
ABSTRACT
This paper illustrates some of the results of a research project

aimed at developing enhanced biological in-situ treatment technolo-
gies for the remediation of chlorinated solvent contaminated aquifers
in the presence of DNAPL. Full scale implementation of effective
biologically-based remediation is currently limited by the lack of
reliable techniques for the identification and characterization of
DNAPL distribution as well as lack of knowledge of biological
degradation and related physical-chemical effects at DNAPL-water
interface. Investigation of such aspects, requires specific information
on contaminant composition and distribution, site hydrogeology and
microorganism distribution and should then be accomplished direct-
ly on a test site. A comprehensive approach resulting from the com-
bination of laboratory and field activity has been developed and
applied to a test site where former industrial activities have produced
soil and ground water contamination. Preliminary results together
with some general considerations are discussed.

KEY-WORDS: reductive dechlorination, field test, microcosms, DNAPL,

chlorinated ethanes, chlorinated ethenes

INTRODUCTION
Groundwater (GW) contamination by the release and transport of

chlorinated aliphatic hydrocarbons (CAHs) in the subsurface is a
common problem at many industrial sites posing serious environ-
mental dangers. In subsurface environments, CAHs are often
encountered in the form of dense nonaqueous phase liquids
(DNAPLs), which can act as long-term sources of GW contamination
by slowly dissolving into the GW (JOHNSON & PANKOW, 1992). As a
result remediation is generally found to be quite expensive and can
be expected to be long-lasting if the adopted technologies are only
able to deal with the dissolved plume (i.e. Pump & Treat) rather than
be based on contaminant mass reduction at the source. However mass
reduction in the source-zone can only be achieved if DNAPLs are
correctly detected and specific processes are implemented. Recent
research has proposed many feasible options to enhance DNAPL dis-
solution or destruction such as in situ chemical oxidation or reduction
(LI & SCHWARTZ, 2004 and SMITH et al., 2006), alcohol and surfac-

tant flushing (ABRIOLA et al., 2005 and RAMSBURG et al., 2005), ther-
mal treatment (FRIIS et al., 2005 and COSTANZA et al., 2005), and
bioremediation via anaerobic reductive dechlorination (RD)
(ADAMSON et alii, 2003).

Among those bioremediation is particularly appealing since it is
merely based on the stimulation of naturally occurring processes.
Indeed chlorinated solvents can be biologically degraded into harm-
less compounds as a result of the metabolic activity of some specific
microorganisms which, under strictly anaerobic conditions, are capa-
ble of using them as terminal electron acceptors in their energy metab-
olism (FENNELL & GOSSETT, 2003). Such process, commonly referred
to as anaerobic Reductive Dechlorination (RD), requires availability
of a suitable electron donor, which is generally not naturally encoun-
tered in the GW environment and thus requires to be added as part of
an engineered remedial action. Despite this relatively simple concep-
tual scheme, full scale application of this technique is currently limit-
ed since its success relies on a deep knowledge of the biological
degradation process and the related physical-chemical effects occur-
ring at the DNAPL-water interface on the one side and on the quality
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Fig. 1 - Research layout
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of information on contaminant composition and distribution, site
hydrogeology and microbial ecology at the site, on the other side.

The former aspects are typically investigated at the lab scale
while the latter instead can only be studied directly at the field.

Therefore, in order to assess whether RD might be a feasible
option for reducing the strength of chlorinated DNAPL source-zones,
a key point seems the development of a tiered approach able to com-
bine laboratory studies with field activities using mathematical mod-
els as the basic tool for successful process up-scaling. The proposed
approach is based on a modification of the RABITT protocol (MORSE

et al., 1998) and its schematic structure is described in Fig. 1, where
the main aims of each single stage are outlined.

Although, at some extents, it might look similar to the standard
protocols set by regulatory acts for contaminated sites characteriza-
tion and remediation it differs significantly in that here characteriza-
tion efforts are not merely aimed at defining a contamination scenario
but rather intended to gain such site specific information needed to
correctly implement an appropriate bioremediation strategy.

In the following paragraphs a demo application of the procedure
presented above at a test site is described in order to point out those
critical issues to be considered when attempting to implement a
bioremediation strategy at the full scale and draw some general con-
clusions.

SITE CHARACTERIZATION
A former chemical facility located in Rho (Milano, Italy), main-

ly involved in the production of synthetic dyes, was identified as the
likely source of a chlorinated solvent plume that extends over
approximately 0.4 km2. The plume possibly originated from the leak-
age of a “storage basin” where exhausted chlorinated solvents were
discharged during at least 50 years of industrial activity. In 1982,
local authorities undertook an emergency containment action, which
consisted in the lateral and superficial isolation of the zone formerly
occupied by the storage basin. The encapsulation system was based
on a tiny clay layer (about 1 m thick) which separates an upper shal-
low aquifer (from 5 to 12 mbgs) from a deeper one (from 15 to 40
mbgs). This action was not completely successful, probably because
of discontinuities in the clay layer. GW-monitoring downgradient the
source area was carried out on the already existing network of wells
properly increased by realization of additional wells as a step of the
research activity in order to obtain denser information in the pre-
sumed GW flow direction (NW to SE) (Fig. 2). Some wells were
screened as to obtain depth-averaged GW samples from the shallow
aquifer, while others from the deeper one.

Samples collected over a period of 15 years, indicated the almost
stable presence of high concentrations of chlorinated solvents (e.g.
up to 180 mg/l trichloroethylene, TCE, and 50 mg/l 1,1,2,2-tetra-
chloroethane,  later referred to as TeCA) in the deep aquifer whereas
the shallow one shows quite lower concentrations.

GW and site characterization data are consistent with a scenario

where spilled contaminants migrated from the underground tank
downward through the deeper aquifer where they are still occurring
as DNAPL pools acting as long-term sources of contamination
(Fig.3).

However, the shape and fate of the dissolved plume could hardly
be defined, based solely on the results of the hydro-chemical profiles,
since suspected pools of residual DNAPL might be present at some
unknown spots within the deep aquifer matrix.

Preliminary evidence of this was obtained by the reconstruction
of the actual contaminants’ distribution along the aquifer depth
accomplished by drilling two additional wells equipped with Multi
Level Packer Systems for depth-oriented GW sampling. A pressur-
ized air-driven device was used for low-flow GW extraction at ten
fixed depth (one every 2 m from 10 to 30 mbgs) within the deeper
aquifer in the downgradient area (wells 749 and 750 in Figure 2).
Typical profiles for CAHs and anions recorded at well 750 are pre-
sented in Fig. 4.

Denser than water contaminants’ concentration (i.e. CAHs) show
an increasing trend with depth down to about 20 mbgs whereas
anions profiles appear to have more stable values; this finding con-
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Fig. 2 - Aerial view of the test site and of the monitoring network



firms that a stratification in the concentration of CAHs is occurring
apparently indicating that DNAPL pools might be present.

In order to better understand the contamination scenario dowgra-
dient the source area further investigations were planned to localize
and possibly quantify such residual DNAPL pools by cross-checking
whether low-conductivity lenses could locally be detected where high-
er dissolved phase CAHs concentrations were observed. In order to
reduce possible mobilization of the DNAPL it was decided that the
investigations rely only on non- or less-invasive techniques; therefore
geophysical surveys and direct-push logs, properly combined with fur-
ther GW sampling campaigns, were selected as a feasible strategy.

Such measurements were done in cooperation with the
Helmholtz-Centre for Environmental Research (UFZ), in the frame
of the SAFIRA2 project and TRANS-IT bilateral activities; results
from November 2006 campaign are presented in the paper by WER-
BAN et alii (2007) also published in this issue.

Besides this focused hydro-geochemical study research investi-
gations were addressed to the treatability issue; following the hypoth-
esized contamination scenario it was decided that experimental activ-
ities be all carried out within the presumed source zone, where high-
er concentrations of CAHs persist. This is because the proposed pro-
cedure appears to be better suited for DNAPLs source zone treatment
rather than for plume decontamination. Furthermore the emergency
containment action, formerly undertaken in such area, provides quite
safe operation allowing for easier regulatory approval. Therefore GW
and soil samples for preliminary lab studies as well as installations
for the field testing were taken from or set in such area.

LAB SCALE TREATABILITY STUDY
Microcosm studies

In the attempt to stimulate microorganisms to consume CAHs as
electron acceptors, an electron donor is required. Several laboratory

studies indicate that molecular hydrogen is the primary electron
donor for declhorinating biomass (DI STEFANO et alii, 1992); this can
be either added directly or rather derived from the fermentation of
organic substrates. In the latter case several fermentable organic sub-
strates may be used for the production of H2 and each one may result
in different reaction pathways and rates depending on the site specif-
ic conditions; therefore laboratory microcosm studies are a necessary
step of a screening protocol to assess the potential of enhancing the
biological reductive dechlorination (RD) at a contaminated site as a
feasible remediation strategy. In the present study microcosm tests
were designed as to compare the effects of the addition of different
substrates (i.e. yeast extract, lactate, butyrate, hydrogen) and growth
factors (i.e. yeast extract, vitamin B12) on soil and water samples
taken from the site. Also the effects of bioaugmentation with a
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Fig. 4 - Mean values and standard deviations of three samples for CAHs
(a) and anions (b) depth-determined concentration profile at
well 750

Fig. 3 - Site conceptual model and contamination



Dehalococcoides spp. containing inoculums were tested. A summary
of the experimental conditions and the obtained results for each bot-
tle microcosm after 384 days of incubation are shown in Table 1.

All tested electron donors proved to enhance dechlorination, but
the rates and type of the final by-products differ significantly depend-
ing on the specific added electron donor. Indeed the most rapid
dechlorination was observed in the microcosms amended with lactate
where reducing condition favourable to dechlorination where rapidly
established, whereas the full conversion of highly chlorinated ethanes
(TeCA) and ethenes (PCE and TCE) into ethene (ETH) could only be
obtained with yeast extract (AULENTA et al., 2006).

A fast dechlorination of the considered contaminants (TeCA, PCE,
and TCE) was also accomplished in the microcosm with GW bioaug-
mented with an H2-utilizing Dehalococcoides spp.-containing culture.

Results from the microcosm study indicate that full dechlorina-
tion of GW contaminants at the considered site to harmless non-chlo-
rinated end-products might successfully be obtained by means of a
combined strategy consisting in the primary addition of lactate to
rapidly establish optimal reducing condition and achieve fast reduc-
tion of highly chlorinated compounds (mainly to DCEs and VC) fol-
lowed by the injection of yeast extract to promote their further trans-
formation to ETH.

A detailed description of microcosms experimental conditions
and results is reported in AULENTA et alii., 2006.

Microbial ecology studies

Dehalococcoides spp. has been identified as the only microbial
strain capable of fully dechlorinating most of the CAHs commonly
encountered as GW pollutants (MAYMÒ-GATTELL et alii, 1999).
Considering that bioaugmention is hardly accepted as a remediation
strategy, the possibility of qualitatively determining the presence of
Dehalococcoides spp. in GW and soil samples represents a critical
issue in the preliminary screening phase; in fact, should native micro-
bial population not include declorinating microorganisms the site
might not be suited for implementing RD as a feasible decontamina-
tion technique. Furthermore quantitative microbial assays might help
to have a more sound interpretation of microcosm results. However
such type of bacteria is hardly isolated by traditional microbiological
methods (i.e. MPN) requiring more sophisticated detection tech-
niques such as molecular-based approaches (AULENTA et al., 2004).
In this work fluorescent in situ hybridisation (FISH) and polymerase
chain reaction (PCR) methods were both considered. Their applica-
tion to GW and soil samples taken from the source area resulted in
Dehalococcoides being successfully detected.

FIELD TEST
Based on the satisfactory results of the laboratory investigations,

indicating that RD might successfully be enhanced at the considered
site, the design and execution of a field test was performed as the final
step of the evaluation process. This was necessary because aspects
related to amendant delivery to the GW can only be investigated at the
field scale, and lack of effective distribution of such substances may
result in the process being not completely enhanced or controlled.
Moreover, possible competitive and/or inhibitor effects could appear
different at the field scale in an open system with respect to those
observed in closed microcosm tests. Indeed the first task of perform-
ing an in-situ field test was to carry out a focused hydrogeological
study in order to gain information about GW flow and contaminant and
amendant transport. Such information may then be used to conduct a
correct field study aimed at finally obtaining kinetic data required for
the full-scale implementation of the investigated process.

Testing facility design and implementation
The field test was realized in the encapsulated source-zone,

where higher concentrations of CAHs persist and safer testing might
be performed. Due the absence of a naturally occurring hydraulic
gradient in such area an active system able to deliver the chosen
amendant under hydraulically controlled conditions was to be imple-
mented; this was done by means of a closed external-loop circulation
system (i.e. extraction-reinjection).

VISUALMODFLOW-aided simulations were carried out to
define the optimal system configuration. The resulting facility
extends over an area 11mx4m and consists of one injection well
(PM2), one extraction well (PM7) and a network of monitoring
wells. All wells have a PVC casing, an inner diameter either 50 or
100mm and were screened (with laser cutting) from 3 to 9 mbgs, with
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Tab. 1 - Bottle microcosms eperimental conditions and dechlorinating
activity observed after 384 days of incubation

Treatment Soil and groundwater added
with:

Cumulative released
chloride1 (µµmol/l)

1 None (abiotic control) 56.3
2 None (biotic control) 60.7
3 None + g.f.2 34.2
4 Yeast Extract (200 mg/l) + g.f. 338
5 Lactate (3 mmol/l) 147.8
6 Lactate (3 mmol/l) + g.f. 170.1
7 Butyrate (3 mmol/l) 84.2
8 Butyrate (3 mmol/l)+ g.f 264.2
9 Hydrogen (3 mmol/l) 183.4
10 Hydrogen (3 mmol/l) + g.f. 178.3

Groundwater added with:

11 Hydrogen (3 mmol/l) +
Inoculum3 + g.f.

273.6

1 the chloride cumulative release is the amount of chloride released by the
dechlorination processes as calculated (at any time) from the sum of all
the measured (by gas-chromatography) dechlorination intermediates, by
taking into account their initial and residual chlorination degree

2 g.f. (growth factors): yeast extract (20 mg/l) and vitamin B12 (0.05 mg/l)
3 the inoculum is a H2-utilizing PCE dechlorinating culture containing

Dehalococcoides spp.



the exception of PE (screened from 6 to 9 mbgs), PI1, PI2, and PIA
(screened from 7.5 to 9.0 mbgs).

A schematic of the system is presented in Figure 5, while Figure
6 shows an overview of the aboveground equipment.

Once the system was realized a conservative tracer test (CTT) was
conducted in order to verify that an hydraulically controlled reaction

volume could actually be established in the aquifer and that effective
mixing of contaminated GW with the amendants was provided.

Tracer testing was performed by injecting three pulse slugs of a
concentrated sodium chloride solution (final concentration of the re-
injected GW of about 10 g/l) at different flowrates and subsequently
tracking its dispersion in the specific geosystem by collecting GW
samples. Samples were taken at a fixed depth (7.5 mbgs) using a tub-
ing network installed at each monitoring well endowed with mini-
pressure pneumatic pumps which allow for simultaneous low-flow
water samples collection at the monitoring locations. Samples were
transported to the laboratory and analyzed by ion chromatography for
chloride concentration.

Quantifiable concentrations of chloride appeared at all monitor-
ing locations in a rather short period of time. Under the specific field
conditions the tracer Breakthrough Curves (BTCs) could not be
observed with a data collection frequency high enough to provide the
amount of data needed for a reliable computation of the temporal
moments (PTAK AND TEUTSCH, 1994). Therefore a curve fitting pro-
cedure, based on VISUALMODFLOW simulations, for each of the
monitoring wells was believed to be a more promising approach.
Furthermore it allowed for eventual heterogeneities to be considered
providing a more realistic estimate of actual aquifer parameter val-
ues. Indeed the experimentally derived tracer BTCs could only be
satisfactory reproduced under a non-homogeneous hydraulic conduc-
tivity field (Fig. 7). Heterogeneity was also introduced in hydraulic
conductivity-related parameters (i.e. porosity and storage), whose
range of variation is reported in Table 2.
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Fig. 5 - Schematic of the field test installation

Fig. 6 - Overview of the aboveground equipment

Fig. 7 - Assumed K distribution for the computer-aided CTT interpretation

Conductivity Porosity Storage Dispersivity
Kx=Ky
(m/s)

Kz
(m/s)

n
(%)

Ss
(m-1)

ααL
(m)

ααT/ααL
(m)

ααz/ααL
(m)

Shallow aquifer 1 x 10-6 1 x 10-6 1223 1.852.7 x 10-2 0.33-0.5 0.02 0.001
Deep aquifer 1 x 10-6 1 x 10-8 45 1.0 x 10-4 0.33-0.5 0.02 0.001

Tab. 2 - Hydrodynamics and dispersive properties of the aquifers derived from the CTT



M. LECCESE, F. AULENTA, M. PETRANGELI PAPINI, P. VIOTTI, S. ROSSETTI & M. MAJONE

TRANS-IT PROJECT - SELECTED PAPERS FROM KICK-OFF MEETING (2-4 APRIL 2006) AND MILANO CONFERENCE (23-24 NOVEMBER 2006) 

A comparison between observed and simulated tracer concentra-
tions at three monitoring wells is presented in Fig. 8.

As a control on the quality of the interpolation a multi-paramet-
ric submersible probe (Aquamaster model 345, AMEL) has been per-
manently installed in the monitoring well (PM5) immediately down-
gradient the injection well, in order to allow for continuous monitor-
ing of environmental parameters (pH, Temperature, DO, Eh) while
tracing chloride concentration variations by recording electrical con-
ductivity time-profiles. As shown in Errore. L’origine riferimento
non è stata trovata. the conductivity profile, properly scaled, com-
pares favourably with the simulated tracer concentration curve fitted
on the discrete field observations.

Modelling results pointed out that, despite the small dimension of
the investigated area, local heterogeneities in the aquifer matrix are
to play a significant role in the tracer actual dispersion.

Tracer test results confirmed that developed site model is capable
of reliably simulating the forced circulation system and its dispersive
properties. 

As a result of tracer test interpretation more detailed information
on the actual hydraulic conductivity and dispersion of the geosystem
at the field test location could be gained and subsequently used to
correctly address further investigation activities consisting of the
actual test performance.

Preliminary field test
The very last experimental phase consisted in the injection of the

selected amendants in the field facility in order to stimulate microbial
activity of native populations and verify if the microcosm study can
be advantageously adopted in the proposed strategy (by comparing
field and laboratory results). The test was accomplished in three sub-
sequent stages by recirculating water at an almost constant flowrate
of about 0.54 m3 h-1over a period of 100 days.

During the first two days (phase I) GW was extracted from PM7
and reinjected in PM2 in order to activate the internal circulation

loop. Once steady state conditions were achieved extracted GW start-
ed to be continuously added with an electron donor solution prior to
injection in the GW for almost 30 days (phase II). A mixture of  lac-
tic acid and yeast extract to a final concentration in the reinjected GW
of 400 mg/l was used, based on the results of the microcosm study
previously done. This phase was aimed at rapidly consuming alter-
native electron acceptors and establishing anaerobic reducing condi-
tions, by supplying an excess of lactate.

During phase III extracted GW was pulse added with the elec-
tron-donor solution once every two weeks with each pulse having a
duration of 8 h. The aim of phase III was to verify the possibility to
sustain continued reductive dechlorination with a lower electron
donor loading rate.

During and after the amendants’ injection the fate of the added
electron donor and of the naturally occurring electron acceptors was
observed by collecting GW samples at discrete time intervals using
the system described above. Chlorinated  and non chlorinated ethanes
and ethenes were analyzed by headspace gas chromatography (GC)
with a flame ionization detector (FID). Volatile fatty acids (lactate,
acetate, and propionate) were analyzed  as liquid also by GC-FID.
Anions (nitrate, nitrite, sulphate and chloride) were analyzed using
ion chromatography. Other parameters such as dissolved oxygen,
redox potential, pH, and conductivity were measured in situ (PM5)
and on-line, using a multiparametric probe (Aquamaster model 345,
AMEL).

As shown in Figure 10 continuous addition of lactate resulted in
its rapid accumulation within the test zone; upon depletion of avail-
able oxygen lactate (Figure 11) is fermented to produce acetate and
propionate.

As expected, alternative electron acceptors, naturally occurring
in the GW environment, are rapidly consumed (Figure 11) with the
exception of sulphate, whose concentration remains almost stable
indicating that sulphate reduction is not occurring. The lack of sul-
phate consumption observed in the field differs significantly from the
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Fig. 8 - Comparison between observed and simulated BTCs at monitoring
wells PM4, PM5 and PM6

Fig. 9 - Simulated profiles vs probe records and observed values at moni-
toring well PM5



results of the microcosms, where such compound was almost com-
pletely consumed in about 70 days of incubation. The reason for such
discrepancy is currently unclear but can possibly be explained by
considering a potential toxicity effect exerted on the sulphate-reduc-
ing microorganisms by the higher chlorinated solvent concentrations
(up to 70 mg/l of TeCA) obtained in the field with respect to those
present in the soil and GW samples used for the microcosms (about
13 mg/l).

Figure 12 shows the time profile for both chlorinated ethanes and
ethenes observed during the operational phase of the filed test. A sud-
den increase in the concentration of all chlorinated parent compounds
(TeCA, PCE and TCE) was detected; such a behaviour was not at all
detected in the microcosms and therefore seems likely to be
explained by considering the different fluid dynamic conditions
Indeed the forced GW recirculation might have enhanced DNAPL
dissolution by possibly increasing the liquid-phase mass transfer
coefficient. Upon establishment of  anaerobic conditions (Figure 11)
and consumption of alternative electron acceptors partial dechlorina-
tion was observed (TCA, DCA and c-DCE are formed) indicating
that under the specific field condition RD can effectively be stimu-
lated. However due to the limited duration of the undertaken experi-
mental phase full dechlorination could not be achieved.

A more detailed description of the procedures and results of the
field treatability study can be found in AULENTA et alii., (2007),
where such results are also duly compared with microcosms.

FINAL EVALUATION
The development and application of a procedure for assessing the

bioremediation potential at a chlorinated solvents contaminated site
in the presence of DNAPL has been herewith presented.

Based on the results of the field test the proposed approach
proved that effective reduction of the strength of DNAPL at the
source area can be obtained. However residual concentrations as low
as those imposed by stringent regulatory limits for CAHs can hardly
be achieved making a further downgradient plume decontamination
necessary. Therefore when properly combined with strategies for dis-
solved phase post-treatment (i.e. P&T or PRB) enhanced in-situ
bioremediation by anaerobic RD appears to be a valid decontamina-
tion strategy at sites where chlorinated DNAPLs are occurring.

Beyond the considered specific case the following general con-
siderations may be drawn:
- accurate characterization is necessary to both localize DNAPLs

source zones and possibly define the shape and fate of the down-
gradient dissolved-phase plume; this should be done by cross-
checking and comparing the information resulting from different
available investigation techniques which need to be selected in
order to reduce possible mobility of the contaminants;

- microcosm studies and field tests provide complementary informa-
tion and appear both necessary for implementing a source treat-
ment strategy, in that lab studies are required to investigate such
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Fig. 10 -Volatile Fatty Acid (VFA) time profile observed at PM5

Fig. 11 -Naturally occurring alternative electron acceptor time profile
observed at PM5

Fig. 12 -CAHs time profile observed at PM5



aspects associated to the choice of the optimal electron donor
which is not straightforward since it should consider possible
stimulation of undesired metabolisms which may result, for
instance, in the accumulation of high levels of dissolved metals,
fermentation byproducts, with resulting deterioration of ground-
water quality.

- field experiments account for investigation of those aspects related
to the selection of the most appropriate electron donor delivery
system which is affected by local heterogeneity and might
depend upon the type of electron donor to be added. Furthermore
they also allow for investigation of those strongly scale-depen-
dant effects, such as the enhanced DNAPL dissolution resulting

from the induced GW recirculation observed in our case;
further implementation of molecular techniques at field scale and

definition of ecotoxicity bioassays should be included in the
design approach.
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