Earth and Planetary Science Letters, 80 (1986) 241-251

Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands







238U, 234U and 232Th in seawater



J.H. Chen, R. Lawrence Edwards and G.J. Wasserburg



The Lunatic Asylum of the Charles Army Laboratory, Division of Geological and Planetary Sciences,

California Institute of Technology, Pasadena, CA 91125 (U.S.A.)



Received May 21, 1986; revised version received August 26, 1986



	We have developed techniques to determine 238U, 234U and 232Th concentrations in seawater by isotope dilution mass spectrometry.  U measurements are made using a 233U-236U double spike to correct for instrumental fractionation.  Measurements on uranium standards demonstrate that 234U/238U ratios can be measured accurately and reproducibly. 234U/238U can be measured routinely to ± 5‰ (27) for a sample of 5 ( 109 atoms of 234U (3 ( 10-8 g of total U, 10 ml of seawater).  Data acquisition time is ~ 1 hour.  The small sample size, high precision and short data acquisition time are superior to a-counting techniques. 238U is measured to ± 2‰ (2() for a sample of 8 ( 1012  atoms of 238U (~ 3 ( 10-9 g of U, 1 ml of seawater).  232Th is measured to ± 2‰ with 3 ( 1011 232Th atoms (10-10 g 232Th, 1 l of seawater).  This small sample size will greatly facilitate investigation of the 232Th concentration in the oceans.  Using these techniques, we have measured 238U, 234U and 232Th in vertical profiles of unfiltered, acidified seawater from the Atlantic and 238U and 234U in vertical profiles from the Pacific.  Determinations of 234U/238U at depths ranging from 0 to 4900 m in the Atlantic (7(44'N, 40(43'W) and the Pacific (14(41'N, 160(01'W) Oceans are the same within experimental error ( ± 5‰, 2().  The average of these 234U/238U measurements is 144 ± 2‰ (2() higher than the equilibrium ratio of 5.472 ( 10-5.  U concentrations, normalized to 35‰ salinity, range from 3.162 to 3.281 ng/g, a range of 3.8%.  The average concentration of the Pacific samples (31(04'N, 159(01'W) is ~ 1% higher than that of the Atlantic (70(44'N, 40(43'W and 31(49'N, 64(06 W).  232Th concentrations from an Atlantic profile range from 0.092 to 0.145 pg/g.  The observed constancy of the 234U/238U ratio is consistent with the predicted range of 234U/238U using a simple two-box model and the residence time of deep water in the ocean determined from 14C.  The variation in salinity-normalized U concentrations suggests that U may be much more reactive in the marine environment than previously thought.



1. Introduction



	This work was carried out to establish a method for precise and rapid determination of 234U/238U and U and Th concentrations in seawater using mass spectrometric techniques.  There have been extensive studies of nuclides in the 238U decay chain as a means of studying the mobility and transport of actinide elements in nature (cf. [11].  Cherdyntsev [2] first showed that changes in the 234U/238U ratio occur during weathering.  Thurber [3] showed that the 234U/238U activity ratio in seawater was greater than unity and reported a value of 1.15.  Further studies have examined 234U/238U ratios and U concentrations in seawater in order to place constraints on the U budget in the oceans (cf. [4-8]).  These measurements also pertain to a wide range of problems involving the origin and age of marine precipitates and sediments.

	The 234U/238U ratios and U concentrations are usually measured by a-counting techniques (see Table 1) and yield 2( errors based on counting statistics of ± 20‰ to 40‰, for counting times of tens of hours.  Sample sizes for this procedure are typically ~ 1017 atoms of 238U (~ 10 l of seawater; ~ 10-5 g of U).  Previous studies from this laboratory have shown that, using mass spectrometric techniques, it is possible to routinely measure 234U/238U on samples of ~ 10-9 g of uranium (containing 2 ( 1010 atoms of 235U) to a precision of ± 2‰ (2() and samples containing 3 ( 108 235U atoms to ± 4% [9-11].  It therefore seemed reasonable to extend these techniques to permit the high precision measurement of 234U on ~ 10-8 g of natural uranium.  The success of this approach would allow studies of 234U disequilibrium on small samples such as sediment pore fluids or more refined studies which require high precision measurements.  Mass spectrometric determination of 234U/238U ratios in terrestrial and lunar samples has been done previously [12-16], but these studies used sample sizes comparable to those used in a-counting.  The precision of the measurements was also comparable to those obtained by a-counting techniques.  We will present a series of analyses on two natural uranium standards which show that 234U/238U can be measured to high precision.  We will then present analyses of U and Th concentrations and 234U/238U ratios for unfiltered seawater from vertical profiles in the Atlantic and Pacific Oceans.  We have not attempted to directly measure the fraction of U or Th contained in particulates.  The constraints these data place on the uranium chemistry of the oceans will then be discussed.

TABLE 1

Comparison between mass spectrometric and a-counting methods for 234U in seawater

Method�Sample size�Time

(hours)�Counting rate

(cts/s)�2( error

(‰)���234U (atoms)�seawater (1)�����Mass spect.�5 x 109�10-2�1 a�2000�± 5��a-counting�5 x 1012�10�~ 10�0.4 b�± 20-40��a Total counting time for data acquisition.  Actual time spent counting the 234U peak is 400 seconds.

b Assumes 100% chemical yield and 100% counting efficiency: usual counting efficiency is only ~ 25%.



2. Analytical procedure



	he mass spectrometric procedures used in this laboratory for measuring small uranium samples have been described earlier [9,10].  The approach used is the double spike technique.  The 233U-236U double spike technique was first used by Dietz et al. [17].  We have used a double spike with a ratio of 233U to 236U close to unity as calibrated using the absolute values of the National Bureau of Standards (NBS) U-500 standard (235U/238U = 0.9997 ( 0.001; [18]).  The concentration of this spike is calibrated using this U-500 standard, NBS SRM 960 and NBS SRM 950a.  The absolute isotopic composition and concentration of our double spike is given in [10].  The U concentration runs were spiked so that 236U/238U ~ 1/10.  Measurements of 234U/235U (isotopic composition run) were done in a separate analysis where 236U/235U ~ 1/10.  All measurements were carried out on the Lunatic I mass spectrometer [19] using an electron multiplier in the analog mode with a gain of ~ 4 ( 103 and an electrometer (Cary 401) with a feedback resistor of 109 (.  For the isotopic composition runs, data were acquired in the following sequence: 236U-235U-234U-234U-238U.  Note that 234U was measured twice (channels 1 and 2).  Zeros were measured 0.5 mass units above and below each mass.  Integration times for zeros and peaks were one second for all masses except 234U.  234U zeros were each measured for two seconds and the 234U peak for four seconds.  A mass spectrum of U from a coral sample (Barbados) containing 5 ( 109 234U atoms is given in Fig. 1.  The 234U+ ion current was typically 2 ( 103 ions/s corresponding to 1.4 ( 103 volts.  The noise level of the multiplier and amplifier under normal operating conditions with the ion beam off was ± 8 ( 10-6 volts (the uncertainty given is 2( of the distribution for a series of four-second noise measurements).  Tailing from the major isotopes is important because of the low resolution usually used in operating the spectrometer in a high transmission mode.  The 234U intensity is determined by subtracting the average of the zeros (measured at mass 234.5 and mass 233.5) from the intensity at mass 234.  If the positive curvature of the 235U tail between mass 233.5 and mass 234.5 is significant, the procedure for background correction can result in an underestimate of the intensity of the 234U signal.  We therefore tested the effects of the 235U tail at the center of the spectral line for 234U and at the positions where zeros for 234U were taken.  To do this, we measured the tail from 238U at the equivalent mass positions at and near mass 237.  This is shown in Fig. 1 under arrow "B ".  The average of the intensities at masses 237.5 and 236.5 is slightly higher than the measured intensity at mass 237.  We have measured this quantity for different samples at different focusing conditions.  For several measurements of the ion beam current (I) at appropriate masses the results are:



� EQ \f(I(237) - [I(237.5) + I(236.5)] / 2,I(238) - [I(238.5) + I(237.5)] / 2) = -0.6 ( 10-5 to -2.0 ( 10-5� 	(decimal point version)



� EQ \f(I(237) - [I(237.5) + I(236.5)] / 2;I(238) - [I(238.5) + I(237.5)] / 2) = -0.6 ( 10-5 to -2.0 ( 10-5�	(decimal comma version)



As 235U/234U ~ 102, systematic errors introduced by tailing of 235U are < 2‰ of the 234U peak and are insignificant.  As can be seen in Fig. 1, there is a slight slope to the background across the U spectrum.  The background is also slightly higher than the background with the accelerating voltage off (arrow "A", Fig. 1).  This is due to the reflection of the (238U12C2)+, (mass 262) ion beam off the flight tube.  The intensity of the reflected peak increases gradually from about mass 228 to a maximum value around mass 244.  Typically, (238U12C2)+/238U+ ~ 0.015 and (238U12C2)+ reflects to mass 234 with an efficiency of ~ 0.001 contributing ~ 600 ions/s to the background at mass 234 at running conditions.  If this reflected peak has significant curvature for the mass range 233.5-234.5, the linear background correction might result in inaccurate determination of the 234 U intensity.  To check whether the background around mass 234 is linear, we scanned over the analogous portion of the 238U reflected peak around mass 212.  This scan showed that curvature of the reflected peak does not introduce significant errors.

	As 235U/234U ~ 102, a potential problem exists if the electrometer is not allowed enough time to settle between measurement of the 235U signal and the first 234U zero.  We directly measured the rate of decay of  this signal by putting a beam on the multiplier, turning off the accelerating voltage, and repeatedly measuring the decaying signal using a 125 ms integration time.  The signal decays approximately exponentially to a value of ~ 10-4 times the original beam in one second.  Since measurement of the 234U zero commences ~ 5 seconds after measurement of the 235U peak, the decaying 235U signal does not significantly affect measurement of the 234U zero.  In addition, the average of the 234U/235U ratios measured in the first 234U channel does not differ significantly from the average of the 234U/235U ratios measured in the second 234U channel.  Data acquisition takes ~ 1 hour and about 80 ratios (40 cycles with two 234U measurements/cycle) of 234U/235U are measured.  Data are acquired at filament temperatures of 1700-1800(C.  The 234U+ current ranges from 1500 to 3000 ions/s (2.4-3.6 ( 10-16 amperes).  Our standard load is 3 ( 10-8 g of natural U (~ 5 ( 109 234U atoms).  The ionization efficiency is ~ 1‰.

�



Fig. 1.  Mass spectrum of U (5 ( 109  234U atoms) from a coral sample.  A 233U-236U spike is added to the sample so that 236U/234U ( 10.  In this spike, the 233U/236U is ~ 1 and the 234U/236U is ~ 2 ( 10-3.  The 236U peak is off scale to the tight of the diagram.  The small arrows represent positions where the zeros are measured.  The arrow marked "A" denotes where the accelerating voltage was turned off.  Details of the background characteristics are discussed in the text.  Note the change in scale for 235U, 233U and 236U.

	For the concentration runs, data were acquired in the following sequence 238U-236U-235U-234U-233U.  Zeros are measured 0.5 mass units above and below each spectral line.  Integration time for all peaks and zeros is 1 second.  Data acquisition takes ~ 2 hours.  About 100 ratios of 236U/238U are measured at filament temperatures ranging from 1600( to 1700(C.  The  234U+ current is 0.6 ( 106 to 3 ( 106 ions/s (1 ( 10-13 to 5 ( 10-13 amperes).  Our standard load is 3 ( 10-9 g of natural U ( ~ 1013 238U atoms).  Ionization efficiencies are > 1‰.  Chen and Wasserburg [10] have shown that the multiplier on the L1 spectrometer is linear to better than ± 2‰ for ratios up to ~ 102 for ion currents up to 3 ( 106 ions/s (5 ( 10-13 amperes).  We have checked this in each concentration run by measuring the 238U/235U ratio and verifying that it agrees within error with the natural 238U/235U ratio (137.88, see Table 4).

TABLE 2

234U/238U ratios in NBS SRM 960 and NBS SRM 950a

NBS standard a�234U/238U (( 105) b,c�(234U b,c,d���I�II�I�II��SRM 960�5.260 ± 0.029�5.280 ± 0.024�39 ± 5�-35 ± 4���5.267 ± 0.035�5.266 ± 0.019�37 ± 6�-38 ± 4���5.245 ± 0.029�5.244 ± 0.024�41 ± 5�-42 ± 4���5.280 ± 0-028�5.273 ± 0.029�35 ± 5�-36 ± 5���5.280 ± 0.036��35 ± 7����5.267 ± 0.025��37 ± 5���average =�5,267 ± 0.011�5.266 ± 0.016�37 ± 2�-38 ± 3��������SRM 950a�5.350 ± 0.033�5.382 ± 0.027�22 ± 6�-16 ± 5���5.344 ± 0.032�5.360 ± 0.021�23 ± 6�-20 ± 4���5.364 ± 0.018�5-356 ± 0.015�20 ± 3�-21 ± 3��average =�5.353 ± 0.012�5.366 ± 0.016�22 ± 2�-19 ± 3��a Amount of U analyzed is ~ 30 ng (1 ng = 10-9 g).

b (234U = {[(234U/238U)sample/(234U/238U)eq] - 1) ( 103, where (234U/238U)eq is the atomic ratio at secular equilibrium and is equal to l(238U)/ l(234U) = (5.472 ± 0.012) ( 10-5 [21-23].

c All errors are 2(mean

d I: calculated from the measured 234U/235U ratio assuming 238U/235U = 137.88; II: calculated from 234U and 238U concentrations.

	For both isotopic and concentration runs, all data sets of ten isotopic ratios were normalized for mass-dependent isotope fractionation using the mean 233U/236U ratio for that set of ten ratios.  The isotopic ratios and deviations of these ratios were then reduced using the full double spike equations.  All errors quoted are 2a of the mean.  For samples for which both concentration and isotopic runs were performed, 234U/238U ratios were calculated by two methods. 234U/238U was calculated from the 234U/235U ratio measured in the isotopic run assuming 238U/235U = 137.88 (method I).  234U/238U was also calculated using the 236U/238U ratio from the concentration run and the 236U/234U ratio from the isotopic run (method II).  The consistency of the 234U/238U ratios from these two methods is a good test of the gravimetry and the linearity of the multiplier (see Table 2).

	Initially, a 230Th spike was used to determine the 232Th concentration.  At a later stage, a 229Th spike was used in some samples so that both 230Th and 232Th could be measured in the same run.  The samples were spiked such that 230Th/232Th or 229Th/232Th ratios were between 0.1 and 10.  From 7 ( 1010 to 3.8 ( 1011 atoms of 232Th were loaded on the filament.  Data were acquired for ~ 1 hour at temperatures of 1800-1900(C and a 232Th+ current of 1.4 ( 104 to 6 ( 104 ions/s (2 ( 10-15 to 1 ( 10-14 amperes).  Ionization efficiency was ~ 1‰.  Mass-dependent fractionation due to the multiplier was corrected for by multiplying the measured 230Th/232Th (or 229Th/232Th) ratio by (230/232)1/2 (or (229/232)1/2).

	Uranium and thorium were separated from seawater samples as follows.  For the U concentration runs, about 1 ml of seawater was weighed, spiked and slowly dried under a heat lamp.  In order to insure sample-spike equilibration and convert the solution to the nitrate form, the resulting salt was dissolved in concentrated HNO3 and dried twice before being dissolved in 7N HNO3 and loaded on an anion exchange column (Dowex AG 1 ( 8 resin).  The majority of cations were eluted using 7N HNO3; uranium was subsequently eluted with 1N HBr.  The HBr fraction was dried, dissolved in 7N HNO3 and further purified using the same elution scheme and a smaller column.  The subsequent HBr fraction was dried, dissolved in one drop of concentrated nitric acid, dried, dissolved in ~ 1 µl of 0.1N HNO3 and loaded on a zone-refined rhenium filament coated with colloidal graphite [10].  The Re filament had previously been outgassed at - 2000(C for two hours.  The blank for the whole procedure for the concentration run is 4 ( 109 to 1 ( 1010 238U atoms.  For the U isotopic runs, ~ 3 ml of seawater were spiked and ~ 10 mg of Fe carrier added.  This solution was then warmed, partially dried down, and allowed to sit overnight.  The U coprecipitated with hydrous ferric oxide upon addition of ammonium hydroxide until the solution reached pH 7-9 [20].  This mixture was centrifuged and the supernate discarded.  Distilled water was added to the residue; the mixture was stirred, centrifuged and the supernate discarded.  The resulting residue was dissolved in 7N HNO3.  This solution was processed through ion exchange columns and 1/3 of the U fraction was loaded on a Re filament as described earlier.  The total blank for the full procedure is ~ 1 ( 1011 238U atoms; the typical loading blank is ~ 3 ( 109 238U atoms.  The chemical yield for both U procedures is > 95%.

	For the determination of Th concentration, 250-1000 ml of seawater was stored in a teflon FEP bottle spiked with 230Th or 229Th. and 10 mg of Fe carrier added.  In order to insure complete spike-sample equilibration, the solution was shaken vigorously for several minutes; it appeared homogeneous as indicated by the yellowish color of hexaaquoiron(II) ion.  Th was coprecipitated with iron and processed on the ion exchange columns-is as described above with the exception that Th was eluted with 6N HCl instead of HBr.  The chemical yield for this full procedure was better than 95%.  The total blank is about 8 ( 109 atoms of 232Th and the typical loading blank is ~ 2 ( 109 atoms of 232Th.



3. Sample collection



	Samples were collected on the following cruises: Alcyone V (R/V "Melville", 31(N, 159(W; Pacific, 10/85, collected by R.L.E.), OCE 173-IV (R/V "Oceanus", 32(N, 64(W; Atlantic. 12/85, collected by D. Piepgras), TTO/TAS Leg 2 (R/V "Knorr", station 63, 8(N, 41(W; Atlantic, 1/83, collected by D. Piepgras and M. Stordal), and Marine Chemistry 80 (R/V "Thompson", 14(N, 160(W; Pacific, 10/80, collected by K. Bruland).  Samples were collected in Niskin and Go-Flo bottles, then transferred to acid cleaned, high density linear polyethylene and polypropylene bottles.  On the Alcyone V cruise, sample bottles were rinsed with seawater from the Niskin before the final sample was added.  Samples were not filtered; they were acidified with ~ 2 ml of concentrated HCl or HNO3 per liter of seawater on shipboard (except for the OCE 173-IV samples which were acidified several weeks later).  Bottles were then tightly capped and stored until laboratory analysis.  Reported salinities are from CTD measurements made by PACYDORF (Scripps Institution of Oceanography) and in some cases from shipboard salinometer measurements (by P.M. Williams for the Alcyone V cruise and by D.J. Piepgras for the OCE 173-IV cruise).



TABLE 3

U isotope ratios in seawater  a

Location�Depth (m)�234U/238U ( ( 105)�(234U��Pacific�raft�6.239 ± 0.026�140 ± 5��(14(41'N, 160(01'W)�30�6.292 ± 0.026�150 ± 5���2000�6.145 ± 0.021�141 ± 4���4900�6.262 ± 0.032�144 ± 6�������Atlantic�10�6.163 ± 0,039�145 ± 7��(7(44'N, 40(43'W)�690�6.240 ± 0.036�140 ± 7���1640�6.250 ± 0.042�142 ± 8���2910�6.250 ± 0.037�142 ± 7���4280�6.283 ± 0.046�148 ± 8�������average��6.258 ± 0.012�144 ± 2��a All errors are 2(mean

4. Results



	Measurements of the 234U/238U ratio in two standards (NBS SRM 960, NBS SRM 950a) are presented in Table 2. These data have been reformulated into (-notation where (234U = {[(234U/238U)sample/(234U/238U)eq] - 1) ( 103.  (234U/238U)eq is the atomic ratio at secular equilibrium and is equal to l(238U)/ l(234U) = (5.472 ± 0.012) ( 10-5 (2(, [21-23])  For each of these measurements, ~ 5 ( 109 atoms of 234U(~ 3 ( 10-8 g of U) have been loaded on the filament.  The 2( error for each measurement is about ± 5‰.  For each of the standards, the measured ratio for a single experiment is the same as the grand mean of all measurements within the errors.  Furthermore, within the error of the measurements, the 234U/238U ratios calculated using methods I and II agree.  The measured 234U/238U ratio for NBS SRM 960 differs from the 234U/238U for NBS SRM 950a by ~ 16‰, a difference which is larger than either the 2( error for each individual measurement ± 5‰) or the 2(mean calculated from all the data for a given standard (± 2‰ to ± 3‰).  It is clear that these two standards cannot both be in secular equilibrium ((234U = 0).  In fact, it appears that both standards may have 234U/238U ratios lower than the equilibrium ratio (by 37‰ for NBS SRM 960 and by 21‰ for NBS SRM 950a).

	Seawater 234U/238U data for a vertical profile in the Atlantic and a vertical profile in the Pacific are presented in Table 3.  The 2( error for each measurement ranges from ± 3‰ to ± 7‰. This is about a factor of two more than the error due to counting statistics for the number of ions collected during the 234U measurements. The mean  (234U for all the measurements is 144 ± 2‰ where the error is  2(mean of all the data.  None of the individual measurements differs significantly from this value. The mean values for the Atlantic (143 ± 3) and Pacific (144 ± 4) are identical within error.

	The U concentration data for Atlantic and Pacific seawater are presented in Table 4.  Duplicate analyses were done on several samples and show excellent agreement except in one case (3200 in. Pacific) for which the concentrations are different by ~ 6‰ (slightly outside of the ± 2‰ error for each individual measurement).  The observed U content shows a range of 5.1% (3.156-3.317 ng/g) or a range of - 3.8% (3.162-3.281 ng/g) when normalized to 35‰ salinity (Table 4).  The salinity-normalized range for the Atlantic samples (3.162-3.256 ng/g) overlaps the range for the Pacific samples (3.244-3.281 ng/g) but the Pacific samples appear to have slightly higher (by ~ 1%) U concentrations.  In the Atlantic, the U concentrations at 8(N appear to be ~ 1 % higher than those at 32(N.  A small fraction of U must reside in particulates.  The concentration of particulates in seawater varies but is generally < 10-8 g/g [24] and the concentration of U in particulates has been reported as ~ 10-6 g/g [25]; therefore, one gram of seawater contains only ~ 10-5 ng of U in particulate form.  It appears that the observed variation in U content cannot be due to variations in particulate U. Although the samples have been acidified, we cannot rule out the possibility that small but measurable amounts of U have been lost to the walls of the bottle.  Ku et al. [6] have shown that this was not a problem at the ± 3% level, but this possibility needs to be reevaluated for our higher precision measurements.  The 232Th concentrations measured on Atlantic seawater (Table 5) range from 0.092 to 0.145 pg/g.  The total amount of 232Th in each analysis ranges from 26.1 to 143 pg analysis, the 232Th concentrations represent the total 232Th contents which include both dissolved and particulate phases.  Two samples were analyzed in duplicate for Th.  The data from 4280 m are in very good agreement but at 2910 in, there is ~ 25% spread which is outside the margin of error considering the blank.  The cause of this discrepancy is not evident to us.



5. Discussion



	Based on standards (Table 2), 234U/238U ratios can be measured to a precision of ± 5‰ (2() using ~ 5 ( 109 atoms of 234U.  Data acquisition time is ~ 1 hour.  Individual measurements are the same, within error, as the mean for all the measurements for a given standard.  This shows that errors based on within-run statistics are a good estimate of the reproducibility of a given measurement.  Checks on the linearity of the multiplier, the effects of the 235U tail and the (238U12C2)+ reflected peak on the background around mass 234 and the response time of the electrometer indicate that systematic errors from these sources are insignificant at the ± 5‰ level.  The 234U/238U data for seawater show that similar results can be obtained for samples requiring chemical separation. including our analytical blank (3 ± 2 pg).  Since the samples were not filtered and were acidified prior to The method presented here has distinct advantages over standard a-counting methods for the measurement of 234 U as shown in Table 1.  Among these are 4-10 times higher precision, ~ 103 times smaller sample size and ~ 10 times shorter data acquisition time.

	We have examined 238U-234U in seawater to determine more precise values and to establish the level of variability of 234U/238U and of the U concentrations in seawater.  In order to provide a framework within which to view our U concentrations and isotopic data, we present a simple one-dimensional, two box model consisting of a deep water mass (D) and a surface layer (S).  The model is based on the assumptions that: (1) the system is at steady state; (2) all U is injected into surface water and all U is removed from deep water; (3) the mean life of 238U with respect to radioactive decay is much longer than water mixing times; (4) the uranium removed from deep water has the isotopic composition of deep water; and (5) 238U and 234U are transported by mixing of water between the deep layer and the surface layer.  The model can easily be generalized to include scavenging of U from surface water and addition of U from sediment pore fluids, but for simplicity, these terms have not been included.  We define the following: (234 and (238 are the mean lives of 234U and 238U with respect to radioactive decay; (S and (D are the mean lives of water in the surface and deep reservoirs; (U is the mean life of U relative to removal from the deep reservoir (ND238/rate of removal of 238U atoms from deep water); NS238, ND238, NS234 and ND234 are the number of atoms of 238U and 234U in the surface and deep reservoirs; CS238 and CD238. are the 238U concentrations; WS and WD are the masses of water in the two reservoirs; and CS238 = NS238/WS and CD238 = ND238/ WD.  At steady state, the number of 234U atoms in the deep reservoir is constant with time yielding:



TABLE 4

U concentrations in seawater

Location	�Depth (m) a�Salinity b�U (ng/g) c,e�238U/235U d,e�����M�N���Pacific�10�35@275�3.296 ± 7�3.270�138.61 ± 0.66��(31(04'N, 159(01'W)�450�(34.140�3.171 ± 8�3.251�138.43 ± 0.91���900�34.233�3.174 ± 7�3.245�137.86 ± 0.57���1800A�34.588�3.232 ± 6�3.270�137.93 ± 0.41���B��3.242 ± 4�3.281�138.06 ± 0.79���3200A�34.689�3.214 ± 6�3.243�138.29 ± 0.54���B��3.235 ± 4�3.264�138.11 ± 0.59���4200�34.687�3.231 ± 5�3.261�137.95 ± 0.57���5710A�34.695�3.236 ± 7�3.264�137.72 ± 0.67���B��3.240 ± 6�3.268�137.84 ± 0.80���5740�34.695�3.230 ± 7�3.258�138.04 ± 0.48���������Atlantic�10A�36.080�3.317 ± 7�3.218�137.86 ± 0.40��(7(44'N, 40(43'W)�B��3.315 ± 8�3.216�137.84 ± 0.30���690�34.611�3.207 ± 6�3.243�137.95 ± 0.30���1640�34.981�3.229 ± 7�3.231�137.78 ± 0.35���2910�34.938�3.208 ± 6�3.214�137.95 ± 0.26���4280�34.811�3.238 ± 6�3.256�137.78 ± 0.35���������Atlantic�1600�35.035�3.210 ± 6�3.207�137.48 ± 1.24��(31(49'N, 64(06'W)�3400A�34.930�3.156 ± 3�3.162�137.31 ± 0.88���B��3.166 ± 10�3.172�137.78 ± 0.84���4550�34.897�3.198 ± 9�3.207�137.17 ± 1.10���������average����3.238�137.89 ± 0.15��a A and B indicate duplicate analyses.

b From PACYDORF (Sripps Institution of Oceanography) and shipboard salinometer measurements by D.J. Piepgras and P.M. Williams.

c M = measured, N = normalized to 35‰ salinity.

d The 238U/235U ratio for natural U is 137.88.

e All errors are 2(mean

dND234/dt = 0 = - ND234/(234 + ND238/(238 - ND234/(D + NS234/(S - ND234/(U 	(1)



where the first two terms account for radioactive decay and production of 234U, the next two terms account for 234U transport to and from the surface reservoir, and the last term is the rate of removal of 234U from deep water.  Similarly for 238U in deep water:

TABLE 5

Th concentrations in seawater

Location�Depth (m) a�Weight (g)�232Th�����total (pg) b�conc. (pg/g) c��Atlantic�10�258�33.5�0.118 ± 0.008��(7(44'N, 40(43'W)�690�509�77�0.145 ± 0.004���1640�251�26.1�0.092 ± 0.008���2910A�958�112�0.114 ± 0.002���B�987�143�0.142 ± 0.002���C�518�67.1�0.124 ± 0.004���4280A�969�109�0.110 ± 0.002���B�983�113�0.112 ± 0.002��a A, B and C indicate replicate analyses.

b pg = 10-12 g; total Th = dissolved + particulate + analytical blank.

c Subtracting 3 + 2 pg Th blank.



dND238/dt = 0 = - ND238/(238 - ND238/(D + NS238/(S - NS238/(U 	(2)



where the radioactive decay term is assumed to be negligible (assumption (3)), there is no radioactive production term, and the other terms are analogous to terms in equation (1).  The mass of water in the deep reservoir is constant with time yielding:



dWD/dt = 0 = WS/(S - WD/(D 	(3)



Combining equations (1) and (2) and using the equation defining (234U (see results section), we calculate:



(234US/(234UD = ((S ND238/(234 NS238) + 1 	(4)



Combing equations (3) and (4) yields:



(234US/(234UD = ((D/(234)(CD238/CS238) + 1 	(5)



which relates the ratio of (234U in the two reservoirs to the mean life of water in the deep layer.  Combining equations (2) and (3) gives:



(CS238 - CD238)/CD238 = (D/(U 	(6)



which relates the difference in 238U concentration in surface and deep water to the mean life of U relative to removal from deep water.  Equations (5) and (6) predict that both (234U values and U concentrations in seawater should be extremely constant.  For CS238/ CD238 ( 1 (see Table 4),(D ( 103 years (from 14C, cf. [26-30]), and (234UD = 144 (see Table 3), equation (5) gives an essentially identical value for (234US (= 144.4). Using equation (6), taking (D ( 103 years and (U ( 3 ( 105 years [6], the predicted surface water concentration is only 3‰ higher than the deep water concentration.

	Our observed (234U values can be compared to previous values as well as the predicted values from the model.  Our data indicate that 234U/238U in the open ocean is constant to ± 5‰.  This range is about a factor of four smaller than the range determined from earlier, high precision a-counting measurements.  For comparison, the higher precision measurements by Ku et al. [6] show a range in 234U/238U activity ratio of 1.12-1.16, a range of 40‰.  Within analytical uncertainty, the (234U values we have determined are the same, consistent with the very small range of (234U predicted by equation (5) and therefore consistent with the value of (D determined from 14C [26-30].

	The most striking feature of the U concentration data is the narrow range of salinity-normalized concentrations (Table 4) in rough agreement with the model prediction.  There is an extensive body of U concentration data in the literature (see [6,8]).  We compare our data with the results presented by Ku et al. [6] which represent the most recent large body of data on U concentrations.  They concluded that salinity normalized U concentrations in the open ocean are the same within analytical error and give a value of 3.3 ± 0.2 µg/l.  The range of their higher precision normalized concentrations is 3.17-3.58 µg/l, a spread of 12.9%.  Our normalized data show a spread of 3.8%, which is a factor ~ 3 smaller.  The oceanic profiles have ranges of 1.2% (Pacific), 1.4% (32(N, Atlantic) and 1.3% (8(N, Atlantic).  The total range is about an order of magnitude larger than the range predicted by the model.  It can be shown that, even if a scavenging term is added to the model and the maximum value for the observed flux of U from the surface is used (3.4 µg/cm2 per 103 years, [25]), the predicted (CS238 - CD238)/CD238 does not change substantially.  This suggests that if uranium loss to the walls of the bottles is not a problem, either present estimates of the residence time of U in the oceans are too large and/or U is redistributed within the ocean at higher rates than has previously been documented.  Studies of 234U and 238U in marine pore fluids and more extensive high precision measurements of 238U in seawater would be important in distinguishing between these two alternatives.


TABLE 6

Summary of 232Th abundances in seawater

Location�232Th a�References���dpm/103 kg�pg/g���Atlantic�0.023-0.035�0.092-0.145�this work��Surface seawater�< 0.024�< 0.10�Kaufman [34]��South Pacific surface water�0.041�0.17�Knauss et al. [35]��Pacific�< 0.01-0.08�< 0.04-0.3�Moore [36]��Panama and Guatemala Basin�0.01-0.09�0.04-0.37�Bacon and Anderson [37]��Northwest Pacific deep water�0.0066-0.033�0.03-0.14�Nozaki and Horibe [31]��Caribbean�0.024�0.10�Huh and Bacon [32]��Using l(232Th) = 4.9475 ( 10-11 yr-1 [33] and assuming that 1 liter of seawater has a mass of 1 kg in converting dpm/103 kg to pg/g.


	The determination of 232Th concentrations and their lateral and vertical variability in the ocean is important because 232Th has a different source function than the other isotopes of Th (230Th, 228Th and 234Th) which are intermediate daughters in the 238U and 232Th decay chains (cf. [31,32]).  The radiogenic isotopes of Th have been used extensively to study chemical scavenging.  In order to apply these studies to other non-radiogenic trace metals for which chemical scavenging is important, 232Th concentration data is required.  Substantial and ongoing efforts have been made by many workers to improve the analytical methods and to obtain thorium data.  Our results confirm that 232Th concentrations are extremely low.  Our 232Th concentrations (0.092-0.145 pg/g; see Table 5) are roughly the same as a number of 232Th determinations in the literature (Table 6).  Most previous workers have analyzed 232Th by a-counting which requires extremely large sample sizes ( ~ 103 1 of seawater).  To overcome the difficulties associated with collection and handling of 103 1 of seawater, most workers have used ferric hydroxide and manganese oxide impregnated fibers as a means of in-situ scavenging of Th from large volumes of seawater.  This requires either mooring
 
of the fibers for long periods of time ( ~ months) or large amounts of ship time (~ 10 hours/sample) while seawater is pumped through the impregnated fibers.  Huh and Bacon [32] have used neutron activation analysis to lower sample sizes to 10 l of seawater.  However, even with this quantity of seawater, their reported blanks contribute 25% to 98% of the 232Th signal.  The method presented here for mass spectrometric determination of the total 232Th concentration requires - 1 l of seawater.  The analytical blank for our procedure is ~ 3% of the total amount of 232Th contained in 1 l of seawater.  It is known (cf. [32,37]), that a significant fraction of the 232Th resides on particles.  Thus, for any investigation of the 232Th concentration in the oceans, studies of filtered and unfiltered water are required.  The use of 1-10 l samples for the present procedure should readily permit analysis of both dissolved and particulate loads of 232Th.  The small sample size, low blank and rapid analysis required by the method described here should greatly facilitate the
 
collection and processing of seawater samples and allow one to carefully control the degree of contamination.








6. Conclusion



	We have developed a procedure to measure 234U/238U to a 2( precision of ± 5‰ on ~ 5 ( 109 atoms of 234U.  This method should be applicable to a wide range of geologic problems which are either limited by small sample size or for which higher precision is required.  As a first step, this method has been used to more precisely determine the 234U/238U ratio in Atlantic and Pacific seawater and put limits on the variability of this ratio.  U concentrations have been measured as well.  The mean (234U for nine samples is 144 ( 2 (2().  U concentrations (normalized to 35‰ salinity) fall in a narrow range between 3.162 ng/g and 3.281 ng/g.  Both of these ranges are several times smaller than those determined from earlier measurements.  Using a simple two-box model, it has been shown that the narrow range of 234U/238U ratios is consistent with what is known about the mixing time of the oceans.  The variation in salinity normalized U concentrations (3.8%) is about an order of magnitude larger than the range of concentrations calculated using a simple two-box model and suggests that either estimates of the residence time of U are too long and/or that U is redistributed within the ocean at higher rates than has previously been documented.  We also present measurements on 232Th concentrations which confirm that the levels in open ocean water are ~ 0.1 pg/g.  The method presented for 232Th determination should be readily applicable to studies of the distribution of 232Th in the oceans both on particulates and in solution since the sample size requirement is small.  It should also be evident that many trace elements can be measured to ± 1‰ using similar methods and can be used to examine transport problems in the ocean.

	This approach has potential application to a wide range of problems.  The flux of uranium and in particular 234U from marine sediments may have important consequences for the marine U budget.  The flux of 234U from deep sea sediments has been estimated from measurements on the sediments themselves [38] but this has never been clearly verified by direct measurements on pore fluids and arguments against a large benthic 234U flux have been presented [39].  The techniques described above should be capable of providing 234U measurements with the required precision on the small quantities of pore fluids from marine sediments collected by presently available in-situ techniques.
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