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Abstract

Knowledge of the subduction input flux of nitrogen (N) in altered oceanic crust (AOC) is critical in any attempt to mass-
balance N across arc-trench systems on a global or individual-margin basis. We have employed sealed-tube, carrier-gas-based
methods to examine the N concentrations and isotopic compositions of AOC. Analyses of 53 AOC samples recovered on
DSDP/ODP legs from the North and South Pacific, the North Atlantic, and the Antarctic oceans (with larger numbers of
samples from Site 801 outboard of the Mariana trench and Site 1149 outboard of the Izu trench), and 14 composites for
the AOC sections at Site 801, give N concentrations of 1.3 to 18.2 ppm and d15NAir of �11.6& to +8.3&, indicating signif-
icant N enrichment probably during the early stages of hydrothermal alteration of the oceanic basalts. The N–d15N modeling
for samples from Sites 801 and 1149 (n = 39) shows that the secondary N may come from (1) the sedimentary N in the inter-
calated sediments and possibly overlying sediments via fluid-sediment/rock interaction, and (2) degassed mantle N2 in seawa-
ter via alteration-related abiotic reduction processes. For all Site 801 samples, weak correlation of N and K2O contents
indicates that the siting of N in potassic alteration phases strongly depends on N availability and is possibly influenced by
highly heterogeneous temperature and redox conditions during hydrothermal alteration.

The upper 470-m AOC recovered by ODP Legs 129 and 185 delivers approximately 8 · 105 g/km N annually into the
Mariana margin. If the remaining less-altered oceanic crust (assuming 6.5 km, mostly dikes and gabbros) has MORB-like
N of 1.5 ppm, the entire oceanic crust transfers 5.1 · 106 g/km N annually into that trench. This N input flux is twice as large
as the annual N input of 2.5 · 106 g/km in seafloor sediments subducting into the same margin, demonstrating that the N
input in oceanic crust, and its isotopic consequences, must be considered in any assessment of convergent margin N flux.
Published by Elsevier Ltd.
1. INTRODUCTION

Nitrogen (N) cycling between the surface and deep
Earth, through constructive and destructive plate bound-
aries, determines the N signatures of Earth’s major reser-
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voirs (e.g., the atmosphere, crust, and mantle; Zhang and
Zindler, 1993; Bebout, 1995; Javoy, 1998; Tolstikhin and
Marty, 1998). It is necessary to compare subduction-zone
input and output N fluxes in any effort to model geological
N cycling and evaluate long-term evolution of the atmo-
sphere and mantle (e.g., Fischer et al., 2002; Hilton et al.,
2002; Sadofsky and Bebout, 2004; Li and Bebout, 2005).
The geochemistry of N discharged by magmatism at mid-
ocean ridges (MOR) and in volcanic arcs has been investi-
gated in some detail, including work focused on several
individual convergent margins that greatly improves our
understanding of N return in arcs (e.g., Sano et al., 1998,
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2001; Fischer et al., 2002, 2005; Hilton et al., 2002; Snyder
et al., 2003; Zimmer et al., 2004; Elkins et al., 2006). How-
ever, the N input flux in subducting lithologies has re-
mained uncertain, and recent studies of N cycling based
on volcanic gases have had to rely on estimates because
of the lack of constraints on the N input inventory for
the individual margins being investigated (Hilton et al.,
2002; Fischer et al., 2002). Recent measurements of N con-
centrations and isotopic compositions of seafloor sediments
from the Izu-Bonin-Mariana (IBM; Sadofsky and Bebout,
2004) and Central American margins (Li and Bebout,
2005) have provided better input fluxes for sedimentary N
in these margins. However, the N subduction budget in
AOC remains unknown (see discussion by Li and Bebout,
2005; cf. Scholl and von Huene, in press), limiting any at-
tempts to compare subduction inputs and volcanic outputs
for N.

Altered oceanic crust subducting into modern trenches is
thought to play a key role in the crust-mantle cycling of
many volatiles and mobile elements (Philippot et al.,
1998; Alt and Teagle, 1999; Fischer et al., 2002; Hilton
et al., 2002; Elliott, 2003; Jarrard, 2003). However, few
studies have focused on the recycling of N in AOC into
the mantle. Generally, fresh mid-ocean ridge basalts
(MORB) contain very little N (mostly less than 2 ppm),
reflecting the low N solubility in the upper mantle and re-
lated degassing of ascending magma beneath MOR (e.g.,
Cartigny et al., 2001). MORB samples show a wide range
in d15NAir, which is defined as:

15N ¼ Rsample � Rstandard

Rstandard

� 1000 ð1Þ

where R ¼ 15N
14N

and the standard is atmospheric N2. Most of
the d15N values of MORB cluster around �5 ± 2& after
40Ar/36Ar-based corrections (Exley et al., 1987; Javoy and
Pineau, 1991; Marty, 1995; Marty and Humbert, 1997;
Sano et al., 1998; Marty and Zimmermann, 1999; Nishio
et al., 1999). This �5& value is thought to represent the
pristine N characteristics of the MORB source, a conclu-
sion supported by d15N values of fibrous diamond (Javoy
et al., 1984; Boyd et al., 1992; Cartigny et al., 2003). Be-
tween the time from their eruption at MOR to their subduc-
tion into trenches, oceanic basalts potentially undergo
extensive water–rock interaction with seawater over a wide
range of temperatures (Alt et al., 1986), perhaps even
involving biogeochemical alteration (Bach and Edwards,
2003; Staudigel et al., 2006). These processes may signifi-
cantly increase N contents of AOC by introducing second-
ary N components into the basalts. The secondary N is
thought to be in form of NH4

þ and located in the crystal
lattice of K-rich clay minerals. This can occur because
NH4

þ is very similar to K+ in its ionic radius and charge,
and thus NH4

þ can easily substitute for K+ in these miner-
als (Yamamoto and Nakahira, 1966; Honma and Itihara,
1981; Bos et al., 1988). A recent examination of N in
AOC at the East Pacific Rise (from ODP Leg 206) by
Busigny et al. (2005a) yielded N concentrations mostly
<10 ppm, far lower than those of seafloor sediments (hun-
dreds to thousands of ppm; see Sadofsky and Bebout,
2004; Li and Bebout, 2005) but higher than those of MORB
samples. However, Li and Bebout (2005) highlight that, be-
cause the volume of oceanic crust is far greater than that of
the overlying sediments, the N subduction budget in oce-
anic crust could be comparable to that in sediments and
must be considered in any attempt to mass-balance input
and output N fluxes across subduction zones (also see Beb-
out, 1995; Hilton et al., 2002).

In this study, we employed sealed-tube, carrier-gas
methods recently developed in our laboratory (Bebout
et al., 2007) to investigate the N concentrations and isotopic
compositions of AOC from the Pacific, Atlantic and Ant-
arctic ocean basins recovered by DSDP/ODP drillings.
We first present the results of a detailed study of AOC in
the IBM margin (39 samples, including composites, from
the sections drilled during Legs 129 and 185, at Sites 801
and 1149), with the goals of better defining the N input flux
into the IBM convergent margin and identifying sources
and mechanisms of N enrichment during seafloor alter-
ation. We then present data for samples from various sea-
floor AOC sections (total of 14 samples) that help to
constrain the range in N and d15N in the upper parts of
other seafloor oceanic crustal sections.
2. GEOLOGICAL SETTING, SAMPLING, AND

ALTERATION HISTORY

Two groups of samples were analyzed in this study. One
group consists of 14 samples from DSDP Sites 279A, 319A,
332B, 396B, 417A/D, 448/448A, 458, 459B, 462A, and
504B (see Fig. 1a and Tables 1 and 2 for drilling locations).
Previous studies show that the basalts from these sites expe-
rienced varying degrees of seafloor alteration, with the most
intense alteration represented by AOC from Site 417 (Stau-
digel et al., 1996).

The other group consists of 39 AOC samples from Sites
801 and 1149 offshore of the Mariana and Izu-Bonin mar-
gins, respectively, and 14 composite samples for the basalt
sections at Site 801 (see description and chemical analyses
of these composites by Kelley et al. (2003)). The IBM mar-
gin is one of the reference sites for the MARGINS ‘‘Sub-
duction Factory’’ initiative focusing on subduction-zone
chemical cycling. The geological background of Sites 801
and 1149 and petrological and geochemical information
regarding the AOC from those sites have been provided
elsewhere (e.g., Plank et al., 2000; Alt and Teagle, 2003;
Kelley et al., 2003), and are only briefly discussed here.
The IBM system is formed by subduction of the Pacific
plate beneath the Philippine plate. Site 801 is located in
the Pigafetta Basin (the oldest part of the Pacific Ocean ba-
sin; �170 Ma) outboard of the Mariana trench (Fig. 1b).
Site 1149 is located �100 km seaward of the Izu Trench,
into which younger oceanic crust (�132 Ma) is being sub-
ducted (Fig. 1b). The subduction rate is very high
(160 mm/yr) at Site 801 and considerably lower (51 mm/
yr) at Site 1149 (Plank et al., 2000).

At Site 801, a total of 474 m (462–936 mbsf) of oceanic
basalts were collected (133 m on Leg 129 in 1989 and
341 m on Leg 185 in 1999). This basalt section has been di-
vided by lithology into eight major sequences (Plank et al.,
2000; see Fig. 1b and c). From top to bottom, they are:



Fig. 1. (a) Map showing sites where oceanic crust samples have been recovered on DSDP/ODP legs (revised from Wilson et al., 2003). Filled hexagons represent sites from which basalt samples have been

analyzed for N concentrations and isotopic compositions (Site 1256: Busigny et al., 2005; the other sites: this study; see Tables 1 and 2). Stars represent sites for which basalt N isotope analyses have not yet

been undertaken. Age variations of the oceanic crusts are also shown. (b) Perspective map of Sites 801 and 1149 at the Izu-Bonin-Mariana convergent margin (revised from Plank et al., 2000). Note the

lithologic variations of the oceanic crust recovered at Site 801. (c) Detailed lithologic information of oceanic crust at Site 801 drilled by Legs 129 and 185.
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Table 1
Nitrogen concentrations and isotopic compositions of altered oceanic crust samples from Sites 801 and 1149 off the Izu-Bonin-Mariana trench

Location Lithologic
structure

Leg-Site Sample number Depth
(mbsf)

Sample descriptiona N
(ppm)

d15NAir

(&)

Legs 129 and 185:Izu-Bonin-Mariana, Tropical Northwestern Pacific

Lat.: 18�38.520;
Lon.: 156�21.582

I. Alkalic Basalts 129-801B 41R1 26–30 483.26 Slight to moderate alteration, a majority altered to green clay, some Fe
stains around opaques

7.8 +0.7

129-801B 43R1 22–27 492.42 Slight alteration, some green clays replacing non-pyroxene matrix,
calcite-green clay veins present

9.5 0.2

129-801B 43R1 132–135 493.52 Minimum alteration 2.8 �3.0
Lat.: 18�38.5380;
Lon.: 156�21.5880

129-801C 1R1 109–141 494.79 Moderate alteration, white clay and smectite replacement, pyrite
scattered throughout

7.5 �1.6

129-801C 1R5 80–82 499.35 Moderate alteration with large carbonate vein 2.4 �4.9
II. Upper
Hydrothermal

129-801C 4R1 72–77 522.42 Hydrothermal deposit 3.0 0.0

III. Upper
Massive Flows

129-801C 5R2 12–17 532.58 Highly altered breccia with smectite-bearing vein network 13.4 +0.5

129-801C 5R2 123–130 533.69 Highly altered breccia with large veins containing smectite and
carbonate

17.1 +0.9

129-801C 5R3 99–104 534.76 Highly altered pillow, glassy rims and ground mass altered to clay
minerals, a few specks of pyrite present

16.3 +1.2

129-801C 5R3 125–131 535.02 High alteration, devitrified rims and ground mass altered to green
layers

15.3 +0.7

129-801C 7R3 0–5 552.98 Slight alteration with smectite in vesicles and along veins 12.4 +0.1
129-801C 8R1 18–21 559.68 Moderate to high alteration with clay and carbonate filled vesicles and

replaced microlites
18.2 +0.7

129-801C 8R1 65–67 560.15 High alteration with Fe-hydroxide stained margins 9.3 �0.2
129-801C 10R6 67–70 576.83 Very slight alteration with green smectite replacing olivine and

carbonate and/or clay filling vesicles and veins
6.7 +0.5

129-801C 11R2 131–136 580.16 Slight to moderate alteration with replacement of mesostasis and
microphenocrysts by green clays.

6.7 �0.1

129-801C 12R1 101–104 588.31 Slight alteration with green smectite replacing glassy rims and olivine
microphenocrsts, some green smectite oxidized with yellow coating

13.7 +1.0

129-801C 12R3 57–62 590.83 Slight alteration with narrow halos 4.8 +0.9
IV. Upper Pillows
and Flows

185-801C 15R1 57–61 614.27 Red-yellow chert 1.5 �2.3

185-801C 15R7 31–34 621.69 Sage, bleached basalt 3.4 �0.4
185-801C 17R4 15–18 637.37 Green celadonite breccia cement, with small chunk of baked black

basalt
3.0 �11.4

185-801C 19R2 24–27 653.43 Hyaloclastite 1.8 �6.8
185-801C 21R2 69–71 672.12 Massive calcite veins in aphyric basalts 2.8 �6.3
185-801C 25R1 10–13 700.80 Minimally altered basalt 2.3 �7.0

VI. Lower
Massive Flows

185-801C 34R1 93–96 786.23 FeOx vein + halos in minimally altered basalt 1.3 �3.9

185-801C 37R5 112–114 819.58 Fat smectite vein and large halos 2.5 �3.1
VII. Breccia 185-801C 40R1 24–27 841.74 Brecciated basalt with calcite cement 3.6 �11.6

(continued on next page)
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Table 1 (continued)

Location Lithologic
structure

Leg-Site Sample
number

Depth
(mbsf)

Sample descriptiona N
(ppm)

d15NAir

(&)

VIII. Lower
Pillows and Flows

185-801C 43R1 13–15 869.23 Minimally altered basalt 3.8 �9.4

185-801C 43R3 50–55 872.42 Huge celadonite vein with halos, not much basalt 2.3 �3.0
185-801C 44R3 23–26 881.79 Calcite veins with halos 2.4 �5.9

Composite-801b TAB FLO 487.0 3.8 �7.9
Composite-801 TAB VCL 487.0 6.0 �2.0
Composite-801 TAB MIX 487.0 5.0 �2.5
Composite-801 MORB 0–

110 FLO
575.0 3.8 �6.2

Composite-801 MORB 0–
110 VCL

575.0 ndc nd

Composite-801 MORB 0–
110 MIX

575.0 4.9 �7.1

Composite-801 MORB 110–
220 FLO

680.5 2.3 �4.1

Composite-801 MORB 110–
220 VCL

680.5 4.2 �9.4

Composite-801 MORB 110–
220 MIX

680.5 3.6 �6.2

Composite-801 MORB 220–
420 FLO

839.5 2.7 �5.0

Composite-801 MORB 220–
420 VCL

839.5 3.5 �10.2

Composite-801 MORB 220–
420 MIX

839.5 4.4 �6.6

Composite-801 SUPER 3.9 �5.4
Composite-801 SED 5.6 �0.5

Lat. 31�20.5320; Pillow breccia 185-1149B 30R1 61–66 417.40 Breccia with big and little grey basalt clasts, calcite cement 1.4 �4.9
Lon.: 143�21.0600 Pillow 185-1149B 30R2 56–62 418.48 Well developed green halo in pink basalt with calcite vein 2.3 �1.8
Lat. 31�20.5500;
Lon.: 143�21.0600

Pillow 185-1149C 10R2 47–51 409.39 Grey basalt, minimally altered 2.7 �2.8

Lat. 31�18.7920; Breccia 185-1149D 7R1 37–42 320.09 Hyaloclastite, many small fragments, greenish grey 2.5 �0.8
Lon.: 143�24.0240 Pillow/flow 185-1149D 9R3 30–32 341.79 Pink basalt with orange, green, brown halos 2.1 �7.9

Flow 185-1149D 11R2 86–92 360.13 Breccia, dark-grey basalt clasts in calcite matrix 1.5 �6.9
Pillow/flow 185-1149D 16R3 2–8 408.93 Grey basalt, minimally altered 1.7 �6.5
Breccia 185-1149D 17R1 92–98 416.45 Dark grey basalt, some calcite veins 1.4 �4.3
Pillow 185-1149D 19R1 85–89 435.57 Dark grey basalt, minimally altered 2.5 �10.5

a Samples description was provided by Lancelot et al. (1990) and Kelley (person. commun.).
b The basement at Site 801 is divided into 4 intervals (the alkaline basalt sills and 3 MORB sections) according to the geochemical characterization of more than 100 communal samples (Plank

et al., 2000). For each interval, one composite was made for submarine extrusives (FLO) and clastic rocks (VCL) by combing proportional communal samples. FLO and VCL are then combined
into the MIX composite in a ratio of 30–70%. The SUPER composite was made for the entire MORB interval by combing the 3 MORB composites. The SED composite was made for the
intercalated sediments in the upper 230 m of the basement (mostly in Sequences I, III, and IV, see descriptions by Plank et al., 2000; Alt, 2003).

c No data.
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Table 2
Nitrogen concentrations and isotopic compositions of a 14-sample survey on AOC recovered by DSDP drillings from the Antarctic, Atlantic,
and Pacific

Location Leg-Site Sample number N (ppm) d15NAir (&)

Tasman ridge, Antarctic (Lat.: �51.3357�; Lon.: 162.6350�) 29-279A 13R2 0–2 3.3 +0.5
29-279A 13R2 116–120 4.7 +4.2

South Pacific (Lat.: �13.0173�; Lon.: �101.5243�) 34-319A 3R4 50–53 2.6 +0.1
North Atlantic (Lat.: 36.8787�; Lon.: �33.6410�) 37-332B 33R2 77–80 7.8 �5.4
North Atlantic (Lat.: 22.9857�; Lon.: �43.5150�) 46-396B 15R3 83–89 12.1 +4.8
North Atlantic (Lat.: 25.1105�; Lon.: �68.0413�) 51-417A 38R8 Alt 14.6 +0.6

51-417A 44R4 Alt 11.9 +8.3
North Atlantic (Lat.: 25.1115�; Lon.: �68.0468�) 51-417D 33R5 Alt 10.6 +4.0
Philippine Sea (Lat.: 16.3410�; Lon.: 134.8742�) 59-448A 41R1 2–7 6.5 +3.3

59-448 61 11.7 +3.8
North Pacific (Lat.: 17.8642�; Lon.: 146.9343�) 60-458 33R2 74–77 13.4 +5.5
North Pacific (Lat.: 17.8625�; Lon.: 147.3015�) 60-459B 66R1 100–102 15.2 +6.2
North Pacific (Lat.: 7.2417�; Lon.: 165.0317�) 61-462A 22R2 120–124 7.6 �0.6
Central Pacific (Lat.: 1.2272�; Lon.: �83.7302�) 70-504B 35R1 10–15 3.6 �5.1
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(I) Alkali Basalts: thick unit of alkaline basaltic to dol-
eritic sills (Floyd et al., 1992), intercalated with some
chert-rich sediments baked by basalts at contacts
(462–522 mbsf);

(II) Upper Hydrothermal: highly permeable Si- and Fe-
oxyhydroxide-rich hydrothermal unit (10–20 m
thick);

(III) Upper Massive Flows: massive MORB tholeiitic
flow showing varying intensities of alteration from
531 to 590 mbsf (recrystallized sediment layers in
thickness of cm to dm are common in Sequences
III and IV);

(IV) Upper Pillows and Flows: pillows and flows with well-
developed interpillow horizons (590–720 mbsf);

(V) Lower Hydrothermal: ocherous, Fe–Si-rich, low-
temperature (T) hydrothermal zone (�1 m thick) at
625 mbsf;

(VI) Lower Massive Flows: 720–840 mbsf, including
some pillows as thick as 15 m with a well-defined
rubbly base;

(VII) Breccia: 840–850 mbsf; and
(VIII) Lower Pillows and Flows: >850 mbsf.

According to Ar geochronology, Pringle (1992) sug-
gested that there is an interval of 5–15 Myr between the
intrusion of the alkaline sill (Sequence I) and the initial
accretion of the tholeiitic crust (Sequence III–VIII), which
is divided by the Upper Hydrothermal deposits (Sequence
II). However, more recent studies (Koppers et al., 2003;
Pockalny and Larson, 2003) reinvestigated the basalt sec-
tions at Site 801 and divided them into an earlier-emplaced
‘‘lower series’’ (Sequences IV–VIII; >168 Ma) and a later-
erupted ‘‘upper series’’ (Sequences I–IV; �160 Ma), which
is defined by the Lower Hydrothermal deposits (Sequence
V) within Sequence IV. Those studies confirmed that there
is a 10-Myr gap between the ‘‘lower series’’ and the ‘‘upper
series’’.

During Leg 185, a total of 196 m of basement were
recovered from Sites 1149 B, C, and D with the best recov-
ery of 130 m of the igneous units at Site 1149D (Plank et al.,
2000). The rocks recovered at these sites are mostly pillows
or thick flows, including some interpillow breccia, similar to
Sequence IV at Site 801 (Plank et al., 2000).

The AOC at Site 801 are primarily aphyric to slightly
phyric plagioclase- and/or olivine-bearing basalts, contain-
ing two large Fe-oxyhydroxide hydrothermal deposits.
Aphyric pillow basalt is the dominant lithology at Site
1149. The groundmass of the basalt is mainly composed
of euhedral plagioclase, euhedral to subhedral pyroxene
and olivine, dispersed euhedral oxides, and interstitial cryp-
tocrystalline and brownish devitrified glass. Detailed sum-
maries of alteration type and fluid evolution were
presented by Alt et al. (1992), Plank et al. (2000), and Alt
and Teagle (2003). Generally, the alteration of basalts at
Site 801 can be divided into at least three categories (Alt
et al., 1992; Plank et al., 2000; Alt and Teagle, 2003):
(1) Dark-grey alteration. All of the rocks from Site 801
experienced pervasive but minor background dark-
grey alteration. In this type of alteration, all olivine
and the interstitial glass in the groundmass have
been replaced by smectite, but most plagioclase phe-
nocryst/microlite and intergranular augite are left
unaltered. Secondary replacement minerals (30–
80 vol% in Sequence I and 2–20 vol% in the lower
tholeiitic sequences) include saponite and calcite fill-
ing in the veins and pore spaces and common dis-
seminated pyrite (Alt et al., 1992; Plank et al.,
2000; Alt and Teagle, 2003). The intensity of dark-
grey alteration at Site 801 is greater in the upper
part of the core (i.e., Sequences I and III) and
decreases downward (Plank et al., 2000; Alt and
Teagle, 2003), as has been observed in other cores
(e.g., Staudigel et al., 1995; Alt et al., 1996). The
occurrence of dark alteration halos (1–18 mm wide)
along veins in the tholeiitic rocks is common. These
halos are characterized by celadonite and Fe-oxyhy-
droxides replacing olivine and are interpreted as
having formed at the early stage of vein-related
alteration from the upwelling distal hydrothermal
fluids (Alt and Teagle, 2003).
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(2) Brown alteration. Brown alteration is similar to the
dark-grey background alteration but characterized
by the presence of abundant Fe-oxyhydroxide finely
disseminated in the ground mass, reflecting greater
fluxes of oxygenated seawater than in the dark-grey,
pyrite-bearing rocks (Alt et al., 1992; Plank et al.,
2000; Alt and Teagle, 2003). Celadonite may be pres-
ent as a result of the superposition of brown and dark
alteration halos. The brown halos are only 2 vol %
and limited to above 150 m and below 300 m in the
core (Alt and Teagle, 2003).

(3) Green-buff alteration. This alteration type occurs in
basalts beneath the hydrothermal deposits, probably
related to the upwelling hydrothermal fluids that
formed the deposits. The green-buff alteration
involved intense replacement (80–100 vol% for green
type and 60–80 vol% for buff type) of the rare olivine
and plagioclase phenocrysts, the microlites, and the
ground-mass by celadonite, glauconite, smectite
(beidellite–montmorillonite), K-feldspar, calcite and
titanite (Alt et al., 1992; Plank et al., 2000; Alt and
Teagle, 2003).

Based on oxygen-isotope thermometer, Alt and Teagle
(2003) provide estimated formation temperatures of 35–
95 �C, generally increasing downward, for secondary
quartz, saponite, celadonite, and smectite. Temperatures
estimated for carbonate veins range to lower temperatures,
�15–65 �C, also generally increasing downward.

The altered basalts at Site 801 show obvious chemical
changes as a result of low-T water–rock interaction and
consequent formation of secondary minerals, including
loss of Mg, Mn, Ni, Zn, Cu and gain of K2O, Ce, Ba,
Rb, H2O and CO2. This effect is greatest in green-buff
rocks and smallest in dark-grey rocks (Alt and Teagle,
2003). Iron in altered basalts is either depleted or enriched,
depending on whether the alteration resulted in the break-
down of titanomagetite or the deposition of Fe-oxyhy-
droxide (Alt et al., 1992; Plank et al., 2000; Alt and
Teagle, 2003).

The basalts from Site 1149 were pervasively and strongly
altered (mostly dark-grey type) by oxidizing water–rock
interactions, producing abundant veins including Fe-oxy-
hydroxide deposits, alteration halos, and breccias (Plank
et al., 2000). The alteration history at Site 1149 occurred
in three stages (Plank et al., 2000):

(1) Early fracturing of basalt with filling of veins by clay
minerals (mostly saponite) and development of cela-
donitic phyllosilicates in cracks, vesicles, miarolitic
voids, and as a replacement of the olivine and
mesostasis.

(2) Progressive alteration and oxidation of phyllosilicates
or addition of Fe oxide, to these zones to produce
goethite and/or mixtures of clay mineral + goethite
(i.e., ‘‘iddingsite’’). The fluids responsible for this
alteration stage followed the same pathways as those
of the first stage, as well as in new hairline cracks,
resulting in the development of brown oxidation halos
near fractures.
(3) Reopening of veins allowing the circulation of fluids
with evolved compositions and precipitation of car-
bonate and further alteration on previous halos.

3. ANALYTICAL METHODS

In this study, we employed sealed-tube, carrier-gas
methods developed in our laboratory for analyses of low-
N silicate materials (methods described in Bebout et al.,
2004, 2007). For most of the AOC samples, 50–350 mg
powder (depending on the N content) was loaded with
CuxOx reagent into quartz tube (outer diameter: 6 mm; in-
ner diameter: 4 mm) and pumped for 48 h while heated to
temperatures of �100 �C. The 400–450 �C precombustion/
oxidation step used by Busigny et al. (2005b) and Ader
et al. (2006) for removal of modern organic contamination
was not employed in this study in order to avoid N degas-
sing of clay minerals and the removal of any possible organ-
ic matter that was present in these rocks on the seafloor
(e.g., attributable to microbial alterations; see Staudigel
et al., 2006). After the pumping and initial low-T heating
step, the tubes were sealed under high vacuum and com-
busted at 950 �C for 3 h in a programmable furnace. The
N2 produced by the combustion was purified using a liquid
nitrogen trap and introduced, in a helium stream, into a
Finnigan MAT 252 mass spectrometer. A gas chromato-
graphic column in the Finnigan Gas Bench II system we
employ separates N2 from other gases such as CO (interfer-
ence on m/z 28 and 29). Nitrogen concentration was deter-
mined by interpolating measured N peak area to a
calibrated relationship between N peak area and N concen-
tration. Uncertainty (expressed as 1r for P3 replicate anal-
yses of both internal silicate standards and individual AOC
samples) is less than 5% for N concentration and on the or-
der of 0.15& for d15N. However, uncertainty in d15N in-
creases to about 0.6& for N size less than 40 nmol. Thus,
large sample sizes (500–1000 mg) were used for samples
containing only 1–2 ppm N in order to maintain high pre-
cision for all analyses. Total system blanks depend largely
on the amounts of reagent used, but the blanks are uniform
in size and isotopic composition for certain amount of re-
agent, allowing accurate corrections to be performed on
data for unknowns (Bebout et al., 2004, 2007). For exam-
ple, in a 2-month period, 29 analyses of the system blank
using 1 g CuxOx reagent indicate an average blank size of
3.8 ± 0.2 nmol N2, with d15N of �7.3 ± 0.4&.

We conducted a number of tests aimed at evaluating the
yields (as a function of temperature and duration of com-
bustion), precision of the analyses, and the extent of any
contributions of adsorbed atmospheric N2. Experiments
on one AOC sample from Site 504B produced similar yields
(nmoles N2/gram sample) and isotopic compositions when
combusted at 950, 1000, and 1050 �C (Fig. 2), indicating
that heating to 950 �C is sufficient for quantitative extrac-
tion of N from these samples. Heating to 950 �C is also em-
ployed in another recent study of N in AOC (Busigny et al.,
2005b). For 10 AOC samples, we recombusted the residues
for 3 h at 1000 �C two weeks after their first combustion at
950 �C. These recombustions produced blank-level
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amounts of N2, again demonstrating complete N yields by
heating to 950 �C and also implying that the contamination
by (air-borne) modern organisms (e.g., bacteria, pollen) is
probably not significant. As another demonstration of the
consistency in yields, analyses of two AOC samples showed
no differences in N concentrations over a sample size range
of 50 mg to >400 mg (Fig. 3), which covers the range of
sample sizes on which we performed extractions for most
of the other AOC. For this series of analyses (Fig. 3), the
precision (again, as 1r) of the analyses of N concentration
and d15N are 2% and 0.15&, respectively.
4. RESULTS

The N concentrations and isotopic compositions of
AOC obtained in this study are provided in Table 1 for
Sites 801 and 1149 and Table 2 for the other sites. Altered
oceanic basalts from Site 801 show a large variation in both
N concentration (from 1.3 to 18.1 ppm) and d15N (from
�11.6& to +1.2&; Table 1). The highest N concentrations
and d15N values occur in the ‘‘upper series’’ (corresponding
to Sequences I and III in this study considering that only
one sample from the upper part of Sequence IV is mea-
sured) at Site 801 (Figs. 4 and 5). Moreover, relatively high
N concentrations are associated with high d15N values and
relatively low N concentrations are mostly associated with
extremely low d15N values (Figs. 5 and 6). As expected,
the composites of AOC from Site 801 (Kelley et al., 2003)
have intermediate N concentrations of 2.3 to 6.0 ppm and
d15N of �0.5& to �10.2& (Table 1). These values are con-
sistent with the averages of the AOC samples for all of the
sequences but MORB 0–110 (corresponding to Sequences
III and IV). Because of the limit of sample size, no duplicate
analyses can be carried out for composites. Thus, it is un-
clear whether this discrepancy for MORB 0–110 is caused
by composite preparation or the isotope determination.
Nine AOC samples from Site 1149 show relatively low N
concentrations of 1.4 to 2.7 ppm with d15N of �10.5& to
�0.8&. The samples from the upper part of the basement
at Site 1149 contain somewhat higher N with higher d15N
values (Table 1; Fig. 6). However, the N enrichment in this
section is not as striking as that at Site 801. Fourteen AOC
samples from the Pacific, Atlantic and Antarctic oceans
(also see Table 2 for detailed localities) show a range in N
concentration similar to that for Site 801, from 2.6 to
15.2 ppm, but with higher d15N values ranging from
�5.4& to +8.3&. Combining the data for all of the sites
(using weight averaged data for Sites 801 and 1149), a crude
positive linear relationship (R = 0.66) is observed between
N concentrations and d15N values (Fig. 7).

5. DISCUSSION

5.1. Hydrothermal alteration and N enrichment

Most of the AOC samples analyzed in this study (Tables
1 and 2) have N concentrations higher than those of
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MORB, with the latter generally containing less than 2 ppm
N, reflecting significant N enrichment in these AOC sam-
ples. Where and how this N can reside in AOC are not well
constrained but have to be answered for the understanding
of processes controlling N cycling in seafloor environments.
Recent study of AOC from ODP Site 1256, in the east
Flank of the East Pacific Rise (Busigny et al., 2005a), has
excluded salts (e.g., NH4Cl and [NH4]2SO4) as hosts of
the enriched N, based on comparison of N data for samples
with and without acid rinsing treatments. For Site 801, tex-
tures and geochemical properties of the basalts imply that
microbial activity exists but is minor in these rocks (Fisk
et al., 1999). In addition, characteristic C-isotope fraction-
ation during biological processes may produce extremely
low d13C of carbonate (�23& to �3&; see Staudigel
et al., 2006 and references therein), which is not detected
from Site 801 samples (Alt and Teagle, 2003). Thus, the
contribution of N by microbial biomass to those rocks
may be negligible. Based on these observations, we assume
that the secondary N occurs largely in the form of ammo-
nium ðNH4

þÞ in mineral lattices substituting for K+.
Busigny et al. (2005a) also suggested that Na and Ca sites
in plagioclase could be potential sites for secondary N.

In an attempt to test these assumptions and further eval-
uate the mechanisms by which N was sequestered in the
AOC from Site 801, we examined the possible concentra-
tion correlations between N and other major and trace ele-
ments in the altered basalts (see data in Castillo et al., 1992
and Kelley et al., 2003; original concentration data for ma-
jor elements and sulfur of Site 801 samples are also listed in
Table 3). For the ‘‘lower series’’, no clear correlation was
observed between N and any other element (Fig. 4), prob-
ably because limited availability of N influenced the extents
of N incorporation (see the discussion below). For the
‘‘upper series’’, N concentrations positively correlate with
LOI contents (Fig. 4a) and negatively correlate with MgO
and S concentrations (Fig. 4b and c). No correlations were
observed in the ‘‘upper series’’ between N and other major
and trace elements, including those geochemically similar to
N and K (e.g., Rb). In general, increase in LOI content of
oceanic basalt can be attributed to alteration-induced trans-
formation of primary phases and glass to hydrated phases
(Plank et al., 2000). Alteration can also lead to S loss from
basalt due to the loss of igneous sulfide minerals (e.g., Hart
et al., 1974; Plank et al., 2000). But alteration generally re-
sults in Mg gain due to the formation of secondary Mg-
bearing minerals (e.g., smectite, tremolite–actinotite, talc;
Hart et al., 1974; Mottl and Holland, 1978). In contrast
with the observation at other sites and even for the ‘‘lower
series’’ at Site 801, Mg loss occurred in the ‘‘upper series’’
because of the intense low-T hydrothermal alteration
(green-buff type) that induced extensive breakdown of oliv-
ine (e.g., Plank et al., 2000; Alt and Teagle, 2003). There-
fore, the relationships in Fig. 4a–c consistently show the
key role of hydrothermal alteration in the incorporation
of secondary N into AOC. The covariation of N enrich-
ment with degrees of alteration and the formation of sec-
ondary hydroxyl-bearing minerals (Figs. 4a–c and 5a)
demonstrates that the secondary clay minerals are the most
likely hosts for the enriched N. Based on the observations
that an obvious relationship between the concentrations
of N and Na or Ca (or the sum of both concentrations;
Fig. 4e–g) is lacking and that high N concentrations with
high d15N values tend to be in the high-K zones (Fig. 5b–
d), K+, rather than Na+ and Ca2+, is believed to be the site
housing secondary N. In fact, four AOC samples from Se-
quence I show a relatively strong linear relationship be-
tween N and K2O concentrations (R = 0.71; see Fig. 4d),
whereas ten AOC samples from Sequence III define a rela-
tively poor relationship (R = 0.40), reflecting the complex-
ity of the siting of secondary N controlled by other factors.

The major factor other than alteration that may affect N
incorporation of AOC is the availability of secondary N. In
general, clay minerals are capable of incorporating large
amounts of N, and hundreds to thousands of ppm N have
been observed in clay fractions of both sedimentary rocks
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(e.g., Williams et al., 1995; Schroeder and McLain, 1998)
and altered oceanic basalts (Busigny et al., 2005a). How-
ever, whether clay minerals can sequestrate a significant
amount of N strongly depends on the availability of sec-
ondary N and how efficiently it is supplied. When the ‘‘low-
er series’’ basalts were formed, sediments were likely scarce
to absent as no intercalated sediments were observed in this
section (Plank et al., 2000). In such cases, the N available to
AOC is the limited dissolved inorganic N (DIN) in seawa-
ter. At MOR, one of the major components of DIN is N2

degassed from ascending magmas (see the discussion in
5.2). This N could have migrated into the basalts in
upwelling hydrothermal fluids. When the degassed mantle
N2 and alteration-liberated basaltic N2 (i.e., as inclusions
in basaltic minerals) reacted with the H2 produced by
low-T alteration of basaltic minerals (mostly olivine and
pyroxene; Stevens and McKinley, 2000), the Haber process
(N2 + 3H2 fi 2NH3) could have been driven to produce
ammonia (NH3) under reducing conditions thought to have
existed at a variety of alteration stages from the formation
of alteration halos in the early stages to the deposition of
carbonate veins in the late stages at Site 801 (Alt and Tea-
gle, 2003). The pyrite formed during the alteration of those
basalts (Plank et al., 2000; Alt and Teagle, 2003) could have
significantly promoted the synthesis of NH3=NH4

þ (Schoo-
nen and Xu, 2001). The supply of NH3=NH4

þ to AOC by
the Haber process is believed to be slow and less efficient,
but the sequestration of measurable amounts of N pro-
duced by this process is still possible. For the ‘‘upper ser-
ies’’, on the other hand, a significant sediment reservoir
(as thick as 15–45 m after accumulation for 5–15 Myr at
an overall depositional rate of �3 m/Myr for Site 801; Lan-
celot et al., 1990) could have existed before the basalts
formed and subsequently been intercalated when the basalts
were emplaced. Circulation of hydrothermal fluids induced
by the magmatic intrusion could have leached NH4
þ from

intercalated sediments, and the overlying sediments (if pres-
ent). This NH4

þ could then have been fixed into secondary
clay minerals. A similar process appears to be operating at
the ‘‘unsedimented’’ Endeavour segment of the Juan de
Fuca Ridge, where anomalously high concentrations of
NH4

þ and CH4 characterized by organic d13C have been
observed in hydrothermal fluids and attributed to the
decomposition of organic matter in previously deposited,
now-buried sediments (Lilley et al., 1993; Proskurowski
et al., 2004). Although the abiotic reduction process could
also possibly occur in the ‘‘upper series’’, any effect of this
kind of N must have been overwhelmed by the dominant
incorporation of sedimentary N. Because of different N
availabilities, the ‘‘lower series’’ basalts are characterized
by low N concentrations and low d15N values, whereas
the ‘‘upper series’’ basalts are characterized by high N con-
centrations and high d15N values (Fig. 5). Among the
‘‘upper series’’, Sequence I is less enriched in N than Se-
quence III. Two factors may be responsible for this obser-
vation: (1) the available sedimentary N decreased with the
decomposition of sedimentary organic matter when Se-
quence I was emplaced; (2) Sequence I is characterized by
oxygenated seawater alteration (brown type), whereas Se-
quence III is characterized by relatively reduced fluid alter-
ation (green-buff type), which favors the incorporation of
NH4

þ.
Some other important factors that can affect N incorpo-

ration of AOC may be related to the geochemical condi-
tions during the hydrothermal alteration. Assuming a
relatively large N reservoir during the alteration of the
‘‘upper series’’ at Site 801, the highly variable N concentra-
tions in a single sequence (i.e., I or III) should be attributed
to the heterogeneities in alteration intensity and local tem-
perature and redox conditions (on the scale of centimeters;
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Alt and Teagle, 2003). The variation of these parameters
could directly influence the efficiency of N incorporation,
resulting in the heterogeneous distribution of N concentra-
tions (Figs. 4 and 5) and yielding the poor relationship be-
tween N and K2O concentrations for Sequence III
(Fig. 4d).

The more ‘‘global’’ comparison also points to widely
varying degrees of N enrichment in AOC (Fig. 7). Because
the samples are all from the topmost part of the basement
at sites other than 801 and 1149, they had the best chance
to obtain sedimentary N once the overlying sediments accu-
mulated. Therefore, the correlation between N concentra-
tion and d15N (R = 0.66; Fig. 7) may reflect large-scale
variation in N availability, isotopic compositions of sedi-
mentary sources, temperature, and the redox conditions
of the hydrothermal alteration.

5.2. Nitrogen sources

The sources of secondary N can be inferred from the
combined N concentration and isotopic data because the
potential sources (mantle, seawater DIN, and seafloor sed-
iments) are quite distinct in their d15N values and the iso-
tope fractionations related to change in N speciation are
high at the temperatures of the alteration. Among the ma-
jor N reservoirs, seafloor sediments show relatively high
d15N values, varying from �0.9& to +5.0& in the Mariana
margin and +2.5& to +8.2& in the Izu margin (Sadofsky
and Bebout, 2004); seawater DIN in benthic environment
around MOR includes minor NH4

þ and some N2 from
the outgassing of ascending magma. As the product of com-
plete reduction of NO3

�, NH4
þ should inherit the high

d15N of NO3
� (0–12&, Cline and Kaplan, 1975; Brandes

et al., 1998). Degassed N2 from the mantle should have
mantle-like d15N values, possibly with a negative shift of
1–2& as a result of degassing-related isotope fractionation
(Cartigny et al., 2001).

At Sites 801 and 1149, AOC can be divided into three
groups based on their N concentrations and isotopic com-
positions: (1) samples containing less than 2 ppm N (except
a chert sample 801C-15R1; averages are 1.5 ± 0.2 ppm N
with d15N values of �5.6 ± 1.3& for six AOC samples),
(2) samples containing more than 4 ppm N (all from
Sequences I and III at Site 801) with relatively homoge-
neous d15N values around +0.4 ± 0.7&, and (3) samples



Table 3
Major element and sulfur concentrations of AOC samples employed in this study from Site 801

Leg-Site Sample number SiO2 TiO2 Al2O3 Fe2O3
a FeO MnO MgO CaO Na2O K2O P2O5 Total LOI S (ppm) Note

129-801B 41R1 26–31 45.77 3.31 16.03 4.76 4.72 0.14 5.2 8.25 3.81 2.14 0.62 99.8 5.09 358 c

129-801B 43R1 22–27 45.88 2.94 15.23 4.70 5.70 0.13 8.28 6.21 4.02 1.90 0.55 100.1 4.58 379 c

129-801B 43R1 132–135 47.30 2.42 13.54 12.51 ndb 0.153 11.16 6.85 3.22 1.61 0.512 99.28 5.74 nd d

129-801C 1R1 109–141 44.92 2.80 14.72 3.62 6.4 0.15 9.58 6.46 3.45 1.75 0.60 99.8 5.30 263 c

129-801C 1R5 80–82 20.12 1.12 6.91 19.53 nd 0.863 24.43 23.70 1.60 1.05 0.290 99.62 34.29 nd d

129-801C 4R1 72–77 85.63 0 0.58 12.78 nd 0.0112 0.0614 0.0275 0.119 0.0122 0.0179 99.24 1.90 nd d

129-801C 5R2 12–17 48.10 1.02 15.75 6.49 1.29 0.18 3.44 9.31 1.99 4.39 0.01 100.4 8.43 163 c

129-801C 5R2 123–130 50.75 1.03 17.89 4.91 2.44 0.09 2.72 9.38 2.60 1.88 0.02 99.8 6.08 127 c

129-801C 5R3 99–104 51.59 1.16 19.76 1.97 1.90 0.11 1.58 11.48 2.81 1.73 0.01 99.9 5.76 265 c

129-801C 5R3 125–131 45.59 1.03 6.63 6.62 9.58 0.39 4.05 6.94 1.28 1.28 0.05 99.4 15.92 168 c

129-801C 7R3 0–5 47.04 1.97 13.82 6.40 6.46 0.15 6.18 11.16 2.79 0.44 0.10 99.5 2.95 502 c

129-801C 8R1 18–21 47.68 2.32 16.34 5.18 5.06 0.13 4.55 9.28 3.59 0.27 0.12 100.0 5.48 317 c

129-801C 8R1 65–67 46.66 2.19 15.92 7.86 2.25 0.08 2.99 10.65 3.47 0.84 0.14 100.4 7.30 269 c

129-801C 10R6 67–70 48.64 1.78 14.55 3.95 6.14 0.16 7.12 12.26 2.77 0.07 0.06 99.7 2.19 257 c

129-801C 11R2 131–136 47.19 2.11 15.15 5.19 6.64 0.16 6.00 12.01 2.59 0.10 0.17 99.6 2.29 490 c

129-801C 12R1 101–104 48.27 2.39 14.66 6.35 6.65 0.19 6.55 10.15 2.98 0.26 0.14 100.0 1.36 430 c

129-801C 12R3 57–62 48.90 2.29 13.58 4.61 7.96 0.22 6.83 11.11 2.82 0.08 0.12 99.6 1.07 623 c

185-801C 15R1 57–61 92.98 0.00250 1.10 6.27 nd 0.00761 0.102 0.246 0.0631 0.0637 0.0144 100.85 1.69 nd d

185-801C 15R7 31–34 51.10 2.55 20.42 5.65 nd 0.149 2.02 14.26 3.82 0.529 0.266 100.76 9.07 nd d

185-801C 17R4 15–18 42.23 0.0545 4.19 15.66 nd 0.444 4.21 27.79 0.422 4.15 0 99.15 21.08 nd d

185-801C 19R2 24–27 70.77 0.890 4.41 12.60 nd 0.0101 9.12 1.14 1.04 0.843 0.0118 100.84 4.25 nd d

185-801C 21R2 69–71 5.99 0.00121 0.626 3.05 nd 0.904 1.47 87.72 0.0454 0.0933 0.0140 99.93 40.73 nd d

185-801C 25R1 10–13 48.56 2.01 13.74 13.95 nd 0.248 6.86 11.58 2.68 0.0483 0.185 99.87 0.67 nd d

185-801C 34R1 93–96 47.93 2.41 13.80 15.68 nd 0.202 6.88 10.22 2.85 0.178 0.249 100.39 0.38 nd d

185-801C 37R5 112–114 46.87 1.91 10.95 21.77 nd 0.131 8.88 7.19 2.43 0.433 0.207 100.77 1.66 nd d

185-801C 40R1 24–27 42.13 1.59 10.82 11.47 nd 0.388 6.25 23.89 2.07 0.580 0.153 99.35 15.41 nd d

185-801C 43R1 13–15 48.46 2.04 13.52 13.72 nd 0.241 6.61 11.44 2.78 0.0732 0.181 99.07 0.61 nd d

185-801C 43R3 50–55 49.84 1.34 9.53 18.12 nd 0.191 7.58 8.22 1.94 2.24 0.107 99.09 2.43 nd d

185-801C 44R3 23–26 47.16 2.07 14.38 13.39 nd 0.227 6.40 12.63 3.06 0.373 0.213 99.91 3.31 nd d

Composite-801 TAB FLO 48.26 2.84 16.29 9.94 nd 0.297 5.77 8.65 3.48 3.66 0.620 99.81 7.85 nd d

Composite-801 TAB VCL 59.95 1.43 8.45 7.14 nd 0.662 5.71 12.69 1.62 1.55 0.329 99.53 14.03 nd d

Composite-801 TAB MIX 51.93 2.40 14.50 9.28 nd 0.406 5.70 9.88 2.90 3.24 0.548 100.79 10.08 nd d

Composite-801 MORB 0–110 FLO 46.71 1.66 15.06 12.33 nd 0.253 5.31 15.35 2.53 0.790 0.152 100.15 9.51 nd d

Composite-801 MORB 0–110 VCL 51.78 0.411 5.46 13.44 nd 0.322 4.43 21.66 0.717 1.389 0.0780 99.69 19.11 nd d

Composite-801 MORB 0–110 MIX 47.85 1.32 11.97 12.72 nd 0.270 5.20 17.32 1.95 1.00 0.127 99.74 11.56 nd d

Composite-801 MORB 110–220 FLO 48.06 2.09 14.02 13.57 nd 0.215 6.52 12.36 2.66 0.135 0.196 99.83 3.05 nd d

Composite-801 MORB 110–220 VCL 53.11 0.969 7.16 13.31 nd 0.231 5.96 17.22 1.40 0.953 0.111 100.42 12.47 nd d

Composite-801 MORB 110–220 MIX 49.65 1.82 12.22 13.73 nd 0.222 6.52 13.76 2.31 0.389 0.166 100.78 5.86 nd d

Composite-801 MORB 220–420 FLO 49.70 2.04 12.70 14.63 nd 0.216 6.63 10.88 2.63 0.390 0.199 100.00 2.46 nd d

Composite-801 MORB 220–420 VCL 51.00 1.71 10.97 15.17 nd 0.175 7.47 9.89 2.26 0.914 0.168 99.72 5.99 nd d

Composite-801 MORB 220–420 MIX 49.67 1.94 12.38 14.56 nd 0.201 6.84 10.58 2.49 0.566 0.187 99.41 3.48 nd d

Composite-801 SUPER 49.23 1.70 12.05 13.72 nd 0.226 6.22 13.03 2.30 0.620 0.168 99.25 6.31 nd d

Composite-801 SED 64.61 0.191 2.52 9.73 nd 0.531 2.66 19.33 0.201 0.716 0.099 100.59 16.97 nd d

a The Fe2O3 data from Kelley et al. (2003) represent
P

Fe, see note (c) below.
b No data.
c Data measured by Castillo et al. (1992) using the standard X-ray fluorescence (XRF) techniques. Note that the major element concentrations were reported as ‘‘wet’’ concentrations, which includes LOI concentrations

(Castillo et al., 1992). All major element concentrations were converted to ‘‘dry’’ concentrations (excluding LOI) when plotted in Fig. 4 for comparison with the data of other samples provided by Kelley et al. (2003).
d Data measured by Kelley et al. (2003) using the inductivity coupled plasma mass spectrometry (ICP-MS) techniques.
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containing 2–4 ppm N with low d15N values from +0.5
down to �11.4&, including all samples from Site 1149
and Sequences IV–VIII at Site 801 (Figs. 4–6). Nitrogen
concentrations and isotopic compositions of the first group
are consistent with those of normal mantle, considering the
low N solubility in melts (Cartigny et al., 2001; Libourel
et al., 2003), and thus likely represent the composition of
the mantle source emplaced at Sites 801 and 1149. The ele-
vated N contents in the second group can be related to a
sedimentary source based on the characteristics of N con-
centrations and isotopic compositions. Seafloor sediments
are the largest 15N-enriched reservoir in the deep ocean.
As discussed above, a layer of seafloor sediments could
have accumulated and subsequently supplied N to the la-
ter-formed ‘‘upper series’’ basalts via hydrothermal fluids.
This possibility is supported by the presence of intercalated
sediments with biostratigraphic ages as old as Middle
Bathonian (167–168 Ma) in the ‘‘upper series’’ (Bartolini
and Larson, 2001; Koppers et al., 2003). The recrystalliza-
tion of the intercalated sediments demonstrates that they
experienced significant hydrothermal alteration (Plank
et al., 2000). The composite of the intercalated sediments
from Site 801 (SED in Table 1 and Fig. 5) contains only
5.6 ppm N, significantly lower than those of the seafloor
sediments just above the basaltic section (77 ppm on aver-
age, based on one radiolarite sample at 444 mbsf at Site
801B containing 78 ppm N with d15N of +3.9&, one clay
sample from 465 mbsf at Site 800A containing 37 ppm N
with d15N of �0.2&, and one silty clay sample from
422 mbsf at Site 802 containing 116 ppm N with d15N of
+4.2&; Sadofsky and Bebout, 2004), implying that signifi-
cant N has been leached from the intercalated sediments,
then probably redistributed into the basalts. The amounts
of those previously deposited sediments are poorly con-
strained, but the intercalated/residual sediments are known
to be a volumetrically minor component, being limited to
the upper 230 m of the basement at Site 801 and making
up only 2.5 vol% of the recovered cores (Plank et al.,
2000).

A two-endmember mixing calculation was performed
for the data in the second group, assuming the addition
of sedimentary N to the MORB samples (see the upper mix-
ing line on Fig. 6). Nitrogen concentrations and d15N values
for the ‘‘fresh’’ MORB are represented by the data for the
relatively unaltered samples from Sites 801 and 1149 in the
first group (1.5 ppm and �5.6&, respectively). Because the
oldest (overlying and intercalated) sediments show a large
range in d15N, from �0.5& to +4.2& (Sadofsky and Beb-
out, 2004; this study), we used an average value of +1.8&

to represent the isotopic composition of the sedimentary N
source. Small or no isotope discrimination is considered for
N transfer from sediments to AOC because most of N in
the intercalated sediments has been removed. The results
of our calculation show that 60–92% of the N (correspond-
ing to 2.5–16.5 ppm) in the rocks from Sequences I and III
could have been derived from the sediments (Fig. 6). If we
assume that the previously deposited sediments were similar
to those at the base of the sediment section at Site 801 (clay/
radiolarite, see Sadofsky and Bebout, 2004), and that N in
sediments was completely transferred to AOC, a simple cal-
culation indicates that 34 m of sediments are required to
achieve the current N levels in the ‘‘upper series’’. This
thickness is consistent with the estimate of 15–45 m for
the sediments accumulated during the age gap between
the ‘‘lower series’’ and the ‘‘upper series’’.

The data for the third group of samples (2–4 ppm N
with low d15N ranging from +0.5 to as low as �11.4&) re-
quire a more complicated explanation. Whereas the rela-
tively 15N-enriched components from the upper part of
Sequence IV and the upper part of Site 1149 (see discussion
in Section 5.3) can be related to sedimentary sources, the
low d15N values (�5& to �12&; Fig. 5) of the other sam-
ples are not consistent with any known N sources. The low-
est d15N value measured for an Earth material thus far is
near �24& for a peridotitic diamond, a value interpreted
to represent a primordial mantle signature (Cartigny
et al., 1997). However, the retention of a low (‘‘primordial’’)
d15N in MORB source is unlikely because of the dynamic
mantle processes operating beneath MOR (e.g., convection
and mixing; see discussion by Cartigny et al., 1997). The
basalts in the third group contain 2–4 ppm N, concentra-
tions somewhat higher than those in the ‘‘fresh’’ MORB
in the first group (1.5 ± 0.2 ppm; Fig. 5), seemingly repre-
senting incorporation of 15N-depleted components at some
point in their magmatic/crystallization or hydrothermal
alteration history.

We propose a possible scenario for the incorporation of
an extremely 15N-depleted component into the AOC in the
third group, involving abiotic reduction of the mantle-like
N2 by reaction with the H2 produced during alteration of
basaltic minerals (e.g., olivine). The product (NH3) is then
sequestrated by secondary K-bearing minerals. This process
has not been observed in geological settings, but has been
demonstrated to be possible under seafloor hydrothermal
environments in the lab (Schoonen and Xu, 2001). If this
process occured in the ‘‘lower series’’ at Site 801, large N-
isotope fractionations of 8–11& (Urey, 1947) to 15–19&

(Hanschmann, 1981) may be expected between N2 and
the NH3 produced over the alteration temperature range
of 35–95 �C (Plank et al., 2000; Alt and Teagle, 2003).
Assuming a fractionation of 11&, the resultant NH3 from
a mantle-sourced N2 (e.g., from ascending magma and/or
basaltic minerals) may have a d15N value as low as -16&.
This model requires that the amount of re-incorporated N
is small relative to that of the ambient N2. Since the N con-
tent in the ‘‘fresh’’ basalt is already low, the N2 that can be
liberated by alteration is too small to satisfy this require-
ment. Therefore, we suggest that the N was mostly sourced
from outgassing of the mantle. Based on the relationship
between pressure and N solubility in tholeiitic magma
(Libourel et al., 2003), N content of a melt may decrease
by two orders of magnitude when it ascends for 1 km. It
is thus reasonable to assume that the N released from the
magma is much larger than the remaining N. The latter
has been detected using relatively unaltered basalts and
demonstrated to be comparable to the secondary N en-
riched in the AOC from the ‘‘lower series’’, which supports
a source for the extremely 15N-depleted secondary N from
mantle degassing. A mixing line assuming the addition of
reduced N into MORB is shown in Fig. 6. This calculation
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indicates that 20–60% of the N (corresponding to 0.5–
2.0 ppm) in some AOC from Sites 801 and 1149 could have
come from this source. Data for the composites from the
‘‘lower series’’ fall between the two mixing lines (but closer
to the lower line; Fig. 6), implying that a small amount of
sedimentary N could also have contributed to some of the
AOC in this series. However, the individual samples we
measured show less sedimentary-N signal than the compos-
ites, maybe because of the relatively low resolution of our
analyses for the ‘‘lower series’’.

5.3. Comparison of N enrichment in different AOC suites

Because the majority of the secondary N in AOC is
thought to be from sediments, it is possible that the inten-
sity of incorporation of secondary N varies with time as
the sediment cover progressively thickens. The samples
examined in this study include the oldest oceanic basalts
known on the seafloor IBM (�170 Ma) and relatively
young AOC from DSDP Sites 332 and 396 in the North
Atlantic (see Fig. 1a for the approximate age of each site),
providing an opportunity to qualitatively consider the pos-
sible aging effect on N fixation in AOC. Compared with
samples from other sites, Site 1149 samples examined in this
study contain much smaller amounts of N, from 1.3 to
2.7 ppm, similar to the low-N samples from Site 801 (Table
1 and Fig. 6). Actually, the background (dark-grey) alter-
ation is more intense at Site 1149 than at Site 801. But no
high N-content samples were recovered from Site 1149. It
is unknown whether a high-N zone (like Sequences I and
III at Site 801) exists at Site 1149. If not, N concentrations
of Site 1149 AOC, as a whole, are far lower than those for
any other DSDP/ODP sites that has been examined (Table
1). The AOC samples from some much younger oceanic
crusts have relatively high N concentrations (e.g., Sites
504B, 279A, 332B, and 396B). The highest N concentra-
tions at Site 801 are comparable to the high values of much
younger AOC. Overall, it appears that time/aging is not an
important factor for transfer of N into AOC. Unlike the N
accumulation in seafloor sediments, which increases signif-
icantly with time, particularly when the site is near the coast
(Li and Bebout, 2005, 2006), the incorporation of second-
ary N into AOC likely occurs at early alteration stages
when hydrothermal fluid activity and related mass and en-
ergy transfer are the greatest. This conclusion is consistent
with observations at Site 801, where the highest N concen-
trations correspond to the highly recrystallized basalt sec-
tions above and beneath the Si-rich hydrothermal deposit,
which indicates strong energy and mass flow (Koppers
et al., 2003). In contrast with the large age or temperature
range for the uptake of C (Alt and Teagle, 1999), uptake
of N by old crust should be very small. This perhaps ex-
plains the low N concentrations of AOC from Site 1149.
At early alteration stages of this section, the lack of a sed-
imentary N source restricted large enrichment of N in the
basalts although the alteration (dark-grey type) they experi-
enced was intense. The basalts hence retained the low N
concentrations because, although more N became available
with off-axis sediment accumulation, the energy in the top-
most basalts close to the sediments was reduced and unable
to activate fluid to transfer N from the sediments to the
basalts.

5.4. Subducting N budget in oceanic crust

This study enables us to make an initial attempt at char-
acterizing in detail the N inventory of the subducting oce-
anic crust at the reference site near the Mariana trench.
We used a method similar to those for the calculation of
C and N inventories of the seafloor sediments at ‘‘Subduc-
tion Factory’’ reference sites (Sadofsky and Bebout, 2004;
Li and Bebout, 2005) to estimate the subducting N budget
in oceanic crust. The N inventory at Site 801 was calculated
on an individual-sample basis. Nitrogen concentration and
isotopic composition of each sample are assumed to repre-
sent the mean values of the AOC section between itself and
the next shallower sample, providing a higher resolution
than would be possible using the AOC composites. This
calculation indicates that the upper 470 m basement at Site
801 (section that was recovered by ODP Legs 129 and 185)
carries an annual N flux of 8 · 105 g/km, with mean d15N of
�2.9&, into the IBM margin. However, little is known
regarding the N geochemistry for the remainder of the crus-
tal section, which is mostly composed of dikes and gabbros.
If we assume an average N concentration of 1.5 ppm, with
mean d15N of �5.6& (as discussed above), for the remain-
ing 6.5 km of crust (assuming an average oceanic crustal
thickness of 7 km; White et al., 1992), the entire oceanic
crust section would annually contribute 5.1 · 106 g/km N
with mean d15N of �5.2& to the Mariana trench. This
AOC N subduction flux is twice as large as the sedimentary
annual N flux of 2.5 · 106 g/km into the same margin
(Sadofsky and Bebout, 2004). These data indicate that
AOC is a major carrier of subducting N, despite the rela-
tively low concentrations, because of the large volumes of
oceanic crust being subducted. If the contribution of sedi-
ments (Sadofsky and Bebout, 2004) is incorporated, the full
oceanic crust + sediment section introduces 7.6 · 106 g/km
N, with d15N of �1.8&, into the Mariana trench.

Subduction mass-balance based on comparisons of N in-
put in trench and N output based on study of volcanic gases
must consider a daunting set of uncertainties including the
unknown magnitudes of N incorporation into volcanic and
plutonic rocks in the arc (i.e., not degassed), spatial and tem-
poral variations of both input and output within individual
arc-trench segments, and N loss due to devolatilization in
the forearc. Because the magnitude of these uncertainties is
large, any estimates of subduction recycling efficiency must
be regarded as semi-quantitative at best. The impact of sub-
duction on the mantle N isotopic signature depends on the
extent of metamorphic devolatilization and resulting in-
crease in the d15N values of the residual ammonium. The ex-
tent of N loss during metamorphic devolatilization is
probably strongly related to the thermal evolution of individ-
ual subduction zones, with more efficient delivery of N into
the deep mantle occurring in relatively ‘‘cool’’ margins into
which old, cool oceanic lithosphere is being subducted rap-
idly (Bebout and Fogel, 1992; Bebout et al., 1999; Busigny
et al., 2003; Bebout, in press). In subducting slabs, most of
the N in AOC subducted to beyond the shallow forearc is
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likely structurally bound in potassium-bearing minerals (par-
ticularly the micas), which should be more resistant to sub-
duction-related metamorphic degassing than the organic N
in seafloor sediments. Some fraction of the sedimentary N
may be easily lost during the transfer of organic N into phyl-
losilicates during diagenesis and low-T metamorphism. Nev-
ertheless, many recent studies of arc element and isotope
geochemistry have invoked additions of sediment melts (in
particular to explain Th and 10Be enrichments in arc lavas;
see Elliott, 2003), and it is possible that, beneath arcs, N re-
lease is governed by some combination of metamorphic dev-
olatilization and partial melting. A transition in the
physicochemical characteristics of slab-derived fluids across
arcs, from dominantly hydrous fluid to dominantly silicate
melt (or supercritical liquid; see Hermann et al., 2006), could
influence the efficiency of N release and the N isotopic com-
position of the ‘‘fluid’’ released from subducting materials.
In the case that the subduction/input N flux into the trench
is much larger than the degassing/output N fluxes at arcs
(e.g., at the Central American convergent margin, see Li
and Bebout, 2005; no output data available so far for IBM
margin), if N loss during early metamorphic devolatilization
in the subduction zone is relatively small, subduction results
in net addition of N to the deeper mantle. However, because
the subducting oceanic crust has an average d15N similar to
that of the mantle, if there is no significant isotopic shift re-
lated to N loss in the shallow forearc, the recycled N2 in the
arc may be isotopically indistinguishable from the N2 from
the mantle, and the deep subduction of oceanic crust may
not impact the d15N of the mantle. However, the deep sub-
duction of 15N-enriched sedimentary N may potentially af-
fect the mantle d15N, perhaps explaining the high d15N
values of the carbonatite from Kola Peninsula reported by
Dauphas and Marty (1999).
6. CONCLUSIONS

Altered oceanic crust shows significant enrichment in N
compared with concentrations in fresh MORB. The second-
ary N in AOC, as ammonium structurally bound in sili-
cates, is added by circulating hydrothermal fluids.
Seafloor sediment is the likely source of most of the en-
riched N in the AOC from the ‘‘upper series’’ at Site 801,
whereas a reduced N form evolved from mantle-like N2

and characterized by extremely negative d15N could be
responsible for the N enrichment in most of the rocks from
the ‘‘lower series’’, where sedimentary N was not available
during alteration. The incorporation of the secondary N
probably occurs in the early alteration stages of AOC. Tak-
ing into account the additions of N by seafloor alteration,
we estimate that the basement section near the Mariana
margin is annually subducting 5.1 · 106 g/km N into the
trench. This rate for N subduction in oceanic crust is twice
as large as that of sedimentary N input into the same mar-
gin. Overall, the subducting slab in the Mariana margin
(the sediment and complete oceanic crust section) contrib-
utes an annual N flux of 7.6 · 106 g/km with d15N of
�1.8&. Metamorphic devolatilization, and potentially also
partial melting, dictates the amount of 15N-enriched N that
is conveyed into the mantle beyond subarc regions, and it
remains unclear whether the volcanic arc preferentially re-
turns the sedimentary N component in this subducting sec-
tion (see the discussion by Elkins et al., 2006). Further
study of N output in the IBM volcanic arc is required for
a better understanding of N cycling across the IBM margin.
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