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	We have developed a mass spectrometric technique for the measurement of 230Th/232Th ratios in young volcanic rocks.  We show that we can measure 230Th/232Th ratios on MORB samples of ( 1 gram with an accuracy and reproducibility of 0.5-1.0%.  This represents an improvement of at least a factor of 5-10 in sample size and precision over conventional alpha spectrometry methods.  Using this technique, we have measured distinct excesses of 230Th activity relative to 238U activity for axial samples from the Juan de Fuca (JDF) and Gorda Ridges.  These enrichments are 13-15% but range up to 40% in one sample.  Low boron concentrations and 234U/238U ratios corresponding to secular equilibrium verify the absence of detectable seawater contamination.  From this we infer that primary magmatic processes are the source of the measured 230Th activity excesses, and that Th is indeed more incompatible than U during partial melting of MORB sources.  230Th/232Th activity ratios for the axial samples from JDF appear to be relatively high for uncontaminated MORB, ranging from 1.35 to 1.41.  From this we infer that the JDF basalts formed from a uniform source highly depleted in Th relative to U (Th/U = 2.15-2.25).  One Gorda axial sample has a somewhat lower 230Th/232Th activity ratio of 1.31, suggesting formation from a source only slightly less depleted (Th/U = 2.32 ± 0.02).  Based on the small range in 230Th/232Th ratios for axial basalts from JDF, dating off-axis JDF basalts may be feasible.



1. Introduction



	Uranium-series disequilibrium is a well established and valuable technique in geochemistry and geochronology, with applications in such diverse fields as paleoclimatology, hydrology, marine geochemistry, and igneous petrology [1].  In young volcanic rocks, 238U-230Th disequilibrium has been applied as both a geochronometer and a tracer of .petrogenetic processes occurring during the past 350 ka (e.g. [1-3].  Studies of 238U-230Th disequilibrium in mid-ocean ridge basalts (MORB) are potentially quite useful in this regard [4-8].  These studies can provide unique information about mantle chemistry and evolution, since the present-day U/Th ratio of MORB sources in the upper mantle can be inferred from the measured 230Th/232Th ratio [4].  238U-230Th disequilibrium studies can also be used to constrain the degree of partial melting of MORB sources and suggest likely models of melt generation [9,10].  This method is presently limited by inadequate knowledge of the bulk partition coefficients for U and Th during melting in the upper mantle as well as the nature of the carrier phases for U and Th [3,11,12].  An important potential application of 238U-230Th disequilibrium is age dating of basalt erupted within the past 350 ka.  With more sophisticated and intensive study of the ocean floor, determination of the geochronology of recently erupted MORB has become critical to an understanding of the fine-scale processes which create oceanic crust at mid-ocean ridges [13,14].  The potential of the 238U-230Th method for direct dating has been illustrated by Newman et al. [5] for two off-axis MORB samples at 21º N East Pacific Rise.

	The interpretation of 238U-230Th disequilibrium in MORB in terms of magmatic processes has been somewhat controversial, since secondary alteration processes such as U or Th deposition from seawater are potential sources of disequilibrium [6,151.  Alpha spectrometry techniques require large samples (5-10 g) free from the effects of seawater alteration and yield results with uncertainties of at least 5-10%, (2() [5-81].  Because the

extent of 238U-230Th disequilibrium is generally less than 20% [4-8], it has been difficult to determine how much of the 238U-230Th disequilibrium observed in MORB is due to magmatic processes, seawater alteration or analytical uncertainty.  In order to distinguish between the effects of seawater alteration and effects caused by primary magmatic processes, a technique with smaller sample requirements and improved precision is needed.  We have developed a mass spectrometric method for the determination of Th and U isotopic compositions in volcanic rocks which reduces the sample size requirements and improves the analytical precision relative to alpha spectrometry.

	Mass spectrometric measurements of 230Th/232Th ratios in MORB are difficult because of the
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Fig. 1. Schematic map of the Juan de Fuca and Gorda Ridges illustrating the sample locations.



low 230Th/232Th ratios and Th concentrations in MORB (230Th/232Th = 5-7 ( 10-6; [Th] ( 0.3 ppm [3-81]).  In contrast, materials with high U/Th ratios (e.g., corals) have high 230Th/232Th ratios (0.001-1) and pose somewhat less difficulty for measurement by mass spectrometry [16,17].  Measurement of 230Th/232Th ratios in volcanic rocks requires a mass spectrometer with high abundance sensitivity and a relatively efficient method for ionizing Th in the mass spectrometer.  The general technique used for volcanic rocks can be readily applied to other geologic materials with low U/Th and 230Th/232Th ratios, such as deep-sea sediments.

	In this paper, we present Th and U isotopic data for basalt glasses from the Juan de Fuca (JDF) and Gorda Ridges obtained by mass spectrometry.  The main goal is to evaluate the relative importance of primary magmatic processes versus seawater alteration processes in producing  238U-230Th disequilibrium in recently erupted MORB glasses.  The improved precision obtained by mass spectrometry is used to evaluate the extent of  238U-230Th disequilibrium, whereas boron concentrations and 234U/238U ratios are used to evaluate the extent of seawater alteration [18,19].  These data also yield an estimate of the Th/U ratio and the degree of partial melting in the mantle source(s) of MORB beneath JDF and Gorda Ridges.  We also discuss the implications of -these data for the use of the 238 u- 230 Th disequilibrium method for direct dating of MORB erupted over the past 350 ka.



2. Samples



	Samples of fresh basalt glass were obtained from pillow or sheet flows dredged in the axial valleys of the JDF and Gorda Ridges and from a bathymetric high 15 km east of the axis of the southern Gorda Ridge [20-25].  The sample locations are illustrated schematically in Fig. 1, and the exact locations and sample descriptions are presented in Table 1.  For all the JDF dredges, samples were selected from interior pieces of glass of 2-5 mm size which had no visible alteration when viewed under a binocular microscope.  For one JDF dredge, two additional samples were selected.  One (J2) consisted of exterior pieces of glass removed from sample J1.  The other (J3) contained primarily microcrystalline interior basalt fragments and can be considered a whole rock sample, though not necessarily directly related to J1. The Gorda dredge samples were obtained as < 2 mm size chips from which clean glass fragments were selected for analysis.  In addition, two rock standards with precisely determined  230Th/232Th ratios from several alpha spectrometry runs at UC-Santa Cruz [26] were measured to determine whether there is any bias in the mass spectrometry measurements.

	Hand-picked basalt glass samples were ultrasonicated in Milli-Q H2O and methanol to remove any surficial boron acquired during handling.  Boron concentrations were measured by thermal neutron-prompt (-ray spectrometry at Los Alamos Omega West Reactor [27].  Boron concentrations are determined relative to the NBS orchard leaves standard SRM-1571 and have an uncertainty of ± 5%.  After boron determinations, the glasses were ultrasonictated in warm 0.1 M oxalic acid-2% H2O2 solution and warm 0.1 M HCl-2% H2O2 solution for 60 minutes each to leach any seawater contaminants or coatings from the glass surfaces.  The typical weight loss during this procedure was < 0.5% for the JDF samples and 2-3% for the Gorda samples.



TABLE 1

Sample locations and descriptions

Sample ID #�Lat. (N), long. (W)�Sample weight (g)�Description�Reference��Juan de Fuca Ridge������J1	TT-152-21�46º55.5', 129º15.7'�1.65�chilled glassy margin of basalt, interior fragments�[20.22,25]��J2	TT-152-21�46º55.5', 129º15.7'�1.72�exterior pieces removed from J1�[20.22,25]��J3	TT-152-21�46º55.5', 129ºl5.7'�1.59�microcrystalline interior fragments of basalt, not directly related to J1�[20.22,25]��J4	L1181WF-5�44º38.37', 130º22.60'�1.35�chilled glassy margin of sheet flow, interior fragments�[20-22]��J5	L1181WF-17�44º39.33', 130º21.98'�1.24�chilled glassy margin of sheet flow, interior fragments�[20-22]��J6	A11118-37DR#2�47º57.19', 129º06.14'�1.72�chilled glassy margin of pillow basalt. interior fragments���Gorda Ridge������G1	KK83NP 9-1�42º14.9', 127º04.6'�1.11�chilled glassy margin of pillow basalt�[23,24]��G2	KK83NP 17-10�41º27.7'. 127º13.5'�0.83�chilled glassy margin of Mn-encrusted pillow. from off-axis bathymetric high�[23,24]��

3. Chemistry and mass spectrometry



	3. 1. Tracers

	High-purity mixed 233U-236U and 229Th tracers were used for determination of Th and U concentrations by isotope dilution [28].  The isotopic composition of the U tracer is: 233U/236U = 1.02045 ± 2, 234U/236U = 0.000130 ± 4 , 235U/236U = 0.001530 ± 6, 238U/236U = 0.000178 ± 8.  Errors are given for the last digit and represent the range in grand means of two separate mass spectrometer runs.  These values are normalized to the NBS certified 235U/238 ratio of 0.9997 ± 10 for NBS U-500.  The concentration of the 233U-236U tracer was determined by isotope dilution with U standard solutions prepared from high-purity U (NBS U-960) metal.  The isotopic composition of the 229Th tracer is: 230Th/229Th  = 0.000045 ± 2, 232Th/229Th  < 0.0001.  The concentration of the  229Th tracer was determined by dilution with  232Th standard solutions prepared from both Th metal and ThO2 [29].  The overall uncertainties in the 236U and 229Th  concentrations of these tracers are 0.1% and 0.3%, respectively.  We measured small levels of 229Th in the  233U-236U tracer (233U/229Th = 0.00008) and 233U in our 229Th tracer (233U/229Th = 0.00013).  These amounts affect the measured Th/U ratios by less than 1/104 and are negligible.



	3.2. Dissolution and chemistry

	Approximately one gram samples of the basalt glasses were completely dissolved in HCl, HNO3, HF, and HClO4.  The samples were judged to be completely in solution when centrifugation yielded no precipitate.  Each sample was then separated into two fractions: a 10% fraction for determination 232Th and  238U concentrations by isotope dilution, and a 90% fraction for determination of 230Th/229Th and 234U/238U isotopic ratios.  The 233U-236U mixed tracer and 229Th tracer solutions were added to the isotope dilution fraction to determine Th-U concentrations.  Smaller amounts of these tracers were added to the isotopic composition fraction to give 229Th/230Th ( 232Th/229Th ( 400 and 236U/234U U  ( 5.  To ensure isotopic equilibration, sample solutions were fumed to dryness with HClO4 after the addition of tracers.  Uranium and thorium were separated and purified by anion exchange chromatography on Biorad MP-1 anion exchange resin, following the general procedures previously described by Newman [30] and Edwards et al. [16].  Briefly, U and Th were first separated from the major elements using 7 M HNO3 as eluant for the major cations and H2O as eluant for the U and Th.  No additional chemical separations were required for the isotope dilution fraction.  For the isotope ratio fraction, U and Th were separated on a second anion column, using 9 M HCl as eluant for Th and H2O as eluant for U.  Small 0.1 cm3 columns using 7 M HNO3 and H2O were used as above to further purify the U and Th.  Quartz and polyethylene columns, ultra-high purity acids, and teflon distilled Milli-Q water were used during sample dissolutions and chemical separations.  Blanks for the total procedure were ( 30 pg U and ( 50 pg Th for the isotope ratio fraction, and ( 5 pg U and ( 10 pg Th for the isotope dilution fraction.  These blanks are ( 0.2% of the total Th and U in each fraction of sample G1 and < 0.05% of the total Th and U in each fraction of the other samples and are negligible.



	3.3. Mass spectrometry

	The mass spectrometer used for the 230Th/232Th ratio measurements is a modified version of the 30.5 cm, 90º deflection, thermal ionization instrument developed at NBS [31], with two magnetic sectors in an S configuration.  It has an abundance sensitivity of ( 2 ( 10-7 for (m/m = 2/232 when using triple rhenium filaments at high temperatures.  The 234U/238U ratios and Th-U concentrations were measured on a similar, NBS-designed single sector instrument with an abundance sensitivity of =  2 ( 10-6 for (m/m = 2/232 when single filaments are used.  Both instruments are equipped with an ion-counting detection system with a dark current of < 0.1 cps [31].  Ion count rates were corrected using a 10 ns deadtime correction per event detected.  Linearity and accuracy of the counting system was verified by calibration with NBS-certified uranium isotopic standards.  The ion counting system has been shown to be linear and accurate to within 0.06% for NBS-certified standards with 235U/238U ratios of 10-0.0001 [29].

	For the thorium isotope ratio measurements, purified thorium samples were loaded onto the side filaments of a triple rhenium filament assembly [32].  Sample sizes ranged from ( 50 to 400 ng Th but were typically 200 ng.  Loading and filament blanks were < 2 pg 232Th and are negligible.  Sample sizes of 200 ng Th sample produced a stable 232Th+ signal of > 0.4 ( 10-11 A for at least 2 hours (ionization and collection efficiency ( 4 ( 10-4).  This represents an improvement of at least a factor of 10 in ionization efficiency over the single filament graphite loading technique for an equivalent sample [16].

	The 230Th/229Th ratio was measured during approximately 40 cycles of data collection, with each cycle corresponding to a 36 second integration of the 230Th+ signal and a 14 second integration of the 229Th+ signal.  The  230Th+ signals for the MORB samples ranged from 70 to 600 cps.  Backgrounds were measured at masses 229.7 and 230.3 for 25 seconds every fourth cycle in order to maximize the measurement time for 230Th+.  These were used to determine the background under the 230Th+ peak based on an empirically derived curve fit.  The back-round at mass 230 was ( 3% of the 230Th+ signal.  The ratio of background to 232Th+ intensity varied little during the course of a run or between runs, and the background was independent of source pressure over the range 0.1-3 ( 10-7 Torr.  Corrections to the 230Th/229Th ratio due to the 230Th in the 229Th tracer were ( 1%.

	The 229Th/232Th ratio was later measured by ion counting after reducing the center and side filament temperatures.  Backgrounds were measured at mass 229.5 and 30 cycles of data were collected, with each cycle corresponding to 20 second integrations of the 229Th+ and 232Th+ peaks.  The 230Th/232Th ratio was calculated by multiplying the 229Th/232Th and 230Th/229Th ratios.  The internal analytical precision for the 230Th/232Th ratio is better than 1.0% (2(m) for samples with ( 100 ng Th.
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Fig. 2. Mass spectrometry data for the measurement of the 230Th/232Th ratio on 300 ng 232Th from sample J2.  The mean and 2(m uncertainty for each set of 4 ratios for 230Th/229Th and 3 ratios for 229Th/232Th is shown.  The 230Th/229Th run lasted 2.5 hours and was followed by the 229Th/232Th run of 1 hour duration. 230Th count rates increased during the run from 70 to 300 cps.  We observed no systematic variation in these ratios due to count rate or mass fractionation.  The grand mean and 2(m uncertainty in the ratios are illustrated by the solid and dashed lines. corresponding to 230Th/229Th = 0.004796 ± 20 and 229Th/232Th = 0.001603 ± 7. After correction for 230Th in the 229Th tracer, the calculated 230Th/232Th ratio is 7.618 47 ( 10-6.

	The results of a typical sample run (J2) using this method are presented in Fig. 2. The mean of each set of 4 ratios of 230Th/229Th and 3 ratios of  229Th/232Th are plotted for successive sets taken during a mass spectrometer run of 3.5 hours duration.  Error bars are 2(m for each set.  No systematic variation in measured 230Th/229Th and 229Th/232Th ratios due to varying count rates or mass fractionation is evident.  We also find no significant difference in 229Th/232Th ratios obtained before and after a 230Th/229Th measurement of 2-3 hours duration (not shown).  Reproducible results for 229Th/232Th ratios are also obtained on replicates analyzed by this procedure and the single filament graphite loading technique discussed below.

	The procedure for the uranium isotopic measurements adopted here is similar to the method described by Chen et al. [28].  Uranium samples of 10-100 ng were loaded between layers of graphite on a standard single rhenium filament.  Uranium was measured as the metal species between temperatures of 1750ºC and 1900ºC. 234U+ count rates ranged from 100 to 2000 cps and were corrected for mass fractionation (range of -0.1% to -0.4% per mass unit) using the known 233U/236U ratio of the double spike.  Uranium isotopic abundances were measured at masses 235-235.5-234.5-233.5-234-233-236-235, with 8 second peak integrations and 4 second background integrations.  Background intensities varied due to the 238U scatter tail and were determined from linear interpolation of the half-mass count rates.  The background/signal ratio at mass 234 was < 0.02.  20-50 cycles of data were collected.  These data were converted 234U/238U ratios using the natural 235U/238U ratio of 137.88.  The natural U isotopic composition of these samples was confirmed by measurement of 235U/238U ratios in the isotope dilution fraction.  Corrections to the 234U/235U ratio due to 234U and 235U present in the double spike were < 2%.  The internal analytical precision in 234U/238U ratios measured using this method depended on sample size and was 0.4-1.0% (2(m).

	Measurements of the isotope dilution fraction were very similar to the uranium procedure.  Samples of 1-10 ng U and 3-30 ng Th were loaded together between layers of graphite on a single rhenium filament.  Uranium and thorium were measured at temperatures of 1700ºC and 1850ºC, respectively.  Uranium data were acquired in the cycle 238-236.5-233-235-236-238.  The background was essentially flat in this mass region and was < 5 cps.  20-40 cycles of data were collected, and the internal analytical precision in U concentration is < 0.3%.  Procedures for the Th measurements are outlined in Goldstein et al. [29].  Internal analytical precision is < 0.2%.  However, based on the reproducibility of the Th concentration for replicate standards and the total range in 229Th/232Th ratios of 0.6% during a mass spectrometer run of this type (i.e. single filament + graphite) due to instrumental mass fractionation, we conservatively estimate the uncertainty in the 229Th/232Th measurement to be ± 0.3% (see also [16]).



4. Results



	Boron, thorium, and uranium concentrations are presented in Table 2.  Thorium and uranium isotopic data for the basalt glasses and rock standards are presented in Table 3.  To aid comparison to previous 238U-230Th disequilibrium data obtained by alpha counting, the data are plotted in a (230Th)/(232Th) vs. (238U)/(232Th) isochron diagram in Fig. 3.  Following common notation, activities of species are denoted by parentheses.

	Thorium and uranium concentrations for the JDF samples range from 270 to 420 ppb and from 100 to 170 ppb, respectively.  Th/U weight ratios vary only from 2.44 to 2.54 for the Southern and Northern segments, but range up to 3.14 for the Endeavour segment.  The Th/U ratios for the Southern and Northern segments agree with results previously obtained by Hegner and Tatsumoto [25] for MORB glasses from JDF and are typical of N-type MORB.  The two Gorda Ridge samples have very different Th and U concentrations but only slightly different Th/U ratios.

	(230Th)/(232Th) ratios for JDF are also quite uniform, with values ranging from 1.41 at the Southern segment, to 1.38 for the Northern segment, to 1.35 for the Endeavour segment.  These values appear to be somewhat high compared to previous data for MORB, which typically have (230Th)/(232Th) ratios in the range 1.1-1.3 [3,5].  However, recent data from a 40º interval of the East Pacific Rise show several uncontaminated samples with (230Th)/(232Th) ratios of 1.4-1.7 [8].  The (230Th)/(232Th) ratio of 1.31 for the axial Gorda sample is only slightly lower than the JDF samples, whereas the off-axis sample has a much lower (230Th)/(232Th) ratio of 1.05.

	All of the samples are characterized by (230Th) excesses relative to (238U).  The axial samples from the Southern and Northern segments of JDF and from Gorda Ridge have relatively uniform (230Th) excesses ranging from 13 to 15%.  Such excesses are typical for recently erupted MORB [3-8].  The sample from Endeavour has a much larger (230Th) excess of nearly 40%, whereas the off-axis Gorda sample has only a 4% (230Th) excess.  All of the samples except one (J2) have (234U)/(238U) = 1.0 within error.  This anomalous sample (J2) consists of exterior basalt fragments and has a (234U) excess of 2%, which probably reflects seawater contamination.



TABLE 2

U-TH-B concentrations a

Sample�B (ppm)�Th (ppb)�U (ppb)�[Th/U]wt�(239U)/( 232Th) b��Standard rocks�������JPM�-�7,058�1,622�4.358�0.696 ± 3��TML�-�29,530�10,530�2.805�1.082 ± 5���������Basalts�������J1�1.32�419�169�2.478�1.224 ± 6��J2�1.29�386�158�2.445�1.241 ± 6��J3�1.14�-�-�2.532�1.199 ± 5��J4�0.81�284�115�2.463�1.231 ± 6��J5�0.95�273�112�2.456�1.239 ± 6��J6�0.59�322�103�3.140�0.966 ± 5���������G1�0.53�79�29�2.664�1.139 ± 5��G2�1.57�284�95�2.983�1.017 ± 5��a Errors in B concentration < 5%, Th and U concentration ( 2% (due to aliquot spiking after dissolution).

b ( ) denotes activity: (238 = 1.551 ( 10-10 a-1 [43], (232 = 4.948 ( 10-11 a-1 [34].  Errors are 2(m and do not include errors in (232 (0.5%) or (238 (0.1%).



TABLE 3

Thorium and uranium isotope ratios

Sample�230Th/232Th�(230Th)/(232Th) a�(234U b�(230Th)/(238U)��Standard rocks������JPM-LANL�3.525 ( 10-6�0.655 ± 4�3 ± 5�0.941 ± 7��JPM-UCSC c�-�0.654 ± 10�-�0.952 ± 51��TML-LANL�5.836 ( 10-6�1.084 ± 5�4 ± 5�1.002 ± 7��TML-UCSC c�-�1.070 ± 7�-�1.012 ± 37��������Basalts������J1�7.415 ( 10-6�1.378 ± 8�2 ± 4�1,126 ± 8��J2�7.618 ( 10-6�1.416 ± 9�20 ± 5�1.141 ± 9��J3�7.444 ( 10-6�1.383 ± 10�- 1 ± 4�1.153 ± 10��J4�7.559 ( 10-6�1.405 ± 8�- 1 ± 19�1.141 ± 8��J5�7.605 ( 10-6�1.413 ± 10�4 ± 5�1.140 ± 10��J6�7.254 ( 10-6�1.348 ± 11�- 5 ± 15�1.395 ± 13��������G1�7.028 ( 10-6�1.306 ± 8�2 ± 9�1.147 ± 9��G2�5.664 ( 10-6�1.053 ± 13�- 2 ± 11�1.035 ± 14

��a ( ) denotes activity; (230 = 9.195 ( 10-6 a-1 [33].  All errors are 2(m and do not reflect errors in (230 (0.8%), (232 (0.5%), or (238 (0 1%).

b (234U is the per mil deviation of the measured 234U/238U from secular equilibrium: (234U = {[(234U/238U)meas. / (234U/238U)sec. eq.] - 1} ( 103, where (234U/238U)sec. eq. = 5.472 ( 10-5; (234 = 2.835 ( 10-6 a-1 [44,45].  For NBS-960, we obtained (234U  = - 37 ± 3 (grand mean and total range of 3 measurements).

c (230Th/232Th) and (230Th/238U)  from alpha spectrometry at UC-Santa Cruz [26].
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Fig. 3. (230Th)/(232Th) vs. (238U)/(232Th) for the basalt samples which appear to be unaltered by seawater.  All samples plot to the left of the equiline, indicating  (230Th) > (238U).  (230Th) enrichments for the axial samples are typically 14%, but range up to 40% for sample J6.  For JDF, (230Th)/(232Th) varies only slightly along the length of the ridge, ranging from 1.35 to 1.41.  Axial material from Gorda (G1) has slightly lower (230Th)/(232Th) than JDF, whereas the off-axis sample collected east of Gorda Ridge (G2) has significantly lower  (230Th)/(232Th) and only a 4% excess of (230Th) over (238U)



5. Discussion



	5. 1. Accuracy and reproducibility of the mass spectrometry

	The accuracy of the measured 230Th/232Th ratios is difficult to verify, since no certified isotopic standards exist for thorium.  As a consequence, possible biases due to instrumental mass fractionation are difficult to evaluate.  Rocks older than 500 ka should have (230Th)/(238U) = 1 and (234U)/(238U) = 1, and in the absence of secondary effects [6,19], can be used to verify the accuracy of our 230Th/232Th, 232Th/238U, and 234U/238U measurements.  One of the rock standards that we have analyzed, TML, is from the Pliocene eruption of Table Mountain in California.  The measured (230Th)/(238U) ratio for TML is 1.002 ± 0.007, whereas the measured (234U)/(238U) ratio is 1.004 ± 0.005.  These results confirm the accuracy of our procedure and measurements.

	Another approach that we have used in evaluating the accuracy of our 230Th/232Th measurements is to compare results obtained for two rock standards measured by alpha spectrometry at UC-Santa Cruz and by mass spectrometry at Los Alamos.  One of the rock standards is TML (see above); the other rock standard JPM was collected from a recent eruption of the Merapi volcano located on the island of Java.  Both standards have rather high Th concentrations (31 and 7 ppm Th), and the (230Th)/(232Th) activity ratios as determined by alpha spectrometry are precise to approximately 1% based on 4 replicate analyses for each standard [26].  As is illustrated in Table 3, the 230Th/232Th ratios obtained by mass spectrometry and alpha spectrometry agree to within 0.2% for JPM.  For TML, the measured 230Th/232Th ratios agree to within 1.3%.  When the errors in the  230Th and 232Th and half-lives of 0.8% and 0.5% (2() [33,34] are taken into account, the differences in the mass spectrometry and alpha spectrometry data are insignificant at the 2( level.

	The analytical reproducibility of the measured 230Th/232Th ratios can be evaluated by comparing the 230Th/232Th ratios for two mass spectrometer runs of a single dissolved sample.  Duplicate analyses of 230Th/232Th ratios on the same basalt glass sample or rock standard agree to within 0.6%, which is less than or equal to the internal precision of an individual run.  No significant variation in these ratios due to different sample sizes (100-1000 ng Th) is observed.  These results indicate that the external reproducibility for 230Th/232Th ratios measured on MORB samples is well within the calculated internal precision for a single mass spectrometer run.

	The accuracy of the measured 234U/238U ratios can be evaluated by comparison of the MORB results with the secular equilibrium value for this ratio.  Based on the agreement of the measured 234U/238U ratios with the secular equilibrium value for all of the unaltered basalt samples (average (234U = - 0.1 ± 2.3, excluding the altered sample J2). the accuracy appears to be similar to the internal precision.  The reproducibility of the 234U/238U ratios is estimated from three repeat measurements of NBS U-960 standards and is slightly better than the internal precision.  The average value obtained ((234U = - 37 ± 3) is in agreement with previous measurements by Chen et al. [28].

	The accuracy of the Th/U ratios measured by mass spectrometry can also be evaluated by comparison with results obtained at other laboratories.  The Th/U ratio measured on sample J1 from dredge TT-152-21 agrees to within 0.5% of the value measured by mass spectrometry at USGS-Denver [25].  The reproducibility of the Th and U concentration measurements based on duplicates is < 0.3%.

	From these results, we conclude that 230Th/232Th, 234U/238U, and Th/U ratios can be measured by mass spectrometry on MORB samples of ( 1 g with an accuracy and reproducibility of about 0.5-1.0%. This represents an improvement of at least a factor of 5-10 in sample size and precision over conventional alpha spectrometry methods.



	5.2. Origin of 238U-230Th disequilibrium

	In general, the interpretation of 238U-230Th disequilibrium in MORB can be ambiguous, since seawater contamination can be responsible for the observed (230Th) excesses [5-8].  Because of the much greater solubility of U in seawater relative to Th, the (230Th)/(232Th) ratio of seawater is quite large.  Values of (230Th)/(232Th) ratios reported for the central Pacific range from ( 10 in near surface waters to ( 70 in deep water [35].  Manganese oxides precipitated from seawater have similarly high (230Th)/(232Th) ratios as well as Th concentrations ( 100 times that of fresh MORB [5,35,36].  Consequently, the presence of only very small amounts of seawater contaminant or manganese oxide precipitate may produce the typical (230Th) excesses in MORB, and these effects have been noted in several MORB samples previously analyzed by alpha spectrometry [5-7].  The samples in this study were carefully selected and cleaned.  However, the possibility that secondary processes may be responsible for the observed enrichments of (230Th) relative to (238U) must be addressed.

	Boron concentrations in MORB are sensitive indicators of seawater alteration and palagonite formation.  Spivak and Edmond [18] have shown that unaltered basalts from 13-21º N East Pacific Rise (EPR) have low B concentrations of ( 0.5 ppm, whereas altered basalts have B concentrations ranging from 8.9 to 69 ppm.  Similarly, Ryan and Langmuir [37] report B concentrations of 0.25-2.0 ppm for fresh MORB from JDF and 9-13º N EPR.  All of the basalt samples in this study have low B concentrations, with JDF = 0.6-1.3 ppm, and Gorda = 0.5-1.6 ppm (Table 2). These results are typical of fresh basalt and suggest the absence of seawater alteration of these samples.

	234U/238U ratios should also be sensitive to addition of uranium from seawater [19], since unaltered MORB should be in secular equilibrium ((234U = 0) and seawater has a  (234U)/(238U) ratio of 1.14 ((234U = 140) [28].  MORB contaminated with seawater U should therefore have (234U > 0.  Conversely, removal of U from the sample during submarine weathering may preferentially release 234U relative to 238U [19], producing (234U < 0.  All of the samples in this study except sample J2 have (234U = 0 within error.  This anomalous sample was composed of exterior pieces of glass, possibly in direct contact with seawater since eruption.  Influence of seawater alteration on the 230Th/232Th ratio is also evident for sample J2, as there is a 2% increase in 230Th/232Th ratio relative to the interior sample J1.  In contrast, B, Th, and U concentrations are similar to sample J1 and thus do not appear to have been modified by the alteration process.  These data indicate contamination by a source with a 230Th/232Th ratio typical of seawater but with a significantly higher 234U/238U ratio.  Evidence for such uranium sources has been previously documented [19].  The presence of anomalous 230Th/232Th and 234U/238U ratios in sample J2 confirms that exterior  238U-230Th glass material should be avoided in disequilibrium studies.  In contrast, the whole rock sample J3 has low B, (234U = 0 within error and has a very similar 230Th/232Th ratio as the interior glass sample, J1.  These results suggest that sample J3 has not been contaminated with seawater U or Th.

	Finally, the uniformity in 230Th/232Th and 230Th/238U ratios for the axial samples from JDF is not consistent with the irregular effects expected from seawater alteration.  Based on the sum of the different arguments just presented, we conclude that all of the samples except J2 are free from detectable seawater alteration with respect to either Th or U.  Thus, the measured (230Th) enrichments of 14% to 40% relative to (238U) for the axial samples must be magmatic in origin.  This conclusively demonstrates that Th is more incompatible than U during partial melting of the JDF source, as has been previously suggested for other MORB sources (e.g. [4,5,8,10]).



	5.3. JDF and Gorda Ridge MORB petrogenesis

	The small range in 230Th/232Th ratios ( < 5 %) for samples along the entire JDF ridge length suggests formation from a rather uniform source.  However, there is a small gradient in (230Th)/(232Th) ratios along the JDF axis, with values ranging from 1.41 at the Southern segment, to 1.38 for the Northern segment, to 1.35 for the Endeavour segment.  There are no apparent gradients in Sr, Nd, or Pb isotopes along the JDF axis [20,25,38,39]; however, small changes in 230Th/232Th ratios in the source region may have occurred recently and would not yet be reflected in these other tracers.  Conversely, the small variation in 230Th/232Th ratios might be due to differences among the samples in the time elapsed since melt formation.  Recent measurements of large (226Ra) (t1/2 = 1600 a) excesses in MORB from various samples from a 40º long segment of East Pacific Rise [8] constrain transit times from the source region to the surface to be < 1000 years.  This time is short relative to the 230Th half-life.  Consequently, if the JDF source has uniform Th/U, differences in age since eruption of 20 ka are required to explain our data.  Although the dredge samples are located within the axial valley and appear to be "young" based on the absence of surficial alteration, the possibility for episodicity in magma extrusion and the presence of isolated axial samples of 20 ka age is not precluded.  Additional measurements of 230Th/232Th and 226Ra/230Th ratios for axial samples from JDF are needed to differentiate between these possible explanations.

	Assuming that the source region is in secular equilibrium with respect to 238U-230Th and that the time elapsed since melt formation has been small, the Th/U ratio of the source can be inferred from the 230Th/232Th ratio in MORB [4].  Based on the 230Th/232Th ratios measured for JDF, the JDF source material appears to be highly depleted in Th, relative to U, with Th/U = 2.15-2.25.  In comparison, Sr, Nd, and Pb isotopic compositions for these JDF glasses are more typical of Pacific MORB [20,25,38,39].  Based on our measurements and the Sr isotope measurements of Eaby et al. [20], the JDF basalts plot above the proposed main 230Th/232Th vs. 87Sr/86Sr correlation for ocean basalts [3,7].  These results support previous findings that many ocean basalts, particularly MORB, show considerable scatter around the proposed mantle array for Th-Sr isotopes [5,40].

	The uniformity of the (230Th)/( 238U) ratios for samples from Northern and Southern JDF indicates that these basalts were apparently formed by a similar degree of partial melting.  The Endeavour segment of JDF appears to have been formed by a lesser degree of partial melting than the Northern or Southern segments, based on the larger degree of 238U-230Th fractionation observed in sample J6.  This is also suggested by the enrichment of alkali and other incompatible elements in the Endeavour basalts [20,22,41].

	In comparison to JDF, Gorda Ridge appears to be derived from a source only slightly less depleted in Th relative to U with Th/U = 2.32 ± 0.02 based on sample G1.  Sr, Nd and Pb isotopic compositions for Gorda Ridge are quite similar to those for the JDF basalts [23,39].  The off-axis sample collected east of Southern Gorda Ridge has significantly less (230Th) enrichment than the axial samples.  However, in terms of both major and trace element chemistry, it appears to be very similar to axial basalts from Southern Gorda and appears to have been derived from a similar, more enriched source based upon its 87Sr/86Sr ratio of 0.70263 [23].  The presence of a brown hydrogenous Mn-oxide crust of up to 1 cm thick on this sample [24] suggests that it has been exposed to seawater for a long time.  Thus, we consider it likely that the sample is relatively old and has lost nearly all of its initial (230Th) excess due to decay since eruption (see below).



	5.4. Implications for 238U-230Th dating of MORB

	The ability to date young basalts from oceanic spreading centers is critical to understanding the fine scale processes which create oceanic crust.  Crucial issues, such as the episodicity of oceanic crust formation, are presently unresolved due to a lack of suitable dating methods [13].  MORB ages determined indirectly from the oldest overlying sedimentary or hydrothermal deposit, as well as direct dating techniques such as palagonite thickness, are in many instances difficult to interpret since they depend on the constancy of many natural variables. 238U-230Th disequilibrium is a potentially useful method for dating ocean basalts erupted within the past 350 ka [5].

	The direct dating of young volcanic rocks using 238U-230Th disequilibrium can be achieved in two ways: (1) by using an internal isochron obtained on mineral separates [2], and (2) by assuming a constant initial 230Th/232Th ratio as determined for zero-age basalts and measuring the time-induced change in 230Th/232Th ratios in progressively older basalts [5].  As an example of the second method, we will examine the data for the off-axis sample G2.

	The 238U-230Th age equation, normalized to (232Th), is:



� EQ T = \f(1;() ln \f(\f((230Th);(232Th)) - \f((238U);(232Th));\b\bc\[(\f((230Th);(232Th)))\s\do6(0) - \f((238U);(232Th)))�

	(decimal comma version)



� EQ T = \f(1,() ln \f(\f((230Th),(232Th)) - \f((238U),(232Th)),\b\bc\[(\f((230Th),(232Th)))\s\do6(0) - \f((238U),(232Th)))� 	(decimal point version)



where [(230Th)/(232Th)]0 is the initial activity ratio upon U-Th fractionation, ( is the 230Th decay constant, and T is the time elapsed since the U-Th fractionation event.  If the large (226Ra) excesses that have been observed for MORB [8] prove to be a common feature for ridge systems, then the transit time from the upper mantle to the surface is negligibly small and T is the time since eruption.  The assumed initial 230Th /232Th ratio for sample G2 could best be determined by measuring 230Th/232Th ratios in additional axial samples proximate to sample G2.  Although uniformity in Nd, Pb, or Sr isotopes is not a guarantee of uniformity of the initial 230Th/232Th ratio (see section 5.3), the assumption of constant initial 230Th/232Th vs. time can be tested by comparing Nd, Pb, or Sr isotopes in axial and off-axis Gorda basalts.  In the case of sample G2, its 87Sr/86Sr ratio (0.70263 ± 5) is equal (within error) to that of a nearby axial sample (KK2-83-NP-16-1; 0.70261 ± 4) and to sample G1 (0.70267 ± 21) [23].  This suggests that the assumption of a source with an initial 230Th/232Th corresponding to sample G1 may be valid.

	If we adopt an initial 230Th/232Th ratio corresponding to that of the axial sample G1, or [(230Th)/(232Th)]0 = 1.31, the calculated 238U-230Th age for the off-axis sample G2 is ( 230 ka.  In comparison, the age based on a half-spreading rate of 1.2 cm/yr [42] derived from magnetic anomalies is ( 1.3 Ma.  The presence of such a young feature ( 15 km away from the present axial valley is surprising.  Sample G2 was collected from a bathymetric high which could represent an uplifted tilted fault block or a seamount [23,24].  If the bathymetric high is a fault block, then the date may indicate recent lateral motion (6 cm/yr) greatly in excess of the mean spreading rate.  However, it seems most likely that the bathymetric high is a seamount with relatively recent off-axis volcanic activity.

	The error in age is dependent on analytical errors, errors I in the assumed initial 230Th/232Th ratio, and errors in 230Th and 238U half-lives.  In this study, typical uncertainties in the measured 230Th/232Th and 238U/232Th ratios are 0.7% and 0.5%, respectively.  Uncertainties (2() in the half-lives used to convert atom ratios to activity ratios are 230Th = 0.8% [33], 232Th = 0.5% [34], and 238U = 0.1% [43].  Assuming an uncertainty in the initial 230Th/232Th ratio of < 2.5%, the calculated error in age for sample G2 is ± 37 ka.  It is clear that with the relatively large uncertainty in the 230Th half-life, additional improvements in the analytical precision of 230Th/232Th ratios will only slightly improve the precision of 238U-230Th ages for large T ( > 200 ka).

	Ages calculated using an assumed initial 230Th/232Th ratio (method 2) can be validated by comparison with ages obtained from 238U-230Th internal isochrons (method 1) or other independent methods.  Although MORB ages determined 238U-230Th internal isochrons are not quite as model dependent, this method presently requires large quantities of separated phases (perhaps > 20 g plagioclase) free from the effects of seawater alteration.  The basalts at Gorda Ridge contain large amounts of plagioclase phenocrysts and, with modest improvements in Th ionization efficiency, may be suitable for direct internal isochron age determination in the future.



6. Conclusions



	We have developed a mass spectrometric method for the measurement o f 230Th/232Th in young volcanic rocks.  Through the use of a two-stage mass spectrometer and a triple Re filament loading method, the requirements of high abundance sensitivity and adequate Th ionization for relatively large samples have been achieved.  Using this method we can measure 230Th/232Th ratios on MORB samples of ( 1 gram with an accuracy and reproducibility of ( 0.5-1.0%.  This technique should be readily applicable to other geologic materials with low U/Th and 230Th/232Th ratios.  Although the present method represents a substantial improvement in analysis time, precision, and sample size requirements over conventional alpha spectrometry methods, further improvements in the analytical precision and particularly sample size requirements are desired.  The major analytical limitation at present is the ionization efficiency of thorium.

	Using our present capabilities, we have evaluated the relative importance of primary magmatic processes versus seawater alteration processes in producing 238U-230Th disequilibrium in recently erupted MORB glasses from JDF and Gorda Ridges.  All of the axial samples measured show distinct (230Th) excesses relative to (238U), typically 14% but as high as 40% in one sample.  Based on their low boron concentrations and their secular equilibrium values of the 234U/238U ratio, we conclude that the samples are free of detectable seawater alteration and that the observed 238U-230Th is magmatic in origin. From this we conclude that Th is indeed more incompatible than U during partial melting of the JDF and Gorda sources.  This confirms much of the previous 238U-230Th disequilibrium work on MORB based on alpha spectrometry.

	The 230Th/232Th ratios measured for axial JDF samples are relatively high for uncontaminated MORB and vary only slightly (< 5%) along the entire ridge length.  From these results we conclude that these basalts were formed from a rather uniform source, highly depleted in Th relative to U.  Based on the large degree of 238U-230Th disequilibrium in sample J6, the Endeavour segment appears to have formed by a lesser degree of partial melting than the Northern or Southern segments of JDF.  Because of the rather large (230Th) excesses and the uniformity in 230Th/232Th ratios for axial samples from JDF, dating off-axis MORB may be feasible.
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