 1: Properties of 1,1,2-trichloroethane (20°C).

Organic
contaminant

Relative dielectric
constant

Water solubility
(mg/L)

Density (g/
cm3)

Viscosity
(cP)

Surface tension
(mN/m)

Relative octanol-water partition
coefficient (log Kow)

1,1,2-
Trichloroethane

7.52 4360 1.435 1.69 29.7 2.17
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depths.
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Most interesting NAPLs in soil contamination are non-
polar organics. The sorption of nonpolar organics in soils
is predominantly the result of the partitioning of the dis-
solved chemicals from the groundwater onto the solid
organic materials in the soil. The partition coefficient Kd in
Equation (1) is defined as Zheng and Gordon [23]:

Kd = f ocKoc, ð3Þ

where Koc is the organic carbon-water partition coefficient
for the chemical of interest and f oc is the fraction of organic
carbon in the soil.

An empirical equation proposed by Kenaga and Goring
[24] is used to estimate the Koc from the water solubility
(Cws) as follows:

Lg Kocð Þ = −0:55 lg CWSð Þ + 3:64, ð4Þ

where the Koc is in mL/g and the Cws is in mg/L. The Cws of
the 1,1,2-trichloroethane is 4360mg/L. The Koc of 1,1,2-tri-
chloroethane estimated by Equation (4) is Koc = 43:54mL/
g. The f oc of the marine soft clays (layers ③, ④, and ⑤)
measured by the potassium dichromate oxidation spectro-
photometric method varies from 0.10% to 0.20%. Taking
f oc = 0:2% (measured maximum value) and Koc = 43:54mL
/g, the Kd determined by Equation (3) is 0.087mL/g.

To simplify the analysis, single 1,1,2-trichloroethane was
considered because its concentrations and mole fractions
were much higher than that of other chlorinated hydrocar-
bons (vinyl chloride, trichloroethylene, and 1,2-dichloroeth-
ane) detected in soil. The water solubility Cws of the 1,1,2-
trichloroethane was taken as the effective solubility Ce

ws in
Equation (1), i.e., Ce

ws = 4,360mg/L. Taking Kd = 0:087mL
/g and the measured n, ρb, and ρbwet at each depth into
Equation (1), the resulting threshold concentration Cs is
shown in Figure 5. Tested concentrations over this threshold
infer the presence of pure 1,1,2-trichloroethane. It was evi-
dent that the concentrations at the depth of 8.0m-11.0m
exceeded the threshold value of Cs (around 1700mg/g) and
would lead to the conclusion that pure 1,1,2-trichloroethane
was present at this depth.

3.3. Transport Velocity. The presence of pure 1,1,2-trichlor-
oethane can also be confirmed by the analysis of transport
velocity. It is well known that the aqueous phase of the
chemical migrates in/with pore water by convection and/or
diffusion. Under the condition of limited/minimum down-
ward seepage in the low permeability sediments, the convec-
tion can be neglected, and the molecular diffusion is the only
dominating factor [14]. Under this condition, the velocity of
molecular diffusion is determined by the effective molecular
diffusion coefficient of the chemical, which is in the order of
magnitude of 10−10-10−9 m2/s for most organic contami-
nates. Due to the great thickness and low permeability of
the marine soft clays in this studied case, the downward
seepage velocity caused by water extraction from the under-
lying aquifer is assumed to be in the order of 1.0 cm/year.
According to the analysis by Parker et al. [6], the diffusive
velocity is only a few centimeters per year. Literally, it will

take several hundred years to diffuse the aqueous phase of
1,1,2-trichloroethane to 10.0m deep; this is inconsistent
with the fact that the 1,1,2-trichloroethane transported
downward at least 10.0m deep within sixty-one (61) years.

The two-phase flow involves the NAPL-water retention
relationship, and it usually needed to be analyzed with
numerical modeling method. Due to the higher density
and low viscosity, pure DNAPL is prone to move much fas-
ter through the soil pores than the dissolved phase [12]. Gao
et al. [25] have conducted two-dimensional two-phase flow
analysis to study the DNAPL transport in similar soft clay
using COMSOL, a multiphase analysis program. The analy-
sis program revealed that even with the minimum presents
of small pore/fracture in the soil, the factual velocity of the
pure DNAPL flow can reach tens of centimeters per year,
much larger than the Darcy velocity (volume averaged veloc-
ity). This explained the fact that the 1,1,2-trichloroethane
transported downward more than 10.0m within sixty-one
(61) years across the study area. The aqueous phase 1,1,2-tri-
chloroethane detected in the lower portion of layers ④ and
⑤, with concentration less than the threshold value, was
likely due to the dissolution of the pure phase.

4. Mechanisms of DNAPL Deep Migration

Field investigations clearly demonstrated that pure DNAPL
might migrate to a great depth in the marine soft clays. As
macroscopic preferential pathways, e.g., desiccation frac-
tures, visible macrofractures, and root holes were not found
in the retrieved soil samples, the pore networks related to
soil structures are probably the pathways of the DNAPL
migration.

Contamination of clay by petroleum substances or other
organic fluids, characterized by lower dielectric constant
than water, might change the structures, physical properties,
and mechanical properties of soils [26–32]. When organic
fluids seeped or mixed with the clayey soil, a “sandy effect”
characterized by clay particle aggregation developed, which
would decrease the plasticity and increase the permeability
of soil to a great extent. The relative dielectric constant of
1,1,2-trichloroethane was 7.52, much less than that of water
(78.36). Therefore, change of soil properties by NAPL-clay
interactions was a possible mechanism leading DNAPL to
transport to 22.0m deep. To verify this assumption, contam-
inated and uncontaminated soil samples collected from two
boreholes were tested and compared. Both the uncontami-
nated samples and contaminated samples were collected at
the same depths, 3.0m, 6.0m, 12.0m, and 17.0m in layers
②, ③, ④, and ⑤, respectively. The contaminated and
uncontaminated soil samples presented the same colour
and other appearances, except for the odour in the contam-
inated samples.

4.1. Changes of Soil Properties. Atterberg limit tests and per-
meability tests were conducted on both UC (uncontami-
nated) and C (contaminated) samples, according to
China’s National Standard for Geotechnical Testing Method
(GB/T 50123-2019). The Atterberg limits were determined
by the falling cone methods. The measured liquid limit wL,
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plastic limit wP, and plasticity index IP of the two types of
samples are shown in Table 2. It can be seen in Table 2 that
the values of liquid limit wL, plastic limit wP, and plasticity
index IP were almost the same for UC and C samples, infer-
ring that the contamination exerted a minimum impact to
the physical properties of these soils.

The hydraulic permeability of the two types of samples
was determined by falling head hydraulic conductivity tests.
Three hydraulic conductivity tests were conducted on both
vertically and horizontally trimmed samples for each stra-
tum, to obtain the vertical and horizontal hydraulic conduc-
tivity kv and kh, respectively. The average hydraulic
conductivities of each stratum are shown in Table 3. The
vertical hydraulic conductivity kv of the contaminated soil
increased to a certain extent, and the ratio of kv ðCÞ/kv ðUC
Þ was within the order of 2.0. The changes of horizontal
hydraulic conductivity kh were more complex, but the ratio
of kh ðCÞ/kh ðUCÞ was also within 2.0. It seems there are cor-
relations among the contamination degree, soil plasticity,
and the changes of permeability. The upmost layer② under-
going most severe contamination (although the current con-
centration is low) and the layer ④ having larger soil
plasticity and larger contamination changed more significant
than layers ③ and ⑤.

Compared to the reported dramatic (up to several
orders) decrease in soil plasticity and increase in hydraulic
conductivity observed on laboratory-contaminated samples
[26–32], the change of soil properties of these field-
contaminated samples was limited. The reason may attribute
to the low content of the organic contaminant in the soil
samples. The mass percent of the contaminant is most less
than 0.25%, much smaller than the laboratory-
contaminated samples prepared with sedimentation method
(settling soil in pure DNAPL) or penetration method (pene-
trating pure DNAPL into soil under a certain pressure).

4.2. Pore Structures. The pore in soil is the space for trans-
port and accommodation of the contaminants, so the pore
structure could affect the transporting behavior. Mercury
intrusion porosimetry (MIP) tests were carried out to obtain
the pore size distributions of layers ③, ④, and ⑤. For each
stratum, one (1) UC and one (1) C soil samples were tested,
respectively. The soil samples were trimmed into small
sticks, quickly frozen in Freon 22, freeze fractured, and sub-
limated as suggested by Delage and Lefebvre [33]. A Micro-
meritics Corp. porosimeter (type Autopore 9620) was used
for mercury intrusion porosimetry test, which allowed the
pressures as high as 430MPa and the invaded pore size as
small as 0.0029μm. Figures 6–8 show the incremental pore
volume dV (in mL/g, pore volume in unit soil mass in dry
weight) versus pore diameter d relationships of the three
strata. The pore sizes were divided into five (5) levels, and
the pore volume (in mL/g) and the percent content of each
level are also calculated and shown in Figures 6–8.

The three strata exhibited different pore structures. The
dV versus d relationships of layer ③ (silty clay) show an
obvious bioporous structure, with the first peak at 0:1 μm
< d < 1 μm and the second peak at 10 μm< d < 40 μm. The
two levels of pores accounted for about 40% of the pore vol-

ume, respectively. This bioporous structure was not predom-
inant in layers ④ and ⑤. For layer ④ (clay), the peak was in
the range of 1 μm< d < 4 μm, accounting for half of the total
volume; for layer ⑤ (clay/silty clay), the peak was in the
range of 0:1 μm< d < 1 μm, accounting for 40% to 60% of
the total volume. The measured average pore diameter (=
4V/A, V is the total pore volume and A is the total pore area)
was 0.32μm for layer ③ and 0.10μm for layers ④ and ⑤.
These results showed that although layer ③ had the smallest
void ratio, it presented a more open structure than layers ④
and ⑤.

The primary structures of the soils were determined by
the components of the sediments and the depositional envi-
ronment. The marine soft clay generally presents flocculated
structure due to the salt-water environment [16, 33, 34]. The
pore size below 0.4μm belongs to the introaggregate pore,
while the pore size over 0.4μm belongs to the interaggregate
pore [33, 35]. Higher proportion of large interaggregate
pores (d > 10μm) in layer ③ was likely resulted from the
higher silt content (over 70%), which could form a
granular-link bound structure and large interparticle pores
[34]; layer ④ exhibited higher content of interaggregate
pores than layer ⑤, indicating a more flocculated structure
than layer ⑤. The different soil structures and pore size dis-
tributions of the three marine soft clays may influence the
transport of DNAPL, which will be discussed in detail later.

In laboratories, there are many evidence that decreasing
the dielectric constant of pore liquid may lead to strong
aggregation of clay particles. However, available field find-
ings are yet limited. Dorota and Jerzy [36] have reported
enhanced aggregation and increased macropores in a clay
stratum contaminated by gasoline, in which the concentra-
tions exceed 5.000mg/kg. Figures 6–8 show that the content
of large pores with d > 10μm tended to increase in contam-
inated soils, indicating a tendency of aggregation by NAPL-
soil interactions. However, due to the natural variability of
soil structures and the limited test data, this aggregation
effect cannot be confirmed in this study. Generally speaking,
the contaminated and uncontaminated soils have the similar
pore structures, so it can be concluded that the primary
structure of the soil does not change dramatically by the
contamination.

4.3. Influence of Pore Structure on DNAPL Transport.
According to the theory of two-phase flow in a porous mate-
rial, the capillary pressure pc determines the transport veloc-
ity and the NAPL saturation (Sr , the ratio of NAPL volume

Table 2: Atterberg test results for UC and C soil samples.

Soil stratum

Liquid
limit wL
(%)

Plastic
limit wP
(%)

Plasticity
index IP
(%)

UC C UC C UC C

Layer ②, silty clay 38.9 38.5 22.6 22.4 16.3 16.1

Layer ③, silty clay 39.4 38.8 23.1 22.1 16.3 16.7

Layer ④, clay 44.2 43.8 23.8 23.3 20.4 20.5

Layer ⑤, clay/silty clay 43.8 44.0 23.9 23.7 19.9 20.3
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to the total pore volume) in saturated soil. The capillary
pressure pc in a NAPL-water system is expressed as follows:

pc = pN − pw, ð5Þ

where pN is nonaqueous liquid pressure and pW is the pore
water pressure. NAPL displaces pore water under a pc until
an equilibrium Sr is reached. The invaded pore diameter
under a specific pc can be estimated by the capillary model

Table 3: Hydraulic conductivities (k) for UC and C soil samples.

Soil stratum
kh (10

-7 cm/s)
kh Cð Þ/kh UCð Þ kv (10

-7 cm/s)
kv Cð Þ/kv UCð ÞUC C UC C

Layer ②, silty clay 2.32 3.01 1.3 1.62 2.94 1.81

Layer ③, silty clay 5.24 6.37 1.2 6.37 5.33 0.84

Layer ④, clay 0.83 1.67 2.0 0.81 0.87 1.07

Layer ⑤, clay/silty clay 1.73 1.84 1.06 1.61 1.78 1.11
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Figure 6: Pore size distributions in layer ③ (soft silty clay).
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Figure 7: Pore size distributions in layer ④ (soft clay).
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as follows [37]:

d = 4σ cos θ
pc

= 4σ cos θ
pN − pW

, ð6Þ

in which d is the invaded pore diameter, σ is the interfacial
tension between the nonaqueous liquid and water (dyne/
cm), and θ is the contact angle measured through the water.

According to Equation (6), water in large pore is dis-
placed by DNAPL first; then, water in small pore is gradually
displaced with the increase of pc. The interfacial tension
between the 1,1,2-trichloroethane and water, σ, is 29.7mN/
m [38]. No measured contact angles for 1,1,2-trichlor-
oethane and water-saturated natural clays were found in
the literature; however, measured values for similar chlori-
nated solvent DNAPLs (chloroform and carbon tetrachlo-
ride) range from 27° to 31° [39]. Here, the contact angle θ
was taken as 29°. Substituting these parameter values into
Equation (6), at the pc of 5.0 kPa and 10.0 kPa (a conserva-
tive value in most cases), the invaded pore diameters are
20.8μm and 10.4μm, respectively.

This simple analysis reveals the possibility of the trans-
port of the pure 1,1,2-trichloroethane through the pores with
diameter of tens of microns or greater, provided that the dis-
placement pressure head reaches tens of centimeters. O’Hara
et al. [13] conducted laboratory experiments on a column of
naturally fractured clay to demonstrate the entry and rapid
flow of TCE (DNAPL), showing that DNAPL with 30 cm
displacement pressure head entered fractures with apertures
of 17μm or greater. Therefore, the pores greater than tens of
microns are likely the pathway of the migration of 1,1,2-tri-
chloroethane in the soil.

The proportion of large interaggregate pores with d >
10 μm in each layer is summarized in Table 4, which were
further divided into three levels, d > 10μm, d > 20 μm, and
d > 50 μm. It is evident that these large pores took a certain

proportion in these marine soft clays. In the silty clay of
layer ③, the pores with d > 10 μm accounted for one-third.
This is possible the reason that the 1,1,2-trichloroethane
could penetrate this layer. Although the void ratio of layer
④ (clay) was greater than that of layer ③ (silty clay), the
proportion of pores with d > 10 μm is much less than that
of layer ③. This can explain why the hydraulic conductivity
of layer ④ was much smaller than that of layer ③ (see
Table 3) and why DNAPL accumulated at the top of layer
④. However, the content of pores of d > 10 μm in layer ④
still exceeded 5%, so this layer was not functioned as an
effective barrier to prevent the downward movement of
DNAPL. If no measures are taken, the DNAPL will probably
continue to migrate downward, until reaching the layer ⑤.
Layer ⑤ has a larger proportion of large pores (d > 10 μm)
than layer ④, consistent with its relatively lower plasticity
and lower clay content. Therefore, DNAPL can also pene-
trate the layer ⑤ and contaminate the underlying aquifer
eventually.

The large interaggregate pores in the marine soft clay
play a similar role with those fractures in the fractured clay.
They both provide the preferential pathways of the transport
of DNAPL in the clayey soil. The proportion of large inter-
aggregate pores in marine soft clay is mainly determined
by the primary structure which is related to the sedimentary
environments. Different sedimentary environments could
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Figure 8: Pore size distributions in layer ⑤ (soft clay/silty clay).

Table 4: Proportion of large interaggregate pores (d > 10 μm).

Soil stratum
Volumetric proportion (%)

d > 10 μm d > 20μm d > 50μm
UC C UC C UC C

Layer ③, silty clay 38.1 35.6 31.4 11.2 15.9 2.3

Layer ④, clay 4.9 7.0 2.6 2.5 1.7 1.5

Layer ⑤, clay/silty clay 6.4 16.3 4.5 7.5 1.8 4.2
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result in different pore structures, such as the three strata in
the studied site. For fractured clays, the desiccation cracks or
shear fractures generally formed in the postsedimentary
environments. The migration of contaminants in fractures
is controlled by the fracture aperture, spacing, and orienta-
tion. The depth of the vertically developed fractures
determines the depth that DNAPL can reach. The entry
pressures for the two types of preferential pathways are
different. Theoretically, the entry pressure for a parallel-
plate geometry is half of that for a cylindrical-tube geometry
with the same size.

5. Conclusions

A site contaminated with organic chemicals was studied in
detail in this study, where deep 1,1,2-trichloroethane (DNAPL)
contamination was detected in marine soft clays characterized
as flocculated structure and large void ratio. Some fundamental
knowledge about the DNAPL contamination in this type of soil
based on some simple analysis is summarized as follows: pure
DNAPL invaded and transported downward in the marine soft
clays following the principle of two-phase flow, accumulated at
the interface between the upper soft silty clay (layer ③) and
lower soft clay (layer④). The vertical transport velocity is con-
siderable, reaching to depth 22.0m below the ground surface
within sixty-one (61) years. The contamination (most below
2500mg/kg) impacts the soil properties slightly: the Atterberg
limits remained unchanged, while the hydraulic conductivities
increased within twofold. The NAPL-clay interaction is not the
reason leading to the deep contamination.

The primary pore structures well explain the mechanism of
transport and distribution of the contaminant in soil. The large
interaggregate pores (d > 10 μm) in the open flocculated struc-
ture were believed to be pathways for pure DNAPL migration
in the marine soft clays. The proportion of the large interaggre-
gate pores (d > 10 μm) was found to increase with the decrease
of soil plasticity and clay content. Considering the characteris-
tics of soil structures, the marine soft clays cannot constitute a
barrier to the downward migration of pure DNAPL.

Data Availability
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