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Deep (>0.8 km depth) fracture water with residence time estimates on the order of several Ma from the
Witwatersrand Basin, South Africa contains up to 40 μMof NO3

−, up to 50 mMN2 (90 times air saturation at sur-
face) and 1 to ~400 μM NH3/NH4

+. To determine whether the oxidized N species were introduced by mining ac-
tivity, by recharge of paleometeoric water, or by subsurface geochemical processes, we undertook N and O
isotopic analyses of N species from fracture water, mining water, pore water, fluid inclusion leachate and whole
rock cores.
The NO2

−, NO3
− and NH3/NH4

+ concentrations of the pore water and fluid inclusion leachate recovered from the
low porosity quartzite, shale and metavolcanic units were ~104 times that of the fracture water. The δ15N–NO3

−

and δ18O–NO3
− of the pore water and fluid inclusion leachate, however, overlapped that of the fracture water

with the δ15N–NO3
− ranging from 2 to 7‰ and the δ18O–NO3

− ranging from 20 to 50‰. The δ15N–NO3
− of the

mining water ranged from 0 to 16‰ and its δ18O–NO3
− from 0 to 14‰making themining water NO3

− isotopically
distinct from that of the fracture, pore and fluid inclusion water. The δ15N–N2 of the fracture water and the δ15N–
N from the cores ranged from −5 to 10‰ and overlapped the δ15N–NO3

−. The δ15N–NH4
+ of the fracture water

and pore water NH3/NH4
+ ranged from−15 to 4‰. Although the NO3

− concentrations in the porewater and fluid
inclusions were high,mass balance calculations indicate that NO3

− accounts for≤10% of the total rock N, whereas
NH3/NH4

+ trapped in fluid inclusions or NH4
+ present in phyllosilicates account for ≥90% of the total N.

Based on these findings, the fluid inclusion NO3
− appears to be the source of the pore water and fracture water

NO3
− rather than paleometeoric recharge or mining contamination. Irradiation experiments indicate that radio-

lytic oxidation of NH3 to NO3
− can explain the fluid inclusion NO3

− concentrations and, perhaps, its isotopic com-
position, but only if the NO3

− did not attain isotopic equilibrium with the hydrothermal fluid 2 billion years ago.
The δ15N–N, δ15N–N2 and δ15N–NH4

+ suggest that the reduction of N2 to NH4
+ also must have occurred in the

Witwatersrand Basin in order to explain the abundance of NH4
+ throughout the strata. Although the depleted

NO3
− concentrations in the fracture water relative to the pore water are consistent with microbial NO3

− reduc-
tion, further analyses will be required to determine the relative importance of biological processes in the subsur-
face N cycle and whether a complete subsurface N cycle exists.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

With the discovery of widespread microbial life in the deep sub-
surface, the question of nutrient availability becomes critical to
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understanding the limits of this ecosystem. In the case of marine sed-
iments, Lipp et al. (2008) reported that the total lipid concentration, a
proxy for living biomass, was correlated with the total organic matter
concentration (TOC), such that cellular densities diminished to
~106 cells g−1 for sediment with TOC of ~0.2%. A number of recent
studies have shown, however, that H2-producing water–rock interac-
tions provide the energy for subsurface autotrophic microbial metabo-
lism deep in the earth's crust (Stevens and McKinley, 1995; Kelley
et al., 2001; Lin et al., 2005b, 2006) and that acetogens could provide
the organic carbon substrate necessary to support aceticlastic
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heterotrophs (Stevens and McKinley, 1995; Stevens, 1997). The princi-
pal N substrate for subsurface ecosystems could be NH3/NH4

+ originat-
ing from deamination of organic photosynthate or from deep-seated
N-containing fluids from silicates (Mysen and Fogel, 2010). Determin-
ing the origin and form of N available to the deep biosphere community
is critical for understanding how it may influence and limit autotrophic
microbial abundance in the deep terrestrial subsurface. Significant N2

concentrations have been discovered in gas reservoirs b1 km depth
that are typically associated with high 4He, indicating a crustal origin
and long subsurface residence time for N2 (Ballentine and Sherwood
Lollar, 2002). In deeper crustal environments (T=400–700 °C) N2 is
the dominant N fluid species unless low fO2 conditions stabilize NH3

(Haendel et al., 1986; Bebout and Fogel, 1992). The migration of N2

from deeper to shallower crustal levels could provide an alternative N
source for deep subsurface N2-fixing microbial communities in the ab-
sence of NH3. Autotrophs that are capable of N2 fixation, such as Candi-
datus Desulforudis audaxviator (Chivian et al., 2008), have also been
reported from deep subsurface samples despite the fact that N2 fixation
is energetically costly.

NO3
− is generally accepted to be an important source of energy and

nutrients for microorganisms in shallow aquifers and marine sedi-
ments, but not for deeper settings. D'Hondt et al. (2004), however, iden-
tified NO3

− (≤30 μM) in the pore water of seafloor sediments near their
contact with the underlying basaltic crust and conjectured that “the
transport of O2 andNO3 through the underlying basaltic aquifer sustains
aerobic and nitrate-reducing prokaryotic communities in the deepest
(11 to 35 Ma) sediments of these sites, although anaerobic communi-
ties are active in the overlying sediment”. Much higher NO3

− concentra-
tions have been reported in the pore water of ultra-high-pressure
metamorphic rocks in China (~20 mM) (Zhang et al., 2005) and in the
fluid inclusions in ~2.0 Ga hydrothermal veins of the Omai Au deposit
in South America (≤15 mM) (Voicu and Hallbauer, 2005) and theWit-
watersrand Basin of South Africa (≤70 mM) (Frimmel et al., 1999).
Lower NO3

− concentrations, ≤40 μM, have also been reported for the
fracture water emanating from mine boreholes at 0.8 to 3.5 km depth
in theWitwatersrand Basin, which is believed to be a mixture of paleo-
meteoric water and ~2.0 Ga hydrothermal fluid (Onstott et al., 2006).
Cautionmust be exercised, however, when examining NO3

− in amining
environment as Onstott et al. (2003), Stroes-Gascoyne and Gascoyne
(1998), Gascoyne and Thomas (1997) and Stotler et al. (2009) have
all stressed that the NO3

− may originate from the explosives used in
mining.

A possible origin for these reported deep NO3
− occurrences is sug-

gested by irradiation studies of NH3-bearing water solutions that
have measured the production of NH2O2 (Pagsberg, 2001), N2H4

(Rigg et al., 1952), NO2
− (Dwibedy et al., 1996) and NO3

− (Shin et al.,
2001). If NO3

− and NO2
− are produced within the subsurface from irra-

diation of NH3, then they could provide an alternative source of N, an
energy-rich electron acceptor and could, in principal, sustain a com-
plete subsurface N cycle.

This study, therefore, sought to determine to what extent the
three principal N species, NO3

−, NH3 and N2, observed in the Witwa-
tersrand Basin fracture water were derived from mining contamina-
tion, from the surface biosphere by recent meteoric recharge, from
Archean organic-rich shale, or from a ~2.0 Ga hydrothermal fluid.
This was done by performing N and O isotopic analyses on cores col-
lected from the lithological units in contact with these fractures, the
organic-rich Kimberly Shale, the Ventersdorp Supergroup metavolca-
nics and the Witwatersrand Supergroup quartzite. In addition NH3 ir-
radiation experiments on anaerobic water were performed to test the
possibility of radiolytically produced NO3

−.

2. Geologic setting

TheWitwatersrand Basin, located in the center of the Kaapvaal Cra-
ton, is 300 km long along a NE–SW axis and 100 km wide, and formed
3.1 to 2.7 byr ago. The core samples for this study were collected during
exploration coring from the Evander and Kloof Au mines. Evander Au
Mine is located on the easternmost edge of the Witwatersrand Basin
where the 2.9 Ga Witwatersrand Supergroup is overlain by the 2.7 Ga
old Ventersdorp Supergroup. At this location the UpperWitwatersrand
Group stratigraphic column includes the 60 m thick Booysens/Kimber-
ley Shale Formation underlain by the 30 m thick Krugersdorp Quartzite
Formation and overlain the 6 m thick Kimberley reef of the 14 m thick
Kimberley–Elsburg Quartzite Formation (Tweedie, 1986). Kloof Au
Mine (S 26°26′; E 27°34′) is located southwest of Johannesburg where
the contact between the Ventersdorp Supergroup and the Upper Wit-
watersrand Group is mined. Metamorphic mineral assemblages are
consistent with lower greenschist facies with maximum temperatures
of 300±50 °C and pressures of 2.5–3 kbar (Phillips, 1988; Wallmach
and Meyer, 1990). Fluid inclusion studies indicate a maximum temper-
ature of 250 °C (Hallbauer and Kable, 1979; Hallbauer and Von Gehlen,
1983; Hallbauer, 1986).

3. Materials and methods

3.1. Core collection

On August 13, 2002 at the 24th level, 1.83 km bls., of #2 shaft of
Evander Au mine (S 26°30′36″; E 29°08′40″) a very short exploratory
borehole was drilled downwards for 20 m through the Kimberley reef
and the resulting quartzite and conglomerate rock core, labeled
EV224, was collected. No fracture water was associated with the
EV224 borehole; only mining water was obtained. On October 25,
2002 during an exploratory coring operation on the 18th level of the
#8 shaft of Evander Au mine (S 26°27′13″; E 29°03′56″), 1.83 km bls.,
a 2 m core of the Kimberley–Elsburg Quartzite Formation, labeled as
EV818, was collected from a vertical borehole at a depth of 60 m
below the tunnel floor. This sampling was followed by collection of nu-
merous fracture water samples. Samples were collected of the calcare-
ous siltstone and the upper laminated sections of the Kimberley Shale,
as well as from the quartzite and conglomerate overlying and underly-
ing it. These samples were taken from an exploration core through the
Upper Witwatersrand Group drilled from #3 shaft of Evander Au mine
(S 26°31′5″; E 29°07′40″) at a depth comparable to that of the other
cores, and, hence, referred to as core EV3.

On July 31, 2003, several core samples alongwith fracturewater and
mine water samples were collected from a horizontal borehole drilled
into a water bearing fracture at the 39th level, 3.1 km bls., of the #7
shaft of Kloof Au mine (S 26°26′42″; E 27°33′59″). Rock cores, labeled
KL739, were collected from the lower greenschist facies, tholeiitic, Ca-
rich, porphyritic flood basalt of the Klipriviersberg Group of the Ven-
tersdorp Supergroup (van der Westhuizen et al., 1991).

All freshly drilled rock cores were immediately stored in sterile
Whirlpak bags and frozen on dry ice. The rock cores were subse-
quently shipped frozen to Princeton University where they were
stored in a −80 °C freezer. EV3 was collected from the Evander Au
mine core library after storage for several weeks and, thus, was not
suitable for pore water analyses, but as it is the only organic carbon
bearing shale unit in the Witwatersrand strata, it was collected to
measure the isotopic composition of any organic N.

3.2. Fracture water sample collection

Mining water was collected from the EV224, and mining water and
fracture water were collected from the EV818 and KL739 coring opera-
tions on August 13, 2002, October 25, 2002 and July 31, 2003, respec-
tively. An autoclaved Margot-type expansion plug connected to a
sampling manifold constructed of Delran plastic and equipped with
quick-connect release valves and sterile tubing with a syringe tip was
used to collect water and gas samples without exposing them to the
mine air, following the procedures described in Onstott et al. (2006).



Table 2
Mining water geochemistry and nitrogen and oxygen isotopic composition for dis-
solved NO3

−.

Sample NO3

(μM)
δ15N NO3

(‰)
δ18O NO3

(‰)
NH3/NH4

+

(μM)
Na
(mM)

KL 739 SW A 1354±80 6.8 14.2 14.3 15
KL 739 SW B 1701±75 5.1 14.0 37.8 15
KL739 DW2073103 0.82±0.20 8.2 3.7 11.8 15
DR938CH091202 52.7±0.1 16.5 0.4 90.5 3
DR938 TW 5.34±0.08 0.6 5.0 0.7 5
DR 938 TW 5.20±0.07 0.7 5.1 n.a. 5
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3.3. Pore water, fluid inclusion, exchangeable NH4
+ extractions

Rock cores were 45 to 50 mm in diameter and were split into 20 g
nugget (internal) and 20 g paring (outer rim) portions using a
custom-made rock splitter. Within an anaerobic glove bag, the nuggets
and parings were aseptically broken into smaller pieces and placed into
50 mL centrifuge tubeswith 40 mLof deionized, degassed, sterilewater.
The samples were placed on a rotisserie shaker in the anaerobic glove
bag for 5 days. This pore water leachate was frozen and saved for con-
centration (NH4

+ and NO3
−) and isotopic analysis (δ15N–NO3

−, δ18O–
NO3

− and δ15N–NH4
+). The rock fragments were subsequently pulver-

ized, sieved at mesh number 200 (pore size of 75 μm) and placed in
40 mL of deionized, degassed water and set on the shaker for 5 days
with all steps taking place in the anaerobic glove bag. This fluid inclu-
sion leachate was frozen and set aside for concentration (NH4

+ and
NO3

−) and isotopic (δ15N–NO3
−, δ18O–NO3

− and δ15N–NH4
+) measure-

ments. These same steps were first performed without rock to deter-
mine the trace amounts of NO3

− present in the procedure. Multiple
tests revealed that certain 50 mL centrifuge tube caps contained signif-
icant NO3

− contamination, and the caps that yielded no detectable NO3
−

contamination were then selected for the extraction process.
To determine the exchangeable NH4

+ in the residual powder,
20 mL of degassed, pH 7, 2 M KCl was added. The solution was shaken
for 1 h in the anaerobic glove bag, centrifuged for 5 min at 3400 rpm,
the leachate removed, the powder rinsed with 10 mL of deionized,
degassed H2O and centrifuged for 15 min. The deionized, degassed
H2O step was repeated. The DI H2O rinses were added to the 20 mL
KCl solution for a total volume of 40 mL.
3.4. Dissolved N species analyses

All NO3
−, NO2

− and NH4
+ concentrations for mining water, fracture

water, pore water and fluid inclusion extract samples were analyzed at
Table 1
Fracture water analyses.

Samplea δ15N N2

(‰)b
% atm. N2

c

(μM)
δ15N N2

c

(‰)
NO3

−

(μM)
δ
(

BE116 031401 IDW −0.9±0.1 69.0 1102 −1.3±0.1 1.04±0.01 5
BE116 H1 031601 0.8±0.1 67.0 636 4.1±0.1 1.04±0.01 n
BE325 FW 032701 −0.8±0.1 18.9 94 −0.9±0.1 2.80±0.03 5
BE327 H3 032701 −0.8±0.1 18.4 214 −0.9±0.2 1.50±0.01 5
MS151 FW 022202 0.3±0.1 47.8 592 2.4±0.1 37.5±2.33 9
MM51870 030402 0.5±0.1 50.3 860 2.9±0.1 4.08±0.01 2
EV818 FW 030601 2.9±0.1 27.3 473 5.8±0.1 0.20±0.01 n
EV818 FW 051001 n.a. n.a. n.a. n.a. 4.90±0.01 1
EV818 FW 062101 n.a. n.a. n.a. n.a. 5.40±0.01 5
EV522 FW 030801 1.6±0.1 47.3 627 1.9±0.1 0.35±0.04 n
EV522 H1 041801 1.8±0.1 19.9 1450 4.1±0.1 0.51±0.04 n
EV219 H1 030901 1.6±0.2 34.3 14,118 1.7±0.2 0.18±0.01 n
EV219 H5 030901 n.a. n.a. 52,800 n.a. 1.22±0.04 6
DR983 H3 110701 −0.1±0.1 13.1 2674 −0.1±0.1 0.80±0.04 0
DR938 H1 082001 0.8±0.1 72.3 1430 4.2±0.1 0.16±0.01 n
DR938 CH 110701 0.8±0.1 77.8 806 5.1±0.1 2.23±0.04 n
KL441 H3 111401 0.8±0.1 44.1 381 0.8±0.1 0.13±0.04 n
KL739 FW 062901 0.9±0.2 8.5 473 1.0±0.2 0.97±0.01 n
MP104 E65XC H1 0.3±0.2 24.2 251 1.3±0.2 0.54±0.03 n
DR548 FW 090901 n.a. n.a. 1170 n.a. 0.16±0.01 n

a Boreholes MS151, MM5, BE116, BE325, BE327, EV818, and EV522 are situated in Witwa
metadiabase. Boreholes KL441, KL739, DR938 H1, DR938 CH and MP104 are situated in Ven
group and the Witwatersrand Supergroup.

b δ15N values for N2, NO3
− and NH3 are expressed in ‰ with respect to atmospheric N2 a

c N2 concentrations and δ15N N2 were corrected for air contamination based on Eqs. (3)
d Na+ concentrations and δ18O for water are summarized in Onstott et al. (2006), Ward
e This sample's age was determined by AMS analyses of the DIC. Δ14C=−420‰ and δ13C

Transvaal Group dolomite=−0.55‰ (Bau et al., 1999), the 14C age corrected for dead carb
f These water ages were reported by Lippmann et al. (2003) and Lin et al. (2006). The rem

but calculated according to the same Lippmann et al. (2003) model used for the other wate
Princeton University (Tables 1–3). NO3
− and NO2

− were measured by
ion chromatography (DX-320, Dionex, Sunnyvale, CA) using EG40 and
LC25 columns and an AS40 autosampler with detection limits of 0.2
and 0.1 μM, respectively. Pore water and fluid inclusion extract NO3

−

concentrations were also measured in duplicate by reduction to nitric
oxide (NO) in a heated solution of acidic V3+ followed by chemilumi-
nescent detection of the NO (Braman and Hendrix, 1989) with a detec-
tion limit of 0.01 μM for 2–3 mL injections. NH4

+ concentrations were
determined using the Nesslerization method (Eaton et al., 1995) with
detection limits of 1 μM and a relative standard deviation of 10% based
on a four point calibration curve.

NO3
−, NO2

− and NH4
+ measurements for the extracts were con-

verted into pore water and fluid inclusion concentrations using the
following relationship,

Nx½ �PW;FI ¼ Wl=Wrð Þ⋅ Nx½ �meas=MWx
� �

⋅ rrock=θrockð Þ ð1Þ

where [Nx]PW,FI is the concentration of NO3
−, NO2

− or NH4
+ in the

pore water or fluid inclusion (in mM) (Table 3), Wl is the volume of
the D.I. water extract (40 mL),Wr is themass of the rock being extracted
(2 to 6 g), [Nx]meas is the NO3

−, NO2
− or NH4

+ concentration in the extract
(in mg L−1), ρrock is the density of the rock (in grams cm−3), θrock is the
15N NO3
−

‰)b
δ18O NO3

−

(‰)b
NH3/NH4

+

(μM)
δ15N NH3

(‰)b
Na
(mM)d

δ18O H2Od Age
(Ma)

.9 30.7 0.71 n.a. 34 −6.00 2.0f

.a. n.a. 27.5 −6.0 32 −5.85 2.0f

.2 30.8 2.14 n.a. 35 −6.71 5.0f

.5 30.9 213 n.a. 32 −6.66 3.5f

.9 24.9 120 n.a. 56 −7.19 1.3

.3 20.4 28.6 3.3 44 −6.52 1.6

.a. n.a. 31.6 n.a. 89 −10.2 9.5f

8.7 25.9 71.4 n.a. 83 −10.5 7.3
.1 26.9 40.2 n.a. 78 −10.9 6.0
.a. n.a. 8.05 n.a. 24 −5.63 0.7
.a. n.a. 28.6 n.a. 33 −6.48 1.2f

.a. n.a. 4.28 n.a. 17 −4.98 7.7

.8 34.0 n.a. n.a. 15 −4.92 0.8

.9 24.1 2.86 n.a. 14 −5.01 3.5

.a. n.a. 27.8 n.a. 1.7 −4.31 n.a.

.a. n.a. 7.14 n.a. 3.8 −4.68 0.001e

.a. n.a. 24.3 n.a. 22 −5.03 3.9f

.a. n.a. 14.3 n.a. 95 −7.24 20f

.a. n.a. 406 −14.9 52 −6.82 20f

.a. n.a. 25.7 n.a. 723 −12.3 15

tersrand Supergroup quartzite. Borehole EV219 is situated in Ventersdorp Supergroup
tersdorp Supergroup metavolcanic. DR938 H3 intersects both the Ventersdorp Super-

nd δ18O for NO3
− is expressed in ‰ with respect to V-SMOW.

and (4) (see text).
et al. (2004) and Lippmann et al. (2003).
=−10.1‰, DIC=0.63 mM. Assuming the δ13C of recharge=−17‰ and the δ13C of the
on addition is 1022 years.
aining water ages are based upon the He concentrations, uncorrected for diffusive loss,
r ages (Supplemental Dataset).



Table 3
Pore water, fluid inclusion and exchangeable NH4

+ (NH4
+
ex) analyses.

Samplea NO3
−

(μM)b
NO3

−

(mM)c
δ15N NO3

−

(‰)
δ18O NO3

−

(‰)
NO2

−

(μM)b
NO2

−

(mM)c
NH3/NH4

+

(μM)b
NH3/NH4

+

(mM)c
δ15N NH3

(‰)
Na
(mM)

NH4
+
ex

(10−3 mol kg−1)

KL739 A3N PW 1.33±0.06 4.32 −0.1 23.7 0.43 1.40 22±5 59 n.a. 964 N/A
KL739 A3P PW 0.87±0.01 1.93 0.1 28.3 0.48 1.06 1.6±1.6 4.7 n.a. 1131 N/A
KL739 B3N PW 0.71±0.09 1.19 5.7 23.9 bdl bdl 17±1 28 n.a. 937 N/A
KL739 B3P PW 0.54±0.04 0.96 n.a. n.a. bdl bdl 18±3 32 n.a. 836 N/A
KL739 B6P PW 0.65±0.05 4.04 n.a. n.a. bdl bdl 13±2 39 n.a. 581 N/A
KL739 B6N PW 0.56±0.02 3.83 n.a. n.a. 0.28 1.88 19.07±0.01 79 n.a. 589 N/A
KL739 B10N PW 1.18±0.01 3.52 2.0 28.4 0.45 1.35 10±1 17 n.a. 1041 N/A
KL739 B10P PW 1.06±0.01 2.23 2.9 27.9 0.42 0.89 27±2 57 n.a. 951 N/A
EV818 P PW 12.5±0.11 17.0 −0.3 31.1 bdl bdl 31±35 26 n.a. 358 N/A
EV818 N PW 4.52±0.01 7.95 2.4 26.8 bdl bdl 30±9 59 n.a. 338 N/A
EV818 BN2 PW 1.90±0.01 2.04 n.a. n.a. bdl bdl 5.4 5.8 n.a. 112 N/A
EV818 BP2 PW 2.79±0.04 3.01 n.a. n.a. bdl bdl 4.4 4.7 n.a. 132 N/A
EV818 DN2 PW 2.80±0.06 3.16 n.a. n.a. bdl bdl 1.0 1.1 n.a. 148 N/A
EV818 DP2 PW 11.1±0.04 9.90 n.a. n.a. bdl bdl 1.0 0.9 n.a. 202 N/A
KL739 A3N FI 2.17±0.02 6.91 4.4 29.2 0.32 1.03 23±1 106 n.a. 1415±181 0.74
KL739 A3P FI 1.45±0.02 8.67 2.7 30.6 0.12 0.69 9±7 23 n.a. 1380±55 bdl
KL739 B3N FI 1.72±0.05 8.39 5.2 32.4 0.22 1.07 9±2 36 n.a. 856±51 0.09
KL739 B3P FI 1.22±0.07 5.35 3.1 31.2 bdl bdl 8±2 33 n.a. 791±257 0.054±0.006
KL739 B6N FI 0.84±0.02 4.01 5.9 32.0 bdl bdl 16±2 72 n.a. 1162±59 0.03
KL739 B6P FI 1.58±0.09 12.6 1.9 29.4 0.39 1.69 19±1 72 n.a. 1332±209 0.56
KL739 A8N FI 6.30±0.16 45.7 3.8 30.4 bdl bdl 79 573 n.a. 1000 0.59
KL739 A8P FI 0.61 4.1 3.5 29.8 bdl bdl 85 572 n.a. 1438 n.a.
KL739 A9N FI 3.80±0.16 12.1 3.9 28.0 bdl bdl 121 388 n.a. 857 0.13
KL739 A9P FI 1.97±0.16 5.03 5.0 33.6 bdl bdl 119 303 n.a. 968 0.14
KL739 B10P FI 3.13±0.04 9.61 1.0 49.2 0.64 2.14 24 76 n.a. 1339 n.a.
EV224 2 N FI 4.90±0.16 53.1 5.1 27.2 bdl bdl 12.27±0.01 128 n.a. 833±39 0.25±0.14
EV818 P FI 3.31±0.06 20.0 2.8 41.3 bdl bdl 40±4 167 n.a. 412±77 1.40
EV818 BN2 FI 14.30±0.04 51.9 n.a. n.a. bdl bdl 5±3 17 n.a. 181 0.76
EV818 BP2 FI 18.70±0.26 61.7 n.a. n.a. bdl bdl 2.8 9.2 n.a. 146 0.37
EV 3 KS 24.4 PW 7±3 7 n.a. n.a. 0.2±0.3 0.19 26±9 26.4 n.a. 1021±146 N/A
EV 3 KS TZ1 PW 2.9±1.4 4 n.a. n.a. 1.2±0.6 1.6 25±16 32 n.a. 871±75 N/A
EV 3 TZ2 Paleo PW 9±4 6 n.a. n.a. 1.2±0.5 0.7 14.9±0.1 9.3 n.a. 263±110 N/A
EV3 Paleo 40.8 PW 10±5 6 n.a. n.a. 2.0±0.9 1.2 46±9 29 2.9 1534±261 N/A
EV 3 KS 24.4 FI 1.5±0.3 4.9 n.a. n.a. 0.3±0.3 0.4 7±3 22 n.a. 438±41 2.1±0.8
EV 3 KS TZ1 FI 2.9±1.6 18 n.a. n.a. 3±3 16 3±2 14 n.a. 1072±187 3.2±1.2
EV 3 TZ2 Paleo FI 1.7±0.8 13 n.a. n.a. 1.3±0.8 8 6±2 41 n.a. 2304±677 5.8±1.0
EV3 Paleo 40.8 FI 2.1±0.4 8.0 n.a. n.a. 0.3±0.3 0.8 30±12 116 n.a. 1203±292 3.9±1.9

a PW = pore water. FI = fluid inclusion leachate. KL — Kloof Au Mine–Ventersdorp Supergroup metavolcanic. EV — Evander Au Mine Witwatersrand Supergroup quartzite. P =
outer core paring. N = internal core nugget. bdl = below detection limit. n.a. = not analyzed. N/A = not applicable.

b Measured concentration of species in leachate.
c Calculated concentration of species using Eq. (1) in the text.
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porosity (or fluid inclusion fractional volume) of the rock and MWx is
the molecular weight of the N species (mg/mM). Rock density and po-
rosity were determined on seven representative 1 in. diameter subcores
by Core Petrophysics Inc. (Houston, TX). Fluid inclusion fractional vol-
ume was based on thin section examination.

3.5. NO3
− isotopic measurements

The δ15N–NO3
− and δ18O–NO3

− were analyzed using the denitrifier
method (Sigman et al., 2001; Casciotti et al., 2002). In this procedure,
NO3

− was quantitatively converted to N2O using a strain of denitrifying
bacteria (Pseudomonas aureofaciens) a naturally occurring mutant that
lacks the ability to reduce N2O. The resulting N2O was extracted, purified
and introduced into isotope ratio mass spectrometer (ThermoFinnigan
DeltaPlus). Each analysis was referenced to injections of N2O from a
pure N2O gas cylinder and then standardized using an internationally ac-
cepted NO3

− reference material (IAEA-N3, with a δ15N of 4.7‰ AIR and a
δ18O of 25.6‰ VSMOW) with corrections for water–oxygen atom incor-
poration using the same reference material dissolved in 18O-enriched
water (Casciotti et al., 2002). Analytical precision at the time of analyses
was typically ±0.5‰ for δ18O and ±0.2‰ for δ15N (Tables 1–3 and 5).

3.6. Solid N and C isotopic analyses and total U analyses

Rock core chunkswere crushed under a He atmosphere in an anaer-
obic chamber and 15 to 20 mg were transferred to Sn capsules, which
were then sealed. Samples were then introduced into the autosampler
(A2100) of a Carlo Erba Instruments, NA2500 series, elemental analyzer
(EA) (Wooller et al., 2001), where N2 and CO2 are obtained by combus-
tion at 1020 °C. The elemental composition is reported as total nitrogen,
N and total carbon, TC inmoles. The δ15N and δ13C of the total N and C of
the rock, δ15N–N and δ13C–C, were measured using continuous-flow,
stable isotope ratio mass spectrometry (Finnigan MAT, DeltaplusXL at
the Geophysical laboratory, CIW) relative to internal working gas stan-
dards (Wooller et al., 2003; Papineau et al., 2009). Precision for δ15N–N
was ±0.5‰ AIR for samples with more than 1 μg of N and ±1.2‰ AIR
for samples with less than 1 μg of N and for δ13C–C was ±0.1‰ VPDB.
Only the δ15N–Nof those sampleswith>0.5 μg of N are considered pre-
cise enough for constraining the isotopic composition of the total rock
N. Samples were also acidified with ultra-pure 6 N HCl, spun down,
rinsed with DI water, dried, weighed and combusted in order to obtain
the concentration and the δ13C of the organic carbon, δ13C–OC. The con-
centration was determined by subtracting the OC from the TC; and the
δ13C of the inorganic carbon, δ13C–IC, was determined from the isotopic
mass balance (Table 4).

An 80 mg portion of pulverized paring and nugget was dried over-
night in an oven at 120 °C. LiBO3 powder was added to the sample at a
5:1 ratio (LiBO3:sample). After the powders were mixed carefully
they were transferred to a pre-ignited graphite crucible, which was
placed in an oven at 1100 °C for 10 min. The molten sample was
then quickly poured into a 250 mL Teflon beaker with 40 mL 2:25
HNO3 and a stir bar, placed on a stirrer and covered with a watch



Table 4
Rock core N and C data.

Sample Rock type Bulk density
g cm−3

Por. % U (ppm) Total Na

10−3 mol kg−1
δ15N N
(‰)b

Organic carbonc

10−2 mol kg−1
δ13Corg

(‰)c
Inorganiccarbond

10−2 mol kg−1
δ13Cinorg

(‰)b

EV 3 KS TZ2-Paleo Kimberley Shale-sltst. n.a. n.a. 58±11 3.79±0.47 0.54±0.35 11.9 −28.37 bdl n.a.
EV 3 KS 1.9 Kimberley Shale-Up. Calc. n.a. n.a. 65±6 bdl n.a. 7.39 −29.97 21.3 −5.62
EV 3 KS 24.4 Kimberley Shale-up. calc.

sltst.
2.76 0.5 89±14 2.14±0.16 5.61±4.60 5.06±0.24 −30.17±0.15 1.14±0.54 −6±11

EV 3 KS TZ1 Kimberley Shale-sltst. n.a. n.a. 144±3 2.42±0.23 4.93±0.63 2.03±0.21 −25.57±0.25 1.38±0.44 4.1±2.7
EV 3 KS Paleo 40.8 Kimberley Shale-up.

laminated
2.78 1.0 108±20 3.57±0.18 6.65±3.83 1.53 −26.4 0.954 −3.83

EV 3 Cong LK1 reef chert pebble cong. 2.66 0.7 83±6 bdl n.a. 1.68 −24.16 1.39 −25.92
EV 3 Qtzite LK1 quartzite 2.64 0.9 19±9 bdl n.a. 1.06 −25.6 0.521 −19.91
EV 818 Quartzite 2.70 0.6 32±13 1.86±0.49 9.3±12.46 1.81 −25.5 bdl n.a.
EV 224 Quartzite 2.71 0.6 32 1.14±0.88 −6.2±8.06 2.08 −24.4 bdl n.a.
KL 739 Metavolcanic w/ calcite

veins
2.73 0.7 35±18 1.79±0.93 5.2 2.99±0.96 −25.38±0.27 124±86 −8.3±1.0

a Total N ranged from 16 to 53 ppm.
b δ15N values for Total N are expressed in ‰ with respect to atmospheric N2 and δ13C for organic carbon and inorganic carbon are expressed in ‰ with respect to V-PDB.
c Organic carbon ranged from 127 to 1430 ppm.
d Inorganic carbon ranged from 63 to 2520 ppm.
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glass for 5 min. The sample was then transferred to a 50 mL volumet-
ric flask and the volume made up to 50 mL with DI water. The U con-
centration of the solution was measured by ICP-OES (Perkin Elmer)
and converted to mol U/kg rock (Table 4).

3.7. Nitrogen isotopic analyses of NH4
+

NH4
+ was extracted and analyzed using a protocol described by

Houlton et al. (2007) that merges the “passive ammonia diffusion”
method for NH4

+ collection described in Sigman et al. (1997) with the
“persulfate/denitrifier” method for analyzing the δ15Ν of reduced N
forms (Knapp et al., 2005). Briefly, NH4

+ “traps” were constructed by
sealing pre-combusted GF/F filters (with 20 μL of 2 N H2SO4 added to
each filter) inside Teflon tape envelopes. Between 5 and 40 mL of sam-
ple was aliquoted to acid-washed 50 mL Falcon centrifuge tubes. To
avoid rupture of the “traps” due to the osmotic pressure gradient be-
tween the acidified filters inside the Teflon envelope and the ambient
water, a NaCl solution (NaCl was pre-combusted at 650 °C) was added
to a final concentration of 0.6 M. The Teflon traps were then added to
each tube, followed immediately by addition of 20 to 200 mg, depend-
ing on a sample volume, of MgO, pre-combusted at 650 °C, so that the
final pH of the fluid sample was ~9.7. The tubes were then immediately
capped and incubated at room temperature on a shaker for 8–20 days.

After the incubations, the traps were removed from the tubes,
briefly rinsed in deionizedwater of pH ~3, and stored in tightly capped
4 mL glass vials. Several days later, the filters were removed from the
Teflon traps, 3 mL of A.C.S. reagent grade water (Sigma) and 1 mL of
POR oxidizing reagent, prepared as described in Knapp et al. (2005),
was added to each vial containing a filter. Immediately after addition
of the POR reagent, tightly capped vials were autoclaved for 80 min
at 120 °C, oxidizing NH4

+ trapped on a filter to NO3
−. After autoclaving,

[NO3
−] was determined as described above. Only samples with a final

NO3
− yield greater than 50% of the original NH4

+ concentration were
analyzed for δ15N–NH4

+ (Table 1). Unfortunately, due to the long stor-
age time between the original core extractions and analyses, only one
fluid inclusion extract met this criterion (Table 3). Simultaneous with
samples, NH4

+ extraction was performed on a set of standards pre-
pared from (NH4)2SO4 salts (isotopic reference materials IAEA-N1
and IAEA-N2). Based on the standards, the average yield for the am-
monium extraction procedure was 95±14% (n=8). Procedural
blank of 16±3 nmol (n=3) was determined by carrying out the ex-
traction procedure with deionized water with NaCl, MgO and traps
added, and constituted 4–15% of a sample or standard. A correction
was applied to the measured δ15N–NH4

+ values using the procedural
blank δ15N, derived from the isotopic mass balance between the mea-
sured and expected δ15N of the standards. For example, average
measured δ15N of IAEA-N2 (reported δ15N=20.4±0.2‰) was 17.5±
0.1‰ (n=2) and 18.8±0.2‰ (n=2) for standards containing 200
and 400 nmol of N, respectively, while average measured δ15N of
IAEA-N1 (reported δ15N=0.4±0.1‰) was −1.2±0.1‰ (n=2) and
0±0.1‰ (n=2). Average δ15N composition of the procedural blank de-
termined using both standards (IAEA-N1 and IAEA-N2) was applied to
obtain final δ15N–NH4

+ values.

3.8. N2 compositional and isotopic analyses

Compositional and isotopic analyses of N2 gas samples dissolved
in the fracture water were performed at the Stable Isotope Laboratory
at the University of Toronto using the method of Ward et al. (2004). A
Varian 3800 GC equipped with a micro-thermal conductivity detector
(μTCD) and a Varian Molecular Sieve 5A PLOT fused silica column
(25 m×0.53 mm ID) were used to determine the N2 concentrations.
All analyses were run in triplicate and mean values are reported. Re-
producibility for triplicate analyses was ±5%.

The concentrations of dissolved gaseswere derived from the gas vol-
ume abundance, the ratio of water to gas flow rates and Henry's Law
constants following the procedure of Andrews and Wilson (1987).
The N2 data was first corrected for air contamination based on the O2

concentration, which was assumed to be an artifact of sampling, since
Eh measurements indicated highly reducing borehole environments.
N2/Ar or O2/Ar ratios cannot be used as a second crosscheck on contam-
ination due to the radiogenic-rich Ar isotopic signature and the deplet-
ed atmospheric Ar concentrations reported by Lippmann et al. (2003).
The air correction was made using the following equation,

%N2 CORRð Þ ¼ %N2 MEASð Þ−3:73⋅ %O2 MEASð Þ
� �

: ð2Þ

The dissolved N2 concentration was calculated according to the
following equation,

N2 ¼ Vg=Vw

� �
⋅%N2 CORRð Þ⋅10

−2⋅P= 0:082054⋅Tð Þ
þ %N2 CORRð Þ⋅10

−2⋅P⋅H=18000 ð3Þ

where N2 is in mol L−1, Vg and Vw are the gas and water flow rates,
respectively, P is the ambient pressure underground in atm, T is the
ambient water temperature in K and H is the Henry's Law constant
for N2 in moles of N2 (moles of H2O)−1 atm−1 (Table 1).

The N isotope analyses were performed using a Varian 3400 Chro-
matogram coupled with a Finnigan 252 mass spectrometer (GC-
IRMS). The N2 was separated from other gases using a VarianMolecular
Sieve 5A PLOT fused silica column (25 m×0.53 mm I.D.) and a He flow
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rate of 1.2 mLmin−1. The temperature program started at 30 °C for
6 min and then ramped up to 230 °C at 20 °C min−1. All N2 gas analyses
were run in triplicate, andmeanvalues are reported as δ15N–N2with re-
spect to atmospheric N2 using laboratory characterized air working
standards cross-calibrated against international IAEA nitrogen standard
materials. Measured δ15N–N2 values are reported in Table 1. To attempt
to correct for air contamination (and resultantmixing of the fracture gas
N2 with N2 associated with air contamination during sampling, as dis-
cussed above), corrected δ15N–N2 values were calculated using the fol-
lowing formula,

δ15N� N2 AIR CORRð Þ ¼ %N2⋅d
15N�N2

h i
=%N2 AIR CORRð Þ: ð4Þ

The range of corrected values (−0.9‰ to 5.8‰) is somewhat larg-
er than the range of measured values (−0.9‰ to 2.9‰), but the dif-
ferences are not large enough to affect the interpretations.

3.9. Irradiation experiments

Aqueous solutions of NH4Cl were prepared using spectroscopic
grade solid salts and deionized H2O in varying concentrations in an an-
aerobic glove bag (containing 90%N2: 10%H2). Each solutionwasmixed
in a 160 mL serum vial and then injected into separate 30 mL serum
vials.With one exception (Solution #4 in Table 1 of Supplemental Infor-
mation), they were then bubbled with Ar to expel any H2 or N2 in the
vial. Anaerobic NaOH solution was added to some of the serum vials
in order to bring their pH to 10. This converted the NH4

+ to NH3.
Irradiationswere carried out at two separate facilities, the Center for

Radiological Research at Columbia Medical School and the Notre Dame
Radiation Laboratory. The former had a 60Co gamma source with a LET
of 0.2 and a dose rate of 0.36 Gy s−1, whereas the latter had a 137Cs
source with an LET of 6.5 and dose rate of 0.2 Gy s−1.

Because the concentrations of radiolytically producedNO3
−were like-

ly to beminute, extreme carewas taken to avoid contamination of the so-
lutions. Measurements of NO2

− and NO3
− concentration were performed

by ion chromatography as described above (Table 2 in Supplemental Sec-
tion and Table 5). Each set of samples run through the IC was preceded
and followed by two blanks of deionized H2O, and one blank was placed
between each sample to ensure therewas no cross-contamination and to
measure necessary corrections for data (average blank value was sub-
tracted from the total measured concentration). Solutions were frozen
shortly after creation and only unfrozen for the purposes of irradiation
and analysis and were maintained in a −20 °C freezer between steps.
The isotopic composition of the NO3

− was determined as described
above on samples for which the NO2

− was insignificant (Table 5).

3.10. Irradiation models

Rigg et al. (1952) originally proposed the following equations as
the first two steps in the radiolytic oxidation of NH3.

NH3 þ OH→NH2 þH2O ð5Þ
Table 5
δ15N and δ18O values of radiolytically produced NO3

−.

Dose
(kGy)a

NO3

(μM)
δ15N
(‰ air)

δ18O
(‰ VSMOW)

Δ18O–NO3–H2O
(‰)b

0 1.89±0.01 1.7 18.1 24.6
30 242.72±0.01 −25.4 9.9 16.4
50 253.85±0.01 −23.8 10.4 16.8
50 222.37±0.01 −22.1 8.9 15.3

a 137Cs γ rays at a dose rate of 720 Gy h−1 of a pH 7, 50 mM NH4Cl solution.
b Calculated assuming the δ18O of the milliQ DI water used in the solution was

−6.5‰. Δ15N NO3–NH4 is equal to δ15N of the nitrate, since the δ15N of the NH4Cl so-
lution ~0‰.
NH2 þ O2→NH2O2 ð6Þ

Pagsberg (1972) used pulse radiolysis experiments to prove that
NH2O2 radicals are formed by the reaction of NH2 radicals with O2 and
that limited destruction of NH3 does occur during the irradiation of solu-
tions in the absence of O2 by forming hydrazine, N2H4, by the following
reaction.

NH2 þNH2→N2H4 ð7Þ

Dwibedy et al. (1996) detected small amounts of NO3
−, although only

in O2 saturated solutions and only at ~4 kGy. Dwibedy et al. (1996) also
observed that NO2

− yields fluctuated according to concentrations of O2

and NH3. T-butanol, an OH scavenger, prevented the accumulation of
NO2

−, signifying that reaction (5) was a necessary first step in the oxida-
tion process. N2H4 was not observed as a radiolytic product in air or O2

saturated NH3 solutions, leading Dwibedy et al. (1996) to conclude
that dimerization of NH2 does not occur in the presence of O2 due to
the much faster formation of NH2O2. Dwibedy et al. (1996) proposed
the following reactions as necessary steps in the pathway to NO2

−.

NH2O2→NOþH2O ð8Þ

4NOþH2O→2NO�
2 þN2Oþ 2Hþ ð9Þ

As O2 is depleted, however, NH2O2 becomes the rate-limiting var-
iable so that the rate of reaction (8) eventually decreases. Shin et al.
(2001) has proposed that H2O2 reacts with NO2

− to create NO3
− by

the following reaction,

H2O2 þNO�
2→NO�

3 þH2O: ð10Þ

In this study, the final yields for NO2
− and NO3

− from irradiated
NH4Cl solutions of varying pH and dosage levels were used to estimate
the rate of reaction (10) by comparing them to those calculated from
the integration of the second-order kinetic reactions (5) through (10)
over the time span of the irradiation using the Kineticus program
(Table 2 of Supplemental Information). In order to apply the yields of
NO2

− and NO3
− to the in situ oxidation of NH3 in the subsurface, we uti-

lized the expressions of Lin et al. (2005b) to calculate the dosage rate for
the Witwatersrand Supergroup quartzite and Ventersdorp Supergroup
metavolcanics from their measured U, Th and K concentration, porosity
and density. Mineral–water reactions were modeled with the React
module of the Geochemist's Workbench Standard Version 8.0 software
package (University of Illinois). Radiolytic reactions were defined as
mineral phases, He(s), H2(s), O2(s), H2O2(s) and H2O2(l). The first
three phases were dissolved into solution at rates predicted from the
dosage rate calculated above. H2O2(l) was dissociated into radiolytically
generated OH2

− and H+ at the rate predicted from the dosage rate. Ox-
idation of NH3 toNO3

−was simulated by the two followingfirst order ki-
netic redox reactions,

2NH3 þ 3:5O2→NO�
3 þNO�

2 þ 2H2Oþ 2Hþ ð11Þ

H2O2 þNO�
2→NO�

3 þH2O ð12Þ

where the reaction rates were determined from the Kineticus model.

4. Results and discussion

4.1. Evaluating potential mining contamination

The pore water and fluid inclusion NH3/NH4
+ and NO3

− concentra-
tions of this study (Table 3) overlap those published by Frimmel et al.
(1999),whichwere based upon crush and leach analyses of Ventersdorp
Supergroup hydrothermal quartz vein samples (Fig. 1). The difference
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Fig. 1. NH4
+ versus NO3

− concentrations for fracture water (triangles), mining water
(crosses), ground water from the Transvaal Supergroup dolomite aquifer and the Karoo
aquifer (open squares), pore water (circles), and fluid inclusion leachates (diamonds).
Gray symbols represent Ventersdorp Supergroup metavolcanic, open symbols represent
Witwatersrand Supergroup quartzite and black symbols represent Kimberley Shale.
Fluid inclusion data published by Frimmel et al. (1999) are represented by plus signs.
Solid arrow illustrates the trend in NH4

+ and NO3
− concentrations during the radiolysis

experiment.
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between this study and that of Frimmel et al. (1999) is that our samples
represent theWitwatersrand andVentersdorp Supergroups host rock li-
thologies. Additionally, the extraction procedure utilized in this study
scrupulously avoided exposing the rock samples toO2 during the extrac-
tion process. This study also utilized core samples that were collected 10
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Fig. 2. δ18O–NO3
− versus δ15N–NO3

− of fracturewater (triangles), miningwater (crosses), porew
(diamonds above plot) and δ15N–N2 of fracture water (triangles above plot) and δ15N–NH4

+ of
resent Ventersdorp Supergroupmetavolcanic, open symbols representWitwatersrand Supergr
line (solid arrow) represents residual NO3
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and ε18O=−12‰ (based onGranger et al., 2008) and a final concentration of 0.13 mM. The iso
pore andfluid inclusionwater during cooling from δ18O–H2O=0‰ at 170 °C at 2.0 Ga to δ18O–H
the kinetic parameters of Bohlke et al. (1997). The distance traversed in δ15N space is arbitrar
exchangewith the δ18O–H2O. The path of radiolytically produced NO3

− (dashed line) from 300 t
ature and the δ18O–H2O of the fracture water. Gray shaded boxes show the range of δ15N–NO3

−

to 50 mbeyond the typical tunnel damage zone radius of 2 to 3 mwhere
NOx-bearing explosive residues in microfractures might be expected to
reside (Rubel et al., 2002). Despite these differences, the results from
this study are consistentwith those of Frimmel et al. (1999) and suggest
that NO3

− does occur within fluid inclusions. The NO3
− concentrations

are ~30 times less than the NH3/NH4
+ concentrations in the fluid inclu-

sion and pore water of the Ventersdorp Supergroup metavolcanics,
whereas the NO3

− and NH3/NH4
+ concentrations are approximately

equal in the fluid inclusion and pore water of theWitwatersrand Super-
group quartzite (Fig. 1).

The NO3
− concentration in the fracture water (Table 1) was ~104

times less than that in the pore water and fluid inclusions, whereas
the NH3/NH4

+ concentration in the fracture water was ~103 times less
than that in the pore water and fluid inclusions (Fig. 1). The NH3/NH4

+

and NO3
− concentrations of the fracture water overlap that of the

groundwater in the overlying Karoo and Transvaal Dolomite aquifers
and some of the mining water, but most of the mining water yields
NO3

− concentrations that are higher than and NH3/NH4
+ concentrations

that are lower than those of the fracture water (Table 2; Fig. 1). NH3

from explosive residues in the mining water can be nitrified to NO3
−

by nitrifiers, which based upon the 16S rRNA gene sequences (Onstott
et al., 2003) have been reported in the mining water and, thereby, can
account for its high NO3

− concentrations. Fertilizer NH4NO3 has a
δ15N–N of −5 to +8‰ (Kendall and Aravena, 2000), and since the
manufacturing processes of explosives are similar to that of fertilizers,
it seems likely that their isotopic signatures should be similar
(Spalding et al., 1982; DiGnazio et al., 1998). Most of the mining
water samples in this study are characterized by high NH4

+ and NO3
−

concentrations, δ15N–NO3
− values ranging from 0 to 7‰ and δ18O–

NO3
− values less than 5‰ (Fig. 2), which is consistent with contamina-

tion by explosive residues (Stroes-Gascoyne and Gascoyne, 1998).
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2O=−12‰ at the present day ambient temperature of 45 °C. The path takes into account
y and as the path only demonstrates that the δ18O–NO3

− cannot be explained by isotopic
o 45 °C is based upon O isotope fractionationmeasured during radiolysis at room temper-
and δ18O–NO3

− from fertilizer and rain after Kendall and Aravena (2000).
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Based upon the concentration data alone, therefore, the NO3
− present in

the fracture water could arise from diffusive exchange with the pore
water or mixing with mining water or both. But the distinct difference
observed between the δ18O–NO3

− in the mining water versus the
more positive δ18O–NO3

− in the fracture water, which overlaps that of
the fluid inclusion and pore water, clearly indicates that in most cases
the fracture water NO3

− originates from diffusive exchange with the
pore water and decrepitation of fluid inclusions and not from contami-
nation due to the explosives used inmining (Fig. 2). Recent results from
analysis of noble gases dissolved in the fracture water and fluid inclu-
sions also indicate that much of the fracture water Ne originates from
Ne from the 2 Ga fluid inclusions via fluid inclusion leakage and decrep-
itation (Lippmann-Pipke et al., 2011).

Mining water with high NO3
− concentration injected into diamond

drill holes prior to blasting can penetrate fractures and undergo micro-
bial denitrification in situ as noted by Onstott et al. (2003). Because the
O-to-N ratio of isotope fractionation by microbial denitrification is ~1
(Granger et al., 2008), however, elevation of δ15N–NO3

− and δ18O–
NO3

− of the DR 938 mining water NO3
− (δ15N–NO3

−=0.7‰ and δ18O–
NO3

−=2.3‰) by denitrification would not yield values that coincide
with those of the pore water, the fluid inclusion leachate and most of
the fracturewater NO3

− (Fig. 2).Moreover, given 15N and 18O isotope ef-
fect amplitudes of up to 30‰ for denitrification (Vogel et al., 1981;
Granger et al., 2008), the residual NO3

− concentrations would also be
less than those observed in the pore water (Figs. 1 and 2). No obvious
mixing lines between the low salinity mining water and the high salin-
ity pore water and fluid inclusions can explain the fracture water data
when the δ18O–NO3

− is plotted versus the Na+ concentration (Fig. 3)
or, for that matter, when δ15N–NO3

− is plotted against [NO3
−], natural

log [NO3
−], or 1/[NO3

−] (Mariotti et al., 1988). The fracture water, pore
water and fluid inclusion NO3

− isotopic compositions also do not over-
lap the δ15N–NO3

− and δ18O–NO3
− reported for desert NO3

− deposits
(Heaton et al., 1983; Kendall and Aravena, 2000) or for modern precip-
itation (Hastings et al., 2003). These lines of evidence indicate that trace
amounts of NO3

− present in the fracture water originate from the fluid
inclusions and the pore water of the rock formations in the Witwaters-
rand Basin rather than from the water used in mining.
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4.2. Radiolytic generation of NO2
− and NO3

−

The pH 10 solutions produced more NO2
− upon irradiation than pH 7

solutions (Table 2 in Supplemental Section), consistent with NH3 being
the parent for the NO2

− (reactions (5) through (9)), because the higher
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Fig. 3. δ18O–NO3
− versus [Na+] for the fracture water, mining water, pore water and

fluid inclusions. Symbols are the same as in Fig. 1. The dashed line is mixing line be-
tween mining water (3 mM, δ18O–NO3

−=3‰) and fluid inclusion NO3
− (1 M, δ18O–

NO3
−=30‰).
pH increases the concentration of NH3 relative to NH4
+. The irradiated

NO2
− solution confirms that reaction (10) proposed by Shin et al.

(2001) does exist and provides an approximate reaction rate coefficient
of ~1 L mol−1 s−1 for NO2

− conversion to NO3
−, which is greater than

the rate coefficient for the conversion of NH3 to NO2
− (Fig. 4). If the

NH3 concentrations are low, then the NO2
− is created at a rate slow

enough that nearly all produced NO2
− will be converted to NO3

−. As pH
7 solutions have ~1% of the NH3 of pH 10 solutions, the observed NO2

−

concentrations in the pH7 solutionsmatch the values expected by the ra-
diolytic model. The delayed increase in NO3

− concentrations (Fig. 5) is
consistent with the radiolytic NO3

− being generated from NO2
− for

which the initial concentrations were negligible. The NO3
− yields in this

study, however, were less affected by the pH than those of the NO2
−,

and this may be because the NO3
− is also removed from solution by an

undetermined radiolytic reaction, but at a ratemuch slower than that de-
termined for reaction (10) (Table 2 in Supplemental Section; Fig. 4).

The isotopic composition of the NO3
− found in the irradiated vials

was distinct from that of the NO3
− contamination present in the unirra-

diated vials, indicating that the NO3
− was produced by radiolysis

(Table 5). The δ15N–NO3
− of−22 to−25‰ is substantially more nega-

tive than that of NH4Cl (δ15N–NH4
+~0‰), but similar to what would be

expected for NH3 given the −19‰ determined experimentally for the
Δ15N (NH4

+–NH3) at room temperature (Hermes et al., 1985). This
0

200

400

600

800

1000

b 

0 10 20 30 40 50

Radiation Dose (kGy) 

C
on

ce
nt

ra
tio

n 
(µ

M
)

0.95 M NO3- solution 

NO2- theoretical model  

NO3- theoretical model  

NO3- experimental data 

NO2- experimental data 

Fig. 4. NO2
− and NO3

− concentrations versus dosage a. for a 1.15 mM NO2
− solution, and

b. for a 0.95 mM NO3
− solution. Model of the NO2

− (dashed line) and NO3
− (solid line)

concentrations for irradiation of NO2
− and NO3

− solutions are superimposed.



-2.5

0.0

2.5

5.0

0 10 20 30 40 50

Radiation Dose (kGy)

N
O

2-
 (

µM
) 

0

50

100

150

200

250

N
O

3-
 (

µM
) 

NO2-
NO3-

Initial
decrease  

pH=7 50 mM NH4Cl 

Fig. 5. NO2
− (dashed line) and NO3

− (solid line) concentrations versus dosage in kGy for
50 mM NH4Cl solution of pH 7.2 (solution #8 in Table 1 of Supplemental Data). NO2

− is
plotted with 1 S.D. (dashed line), whereas NO3

− standard deviation is smaller than the
symbol.

59B.J. Silver et al. / Chemical Geology 294-295 (2012) 51–62
verifies that the radiolytically produced NO3
− was likely to have origi-

nated from NH3 via reaction (5).
The observed Δ18O values of NO3

−–H2O in irradiated solutions
were lower than the ~23‰ equilibrium fractionation predicted for
298 K by Bohlke et al. (2003). The δ18O–NO3

− of contaminating NO3
−

in the unirradiated NH4Cl solution, however, was consistent with
this value and with that of industrial NO3

− (IAEA-N3 has a δ18O–
NO3

−=25.6‰). The oxygen isotopic analyses suggest that reactions
(11) and (12) may have a significant kinetic oxygen fractionation ef-
fects associated with them.

If we assume that the net production of radiolytically produced
NO3

− in our experiments can be approximated by Eqs. (11) and (12)
alone, then the theoretically estimated O2 and H2O2 concentrations
during the radiolysis experiments and the measured NH3 and NO2

−

concentrations constrain the NO2
− and NO3

− production rates to be
0.6 to 2×10−10 and 5 to 8×10−9 mol L−1 Gy−1, respectively, for
the pH 7 radiolysis experiments where the NH3 concentration was
~2.5×10−4 mol L−1 or ~2.0 to 3.2×10−5 mol of NO3

− L−1 (mol of
NH3 L−1)−1 Gy−1. Using the fluid inclusion salinities (Table 3), po-
rosities, densities, U concentrations (Table 4), and published K and
Th concentrations for the Witwatersrand Supergroup quartzite and
Ventersdorp Supergroup metavolcanic strata, respectively (Nicolaysen
et al., 1981), the relationships of Lin et al. (2005a) yield dosage rates
of 5×10−12 and 6×10−12 Gy s−1 for the Witwatersrand Supergroup
quartzite and Ventersdorp Supergroupmetavolcanic strata, respective-
ly. The NO3

− production rates corresponding to these dosage rates are 1
to 2×10−16 mol of NO3

− L−1(mol of NH3 L−1)−1 s−1. At these produc-
tion rates, a 1 mM NO3

− concentration would require ~17 to 32 myr to
be produced from a 10 mM NH3 fluid.

In the presence of Fe2+, NO2
− and NO3

− will form NH3 (Summers
and Chang, 1993) at rates of 4.2×10−5 and ~5×10−5 (mol Fe2+

kg−1)−1.8 s−1 at 40 °C in the absence of denitrifying microorganisms,
respectively, although their NO3

− reduction rate is poorly constrained.
For the fluid inclusions, these reaction rates are comparable to the ra-
diolytic NO2

− and NO3
− production rates. The rapid abiotic production

of N2O also occurs through the reduction of NO2
− by Fe2+ (Samarkin

et al., 2010). The available pool of Fe2+ in the fluid inclusions, howev-
er, is small, and direct oxidation of Fe2+ to Fe3+ by radiolysis also oc-
curs (Min and Katsumura, 1997). As a result these reactions relatively
quickly diminish the Fe2+ concentrations to the point that the NO2

−

and NO3
− reducing reactions become energetically unfavorable and

radiolytically produced NO3
− would steadily accumulate in the fluid

inclusions over geological time.
4.3. The origin of the δ18O–NO3
−

To determine whether the highly positive δ18O–NO3
− observed in

the fluid inclusions, pore water and fracture water could be the result
of isotopic exchange with fluid inclusion water over geological time,
the temporal evolution of the fluid inclusion δ18O–H2O was con-
strained using the δ18O data for fracture minerals (Zhao et al.,
2006), the published fracture water δ18O–H2O, the basin's thermal
history (Omar et al., 2003) and the water/mineral equilibration
model of Onstott et al. (2006). This data indicate that the δ18O–H2O
was 5 to 6‰ at 2.0 Ga when the temperature of the fluid was 300 °C
(Zhao et al., 2006) and the pH was ~5.5 and the δ18O–H2O decreased
to the present day value of −12‰ (Ward et al., 2004) for saline frac-
ture water at temperatures of 40 °C and pH values of ~7.5 to 8.5
(Onstott et al., 2006). Using the kinetic and isotope exchange param-
eters of Bohlke et al. (2003), which are sensitive to temperature, pH
and salinity, the corresponding temporal variation of the δ18O–NO3

−

was modeled and found to range from 8 to 12‰ (Fig. 2). At tempera-
tures greater than 160 °C the rate of isotopic exchange was fast
enough for complete oxygen isotopic equilibration to occur in 10 mil-
lion years, but the Δ18O for isotopic equilibrium was only ~6‰ and
the maximum δ18O–NO3

− would be 12‰ (Fig. 2). Over the last 50 mil-
lion years when the ambient temperatures yielded a larger Δ18O for
isotopic equilibrium, the kinetic rates for isotopic exchange were
much slower but the δ18O–H2O became increasingly more negative
resulting in a δ18O–NO3

− of only 8‰ (Fig. 2). The elevated δ18O–
NO3

− of the fracture, pore and fluid inclusion water, therefore, cannot
be reproduced by oxygen isotopic equilibration of the NO3

− with the
fracture water over the last 2.0 byr (Fig. 2).

Assuming a δ18O–H2O for the hydrothermal solution of 5 to 6‰
(Zhao et al., 2006) and assuming that the measured radiolytic isotope
effect, Δ18O–H2O–NO3

−=+16‰, applies at this temperature, the
δ18O–NO3

− would be ~21to 22‰, close to but still somewhat less
than the observed values (Fig. 2). The δ15N–NO3

− would reflect the
NH3/NH4

+ and the Δ15N–NH4
+–NH3, which ranges 13 to 39‰ from

temperatures of 300 to 45 °C. Geochemical modeling indicates that
NH3/NH4

+ would have been 4 at 300 °C and assuming that its δ15N
equaled that of the Kimberley Shale, 6‰, the δ15N–NO3

− produced
by radiolysis of the NH3 would have been 3‰ closed to that observed.
As the hydrothermal fluid cools over time and the NH4

+–NH3 bound-
ary increases to a pH of 8.5, greater than that of the fracture water pH,
and NH4

+ becomes the dominant species, the Δ15N–NH4
+–NH3 in-

creases to 39‰ and the radiolytic NO3
− production rate declines. The

δ15N–NO3
− produced by radiolysis of the NH3 would have decreased

rapidly and would be −33‰ at 45 °C with a δ18O–NO3
− of 8‰, quite

far away from the observed values (dashed arrow in Fig. 2). As a re-
sult, radiolytically produced NO3

− could approach the observed isoto-
pic composition, but only if the oxygen isotopic equilibration rate was
for some reason considerably slower than predicted by the kinetic pa-
rameters published by Bohlke et al. (2003).

Two other conceivable sources for the NO3
− could be NO2 equili-

brating with the hydrothermal fluid or NO3
−-bearing paleometeoric

water mixing with the hydrothermal fluid. The former would require
a fO2≥10−28, which would seem precluded by the Fe-bearing miner-
al assemblages observed in the fractures (Drennan et al., 1999). The
latter would require extremely high NO3

− concentrations in the sur-
face precipitation during the mid-Proterozoic, which might be possi-
ble if, as proposed by Buick (2007), N2O was a major greenhouse gas
constituent at that time. At 2.0 Ga any biosphere associated with the
paleosurface of the Witwatersrand Basin would have been eradicated
by the meteoritic impact that led to the formation of the Vredefort
Complex, hydrothermal fluid circulation and sterilization of the
crust and with it any potential NO3

−-reducing microbial communities.
The kinetic parameters of Bohlke et al. (2003) would still predict that
the δ18O–NO3

− of both of these sources would have equilibrated with
the δ18O–H2O at that time. One final possibility is that the abiotic
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reduction of NO3
− by Fe2+ oxidation produces an isotopically frac-

tionated residual NO3
− highly enriched with 18O since these reactions

do take place at temperatures below which isotopic equilibration of
the δ18O–NO3

− with the δ18O–H2O would not be significant, but in
so doing the NO3

− should be highly enriched with 15N, which does
not seem to be the case.

The similarity of the fracture water NO3
− isotopic composition

with that of the pore water indicates that if dissimilatory NO3
− reduc-

ing microorganisms in the fracture water are producing either N2 or
NH3 from the NO3

− diffusing out from the pore water, then they are
doing so without significant isotopic fractionation (Fig. 2). This
would be expected for high degrees of NO3

− consumption (Mariotti
et al., 1981) in an environment in which the flux of NO3

− is very
slow and diffusion limited.

4.4. The NH3 and N2 sources

The 25±22mMNH3/NH4
+ average pore water concentration over-

laps those reported for oil reservoirs byManning and Hutcheon (2004).
The shale to rock ratio in the Witwatersrand Supergroup is 0.56%
(Tweedie, 1986), however, so the origin of the NH3/NH4

+, whether it
is derived internally from the shale formations or by biological fixation
of N2, bears some consideration. The total N, as measured by combus-
tion, was compared to the summation of N from the various compo-
nents, NH4

+
ex, NH4

+
FI, NH4

+
PW, NO3

−
FI, NO3

−
PW, (Table 6). The

calculations reveal that the N mass balance was conserved on all sam-
ples within 1 S.D. of reproducibility, with the exception of EV3 TZ2
Paleo, the sample with the highest N and OC concentration (Table 4).
The mass balance reveals that more than 90% of the total N in the Kim-
berley Shale was NH4

+
ex, presumably residing in the phyllosilicates. In

the Witwatersrand Supergroup quartzite samples, the NH4
+
ex com-

prises 32 to 74% of the total N with the NH4
+
FI making up 17 to 54%

and the NO3
−
FI comprising 5 to 10%. In the Ventersdorp Supergroup

volcanic samples the NH4
+
ex comprises 26% of the total N, with the

NH4
+
FI making up 57%, the NH4

+
PW comprising 13% and the NO3

−
FI

and NO2
−
FI making up only 2% and 1%, respectively. Overall, more

than 90% of the N in the studied rock units is NH4
+ and no more than

10% of the N is found as NO3
−, and this primarily in the Witwatersrand

Supergroup quartzite.
The sample with the highest N and OC content, EV3 TZ2 Paleo,

yields a δ15N–N value of 0.5±0.4‰, whereas most of the remaining
Kimberley Shale, Witwatersrand Supergroup quartzite and Venters-
dorp Supergroup metavolcanic samples yield isotopically heavier
δ15N–N values of ~5‰ (Table 4; Fig.2). Comparison of the δ13C–OC
with the δ15N–N values of the Kimberley Shale reveals no correlation
(Supplementary Figures). Although the ~5‰ δ15N–N values overlap
the 1–7‰ δ15N–N values reported by Garvin et al. (2009) for the
2.5 Ga Mount McRae Shale, the Kimberley Shale OC concentrations
(127 to 1430 ppm) are than 10 to 100 times less than those reported
for the Mount McRae Shale (~18,000 to 161,000 ppm). We therefore
cannot preclude the possibility that much of the NH4

+ originally
Table 6
Rock N mass balance.

NO3
− PWa ×10−5 NH4

+ PWa ×10−4 NO3
− FIa ×10−5 NH4

+ FIa

EV 3 KS 24.4 1.2±0.3 0.48±0.15 1.8±0.2 0.79±0
EV 3 KS TZ1 0.65±0.20 0.58±0.31 6.6±4.1 0.67±0
EV 3 TZ2 Paleo 2.1±0.9 0.34±0.18 4.6±1.9 1.5±0
EV3 Paleo 40.8 2.0±0.9 1.03±0.25 2.6±0.6 4.2±1
EV818 0.7±1.0 0.45±0.60 5.2±2.8 1.8±2
EV224 2.5±1.2 0.098±0.001 7.8±3.9 4.3±2
KL739 1.4±2.7 1.11±0.57 2.5±3.1 5.0±6

a All units are mol N kg−1 rock and are based upon the average values reported in Table
b ΣN is the total mol N kg−1 rock from all the listed components.
c Nmeas is from Table 4.
present in the organic matter of the Kimberley Shale has been volatil-
ized to NH3 or converted to N2 during lower green schist facies meta-
morphism at ~300 °C, thereby increasing the δ15N–N of the residual
N. The fact that the NH4

+ and NO3
− concentrations of the pore water

and fluid inclusions for the Ventersdorp Supergroup metavolcanic
and the Witwatersrand Supergroup quartzite do not correlate with
their measured OC content is consistent with mobilization of the N
during metamorphism.

Assuming a premetamorphic OC content of 1.5±0.5% for the Kimber-
ley Shale (Gray et al., 1998) and a microbial C:N ratio of 7.5 (Vrede et al.,
2002), the primary organic N content of the Kimberly Shale would have
been 1.7±0.6×10−1 mol N kg−1 compared to the measured amount
of 2.3±0.2×10−3 mol N kg−1, which suggests that almost all of the or-
ganic N was mobilized. Presumably this N would initially be NH4

+ in the
hydrothermal fluid and partially convert to N2 (at fO2=10−38 to
10−28), to NH3 (if fO2b10−38), or NO2 (if fO2>10−28) (Fig. 6). The pres-
ence of pyrite and pyrrhotite in the hydrothermal vein mineral assem-
blages constrain the fO2 to be 10−31 to 10−32 for 300 °C consistent with
N2 formation and Drennan et al. (1999) reported subpopulations of the
fluid inclusions containing asmuch as 10% N2. The N2-bearing fluid inclu-
sion could be the source of some of the excessN2measured in the fracture
water, just as some of the Ne in the fracture water originates from the
fluid inclusions (Lippmann-Pipke et al., 2011).

From Table 6 the average total N measured for the Witwatersrand
and Ventersdorp Supergroup units is 1.6±0.4×10−3 mol N (kg
rock)−1. When the average fracture water NO3

− (0.96 +3.2/−0.7 μM),
NH4

+ (20 +78/−16 μM) and N2 (1000 +3500/−850 μM) concentra-
tions (Table 1) are converted to mol (kg rock)−1 assuming an average
porosity of 1% and an average density of 2.7 kg L−1, they total 4.3
(+13/−3.2)×10−6 mol N (kg of rock)−1, which is insignificant com-
pared to the N contained within the rock matrix. Tweedie (1986) deter-
mined a shale/rock (kg kg−1) value of 5.6×10−3 for Evander Basin.
Multiplying the 1.7±0.6×10−1 mol N (kg shale)−1 lost during alter-
ation and metamorphism by this factor yields 0.9±0.3×10−3 mol N
(kg rock)−1, a value that is less than themeasured values, but not signif-
icantly less given the possible errors in the assumptions.

The δ15N–N of the Kimberley Shale samples (4.93 to 6.65‰) and
the Ventersdorp Supergroup metavolcanic sample (5.2‰) fall within
the range of values reported for lower green schist facies phyllites
(3.2 to 7.8‰) in Haendel et al. (1986). In the case of the Witwaters-
rand strata the total N is comprised primarily of NH4

+. The most abun-
dant N species in the fracture water was N2, not NH4

+, and its δ15N–N2

values ranged from −1.3 to 5.1‰ (Table 1). The fractionation between
our corresponding rock and fluid samples (Δ15N=δ15N–N2−δ15N–N)
lies between −6.4 (EV818=2.9–9.3) to −4.3‰ (KL739=0.9–5.2),
which overlaps the ranges of −6.0 to −11.5‰ reported by Bottrel
et al. (1988) for rock/mineral-fluid inclusion pairs in low-grade meta-
sedimentary rocks. These fractionation values are significantly less
than those observed for the experimental results of Li et al. (2009),
which ranged from −15 to −19‰ (Δ15N=δ15N–N2−δ15N–NH4

+)
and represent kinetic isotopic depletion.
×10−4 NH4
+
ex

a ×10−3 Σ Nb ×10−3 Nmeas
c ×10−3 Nmeas−ΣN ×10−3

.43 2.1±0.8 2.2±0.9 2.1±0.2 −0.1±1.1

.72 3.2±1.3 3.4±1.5 2.4±0.2 −0.9±1.7

.6 5.8±1.0 6.0±1.1 3.8±0.5 −2.3±1.6

.6 3.9±1.9 4.4±2.1 3.6±0.2 −0.9±2.3

.7 0.81±0.45 1.1±0.9 1.9±0.5 0.8±1.4

.4 0.25±0.14 0.8±0.5 1.1±0.9 0.4±0.6

.4 0.24±0.22 0.9±1.3 1.8±0.9 0.9±2.2

3 multiplied by θrock/ρrock.
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Ifwe assumeRayleigh distillationduringmetamorphismwith a kinet-
ic fractionation factor of −5, the average of the observed Δ15N values,
then a +5‰ enrichment in the NH4

+ in the Kimberley Shale over a pre-
sumed initial value of 0‰would correspond to a loss of 63% of the origi-
nal total N. The corresponding initial N concentrationwould then be only
6.3×10−3 mol N kg−1, as opposed to the 1.7±0.6×10−1 mol N kg−1

assumed above. The initial N concentration corresponding to the kinetic
fraction values of Li et al. (2009)would be even less. The isotopic data in-
dicate that if the nitrogen in Kimberley Shale was transformed to N2 as
suggested by themineralogical and thermodynamic constraints, then in-
sufficient nitrogen existed within the Kimberley Shale to explain the
abundance of nitrogen, primarily NH4

+, in the Witwatersrand strata and
that reduction of N2 or NO3

− to NH4
+ during its geological history is re-

quired to explain the observed abundances despite their low values.
The slightly negative values δ15N–N2 at BE327 H3 and BE325 FW

and their low concentrations are consistent with the kinetic fraction
model of Li et al. (2009). The δ15N–NH4

+ values of −6 and −15‰
in the fracture water at Mponeng and Beatrix, however, are difficult
to reconcile with simple kinetic fractionation during thermal oxida-
tion of NH3 to N2 and would also seem to require a reductive leg to
a subsurface N cycle that kinetically fractionates the N isotopes
(Fig. 6).

5. Conclusion

The δ15N–NO3
− and δ18O–NO3

− isotopic data presented in this
study indicate that a subsurface source of NO3

− exists in the fluid in-
clusions of the rock strata in Witwatersrand Basin, but the origin of
the highly positive δ18O–NO3

− values requires explanation. In this re-
gard oxygen isotopic analyses of the abiotic reduction of NO3

− by Fe2+

oxidation should be performed to determine the kinetic isotopic frac-
tionation values. Althoughmost of the N retained within the rock ma-
trix as NH3 either trapped in fluid inclusions or in exchangeable
phyllosilicate sites with a minor fraction present as N2, this NO3

−

source provides a third N nutrient source and an energy-rich electron
acceptor to subsurface microbial communities as it leaks out of the in-
clusions into the pore space and eventually into the fracture water.
The δ15N–N, δ15N–N2 and δ15N–NH4

+ suggest that the reduction of
N2 to NH4

+ also must have occurred in the Witwatersrand Basin in
order to explain the abundance of NH4

+, but further analyses of the
δ15N–NH4
+ of the fracture water, pore water and fluid inclusion

water are required. Experimental determination of the N isotope ki-
netic fraction factor for abiotic reduction of N2 and NO3

− would pro-
vide further constraints on this process. Given that at least one of
the genomes of one of the subsurface bacteria does contain N2-fixing
genes, some of this reduction may have also occurred through N2 fix-
ation. Experimental data indicates that radiolysis can produce NO3

−

from NH3 under anaerobic conditions at rates that can explain the ob-
served concentrations, but not so easily the observed δ18O–NO3

−

values. If true then radiolytically produced NO3
− should be found in

other continental subsurface sites and could support a complete sub-
surface N cycle. Further irradiation experiments performed under
varying pH conditions are required to fully resolve the complex reac-
tions taking place and to obtain a more reliable estimate of the rate of
radiolytic NO3

− production. If a similar radiolytically sustained N cycle
occurs on Mars, then we would expect to find N2 or N2O released into
the atmosphere from a deep, anoxic subsurface environment when-
ever N2 or N2O clathrates are destabilized, thereby replacing the N2

lost to space over time (Capone et al., 2006).
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