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Nitrate (NO3
-) is a major groundwater pollutant in agricultural areas worldwide. Due to 

excessive fertilization over previous decades, the surplus of nitrogen in the environment 

affects ground- and surface water quality and consequently ecosystem as well as human 

wellbeing. It has been proven that nitrate naturally attenuates in aquifers by denitrifying 

microorganisms, reducing nitrate to gaseous oxides (NO, N2O and eventually N2) under 

anoxic conditions with available electron donors.  

Observations have shown that the denitrification capacity of an aquifer is determined by 

interactions of groundwater flow with zones where denitrification occurs. While practical 

tools exist to investigate groundwater flow at the catchment scale, predicting highly spatially 

variable denitrification zones remains challenging due to the lack of knowledge about the 

location of denitrification and limited access to the aquifer. Reactive transport models often 

assume uniform or randomly distributed reactivity (hotspots) to derive apparent reaction times 



(the inverse of the first-order rate coefficients) from the sequential reduction of oxygen (O2) 

and NO3
-, but this assumption could significantly over- or underestimate denitrification in 

aquifers with non-random (i.e. structured) distributions of reactivity, which are likely the 

norm. Both the abundance of microbial communities and the availability of electron donors 

are known to vary systematically with depth, as organic carbon concentrations and microbial 

abundance decrease and reduced iron and pyrite typically increase with depth. 

We present a new quantitative framework to infer the location and extent of reactive zones in 

aquifers from apparent O2 and NO3
- reduction times. We use conservative and reactive tracers 

measured at 16 wells in an unconfined aquifer (76 km2) combined with groundwater flow 

(Kolbe et al. 2016) and transport models to identify hydrological and biogeochemical controls 

on aquifer denitrification capacities and to determine apparent O2 and NO3
- reduction times. 

Based on these results and a meta-analysis of published apparent O2 and NO3
- reduction 

times, we demonstrate how apparent reaction times can be analyzed to determine the location 

of reactive zones in the aquifer and in turn to estimate actual denitrification times. Around 

95 % of the sites show a non-uniform distribution of reactivity in the aquifer, with a tendency 

for relatively long reduction times in shallow zones, underlining the importance of 

considering the new framework. This work provides a conceptual basis for further studies to 

predict the spatio-temporal evolution of nitrate concentrations in aquifers and streams and to 

assess catchment vulnerability. 
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