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rate constants (k). Wankel’s model36 treats denitrification as a
first-order reaction but nitrification as a constant in rate for
simplification. Lehmann’s model considered the reaction as
Michaelis−Menten kinetics.31−33,35 Biochemical reactions, the
changes of substrates, are generally described by Michaelis−
Menten kinetics:
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where Vmax denotes the maximum rate that can be reached at
saturating substrate concentration. KM is the Michaelis
constant, which is the substrate concentration at which the
reaction rate is half of Vmax.
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, biochemical reactions can be

simplified to first-order kinetics. Therefore, our model assumed
that all the reactions are first-order kinetics, and our k’s do not
change over time, which is adopted by the CB model.17,34 (3)
Our models include 17O, which can be used to predict the
triple oxygen isotope effect. All processes are assumed to be
mass-dependent with 17θ = 0.52 (17θ ≡ ln17α/ln18α in the case
of triple oxygen, see S2. Notations in the Supporting
Information). Here, we will only discuss the influence of
diffusional mass transfer on the observed regression slope in a
δ′17O−δ′18O space for the NAR process. Since all the 17θs are
assigned to be 0.52, the trajectories in a δ′17O−δ′18O space are
identical between a Rayleigh distillation model and a reaction-
transport model and under different dynamics. Thus, the
δ′17O−δ′18O trajectory will not be discussed further in this
paper. The models will be useful for future applications. Our
model script in R language is posted in S4. Model details and
script in R.
The δ′ notation is used in our own modeling study here to

simplify mathematical treatment (see S2. Notations). We keep
using a δ notation that was applied in previous studies. The
δ′−δ′ trajectories in this paper refer only to those of the NO3

−

data points. Because δ′ ≈ δ, our modeled trajectory can be
compared with those of GW and CB models where the δ
notation is used (Table 1).

■ DENITRIFICATION

The trajectory in a δ′−δ′ space describes the relationship
between the changes of two isotope compositions (e.g., δ′18O
and δ′15N, or δ′17O and δ′18O) with time (Rayleigh distillation
model) or space at the isotope steady-state (reaction-transport
model). Figure 2 illustrates NO3

− trajectories in a δ′−δ′ space
predicted by a Rayleigh distillation model and a reaction-
transport model for the scenario of NAR only (kNXR/kNAR = 0).
As we can see, the reaction-transport model and the Rayleigh
distillation model resulted in almost the same slope (S) in a
δ′17O−δ′18O space (Figure 2A,C) or numerically identical
ones in a δ′18O−δ′15N space (Figure 2B,D).
Here, we examine how the resulting trajectories in δ′−δ′

spaces produced by a reaction-transport model and a Rayleigh
distillation model differ in a single-source system with a given
pair of diagnostic α’s.
Assuming a reaction rate (R) is the first-order kinetics of

concentration (C, i.e., R = −k × C), the diagnostic α is defined
as

α ≡ k
kin

r

c (3)

where r denotes the rare isotope, c denotes the common
isotope, and k denotes the reaction constant.
For a Rayleigh distillation model, the change of residual

concentration through time in isotope form is

= −C t C kt( ) exp( )i i
0 (4)

where C(t) is the concentration at time t, C0 is the initial
concentration, and i denotes different isotopes.
For a reaction-transport model, let us explore a point-source

of ion or molecule of interest with an input concentration of
C0. Setting the depth of the input at 0 and considering
diffusion, advection, and reaction, we can describe the system
by a mass conservation equation:39
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where D is the diffusion coefficient, z is depth, Φ is sediment
porosity, ω is the sedimentation rate, and ΣRi is the sum of the
individual reaction rate for the production and consumption of
a given constituent or isotope. In a sediment column in which
a sedimentation rate is negligible in the given time scale or in a
still water column, the advection term (∂(ωΦC)/∂z) in eq 5
can be omitted. Assuming D and Φ remain constant in the
whole system during the observation period, and the system
has sufficient time to reach an isotope steady-state (∂C/∂t =
0),40 eq 5 can be simplified to the consumption term and the
diffusion term, expressed as

∂
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C

z
kC 0
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At a moment to of observation, when the system reaches
steady-state, with the boundary condition C(0, to) = C0,

Figure 2. Predicted denitrification trajectories in δ′17O−δ′18O (A,C)
and δ′18O−δ′15N (B,D) spaces for nitrate by a reaction-transport
model (top) and a Rayleigh distillation model (bottom) (kNXR/kNAR =
0), respectively, with the given diagnostic 18α = 15α = 0.985, 17α =
0.992, and 17θ = 0.52. We set DNO2

−/DNO3
− = 1 for the reaction-

transport model.
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C(∞,to) = 0, the concentration at different depths of this
column can be solved and expressed in a isotope form as
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The diffusional isotope fractionation of aqueous oxyanions is
ignored in our model; thus, we have rD = cD. Solving the
diagnostic α by eq 7 and eq 3, we obtain

= α −R R f/z t t( , ) (0, )
1

o o (8)

for a single-source reaction-transport model at steady-state.
This equation is similar in form to eq 1 from a Rayleigh
distillation model, with an “α” being replaced by a “ α ” in the
reaction-transport model.
The slopes of trajectories in δ′−δ′ spaces for a Rayleigh

distillation model (SRDM) and a single-source reaction-
transport model (SRTM) are
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In a δ′17O−δ′18O space, given a 17θ value of 0.52, we will get
a SRDM of 0.522 (Figure 1C) and a SRTM of 0.521 (Figure 1A).
In a δ′18O−δ′15N space for nitrate, SRDM = SRTM = 1 if we
assign 18α = 15α (Figure 1 B,D). Our analysis indicates that for
a defined reaction, the two trajectories in δ′−δ′ spaces from a
Rayleigh distillation model and from a one-dimensional
diffusional, steady-state, single-source reaction-transport
model are numerically similar because the diagnostic α’s for
both isotope systems (e.g., δ′18O−δ′15N or δ′17O−δ′18O) in
most natural isotope systems are close to 1.0.
We tested the deviation of SRDM from SRTM (ΔS = SRDM −

SRTM) given the intrinsic αA value in the range of 0.95 to 1.00,
and the SRTM value from 0.1 to 1 (Figure 3, left) and from 1 to
5 (Figure 3, right), respectively. If the αA value is close to 1.0,
we found the deviation is small in the entire range of SRDM
(SRDM ≈ SRTM, Figure 3, dark gray). This is because α − 1 ≈
ln α and α0.5 − 1 ≈ 0.5 × ln α, when α does not deviate far
from unity or the degree of fractionation is small.
Larger isotope fractionation produces larger ΔS. When 0 <

SRTM < 1, we found that the maximum deviation ΔS of 0.004
occurs when αA = 0.95 and SRTM = 0.5. For a mass-dependent

triple isotope relationship where θ ≈ 0.5 as is the case for 17θ of
oxygen and 33θ of sulfur, the slope obtained by a reaction-
transport model can have a maximum deviation of ∼0.004
from that obtained from a Rayleigh distillation model. When
SRTM > 1, the maximum ΔS decreases with increasing SRTM
value. The ΔS can be −0.282 when αA = 0.95 and SRTM = 5.
Therefore, this difference is small for most natural processes.
In the case of denitrification, assuming the intrinsic 15αNAR =

18αNAR. For a Rayleigh distillation process, the trajectory in

δ′18O−δ′15N space has the slope = =α
α

−
−

S 1RDM
1
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. For a

diffusional reaction-transport model, the trajectory in

δ′18O−δ′15N space has slope = α
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−
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that also

equals 1, because α α=18
NAR

15
NAR . Thus, if denitrification

is the only process in a reaction-transport system with
diffusional mass transfer, the observed slope of trajectory in a
δ′18O−δ′15N space should still be 1 for denitrification.
Therefore, an observed slope deviation of a nitrate
δ′18O−δ′15N trajectory from 1 must be caused by other
processes. Now, let us examine one of the likely causes,
complex nitrogen cycling.

■ N CYCLING

For a system when NO3
− is involved in a complex nitrogen

cycling with NAR, NXR, and NIR, the predicted δ′18O−δ′15N
trajectories for nitrate by a reaction-transport model or a
Rayleigh distillation model under different kNXR/kNAR ratios
and δ′18H2O are shown in Figure 4. Here we plot only the
trajectory with Δδ′15N < 20‰, largely the observed range of
Δδ′15N in the field12,13 (Our predicted trajectories under
different dynamics in a wider range of Δδ′15N < 40‰ can be
found in S1. Model Results). The predicted trajectories for
complex N cycling processes are not linear. Thus, the slope we
refer to here is the linear regression slope of the predicted
(δ′18O, δ′15N) points. The regression slopes of the Rayleigh
distillation model trajectories are always greater than that of
the reaction-transport model trajectories, regardless of the
regression slope of the Rayleigh distillation model trajectory
being greater or less than 1 (Figure 4 and Figures S3−S7).
When Δδ′15N < 20‰, the deviation of a reaction-transport
model regression slope from a Rayleigh distillation model
regression slope ranges from 0.03 to 0.3. For instance, larger
fluxes of NXR (kNXR/kNAR = 2) with initial Δδ′18ONO3

−−H2O =

Figure 3. Predicted trajectory slope differences between a reaction-transport model and a Rayleigh distillation model (ΔS, y-axis) vs slopes
predicted by a reaction transport model SRTM, (x-axis). SRTM is in range of 0 to 1 (left), and 1 to 5 (right). Gradient scale indicates the intrinsic α of
species A. We set DNO2

−/DNO3
− = 1 for the reaction-transport model.
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0‰ produces a regression slope of 1.375 in a Rayleigh
distillation model (blue dash lines, Figure 4B), whereas the
regression slope of a reaction-transport model is approximately
equal to 1 (1.012, blue solid lines, Figure 4B).
Although definitive data are lacking, the k for nitrite−water

oxygen isotope exchange is likely much faster than the k’s for
either NAR or NXR in both freshwater and seawater
systems.12,18,23,34,41 Assuming kexch/kNAR = 10,12,23,34 NO2

−

can quickly reach oxygen isotope equilibrium with water. NXR
produces NO3

− by introducing one oxygen from water to
NO2

−.21 Thus, eventually, the δ′18ONO3
− will reach isotope

steady-state, which is buffered by the δ′18OH2O value. The
isotope steady-state is displayed by a flattening-out NO3

−

trajectory with a constant δ′18O but an increasing δ′15N with
time. The regression slope is defined by the initial and the
steady-state isotope compositions, as well as the rate of the
system approaching isotope steady-state. The regression slope
of a δ′18O−δ′15N trajectory can be negative if the initial
Δδ′18ONO3

−−H2O is large, since the isotope steady-state has a

much lower δ′18O than the source δ′18ONO3
−
ini. For instance, in

a reaction-transport system where atmospheric NO3
− (δ′15N ≈

0‰ and δ′18O ≈ 70‰42) is the only NO3
− source, and

δ′18OH2O = 0‰, the regression slope of δ′18O−δ′15N trajectory
will be −0.987 given that kNXR/kNAR = 2, kexch/kNAR = 10, kNIR/
kNAR = 1, and kAMO/kNAR = 0.
The diffusion coefficient difference between NO2

− and
NO3

−, if any, has little influence on the δ′18O−δ′15N trajectory
(Figure S1). Therefore, it can be omitted in the discussion of
diffusional mass transfer. The trajectories predicted by a
reaction-transport model and a Rayleigh distillation model
respond to changing parameters similarly and are comparable
to the results in the GW model (see S1. Model Results). The
δ′18O−δ′15N trajectory of NO3

− is mainly controlled by the
initial Δδ′18ONO3

−−H2O and the net NO3
− consumption flux.18

The greater the initial Δδ′18ONO3
−−H2O is, the smaller the

regression slope will be. The greater the net NO3
−

consumption flux is, the closer the trajectory is to the 1:1
ratio. Larger net NO3

− consumption fluxes could be the results
of smaller kNXR/kNAR ratios (Figure S5) or larger kNIR/kNXR
ratios (Figure S6).

■ IMPLICATIONS

Our analysis demonstrates that an incorrect use of a Rayleigh
distillation model to spatial or mixed spatial and temporal data
would not give us the right diagnostic α values. In fact, we
would always underestimate the degree of diagnostic
fractionation in such a case. However, the regression slope of
a trajectory in a δ′18O−δ′15N space for spatial data, which
should be treated by a single-source reaction-transport model,
would be almost identical to the trajectory predicted by a
Rayleigh distillation model when only a simple process such as
denitrification is considered. This “coincidence” certainly
vanishes when the system has multiple NO3

− sources. In
other words, if the plotted data points consist of NO3

− of
independent origins, the regression slope of the trajectory can
be any value. We must understand the underlying physical
processes of a set of data before we decide to plot them in a
δ−δ space. Otherwise, diagnostic isotope fractionation
parameters cannot be deduced. NO3

− collected from different
depths of water or sediment columns,12,13,19,43,44 different sites
at a study area,45−59 or a mixture of temporal and spatial
data60−62 have been plotted, often indiscriminately, in a δ−δ
space to explore nitrate-related reaction kinetics and dynamics.
The observed δ18O−δ15N regression slope varies from
<1,43,45−48,50,51 ≈ 1,12,13,19,60,62 > 1,44,52,54,58,59 and to none
(no significant correlation).49,55−57,60,61 Some of these cases, in
which samples were collected from different depths of water or
sediment columns,12,13,19,43,44 can be simplified to a diffusional
reaction-transport model with a single NO3

− source. The rest
of them, especially those with mixed temporal and spatial data,
cannot be easily described by a simple reaction-transport
model or Rayleigh distillation model.
One outstanding result of our modeling exercise is that the

regression slope of δ′18O−δ′15N trajectories predicted by the
reaction-transport model is rarely greater than 1 when the
nitrite−water oxygen isotope exchange is faster than NXR in N
cycling (kexch/kNAR > 10, Figure S5). This is a result that is
different from previous studies18 and warrants further
investigation. Here we assumed kexch/kNAR = 10, kNXR/kNAR =
0−2, kNIR/kNAR = 0.1−2, and δ′18OH2O = 0 ∼ −20‰ with
kAMO/kNAR = 0 and explored the δ′18O−δ′15N trajectories
predicted by a reaction-transport model using a Monte Carlo
method (Figure 5).
Our given conditions cover most of the natural settings on

Earth surface. We found that the regression slope of the
δ′18O−δ′15N trajectories can only be slightly greater than 1
(<1.2) when the initial Δδ′18ONO3

−−H2O is smaller than 4‰
and when NXR flux is large, that is, kNXR/kNAR > 1.6 and kNIR/
kNAR < 0.5 (black dots in Figure 5). The current observed
range of Δδ′18ONO3

−−H2O in freshwater systems is 9−
30‰,52,55,61 which should exclude the possibility of a
δ′18O−δ′15N trajectory with a regression slope greater than
1. In a seawater system where δ′18OH2O is close to 0‰ and a

NO3
− source with δ′18ONO3

− < 4‰, the regression slope of the
observed trajectory can be greater than 1 when the NXR flux is
large (a rare case in anoxic environment). This result is
comparable with the previous studies.17,18,34

With this model prediction in mind, let us examine the
reported regression slope > 1 cases in the literature. The NO3

−

profiles from Monterey Bay, California, at different seasons
display some regression slopes that are greater than 1, for
which the original authors interpreted it as possibly the result

Figure 4. Predicted δ′18O−δ′15N trajectories for nitrate with kNXR/
kNAR = 0.1 (A) and kNXR/kNAR = 2 (B), by a reaction-transport model
(solid lines) and a Rayleigh distillation model (dash lines). The
δ′18OH2O was set at 0‰ (blue) or −20‰ (pink). We set kexch/kNAR =
10, kNIR/kNAR = 1, kAMO/kNAR = 0, [NO2

−]ini = 0 μmol/L for both
models, and DNO2

−/DNO3
− = 1 for the reaction-transport model. The

black line is the reference line with a slope of 1.
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of mixing of upwelling NO3
− from oxygen-deficient waters

with NO3
− assimilated by phytoplankton in the euphotic

zone.44 NO3
− samples collected from water columns at

different sites and seasons in the Yellow Sea have the
Δδ18O/Δδ15N = 1 to 3.58,59 NO3

− samples from different
sites of Changjiang (the Yangtze River) align on a δ18O−δ15N
regression slope of 1.5 (stream52) and 1.29 (estuary54). We
noticed that in all these cases the sample sets contain samples
from different sites. Thus, the >1 regression slope can readily
be explained by the mixing of different NO3

− sources that
differ more in the δ18O than in the δ15N, just like the Monterey
case.44 Even when a set of NO3

− samples collected from
different depths, sites, and/or seasons displays a good linear
relationship of regression slope less than 1 in a δ18O−δ15N
space,43,45−48,50,51 it does not necessarily mean that they were
produced by different extents of NXR, if the physical processes
linking the samples are not constrained a priori.

■ CONCLUSIONS
Assuming reactions are of first-order kinetics and giving a set of
diagnostic fractionation factors, we compared a Rayleigh
distillation model with a reaction-transport model in their
predictions of the trajectories in a δ′18O−δ′15N space of nitrate
involved in different complexities of N cycling processes. When
a Rayleigh distillation model is incorrectly applied to spatial
data to which a reaction-transport model should have been
applied, the degree of the diagnostic isotope fractionation is
always underestimated. However, the derived trajectories in a
δ′18O−δ′15N space are almost unaffected in a system with just
denitrification processes (NAR). When NO3

− is involved in
more complex N cycling processes than just a NAR, the
regression slope of a temporal data trajectory in a δ′18O−δ′15N
space predicted by a Rayleigh distillation model is slightly, but
measurably greater than that of the respective spatial data
trajectories predicted by a reaction-transport model. Our
reaction-transport model shows that a regression slope value
>1 in a δ′18O−δ′15N space is unlikely in single-sourced N
cycling processes in nature, except for the rare condition when
the initial δ′18O difference between water and NO3

− is smaller
than 4‰ and the reoxidation flux is exceptionally large (kNXR/

kNAR > 1.6 and kNIR/kNAR < 0.5). In fact, we pointed out that
many of the reported cases of regression slopes >1 are the
results of plotting together multiple NO3

− sources of different
space and/or time. To deduce diagnostic parameters of
mechanistic implication, we must understand a priori the
physical processes underlying data points of interest.
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(9) Hatzinger, P. B.; Böhlke, J. K.; Sturchio, N. C.; Gu, B.; Heraty, L.
J.; Borden, R. C. Fractionation of stable isotopes in perchlorate and
nitrate during in situ biodegradation in a sandy aquifer. Environmental
Chemistry 2009, 6 (1), 44−52.
(10) Abe, Y.; Hunkeler, D. Does the Rayleigh equation apply to
evaluate field isotope data in contaminant hydrogeology? Environ. Sci.
Technol. 2006, 40 (5), 1588−1596.
(11) Thullner, M.; Centler, F.; Richnow, H.-H.; Fischer, A.
Quantification of organic pollutant degradation in contaminated
aquifers using compound specific stable isotope analysis−review of
recent developments. Org. Geochem. 2012, 42 (12), 1440−1460.
(12) Casciotti, K.; McIlvin, M. Isotopic analyses of nitrate and nitrite
from reference mixtures and application to Eastern Tropical North
Pacific waters. Mar. Chem. 2007, 107 (2), 184−201.
(13) Casciotti, K. L.; Buchwald, C.; McIlvin, M. Implications of
nitrate and nitrite isotopic measurements for the mechanisms of
nitrogen cycling in the Peru oxygen deficient zone. Deep Sea Res., Part
I 2013, 80, 78−93.
(14) Druhan, J. L.; Steefel, C. I.; Conrad, M. E.; DePaolo, D. J. A
large column analog experiment of stable isotope variations during
reactive transport: I. A comprehensive model of sulfur cycling and
δ34S fractionation. Geochim. Cosmochim. Acta 2014, 124, 366−393.
(15) Breukelen, B. M. V.; Prommer, H. J. E. S. Technology, Beyond
the Rayleigh equation: reactive transport modeling of isotope
fractionation effects to improve quantification of biodegradation.
Environ. Sci. Technol. 2008, 42 (7), 2457−2463.
(16) Bourbonnais, A.; Altabet, M. A.; Charoenpong, C. N.; Larkum,
J.; Hu, H.; Bange, H. W.; Stramma, L. N-loss isotope effects in the
Peru oxygen minimum zone studied using a mesoscale eddy as a
natural tracer experiment. Global Biogeochemical Cycles 2015, 29 (6),
793−811.
(17) Buchwald, C.; Santoro, A. E.; Stanley, R. H.; Casciotti, K. L.
Nitrogen cycling in the secondary nitrite maximum of the eastern
tropical North Pacific off Costa Rica. Global Biogeochemical Cycles
2015, 29 (12), 2061−2081.
(18) Granger, J.; Wankel, S. D. Isotopic overprinting of nitrification
on denitrification as a ubiquitous and unifying feature of environ-
mental nitrogen cycling. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (42),
E6391−E6400.
(19) Sigman, D. M.; Granger, J.; DiFiore, P. J.; Lehmann, M. M.;
Ho, R.; Cane, G.; van Geen, A. Coupled nitrogen and oxygen isotope
measurements of nitrate along the eastern North Pacific margin.
Global Biogeochemical Cycles 2005, 19 (4), GB4022.
(20) Casciotti, K. L. Inverse kinetic isotope fractionation during
bacterial nitrite oxidation. Geochim. Cosmochim. Acta 2009, 73 (7),
2061−2076.
(21) Buchwald, C.; Casciotti, K. L. Oxygen isotopic fractionation
and exchange during bacterial nitrite oxidation. Limnol. Oceanogr.
2010, 55 (3), 1064−1074.
(22) Casciotti, K. L.; McIlvin, M.; Buchwald, C. Oxygen isotopic
exchange and fractionation during bacterial ammonia oxidation.
Limnol. Oceanogr. 2010, 55 (2), 753−762.
(23) Buchwald, C.; Casciotti, K. L. Isotopic ratios of nitrite as tracers
of the sources and age of oceanic nitrite. Nat. Geosci. 2013, 6 (4), 308.
(24) Casciotti, K. L.; Sigman, D. M.; Ward, B. B. Linking diversity
and stable isotope fractionation in ammonia-oxidizing bacteria.
Geomicrobiol. J. 2003, 20 (4), 335−353.
(25) Brunner, B.; Contreras, S.; Lehmann, M. F.; Matantseva, O.;
Rollog, M.; Kalvelage, T.; Klockgether, G.; Lavik, G.; Jetten, M. S.;
Kartal, B.; Kuypers, M. M. M. Nitrogen isotope effects induced by
anammox bacteria. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (47),
18994−18999.

(26) Robertson, W.; Moore, T.; Spoelstra, J.; Li, L.; Elgood, R.;
Clark, I.; Schiff, S.; Aravena, R.; Neufeld, J. Natural attenuation of
septic system nitrogen by anammox. Groundwater 2012, 50 (4), 541−
553.
(27) Bryan, B. A.; Shearer, G.; Skeeters, J. L.; Kohl, D. H. Variable
expression of the nitrogen isotope effect associated with denitrifica-
tion of nitrite. J. Biol. Chem. 1983, 258 (14), 8613−8617.
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