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We describe chemical separation and mass spectrometric procedures for the measurement of radium isotopes in geologic "samples.  These methods provide 226Ra/228Ra ratio measurements for 1 g or less of rock sample containing subpicogram amounts of radium with precision better than 1.5 % (95 % confidence level).  Radium-226 concentrations were measured by isotope dilution for smaller sample sizes (100-500 mg) containing as little as 1-10 fg of total 226Ra with similar high precision.





INTRODUCTION





	Isotopic disequilibrium between longer lived radionuclides in the 238U series (238U-234U-230Th-226Ra) and 232Th series (232Th-228Ra) has been utilized in research spanning a range of fields (1).  Many investigations of uranium, thorium, and radium isotopic disequilibria in volcanic rocks have sought to understand the time scales and processes involved in magma generation.  a spectrometry is the principal technique for measuring activity of radium isotopes in the 238U and 232Th series (2,3).  However, a technique capable of higher precision for smaller sample size is necessary for geochronology applications.


	This paper describes procedures for precise measurement of subpicogram amounts of radium in geologic samples by thermal ionization mass spectrometry (TIMS).  The TIMS technique offers many advantages compared with a spectrometry: (1) reduced sample size (< l g vs. 5-10 g), (2) higher analytical precision (< 1-2% vs. 5-10%), (3) direct measurement of radium in the sample (vs. radon emanation), (4) no isobaric interferences or blank correction, and (5) shorter analytical time (1-2 h vs. days).





EXPERIMENTAL SECTION





	Reagents and Materials.  Water.  Deionized water was filtered through a commercial four-bowl water purification system (Milli-Q) and then further purified by subboiling distillation in a two-Teflon-bottle apparatus.


	Reagents.  Ultrapure hydrochloric, nitric, and hydrofluoric acids and ammonium hydroxide obtained commercially (Seastar) were used throughout the dissolution and separation procedures.  Analytical grade diammonium ethylenediaminetetraacetic (EDTA) acid was purified by passing a dilute solution (0.01 M) through a cation-exchange column.  Dilution of reagents to appropriate molarity was made by using Teflon-distilled water.


	Resin.  The cation-exchange resin was acidic (AG 50W-X8, sub 400 mesh), and the anion-exchange resin was basic (AG l-X8, 100-200 mesh, BIO-RAD).


	Silica Gel.  An enhancer for the thermal ionization of radium was prepared from silica powder (Aerosil 300) that was purified by leaching with 7 M HNO3 and 8 M HCl.


	Radionuclide Tracers.  Barium and radium column calibrations were determined by eluting solutions of dissolved rock powder spiked with 133Ba and 228Ra radionuclide tracers.  For safety, the combined activity of both radioactive tracers during calibration was less than 103 Bq.  The barium tracer was available commercially (New England Nuclear).  The radium tracer was prepared by separating 228Ra from 232Th in nitric acid solution using anion-exchange resin and 7 M HNO3 as the eluent.


	Standards.  A synthetic mixture of 226Ra-228Ra was prepared from NIST 226Ra solution (SRM 4953D) and an enriched 228Ra solution.  We measured the 226Ra/228Ra ratio of the NIST radium standard by mass spectrometry.  The isotope ratio in this highly 226Ra-enriched solution is greater than 3 ( 105.  The 228Ra-enriched solution that we prepared has 226Ra/228Ra equal to 0.152.  The mixture of both solutions, hereafter referred to as the in-house standard, was prepared to mimic the 226Ra/228Ra isotope ratio (( 350) expected in geologic samples.  Each aliquot (1 mL) taken for mass spectrometric measurement contained an amount of radium (500-700 fg of 226Ra; 1-2 fg of 228Ra) typical for 1 g of rock sample.  The in-house standard was used to evaluate ionization enhancement techniques, establish instrumental procedures for mass spectrometric measurements, and determine ionization efficiencies, mass fractionation effects, and instrumental reproducibility.


	Spikes.  An enriched 228Ra spike was prepared from ThNO3 solution similar to the procedure described above for the tracer.  A nitrate solution containing 2.5 g of 232Th (( 104 Bq) was purified twice by using a 35-mL anion-exchange column.  The purified thorium solution was set aside, and 228Ra grew in through 232Th decay.  After 3 months, there was approximately 30 pg (300 Bq) of 228Ra.  The radium and thorium were separated again.  An isotope dilution spike was prepared from the separated radium and 228Ra concentration calibrated with mixtures of the NIST 226Ra solution.  The calibration measurements agree to 0.4%, which is better than the total uncertainty of the NIST standard concentration (1.2%).


	The thorium remaining on the column was eluted with H2O and HBr and set aside for future 228Ra spike reclamation.  The anion resin was handled as a mixed hazardous waste.


	An enriched 132Ba spike was prepared on the isotope separator at Los Alamos (P. Chamberlin, INC-11) for determining barium concentrations by isotope dilution mass spectrometry.  The spike concentration was calibrated with two separate barium standards available commercially (NIST SRM 3104; Johnson Matthey AAS Standard).  These calibrations agree to 0.2%.


	Filaments.  The material used for thermal ionization was zone-refined platinum ribbon (Cross).  The platinum ribbon was cut to size (0.025 mm ( 0.76 mm ( 17.5 mm) and cleaned ultrasonically in sequential baths of distilled acetone, water, 3 M HNO3, water, and distilled acetone.  The procedures were designed to minimize potential hydrocarbon, alkali, and alkaline-earth element contamination.  The ribbon was molded and welded to filament posts (4).  Prior to use, the filament was degassed at 3.5 A (( 1400ºC) in an evacuated chamber (< 2 ( 104 Torr) for 30 min.





	Instrumentation.  (-Spectrometry. (-Ray emission rates for the radionuclide tracers, 133Ba and 228Ac (daughter of 228Ra decay), were measured with a calibrated Ge(Li) detector and an 8192-channel pulse-height analyzer for a minimum of 1000 s. (-Ray emission rates were determined at the following energies: 338, 911, and 969 keV from decay of 228Ac, and 356 keV from decay of 133Ba.  The barium tracer was measured during sample elution.  The 228Ac (-decay was measured immediately after separation to calibrate actinium elution and again 24-36 h after chemical separation so that radioactive equilibrium could be reached between 228Ra and 228Ac (tl/2 = 6.1 h) decay to calibrate radium caution.


	Mass Spectrometry.  The mass spectrometer used in this study is a NIST-designed, 30.5-cm-radius, 90º deflection single sector thermal ionization mass spectrometer equipped with an ion-counting detection system.  Details of the instrumentation have been published (5, 6).  The detection system is linear and accurate to 0.06% (7).  Ion count rates are corrected by using an 8-ns dead time correction factor.





	Procedure.  Chemical Separation and Purification.  Typically, 1 g or less of rock powder or mineral grains was dissolved by using standard dissolution procedures in HF-HNO3 acid mixtures.  The HF-HNO3 acid solution was dried in a Teflon evaporation unit under dry nitrogen flow and was treated with HNO3 2-3 times to eliminate fluorides.  About 100-200 mL of concentrated HCl was added to the dried sample, which was then dried again, and finally dissolved in 20-30 mL of 4 M HCl.  Prior to splitting and spiking, the solution was centrifuged and any visible precipitate redissolved with HNO3 and  HClO4.  Isotope dilution aliquots were spiked with the enriched 228Ra spike so that the 226Ra/228Ra ratio in the mix was approximately one.


	Radium enrichment and purification required two separate elutions.  The first elution used cation-exchange resin and hydrochloric acid to separate radium from the bulk of cations that form rocks and minerals.  The dissolved sample (in dilute 1 M HCl) was loaded on a 10-mL (0.39-cm 2 ( 26-cm) quartz column packed with cation-exchange resin conditioned in 2 M HCl.  After 5 column volumes (cv) of 2 M HCl, 2 cv each of 2.5 M and 3 M HCl, and 4 cv of 4 M HCl were passed through, radium was eluted in 3-4 cv of 6 M HCl.  The flow rate during elution was less than 0.8 mL/min/cm2.  Radium yields were better than 95%.


�





Figure 1.  Chemical separation of radium using dilute 0.01 M ammonium EDTA as the eluent.





	Elements found in trace concentration ((g/g) in geologic samples were also present in the radium fraction.  These include barium, rare earth elements (e.g., Nd, Sm), and zirconium.  The first separation removed more than 99% of the calcium and strontium and more than 80% of the barium originally present in the sample.  However, there is tailing of barium into the radium fraction.  Important factors that minimize the amount of barium present in the radium fraction are the small mesh (< 400) cation resin, the gradual increase in acid molarity, and the low flow rate during elution.


	It is worth noting that the concentration of barium in rock samples is between 5 and 1000 (g/g, while the radium concentration is a billion times lower.  Trace constituents that remain in the radium fraction -prior to analysis by mass spectrometry, particularly barium that has a similar ionization potential (5.21 eV vs. 5.28 eV), are problematic because they tend to suppress thermal ionization of radium.  Ionization (detection) efficiency improved from less than 1% to 10% when the radium fraction was further purified.


	The second stage of radium enrichment used cation-exchange resin and dilute (0.01 M) diammonium EDTA as the eluent.  Radium was eluted from other elements by adjusting the pH of the dilute EDTA with ammonia solution.  This procedure was adapted from earlier work that demonstrated the effectiveness of using diammonium EDTA to elute the alkaline-earth elements (8, 9).  The Ba/Ra ratio in these purified fractions was lowered to 103.


	Figure 1 illustrates the elution curves for barium and radium using EDTA passed through cation resin in a pressurized quartz capillary column (0.3 cm2 ( 19 cm).  During this elution, lanthanum, lead, actinium, and any remaining calcium or strontium were not adsorbed on the resin with the 0.01 M EDTA solution adjusted to pH = 9 and passed through in the first column volume of eluent.  Barium was eluted in 3-4 cv, while radium was sorbed on the resin.  After an additional 4-5 cv was passed through the resin bed, radium was eluted in 1-1.5 cv with the dilute EDTA adjusted to pH = 10.
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Figure 2.  (A) Mass spectra (204-240) of radium in a sample spiked for concentration measurement. (B) Radium peaks and background over 224-230 mass range at different scale.








	Prior to ionizing the radium sample in the mass spectrometer, an additional cleanup procedure was required to remove the EDTA.  Several drops of 6 M HCl were added to the collected radium fraction.  The acidified solution was then passed through a 100-(L cation-exchange column.  The EDTA was washed off with 5-6 cv of 1-2 M HCl, and then the radium was recovered with 0.5 mL of 6 M HCl.  Total procedural yield for radium including two column separations and EDTA removal was better than 90%.


	Mass Spectrometry.  Typical sample sizes are 1-2 fg of 228Ra and 500-600 fg of 226Ra for isotopic measurement and 1-100 fg of 226Ra for concentration measurement.  After EDTA removal, the radium fraction (in 6 M HCl) was dried, then dissolved in 1-2 (L of 0.2 M HCl, and loaded on a platinum filament with silica gel used as an activator.  It is not possible to correct for mass fractionation, because there are no stable radium isotopes and only two isotopes are measured.  Therefore, it is crucial that sample loading and analytical conditions be standardized.


	Approximately 2-3 (g of silica gel (in 1 (L of dilute 0.05 M HCl) was loaded in the center of the platinum filament in as small an area as possible and dried at 1.0 A. Before the gel dries, the sample was taken up in, 1 (L of dilute HCl and loaded on top of the silica gel.  The mix was thoroughly dried at 1.0 A and the filament placed in the mass spectrometer.


	Prior to ionization and data collection, the filament temperature was slowly increased to 1200 ºC over a 30-min period.  Counting times for radium isotopes were between 30 and 60 a for each mass (226, 228) and background (227.5).  An individual set is the average of five ratio measurements, while the final value is the mean of 10-15 sets.  Operating conditions during data collection were as follows: source pressure ( 4 ( 10-8 Torr, filament temperature between 1250 and 1325 ºC, baseline ( 1.0 ion/s, mass 226 4000-70000 ions/s, and mass 228 10-225 ions/s.
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Figure 3.  Typical radium isotope ratio analyses for standard (A) and unspiked sample (B).  Each set value represents an average of five ratios with standard deviation error bars.  The solid line is the mean of all sets; dotted lines are 2(m uncertainty





RESULTS AND DISCUSSION





	Chemical Blank.  Barium and radium blanks were measured for all reagents and procedures.  Total 226Ra procedural blanks were below mass spectrometry detection limits, which under current operating conditions with ionization efficiencies of 10% is approximately 0.1 fg (3 ( 105 atoms).  Barium blanks were HCl, 8 pg/g; EDTA, 10 pg/g; H2O, 2-5 pg/g; and total procedural (dissolution plus columns), less than 200 pg.


	Filament Blank.  Filament blanks were less than 0.1 pg of barium; loading blanks that include handling and silica gel were less than 0.4 pg of barium.  As with the chemical blanks, radium blanks were below instrument detection limits.


	Mass Spectra.  A typical mass spectrum for a purified radium sample is shown in Figure 2. Traces of lead (masses 206, 207, 208) were present at levels usually less than 20 ions/s.  Isobaric interference on 226Ra due to 208Pb18O over the measuring temperature range (1250-1325 ºC) was not significant (< O.005%). Other potential isobars at masses 226 and 228 were not evident.  Background in the mass range between 224 and 230 (see Figure 2B) was uniform and less than 1.0 ion/s throughout the measurement; hydrocarbons-organics were not evident.  Background measurements were taken at mass 227.5.
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4. Figure.  Radium isotope ratio measurements of the in-house standard over time.  Error bars for each measurement are 2(m uncertainty.  Dotted line is a linear regression of the data.





	Fractionation and Temperature Effects.  Figure 3 shows typical ratio measurements for the in-house standard and unspiked sample.  Data collection began at 1250 ºC.  The ion beam was not always stable at the beginning of an analysis, and ratio values were less precise (see Figure 3).  The magnitude of the beam varied with the amount of radium loaded.  Filament temperature was increased in steps every 3-5 sets.  At temperatures above 1250 ºC, ion beam stability was excellent.  The duration of an analysis including the warm-up period was 2 h.  Over this interval and temperature range, the ion beam was stable, increasing or decreasing less than 10% There were no obvious fractionation effects correlated with increasing temperature observed in the data (see Figure 3).


	Reproducibility.  Measurement of the 226Ra/228Ra ratio in the in-house standard over a period of 6 months is shown on Figure 4.  Increasing 226Ra/228Ra ratio with time is due to the more rapid decay of 228Ra relative to 226Ra (tl/2 = 5.75 and 1600 a).  Reproducibility of the standard was better than the 2(m uncertainty of an individual measurement, which is limited by counting statistics for low count rates on the minor isotope (e.g., 228Ra = 10-225 ions/s).


	The results for replicate standard and sample (separate dissolutions) measurements are given in Table 1.  Analytical uncertainty associated with ratio measurements was better than 1.5% (95% confidence level).  Repeat measurements agreed to better than 1%.  The precision of 226Ra abundance measurements at high concentration was better than 1%, while the precision at low concentration (e.g., ocean basalt) was better than 1.5%. These analytical uncertainties are similar to that reported for the NIST 226Ra solution (1.2%), which we used to calibrate the 228Ra spike.  The precision for repeat isotope dilution measurements was within the analytical uncertainty of individual measurements.


	We checked the accuracy of the 226Ra concentration measurements by measuring 226Ra  and 230Th abundances in rocks older than 10 ka.  The rocks have 226Ra activity in equilibrium with 230Th activity (i.e., ratio equals one). 226Ra and 230Th concentrations measured in these samples (n = 8) correspond to activities that are in secular equilibrium, and the (226Ra)/(230Th) activity ratio is equal to 1.00 ± 0.01.





Table 1. Replicate Measurements a


�
No.�
226Ra/228Ra�
�
in-house std�
1�
309.84 ± 2.49�
�
�
2�
310.76 ± 1.33�
�
�
3�
309.99 ± 1.73�
�
�
6�
314.65 ± 1.68�
�
�
7�
314.46 ± 2.37�
�
Mt. Lassen volcanic�
1�
312.26 ± 5.21�
�
�
2�
311.91 ± 4.62�
�
�
�
�
�
�
No.�
226Ra�
�
Mt. Lassen volcanic�
1�
1.063 ± 0.010 pg/g�
�
�
2�
1.068 ± 0.011 pg/g�
�
midocean basalts�
�
�
�
RD65-6�
1�
14.4 ± 0.2 fg/g�
�
�
2�
13.9 ± 0.2 fg/g�
�
A1374-2B�
1�
69.1 ± 0.8 fg/g�
�
�
2�
67.8 ± 0.9 fg/g�
�
a Precisions are at the 95% confidence level.





	Application.  The ability to measure with high precision radium isotopic ratios and concentrations in small samples containing subpicogram amounts of radium is critical to determine the chronology of young (< 10 ka) volcanic rocks.  The technique described in this paper is being applied to measurements of 238U-series disequilibrium for age dating young volcanic rocks by both whole rock and internal (mineral separate) isochron.  Finally, the technique can be applied to the determination of partition coefficients and diffusion rates for radium in silicate melts.
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