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Abstract The soil-water relationship was used to
evaluate the efficacy of a novel remediation technology,
the chemical-biological stabilization process, which
focuses principally on soil fertility restoration in agri-
cultural sites. This process was evaluated for the treat-
ment of 150 m® of bentonitic drilling muds from a
closed sulfur mine which contained 70 % fines
(<0.05 mm), and which had been contaminated with
very weathered hydrocarbons, containing 31 % as-
phaltenes. This material was monitored for two and a
half years, for in situ moisture content, field capacity,
and soil water repellency. Additionally, critical soil
moisture content for water drop penetration times of <5
and <60 s was monitored. Field capacity increased
46.6 % with respect to initial values and a vigorous
vegetative growth was established. Concurrently, water
repellency values for molarity ethanol droplet and water
drop penetration times were reduced from 5.1 to 3.9 M
and 106 to 0.12 h, respectively. Soil in situ moisture
content during the driest part of the year (20.3 %
humidity) remained above critical values (15.1 %
humidity and 19.5 % humidity) to avoid a water repel-
lency of <5 and <60 s, respectively, and water repel-
lency was not observed in the field. Thus, complete
mitigation of water repellency was achieved. These
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findings indicate that the soil-water relationship should
be evaluated to achieve an integral soil remediation and
that water repellency as a remediation criterion should
be complemented with determinations of critical mois-
ture content and actual site information on soil in situ
moisture content during the annual cycle.
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Introduction

The majority of soil remediation programs focus mainly on
the reduction in hydrocarbon concentration. This is based
on the supposition that the principal impacts are toxicity
and potential to produce contaminated leachates and that
these are directly related to hydrocarbon concentration
(Torres et al. 2007; Abdulsalam et al. 2011; Khamforoush
et al. 2013). Nonetheless, interference in soil-water inter-
actions are frequently more damaging, especially for sites
contaminated with very weathered, viscous hydrocarbons
(Li et al. 1997). Therefore, the type of hydrocarbons in the
soil and their interaction with soil surfaces can be more
important than the overall hydrocarbon concentration in
terms of soil restoration. As a consequence of the inter-
ruption of these interactions, the soil may present problems
with the availability of water necessary for the growth of
vegetation and microbial activity (Li et al. 1997; Roy and
McGill 1998; Adams et al. 2008). Roy and McGill (1998)
discovered several sites with old spills in oil fields in
Alberta, Canada, with very low concentrations of hydro-
carbons, but nonetheless, complete loss of soil structure
and little or no vegetative cover, even after decades of
natural attenuation. Similarly, Adams et al. (2008)
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encountered soil in southern Mexico, which had been bi-
oremediated to low hydrocarbon levels and in accordance
with Mexican legal norm, but which still presented severe
effects of water repellency, low field capacity, and greatly
diminished plant productivity. Recently, Nieber et al.
(2011) have also reported on the problem of water repel-
lency and severely eroded soil at an old spill site in
northern Minnesota, USA. In all of these sites, severe soil
deterioration has resulted from the water repellency caused
by the residual hydrocarbons in the soil—even in low
concentrations.

Common methods for measuring water repellency
include the Water Drop Penetration Time (WDPT) and
the Molarity Ethanol Drop (MED) methods (Jaramillo
2006; Ritsema et al. 2008; King 1981; Watson and Letey
1970; Letey et al. 2000; Roy and McGill 2002). In 2008,
Adams et al. modified the MED test to obtain greater
precision of the MED value and to estimate the WDPT in
strongly water repellent soils. In this study, the MED
method was used, but the time that the water drop takes
to penetrate the soil was measured even if greater than
10 s. The data were then graphed with the ethanol
molarity as the independent variable and the water pen-
etration time as the dependent variable. Typically, the
data correspond to an exponential decay function which
can be interpolated (to a WDPT of 10 s) to determine the
MED value with greater precision. This function can also
be extrapolated (to an ethanol molarity of zero) to esti-
mate the WDPT, assuming that the water drop would not
evaporate.

In addition to these parameters, another has been
used to evaluate the potential for water repellency in the
field: the critical soil moisture content (Dekker et al.
2001). In this method, the WDPT is measured but
instead of using dry soil, the penetration times at dif-
ferent water contents are determined. The standard
WDPT test is performed on dry soil, but in the field,
there may still be some moisture in the soil, even during
the driest months. Since water repellency decreases with
increasing moisture content, this may reduce the risk of
developing water repellency in an actual field setting. In
this test, the soil moisture necessary to reduce the water
penetration time to low values (say less than 5 s, or less
than 60 s) is determined. Soils with higher critical
moisture contents may develop water repellency even
when the soil is not very dry. Thus, this parameter can
be used to evaluate the potential to present water
repellency in the field. The combination of these
parameters may be considered to be very important for
the evaluation of the remediation of soil contaminated
with hydrocarbons as well as for treatment of contam-
inated drilling cuttings.
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In the present study, the water repellency and the
mitigation thereof were studied in a field scale reme-
diation pilot test. Previously, the technology used for
the remediation (the chemical-biological stabilization
method) had been evaluated at laboratory scale
(~20 kg, Adams and Guzman-Osorio 2008) using the
same contaminated muds. The material used for both
the laboratory scale study and field scale study came
from a contaminated sediment beach in a waste
holding dam. It consisted of bentonitic drilling muds
with some sandy backfill. This material had been
contaminated with very weathered hydrocarbons at
concentrations of 5-7 % (Adams and Guzman-Osorio
2008; Guzman et al. 2004). In the laboratory scale
study, controls were incorporated in which the con-
taminated material was excavated and simply placed in
a cell without treatment. While the treatment cells
showed a reduction in toxicity and vigorous plant
growth, the control cells showed no change in hydro-
carbon concentration, no reduction in toxicity, and no
vegetative cover for several years, with only poor
growth of grasses and weeds later. Thus, this labora-
tory scale study demonstrated the advantage of this
remediation technology as compared to natural atten-
uation and established proof of process.

Subsequently, this technology was evaluated at field
scale (Adams et al. 2013). In this study, a reduction in
hydrocarbon concentration of nearly one-half and the
complete reduction in toxicity were observed. Further-
more, there was a reduction in hydrocarbons in soil
leachates to low levels (~1 mg/L), complete vegetative
cover, and good soil respiration rates, comparable to
uncontaminated soils in similar tropical areas. Important
information with respect to the scale-up of this technology
was generated in this study, especially with respect to
moisture management and pH control for an effective
remediation.

One factor which was discovered during the field
scale study was the potential problem for normal soil—
water interactions in the contaminated soil. Many
authors have cited the problem of water repellency
and reduced field capacity that can be encountered in
hydrocarbon contaminated soils (Roy and McGill
1998; Litvina et al. 2003; Adams et al. 2008; Nieber
et al. 2011). In the current study, we report on these
aspects of water repellency and field capacity that
were investigated during the field scale evaluation of
this technology, but which we could not include in the
previous paper due to size limitations. This research
was carried out and monitored for 2'% years, between
October 2007 and March 2010 in Cosoleacaque, Ve-
racruz, Mexico.
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Fig. 1 Contaminated material from the Agua de Mina dam before
treatment. The muddy aspect of this material without structure is
evident

Materials and methods
Experimental design

The contaminated material (150 m3) was collected from
the Agua de Mina dam, in the Texistepec Mining Unit
(Unidad Minera Texistepec, in Spanish), located in the
southern part of Veracruz state, Mexico (geographic
coordinates: 17°52.441'N, 94°44.985'W). This material
was a mixture of bentonitic muds (generated during the
drilling of sulfur extraction wells), hydrocarbons and
sulfur (both originating from the salt domes from which
the sulfur was extracted), and some backfill. It had a
silty-loam texture (71 % fines, <0.05 mm), a hydrocar-
bon concentration of approximately 48,000 mg kg™', a
pH of 6.8, and an electrical conductivity of
0.004 dS m~'. The hydrocarbons in the material were
extremely weathered (1.05 g/cm®, 31 % asphaltenes). A
treatment cell with dimensions of 15 m x 20 m was
built with a typical land-farm design, including earthen
berms ~1.2 m high, a 1 % grade, 30 mil high-density
polyethylene liner (thermally sealed), a sandy leachate
collection layer (~10 cm deep), and flow to a leachate
recollection pit (see Adams et al. 2013). Contaminated
material from the mining unit was placed in the cell to a
depth of ~60 cm and treated by the chemical-biologi-
cal stabilization process (Adams 2004, see Fig. 1). This
cell was subsequently monitored for 865 days. During
each sampling, 12 split-spoon cores were collected
distributed evenly across the cell from the surface to the
sandy leachate layer. To reduce variability, these were
mixed together, homogenized, and divided into four lots
(composite samples) for analysis. Water repellency was
analyzed using the MED and WDPT methods (Adams
et al. 2008). Soil moisture content, field capacity (FC),
and critical moisture content (percent humidity to
reduce WDPT to less than 5 and 60 s) were also

measured. The climate in this area is tropical monsoon
(Am in the Koppen classification system) tending
toward tropical wet-and-dry (Aw) (Peel et al. 2007),
with an average temperature of ~27 °C and an annual
precipitation of about 1,800 mm.

Chemical-biological stabilization

The contaminated material was treated by adding 4 %
Ca(OH), (dry weight basis), followed by the addition of
4 % sugar cane cachasse (dry weight basis), a fine-fibered
agricultural waste (sugar mill filtrate cake). These were
mixed in thoroughly using a backhoe at each stage of
treatment. After the soil had dried sufficiently and the pH
dropped to about eight, a fine-rooted tropical C-4 grass
(Brachiaria humidicola) was planted by seed (Adams
2004).

Monitoring

During a period of nearly 2% years, different parameters
were monitored in the treated material. It was considered
adequate to monitor for this time period, as more than two
complete annual cycles were observed and an excellent
vegetative cover was established, with complete reduction
in toxicity and recovery of microbial activity to levels
similar to other healthy soils in tropical conditions (Adams
et al. 2013). It is likely that the high temperatures and
humidity in this tropical monsoon climate were important
factors in this relatively rapid soil restoration (Adams et al.
2013).

Twelve samples evenly distributed in the treatment
cell were collect using a split-spoon corer, sampling
from the soil surface to the sand leachate collection
layer. These were mixed together, homogenized, and
divided into four composite samples. Among the
parameters analyzed were percent humidity (% H, also
known as soil moisture content), field capacity (FC),
and water repellency using the MED and WDPT
methods (Adams et al. 2008).

Determination of water repellency using the molarity
ethanol drop (MED) and water drop penetration time
(WDPT) methods

The molarity ethanol drop (MED) value for water
repellency severity was measured in samples which
were air-dried, hand ground, and screened (<2 mm).
Solutions of denatured ethanol were prepared in de-
ionized water in a range of concentrations from 1 to
6 M, in 0.25 M intervals. Dry soil was spread out
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evenly in a glass petri dish, and the time necessary for a
drop of ethanol solution to penetrate the soil was mea-
sured (Roy and McGill 2002). The results for each
sample were used to determine the exponential type
correlation between penetration time and ethanol
molarity (Adams et al. 2008). The interpolation of this
function was used to determine the ethanol molarity
corresponding to a penetration time of 10 s. The sample
function was also used to calculate the WDPT, extrap-
olating for an ethanol molarity of zero. The correlation
coefficients of these functions were r > 0.99 in the
majority of cases (Faverage = 0.99). The WDPT was
determined in this way because the soil was so repellent
that  direct measurement was not feasible
(WDPT > 1 h). However, in the last sampling period,
WDPT values were observed directly (with de-ionized
water) and compared to the calculated values from the
penetration time versus ethanol molarity function. Both
the MED values and WDPT values were evaluated prior
to and after treatment using the Kruskal-Wallis statis-
tical test with a 95 % confidence interval, as per
McDonald (2009).

Critical humidity (critical soil moisture content)

Critical humidity, also known as the critical soil mois-
ture content, is the percent humidity (moisture content)
above which the soil does not present water repellency
(Dekker and Ritsema 1994; Lichner et al. 2006). Direct
measurement of penetration times of de-ionized water
were made to determine the critical humidity for
absorption at <5 and <60 s (non-repellent to slightly
repellent range, according to Dekker and Jungerius
1990). The soil sample was moistened using a fine spray
of water and mixing to achieve penetration until it was
observed that a water drop could be absorbed rapidly
(<1 s). The measurement was made starting with a
moist sample and subsequently drying the soil in an
oven (35-40 °C), after which the measurement was
repeated on ever increasingly drier soil. In this way,
WDPT was obtained at different moisture percentages
for each sample. The data were graphed to obtain the
penetration time versus % H function, and the % H
corresponding to penetration times of 5 s and 60 s was
calculated by interpolation.

Field capacity

Field capacity was measured as the percent humidity
(soil moisture content) of a sample after being saturated
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Fig. 2 Water repellency severity (MED values) during the treatment
period. Data points indicate the average of four samples, and bars
indicate the SD
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Fig. 3 Relationship between WDPT values (calculated by extrapo-
lation) and treatment time. Data points indicate the average of four
samples

with water and allowing free drainage of the soil using
the Coleman tube method (Aguilar-Santelises 1988, as
cited in Rascon Alvarado et al. 2008). In this test,
approx. 100 g of soil was placed in a receptacle with
upright walls and with perforations in the base. Subse-
quently, water was added to saturate the sample. The
water in the sample was let to drain for 24 h, and the
moist sample was weighed (Zavala-Cruz et al. 2005).
Then, the sample was dried in an oven to constant
weight, and the percent humidity was calculated with
respect to the moist sample. The FC values were eval-
uvated using the Kruskal-Wallis statistical test with a
95 % confidence interval (McDonald 2009).

Results and discussion

During the 2% years of treatment, the MED values
decreased 24 % (from 5.13 to 3.9 M, Fig.2). An
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Fig. 4 Pasture growth in the treatment cell. a At 254 days and during
the driest part of the year (May). b After 700 days, during the second
rainy season (mid August)
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Fig. 5 Average values for soil moisture content (humidity) in the
field compared to critical values for <5 and <60 s. In the lower part of
the figure, the scale of seasons in this region is shown. Data points
indicate the average of four samples, and bars indicate the SD

increase or 5.6 % was observed at 133 d which may
have been related to the addition of organic material
(cachasse) at the begging of the treatment (Moral-Garcia
et al. 2003). Oscillations in the MED value were also
observed, possibly due to de interactions between the
hydrocarbons, the organic material, and the soil surfaces
(Litvina et al. 2003). Although there was a statistically
significant difference between the starting and final
values (P < 0.05), the MED value at the end of

Field capacity (% humidity)

6 200 400 600 800 1000
Treatment time (d)

Fig. 6 Field capacity (percent humidity) during treatment. Data
points indicate the average of four samples, and bars indicate the SD

monitoring still was high, corresponding to a severe
level (MED > 3.2), according to the scale proposed by
King (1981).

Due to the high persistence of repellency, it was
not possible to obtain WDPT values directly; there-
fore, these were calculated by extrapolation from the
MED results (see Materials and Methods section). The
values of WDPT were reduced more than 99 % (from
106 to 0.12h) and were statistically significant
(P < 0.05). A large part of this reduction was pro-
duced during the first 200 d after applying the treat-
ment, Fig. 3. Nonetheless, the final value of WDPT
was 7.2 min, which is still considered strongly repel-
lent according to the scale proposed by Dekker and
Jungerius (1990). It should be pointed out that these
determinations were made on air-dried soil, and
therefore may be very different from that in the field,
where the soil was observed to maintain a relatively
high moisture content through out the year (approxi-
mately 20-37 % humidity).

Although the water repellency severity (MED) and
persistence (WDPT) values indicate that the treated mate-
rial still had strong to severe hydrophobicity, in the field
the grass planted did not appear to suffer from water
availability and showed an exuberant growth and normal
root development (Fig. 4a), even during the driest part of
the year.

Upon observing these conditions in the field, the
question arises as to why the vegetation does not
appear water stressed with these levels of hydropho-
bicity (i.e., the MED and WDPT values). To try to
obtain a possible explanation to these observations,
critical humidity tests were run. Critical humidity
varied from 16.9 to 19.5 % for water penetration
times of <5 s, and from 15.1 to 15.5 % for penetra-
tion times of <60 s, both in treated and untreated
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material. During the driest part of the year, during
May before the first rains, the soil moisture content in
the field was 20.3 % (possibly the lowest during the
year), which is above the critical moisture content
value (Fig. 5), such that hydrophobic condition in the
field in the treated material was not experienced.

One possible reason that the soil moisture content in
the field remained high (and above critical levels) could
be that the FC was high enough to maintain this moisture
level, capturing more moisture during precipitation
events. Field capacity, during the start of treatment, was
249 % H which increased to 33.8 % H during the first
4'2 months, probably due to the addition of the organic
amendment (Jabro et al. 2009). After 6%2 months, the FC
dropped to 25 % H, possibly due to the partial decom-
position of the organic material added at the start.
Nonetheless, during the next year and a half
(17.8 months) the FC increased to 36.5 % H probably to
the increase in humic substances produced by the
microbial activity in the rhizosphere (Piccolo et al. 1996;
Liem et al. 2003; Suganya and Sivayami 2006). During
this same period, a vigorous vegetative growth was
established. The overall increase in FC was 46.6 % with
respect to the initial value. Furthermore, this appears to be
sustainable, rising in the second year of treatment, and
after the initial decrease in FC (see Fig. 6).

This increase in FC was statistically significant
(P <0.05) and can have important implications for
maintaining soil moisture during the driest period of the
year, such that it is not reduced to below the critical
moisture content for water repellency. This would permit
the complete vegetative cover, vigorous growth, and
transformation of this geological substrate (bentonitic
drilling muds) into a soil-like material apt for agriculture
or pasture.

This is the first study to the authors’ knowledge of the
demonstration of complete soil restoration in a remedia-
tion process. In addition to the elimination of toxicity and
hydrocarbon concentrations in soil leachates, as well as
the restoration of soil microbial activity, root density, and
pH (demonstrated previously in Adams et al. 2013), this
method also restores the normal soil-water relationship,
increasing FC, and reducing water repellency to levels
which permit a vigorous plant growth (present study).
Additionally, this study is the first of its kind that iden-
tifies and measures the soil water repellency in a reme-
diation project in the context of in situ soil moisture
content with respect to critical soil moisture content—a
useful metric to evaluate the success in overcoming soil
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water repellency caused by petroleum contamination in
soil.

Conclusion

The focus on the soil-water relationship and the use of
fertility parameters in general are important for establish-
ing clean up criteria for the remediation of hydrocarbon
contaminated sites in agricultural areas. As seen in this
study, relatively high values or MED and WDPT do no
necessarily indicate problems with soil moisture, and these
need to be complemented with critical moisture values and
actual site data with respect to in situ soil moisture content
during the annual cycle. Furthermore, the increase in FC
provided by the addition of organic conditioners may
effectively mitigate potential problems with critical
humidity and therefore, water repellency.

During the first months of this semi-passive treatment,
the establishment of a vegetative cover is important. It is
very probable that the production of humic substances in
the rhizosphere counters the loss of organic material due to
decomposition and helps maintain field capacity at a high
level.
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