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Biogeochemical reactions occur unevenly in space and time, but this
heterogeneity is often simplified as a linear average due to sparse data,
especially in subsurface environments where access is limited. For
example, little is known about the spatial variability of groundwater
denitrification, an important process in removing nitrate originating
from agriculture and land use conversion. Information about the rate,
arrangement, and extent of denitrification is needed to determine
sustainable limits of human activity and to predict recovery time frames.
Here, we developed and validated a method for inferring the spatial
organization of sequential biogeochemical reactions in an aquifer in
France. We applied it to five other aquifers in different geological
settings located in the United States and compared results among 44
locations across the six aquifers to assess the generality of reactivity
trends. Of the sampling locations, 79% showed pronounced increases
of reactivity with depth. This suggests that previous estimates of
denitrification have underestimated the capacity of deep aquifers to
remove nitrate, while overestimating nitrate removal in shallow flow
paths. Oxygen and nitrate reduction likely increases with depth because
there is relatively little organic carbon in agricultural soils and because
excess nitrate input has depleted solid phase electron donors near the
surface. Our findings explain the long-standing conundrum of why
apparent reaction rates of oxygen in aquifers are typically smaller than
those of nitrate, which is energetically less favorable. This stratified
reactivity framework is promising for mapping vertical reactivity trends
in aquifers, generating new understanding of subsurface ecosystems
and their capacity to remove contaminants.
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these reactants in aquifers remains almost completely unknown.
Consequently, new methods to efficiently characterize the vertical
and lateral spatial pattern of subsurface reactivity are urgently
needed to determine sustainable limits of anthropogenic activity and
predict recovery time frames of polluted ecosystems (18, 19).
Denitrification is the primary removal pathway of reactive nitrogen
in aquifers (20), and it occurs when three factors coincide: occurrence
of denitrifying microorganisms, presence of anoxic conditions, and
availability of electron donors (20–24). Denitrification rates in
groundwater can be inferred from NO−3 disappearance and N2
production during transport along flow paths from aquifer recharge
to discharge zones. These overall, or bulk, rates are generally
interpreted as apparent reaction rates integrating flow, transport,
and reactive conditions over large aquifer widths and depths (24–
26). Consequently, the same apparent rates could result from either
slow reactions over long flow paths or fast reactions in localized
zones. The assumption of continuous reactivity may be appropriate
for some sedimentary aquifers, but structured vertical patterns of
Significance
Although groundwater is a critical source of drinking water and irrigation, it has been polluted worldwide by agriculture, industry, and
domestic activity. Because assessing groundwater quality and recovery rates is challenging, we developed a method for determining
where and how quickly nitrate is removed in aquifers using just a
few point measurements of groundwater chemistry. This methodology opens new avenues for characterizing catchment-scale nutrient dynamics, including nitrogen, carbon, and silica, with existing
datasets for ecosystems around the globe. Understanding the
subsurface structure of reactivity would also improve estimates of
recovery time frames for polluted ecosystems and inform sustainable limits for anthropogenic activity.
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umans have exceeded the Earth’s capacity to receive and
process nitrogen (1), triggering eutrophication in rivers,
lakes, and coastal zones, which imposes billions of dollars of
ecological and socioeconomic costs annually (2, 3). However, even if
anthropogenic inputs of reactive nitrogen (e.g., NH+4 , NO−3 ) were
stopped today, elevated nitrate ðNO−3 Þ concentrations in aquifers
could persist for decades to centuries, sustaining eutrophication in
rivers, lakes, and estuaries (4–7). The capacity of aquifers to immobilize or remove reactive nitrogen is highly variable within and
among aquifers, underlying their functional heterogeneity but
complicating evaluation of sustainable limits at medium to large
scales. Heterogeneity of reactivity is typical of all ecosystems,
meaning that information about the biogeochemical transformation
of nutrients (7) and the spatial organization of reactivity is necessary
to determine ecosystem functioning (8, 9). There is substantial evidence from aquifers around the globe that NO−3 is removed by denitrification or retained in the subsurface because of inorganic and
organic electron donors (10–17); however, the spatial distribution of
www.pnas.org/cgi/doi/10.1073/pnas.1816892116
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denitrification activity are likely the norm in most aquifers because
both the abundance of microbial communities and the availability
of electron donors vary in three dimensions (27). Concerning
electron donors, the abundance of organic carbon typically decreases
with depth, while availability of reduced iron and pyrite commonly
increases with depth in discrete layered formations (23, 28). The
decrease in organic carbon is not linear, with the amounts in the soil
zone (1–2 m) often being orders of magnitude greater than those in
the underlying geological media (29–31).
Inferring Stratified Reactivity in Groundwater
In complex environments, such as aquifers, the investigation of
reactivity requires the deconvolution of information about hydrological mixing, time-varying solute inputs, and reaction rates
(7). Tracer concentrations in wells, C(t)s, can be modeled by
weighting the input concentrations, C0(t)s, by the transit time
distribution, p(u), using Eq. 1 (25, 32):
Z∞
pðuÞ C0 ðt − uÞ rðuÞ du.

CðtÞ =

[1]

0

Degradation of O2 and NO−3 is generically expressed by a reaction
term, r. The integration variable u represents the transit time of a
water parcel. Assessing successive O2 and NO−3 depletion for each
well is achieved by deconvoluting the effects of vertically separated
flow paths (6, 33). For some of these flow paths, oxic conditions
may prevent denitrification, while in others, conditions favorable to
denitrification could have resulted in complete depletion of NO−3 .
We developed a framework to constrain transit times (water travel
times from the water table to the sampling point), reaction times
(inverses of the first-order rate coefficient), and reaction locations.
Because biological reactions are typically fast compared with total
groundwater transit times (34, 35), reaction times are primarily
controlled by transport and access to electron donors. While this has
long been known for reaction times generally, we found that differences in apparent O2 and NO−3 reaction times can inform about the
spatial pattern of reactivity. When electron donors are only available
at depth, apparent O2 reaction times will be greater than apparent
NO−3 reaction times, because O2 must be sufficiently depleted before
NO−3 reduction can start. We describe this configuration of deep
reactivity as a late start. Conversely, an early stop of reactivity due to
a decrease of electron donors with depth results in apparent NO−3
reaction times being larger than apparent O2 reaction times.
Fig. 1 shows possible patterns of stratified reactivity that result in
different relations of apparent O2 and NO−3 reaction times. The
patterns are determined by vertical differences in availability of
electron donors, which either occur primarily in deeper strata because
of the depletion of reduced elements by weathering in shallow strata
(Fig. 1A) or in shallow strata due to abundant surface-derived organic
carbon (Fig. 1B). We define the stratum reaction time as the inverse
of the characteristic first-order rate coefficient for a discrete reactive
layer or stratum. Assuming that reaction rates in the reactive stratum
are similar for O2 and NO−3 (36), differences in apparent reaction
rates and times for O2 and NO−3 are only related to the time needed
to enter (late start pattern, Fig. 1A) and to leave (early stop pattern,
Fig. 1B) the reactive stratum. Within the reactive stratum, reactivity
can be uniform or randomly distributed in microsites (hot spots; a*/b*,
Fig. 1). The relative importance of uniform and hot spot reactivity
within the stratum can be assessed by the stratum reaction time, with
lower density of hot spots corresponding to longer reaction times.
This uniform/hot spot ratio can be accounted for with the wellestablished concept of exposure time scales, which extracts the duration of contact with hot spots along the flow path (7, 37, 38).
We inferred the stratification of reactivity (i.e., the increasing or
decreasing availability of electron donors with depth) of a crystalline aquifer in western France by analyzing the relationship
between apparent O2 and NO−3 reaction times for 16 individual
wells. Apparent reaction times were derived by using Eq. 1 and
environmental tracers (Materials and Methods). We synthesized
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1816892116

published apparent O2 and NO−3 reaction times from all studies, to
our knowledge, that had appropriate data consisting of first-order
reaction times estimated from the deconvolution approach or multiwell sites (i.e., each site contains three or four wells screened at
multiple depths) in a transect. This synthesis includes data from 23
individual wells of an aquifer in the Central Valley of California (39)
and five multiwell sites from five aquifers located in glacial sediments
in Brighton, Michigan (40); Perham, central Minnesota (41); and the
Anoka Sand Plain, Minnesota (42), as well as alluvial aquifers on the
coastal plain of North Carolina (43) and in the Central Valley of
California (24). Published apparent reaction times of the individual
wells were also determined by Eq. 1 and environmental tracers,
whereas apparent reaction times at the multiwell sites resulted from
the relation of measured concentrations to tracer-based groundwater
ages based on the piston flow assumption. This method at the
multiwell sites allowed independent verification of the stratified reactivity framework because the apparent reaction times of O2 and
NO−3 could be estimated directly with data from multiple depths.
Results and Discussion
Observed Vertical Reactivity Patterns and Reaction Times. The relations of apparent O2 and NO−3 reaction times obtained from the
unconfined crystalline aquifer located in an agricultural area in Brittany, France (6), show a predominance of the late start pattern with
apparent O2 reaction times larger than apparent NO−3 reaction times
(88% of the sampling locations; SI Appendix, section S1). The dominance of the late start pattern appears to be driven by biotite and
sulfide minerals, which are found in borehole cuttings from deeper
fractured zones (44), with reactions occurring between the weathered
and fractured zones (44–48). The time to enter the reactive zone,
τenter, is verified by comparing the depth when a water parcel reaches
the reactive zone and the depth of the interface between the
weathered and fractured zones (Fig. 2). The depths of the reactive
zone were determined by the depth of a water parcel at the time it
enters the reactive zone by using information about groundwater flow
and transit times from a numerical groundwater flow model (6). Alternatively, analytical solutions for the depth versus age relationship
(42) could be used to determine the depth of the reactive zone.
Existing NO−3 stratum reaction times measured in Brittany show a
similar range as determined here, ranging within a few hours and
several years depending on the electron donor availability (47–51).
The synthesis of new and published data (44 sampling locations in
total) shows that only 5% of the observed data points indicated a
uniform reactivity pattern (data points along the 1:1 line ± 1 y)
independent of aquifer type (e.g., crystalline, glacial, sedimentary;
Fig. 3). Approximately 79% of the data points had longer apparent
reaction times for O2 than for NO−3 , indicating a late start pattern.
This suggests that relatively deep electron donor sources from
geological deposits of organic matter or sulfide minerals exert a
strong control on the reduction of O2 and NO−3 independent of the
water table and well depth (SI Appendix, section S1.3). This is
supported by studies of the alluvial aquifer in the Central Valley of
California and the glacial sediment aquifers in Minnesota. In these
aquifer systems, the solid phase electron donors are the main energy
sources for groundwater denitrification compared with surfacederived dissolved organic carbon (DOC) that is not sufficiently
available based on electron and mass balance calculations (42, 52).
In the alluvial aquifer in California, pyrite and reduced iron minerals
(along with organic matter) have been identified as electron donors (52). Increased sulfate concentrations at the sampling location in Brighton, Michigan, suggest that iron sulfides are potential
electron donors for reduction reactions. The analysis of apparent
reaction times obtained at the multiwell sites (24) allows one to
sample the vertical profile of the aquifer and to independently
verify the stratified reactivity framework. Apparent reaction times
indicate a late start pattern that is supported by detailed vertical
profiles (substrata scale) (23, 42) showing the electron donor
availability and degradation of O2 and NO−3 with depth. NO−3 can
be quickly reduced when it encounters reactive strata shown for
aquifers worldwide (47, 53, 54), providing additional evidence on
the prevalence of deeper reactivity.
Kolbe et al.
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Fig. 1. Schematic representation of the stratified reactivity framework. Potential vertical profiles of reactivity in an aquifer (Left) and resulting apparent reaction times (Right) are shown. The framework assumes similar stratum reaction times, τstratum, (within a given layer) for O2 and NO−
3 . A late start or an early stop
of reactions along the flow paths results in differences in apparent O2 and NO3− reaction times. (A) Late start of reactivity creates the late start pattern, where
the subsequent O2 and NO−
3 reduction only starts after a time, τ enter, when the water reaches the reactive layer. The late start increases the apparent O2 reaction
−
time compared with the stratum O2 reaction time. The subsequent apparent NO−
3 reduction is only marginally affected, because the time for NO3 reduction
starts only after O2 is depleted, resulting in longer observed apparent O2 reaction times compared with NO3−. (B) Early stop of reactivity results in NO−
3
degradation first being limited by O2 and then by the absence of electron donors. In the early stop scenario, the apparent reaction time for O2 is smaller than for
NO−
3 , and the difference between the two informs the characteristic time, τ leave, when reactive elements leave the reactive stratum. Evenly distributed electron
donors throughout the aquifer correspond to a small τenter and a large τleave and result in a uniform reactive stratum with a sequential reduction of O2 and NO−
3
starting at the water table. The relation of apparent O2 and NO3− reaction times in the case of a uniform reactive stratum is represented by the dashed line in the
plot of apparent reaction times (also SI Appendix, section S2). The hot spot pattern is compatible with both stratified reactivity patterns (a*/b*).

Sixteen percent of the data points showed the early stop pattern, with shorter apparent reaction times for O2 than for NO−3 .
For these sites, the predominant electron donor is likely surfacederived DOC that has not been mineralized in the unsaturated
zone before reaching the aquifer (23, 24, 29, 55, 56). The low
occurrence of the early stop pattern in our sample could be
partially due to human activity, because increased nitrogen application and disruption of soil aggregates during cultivation decrease organic carbon in agricultural soils, decreasing DOC, the
primary electron donor in surface and near-surface waters (57).
Apparent O2 and NO−3 reaction times at the studied sites varied
widely, indicating both uniform and hot spot dynamics in reactive
strata. This diversity of sites with different subsurface characteristics
and nutrient loads demonstrates the general utility of the proposed
stratified reactivity framework for extracting information about
the location and intensity of O2 and NO−3 reactions from apparent
reaction times. Atmospheric tracers and dissolved gases are preferable for deriving apparent reaction times at the stratum scale, because
Kolbe et al.

NO−3 rate estimates are scale-dependent (25) and approaches such as
in-situ mesocosms do not sample the full stratum (52).
One of the central advantages of the stratified reactivity framework is that it relies on widely measured analytical parameters (e.g.,
solute concentrations, dissolved gas concentrations) and allows
identifying the dominant reactivity pattern by analyzing apparent
reactivity and not actual rate measurements with an individual
sampling location. Used data and common modeling approaches
denote the framework as easily deployable to make advanced inferences about the reactivity state of the investigated object. A
combination of reactivity patterns is conceivable and would need
further investigations. Nevertheless, the stratified reactivity framework could allow regional and interbiome comparison of subsurface
reactivity to quantify the relative influence of climate, geology, and
surficial processes (e.g., human disturbance, ecosystem development) in determining initial groundwater chemistry and removal
capacity. From the perspective of the receiving surface waters, the
framework could also analyze downstream river quality data to
PNAS Latest Articles | 3 of 6
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accounting for stratified reactivity is central to understanding subsurface denitrification and global nitrogen cycling. Global estimates of
groundwater denitrification of ∼44 Tg of N per year derive from
models of NO−3 reduction in shallow groundwater (0–5 m) with the
assumptions that DOC serves as an electron donor and that denitrification is negligible in deeper zones (55, 63, 64). Reconsidering
this estimate by accounting for prevalent denitrification activity in
deeper strata, the actual nitrate reduction in groundwater might be
greater, toward the estimated upper limit of 138 Tg of N per year (55).
By adding information about apparent O2 reaction times, previously
estimated NO−3 reduction times could be reanalyzed with the stratified
reactivity framework to quantify the reactive front (depth of electron
donors) and related NO−3 stocks in reactive and nonreactive subsurface zones. The reactive patterns inferred from aquifers in different
hydrogeological settings with this framework demonstrate the general
applicability and capacity to improve predictions of subsurface reactions that affect groundwater as well as surface water quality. Because
this methodology discerns spatial patterns using a relatively small
number of samples (compared with well-transect studies) that can be
collected from existing wells, it facilitates more widespread assessment
of natural attenuation time frames and sustainable loading limits in
agricultural landscapes where water quality is rapidly degrading,
including in the developing world, where groundwater contamination most directly affects human health (59, 65–67). Finally,
while we applied the stratified reactivity framework to explore the
denitrification patterns in aquifers, the method is general and

Fig. 2. Relationship between the depth of the weathered-to-fractured interface and the depth where the reactive zone is inferred by the stratified
reactivity framework. Data of the weathered and fractured interface depth
were provided by the French Geological Survey (6). Depths of the reactive
zone were determined by examining the depth of a water parcel at the time
it enters the reactive zone, τenter, and calculated via the stratified reactivity
framework. The interface of the weathered and fractured zone thickness
has been found to be reactive in several crystalline aquifers in Brittany,
France (45). This supports the validity of the stratified reactivity framework.

infer complex ecohydrological processes in headwater catchments,
a long goal of freshwater ecology and land management (58, 59).
Implications of Stratified Reactivity for Water Quality. The observed
differences in apparent O2 and NO−3 reaction times reveal important
vertical patterns in denitrification. Groundwater recovery times from
NO−3 pollution are related to the heterogeneous flow paths in the
subsurface and their intersections with reactive strata (20, 28, 60). Our
reanalysis of apparent O2 and NO−3 reaction times revealed that 79%
of groundwater reaction times (Fig. 3) are consistent with the late
start pattern, indicating exposure to reactive conditions only after
some time spent traveling through a nonreactive zone. This pattern of
lithogenic electron donor sources implies relatively conservative
transport of NO−3 in the upper part of the aquifer. Depending on the
depth of the reactive stratum, this means that a considerable amount
of NO−3 could persist in the upper aquifer, with implications for nearsurface groundwater quality. Conversely, deeper reactive stratum can
have a higher removal capacity for deeper water resources, although
it is clear that this protective capacity can be exceeded (61).
In the case of the early stop pattern observed in 16% of the
sites, which occurs when surface-derived electron donors decrease with depth, NO−3 could pass through the reactive layer if
electron donors are insufficient to substantially decrease O2 and
NO−3 concentrations. Remaining NO−3 below the reactive stratum
would then persist for long time scales in the deeper aquifer,
significantly affecting the quality of water resources and fueling
the long-term eutrophication of surface waters as a function of
the aquifer contribution to the overall streamflow.
Numerous studies deal with denitrification in aquifers and show
that NO−3 is potentially removed in the subsurface, but solving the
issue of heterogeneity of reactions and locating them have remained
extremely challenging. Existing estimates and predictions of denitrification in aquifers often neglect stratified reactivity (55, 62), but
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Fig. 3. Apparent O2 versus apparent NO3− reaction times determined from
field data for different aquifer types. The comparison provides information
on the vertical pattern of reactivity (late start and early stop pattern) and
related stratum reaction times. The dark brown color in the background
indicates continuous reactions within the reactive stratum with short reaction times, and the light brown background indicates hot spots within the
reactive stratum with larger reaction times depending on the density of hot
spots (Materials and Methods and SI Appendix, section S2). The dominance
of the late start pattern in aquifers is noticeable, with 79% of the data
points indicating that reactions occur after a nonreactive time lag.

Kolbe et al.

rstratum ðtÞ = expð − kstratum tstratum Þ
with kstratum =

Materials and Methods
Study Sites. We used new and published data from 44 well locations from six
different aquifers in France and the United States to infer reactivity patterns
in groundwater. We investigated 16 well locations of the Pleine-Fougères
aquifer in Brittany, France. We used pointwise atmospheric and anthropogenic tracer data [chlorofluorocarbons (CFCs), as well as O2, NO−3 , and N2
excess] interpreted within adapted lumped parameter models to derive apparent reaction times (Modeling Approach and SI Appendix, sections S1.1 and
S1.2). The unconfined crystalline aquifer is partly characterized by granite and
schist. The 16 wells are distributed over the 76-km2 study area with depths
ranging from 28 to 98 m below the surface. The water table remains shallow,
from close to the surface down to a few meters. The tracer-based mean
groundwater age is around 40 y, with mean travel distances around 350 m (6).
We supplemented the dataset with already published O2 and NO−3 apparent
reaction times that were derived using a similar method to the Pleine-Fougères
study at 23 wells in another aquifer in the United States. Published data of 23 wells
were obtained from the regional alluvial fan aquifer in the Central Valley of
California in a 4,000-km2 study area (39, 68). The 24 wells’ depths ranged from 3 to
95 m below the water table, with a median of 33 m, and water table depths
ranged from 2 to 106 m below ground surface, with a median of 11 m. Tracerbased groundwater ages range from 0.2 to >100 y, with a median of 25 y. The five
other O2 and NO−3 apparent reaction times were obtained from a multiwell
analysis, each from a separate aquifer system located in the United States (24). The
aquifer in Stevinson, California, is also located in the Central Valley of California
containing alluvial sand, silt, and clay, with a saturated thickness of 24 m. The
water table is 5–10 m below the ground surface, and tracer-based groundwater
ages range from approximately 10 to 30 y (52). The aquifer in Brighton, Michigan,
is characterized by glacial outwash and till, with a saturated thickness of 17 m. The
unsaturated zone is between 3 and 6 m below the ground surface. The tracerbased groundwater age varies between approximately 1 and 30 y (24, 40).
Another aquifer is located in the North Carolina coastal plain. The saturated
subsurface contains marine deposits of medium to fine sand and is 13 m thick.
Tracer-based groundwater ages are between approximately 3 and 40 y. The water
table is shallow, with just a few meters below the ground surface (24, 43). The
Perham and Princeton aquifers, located, respectively, in central Minnesota and the
Anoka Sand Plain in Minnesota, are characterized by glacial outwash with a saturated thickness of 5 m and 14 m, respectively. The water table depth of the
Perham aquifer ranges from close to the ground surface up to a depth of 10 m.
Tracer-based groundwater ages range between 5 and 50 y. The Princeton aquifer
shows tracer-based groundwater ages within <1 and 30 y, and the water table is
between 0 and 4 m depth below the ground surface (24, 41, 42).
Mixing of different waters arriving at the well allows the determination of
characteristic O2 and NO−3 reaction times. Based on apparent reaction times,
the time spent in the reactive stratum, the time needed to enter the reactive
stratum (late start pattern) or to leave it (early stop pattern), and the
characteristic denitrification time in the reactive stratum (stratum reaction
time) can be deduced (SI Appendix, section S2).
Definitions.
Apparent reaction time. The apparent reaction time, τapp, derives from the
degradation of an element from its inlet concentration in the aquifer, C0(t),
to its sampled concentration, C(t). Assuming first-order kinetics and reaction
occurrence along the whole flow path in uniform or randomly distributed
hot spots, the relative reduction of concentration can be expressed as a
function of travel time, t:


1
rapp ðtÞ = exp − kapp t with kapp =
.
τapp

the aquifer, following either the late start or early stop pattern (Fig. 1). The
reaction rate along a flow line solely depends on the time spent in the reactive stratum, tstratum. Assuming first-order kinetics, the relative stratum
reaction rate along a flow line is expressed as

1
τstratum

tstratum = t − τenter if t > τenter , otherwise tstratum = 0 for the late start pattern
tstratum = t if t < τleave , otherwise tstratum = τleave for the early stop pattern.
[3]
Because the reactive stratum may be determined by lithology, such as for autotrophic denitrification (24), or by surficial processes, such as for heterotrophic
denitrification, the vertical stratification of reactivity indicates the type of
electron donors supporting denitrification hot spots. The stratum reaction time
would thus be substantially larger than the intrinsic reaction time, which can be
measured in laboratory experiments with only the reactive minerals.
Modeling Approach. A time-based modeling approach was used to infer apparent
reaction times and stratum reaction times, as well as the time to enter or leave the
reactive stratum at the unconfined crystalline aquifer in Brittany, France. The
modeled tracer concentrations at a well, C(t)s, were calculated from the convolution
integral of Eq. 1 (32). CFC dating proxies interpreted within a formerly developed
groundwater flow and transport model were used to generate the transit time
distributions and CFC concentration distributions, from which we derived mean
groundwater ages (6, 69). While site transmissivity and porosity were well constrained by the overall flux and CFC-12 concentrations, local sampling conditions in
agricultural wells were calibrated using the detailed conservative tracer information.
We evaluated the reliability of measured CFC-12 concentrations by comparing the
agreement between all quantified CFCs, sulfur hexafluoride concentrations (another anthropogenic gas used as a tracer of transit time), and dissolved silica
concentrations (6, 7, 45, 70). This modeling approach let us include data from wells
that were not drilled specifically for scientific monitoring and for which the depths
of water arrivals were unknown (26). Alternatively, transit time distributions at
well locations could be derived by lumped parameter models (71, 72). The reaction
term of Eq. 3 derives from the vertical distribution of electron donors (Fig. 1).
Calibration of NO−
3 inputs to the aquifer. Land use information from 1991 to 2013
shows a general uniformity of agricultural practices over the catchment area
with no significant evolution of specific land use types in any of the well
capture zones, supporting the assumption of uniformly distributed NO−3 inputs
to the aquifer. However, overall NO−3 input concentrations have strongly
changed, with large increases from 1945 to 1980 and a maximum around
2000, followed by a gradual decline (73). Because of local differences in land
management practices, we used the extensive dataset of NO−3 concentrations, N2 excess, and transit time distributions to reconstruct the NO−3 input
chronicle ½NO−3 0 ðtÞ with Eq. 1. This method also has the advantage of being
applicable in areas where historical contaminant inputs are not known.
Calibration of apparent and stratum reaction times. Apparent and stratum reaction times for O2 and NO−3 reduction were calibrated to produce the best
fit between simulated and measured O2 and NO−3 concentrations using Eq. 1
for each location. Apparent concentrations are interpreted in terms of apparent O2 and NO−3 reaction times, and stratum concentrations are interpreted in terms of stratum reaction times and the time to enter or to leave
the reactive stratum. The stratum reaction times are similar for O2 and NO−3
based on similar intrinsic reaction times (36) and similar limitations of the
access to the reactive sites in the reactive stratum. We assumed that denitrification only started after O2 was depleted below a threshold concentration, ½O2 c, of 2 mg/L, which creates a time lag for denitrification, tc. Initial
O2 concentrations, ½O2 0, of 7 mg/L were considered to be constant over time,
agreeing with measured concentrations in shallow piezometers.

Sampled concentrations C(t)s are obtained by using Eq. 1.
Stratum reaction time. The stratum reaction time, τstratum, characterizes the
degradation of a chemical compound within the reactive stratum of

ACKNOWLEDGMENTS. Financial support for this research was provided by
the European Union’s Seventh Framework for research, technological development, and demonstration under Grant 607150. This paper was supported
by the European Union Innovative Training Network “INTERFACES: Ecohydrological interfaces as critical hot spots for transformations of ecosystem
exchange fluxes and biogeochemical cycling.”

1. Steffen W, et al. (2015) Sustainability. Planetary boundaries: Guiding human devel-

3. Abbott BW, et al. (2018) Trends and seasonality of river nutrients in agricultural

opment on a changing planet. Science 347:1259855.
2. Bodirsky BL, et al. (2014) Reactive nitrogen requirements to feed the world in 2050
and potential to mitigate nitrogen pollution. Nat Commun 5:3858.

catchments: 18 years of weekly citizen science in France. Sci Total Environ 624:845–858.
4. Gruber N, Galloway JN (2008) An Earth-system perspective of the global nitrogen
cycle. Nature 451:293–296.

Kolbe et al.

[2]

PNAS Latest Articles | 5 of 6

ENVIRONMENTAL
SCIENCES

could be used to infer reactivity patterns in “black box” situations
using apparent reaction times and various chemical compounds,
such as silica and carbon. For example, our proposed method
could generate understanding about broader climatic, geological,
and socioecological controls on weathering, freshwater chemistry,
and transport of solutes from land to sea.

5. Withers PJA, Neal C, Jarvie HP, Doody DG (2014) Agriculture and eutrophication:
Where do we go from here? Sustainability 6:5853–5875.
6. Kolbe T, et al. (2016) Coupling 3D groundwater modeling with CFC-based age dating to classify
local groundwater circulation in an unconfined crystalline aquifer. J Hydrol (Amst) 543:31–46.
7. Abbott BW, et al. (2016) Using multi-tracer inference to move beyond singlecatchment ecohydrology. Earth Sci Rev 160:19–42.
8. Turner MG, Chapin FS (2005) Causes and consequences of spatial heterogeneity
in ecosystem function. Ecosystem Function in Heterogeneous Landscapes, eds
Lovett GM, Jones CG, Turner MG, Weathers KC (Springer, New York), pp 9–30.
9. Lohse KA, Brooks PD, McIntosh JC, Meixner T, Huxman TE (2009) Interactions between
biogeochemistry and hydrologic systems. Annu Rev Environ Resour 34:65–96.
10. Jahangir MMR, et al. (2013) Denitrification and indirect N2O emissions in groundwater: Hydrologic and biogeochemical influences. J Contam Hydrol 152:70–81.
11. Jørgensen CJ, Jacobsen OS, Elberling B, Aamand J (2009) Microbial oxidation of pyrite
coupled to nitrate reduction in anoxic groundwater sediment. Environ Sci Technol 43:
4851–4857.
12. Kludt C, Weber F-A, Bergmann A, Knöller K, Berthold G, Schüth C (2016) Identifizierung der Nitratabbauprozesse und Prognose des Nitratabbaupotenzials in den
Sedimenten des Hessischen Rieds. Grundwasser 21:227–241. German.
13. Leson M, Wisotzky F (2012) Hydrogeochemische Untersuchungen von Nitrateinträgen in das
Grundwasser und möglichen Denitrifikationsprozessen. Grundwasser 17:137–145. German.
14. Schwientek M, et al. (2008) Evidence for denitrification regulated by pyrite oxidation
in a heterogeneous porous groundwater system. Chem Eng Sci 255:60–67.
15. Zhang Y, et al. (2012) Isotopic and microbiological signatures of pyrite-driven denitrification in a sandy aquifer. Chem Geol 301:123–132.
16. Zhang Y, Slomp CP, Broers HP, Passier HF, Van Cappellen P (2009) Denitrification
coupled to pyrite oxidation and changes in groundwater quality in a shallow sandy
aquifer. Geochim Cosmochim Acta 73:6716–6726.
17. Zhang YC, et al. (2013) Model-based integration and analysis of biogeochemical and isotopic dynamics in a nitrate-polluted pyritic aquifer. Environ Sci Technol 47:10415–10422.
18. Pinay G, et al. (2015) Upscaling nitrogen removal capacity from local hotspots to low
stream orders’ drainage basins. Ecosystems 18:1101–1120.
19. Thomas Z, Abbott BW (2018) Hedgerows reduce nitrate flux at hillslope and catchment scales via root uptake and secondary effects. J Contam Hydrol 215:51–61.
20. Rivett MO, Buss SR, Morgan P, Smith JWN, Bemment CD (2008) Nitrate attenuation in
groundwater: A review of biogeochemical controlling processes. Water Res 42:4215–4232.
21. Korom SF (1992) Natural denitrification in the saturated zone: A review. Water
Resour Res 28:1657–1668.
22. Kinzelbach W, Schäfer W, Herzer J (1991) Numerical modeling of natural and enhanced dentrification processes in aquifers. Water Resour Res 27:1123–1135.
23. Liao L, Green CT, Bekins BA, Böhlke JK (2012) Factors controlling nitrate fluxes in
groundwater in agricultural areas. Water Resour Res 48:W00L09.
24. Tesoriero AJ, Puckett LJ (2011) O2 reduction and denitrification rates in shallow
aquifers. Water Resour Res 47:1–17.
25. Green CT, Boehlke JK, Bekins BA, Phillips SP (2010) Mixing effects on apparent reaction rates and isotope fractionation during denitrification in a heterogeneous
aquifer. Water Resour Res 46:W08525.
26. Jurgens BC, Böhlke JK, Kauffman LJ, Belitz K, Esser BK (2016) A partial exponential
lumped parameter model to evaluate groundwater age distributions and nitrate
trends in long-screened wells. J Hydrol (Amst) 543:109–126.
27. Ben Maamar S, et al. (2015) Groundwater isolation governs chemistry and microbial
community structure along hydrologic flowpaths. Front Microbiol 6:1457.
28. Postma D, Boesen C, Kristiansen H, Larsen F (1991) Nitrate reduction in an unconfined
sandy aquifer–Water chemistry, reduction processes, and geochemical modeling.
Water Resour Res 27:2027–2045.
29. Starr R, Gillham R (1993) Denitrification and organic carbon availability in two
aquifers. Ground Water 31:934–947.
30. Pabich WJ, Valiela I, Hemond HF (2001) Relationship between DOC concentration and
vadose zone thickness and depth below water table in groundwater of Cape Cod,
U.S.A. Biogeochemistry 55:247–268.
31. Jobbagy GE, Jackson BR (2000) The vertical distribution of soil organic carbon and its
relation to climate and vegetation. Ecol Appl 10:423–436.
32. Małoszewski P, Zuber A (1982) Determining the turnover time of groundwater systems with the aid of environmental tracers. J Hydrol (Amst) 57:207–231.
33. Yang J, Heidbüchel I, Musolff A, Reinstorf F, Fleckenstein JH (2018) Exploring the
dynamics of transit times and subsurface mixing in a small agricultural catchment.
Water Resour Res 54:2317–2335.
34. Hunter KS, Wang Y, Van Cappellen P (1998) Kinetic modeling of microbially-driven
redox chemistry of subsurface environments: Coupling transport, microbial metabolism and geochemistry. J Hydrol (Amst) 209:53–80.
35. Loschko M, Wöhling T, Rudolph DL, Cirpka OA (2016) Cumulative relative reactivity: A
concept for modeling aquifer-scale reactive transport. Water Resour Res 52:
8117–8137.
36. Lovley DR, Chapelle FH (1995) Deep subsurface microbial processes. Rev Geophys 33:
365–381.
37. Zarnetske JP, Haggerty R, Wondzell SM, Bokil VA, González-Pinzón R (2012) Coupled
transport and reaction kinetics control the nitrate source-sink function of hyporheic
zones. Water Resour Res 48:W11508.
38. Oldham CE, Farrow DE, Peiffer S (2013) A generalized Damköhler number for classifying material processing in hydrological systems. Hydrol Earth Syst Sci 17:1133–1148.
39. Green CT, et al. (2016) Regional oxygen reduction and denitrification rates in
groundwater from multi-model residence time distributions, San Joaquin Valley, USA.
J Hydrol (Amst) 254:155–166.
40. Thomas MA (2000) The effect of residential development on ground-water quality
near Detroit, Michigan. J Am Water Resour Assoc 36:1023–1038.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1816892116

41. Puckett LJ, Cowdery TK (2002) Transport and fate of nitrate in a glacial outwash
aquifer in relation to ground water age, land use practices, and redox processes.
J Environ Qual 31:782–796.
42. Böhlke JK, Wanty R, Tuttle M, Delin G, Landon M (2002) Denitrification in the recharge area and discharge area of a transient agricultural nitrate plume in a glacial
outwash sand aquifer, Minnesota. Water Resour Res 38:10-1–10-26.
43. Tesoriero AJ, Spruill TB, Mew HE, Farrell KM, Harden SL (2005) Nitrogen transport and
transformations in a coastal plain watershed: Influence of geomorphology on flow
paths and residence times. Water Resour Res 41:1–15.
44. Pauwels H, Ayraud-Vergnaud V, Aquilina L, Molénat J (2010) The fate of nitrogen and
sulfur in hard-rock aquifers as shown by sulfate-isotope tracing. Appl Geochem 25:105–115.
45. Ayraud V, et al. (2008) Compartmentalization of physical and chemical properties in
hard-rock aquifers deduced from chemical and groundwater age analyses. Appl
Geochem 23:2686–2707.
46. Ayraud V, et al. (2006) Physical, biogeochemical and isotopic processes related to
heterogeneity of a shallow crystalline rock aquifer. Biogeochemistry 81:331–347.
47. Roques C, et al. (2018) Autotrophic denitrification supported by biotite dissolution in
crystalline aquifers: (2) Transient mixing and denitrification dynamic during longterm pumping. Sci Total Environ 619-620:491–503.
48. Aquilina L, et al. (2018) Autotrophic denitrification supported by biotite dissolution in
crystalline aquifers (1): New insights from short-term batch experiments. Sci Total
Environ 619-620:842–853.
49. Pauwels H, Kloppmann W, Foucher JC, Martelat A, Fritsche V (1998) Field tracer test
for denitrification in a pyrite-bearing schist aquifer. Appl Geochem 13:767–778.
50. Pauwels H, Kloppmann W, Foucher JC (2000) Denitrification and mixing in a schist
aquifer: Influence on water chemistry and isotopes. Chem Geol 168:307–324.
51. Boisson A, et al. (2013) Reaction chain modeling of denitrification reactions during a
push-pull test. J Contam Hydrol 148:1–11.
52. Green CT, et al. (2008) Limited occurrence of denitrification in four shallow aquifers in
agricultural areas of the United States. J Environ Qual 37:994–1009.
53. Böhlke J-K (2002) Groundwater recharge and agricultural contamination. Hydrogeol J
10:153–179.
54. McMahon PB, et al. (2008) Source and transport controls on the movement of nitrate
to public supply wells in selected principal aquifers of the United States. Water Resour
Res 44:1–17.
55. Seitzinger S, et al. (2006) Denitrification across landscapes and waterscapes: A synthesis. Ecol Appl 16:2064–2090.
56. Starr R, Gillham R (1989) Controls on denitrification in shallow unconfined aquifers.
Contaminant Transport in Groundwater, eds Kobus H, Kinzelbach W (A. A. Balkema,
Rotterdam, The Netherlands), pp 51–56.
57. Murty D, Kirschbaum MUF, McMurtrie RE, McGilvray H (2002) Does conversion of
forest to agricultural land change soil carbon and nitrogen? A review of the literature. Glob Chang Biol 8:105–123.
58. Temnerud J, et al. (2010) Can the distribution of headwater stream chemistry be
predicted from downstream observations? Hydrol Processes 24:2269–2276.
59. Abbott BW, et al. (2018) Unexpected spatial stability of water chemistry in headwater
stream networks. Ecol Lett 21:296–308.
60. Hansen AL, Gunderman D, He X, Refsgaard JC (2014) Uncertainty assessment of
spatially distributed nitrate reduction potential in groundwater using multiple geological realizations. J Hydrol 519:225–237.
61. Jasechko S, et al. (2017) Global aquifers dominated by fossil groundwaters but wells
vulnerable to modern contamination. Nat Geosci 10:425–429.
62. Bouwman AF, et al. (2013) Global trends and uncertainties in terrestrial denitrification and N2O emissions. Philos Trans R Soc Lond B Biol Sci 368:20130112.
63. Bouwman AF, Van Drecht G, van der Hoek KW (2005) Surface N balances and reactive
N loss to the environment from global intensive agricultural production systems for
the period 1970–2030. Sci China C Life Sci 48:767–779.
64. Van Drecht G, Bouwman AF, Knoop JM, Beusen AHW, Meinardi CR (2003) Global
modeling of the fate of nitrogen from point and nonpoint sources in soils, groundwater, and surface water. Global Biogeochem Cycles 17:1115.
65. Hoekstra AY, Mekonnen MM (2012) The water footprint of humanity. Proc Natl Acad
Sci USA 109:3232–3237.
66. Keeler BL, et al. (2012) Linking water quality and well-being for improved assessment
and valuation of ecosystem services. Proc Natl Acad Sci USA 109:18619–18624.
67. Seitzinger SP, et al. (2010) Global river nutrient export: A scenario analysis of past and
future trends. Global Biogeochem Cycles 24:GB0A08.
68. Landon MK, Green CT, Belitz K, Singleton MJ, Esser BK (2011) Relations of hydrogeologic factors, groundwater reduction-oxidation conditions, and temporal and
spatial distributions of nitrate, Central-Eastside San Joaquin Valley, California, USA.
Hydrogeol J 19:1203–1224.
69. McCallum JL, Cook PG, Simmons CT (2015) Limitations of the use of environmental
tracers to infer groundwater age. Ground Water 53:56–70.
70. Marçais J, et al. (2018) Dating groundwater with dissolved silica and CFC concentrations in crystalline aquifers. Sci Total Environ 636:260–272.
71. Thomas Z, et al. (2016) Constitution of a catchment virtual observatory for sharing
flow and transport models outputs. J Hydrol (Amst) 543:59–66.
72. Marçais J, de Dreuzy JR, Ginn TR, Rousseau-Gueutin P, Leray S (2015) Inferring transit
time distributions from atmospheric tracer data: Assessment of the predictive capacities of lumped parameter models on a 3D crystalline aquifer model. J Hydrol
(Amst) 525:619–631.
73. Aquilina L, et al. (2012) Nitrate dynamics in agricultural catchments deduced from
groundwater dating and long-term nitrate monitoring in surface- and groundwaters.
Sci Total Environ 435-436:167–178.

Kolbe et al.

