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ABSTRACT

In the last decades, nitrate pollu-
tion has become a major threat to
groundwater quality. The conse-
quences include health concerns
and environmental impacts. Nitrate
contamination is mainly derived
from agricultural practices, such as
the application of manure as fer tili-
zer. The Osona area (NE Spain) is
one of the areas vulnerable to
nitrate pollution from agricultural
sources. In this area, nitrate is
derived from intensive farming acti-
vities and the high nitrate content
results in a loss of water availabi-
lity for domestic uses. 

The most impor tant natural nitrate
attenuation process is denitrifica-
tion. Denitrifying bacteria are gene-
rally heterotrophic and use carbon
compounds as the electron donor.
Never theless, a limited number of
bacteria are able to carr y out che-
molithotrophic denitrification, and
to util ize inorganic compounds.
Several field studies have sugges-
ted by means of geochemical
and/or isotopic data that denitrifi-
cation in some aquifers is contro-
lled by pyrite oxidation. However,
the feasibility of pyrite-driven deni-
tr if ication has been questioned
several times in laborator y studies. 

This thesis is concerned with the
role of pyrite in denitrification and
its potential use as a bioremedia-
tion strategy.

Earlier studies showed the occu-
rrence of denitrification processes
in a small area located in the nor-
thern par t of the Osona region and
suggested that sulfide oxidation
had an impor tant role in natural
attenuation. 

Therefore, the first par t of this the-
sis deals with the characterization
of the denitrif ication processes
occurring in the Osona aquifer and
their spatial and temporal varia-
tions. Denitrification processes lin-
ked to pyrite oxidation were identi-
fied in some zones of the studied
area by means of multi-isotopic
methods integrated with classical
hydrogeological methods.

Nitrate removal from groundwater
can be accomplished by the enhan-
cement of in situ biological denitri-
fication. One such bioremediation
strategy is biostimulation, which
involves the addition of suitable
electron donors and/or energy
sources to stimulate indigenous
denitrifying microorganisms. 

The second par t of this thesis is
devoted to clarify the role of pyrite
as electron donor for denitrification
and to evaluate the feasibility of a
bioremediation strategy based on
pyrite addition to stimulate native
denitrifying bacteria. Nitrate con-
sumption in experiments amended
with pyrite and inoculated with
Thiobacillus denitrificans demons-
trated that this bacterium is able
to reduce nitrate using pyrite as

the electron donor. The ef ficiency
in nitrate removal and the nitrate
reduction rate depended on the
initial nitrate concentration, pH
and pyrite grain size. High nitrate
removal ef ficiency was attained in
long-term flow-through experiments
under laborator y conditions similar
to those found in slow-moving,
nitrate-contaminated groundwater. 

In addition, biostimulation experi-
ments per formed with sediments
and groundwater from the Osona
aquifer showed that the addition
pyrite stimulated the activity of the
indigenous microbial community
and enhanced the nitrate removal.
Fur thermore, the long-term ef fi-
ciency of the process was demons-
trated. Hence, biostimulation with
pyrite could be considered to reme-
diate nitrate contamination in
groundwater in future water mana-
gement strategies, although fur-
ther research is needed, especially
at field scale. 

It is critical for the success of the
bioremediation strategy that not
only the processes but also the
microbial populations and their
changes induced by the bioreme-
diation treatment be well understo-
od. The addition of pyrite resulted
in an increase in the propor tion of
denitrifying bacteria and both auto-
trophic and heterotrophic denitri-
f iers were stimulated. Bacterial
populations closely related to the
Xanthomonadaceae might probably
be the dominant autotrophic deni-
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trifiers that used pyrite as the elec-
tron donor in the biostimulated
experiments.

The N and O isotopic enrichment
factors associated with the pyrite-
driven denitrification were compu-
ted and used to recalculate the
extent of the natural nitrate atte-
nuation in the Osona aquifer. This
refinement becomes useful to pre-
dict the evolution of the contami-
nant in the aquifer, and it should
be taken into account for potential
implementation of induced reme-
diation techniques. The isotopic
approach was proved to be an
excellent tool to identify and quan-
tify natural denitrification proces-
ses in the field, and to monitor the
ef ficacy of bioremediation strate-
gies in the laborator y.

In order to improve the long-term
per formance of potential bioreme-
diation strategies based on pyrite-
driven denitrification, it is neces-
sar y to know the contribution of
attached and free-phase denitrif-
ying bacteria to this process in
aquifers. 

The last par t of this thesis addres-
ses the ability of T. denitrificans to
grow and colonize pyrite sur faces.
In the colonization experiments,
attachment onto pyrite sur face was
required for at lest a small number
of the cells in order to accomplish
pyrite-driven denitrif ication.
Never theless, both attached and
planktonic cells probably contribu-
ted to the overall denitrification.
However, the details of the relative
roles of the two phases and the
specific mechanisms remain to be
addressed.

In conclusion, addition of pyrite to
stimulate the activity of indigenous
denitrifying bacteria could be consi-
dered in future water management
strategies of nitrate remediation in
groundwater, although fur ther rese-
arch is needed, especially at field
scale. However, a significant limita-
tion of this bioremediation strategy
could be the release of toxic
metals from pyrite oxidation, e.g.
As and Ni could be present in
minor amounts in the pyrite struc-
ture. Thus care should be taken
with the source and characteriza-
tion of the pyrite for its use as
amendment. This bioremediation
strategy could be optimized, pro-
moting long-term activity, growth

and sur vival of denitrifying bacteria
and determining the optimum ope-
rational parameters (e.g. hydraulic
retention time, nitrate loading rate,
etc.) to achieve high ef ficiency in
nitrate removal. Fur thermore, more
extensive understanding of denitrif-
ying microorganisms and the envi-
ronmental parameters controlling
their activity is required.




