E = 7 meV; has a spatial wavelength of
~4.2 * 0.4a,; and is between 10 and 100
times as intense as the modulations near E
= 7 meV (with a different wavevector)
discussed in this study. There is a possibil-
ity that the field-induced “checkerboard”
could be produced by quasiparticle scatter-
ing off the vortex core, or it could be an
indirect signature of a second-order param-
eter stabilized near the core, or it could
‘even be some combination of the two. New
experiments will be required to distinguish
between these cases.

A third issue is the range of coherent qua-
siparticle interference patterns and the impre-
cise location of their scattering centers. The
smallest g-space extent of an FT(E,9) peak in
Fig. 3 is Aq ~ 0.1m/a,. This indicates that the
longest coherence length for any modulation
is £ ~ 80 A. Several phenomena such as gap
disorder [with patch size ~30 A (23-26)], im-
purity resonances (with spacing of ~100 A
visible in Fig. 2B), or oxygen atoms (with
spacing of ~13 A at this nominal doping) may
influence this coherence length. We cannot at
present identify which factors are key.

The fourth, and possibly most important,
point is that quasiparticle scattering between
high joint-DOS regions of k-space has now
received direct experimental support as a
mechanism for incommensurate, dispersive,
spatial modulations of the superconducting
electronic structure. A related process, in
which a quasiparticle is scattered across the
Fermi energy into a quasi-hole and vice ver-
sa, has been theoretically discussed as a po-
tential explanation (//-14) for the incom-
mensurate, dispersive, magnetic phenomena
detected by neutron scattering in the cuprates
(30). Renewed exploration of such a scatter-
ing-related explanation for these phenomena
may therefore be appropriate.
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Direct Evidence for a Marine
Source of C, and C, Alkyl
Nitrates

Adele L. Chuck,* Suzanne M. Turner, Peter S. Liss

Alkyl nitrates are a significant component of the “odd nitrogen” reservoir and
play an important role in regulating tropospheric ozone levels in remote marine
regions. Measurements of methyl and ethyl nitrate in seawater and air samples
along two Atlantic Ocean transects provide the first direct evidence for an
oceanic source of these compounds. Equatorial surface waters were highly
supersaturated (up to 800%) in both species, with the waters in the temperate
regions generally being closer to equilibrium. A simple box model calculation
suggests that the equatorial source could be a major component of the local

atmospheric alkyl nitrate budget.

The oxidizing capacity of the troposphere
reflects the ability of the atmosphere to
cleanse itself of anthropogenic and natural
compounds. It is primarily determined by the
concentration of hydroxyl radicals (OH),
which are formed mainly from the photodis-
sociation of ozone by ultraviolet radiation.
Photolysis of oxidized nitrogen species
(NO, = NO, + NO) is the only known way
of producing ozone in the troposphere (/);
therefore, the photochemical processes oc-
curring in the lower atmosphere are critically
dependent on the level of NO,. NO, is short-
lived and is converted into a range of organic
and inorganic species, such as peroxyacetyl
nitrate (PAN, CH,C(O)OONO,), peroxyni-
tric acid (HOONO,), dinitrogen pentoxide
(N,0,), alkyl nitrate (RONO, ), chlorine ni-
trate (CIONO,), nitric acid (HNO,), nitrous
acid (HNO,), and aerosol nitrate (NO,"). The
collective name for these compounds is “odd
nitrogen” (NO,). The alkyl nitrates (RONO,)
are a significant component of the odd nitro-
gen reservoir (NO,) (2-5) and, along with the
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other chemically labile components of NOy,
play an important role in regulating the levels
of tropospheric ozone in remote marine re-
gions, where the typically low levels of NO,
lead to a close balance between the formation
and destruction of tropospheric ozone.

After the discovery of the light alkyl nitrates
in the atmosphere (6), the source of these com-
pounds was assumed to be exclusively anthro-
pogenic, via primary emissions from combus-
tion and chemical processes and secondary
formation from atmospheric photooxidation of
organic compounds in the presence of NO, (7).
In the remote atmosphere, the concentration of
methyl nitrate (MeONO, ) is expected to be low
because of low concentrations of NO, and a
branching ratio of less than 1% for the forma-
tion of MeONO, from the reaction of alkylper-
oxy radicals with NO (8). However, unexpect-
edly high levels of RONO, in marine air and
observations of a strong positive correlation
between ethyl and propyl nitrate and the marine
biogenically produced halocarbon, bromoform,
in the marine boundary layer over the equatorial
Pacific Ocean led Atlas ef al. to propose an
oceanic source for alkyl nitrates in the atmo-
sphere (9). Subsequent atmospheric sampling
campaigns, mostly conducted over the remote
Pacific Ocean, have provided yet more evi-
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dence to support the hypothesis of an oceanic
source (2, 10), with the contribution of alkyl
nitrates to the NO_ sum reaching 80% in equa-
torial and high-latitude regions over the South
Pacific (10). Although there have been no pub-
lished measurements confirming the oceanic
emission of these species, other studies have
also invoked a seawater source for methyl, eth-
yL, and propyl nitrates (11, 12).

s AMT 9
a ANT XVIII
» CTD station f

40°N R |

20°N

EQ

20°S

40°S

40°W 20°W 0°E 20°E

Fig. 1. Cruise tracks of the RRS James Clark Ross
(AMT 9} and RV Polarstern (ANT XVIII/1). Open
symbols show the-positions of surface water
samples; solid symbols show the positions of
the CTD stations during AMT 9. A, B, and C are
the positions of the depth profiles discussed in
the text.
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In order to investigate the hypothesis that
the ocean is a source of the light alkyl ni-
trates, we made measurements of MeONO,
and ethyl nitrate (EtONO, ) in seawater and
air samples along two north-south transects in
the Atlantic Ocean. The first was part of the
9th Atlantic Meridional Transect (AMT)
cruise aboard the Royal Research Ship (RRS)
James Clark Ross (15 September to 13 Oc-
tober 1999; from Grimsby, UK, to Monte-
video, Uruguay), and the second was aboard
the Research Vessel (RV) Polarstern (ANT
XVIII/1, 29 September to 23 October 2000;
from Bremerhaven, Germany, to Cape Town,
South Africa). Figure 1 shows the surface
water sampling positions during both cruises
and the positions of the depth profiles taken
during AMT 9 (/3). Water and air samples
were analyzed on board with a purge-and-
trap gas chromatographic system with elec-
tron capture detection (GC-ECD) (/4). Quan-
tification of the compounds was carried out
after the cruises with the use of liquid stan-
dards prepared in our laboratory. During the
cruises, a stored secondary standard was an-
alyzed twice daily to account for any changes
in the detector sensitivity.

Surface  seawater  concentrations  of
MeONO, ranged from 0.15 to 2.59 ng liter™*
(mean, 0.49 ng liter~!; median, 0.33 ng liter ')
during AMT 9 (Fig. 2A), and 0.01 to 17.49 ng
liter—! (mean, 3.66 ng liter!; median, 1.78 ng
liter ') during ANT XVII/1 (Fig. 2B). The
two cruise tracks diverged south of 10°N, and
the mean concentration of MeONO, was sig-
nificantly higher on the eastern side of the
Atlantic. Because the time of year of sampling
was similar for both cruises, it is likely that this

difference was due to the closer proximity to
the African coast during the ANT XVIII/1
cruise and the possible influence of coastal
upwelling (/5) on the alkyl nitrate concentra-
tions. A notable feature seen during both cruises
was the elevated concentrations of MeONO,
measured close to the equator. Concentrations
of EtONO, were lower than those of MeONO,,
ranging from 0.07 to 1.93 ng liter ™' (mean,
0.33 ng liter~'; median, 0.35 ng liter ") dur-
ing AMT 9 (Fig. 2D), and 0.12 to 3.05 ng
liter™! (mean, 0.83 ng liter~'; median, 0.48
ng liter— ') during ANT XVIII/1 (Fig. 2E).
Concentrations of EEONO,, were higher in the
eastern Atlantic, as was also found for
MeONO,. The surface distribution of
EtONO, mirrored that of MeONO, during
both cruises, and statistical analysis of the
entire surface water data set (Spearman’s
rank correlation) resulted in a positive corre-
lation (the relative abundance of MeONO, to
EtONO, is approximately 4:1) with an R? of
0.78 (n = 170 surface water samples), possi-
bly suggesting similar mechanisms of pro-
duction for both compounds. The surface wa-
ter distributions shown in Fig. 2, A and D,
appear to exhibit a U-shaped trend for both
MeONO, and EtONO,, with higher concen-
trations being found in the higher latitudes,
possibly indicative of a relationship between
alkyl nitrate production and sea surface
temperature.

The atmospheric mole fraction of MeONO,
ranged from 1.2 to 43 pptv (parts per trillion by
volume = 107'?) (Fig. 2, A and B) and 0.8 to 10
pptv for EtONO, (Fig. 2, D and E). These
values lie within the range of concentrations
reported in the literature for MeONO, (0.2 to 50
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Fig. 2. Surface water concentrations, air concentrations, and saturation
anomalies for MeONO, and EtONO, in the Atlantic Ocean. Surface
seawater (A) and air (O} concentrations of MeONO, (A and B) and
EtONO, (D and E) during AMT 9 and ANT XVIII/1 are shown. Data are
plotted against latitude, where positive values are degrees north and
negative values are degrees south. During AMT 9, the final sampling
point of the transect resulted in the highest surface water concen-
trations for both compounds, and although this sample was not from
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continental shelf waters, chlorophyll a concentrations were elevated
and it is likely that the waters were influenced by runoff from the Rio
Plata. A scale break on the water concentration axis has been used for
clarity. Saturation anomalies for MeONO, (C) and EtONO, (F),
calculated from the measured surface seawater and air concentra-
tions during AMT 9 (open bars) and ANT XVIII/1 (solid bars) are
shown. Positive saturation anomalies represent a net efflux from the
ocean, and vice versa.
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pptv) and EtONO, (0.3 to 12.2 pptv) in the
remote marine troposphere (2, 8, 9). For each
surface water sample, the degree of saturation of
each compound was calculated by means of the
measured air concentration (/6) and the temper-
ature-dependent Henry’s law constant (H)
(17). The supersaturation of surface waters
over large areas of the Atlantic provides the
first direct evidence for an oceanic source of
MeONO, and EtONO, (Fig. 2, C and F). The
equatorial region, in particular, appears to be a
strong source region, with saturation anoma-
lies (/8) reaching 800% for both compounds.
In the more temperate oceanic regions, partic-
ularly in the Northern Hemisphere, concentra-
tions in the surface ocean appear to be near
equilibrium with the overlying atmosphere,
suggesting that some areas of the ocean may
constitute a sink for the alkyl nitrates.

A
Concentration (ng L)
5

B R
Concentration (ng L1)
0.5 1 15
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The net sea-to-air flux of the alkyl nitrates
has been calculated with the use of the measured
saturation anomaly, the transfer velocity param-
eterization of Nightingale et al. ({9), and 10-min
averages of wind speed, recorded at the time of
sample collection. To highlight the large spatial
variability of the alkyl nitrate fluxes, the mean
flux per 20° of latitude between 60°N and 60°S
has been calculated (Table 1). It can be seen
from the table that the dominant source region is
found between the equator and 40°S. For the
first approximation of the potential total oceanic
flux of the alkyl nitrates, we have assumed that
the predominant source region is found within
the latitudinal range spanning the equator and
40°S. The average flux of MeONO, for this
area, based on the two data sets, is ~119 nmol
m~2 day !. The area of ocean within these
boundaries is ~2.67 X 10' m? Therefore, the

Concentration (ng E1)
1.5 2

0 0.5 1 1. 0 0.5 1
+ .\G\
50 4 %
B 100
g
5150
[a]
200 1 1
250
0 Chlorophyl} apg L' Chlorophy1ll apg L' Chlorophyll a pg L’
1 0 1 2
. A ' : Ar 7y %
4 A
-y
50 A
- J.
& 100 A
= A
3
A 150 A
200
5 20 2B 30 10

0 15 20 25 30 10
250 Water temperature (°C)

Water temperature (°C)

15 20 25 30
Water temperature (°C)

Fig. 3. Depth profiles of MeONO, (W) and EtONO, () (top) and chlorophyll a (®) and water
temperature (A) (bottom) at three stations along the AMT 9 cruise. Station A (20.119°N,
20.0041°W ), station B (5.6532°S, 28.3414°W ), and station C (36.0015°S, 50.5049°W ) are shown.
The dotted line indicates the mixed layer depth, which was determined by visual inspection of the
temperature profiles collected during the CTD casts. The mixed layer was deep in the subtropical
gyre and shallow at station C, which was influenced by runoff from the Rio Plata.

Table 1. Mean fluxes in nmol m~2 day~" for MeONO, and EtONO, calculated for each 20° of latitude
along both Atlantic Ocean transects. Negative values represent a mean flux into the ocean; positive
values represent a mean efflux from the ocean. A dash indicates that there were no measurements for

the alkyl nitrates in a particular latitudinal band.

AMT (nmol m~2 day™")

ANT XVII/1t (nmol m~2 day™")

Latitude (°)

EtONO,

MeONO, MeONO, EtONO,
60°-40°N -22 13 - -
40°-20°N 0 1 -58 -12
20°-0°N 7 7 29 -1
0°-20°S 13 5 231 50
20°-40°S 20 15 142 35
40°-60°S - - 83 -1
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annual flux would be approximately 9 X 10'° g
year~ !, If the equatorial Pacific Ocean is also
assumed to be a source region, as could be
inferred from the atmospheric measurements of
methyl nitrate collected by Blake ez al. (10), the
annual flux is increased to 23 X 10'° g year™.
For EtONO,, the equivalent fluxes are 2.6 X
10'° g year~! and 6.8 X 10'® g year™! for the
equatorial Atlantic and Pacific, respectively
(20). These calculations have a large degree of
uncertainty associated with them because of the
limited data. Although it is not possible to pro-
vide a precise estimate of the uncertainty, an
indication of the range of fluxes, calculated us-
ing different parameterizations of gas transfer, is
given in (20).

The demonstration of an oceanic source for
MeONO, and EtONO, raises some important
issues that will need to be addressed, not least
their mode of formation in seawater. No mech-
anisms for the production of alkyl nitrates in
aquatic systems or, indeed, in any biological
system are known. However, depth profiles
measured during the AMT 9 cruise (Fig. 3)
provide some clues to possible production
mechanisms. Although the strong correlation
between surface water concentrations suggests a
common origin, from the depth profiles it ap-
pears that distinct mechanisms may be respon-
sible for the production of methyl and ethyl
nitrate, with different water types supporting
different mechanisms. The AMT cruise track
crosses a range of ecosystems, including tem-
perate waters, upwelling regions, the tropics,
and subtropical gyres. The AMT program is
such that there exists for this transect an exten-
sive characterization, both spatially and tempo-
rally, of the physical and biological features
found along it (27). At station A (Fig. 3A),
sampled in the Canary Current Upwelling re-
gion (CCUp), maximum concentrations of
MeONO, and EtONO, coincided with the chlo-
rophyll maximum, indicating a biological
source. In a profile from the South Atlantic
subtropical gyre (Fig. 3B), high concentrations
of EtONO, deep in the water column (below
100 m) suggest that production was likely to be
due to bacterial and/or algal processes. Similar-
ities in the depth profiles of EtONO, and the
dissolved nutrient NO,~ were seen in the major-
ity of depth profiles, which may indicate a role
for NO,™ ions in the formation of this particular
compound. Methyl nitrate generally showed
profiles more typically associated with algal
production, with decreasing concentrations be-
low the chlorophyll maximum. In contrast, in
waters more strongly affected by continental
influences, such as increased loading of dis-
solved organic matter, the alkyl nitrates showed
maximum concentrations in surface waters,
which may suggest that photochemical produc-
tion is important in shelf and coastal regions
(Fig. 3C).

To try to highlight the importance of oce-
anic fluxes of alkyl nitrates to the atmo-
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sphere, we have calculated the atmospheric
residence time of MeONO, and EtONO,.
Use of the mean sea-to-air fluxes for 0° to
40°S (Table 1) and measured atmospheric
concentrations results in a lifetime of be-
tween 4.5 and 25 days for MeONO, and
between 5 and 10 days for EtONO, (22).
Literature estimates of the atmospheric life-
time of MeONO,, based on known atmo-
spheric destruction processes, are poorly con-
strained, ranging from 6 to 29 days (23, 24).
For EtONO,, the atmospheric lifetime with
respect to photodissociation at the equator
and at 40°S has been estimated to be 7 and 12
days, respectively, for October (25). The rea-
sonable agreement between the two methods
implies that, for this region at least, the oce-
anic flux of these light alkyl nitrates is a
significant source component of the light al-
kyl nitrate budget, thereby satisfying the re-
quirements of the reported atmospheric mea-
surements for a marine source.
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Subduction and Recycling of
Nitrogen Along the Central
American Margin

Tobias P. Fischer,'* David R. Hilton,”? Mindy M. Zimmer,'
Alison M. Shaw,? Zachary D. Sharp,’ James A. Walker®

We report N and He isotopic and relative abundance characteristics of volatiles
emitted from two segments of the Central American volcanic arc. In Guatemala,
8'°N values are positive (i.e., greater than air) and N,/He ratios are high (up to
25,000). In contrast, Costa Rican N,/He ratios are low (maximum 1483) and 3"*N
values are negative (minimum —3.0 per mil). The results identify shallow hemipe-
lagic sediments, subducted into the Guatemalan mantle, as the transport medium
for the heavy N. Mass balance arguments indicate that the subducted N is
efficiently cycled to the atmosphere by arc volcanism. Therefore, the subduc-
tion zone acts as a “barrier” to input of sedimentary N to the deeper mantle.

The present-day isotopic composition of N (/) is
different in the various terrestrial reservoirs. For
example, the mantle supplying mid-ocean ridge
basalts (MORB) is depleted [3!°N ~ —5 per mil
(%o0)] compared with Earth’s atmosphere (2-7).
The isotopic difference between mantle and at-
mospheric N was probably established early in
Earth’s history, reflecting the integrated effects
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of partial outgassing of primordial N, possible
late addition of asteroidal and/or cometary N,
and/or hydrodynamic escape of a primary atmo-
sphere (8—11). Subsequent modifications to the
N isotope balance between the mantle and at-
mosphere may have occurred through subduc-
tion of biogenic and terrigenous sediments into
the mantle (/2). Sedimentary material also has a
N isotopic composition (3'°N ~ +6 to +7%o)
distinct from the atmosphere and upper mantle
(13, 14) resulting from a kinetic isotope effect
that has enriched (residual) nitrate in SN (15—
17). This large isotopic contrast between mantle
and crustal/atmospheric reservoirs gives N po-
tential as a tracer of volatile recycling between
the surface and Earth’s interior. Here we focus
on volatile exchange associated with the sub-
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