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Abstract Mineral separates Žolivine ŽOl., clinopyroxene ŽCp., and orthopyroxene ŽOp.. of ultramafic xenoliths from San Carlos have been analyzed for nitrogen and noble gases in an effort to evaluate the isotopic signatures for the sub-continental mantle. The concentrations of noble gases are generally small, but in one clinopyroxene separate ŽCp1. they are about an order of magnitude higher. The gases seem mostly to be sited in fluid inclusions. Elevated isotopic ratios of 20 Ner22 Ne, 40 Arr36Ar, 129,134,136 Xer132 Xe with respect to air clearly show the presence of mantle noble gas components in San Carlos xenoliths. Isotopic ratios of Xe and Ar show that the noble gas systematics in San Carlos xenoliths can be explained as a mixture of MORB and air-like components. Nitrogen contents in these separates range from 0.1 to 1.5 ppm, the d15 N varying from 2 to 5‰ in totals and from y9 to q10‰ in the temperature fractions. The nitrogen data can be explained by the presence of at least three components: Ža. a light nitrogen component Ž d15 N F y9‰. of mantle origin, Žb. a heavy nitrogen component Ž d15 N G 15‰. from recycled materials and Žc. an air-like nitrogen component Ž d15 N s 0‰. which is incorporated during the emplacement of the host magma. While the noble gas isotopic ratios cannot clearly distinguish between an atmospheric and a recycled component, d15 N clearly resolves these two. Using the noble gas and nitrogen isotopic systematics and the end member values from the literature, a contribution of 30 to 60% recycled nitrogen component has been estimated in the mantle source region of San Carlos xenoliths. q 2000 Elsevier Science B.V. All rights reserved. Keywords: Ultramafic xenoliths; Sub-continental mantle; Nitrogen; Noble gases; Recycled component



1. Introduction Nitrogen in the atmospheric reservoir Ž d15 N s 0‰. amounts to only about 1 ppm towards the total nitrogen inventory for the Earth, while model predictions demand several ppm of nitrogen with a nega-
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tive d15 N ŽJavoy, 1995, 1997.. This requires that either most of the nitrogen has been lost from the atmosphere by an early hydrodynamic escape ŽPepin, 1991. or is still locked up inside the solid Earth ŽJavoy, 1995, 1997.. Understanding the nitrogen in the mantle is thus very crucial to properly understand the nitrogen inventory of the Earth as well as to understand the evolution of nitrogen in the atmosphere. A few attempts to assess the mantle nitrogen have been made using the igneous rocks and diamonds ŽBecker and Clayton, 1977; Zhang and Clay-
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ton, 1980; Javoy et al., 1984; Sakai et al., 1984; Exley et al., 1986; Boyd et al., 1987; Boyd and Pillinger, 1994.. These samples that have an unambiguous mantle origin have been successfully exploited to establish the noble gas systematics of the mantle ŽOzima, 1994.. The earlier studies have resulted in a range of d15 N values Žy25‰ to q17‰. which presents a confusing picture about the composition of the mantle nitrogen. While these studies have measured nitrogen alone, a simultaneous study of nitrogen and noble gases that allows a clear identification of the mantle signatures through noble gas isotopic systematics has recently been initiated ŽMarty et al., 1995; Marty and Humbert, 1997; Mohapatra and Murty, 1997; Mohapatra et al., 1999.. Based on the nitrogen and Ar systematics of oceanic basalts, it has been suggested that a pristine mantle nitrogen signature Žwith negative d15 N. is modified to higher d15 N values due to a variable contribution of nitrogen from recycled sediments ŽMarty and Humbert, 1997.. Ultramafic xenoliths are yet another tool to look for mantle gases. Recent noble gas studies in ultramafic xenoliths have clearly shown the presence of mantle components in their He, Ne, Ar and Xe systematics ŽKaneoka and Takaoka, 1991; Poreda and Farley, 1992; Patterson et al., 1994; Valbracht et al., 1996.. While most of these studies are concentrated on the samples from oceanic islands, a few have been attempted on the samples from the continental settings ŽBernatowicz, 1981; Kyser and Rison, 1982; Dunai and Baur, 1995; Matsumoto et al., 1997.. The paucity of such data from the continental settings hinders our understanding of the sub-continental mantle ŽSCM.. As of today, no nitrogen isotopic data on the ultramafic xenoliths exists in the literature. We report here, the first ever results for such samples from our study on the ultramafic xenoliths from San Carlos. Ultramafic xenoliths of San Carlos are samples of the SCM Žfrom depth ; 75 km. that were accidentally picked up by an erupting Quaternary basanite magma ŽFrey and Prinz, 1976; Zindler and Jagoutz, 1988.. Earlier geochemical studies suggest that the mantle source of these samples was depleted 1 to 3 Ga ago, perhaps during the extraction of the continental crust ŽMenzies et al., 1987.. Subsequent to their formation these xenoliths have interacted with a



small amount of LILE enriched fluid ; 180 Ma ago, resulting in the alteration of their trace element concentrations to various extents ŽZindler, 1980.. It has been also suggested that these xenoliths have acquired a ubiquitous secondary contamination from the interaction with the local circulating ground waters ŽZindler and Jagoutz, 1988.. Because of their very low concentration of gases, noble gas data on these xenoliths are scarce and are mostly confined to the concentrations only ŽBernatowicz, 1981; Kyser and Rison, 1982.. In this study, we have made a simultaneous measurement of nitrogen and noble gases in the mineral separates from these xenoliths in anticipation of deriving information on the nitrogen and noble gas signatures of the SCM.



2. Samples and experimental procedures We have selected a few Type I ŽFrey and Prinz, 1976. xenoliths from San Carlos which are accidental samples of the SCM picked up en route by a Quaternary basanite magma. Clean grains of clinopyroxene ŽCp., orthopyroxene ŽOp. and olivine ŽOl. were hand picked under a binocular microscope from three large Ža few centimeters across. xenoliths that were disaggregated by gentle crushing in a mortar. We have also included in this study, a piece from one large Ž; 1 cm across, already separated. Ol grain. Subsequent chemical characterization of the representative grains by SEM was done to confirm the mineralogy. Several hundred milligrams and up to gram amounts of the mineral separate, thoroughly cleaned in ethanol, acetone Žoften in an ultrasonic cleaner. and wrapped in Al-foil, were loaded into the sample tree of the gas extraction system. Prior to analysis, the samples were degassed with a heat lamp Ž; 1508C. for several hours to remove the adsorbed gases. Later they were analyzed for nitrogen and noble gases simultaneously ŽMurty and Goswami, 1992. by stepwise heating using the VG 1200 noble gas mass spectrometer. An initial 4008C combustion in 2 Torr of O 2 was carried out to preferentially release the surface sited gases Žadsorbed atmosphere as well as contamination during sample preparation.. Subsequent gas extractions were done by RF heating of the sample in a pre-degassed Mo crucible. The crucible was held at the temperature for about 45
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min Ž30 min at 18008C.; the evolved gases being simultaneously collected on a stain-less steel ŽSS. mesh ŽSSM. made of 2 mm SS. powder, at liquid nitrogen temperature. The He–Ne fraction was analyzed first after a quick clean up on Ti–Zr and SAES getters. A portion of the total extraction gas Ž1% to 8%. was isolated from active getters for N2 analysis, while the rest was used for the noble gas separation ŽAr, Kr and Xe.. This noble gas fraction was cleaned on Ti–Zr and SAES getters and then separated into Ar, Kr and Xe by differential adsorption on charcoal fingers held at appropriate temperatures set by a variable temperature probe. Each of these three fractions was let into mass spectrometer and analyzed. The N2 fraction was cleaned by exposing it to CuO at 7508C for 20 min, to oxidize volatiles to their condensable oxide form. The excess O 2 is first reabsorbed back on to CuO at 4008C. The condensable gases ŽCO 2 and H 2 O. were separated from N2 by keeping liquid N2 on a cold finger while N2 was being transferred to SSM in the let-in volume. N2 was run in the molecular form on the Faraday cup. For smaller samples, the peaks 29 and 30 were run on the multiplier, after scanning on Faraday for mass peaks 28 and 29. This allows a precise estimation and correction for the interference from CO from mass 30 ŽMurty and Goswami, 1992.. Blanks, interspersed between the samples, were carried out at each temperature in identical fashion. Nitrogen blanks were in the range of a few hundred picograms and
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were always F 10% of sample gas. A typical 18008C blank gave 22 Ne s 3 = 10y1 1, 36Ar s 1.4 = 10y1 1 , 84 Kr s 4 = 10y13 and 132 Xe s 6.8 = 10y14 Žin ccSTP units.. Air standards were run to assess the sensitivity and the instrumental mass discrimination. The data reported here have been corrected for blanks and mass discrimination and the associated errors have been propagated. In addition to these normal corrections, the 80 Kr signal has been corrected for 40 the 40Arq 2 interference, by measuring the Ar in the 40 q 40 Kr fraction and a pre-determined Ar2 r Arq ratio. 78 Kr data are not given as they suffer from an unresolvable background contribution from benzene. The nitrogen isotopic data have been corrected for CO interference ŽMurty and Goswami, 1992. by assigning all excess at mass 30 to CO contribution. The correction to d15 N due to CO is always F 1‰. The Ne data have been corrected for interferences Žat 22 Ne., but from 40Ar 2q Žat 20 Ne. and 44 COqq 2 such corrections are always at - 1% level.



3. Results The 4008C fraction has blank level gases for all the samples and hence is discarded. Even the 9008C fraction yielded blank level gases except for the samples Ol1 and Ol4 Žfor N, Ne and Ar. and are hence not included for other samples. Most of the sample gases are released in the G 15008C steps.



Table 1 Light noble gas data for the mineral separates from San Carlos xenoliths ŽCp s clinopyroxene, Op s orthopyroxene, Ol s olivine. Errors in concentration Žin ccSTPrg. are "10%; errors in isotopic ratios represent 95% CL. Sample weight Žg.



Temperature Ž8C.



4 He Ž10y8 .



22 Ne Ž10y10 .



36 Ar Ž10y10 .



20



Cp1 Ž0.4. Cp2 Ž1.3. Op1 Ž1.0.



1450 1500 900 1800 Total 1800 1800 1800 900 1500 1650 Total



615 2.0 19.7 82.0 101.8 1.6 – 5.3 11.2 10.0 3.5 24.7



6.0 6.8 0.7 2.0 2.7 1.1 – 1.8 0.1 0.7 4.8 5.4



16.3 0.2 0.6 0.6 1.2 2.8 0.9 0.5 0.1 0.5 0.5 1.1



13.32 " 0.54 10.20 " 0.36 10.37 " 0.33 10.05 " 0.38 10.12 " 0.35 10.69 " 0.36 – 10.17 " 0.38 – 10.19 " 0.33 10.04 " 0.31 10.06 " 0.31 9.80



Op3 Ž1.2. Ol1 Ž1.1. Ol2 Ž1.4. Ol4 Ž1.5.



Air



Ner22 Ne



21



Ner22rNe



0.043 " 0.003 0.030 " 0.002 0.036 " 0.003 0.036 " 0.003 0.036 " 0.003 0.032 " 0.003 – 0.037 " 0.002 – 0.031 " 0.003 0.030 " 0.002 0.030 " 0.002 0.029



38



Arr36Ar



40



Arr36Ar



0.183 " 0.001 – – – – 0.195 " 0.001 – – 0.188 " 0.005 0.188 " 0.001 0.188 " 0.002 0.188 " 0.002 0.1880



14 548 " 153 1875 " 8 439 " 20 733 " 3 582 " 12 400 " 1 312 " 1 – 1139 " 91 17 806 " 1983 19 145 " 1984 16 416 " 1760 295.5
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Kr Ž10y1 2 .



80



Cp1



41.2



4.21 " 0.10



Cp2 Op1 Op3 Ol2 Ol4



1.1



0.3



10.7 1.3 6.1



1.4 0.3 0.7



Samples



Air



84



84



Kr



82



Kr



83



Kr



86



Kr



3.960



Xe



Ž10



132



Xes100



6.09



7.62 "0.12



106. 57 "0.67



15.82 "0.16



79.37 "1.68



41.9 7 " 0.73



37.24 "0.44



–



102.94 "1.22 98.320



15.47 "0.75 15.136



78.05 "1.32 78.900



39.27 "0.26 38.790



34.94 "0.61 32.940



Xe



y12 .



Kr s100



–



128



132



21.08 "0.15



20.23 "0.34 20.217



20.39 "0.07



19.91 "0.36 20.136



31.53 "0.05



32.23 "0.20 30.524



7.136



129



Xe



130



Xe



131



Xe )



134



Xe



136



Xe
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Table 2 Krypton and Xenon isotopic data for the San Carlos xenoliths; the concentrations are in ccSTPrg units Errors in concentration are "10%; errors in isotopic ratios represent 95% CL.
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Table 3 Stepped pyrolysis nitrogen isotopic data for the San Carlos samples Errors in concentration are "10%; errors in d15 N represent 95% CL. Sample



Temperature Ž8C.



N Žppm.



d15 N Ž‰.



Nr40Ar



Nr36Ar Ž=10 5 .



Cp1 Cp2 Op3 Ol1



1450 1500 1800 900 1450 1800 Total 1800 900 1500 1650 Total



1.4 1.5 0.7 0.04 0.07 0.03 0.1 0.7 0.08 0.18 0.06 0.32



2.24 " 0.88 6.78 " 0.46 9.0 " 0.45 4.12 " 0.46 5.28 " 0.48 y6.46 " 0.62 2.31 " 0.51 4.24 " 0.65 3.61 " 0.29 10.74 " 0.34 y9.24 " 1.40 5.14 " 0.54 0



47 32 020 5066



3.4 300 10



Ol2 Ol4



Air



The noble gas data is given in Tables 1 and 2 while for nitrogen it is given in Table 3. 3.1. Noble gases Noble gas abundances in these samples are generally low. Such low concentrations were also ob-



2851 9839



4 55



142 83.6



12 0.124



served in the earlier studies ŽBernatowicz, 1981; Kyser and Rison, 1982.. However, in two of the mineral separates ŽCp1 and Ol4. the gas amounts were fairly large and the isotopic compositions could be measured for Kr and Xe as well. Fig. 1 is a plot of the 36Ar normalized noble gas elemental abundances relative to the air. The data



Fig. 1. Plot of nitrogen and noble gas elemental ratios Žnormalized to 36Ar. for the San Carlos samples. F14 values for air Saturated Water ŽASW. as well as the expected ranges for the MORB mantle reservoir ŽMM. and the recycled end-member ŽR. are also indicated; Fm s ŽŽi Xr36Ar. samplerŽi Xr36Ar.Air ..
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show a systematic enrichment for the heavier gases with respect to the atmospheric. Such a pattern is commonly observed in the mantle derived materials ŽOzima, 1994. though the exact process responsible for this type of fractionation is not clear yet. Since these xenoliths are the residue of varying degrees of partial melting, it may be interpreted as the enrichment of the heavier gases via a higher crystal-melt partitioning ŽBroadhurst et al., 1992.. We have included nitrogen also in Fig. 1 and it clearly lies between the range estimates for the MORB mantle ŽMM. and the recycled ŽR. end-members. 3.2. He, Ne and Ar The He isotopic composition could not be measured for these samples because of the low 3 He concentrations. Also, with the low mass-resolution Ž; 170. of our mass spectrometer it is not possible Ž . to resolve the isobaric interference of Hq 3 and HD at mass 3. The 4 He amounts however are fairly high. The 4 Her22 Ne ratio which is G 100 ŽAtmospheric ratio is ; 3. suggests the presence of substantial radiogenic He in the samples. Neon amounts are small and consequently the measurement errors are larger. Most of the 20 Ner



Fig. 2. Neon three isotope plot for the totals of the San Carlos samples. Also shown in the plot are the mixing trends between air and OIB, MORB and Nucleogenic end-members ŽOzima, 1994..



Fig. 3. dM Kr Žw.r.t. the air. values for Cp1 are plotted against mass numbers. The best fit line through the data Žexcluding 86 Kr. defines a linear mass fractionation trend. 86 Kr falls off the line due to the presence of a fission contribution at mass 86.



22



Ne values are indistinguishable from atmospheric within errors, but those of samples Cp1 and Op3 are clearly above the atmospheric ratio. In the Ne three isotope plot ŽFig. 2., these data fall in the area enclosed by the air-OIB-MORB end-members. The very high 20 Ner22 Ne value of 13.3 " 0.5 for Cp1, could be partly due to mass fractionation effects favoring light isotope, as clearly evident in the Ar and Kr isotopic data. Appropriate fractionation correction Žbased on the magnitude in Ar and Kr mass ranges. might bring this data point onto the airMORB mixing line within errors. Radiogenic isotopes of Ar and Xe are clearly suggestive of a MORB type noble gas component in this sample. Argon concentrations are also low, but the 40 Arr36Ar ratios are clearly much above the atmospheric value. 40Arr36Ar reaches as high as 19 000 from the lowest measured 312. The low 40Arr36Ar in most of the samples could be due to addition of an air-like component. However, in Cp1 and Ol4 the ratios are quite high Ž; 14 000 and 19 000, respectively.. These are definitely dominated by a mantle component. 38Arr36Ar ratios are atmospheric within errors except for Cp1. The lower value of 0.1826 for this ratio in Cp1 is due to a mass fractionation effect, favoring the light isotopes.
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3.3. HeaÕy noble gases Krypton and xenon in these samples are very low in concentration. However, in Cp1 the amounts are high enough to allow a precise measurement of the isotopic ratios. The isotopic composition of Kr in the mantle is expected to be atmospheric except for addition of a fission component. So any shifts in the composition with respect to air can be taken to indicate the influence of a physical process. Isotopic compositions of the light Kr isotopes Ž80, 82 and 83.
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for Cp1 are clearly above the atmospheric. The deviations of the Kr isotopic composition from that of air ŽFig. 3. are expressed by: M



d Kr s



Ž M Krr84 Kr . sample y1 Ž M Krr84 Kr . Air



= 10 3



These deviations can be explained by a mass fractionation favoring light isotopes. A least square fit gives a fractionation of 1.62 " 0.37%ramu. The deviation of 86 Kr from this trend indicates addition



Fig. 4. Xenon three isotope plots of Ža. 129 Xer132 Xe and Žb. 134 Xer132 Xe, against 136 Xer132 Xe for the mineral separates Cp1 and Ol4. The data points falling on the line joining the MORB mantle ŽMM. ŽOzima, 1994. and air are suggestive of a two component mixing.
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of 86 Kr from fission of U. The Xe data of Cp1 also shows excesses at masses 129, 134 and 136, as well as at the light isotopes 128 and 130. The excesses at 128,130 Xe of Cp1 are consistent with a mass fractionation of about Ž1.8 " 0.5.%ramu. This magnitude is consistent Žwithin errors. with that expected from the observed fractionation effects in the Ar and Kr mass ranges. A mass fractionation favoring the light isotopes Žsimilar to the case of Kr. and an admixture of mantle Xe component can explain these shifts. In a plot of 129 Xer132 Xe and 134 Xer132 Xe vs. 136 Xer 132 Xe ŽFig. 4a and b., the data fall along the MORBair mixing line. 3.4. Nitrogen Nitrogen concentrations measured in these samples are in the range of 0.1 to 1.5 ppm. The isotopic composition d15 N varies from 2.2 to 9‰ in the totals, and from y9 to q10‰ in the temperature fractions. The low temperature fraction is isotopically heavy while the higher temperature fraction is light. The low temperature fraction is also accompanied by a lower 40Arr36Ar. This trend is similar to the case of the ultramafic samples from Kutch and



Fig. 5. Stepwise temperature release patterns of d15 N for the mineral separates Ol1 and Ol4. The presence of three nitrogen isotopic components is suggested by the plot. Temperature Ž8C. is given against each point.



Reunion ŽMohapatra et al., 1999.. Fig. 5 which is a plot of the stepwise temperature release pattern of d15 N for Ol1 and Ol4, shows the presence of three nitrogen components: a low temperature component with d15 N close to air, an intermediate temperature fraction with positive d15 N, and a high temperature release with lighter d15 N.



4. Discussion 4.1. High gas amounts in Cp1 Considering the usual low abundance of gases in these xenoliths Žas observed in this study as well as by the earlier workers., the gas amounts in Cp1 are anomalously large. Though an immediate candidate for the high gas amounts in Cp1 could be atmospheric contamination, it is not consistent with the non-atmospheric isotopic compositions Žof Ne, Ar, Xe.. This in turn suggests that the gases are indigenous. A plausible explanation for this high gas concentration in Cp1 could be the siting of the gases in fluid inclusions. In a recent study, Dunai and Baur Ž1995. have also found a positive correlation between the abundance of fluid inclusions Žas seen under the microscope. and the noble gas abundances. Bernatowicz Ž1981. has found numerous fluid inclusions of about G 10 mm size in San Carlos xenoliths, and has attributed the low gas amounts in his samples to the loss during the freeze–thaw cycles used for disaggregating the samples. The presence of an important intragranular fluid-hosted trace element component in the San Carlos xenoliths has been also inferred by Zindler and Jagoutz Ž1988.. In view of the above two observations, the low gas contents in most samples and the highly variable gas contents in different minerals could be partly due to escape of gases from larger inclusions that would have cracked under severe ultrasonication during cleaning, but most probably represent a highly heterogeneous distribution of these inclusions even in a given xenolith. ŽDunai and Baur, 1995.. 4.2. Mass fractionation at the source A mass fractionation favoring the light isotopes is clearly evident for Kr in Cp1, to the extent of
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1.62 " 0.37%ramu ŽFig. 2.. The lower values for the ratio of 38Arr36Ar in Cp1 is also consistent with similar mass fractionation of 1.48 " 0.30%ramu. The light isotopes of Xe in Cp1 are also consistent with mass fractionation of a magnitude of about 1.8 " 0.5%ramu. Since both the Ne ratios can change due to an admixture of mantle component, it will be difficult to clearly evaluate the extent of mass fractionations in the Ne of Cp1. But the very high value of 20 Ner22 Ne Žs 13.3 " 0.5. might be partly due to mass fractionation effect. The magnitude of the fractionations at the Ar, Kr and Xe mass ranges are approximately consistent Žwithin errors. with that expected from mass fractionation. So all the noble gas isotopic ratios in Cp1 show a mass fractionation effect favoring the light isotopes. Since this cannot be an experimental artifact as it is shown by the major release fraction Žthe other temperature fractions yielding blank level gases., it is an indigenous effect and must have occurred in the process of trapping the gases in the micro inclusions. If similar fractionation has occurred for nitrogen also, the measured d15 N have to be increased by an appropriate factor. Even by making the valid assumption that the same magnitude Ž; 1.5%ramu. of fractionation favoring the light isotope is applicable to nitrogen, we cannot estimate the corrected d15 N, as the measured nitrogen is at least a two component mixture, one of the mantle source and correlating with the mantle noble gases Žin which the fractionation occurs. and the other from the recycled component which is mostly devoid of the noble gases. But we can definitely realize that the true d15 N value will be higher than the measured value of 2.2‰. 4.3. Noble gas components The noble gas isotopic signatures of these samples are clearly non-atmospheric and are in the range observed in mantle derived samples. Elevated ratios of 4 Her22 Ne, 21 Ner22 Ne, 40Arr36Ar, 86 Krr84 Kr, 129 Xer132 Xe, 134 Xer132 Xe, 136 Xer132 Xe above the atmospheric in some of the samples suggest the presence of a radiogenic component. However, with the K, U, Th concentration of these samples ŽFrey and Prinz, 1976; Zindler and Jagoutz, 1988. and the emplacement age Ž- 2 Ma., it is not possible to explain such excesses by an in situ radiogenic pro-



313



duction. Thus it should have been inherited from the mantle source. Excess in 129 Xe which can be attributed to the extinct nuclide 129 I Ž t 1r2 s 16 Ma., along with a high 40Arr36Ar suggests a mantle source similar to the MORB mantle. This agrees with the earlier geochemical studies ŽFrey and Prinz, 1976; Zindler and Jagoutz, 1988. which also suggested a mantle source similar to that of the MORBs. In addition to this mantle component, these samples have acquired a ubiquitous air-like component, which is prominent for samples that have low gas amounts. This air-like component could have also come from the recycled materials from subduction, or from the interaction with local ground waters ŽHanyu and Kaneoka, 1997; Zindler and Jagoutz, 1988.. However, it is not easy to distinguish these two components using the noble gases, as both of them have similar noble gas isotopic signatures. In the following discussion, we have evaluated the precise nature of this air-like component using the nitrogen isotopes that readily distinguish these two air-like components. 4.4. Nitrogen components in San Carlos xenoliths The nitrogen isotopic data obtained from the San Carlos xenoliths are consistent with that of the Kutch xenoliths ŽMohapatra et al., 1999. which are also samples from the SCM. Fig. 6 is a plot of d15 N vs. 1rN for the stepped pyrolysis data of the San Carlos samples. At least three nitrogen components are required to explain the data. These are: Ø an air-like component with d15 N s 0‰ Ø a component with d15 N ; 15‰ Ø and a component with d15 N F y9‰ Presence of three components is also suggested by a nitrogen release plot ŽFig. 5. which shows nitrogen with three distinct isotopic compositions released with stepwise heating of two Ol samples. The d15 N which starts with a value less than 5‰ Žclose to atmospheric. in the low temperature fraction, reaches up to 10‰ Žfor Ol4. at an intermediate step, while it is distinctly lighter at the melting step. The air-like nitrogen could have been introduced into these samples either via adsorption from or interaction with the local ground waters. If it is a surface adsorbed component from atmosphere it should be driven out by the 4008C combustion. On
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Fig. 6. A plot of d15 N against 1rN for the stepwise temperature data for the San Carlos samples. Also included in this plot are the points for recycled sediments ŽHaendel et al., 1986. and air. At least three components are required to explain the data.



the contrary, since this Žatmospheric. component survives the 4008C combustion, it is too tightly bound to be a surface adsorbed component of atmospheric origin. This suggests that the air-like component could have been incorporated into these samples at high temperatures. Zindler and Jagoutz Ž1988. have shown that the local circulating ground waters have influenced the geochemical signatures of these samples to varying extents. Therefore, we believe that the air-like nitrogen component has been acquired by these samples via interaction with the local ground waters during their emplacement. Nitrogen released at the intermediate temperature step has high d15 N values. In addition to this, the Nr36Ar ratios in all the samples in the present study are higher than the suggested values for the MM reservoir Ž; 2.2 = 10 6 , Marty, 1995.. The Nr36Ar ratios for the samples in fact fall between the ranges suggested for subducted sediments and the MORB mantle ŽFig. 1., clearly indicating the presence of a recycled nitrogen component in these samples. Haendel et al. Ž1986. suggest that the fixed-nitrogen in sediments recycled at the subduction zone can attain a concentration of ; 10 ppm with an isotopic com-



position of ; 15‰. This is because of the fractionation resulting from the loss of nitrogen during subduction from the sea floor sediments that start with N s 550 ppm and d15 N ; 6‰ ŽRau et al., 1987.. Nitrogen from such an end-member can explain this component. On the other hand, Bebout and Fogel Ž1992. suggest based on their study of the metamorphosed sediments Žwhich are analogous to the subducted sediments. a d15 N of 6‰ for the recycled nitrogen. Considering the extreme heavy nitrogen in many of our samples as well as in other mantle derived samples ŽBoyd and Pillinger, 1994 for diamonds; Exley et al., 1986 for MORBs., we feel that a d15 N of ; 15‰ should be more representative of the recycled component. With more and more geochemical data it has been now realized that recycled material from the subduction zones plays a significant role not only in the evolution of arc magmas but also in other magmas like the OIBs ŽDickin, 1995.. A global shallow enriched region ŽPerisphere. which is replenished by the recycled materials has been invoked to explain many of the mantle geochemical signatures ŽAnderson, 1994.. Dunai and Baur Ž1995. from their study
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of the mantle xenoliths from the European SCM, have shown the importance of the recycled material in the evolution of these samples. As far as the recycled material is concerned, it is the ocean floor sediments and the altered MORB that are anomalous with respect to the mantle. They account for most of the enrichment process in the mantle. An understanding of the geochemical nature of these units as well as the effect of the subduction processes on them is crucial to assess the importance of the recycled component in mantle geochemistry. Though lately a great deal of work has been done to understand the geochemical fluxes at the subduction ŽTurner and Hawkesworth, 1997., little is known about the inert gases. Staudacher and Allegre Ž1988. predict that at least 98% of the noble gases in the subducted slab is returned to the atmosphere via arc magmatism, and therefore very little of the initially subducted noble gas is contributed to the mantle. But a considerable amount of nitrogen from the recycled materials can enter the mantle ŽHall, 1989. as nitrogen is held more tightly ŽBoyd and Pillinger, 1994. in the recycled materials, as compared to the noble gases. Estimates of subducted nitrogen flux to the mantle vary, but are in the range of ; 10 11 g of Nryear. ŽBebout, 1995.. Since the subducted nitrogen has a positive d15 N, an increase in the NrAr ratio as well as d15 N are clear indications for the presence of recycled nitrogen component. An interesting fact that emerges out of this study is that the air-like components Žfor noble gases. present in mantle samples may be a result of the contribution from recycled material Žfrom the subduction zone. as well as from direct interaction of air Ždissolved in water. during or after emplacement at the surface. It is not easy to distinguish between a recycled component and the air-like component from the noble gas systematics alone. However, the nitrogen isotopes offer a good handle to resolve these two components readily, as the d15 N of air and the recycled component are quite different. The third nitrogen component revealed in Fig. 5 is one with d15 N - y9‰. Xenoliths from Kutch in some temperature steps showed d15 N ; y6‰ and a dunite from Reunion ŽMohapatra et al., 1999. has shown even lighter component with d15 N ; y15‰. The lighter d15 N at melting temperature cannot be due to experimental artifact Žsuch as the fractionation
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during release., in which case the light component is expected at low temperatures. This light nitrogen component hence has to be indigenous and most likely represent the mantle nitrogen as it is also accompanied by mantle like ratios for Ar and Xe. However, even though the noble gas isotopic signature of this nitrogen component is MORB like, a nitrogen isotopic signature of - y9‰ is different from the isotopic composition of y5‰ deduced for the MM by Marty and Humbert Ž1997.. On the other hand, this light nitrogen isotopic signature is in line with the nitrogen in many of the diamonds ŽBoyd and Pillinger, 1994; Cartigny et al., 1997.. Earlier geochemical studies suggest that the San Carlos xenoliths which are derived from an ancient Ž1 to 3 Ga. depleted mantle source, are remarkably similar to the MORB glasses in their Nd and Sr isotopic composition ŽMenzies et al., 1987.. This is also consistent with our noble gas data. Considering the fact that these samples have acquired contributions from a recycled component as well as an air-like component, both of which would make the indigenous nitrogen heavy, it appears that the true d15 N of the San Carlos mantle ŽSM. would be lighter than y9‰. We therefore believe that the SM was similar to ancient MM that evolved in time by the later incorporation of a recycled component. It had the noble gas signatures similar to those of the MM, while its nitrogen isotopic signature was much lighter than the present day MM. Our noble gas and nitrogen isotopic data are consistent with the following scenario for the origin of the San Carlos xenoliths. They are derived from a mantle source similar to the MM that later acquired a contribution from the recycled materials. The recycled component which would probably be an enriching Žfor the LILEs. component may be similar to component B of Frey and Prinz Ž1976.. The possibility that the heavy d15 N component has been acquired from the host rock during the eruption of the host rock can be discounted by the following two facts. The heavy d15 N component is released at ) 14008C, whereas it is expected at earlier temperature if it is a surface sited component acquired from host rock. Also the heavy d15 N is accompanied by Ar and Xe signatures typical of MORB samples Žfor sample Ol4.. This clearly indicates that the nitrogen in the high temperature fraction is coming from the interior
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of the mineral grains. These samples have later acquired a ubiquitous atmospheric contamination via a high temperature Ž) 4008C. interaction with the local ground waters, perhaps during the emplacement. 4.5. Implications for mantle nitrogen Marty and Humbert Ž1997., from their study of MORBs, have suggested a d15 N of y5‰ for the convecting mantle that is globally sampled by the MORBs. Since the xenoliths measured in this study as well as those from Kutch ŽMohapatra et al., 1999. and the diamonds which are samples of the SCM have a much lighter nitrogen, it appears that the d15 N of y5‰ suggested for the convecting mantle may not be representative of the nitrogen in SCM. However, we did find nitrogen as light as y15‰ in some of our MORB samples from the EPR and ultramafics from Hawaii and Reunion Žunpublished data., which suggests that such light nitrogen is present in other parts of the mantle too. But, since such a nitrogen signature is not widely observed among the MORBs, it appears that it is not in the convecting mantle. This may mean that such light nitrogen is confined to pockets within the mantle. At present it is difficult to say where such pockets would be, though the SCM is one suitable place because of its seclusion from the large scale mantle mixing. This light nitrogen is observed in mantle samples such as xenoliths from the SCM and diamonds which also show noble gas isotopic signatures that are similar to those of the Degassed mantle ŽDM.. Diamonds, which are 1 to 3 Ga old, must have sampled the ancient Upper mantle reservoir ŽOzima and Zashu, 1991.. Most of the xenoliths from the SCM are derived from ŽUpper. mantle sources that had been depleted by the crustal extraction 1 to 3 Ga ago, and thus is comparable to the pristine DM. Therefore, we suggest that the nitrogen with an isotopic signature of y15‰ is a close approximation to the pristine DM nitrogen. Such a nitrogen isotopic signature is also consistent with the pristine mantle nitrogen as predicted by ŽJavoy, 1995, 1997.. If such a mantle reservoir evolved with the continuous influx of recycled sediments, its nitrogen isotopic signature would be more readily affected than the noble gases because of the very high nitro-



genrnoble gas ratio of the recycled component. Thus there is a progressive evolution of the nitrogen isotopic signature of the DM from F y15‰ to the present value of ; y5‰ of the MM. However such an evolution may not be uniform: pockets in the mantle might still have retained light nitrogen, being less affected by the recycled components. 4.6. EÕaluation of components Assuming that three components are involved in the formation of these samples by binary mixing at different stages, we used a coupled nitrogen and noble gas isotopic systematics to investigate the mixing relations among the components. Recently Sano et al. Ž1998. have used the correlation diagram of N2r36Ar vs. d15 N to show that three nitrogen components of air Žor ASW., mantle and sedimentary origin are needed to explain the observed nitrogen systematics in samples from subduction zones and also attempted quantification of these contributions. Since the elemental ratio N2r36Ar is more prone to fractionation effects, a better approach would be to use the correlation plot of 40Arr36Ar vs. d15 N. Fig. 7 is a plot of d15 N against 40Arr36Ar in which binary mixing curves between: 1. the degassed mantle ŽDM. and recycled materials ŽR., 2. DM and air saturated water ŽASW., 3. a mantle end-member which is a mixture of DM and R Žin 1.7:1 ratio., and ASW 4. a mantle end-member which is a mixture of the DM and R in Ž6.1:1 ratio., and ASW are also shown. These curves have been calculated using the mixing equation of Langmuir et al. Ž1978., with the end-member parameters as given in Appendix A. In this plot, data for the totals as well as the temperature fractions are shown. To explain all the data points, the three components DM, R and ASW are needed. Thus the MM end-member with a d15 N of y5‰ Žalready assimilating ; 14% recycled nitrogen component. cannot explain the observed d15 N of - y9%, without the presence of a more pristine nitrogen component. A variable mixture of the three components is needed to explain each datum in this plot clearly suggesting that the nitrogen components are heterogeneously distributed in SCM. Curve 3 is
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Fig. 7. A plot of 40Arr36Ar against d15 N for the San Carlos samples. Filled symbols represent totals, while open symbols correspond to temperature fractions. ASW Žair saturated water., DM ŽPristine Degassed mantle., MM Žpresent day MORB mantle., R Žrecycled sediments. and SM ŽSan Carlos mantle. are the various ŽN, Ar. end-members, the dotted lines Ž1,2,3, and 4. being the binary mixing curves between these end-members. Scale on each of these mixing curves represents the fraction Žf. of the low 40Arr36Ar end-members.



shown as an illustration. The component SM ŽSan Carlos mantle. is due to an admixture of D and R components in 1.7:1 proportion. Three data points fall on this mixing curve between SM and ASW. To explain most of the data, an admixture of about 30% to 60% recycled nitrogen component is needed in the SM reservoir. The mixing curve MM–ASW has been obtained by using the MORB data Žwhich are not shown in the figure. of Marty and Humbert Ž1997.. This further implies that the present day MORB mantle does not represent the DM at least as far as its nitrogen isotopic signature is concerned. It itself has a recycled contribution of at least 14%.



5. Summary and conclusions The noble gas and nitrogen isotopic systematics of the xenoliths from San Carlos can be summarized as: Ža. Gases are mostly held in fluid inclusions that are heterogeneously distributed among various samples. Partial gas loss could have resulted during



sample cleaning by ultrasonication. This is the reason why we usually observe very low gas concentrations in them; Žb. Noble gas elemental and isotopic compositions are similar to those of typical mantle sample; Žc. The source of these xenoliths is fairly degassed, and has the radiogenic excesses that are observed in a typical MORB reservoir. Probably this is also derived from the MORB reservoir; Žd. Three nitrogen components, an air-like component at low temperature, a heavy nitrogen component released at intermediate temperature and a light nitrogen component at high temperature are observed in these xenoliths. The intermediate temperature component is attributed to the recycled sedimentary component. This could be the component that is invoked for enrichment of these samples, Žcomponent B of Frey and Prinz, 1976.. The light nitrogen component Ž d15 N F y9‰. is taken to represent the composition of the mantle component. Combining the d15 N signatures with the accompanying Ar systematics we propose that about 30 to 60% of recycled nitrogen component is present
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in the mantle source from which the San Carlos xenoliths have originated. The addition of nitrogen from recycled sediment source having d15 N of ; q15‰ has progressively increased the d15 N of the DM from an initial value F y15‰ to the current y5‰ as observed in the MORB mantle. This could be a general scenario, while it is not necessary that the evolution of d15 N of DM is globally uniform. There exist in the mantle, zones of DM which have retained the pristine characters, while the major part of the Upper mantle which is the convecting mantle Žsampled by the MORBs. has already been contaminated with the recycled materials.
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Appendix A. Parameters used for the N–Ar systematics
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A.2. R (recycled materials) Nitrogen in the subducted materials evolves in its concentration as well as isotopic composition because of the slab-processes. Amphibolites from the paleosubductions Žsuch as the Catalina Schist. which approximate these subduction-metamorphosed materials give us an idea about the nitrogen in R. Ø 36 Arr14 N value taken for these calculations is 0.3 = 10y7 using a 36Ar concentration of 5.4 = 10y1 0 ccSTPrg Žestimated as below. and a nitrogen concentration of 8 = 10y3 ccSTPrg ŽHaendel et al., 1986.. Sano et al. Ž1998. give a value F 0.8 = 10y7 . In the absence of Ar data from the amphibolites, the Ar from R has been estimated by assuming a loss



MM is a mantle end-member obtained by mixing 86% DM and 14% R. Concentrations: Ø N2 s 3.2 = 10y3 ccSTPrg, Ø 36Ar s 1.0 = 10y9 ccSTPrg. Isotopic compositions: Ø d15 N s y4.4‰ Ø 40Arr36Ar s 38 878
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