
R E P O R T S  

lowing sources: E. Wada, M. Terazaki, Y. Kabaya, T. 
Nemoto, Deep-Sea Res. 34, 829 (1987) (Southern 
Ocean); P. Schafer and V. Ittekkot, Natunuissen- 
schaften 80,511 (1993) (Arabian Sea); S. M. Libes and 
W. G. Deuser, Deep-Sea Res. 35, 517 (1988) (Peru 
margin suspended particles); B. Fry et a/., Deep-Sea 
Res. 38, 51003 (1991) (Peru margin, Black Sea, and 
Cariaco Trench suspended particles); D. J. Velinsky 
and M. L. Fogel, Mar. Chem. 67, 161 (Framvaren 
Fjord). 

30. Microbial nitrate reduction (denitrification) in the ab- 
sence of oxygen is associated with a large kinetic iso- 
tope effect that causes isotopic enrichment of the 
remaining nitrate pool [F. A. Richards and B. B. Benson, 
Deep-Sea Res. 7, 254 (1961); J. D. Cline and I. R. Kaplan, 
Mar. Chem. 3, 271 (1975)], a signal transferrable to 
phytoplankton and sediments [T. Saino and A. Hattori, 
Deep-Sea Res. 34,807 (1987); M. A. Altabet, R. Francois, 
D. W. Murray, W. L. Prell, Nature 373, 506 (1995); R. S. 
Ganeshram, T. F. Pedersen, S. E. Calvert, J. W. Murray, 
Nature 376, 755 (1995)j. However, denitrification will 
lead to an increase in 8l5N only if the rate of nitrate 
replenishment is greater than the rate of denitrification. 
If the rate of denitrification exceeds the rate of nitrate 
supply, the likely case during eastern Mediterranean 
sapropel events when deep-water ventilation was re- 
duced (32) and thermohaline circulation was similar or 
slowed (32) [R. Zahn, M. Sarnthein, M. Erlenkeuser, 
Paleoceanography 2, 543 (1987)l) compared with to- 
day, no net isotopic fractionation is expressed. In addi- 
tion, if eastern basin nitrate was isotopically enriched 
through denitrification during sapropel events, i t  should 
be expressed in both chlorophyll and sediments. In- 
stead, we observe that chlorophyll 815N remains con- 
stant whereas sediment 815N decreases in sapropels 
compared with contemporary and non-sapropel values. 

31. A. Mangini and J. Dominik, Sediment. teol. 23, 113 
(1979); H. F. Passier et al., Nature 397, 146 (1999). 

32. P. C. Myers, K. Haines, E. j. Rohling, Paleoceanography 
13, 586 (1998). 

33. The incursion of nutrient-rich intermediate waters 
into the euphotic zone would not lead to excess 
supply of nutrients and ensuing nitrogen isotopic 
fractionation (5). When the pycnocline lies within the 
euphotic zone of a stratified basin, a deep algal 
community develops and autotrophic nutrient up- 
take causes the retreat of the nutricline below the 
euphotic depth (6). Implicit in this retreat is expan- 
sion of the algal population to meet the increased 
supply of nutrients. Thus, a nutrient excess within the 
euphotic zone would not occur, and kinetic fraction- 
ation would not be expressed (14). 

34. M. Rossignol-Strick, W. Nesteroff, P. Olive, C. Verg- 
naud-Crazzini, Nature 295, 105 (1982); H. F. Shaw 
and G. Evans, Mar. teol. 61, 1 (1984); M. Rossignol- 
Strick, Palaeogeogr. Palaeoclimatol. Palaeoecol. 49, 
237 (1985); Paleoceanography 2, 333 (1987). 

35. A. I. M. Aly, M. A. Mohamed, E. Hallaba, in Stable 
Isotopes, H.-L. Schmidt, H. Forstel, K. Heinzinger, Eds. 
(Elsevier, Amsterdam, 1982), pp. 475-481. 

36. T. D. Jickells, Science 281, 217 (1998). 
37. Estimates of the water flux from a flooding Nile are 

about 2.5 times the modern (pre-Aswan Dam) flow 
(34), or 100 to 200 km3 year-' [W. F. Wadie, Acta 
Adriatica 25, 29 (1984)l. Nitrogen concentrations in 
desert rivers are very low, with total dissolved nitro- 
gen being 3 +M in a representative unpolluted river 
(38). A conservative assumption is that Nile River 
dissolved nitrogen concentrations increased during 
its flood, possibly to the high values associated with 
tropical rivers, which are between 2 to 20 p M  nitrate 
(38). Assuming the high value of 20 +M [compared 
with total dissolved nitrogen concentrations of 8.3 
+M in average world river water (38)], and twice the 
high estimate of predam discharge rates, nitrogen 
input from the Nile during flood is estimated at 
0.06 X g N yea r ' .  Estimates of new production 
from nutrient and oxygen budgets in the contempo- 
rary eastern Mediterranean Sea range from 6 to 12 g 
C m-2 y e a r 1  (1). Assuming a molar CIN ratio of 6.6 
gives nitrogen new production fluxes of 1.1 to 2.3 g 
N m 2  year1,  similar to a previous estimate of 1.5 g 
N m-2 year-' (2) derived from measured primary 
production. Given an area of 1.66 x 1012 m2, today's 
integrated new nitrogen production for the entire 

eastern basin is 1.9 to 3.8 X 1012 g N year-'. Finally, 
comparing our conservative estimate of dissolved 
inorganic nitrogen discharge from a flooding Nile 
(0.06 X 1012 g N year-' ) to total eastern Mediter- 
ranean new nitrogen production today (1.9 to 3.8 X 

1012 g N year-') demonstrates that nutrient delivery 
from the Nile was unlikely to have increased new 
nitrogen production by more than 1.6 to 3.2% over 
contemporary rates. Increasing the Nile discharge 
rate beyond 2.5 times the modern value, and adding 
a contribution from Eurasian rivers such that riverine 
runoff was four times that of the predam Nile dis- 
charge would only increase new nitrogen production 
by 5 to 10%. 

38. M. Meybeck, Am. j. Sci. 282, 401 (1982). 
39. D. M. Sigman et al., Mar. Chem. 57, 227 (1997). 
40. We thank B. Fry and D. Sigman for isotopic analyses. 

P. Rimbault, H. Claustre, and the crew of RIV Le Suroit 
provided ship time and assistance with sampling. The 
Ocean Drilling Program provided sediment samples. 
Funding came from NSF Chemical Oceanography 
(D.J.R.), an Office of Naval Research Graduate Fel- 
lowship (J.P.S.), an American Chemical Society Petro- 
leum Research Fund Grant (D.J.R.), and a Woods Hole 
Oceanographic Institution Ocean Ventures Fund 
Grant (J.P.S.). 

29 June 1999; accepted 5 November 1999 

Heavy Nitrogen in Carbonatites 
of the Kola Peninsula: A 
Possible Signature of the 

Deep Mantle 
Nicolas Dauphas1* and Bernard ~ a r t y ' . '  

Nitrogen and argon isotopes were measured in  carbonatites and associated 
rocks from the Kola Peninsula in Russia. The Kola mantle source, which is 
thought t o  be located in  the deep mantle, is enriched in heavy nitrogen (+3 
per mi l  relative t o  air) as compared t o  Earth's surface (atmosphere and crust, 
+ Z  per mil) and the shallow mantle (-4 per mil). Recycling of oceanic crust (+6 
per mil) or metal-silicate partitioning may account for the nitrogen isotopic 
composition of the deep mantle. 

Determining the structure and composition may be a remnant of the nitrogen isotopic com- 
of the mantle is necessary in order to un- 
derstand current and past mantle dynamics 
and mantle-to-crust interactions. For exam- 
ple, some have argued that part of the 
mantle has been isolated from mantle con- 
vection for most of Earth's history, allow- 
ing the preservation of a primitive compo- 
nent that is only sampled by plumes. Evi- 
dence in support of this view arises mainly 
from noble gases, because plume-derived 
magmas often show lower radiogeniclpri- 
mordial isotope ratios than do mid-ocean 
ridge basalts (MORBs) (1). At variance 
with these models are geophysical (2), ex- 
perimental (3), and geochemical (4) lines 
of evidence that suggest that some of the 
subducting slabs sink through the 670-km- 
deep seismic discontinuity, implying global 
stirring of the mantle. 

The nitrogen isotopic composition of the 
shallow mantle that feeds MORs, which is ex- 
pressed as per mil (%o) deviation relative to the 
composition of air [in S15N notation (91, is 
estimated to be --4%0 (6-13). This signature 

position of Earth-forming planetesimals, which 
later evolved as a result of (i) addition of me- 
teoritic (14, 15) and cometary (1 5) volatiles, or 
(ii) fractional loss of atmospheric volatiles (1 6), 
or both. Biologic activity leads to a fraction- 
ation of nitrogen isotopes and gives sedimenta- 
ry rocks a specific composition [S15N - +6%0 
(1 7)]. Nitrate is used by denitrifying bacteria as 
the terminal electron acceptor in energy gener- 
ation when oxygen is unavailable. Associated 
with denitrification is a kinetic isotope effect 
that enriches the residual nitrate in 15N (18). 
Because NO; is the main nitrogen-bearing nu- 
trient, marine organisms and sediments are en- 
riched in 15N relative to the atmosphere (1 7). 
The oceanic crust thus enriched in 15N is sub- 
ducted back into Earth at convergent plate mar- 
gins, which makes nitrogen a potentially pow- 
erful tracer of volatile recycling in the mantle. 

Mantle plumes, which are assumed to be 
fixed relative to plate motion, sample a deeper 
region than that feeding MORs (19). The isoto- 
pic composition of nitrogen in plumes has not 
been documented (20). Low 4He/3He ratios and 
a steep 2?Je/22Ne-21Ne/22Ne correlation (21) 

'Centre de Recherches Petrographiques et G o -  indicate that a mantle plume contributed to the 
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contamination by atmospheric volatiles. To doc- 
ument the nitrogen isotopic composition o f  the 
deep, plume-type mantle, we have measured 
nitrogen and argon isotopes in carbonatites and 
associated rocks from the Kola Peninsula 
[referred to as Kola rocks hereafter (Table I)]. 
Volatiles trapped in fluid inclusions were re- 
leased by  stepwise crushmg, followed by online 
nitrogen-argon purification and high-resolution 
static-vacuum mass spectrometry (10,24). 

The Ne isotopic composition o f  the mantle is 
different from that o f  the atmosphere (25), mak- 
ing this element a Rosetta stone when decipher- 
ing the isotopic message o f  terrestrial volatiles. 
Neon and Ar isotopic ratios correlate in Kola 
rocks and MORBs, which allows us to estimate 
the deep and shallow mantle 40ArF6Ar ratios at 
4000 to 6000 (21) and at 25,000 to 44,000 (26), 
respectively (% is a decay product o f  40K, 

whereas 36Ar is primordial in origin). These 
ratios are used hereafter to determine the isoto- 
pic and elemental charaderktics o f  the mantle. 

In Kola rocks [and MORBs (10, 13, 27)], 
the N2p6Ar ratio correlates with the 40ArP6Ar 
ratio (Fig. 1). The 40Ar/36Ar ratio is a reliable 
indicator o f  shallow contamination by  sedi- 
ments, air, or air-saturated water. A compara- 
tively K-rich (3.59 X mol g-I) ijolite 
exhibits systematically high "OArP6Ar ratios at 
low N2p6Ar ratios, which may reflect a late 
(postcrystallization) % radiogenic ingrowth. 
A sedimentary contribution is suggested by the 
high NpAr ratios (up to 114) o f  some car- 
bonatites. During partial melting, vesiculation, 
and formation o f  fluid inclusions, one might 
expect a complete extraction o f  N and Ar and 
an inheritance o f  the isotopic and elemental 
compositions o f  the source (28). When extrap- 

olating the mixing relationships to the source 
end-member 40ArP6Ar ratios, one can estimate 
the Nf6Ar ratios o f  the deep mantle (from the 
Kola rocks) and shallow mantle (from the 
MORBs) at approximately 3 X los and 5 X 
lo6, respectively. The NpAr ratio o f  the deep 
mantle (60 + 5) is lower than that o f  the 
shallow mantle [ I24 2 20 (13)], which leads to 
a new estimate o f  the bulk N2 content o f  the 
mantle (3.6 ? 1.4 X lo-* mol  g-I), as derived 
from a global K-Ar-N mass balance o f  the 
silicate Earth (27). 

As in the case o f  MORBs (10, 13), Kola 
rocks form a triangular array in a N-Ar isotope 
plot (Fig. 2). This feature is consistent with 
mixing between air (or air-saturated water), sed- 
iments, and mantle gases. The fluid inclusions 
that host the heavy nitrogen show plume-type 
4He/3He and "Ne~~%e ratios and comparative- 

Fig. 1. N,/36Ar-40Ar/36Ar corre- 107 
lations in MORBs [white dots 
(70, 73, 27)] and Kola rocks 
[black dots (Table I)]. Data 
points fall on mixing lines be- 
tween the mantle (PM, plume- 
type deep mantle; MM, MOR- 106 
type shallow mantle) and Earth's 
surface (A, air; ASW, air-saturat- 2 
ed water; 5, sediments). This cor- n, 
relation was lately disturbed b 2 

radiogenic ingrowth (LRIf 
The uncertainties (depicted as 105 
the main axis of standard el- 
lipses) are correlated because 
they mainly result from the 36Ar 
blank correction. For the purpose 
of clarity, uncertainties for 
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Table 1. N-Ar-K data in carbonatites and associated paragenesis from the Kola Peninsula (additional data are available at www.sciencemag.orgl 
feature/data/1044003.shl). Uncertainties are one sigma. 
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ly high 40Ar/36Ar ratios, which all together in­
dicate a mantle source region (21). The coupled 
Sr and Nd isotope systematics in the Kola Pen­
insula provide no evidence for crustal contami­
nation (29). Independently, preliminary mea­
surements in our laboratory on basalt glasses 
from the Society Island hot spot yield positive 
815N values, suggesting that heavy nitrogen is a 
common feature of plume-derived magmas. In 
contrast to the characteristics of the shallow 
mantle, which is depleted in heavy nitrogen by 
—4%o relative to the atmosphere (6-13), the 
deep mantle appears to be enriched by ~+3%o. 
The 815N value of the deep mantle outside the 
range defined by the shallow mantle (6-^13) and 
Earth's surface [crust and atmosphere, ~+2%o 
(10)] suggests that the heavy nitrogen is not 
primordial in origin. It is noteworthy that the late 
accretion of extraterrestrial matter depleted in 
15N relative to the deep mantle would fail to 
account for the 15N depletion of the shallow 
mantle relative to the atmosphere. 

Long-term isotopic fractionation of N dur­
ing magma genesis and subsequent degas­
sing, if any (28), are unable to account for the 
isotopic heterogeneity of present-day Earth. 
Models of N isotope fractionation between 
silicate melt and vapor predict that the resid­
ual N in the silicates after magma degassing 
should be enriched in 15N (7, 30). Because 
noble gas isotopic ratios suggest that the deep 
mantle is less degassed than the shallow man­
tle (i), one should expect the shallow mantle 
to be enriched in 15N relative to the deep 
mantle, which is contrary to the observation. 

Nitrogen is a siderophile element (31), 
whereas Ar is not (32). Hence, uptake of N by 
the core would lower the N2/

36Ar ratio of the 
mantle. The solubility of N2 in Fe-Ni alloys 
follows Sieverts' law (N2 gas ^ 2N dissolved). 
Because the 14N-14N bond is weaker than the 
15N-14N or 15N-15N bonds, the residual N in the 
mantle is presumably enriched in 15N relative to 
its metal counterpart. Such a possibility would 
require appreciable fractionation of nitrogen 
isotopes to account for the isotopic stratification 
of present-day Earth, which calls for experi­
mental as well as theoretical confirmation. 

Phanerozoic marine sediments and the 
deep mantle both exhibit high N2/36Ar ratios 
and high 815N values relative to the atmo­
sphere. An appealing possibility is that the 
nitrogen carried from the deep mantle to the 
surface of Earth by plumes is of recycled 
origin. This interpretation is consistent with 
the recycling of Ar in Earth's interior (21, 33) 
but creates a paradox. If the 15N depletion of 
the shallow mantle was primordial in origin, 
as is generally thought (6-16), preferential 
recycling of sediments in the deep mantle 
would at the same time increase the N2/ 
36Ar ratio and the 815N value of the deep 
mantle relative to the shallow mantle, which is 
apparently not the case. A way to get around 
this difficulty is to consider that the nitrogen 

isotopic composition of the shallow mantle is 
not primordial in origin but rather results from 
the recycling of Archean, 15N-depleted, sed­
imentary organic matter (34). An alterna­
tive explanation is that the N2/36Ar ratio of 
the primitive mantle was lower than the in­
ferred present-day ratio of the deep mantle 
(~3 X 105). Early degassing of the shallow 
mantle would have increased the N2/36Ar 
ratio to ~5 X 106 as a result of preferential 
retention of nitrogen in silicates under the 
reducing conditions prevailing at that time 
(35). Later on, the N2/36Ar ratio of the deep 
mantle would have increased to its present-
day value through recycling of surface ni­
trogen. Further investigation of the nitro­
gen isotopic composition of ocean islands 
such as Hawaii or Iceland will allow this 
unique stable isotope heterogeneity of Earth to 
be documented. 
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