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ABSTRACT 

The use of the long-lived radioisotope as an env ironmental tracer is increasing 

in popularity. An application of nuclear physics that is known as Accelerator Mass 

Spectrometry (AMS) can be used to measure in various sample matrices at a level of 

a few parts in lO'"*. The system employs a 3 MV electrostatic accelerator as one 

component of a mass spectrometer. As accelerated ions have kinetic energies of several 

million electron volts, nuclear physics techniques can be used to remove interferences 

from the ions of interest. 

Techniques for the extraction of iodine from a variety of samples including 

calcium carbonate, seawater, plants and animals have been developed. Results from 

many of these samples have been submitted as part of a laboratory inter-comparison 

exercise. 

1 90 
As an application of oceanographic tracer studies, I has been measured in a 

banded coral that lived in the southern Pacific Ocean for more than 50 years. The results 

of this study confirm that iodine is fixed within the coral skeleton upon deposition, and 

that these measurements record the history of iodine levels in the surface waters of the 

ocean over time. 

may also be a good indicator of past changes in the galactic cosmic ray flux 

and the magnitude and orientation of Earth's magnetic field. A 40 kyr iodine record 

extracted from a stalagmite in the Bahama Islands shows varying concentrations that 
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may be linked to such changes. This record is in agreement with other published records 

of '"Be and ^^Cl. As has a much longer half-life than other cosmogenically produced 

isotopes, there is a potential for extending these records much further back in time. 
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CHAPTER 1 

INTRODUCTION 

Production of '"'^I 

The supply of primordial '"*^1 (ti/2 = 1.57 x 10^ years) in the environment has long 

been exhausted. However, due to a variety of ongoing production mechanisms this 

radioisotope can be found to exist in measurable quantities throughout the atmosphere 

and lithosphere; the two most prevalent are atmospheric production by cosmic rays and 

subsurface production from radioactive decay. The introduction of '''^I into the 

environment by way of these two processes is roughly equal [1]. 

1 

1 is the only long-lived radioactive isotope of iodine. Other iodine isotopes 

have much shorter half-lives, the longest being 60 days ( I) and 8 days ( I). 1 is the 

only stable isotope of iodine, and accounts for 100% of the natural abundance. 

Galactic and solar cosmic rays bombard the atmosphere continuously, producing 

spallation products and radionuclides. The dominant mechanism for producing ^^^I 

directly in the atmosphere is an n-p reaction with the stable isotope '"'"'Xe. present in the 

atmosphere at a concentration level of roughly 0.03 ppm by volume. From within the 

19Q 
solar system, meteors can import I to the atmosphere during disintegration, as this 

isotope is produced in meteoroids by cosmic-ray interactions with isotopes of Te. Ba and 

Ce. The surrounding galactic disk may also add '~'^1 to the atmosphere from cosmic dust 

fallout. Volcanism can release into the atmosphere, having been produced as a 

uranium fission fragment within the earth's crust [2], 



Within the earth's interior, the primary production mechanism for is the 

spontaneous fission of the uranium isotope Other, less important mechanisms 

include neutron-induced fission of and spallation of '"^"Ba [2]. 

The advent of nuclear technology is responsible for anthropogenic sources of a 

host of radioisotopes, including These radioisotopes are released into the 

environment during atmospheric testing of nuclear weapons, and as wastes of nuclear 

power production and the reprocessing of nuclear fuels. Anthropogenic is produced 

in fission reactors as a product of neutron induced fission of is also a product of 

the neutron-induced fission of ~^''Pu. 

Atmospheric nuclear testing in the 1950s and 1960s boosted the global inventory 

of Calculated bomb fall-out as a result of these tests peaked between 1958 and 

1962. Roughly 100 kg of '"'^1 was added to the environment during this time [3J. 

Although these atmospheric tests have been greatly reduced over the last several 

decades, the radioiodine inventory continues to increase with the operation of nuclear 

fuels reprocessing plants, such as Hanford WA; Sellafield, England; and Cap La Hague, 

France. It has been estimated that Sellafield has released nearly 1000 kg of '^'^1 into the 

environment as liquid discharge since 1952, and nearly 200 kg as atmospheric emissions. 

Likewise, La I lague has released over 2000 kg of into the sea since 1966, and over 50 

kg into the atmosphere [4, 5J. With estimates of a steady-state abundance of 250 kg 

f 11, these discharges have raised the global inventory of '"''l within the hydrosphere by 

more than a factor of ten. As a result, 1/ I values have been elevated globally, and 
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have been found to be more than 10^ times higher near point sources such as Sellafield 

and La Hague [5, 6, 7]. 

Other, less important sources of include atmospheric emissions during routine 

operations of nuclear power plants, and accidents associated with these plants. The 

Chernobyl accident (1986) was responsible for releasing an estimated 1 to 2 kg of 

into the atmosphere [8], while other accidents such as Windscale (1957) were responsible 

for smaller inputs. 

Iodine in the Environment 

1 90 
Once "1 is produced, various pathways such as atmospheric fallout, 

precipitation, and transport by streams and rivers can quickly deliver it to ocean 

reservoirs, where it may remain with a mean residence time of roughly 40,000 years. 

Once in the ocean, sedimentation can remove iodine from deep waters. Upwelling and 

downwelling processes can exchange iodine between deep and shallow waters. 

Precipitation and evaporation are responsible for the exchange of iodine between the 

surface water and the atmosphere. Iodine within ocean surface waters can be transported 

onto land surfaces by tides, winds, waves and sea spray (Figure 1.1). Residence times in 

other terrestrial reservoirs vary by several orders of magnitude, from a few weeks in the 

atmosphere, to thousands of years in surface soils, and millions of years in lake and ocean 

sediments [1,9]. 

Iodine has been described as a biophile element, which means that much 

of iodine geochemistry is connected with biological processes [10], Although the 
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concentration of iodine in plants varies markedly according to species, in general there 

are much higher concentrations of iodine in plants as compared to their surrounding 
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Figure 1.1. Iodine box model, indicating exchange reservoirs and pathways 111 (Fabryka-
Martin et al, 1984). 



environment. It is also an essential element for mammals; it is mostly found concentrated 

in thyroid glands, and to a lesser extent in pituitary and salivary glands, hair and bile [11]. 

Mass-balance models of the iodine cycle in the environment take into account the 

190 170 
production rate of I in various media, and the removal of I from these reservoirs by 

exchange and decay (Figure 1.1). These models predict that the preanthropogenic ratio 

in the hydrosphere is, on average, 4 x 10"'^ [1, 12]. This theoretical value is in 

agreement with background measurements made by this laboratoiy, and will be discussed 

further in later sections of this paper. 

'-'I Studies 

Several factors make iodine a good tracer element for study in the environment: it 

is soluble in water in oxidation states F and IO3", it is concentrated in plants and in the 

thyroid glands of mammals, and there are a number of point sources of radioiodine such 

as the nuclear reprocessing facilities in western Europe and the western United States. 

As a result, it is not surprising that much of the study of radioiodine to date has dealt with 

its use as an environmental tracer. 

Many recent tracer studies of involve its use as an indicator of pathways and 

transit times within the surface waters of the ocean [13]. With the use of seavvater 

samples, reprocessing emissions from Western Europe have been traced from the North 

Sea to the Baltic Sea [14, 15]. Measured concentrations in scawater from these 

studies reveal peak values in the North Sea that are 10^ times higher than natural levels. 

This concentration decreases by a factor of 100 from the North to the Baltic Sea, east of 



the reprocessing plants, and by a factor of 1000 in the North Atlantic west of the plants. 

By sampling seawater in the North Atlantic for a box model showing the circulation 

scheme for the Nordic Seas and Eurasian Basin was developed [16, 17]. Studies in the 

Arctic Ocean have shown that >90% of the resident within these waters is due to the 

emissions of Sellafield and La Hague [18]. By studying and '"Cs levels within the 

Arctic, transit times of waters to and from various sampling locations have been 

estimated [19]. Elevated '^''l concentrations (60 times pre-nuclear levels) in the Gulf of 

Mexico have been attributed to discharges from Sellafield and La Hague, and confirm the 

rapid transport of from the North Atlantic to the Caribbean Sea [20]. ''"^l ocean depth 

profiles [21] are providing information on the transit time of this isotope from the surface 

1^0 1 
to deep waters. 1/ I values in ocean waters south of the equator confirm the presence 

1 OQ 1')'! 
of anthropogenic iodine on a global scale [22], Although 1/ I levels measured in the 

South Pacific are 100 times lower than in northern waters, they are still 100 times above 

the natural background [23]. 

Other, non-oceanic studies have focused on the regional distribution patterns of 

from point sources within environmental matrices. '~'l released from the Chernobyl 

accident has been monitored in bovine thyroids [24], lichens and mosses [25, 26]. lakes 

[27]. and soil and food samples [28]. A major health concern involving this accident was 

the release of the short-lived isotope ' ''l. Because iodine is concentrated in the thyroid 

glands of mammals, a high dose of ''^'l can be damaging to thyroid tissue. With the 

assumption that ratios were constant during the Chernobyl release. may be a 

good proxy to investigate past ''^'l levels in the environment surrounding the reactor site 



[29]. Studies such as these are important in determining the relationship, if any, between 

regional distribution of from the accident and the observed patterns of increased 

thyroid cancer rates in humans [30, 31]. 

To date, only a few studies have involved the use of archived samples to retrieve a 

history of '"''l levels. Some of these archives can be difficult to analyze due to 

intrinsically low total iodine content, iodine mobility within the sample, or difficulties in 

establishing chronology. For example, in one study anthropogenic '"^I was measured in a 

76m-ice core from the Swiss Alps [3]. Although a structured '"''l concentration signal 

was observed within the ice core, these measurements suffer from a limited knowledge of 

the accuinulation rate within the core. Therefore, a precise chronology of this core is 

difficult to establish. The bomb pulse has also been retrieved from sediments in the 

Mississippi River Delta [32]. However, processes such as varying and/or low 

sedimentation rates and bioturbation. which can make an exact chronology difficult to 

determine, can complicate sedimentary records. In addition, the iodine extraction from 

sediments can be complicated [32, 33]. Another study involved the measurement of 

in tree rings that grew near a once active nuclear reprocessing facility in West Valley, 

New York [34]. Although a precise chronology can be obtained with tree rings, the 

results of this study showed that iodine was being redistributed within tree trunks after it 

had been incorporated. 

One objective of this research project was to find a more robust archive of 

and we think we have found one in coral skeletons that are deposited in the surface 

waters of the ocean. The results of this particular study are presented in Chapter 5. 
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Studies of these types are adding to the understanding of how iodine is 

transported in the oceans, becomes dispersed in rivers and streams, concentrates in 

organic materials, and how it is transferred from one reservoir to another. Few studies, 

however, have focused on the production history of cosmogenic iodine. In order to 

perfonn such studies, one must find a reliable medium in which the iodine is fixed in the 

material and immobile once deposited. It must not be contaminated by post-bomb iodine. 

Ideally, the medium should be rapidly deposited to maximize temporal resolution and 

accurately dated so that the time history of deposition can be known. In addition, if the 

media can survive intact and undisturbed, the long life of ''''l could in principle reveal 

records that go back nearly 100 million years (six half-lives). Studies of cosmogenic 

iodine may supplement and help calibrate current information on past changes in Earth's 

magnetic field, cosmic ray fluxes, and solar modulations. If results from these studies 

agree with current data from isotopes such as '°Be, ''^C and '^Cl, then '^'^I could reliably 

extend these records much further in the past. One objective of this research project was 

to investigate the possibility of using speleothems (cave deposits) to recover such a 

record. The results of this study are presented in Chapter 6. 
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CHAPTER 2 

ACCELERATOR MASS SPECTROMETRY (AMS) 

AMS Theory 

An accelerator mass spectrometer incorporates a small tandem electrostatic 

accelerator as one of its elements. Mass analyses are performed on ions that have 

energies in the MeV rather than keV range, and as a result nuclear physics techniques can 

be used to eliminate some background interferences. Sensitivities of a few parts in lO'' 

are sometimes achievable. A schcmatic of such a device is shown in Figure 2.1. On the 

low energy side, it consists of an ion source (commonly a cesium sputter type) to produce 

a steady beam of negative ions, and an injection magnet to perform initial mass analysis 

of the beam. Following the initial magnetic analysis, a particle accelerator is used to give 

the ions high kinetic energy and remove molecules from the beam. The accelerator 

consists of a positively charged central terminal with acceleration columns before and 

after. A stripper canal containing a low-pressure argon gas is located centrally within the 

terminal. The negative ions are accelerated through the first column, to the high voltage 

terminal and into the stripper canal. Collisions with gas molecules remove outer 

electrons, leaving the ions with a net positive charge. Multiply charged, positive 

molecules within the ion beam are unstable and dissociate. After molecular break up, the 

positively charged ions are repelled from the accelerator terminal and are accelerated a 

second time through the column following the terminal. Because a variety of charge 

states within the ion beam are produced in the stripping process, an electrostatic analyzer 
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is used to select a specific charge state once the ions have cleared the accelerator. After 

the charge state selector, a high-energy analysis line performs additional filtering with 

electric and magnetic fields. Unwanted ions are allowed to hit beam-line slits following 

electrostatic and magnetic analysis. Finally, the remaining ions of interest are counted in 

a particle detector. The A MS system specific to the NSF-Arizona laboratory (Figure 2.1) 

will be discussed in further detail in the next section. 

The ion selectivity of electromagnets and electrostatic analyzers can be derived 

with the use of the Lorentz force law and basic kinematics: 

F = q(s + V X B) = ma (Eq. 2.1) 

In this expression, q and v are the charge and velocity of the ion, and e and B are the 

electric and magnetic field vectors. Solving Equation 2.1 independently for the electric 

and magnetic case yields the following results for ions of charge q, mass m, momentum 

p, and kinelic energy (non-relativistic) E bending through a radius of curvature r: 

~ = ~ (Eq.2.2) 
2 q 

and 

5 V- mE 
2 

(Eq. 2.3) 

Equation 2.2 is valid for electrostatic analyzers of radius r and electric field strength c. 

When the electric field is fixed, these analyzers pass only those ions with the selected 

kinetic energy/charge ratio. For this reason electrostatic analyzers are commonly referred 

to as "energy" analyzers. Equation 2.3 applies to magnets with a fixed radius r and 
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magnetic field strength B. Since the magnetic analyzer sorts ions according to their mass 

and energy in addition to charge, it is commonly referred to as a "momentum" analyzer. 

The resolution of magnetic and electrostatic analyzers depends only on their 

geometry (radius of curvature, focal length and angle subtended) and the width of the 

beam-line slits before and after these analyzers [35, 36], The equation for the energy 

resolution AE/E of a spherical electrostatic analyzer is: 

— = . (Eq. 2.4) 
E R(l-cos^) + lsin<p 

The equation for the mass resolution Am/m of a magnetic sector analyzer is identical to 

that of the spherical electrostatic analyzer: 

Aw w 
—— = ————————- , (Eq. 2.5) 
m R(] -cos^) + /sin^ 

where w is the width of the entrance and exit slits, R is the radius of curvature, 1 is the 

focal length of the analyzer, and (j) is the angle of deflection. 

Ideally, in AMS applications, interfering ions that could limit equipment 

sensitivity have large enough energy/charge and momentum/charge differences as 

compared to the ions of interest that the beam-line slits can be set wide enough to be non-

defining for the primary beam. However, in practice there are cases in which appropriate 

slit settings must be chosen such that the ions of interest pass down the centerline while 

interfering ions impinge upon these slits. In some cases the resolution of these analyzers 

may be insufficient to separate interfering ions from ions of interest. 
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Consider the injection of the molecular or atomic species m(X)", and the subsequent 

charge change and molecular dissociation within the accelerator terminal to the atomic 

ion rn"*. The energy to charge ratio of the positive ion after acceleration is 

E f \ .  m 
1 + - Vr, (Eq. 2.6) 

V 

where E is the energy of the ion with charge q and mass m, N is the mass of the 

molecular ion before injection, and Vt is the terminal voltage. Similarly, for the 

interfering ion of mass m'( Y)' m'^'', the energy to charge ratio is 

q' 
1+ ^ V,. (Eq. 2.7) 

V ^ J 

ffi E 
Upon inspection of equations 2.6 and 2.7 it is clear that if — = — then — - — and 

q q' q q' 

^ f' . In this case, these interference ions will pass through any combination of 
q q' 

electric and magnetic analyzers [37], The equality, m/q = m'/q', makes it possible to 

search for interferences by calculating m/q ratios of potential interfering ions alone. This 

subject will be addressed further as it relates to analysis later in this chapter. 

For example. Figure 2.2 illustrates how 15 MeV, ions are constrained after 

passage through electric and magnetic analyzers [38], In this case, ions which pass 

through the magnetic analyzer following the accelerator lie on a hyperbola in E/q-m/q 

space, and those that pass through the electrostatic analyzer lie on the vertical line of 

constant E/q. In order to reach the particle detector, interfering ions must also pass 

through the transmission point with the same E/q and niE/q^ defined by the analyzers, as 
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do the ions. This transmission point is defined by the intersection of the two 

curves shown in Figure 2.2. In a perfect system these two analyzers would be sufficient 

to completely remove unwanted ions from the signal. However, processes such as 

charge exchange and scattering tend to decrease ion energies and can move otherwise 

non-interfering ions through the transmission point. For this reason it is often necessary 

to configure the AMS system based on experimental, as well as theoretical results. 

140-1 

120 -

100-

8 0 -

Transmission Point 
40-

20 -

0 2 3 4 5 

E/q 

Figure 2.2. m/q vs. E/q plot for analysis. The 15 MeV ions lie on the 
hyperbola and on the vertical line of constant E/q. Magnetic and electrostatic analyzers 
define the transmission point, which is the intersection of E/q with the mE/q^ hyperbola 
[38]. 
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The NSF/Arizona Accelerator Mass Spectrometer 

The equipment used to make measurements has been recently modified from 

a system reported earlier [39]. The schematic is shown in Figure 2.1. A beam of 

negative iodine ions (q = -1) is produced in a 40-sample ion source manufactured by 

National Electrostatics Corporation (NEC) (Figure 2.3). Cesium is heated to a nominal 

temperature of 250 °C in an oven below the main ion source. The cesium vapor pressure 

in the oven drives the cesium through a heated tube and onto the surface of a conical 

ionizer. When cesium atoms strike the tantalum ionizing surface electrons are removed 

and positive cesium ions are formed. Once charged, the cesium ions are attracted to a 

negatively charged cathode that contains the target material. Cesium sputtering on the 

target material produces negatively charged iodine ions that are immediately repelled 

from the cathode surface. The negatively charged ion beam starts at a large negative 

potential with respect to ground, and rises through this potential as it passes through the 

extraction and bias regions. The energy (E = qV) of the atomic and molecular ions that 

comprise the beam as it leaves the ion source is the product of the charge of the ions and 

the sum of the target, extractor, and bias voltages, which is nominally 65 keV. 

Since all the ions within the beam are negatively charged (q = -1) and have the 

same energy, the injection magnet will remove all atomic and molecular species with 

masses differing from 129 u. The tandem accelerator is used to accelerate the ions and. 

in the stripping process, to break apart molecular interference ions that pass through the 

injection magnet. Possible molecular spccics that may pass through the magnet include 
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'"'^Teir. and The beam acquires a high energy (2.5 MeV) as it is 

drawn toward the positively charged terminal within the accelerator. Once inside the 

terminal shell these ions collide with a low-pressure argon gas inside a stripping canal, 

which removes electrons and breaks the molecules apart, leaving the molecular fragments 

1  ' 7 Q  
and the 1 ions positively charged. These molecular fragments, along with the ions of 

interest, are accelerated a second time as they are repelled from the terminal once 

stripped of electrons and positively charged. 

The accelerator terminal voltage is generated with the use of two pulley driven 

chains that are composed of conducting pellets separated by insulating sections (Figure 

2.4). As the pellets pass over the drive pulley an inducting plate pushes negative charge 

off the pellets to earth ground, leaving them with a net positive charge. When the pellets 

reach the terminal pulley this positive charge is deposited onto the tenninal shell. As the 

pellets leave the terminal pulley they acquire a negative charge, and are grounded again 

at the drive pulley where the process is repeated. Suppressing plates on both the drive 

and terminal pulley are used to prevent arcing as the pellets near each pulley. Pick-off 

pulleys within the terminal shell are used to charge the inductor and suppressor within the 

shell surrounding the terminal pulley. The terminal voltage is monitored with a 

generating voltmeter (GVM) positioned within the electric field between the terminal and 

surrounding tank. The voltage is regulated in response to the GVM signal by adjusting 

the two charging power supplies that supply charge to the inductor and suppressor plates 

surrounding the drive pulley. Charge from the terminal shell is continuously conducted 

through resistor strings along the two sections of accelerating tubes that produce electric 
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fields used to accelerate the beam. The entire system is enclosed within a tank filled with 

80 psi of the insulating gas SFe. 

The analysis of the high-energy beam begins with a 15° cylindrical electrostatic 

analyzer (r = 2.5 m) immediately following the accelerator. This analyzer is used to 

select the charge state of the beam before it passes through the next filter, which is a 90° 

analysis magnet (mE/q^ = 176 u MeV/e~), Lastly, the beam is E/q filtered with a IT 

spherical electrostatic analyzer (r = 2.0 m). 

After the beam passes through the high-energy beam-line, ion counting is 

accomplished with a silicon surface barrier detector, which produces voltage pulses that 

are proportional to the energy of the particles. For 15 MeV ions, the energy 

resolution AE/E of the detector is roughly 7%. The output pulses from the detector are 

amplified and sent through a pulse-height analyzer, and counts are plotted as an energy 

histogram. 

Beam Sequencing 

127 Measurements are normalized with current readings from the stable isotope 1 

in the Faraday cup chamber following the analyzing magnet on the high-energy beam 

line. To accomplish this, our AMS system employs rapid beam sequencing to alternate 

between I and 1 measurements on a single iodine target. The selection between 

isotopes is done on the low-energy beam line before the injection magnet with a process 

170 177 
known as "bouncing". With the injection magnet set to pass I, the low-mass I ions 

are given an energy boost with an applied voltage on an acceleration aperture before the 

injection magnet. The voltage is set such that this energy boost is just enough to 



compensate for the difference between the two isotope masses, allowing to pass 

through the injection magnet with the same field as for Once the beam has 

cleared the injection magnet, a second aperture following the magnet returns the beam to 

the same energy it had upon entry. The beam is then injected into the accelerator, 

alter which it has acquired the same energy (E - qV), as would so that it has a 

smaller radius of curvature when passed through the analysis magnet on the high-energy 

beam line. A fixed position Faraday cup positioned after the high-energy analysis 

magnet is used to measure the current. After a designated time for current 

measurement the acceleration aperture before the injection magnet is grounded and the 

129T • system again passes I ions. 

This sequencing process is computer controlled and automated. During one 

1 '57 1 9Q 
sequence, or cycle. I current is measured for 200 jisec and I ions are counted for I GO 

msec. This sequence is repeated 2000 times for each iodine sample during the course of 

one measurement. The end result of this measurement is a ratio of 1/ I atoms, with a 

statistical uncertainty that is inversely proportional to the square root of the number of 

atoms counted during the measurement. 

Iodine AMS 

An important element of analysis is the charge state selection of the high-

energy beam. This selection is a compromise between maximizing transmission through 

the accelerator and minimizing the background of interference ions. For a terminal 
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voltage of 2.5 MV, the production efficiency of positive iodine ions in the stripping canal 

decreases as the charge on the ions increases. 

Table 2.1 lists the first seven charge states of iodine and the measured 

transmission of these ions through the accelerator with a tenninal voltage of 2.5 MV. 

Because the magnetic rigidity of 5 MeV r' ions exceeds the capacity of the analysis 

magnet, the transmission of this charge state was not measured. 

ion (liur^v 
. 

intvrfcrcriccs 

+1 Not Measured Molecular 

+2 30 Molecular 

+3 17 ''Ca^', ''Kr '"Sr"' 

+4 7.8 '••'Mo'' 

+5 4.1 lUJi^+4 

+6 2.1 

+7 0.7 

Table 2.1. Transmission through the accelerator for the first seven charge states of '"''l at 
a terminal voltage of 2.5 MV. Possible interference ions for each charge stale are 
also listed. 

Interference ions that have nearly the same m/q and E/q, values as '"''l for each 

charge state are identified in the third column of Table 2.1. Although there are no atomic 

interference ions for the first two charge states, molecules in these states do not all 
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dissociate. These molecules pass through magnetic and electric analyzers with the same 

mass, charge, and energy of '^®I; therefore, charge states +1 and +2 cannot be used. 

Molecules are unstable in the +3 and higher charge states, so these molecular 

interferences can be removed. There are three interference ions in the +3 charge state 

that have m/q ratios close enough to so that they cannot be resolved. The resolution 

required of the analysis magnet to remove these ions is listed in Table 2.2. Equation 2.5 

can be used to calculate the resolution, with fixed values of R (1270 mm), 1 (2540 mm), 

and (j) (90°) specific to the analysis magnet in use at Arizona. These values lead to an 

equation for magnet resolution that depends only on the slit width, w. Inverting this 

equation and solving for w yields: 

w{mm) = 3810 -^'-. (Eq. 2.8) 
m 

This equation was used to calculate the slit width in mm required to remove interferences 

following the analysis magnet (Table 2.2). 

To first approximation, the minimum slit width that can be used to remove 

interference ions is equal to the diameter of the '^*^1 ion beam at that location, which has 

been experimentally determined to be 2 to 3 mm. Since the slit width required to remove 

interferences in the +3 charge state is less than the beam diameter, analysis in this 

charge state is not practical. 
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sbKr+^ 2860 1.3 

2860 1.3 

4 '•'Mo+3 417 9.1 

5 lUiRji+4 402 9.5 

6 4880 0.78 

SbKj.+4 3300 1.2 

2980 1.3 

7 238 16 

493 7.7 

498 7.7 

niCd+6 234 16 

17Q • 
Table 2.2. Interference ions for I charge states +3 to +7. The required magnetic 
resolution m/Am to remove the ions and the slit separation necessary to produce that 
resolution are given. 

As an example of the entries in Tables 2.1 and 2.2, consider the case where 

interferes with In this case, m/q = m'/q's 32.33. '^^Mo passes in abundance 

through the injection magnet as the mass-129 molecule '^^Mo'^0;. This molecule is 

broken in the tenninal stripping canal, and ions achieve an energy per charge 

value given by Equation 2.7. For an accelerator terminal voltage of 2.5 MV, 
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E'/q' = [1 + 97/(3*129)1(2.5) = 3.127. and E' = 9.38 MeV. For Equation 2.6 yields 

E/q = (1 + V^){1.5) = 3.125, and E = 12.51 MeV. As the energy/charge ratio of these two 

ions differ by little more than 0.06%, they cannot be separated with electrostatic analysis, 

but may be resolved by the energy sensitive detector. For magnetic analysis, the 

ions have the value m'E'/q'^ = (97*9.38)/3' = 101.10, while the ions have mE/q^ = 

(129*12.51)/4" = 100.86. From these values the resolution of the analysis magnet that is 

required to separate these ions can be calculated with Equation 2.5: 

m/Am = 101/(101.10 - 100.86) = 417. This is the number that is entered in the 4'^ row of 

the third column in Table 2.2. To resolve these two ions in the magnet. Equation 2.8 

requires that the slit settings before and after the magnet be no greater than w = 3810/417 

= 9.1 mm. The experimental resolution of from is discussed below. 

The removal of ''"Mo*^ from the signal is complicated by the fact that it is 

very abundant. Molybdenum and oxygen are common ion source contaminants, and 

readily form the (mass = 129 u) molecule ^'Mo'^'02". After molecular dissociation and 

acceleration of ^^Mo^^, this ion has a slightly higher magnetic rigidity (mE/q^) than 

However, scattering events and subsequent energy losses cause many of these ions to 

interfere with the signal. The "^^Mo'" peak is most prominent when the beam-line 

slits following the high-energy analysis magnet are opened. Figure 2.5 is a plot of the 

energy spectrum produced by the detector for analysis with a slit width w = 20 mm 

following the analysis magnet. This plot was produced with an iodine standard target and 

a counting time of 500 seconds. The location of the '''Mo""' peak is confirmation of its 

identity, as the ratio of its energy to the energy of ions (0.75) is the same as the ratio 



of their output voltages produced by the detector pulse. Closing the beam-line slits to 5.0 

mm reduces the intensity of, but does not remove, the '''Mo"*"^ signal (Figure 2.6). 

Q 7  
Multiple scattering events of Mo results in an energy broadening of the beam, so that 

even with 5mm slits, some ^^Mo passes through the magnet. Further, since at lower 

counting rates the high-energy portion of the ^^Mo""^ signal overlaps with the peak. 

1 9 0  1 7 Q  1 9 7  
AMS of I in the q = +4 charge state is background-limited at a level of roughly 1/ I 

= 10''" (Figure 2.7). Therefore, with our present system, the AMS of in the q = +4 

charge state is background-limited by the interference ions of ^^Mo"^^, and is only 

•  1 7 0  1 7 7  1 1  
practical for the measurement of samples with 1/ I values greater than 10' . 

Figure 2.8 is a plot of signal vs. ESA voltage. It was made by setting up the AMS 

system to measure and scanning the electrostatic analyzer (ESA) voltage across the 

peak. The target material used in this plot was a standard silver iodide sample with 

a known isotopic ratio = 9() x 10"'^. The counting rate was normalized to the 

stable isotope current in the high-energy Faraday cup following the analysis magnet, and 

to the number of cycles (or seconds) within the counting interval. The peak to the right 

(63.6 kV) of the signal has been identified as With an abundance of 10 

orders of magnitude greater than for this sample, the.se ions pass through the injection 

177 177 
magnet as hydride molecules ( IH?') or as part of the F high-energy tail [40]. 

Scattering and/or charge changing events can increase the energy of some of these ions, 

such that they are passed through the high-energy analysis magnet. Were it not for the 

resolution of the ESA. these ions would be counted as ions in the detector. The 

''"Mo ' "' peak is just discernable as a shoulder on the peak in Figure 2.8. 



Similar experiments were performed with the +5 charge state. Figure 2.9 was 

made with the slits following the analysis magnet opened to 20 mm, which allowed 

passage of "^"^Rh'"' ions. These ions pass through the injection magnet as '"^Rh^^(X)'. 

Note that the relative intensity of the ""'"^Rh'^'* peak in Figure 2.9 is much lower than that 

observed for the ions in Figure 2.5. Closing the slits to 5.0 mm removed this peak 

entirely (Figure 2.10). As a result, when Woodward iodine (Figure 2.11) is measured in 

the q = +5 charge state there is little or no contribution from '"'Rh"^ ions, and the 

measured background isotope ratio is lower than that of the +4 measurement by a factor 

of 100. As with the +4 plot, Figure 2.12 shows the presence of the stable iodine isotope 

to the right of and clearly resolved from the peak when the electrostatic analyzer 

voltage is scanned over this region. The ratio of the peak height to base is 10^, and since 

I29i/i27i sample is = 10"'°, the background ratio at the base is s 10"'^. This 

value is in agreement with measured 1/ I values for Woodward iodine. These 

measurements will be discussed in greater detail in Chapter 4. 
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the analysis magnet set at 20 mm. 



43 

400 

300 -

B c 
O 200 
O 

100 

2.2 2.4 
—T" 
2.6 

129|+5 

# » 
« 

T—'—r 

w = 5.0 mm 

= 63.6x 10"" 

•W-r 
2.8 3.0 3.2 3,4 3,6 3.8 4.0 

Voltage 
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Figure 2.11. Voltage (energy) spectrum of and ions. The iodine sample 
used for this plot was Woodward iodine, which produced a value 100 times lower 
than that measured in the +4 charge state. 



45 

o 
O 

c 
13 
O 
O 

10 

1 -T 

0.1 ^ 

0.01 

1E-3 n 

129,+5 

limit < 10 -3  

I  " 1  ^  t  
1— 1  ̂ 1 ' 1 » r 

64.0 64.5 65.0 65.5 66.0 

q = +5 

= 90 X 10"" 

# 
•»« 

66.5 

ESA Voltage (kV) 

127|+5 

T r 
I  '  f  '  \  

67.0 67.5 68.0 

Figure 2.12. Plot of counting rate vs. ESA voltage for No counts were observed in 
the regions before and after the two iodine peaks. 



46 

CHAPTER 3 

SAMPLE PREPARATION 

In order to prepare a target for an AMS measurement, the iodine from the sample 

must be extracted and converted to a stable compound that is suitable for target 

fabrication. The compound that is commonly formed for such purposes is the insoluble 

salt silver iodide (Agl). Once formed, Agl is easily recognizable by its distinct yellow 

color. Although Agl is somewhat light sensitive, it can be stored indefinitely in a sealed 

container in a dark environment without any changes in its physical properties. After the 

iodine has been extracted from the sample and converted to Agl. a uniquely modified 

pellet press is used to pack the material at a uniform pressure into an aluminum cathode 

and the target is ready for AMS analysis. 

A reliable chemical extraction technique, suitable for AMS, was developed for 

this project after a number of trials. The procedures used to extract iodine from a sample 

matrix depend on the type and the amount of sample available and the speciation of 

iodine in the sample. The first step in an extraction is to convert the iodine to the ionic 

state, iodide (T). The iodide ion is water soluble, and is subsequently oxidized to the 

molecular fonn iodine (I2). I2 is then dissolved in a non-polar solvent such as chloroform 

(CHCI3) or carbon tetrachloride (CCI4). The presence of iodine within these solvents is 

recognizable as the solvent color changes from clear to purple. Once the iodine is 

concentrated within the non-polar solvent the rest of the solution is discarded. The iodine 

is then reduced back to I" with the addition of a reducing agent, and dissolved in water. 
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Finally, the 1" is removed from solution with the addition of a silver nitrate (AgNOs) 

solution, causing the precipitation of silver iodide (Agl). 

Iodine extraction techniques specific to a few types of sample matrices are 

currently being refined at Arizona, and are discussed below. 

Iodine Extraction from CaCOa Samples 

Coral skeletons and speleothems arc composed of calcium carbonate with traces 

of iodine. Exactly how the iodine is incorporated into the calcite matrix is unknown; 

however, in both speleothems and coral skeletons it is easily liberated from the carbonate 

during acid dissolution. Once dissolved, the iodine remains in solution predominantly in 

the form of I". 

Sample sizes for this study were in the range of 5 to 20 grams of coral or 

speleothem. At an iodine concentration level of roughly 5 ppm, samples of this size 

produce an AMS target that contains 25 to 100 fig of iodine. To remove external 

contamination from the sample that may have been introduced during handling, transport 

or storage, the sample is first placcd in a one-liter beaker with enough acid to dissolve the 

outer 10% of the sample. For these samples it was found that 2.1 ml of 85% phosphoric 

acid (H3PO4) was sufficient to dissolve 1 g of CaCOs and maintain the solution at pH s 1 

(required for oxidation of F to I2) after dissolution was complete. After the acid is added 

to the sample enough distilled water is added to cover the sample completely, and the 

sample is sonicated for 30 minutes. After sonicating, this solution is discarded and the 



remainder of the sample is rinsed three times in distilled water. The sample is then 

weighed and processed. 

After the carbonate sample has been cleaned and weighed it is placed in a one-

liter beaker with 2.1 ml of 85% H3PO4 per gram of sample, and five times the acid 

volume of distilled water. The water is added to speed up the dissolution process and 

decrease the viscosity of the solution. To illustrate, a sample of CaCO s that has a mass of 

lOg will first be leached in 2.1ml of acid and enough distilled water to cover the sample 

for sonicating. This solution, which contains about 10% of the original material, is 

discarded. The remaining 9 g of sample are then dissolved in 18.9 ml of acid and 94.5 ml 

of distilled H2O. The choice of H3PO4 in this process is somewhat arbitrary, and in 

general any acid free of iodine could be used in its place. 

Once the remainder of the sample is dissolved it is filtered through a 0.22 )_im 

cellulose acetate membrane to remove any particulates from the solution. After an 

aliquot of roughly 10% is taken for total iodine measurement, the remaining solution is 

placed in a separator}' funnel for iodine extraction. 

At this point the oxidation states of iodine within the solution must be determined. 

I'ypically the acid dissolution of these CaCOs samples is complete, as nothing 

precipitates from solution and few if any particulates can be seen. Therefore, the iodine 

within the solution is soluble in water and higher oxidation states should be reduced to F 

with the addition of a reducing agent such as sodium bisulfite (NaHSOa). To make this 

determination we used an iodide selective electrode to measure Y concentration while 

adding a 1 M solution of NaHSOa one drop at a time. When the F concentration does not 



change with the addition of the reducing agent, we conclude that Y is the predominant 

oxidation state in solution. 

The next step in the extraction process is to remove the iodine from solution. To 

accomplish this, the water-soluble iodide I" is oxidized to h molecules by adding NaNOa, 

which produces the reaction 21" -> I2 + 2e". I2 is a non-polar molecule and is soluble in 

solvents such as chloroform, CHCI3. The solution must be acidic (pH < 3) for the 

reaction to proceed. This condition was satisfied when enough acid was used to dissolve 

the carbonate sample and acidify the solution. Next, 5 ml of chloroform is added to the 

solution with one drop of 1 M NaNOi, sodium nitrite. The solution is then agitated for 

several minutes and allowed to equilibrate. The CHCI3 absorbs any T produced and 

sinks to the bottom of the separator}- funnel so that it may be drained from solution. 

After the CHCI3 is drained, this step is repeated three times with the remaining solution 

with fresh CHCI3 and one drop of 1 M NaNOi. These steps must be taken slowly, as it is 

easy to oxidize the iodine to 103" and other oxidation states that are not soluble in CHCI3. 

At this point the standard approach, once all the 12 has been dissolved in CHCI3 or 

some other suitable solvent, is to reduce the iodine back to iodide in a solution containing 

a reducing agent, such as NaHSOa. The iodide is then converted to Agl with the addition 

of AgNOs in solution. This procedure is satisfactory as long as there is enough iodide in 

solution to make a sizeable quantity of AgL However, in the case of a 20 g sample of 

CaC03 with 5 ppm iodine content there will only be 100 jug of iodine to convert to Agl. 

'This would produce a final sample of Agl that weighs less than 200 jig. Such a small 
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sample size is very difficult to isolate from solution, rinse, dry and save for AMS 

measurement.. 

An alternative approach takes into account the fact that silver powder has an 

affinity for I2 molecules [41]. Instead of reducing I2 back to F, the I2 is extracted directly 

from the CI ICI3 with addition of 5 to 10 mg of silver powder. With the addition of silver 

powder to the mixture, the chlorofonn rapidly loses its purple hue and the silver powder 

darkens as the iodine is absorbed. This reaction is allowed to proceed overnight, 

although by visual inspection it appears to require only a few hours to complete. Once 

complete, the CHCI3 is allowed to evaporate in a fume hood overnight. The Ag + I2 

mixture is then rinsed three times in distilled H2O and dried overnight in a fume hood. 

Once dry, this material can be packed into a sample holder for AMS measurement. 

There are two principle advantages with this silver absorption technique. First, 

the chemical extraction procedure is simplified. After the iodide is oxidized to I2 there is 

no need to go back to F and make Agl; therefore, this step is eliminated. The second 

advantage is that an ample amount of target material is produced by this procedure. The 

size of the target sample is determined by the mass of the silver powder used to pull the I2 

from the CHCI3. If there is a need for several targets to be prepared from the sample a 

larger amount of silver powder can be used. For a typical coral sample 10 to 15 mg of 

silver powder is used to absorb 50 to 100 jag of iodine. The resulting target produces a 

1  

low-energy F beam of roughly 100 nA for 30 minutes or more. 

An alternative solution to the inherently small target sizes that samples such as 

these will produce is the addition of iodine as a carrier during chemical processing. A 
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known amount of iodine with a fixed isotopic ratio can be added during the extraction 

process to ensure the production of a sizable (several mg) AMS target. However, the 

results obtained with this method are sensitive to the extraction efficiencies of the iodine 

within the sample and the carrier iodine that is added; if these efficiencies are variable or 

unknown there will be systematic errors in the measured isotope ratio of the sample. 

A summary of the procedure developed for extracting iodine from calcium 

carbonate samples is presented in Appendix A. The use of iodine as a carrier in chemical 

processing will be discussed next in further detail. 

Carrier Iodine 

The introduction of carrier iodine during sample processing can be useful for 

samples with low total iodine content or high isotopic ratios. If the iodine content of the 

sample is low and/or there is not much sample available for processing, carrier iodine can 

be added to the sample to increase the amount of the target material available for the 

AMS measurement. Carrier iodine can also be used to dilute an active sample that may 

have such a high isotopic ratio that its '^'^l-counting rate will overload the detector 

electronics and/or contaminate the ion source. 

If carrier iodine is added to samples during chemical extraction, the measured 

isotope ratio by AMS will be: 

( 129 

127 

V  ̂J M 

f 129 r 129 r ^ 

'•s 
127 r ,127 r 

V -'s y 
(Eq. 3.1) 
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in which subscript M refers to the measured isotope ratio, and subscripts C and S refer to 

carrier and sample iodine, respectively. If the carrier iodine has a low isotopic abundance 

as compared to the isotope ratio of the sample, then this equation can be simplified with 

the approximation ''^Ic = 0. Performing this substitution and rearranging terms yields the 

expression for the true isotopic ratio of the sample: 

( t29J^ 

127 

V Js I 

( 129J^ 

127 
(l + DF), (Eq. 3.2) 

V "  J M 

where DF (dilution factor) is the ratio of carrier to sample iodine ( Ic/ Is). 

Once the true isotope ratio of the sample has been calculated the number of 

atoms, or atoms per gram of sample can be determined by measuring the stable iodine 

content of the sample, such that 

( 129 
129 r 127 T 

127 
(Eq. 3.3) 

V /s  

Alternatively, if the amount of carrier iodine added to the sample during 

processing is much greater than the total amount of iodine within the sample ('^^Ic » 

127 Is), Equation 3.2 becomes: 

( 129 

127 r 

V ^ Vs 

( 129J^ 

127 J 

V ^  J M  

f ™ T \ 

127 J 

\ J 

(Eq. 3.4) 

with the approximation (1 + DF ) s DF. Multiplying both sides of this equation by '"is 

and solving for ^^^Is yields the interesting relationship: 

129 r _127r 
S = ^ C 

f 125J^ 

127 

V ^  J M 

(Eq. 3.5) 
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which shows that the I concentration within the sample can be obtained without 

measuring the stable iodine content of the sample. 

To summarize, the result of an iodine AMS measurement is the isotope ratio 

190 197 
1/ I. If no carrier iodine was used during sample processing than this measurement is 

190 
the true isotope ratio of the sample. Equation 3.3 can be used to determine the I 

concentration (or activity, dN/dt) of the sample once the total iodine content of the 

sample has been measured. 

If carrier iodine was used during sample processing then Equation 3.2 can be used 

to determine the isotope ratio of the sample, provided that the '"''l contribution from the 

carrier is negligible. If the amount of carrier used is much larger than the total amount of 

1 70 
iodine within the sample then Equation 3.5 can be used to calculate the I concentration 

of the sample. 

It is important to consider the difficulties that can arise if carrier iodine is used 

during sample processing. If carrier iodine is to be used, it is essential that complete 

extraction of sample iodine be achieved. If it is not, the extraction efficiency must be 

1 9 0  1 9 7  1 9 0  
known or both measured results ( 1/ I)s and I atoms/gram will be lower than the 

actual values. This point is non-trivial, as it is easy during iodine extraction to remove 

most or all of the carrier iodine while leaving behind a larger fraction of sample iodine, if 

the carrier and sample iodine are in different oxidation states. Therefore, care must be 

taken to ensure sample and carrier iodine equilibration before the critical extraction steps 

such as the oxidation of iodine to iodide are completed. Repeated experiments and 



measurements may be necessary to ensure that carrier/sample iodine fractionation is not a 

significant source of error. 

For this reason, it may be advantageous to avoid the use of carrier iodine during 

sample processing if possible. If carrier iodine is not used, the measured isotope ratio of 

the sample will be insensitive to the extraction efficiency as long as this efficiency is the 

same for both isotopes. 

Stable Iodine Measurements 

When a sample has been obtained from a geologic reservoir, it may be desirable 

to know both the isotope ratio and the total iodine content. To make total iodine 

measurements we have used a commercially available instrument, an Orion iodide 

selective electrode (ISE) model 9453, and an Orion 71 OA pH/lSE bench top meter. The 

iodide selective electrode assembly consists of a central reference electrode and a sensing 

clement at the base of the electrode housing. A filling solution for charge transfer 

containing 90% deionized water and 10% potassium nitrate occupies the space between 

the electrode housing and the central reference electrode. The sensing element is 

composed of a bonded mixture of silver iodide and silver sulfide. When this assembly is 

submersed in a solution containing T ions, silver ions dissolve from the surface of the 

sensing element into the solution and a potential difference between the sensing element 

and the reference electrode is created. The magnitude of the potential difference depends 

on the iodide (F) concentration within the solution being measured. The iodide 
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concentration range that can be measured with this apparatus is from 5x10" M to 1 M 

(moles/liter), with a stated error of ± 2%. 

Certain types of interfering ions may cause the electrode to malfunction. If these 

ions, such as Cf, S'". Br" and CN", are present in high concentration they can form 

insoluble silver salts which get deposited on the surface of the sensing element. The 

Orion Model 9453 Iodide Electrode Instruction Manual lists the concentration limits of 

these ions. If the concentration of these ions exceeds these limits they must be removed 

before reliable measurements can be obtained. Seawater is an example of a solution that 

cannot be measured with the iodide selective electrode without the removal of ions such 

as CI" (Cl/1 s 3 X 10-\ Br" (Br/I s 1000) and possibly S"" (S/1 s 15000). 

As the electrode is sensitive to F only, inaccurate total iodine measurements can 

be made with this technique if all the iodine within the sample is not lirst reduced to 

iodide in solution. Although some oxidation states of iodine, such as Ii and IO3", can be 

readily reduced with common reducing agents, depending on the initial sample matrix 

there may be iodine that is locked up in more complex molecules that are insensitive to 

these agents. In this case, these molecules must first be dissociated and all iodine 

reduced to I" before an accurate reading can be obtained. 

In cases where the amount of total iodine within the sample is sufficient (s 20 p-g 

or more), the results from ISE measurements can be qualitatively verified upon the 

extraction of iodine from the sample. As previously described, during the extraction 

process chloroform acquires a violet color as I2 is introduced. The color intensity 

depends on the amount of T dissolved as well as the volume of chloroform used. This 



color intensity can be visually checked against prepared standards with equal volumes of 

chloroform and various amounts of dissolved iodine. This visual inspection technique is 

sufficient to check stable iodine measurements to within a factor of 3. 

In some cases the total iodine content of the sample may be large enough so that 

once extraction is completed the sample material (typically Agl), can be weighed. 

Other methods to measure total iodine within sample matrices include ICPMS 

(Inductively Coupled Plasma Mass Spectrometrv ) and neutron activation analysis. 

Results of total iodine measurements with ISE in a stalagmite are tabulated in 

Appendix B. and will be further discussed in Chapter 6. The stalagmite sections were 

prepared by dissolution in phosphoric acid. Once dissolved the solutions were 

neutralized with sodium hydroxide and reduced with sodium bisulfite. Five independent 

measurements were made on each sample, and different standards were prepared for each 

measurement. Total uncertainties in the measurements reflect the random uncertainty in 

the ISE apparatus (2%) and an experimentally determined uncertainty of 3% in the 

concentrations of the standards, so that each measurement has a total error of 4%. The 

last column of the table in Appendix B lists the ratios of the variances among the 

measurements to the total calculated errors. These ratios (most near unity) are in good 

agreement with what would be expected for total errors of 4%. 

Laboratory Inter-comparison 

As an illustration of the importance of chemistry in measurements of iodine 

isotope ratios, it is instructive to consider a round robin exercise that was conducted in 



1997 by Lawrence Livermore National Laboratories (LLNL) [42], Eleven different 

iodine samples were given to seven different laboratories participating in the study. 

Iodine measurements in our laboratory were not sufficiently developed to allow us to 

participate in this comparison. However, the results are sufficiently informative and 

applicable to all iodine measurements that they are included here. Four of these samples 

were Agl standards, prepared by LLNL with known isotopic ratios. Other samples of 

interest included a distilled water sample spiked with iodide, a soil sample, and samples 

of maple leaves and seaweed. A low-level Woodward iodine (WWI), (ref. p. 66) sample 

was also tested. Sample aliquots sent to these laboratories were from a larger sample 

supply that had been thoroughly mixed. The laboratories were asked to report back 

isotope ratios for the Agl samples, and atoms/g for the environmental samples. 

The results of this study were mixed, and have been tabulated in Table 3.2. The 

agreement on the isotope ratios of the four Agl samples was very good. Owing to the 

wide variety of AMS systems and the uniqueness of each system to each laboratory these 

results, albeit expected, were encouraging. No chemical preparation was necessary to 

measure these samples by AMS. Conversely, with the exception of the water sample, the 

results of the environmental samples were not in good agreement. 

The results of the laboratory' inter-comparison suggest that iodine chemistry may 

be responsible for the disagreement among the laboratories. For the samples that 

required little or no chemical preparation, the agreement between labs is good. However, 

the results for samples that required chemical extraction processes prior to isotopic 

analysis diverge significantly. This fact was the motivation for the emphasis placed on 
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chemical pretreatment in this thesis. In general, the preparation of iodine targets can be 

problematic due to the numerous stable valences, the variety of molecules that can form, 

and the volatility of some of the iodine molecules. The International Atomic Energy 

Agency (IAEA) is presently overseeing another round robin exercise; some preliminary 

results will be discussed in the next chapter. 

: 

Agl(l) 

'• 'i'  i i iiiitt 
Or ' 1 tiiums 
(9.4 + 0.5) X 10"" 

i'.ijit '  7'• i ratu) 
(h '' 'i iiitwis y 

(8.2 ± 0.1) X 10"" 

Auii'Cittcrn 

"Good 

(lii'imshy 
RitjUHcd 
None 

Agl (2) (4.8 ± 0.6) X 10"" (4.2 ± 0.1) X 10"" Good None 

Agl (3) (3.0 ± 0.2) X 10"" (2.03 ± 0.05) X 10"" Good None 

Agl (4) (5.3 ± 0.2) X 10"'- (4.76 ± 0.08) X 10"'' Good None 

WWI (9.0 +3.0) X 10"'^ (5.3 ± 1.6) X 10"'^ Good Simple 

Water (1.83 ± 0.05) X 10' (1.12 ± 0.05) X 10' Fair Moderate 

Soil (2.5 ± 0.4) X 10^ (1.2 ± 0.3) X 10^ Poor Complex 

Leaves (5.2 ± 0.2) X 10^ (3.1 ±0.5)x 10' Poor Complex 

Seaweed (8.7 ± 0.7) X lO" (1.8 ± 0.1) X 10'^ Poor Complex 

Table 3.1. Laboratory inter-comparison results. Summary of data compiled by Roberts 
et.al. [42] (1997). Results suggest that iodine chemistry may be responsible for 
discrepancies among laboratories. 
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CHAPTER 4 

ERRORS, BACKGROUND AND INTER-COMPARISONS 

Standards and Random Machine Error 

The random machine error (RME) is a random error in the measurement of 

isotope ratios introduced by fluctuations in instrument operation. Repeated 

measurements of the ratio of iodine standards have been used to deduce this random 

machine error. Iodine standards for this laboratory have been supplied by Purdue 

University's PRIME Lab (Purdue Rare Isotope Measurement Laboratory). The standards 

1 90 
were prepared from a commercially available I source by multiple dilutions and sent to 

this laboratory in the form of silver iodide (Agl). The two standards used for these 

measurements have isotopic ratios of 8.38 x 10"'" and 63.6 x 10"'" and quoted 

errors of 1% [43], As these standards have been used in nearly all iodine AMS 

measurements at Arizona, the ratio (63.6/8.38 = 7.59 ± 0.11) has been measured 

repeatedly. 

The statistical error, in iodine measurements is based purely on counting 

statistics, and the error on a single measurement is inversely proportional to the square 

root of the number of atoms counted during the measurement. The sum of the squares of 

the deviations among the measurements, or variance, cjvar, is also calculated and 

compared to the statistical error. The larger of the two errors is used to quote uncertainty 

in the average. If the variance of the measurements is the larger of the two errors, the 

difference is assumed to be the result of random machine error. The random machine 
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error is determined by comparing the variance with the statistical uncertainty on a set of 

standards. In this case, the square of the variance or total error is defined to be the sum of 

the squares of the statistical error and random machine error: 

^  v a r C F  S t  ^  R M E  (EQ- 4.1) 

The formulas used to calculate weighted average and variances were adapted from 

Bevington and Robinson [44]. The random machine error for iodine has been calculated 

by using the above equation with repeated measurements of the ratio of the isotope ratio 

of two iodine standards. 

The calculation of the RME for iodine was accomplished with the use of standard 

data compiled over the course of more than three years of measurements from June 2000 

to February 2004, for a total of 32 independent analyses. The RME calculation follows: 

1) The 40-position target w heel containing two to four targets of each iodine standard and 

up to 36 samples is loaded into the ion source. During the first rotation of the wheel each 

sample is measured one time for 200 seconds. 

2) After the sample wheel has completed one rotation the weighted average [44] of the 

value 1/ I for each type of standard is calculated, along with the ratio of the averages 

of the two standards. The first row of Table 4.1 shows the results obtained for one 

rotation of the sample wheel. 'I he sample wheel contained eight standards, four of each 

type. The averages of the four standards in each rotation are tabulated in columns 2 and 3 

of the table. The ratio of those averages is given in column 4. The numbers in the table 

1 '70 1 "77 1 1 

arc not true 1/ I ratios, as they include a normalization factor of roughly 2 x 10 . 



When the ratio of these two standards is calculated this normalization factor drops out. 

The errors quoted in Table 4.1 arc a result of counting statistics only. 

. Ik-ei =^i)i;iUor , SiswidsKil i A\;.: • 2 Avji ^ SinnJ •' Siaiui ! 
I ' i 

I 

1 1.46910.013 11.889 ±0.037 8.093 ± 0.075 

2 1.541 ±0.016 12.062 ±0.047 7.827 ± 0.084 

3 1.579 ±0.015 12.441 ±0.045 7.881 ±0.080 

4 1.612 ±0.015 12.713 ±0.045 7.888 ± 0.079 

5 1.662 ±0.015 12.748 ±0.044 7.672 ± 0.073 

6 1.654 ±0.015 12.815 ±0.043 7.746 ± 0.073 

Table 4.1. Average values of Standards 1 and 2 and the ratio of those values for each 
pass of the sample wheel. 

3) The calculations in step 2) are repeated each time the sample wheel completes a 

rotation. Six measurements (wheel rotations) were performed to produce the data in 

Table 4.1. The upward drift in the raw numbers during the course of the run is fairly 

common, and may indicate a slow drift in the instrument electronics. To minimize the 

effects of this drift, the calculations are done for each cycle, or wheel rotation, rather than 

the run as a whole. 

4) The weighted average and the statistical uncertainty of the six ratios in column 4 is 

calculated, which for this day yields: 
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R = = 7.848 ±0.031. 
M'tdavg 

Although this ratio was obtained by averaging the results from several wheel rotations, 

for the calculation that follows it will be defined here as a single measurement. 

5) Steps 1) through 4) are repeated each time a wheel of iodine standards is analyzed (32 

wheels over two years), yielding multiple measurements of the value R for the ratio of the 

two different standards. A plot of these 32 measurements is given in Figure 4.1. 

6) The weighted average of all measurements is calculated, and the statistical uncertainty 

of this average is compared to the variance of the mean of these measurements. For 

reference this calculation is included in Appendix C, with the following results: 

Rw = 7.631, 

cjst = 0.013, 

CTyar 0.061, 

CTvar/^st 4.66. 

190 197 
Thus, in the calculation of the weighted average of this 1/ I value between two 

standards. Rw, the variance of the mean value is 4.66 times the statistical uncertainty of 

the mean. Data point #4 in Figure 4.1 was seven standard deviations from the average 

and was not included in this calculation. 

7) The random machine error for a single measurement (as defined in (4) above ) can now 

be determined with the aid of Equation 4.1, with 

as,-(0.013)(N)'l 

N = number of measurements = 31, 
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Figure 4.1. 32 measurements of the iodine standards ratio 63.6/8.38. Errors are due to 
counting statistics only. 
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<7var/o'st 4.66, and 

2 „ 2 2 
O" RME O" var " ^ st-

Substituting these numbers into Equation 4.1 and solving for ctrmh yields: 

a^RME = {4.66)Vs, - a%.=  20 .72a \ t  =  20 .72(0 .013)^ (31)  =  0 .1085 ;  

<7rme~ 0.3294. 

or 

RME = ctrmh/Rw = 0.3294/7.631 = 4.3%. 

Therefore, the uncertainty used in the weighted average of a single measurement of 

I29jyi27j larger of the two errors 

(avar')''' or 

((Tst^ + aRME^)^''^-

When the RME is added to the statistical errors on each standard measurement the 

weighted average can be recalculated. This uncertainty in this average, Rw, now includes 

the RME for each measurement, and the new value can be compared to the expected 

value. Rex! 

Rw = 7.676 ± 0.063. 

Rex = 7.59 ±0.11. 

The measured value is now within one standard deviation of the expected value. The 

individual measurements have been re-plotted with the RME error included in Figure 4.2. 

Note that when the RME is included 21 out of the 32. or 66% of the measurements have 

errors that overlap the mean value, which is what would be expected of random errors 

and Gaussian statistics. 
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Figure 4.2. 32 measurements of the iodine standard ratio 63.6/8.38. Errors include a 
random machine error of 4.3%. 
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We assume thai this ctrme is the same for all measurements of the quantity 

(129 J im j\ 
D ^ /Sample 

' • 

All measurements of samples include six rotations of the sample wheel, and. as stated 

previously, the average result for these six rotations is considered to be a single 

measurement. 

The exact sources of machine random error are not always clear, but may include 

such phenomena as electrical discharges within the ion source, short-term variations in 

transmission, terminal voltage instabilities, and instrument tuning. An important point of 

this analysis is that, regardless of counting statistics, the minimum uncertainty in any 

iodine sample measurement with our instrument is currently 4.3%. This error can be 

reduced by multiple measurements as in the case of the standard ratio Rw quoted above. 

It is part of the program of this AMS laboratory to continuously attempt to lower this 

random machine error. 

Woodward Iodine Measurements 

The Woodward Iodine Corporation in Woodward, Oklahoma has supplied this 

laboratory with naturally occurring iodine that contains perhaps the lowest concentration 

129 of I measured to date; it is therefore used to measure the background of our AMS 

system and chemical processing equipment. The source of this iodine is brine wells in 

the Anadarko Basin, Oklahoma that have iodine concentrations on the order of 300 ppm 

[45 ]. Two factors contribute to the low ''"^I abundance of this material. First, the brines 
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are drilled at depths ranging from 1800 to 3200 meters and therefore have little or no 

input of cosmogenic The age of the brines is estimated to be over 100 My, such that 

most of the original cosmogenically produced iodine within the brines has decayed. 

Additionally, the uranium content in the water and surrounding bedrock is quite low (?» 

1 ppm), so that the contribution of '"'^I from spontaneous fission ofis minimized. 

Woodward iodine is bottled in the form of I2 flakes, which can be prepared for 

AMS measurements in a variety of ways. Ideally, the material could be pressed straight 

into a sample cathode without any preparation; however, due to the volatility of iodine in 

this state this method is impractical. 

The simplest (and cleanest) technique to prepare Woodward iodine for AMS 

analysis is the silver absorption technique previously discussed (Chapter 3) [41]. A 

measured quantity of I2 is placed into a glass, screw cap vial with the addition of silver 

powder. The silver powder traps the I2 gas as the iodine evaporates. During this process 

the silver powder darkens in color until the I2 flakes have disappeared. Depending on the 

amount of iodine and silver powder used, this reaction is completed in a matter of hours. 

This material is quite stable, and can be easily pressed into a sample cathode without any 

volatility issues. In addition to the simplicity of this technique, another advantage is that 

the amount of silver powder used can be varied in order to produce the desired I" current 

output from the ion source. A silver powder to iodine mass ratio of 10:1 Ag/h produces 

ion beam currents that are in the range of 20 to 50 |iA, while increasing this ratio to 100:1 

brings the current down to the 1 p-A level. Measurements of Woodward iodine prepared 

in this fashion (^29jyi27j ^ ̂  3 ̂  are labeled "Type 1" and are plotted in Figure 4.3. 
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Figure 4.3. Plot of Woodward iodine measurements. Type 1 material required the least 
amount of preparation while Type 3 material required the most. 
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Woodward iodine can be dissolved with a reducing agent solution, such as 

sodium bisulfite and water. Once dissolved the iodine remains in solution as I" and can 

be added to samples as a carrier or fabricated into AMS targets. Target preparation from 

Woodward iodine in solution involves the use of glassware and chemical reagents. The 

solution is placed into a separatory funnel, acidified to a pH == 1 with 85% phosphoric 

acid, and oxidized back to I2 with a 1 M solution of sodium nitrite. A volume of 5 ml of 

chloroform is added to the solution, which is then mixed to allow dissolution of the I2 

into the chloroform, which then produces the characteristic purple hue. The 

chloroform/I: mixture is drained into a glass vial that contains 10 mg of silver powder. 

After several hours the chloroform loses its purple hue and the silver powder darkens in 

color, indicating that the I2 has left the chloroform in favor of the silver. The chloroform 

is allowed to evaporate in a fume hood, after which time the Ag/l2 mixture is rinsed in 

distilled water three times and dried in air. Woodward iodine targets fabricated in this 

manner are labeled "Type 2" and plotted in Figure 4.3. From this figure it can be seen 

that this "Type 2" Woodward iodine when used in solution as a carrier, has a 

value of 1.3 x 10"'\ 

The "Type 3" Woodward iodine measurements in Figure 4.3 are prepared 

identically to "Type 2" targets with one exception: the Woodward iodine solution is first 

filtered through a 0.22 jj,m cellulose acetate membrane before extraction. This is done to 

mimic the procedure used in preparation of other samples in which a filtration step was 

required. Unfortunately, this filtration step increases the measured isotope ratio by nearly 

a factor of 10 = 1.0 x 10"'"). These results are summarized in Table 4.2. 
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The weighted average that has been measured for "Type 1" samples is in good 

agreement with isotopic ratios for Woodward iodine quoted in the literature [42, 46], 

some of which are given in Table 4.3. Not surprisingly, the measured isotopic ratio of 

Woodward iodine increases as the chemical preparation and handling of the iodine 

1 • 
increases. Preparation of these samples is used to check for I contamination m 

laboratory glassware, chemical reagents, desktops, and fume hoods and in the ion source 

of the AMS system. 

iypc IXsciiplion rwrniT,' '1''• 1 A"\ Li s.\ i 'i 

h + Ag 0063 ± O.OTO" 

2 Chemical reagents and glassware used 0.133 + 0.025 

3 Type 2 + filtration 1.01 ±0.10 

Table 4.2. Measured isotope ratios for Woodward iodine. These ratios depend on the 
amount of processing used to make AMS targets. 

W 

Woodward Iodine (x 10'^"^) 

8 ±2 
K 9 ± 3  
Q 5.3 ± 1.6 

Arizona 6.3 ± 1.0 

Table 4.3. Comparison of Woodward iodine measurements made at other AMS facilities 
with the measurements made at Arizona. For the purpose of anonymity, the 
identification of the facilities have been coded as W, K, and Q consistent with the round-
robin study conducted by Roberts et al, 1997 [42]. 
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IAEA Samples 

Our laboratory is collaborating with the International Atomic Energy Agency (IAEA) in 

radioisotope studies. The purpose of this collaboration is to determine radioisotope, 

• ' 129 including I, concentrations within various materials in order to certify them as standard 

references for AMS labs. This collaboration affords the opportunity to compare our 

results with those of other laboratories. To date we have measured the isotopic ratios 

(i29yi27j^ of three silver iodide samples, and the activities of a Mediterranean 

seawaier sample and a fish flesh sample from the North Sea, all provided by IAEA. 

The silver iodide samples required no preparation; however, to increase 

the bulk quantity of the material silver powder was added to the silver iodide with a ratio 

Ag/Agl of 10 to 1. This material was mixed thoroughly before pressing into aluminum 

cathodes for AMS analysis. Three targets of each Agl sample were prepared and loaded 

into a sample wheel as part of one iodine run. This process was repeated to provide six 

measurements on each Agl sample. The weighted average of the six measurements was 

calculated, and the larger of the errors (variance or statistics plus RME) was applied to 

the average. The results of these measurements are listed in fable 4.4. 

The IAEA results listed in Table 4.4 are the running averages of results from 

several other laboratories available at the present time, and may change as more results 

are received. The poor agreement of sample lAEA-414-4 is a curious result, and no 

explanation for the discrepancy can be offered at this time. However, as more results 

from this sample are received by IAEA perhaps our results will converge. 
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IAEA-415-4 (1.08 ± 0.05) X 10"^ (1.20 ± 0.03) X 10"^ 
IAEA-418 (2.83 ± 0.07) X 10"'^ (3.0±0.1)x 10"'^ 

Table 4.4. Results of silver iodide (Agl) measurements as part of collaboration with 
IAEA. 

The seawater sample was delivered in two one-liter containers. Due to the high 

concentration of interfering halogens such as chlorine and bromine in seawater, total 

iodine cannot be measured with an iodide selective electrode. We therefore sent a 50 ml 

aliquot to ACTLabs Skyline Tucson, where total iodine was measured by Induced 

Coupled Plasma Mass Spectrometry' (ICPMS); the result of 45 ppb is consistent with 

average values measured in seawater samples quoted in the literature [47J. 

Most of the iodine in seawater is in the form of the iodate ion (IO3'). The ratio of 

iodate to iodide (F) in seawater varies according to such factors as depth, temperature, 

and the amount and type of biological organisms present. For temperate surface waters 

this ratio is roughly 4 to 1 (lOiVT). As a result, the first step in chemical extraction of 

iodine from seawater is the reduction of iodate ions to iodide ions [48]. A 300 ml volume 

of seawater was poured into a 500 ml separator)- funnel, with the addition of five drops of 

0.5 M NallSOj (sodium bisulfite) as a reducing agent. The seawater mixture was 

agitated for several minutes and given time to equilibrate before adding 1 ml of 85% 

H3PO4 (phosphoric acid) to reduce the solution pH to 2. Iodide was oxidized to iodine 

(I2) with the addition of two drops of 1 M NaN02 (sodium nitrite), and 3 ml of CHCI3 

(chloroform) was added to extract the T from solution. The solution was shaken for 



several minutes and the chloroform plus iodine was allowed to settle to the bottom of the 

funnel. Once settling was complete the chloroform plus iodine was drained into a glass 

vial containing 4 mg of silver powder. To ensure complete extraction without over 

oxidizing the iodide, this extraction process was repeated four times with the addition of 

3ml of chloroform and one drop on NaNOa per extraction. Due to the low total iodine 

content of the solution (15 |ig) there was no visible color change of the chloroform during 

this procedure. After all the chloroform was transferred to the glass vial, the vial was 

capped and stored for 24 hours to allow the h to be transferred to the silver powder. The 

chloroform was then evaporated in a fume hood and the silver plus b mixture was rinsed 

with distilled water three times and dried. This mixture was then pressed into an 

aluminum target cathode for AMS analysis. 

1 OQ I 'T7 
After the isotope ratio of the seavvater sample was measured [ 1/ 1 = (1.27 ± 

0.17) X 10"^I the '^^1 activity per liter of seawater was calculated with the equation = 
dt 

-aN. In this equation. N is the number of '""l atoms per liter of seawater and X is the 

decay constant 1.40 x 10''^/sec. N was determined by using the measured isotope ratio 

i29yi27j the total iodine concentration 45 ng/L. The result of this calculation is the 

activity (0.38 ± 0.06) ).iBq/L, where 1 Bq is one decay per second. The large error 

associated with this measurement is primarily a result of the low ion beam current (2 nA) 

that this sample produced during AMS analysis, due to the small amount of iodine 

extracted. This result agrees well with the running average obtained by IAEA of (0.40 ± 

0.01) jiiBq/L. 



The last sample analyzed by our laboratory, as part of the IAEA exercise was fish 

collected from the North Sea. For this study fish of mixed species were collected and 

skinned, fish filleted, freeze-dried and homogenized. This material was then sent to 

laboratories participating in the study for isotopic analysis. 

Unlike the seawater sample, the molecular form of the iodine within the fish was 

not known; however, it was assumed that the iodine could be extracted with an alkali 

leach and fusion method reported by Nishiizumi et.al. [33]. Excess moisture was 

removed from a 13.8 g aliquot of the sample by drying on a hot plate for 24 hours. Then, 

three parts of 3 M sodium hydroxide (NaOH) and two parts of 1 M sodium nitrite 

(NaN02) were added to the mixture. The mixture was allowed to dry again on a hot plate 

before ashing in a muffle furnace at 600 °C for two hours. The ash was dissolved in 

distilled water and then filtered through a 0.22 jim cellulose acetate membrane. After 

filtration the solution was reduced with the addition of 5 ml of a 0.5 M solution of 

NaHSO}. A 20 ml aliquot of this solution was set aside for total iodine measurement. 

The procedure used to extract the iodine from this solution was similar to that used for 

the seawater sample; no carrier iodine was used in this extraction. 

190 
To calculate I activity of this sample, total iodine was measured with an iodide 

selective electrode and the value was measured with AMS. The results for both 

the fish and seawater sample are summarized in Table 4.5. 

The measurement of the activity of the North Sea fish sample produced a result 

that is roughly 20 times lower than the average value reported to IAEA. The two 

measurements that are required for the activity calculation are the '^^I/'^^l value [(1.01 ± 
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0.07) X 10"'] and the total iodine concentration [(1.82 ± 0.08) ppm] of the fish. Because 

the iodine from the fish was extracted without the use of carrier iodine, we have 

confidence in the measured isotope ratio. This isotope ratio should be insensitive to the 

iodine extraction efficiency during sample preparation. If this is so, then our measured 

iodine concentration, and therefore the extraction efficiency, appears to be too low. 

At this time we are awaiting for final results to be reported by IAEA. Once these 

results are in, we can tailor the chemical extraction procedure of the fish to optimize 

iodine extraction. It is expectcd that, through the collaborative efforts of IAEA and other 

laboratories in participation of these exercises, standardized iodine extraction methods for 

each sample type will be developed. 

SMivpli: 

Med 
Seawater 

S.-i/ip'o S'./'.' 

300 ml 

loin) rodiiic 
Coni.-

45.5 ^g/L 

(• i 

(1.27 ± 0.17) ' 
X 10"® 

Aliiv lis 
5  A / )  
(0.38 ± 0.06) 
laBq/L 

.Alliviiv 

(0.40 ±0.01) 
l-iBq/L 

North Sea 
fish 

13.8 g 2.58 jag/g 
(1.01 ±0.07) 

X 10-^ 
(1.87 ±0.14) 
mBq/kg 

(40 ± 1) 
mBq/kg 

Table 4.5. Summary of seawater and fish samples analyzed for IAEA. Activity 
measurements made at Arizona are compared to average values reported to IAEA by 

1 "70 1 "7/ ^ 
other laboratories. It is worth noting that the seawater and fish 1/ 1 values are 10 and 
10^ times preanthropogenic values, respectively. 
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CHAPTER 5 

SOLOMON ISLANDS CORAL 

Introduction 

Coral skeletons provide an unaltered record of the chemical and physical 

conditions present in the surface waters of the ocean that existed when the material was 

deposited. Coral skeletons are the by-products of living coral colonies that thrive in the 

tropical waters of Earth's oceans. Hermatypic (reef building) corals live in shallow 

waters, generally the upper 50 to 75 meters, and border the islands or continental shelves 

that bracket the latitudes 35° N to 30° S [49]. The growth of corals is dependent on 

several factors, including sea surface temperature, salinity, and the abundance of sunlight. 

Annual density bands (Figure 5.2) within the skeletons are produced as a result of 

seasonal changes; density increases when the waters are warmer and decreases during the 

winter months [49]. 

Coral records have been used extensively to study past changes in ocean 

circulation, ocean chemistry, and climate. For example, it has been shown that "^O/'^'O 

ratios in corals are good indicators of sea surface temperature [50]. The radioisotope ''*C 

has been used as a tracer to study ocean circulation [51. 52. 53, 54] and to extend the 

atmospheric calibration curve used for '^C dating beyond the dendrochronology scale, 

12,000 years before present [55]. 

The use of coral skeletons as a record of radioiodine has some advantages over 

other environmental iodine reservoirs: enhanced time resolution due to relatively rapid 

deposition (10 to 20 mm/year), no mixing processes as in varved sediments 



(bioturbation), and the existence of dating techniques to establish a reliable chronology 

for the specimen. In the case of young coral skeletons, the annual bands within the 

skeleton can be marked and counted for quick age identification. Ages of older corals 

can be determined by measuring the parent/daughter ratios of and [56]. 

Sample Selection and Preparation 

The Solomon Islands are located in the South Pacific Ocean, roughly centered 

around 8° S and 159° E (Figure 5.1). The location of these islands is well suited to 

monitor changes in '"'^I levels in the surface waters of the ocean far from point sources 

such as nuclear reprocessing facilities. The primary purpose of this study is to see if 

coral skeletons maintain a fixed record of '*"'1 in the surrounding waters at a time when 

the coral skeleton was deposited. 

The Pontes coral sample was obtained by Dr. Fred Taylor (The University of 

Texas at Austin) and Dr. George Burr (The University of Arizona) [57] in September 

1994 using an underwater hydraulic drill equipped with an 8cm diamond drill bit. The 

core was cut in half lengthwise with a diamond saw and a 5mm thick slab was cut from 

one half of the core. This thin section was X-rayed to identify annual growth bands 

within the core (Figure 5.2). One year of growth corresponds to one coupled light and 

dark band. Annual growth bands were counted to determine the deposition year, then 

marked and removed from the core with a tile saw. In cases where the growth bands 

were not clear in the X-rays, a steady growth rate of 2.1 cm/year was assumed. 
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Figure 5.1. Porites coral study site. Solomon Islands. 
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Marau Sound 
Guadalcanal, 
Solomon Islands 

Porites 

Figure 5.2. X-ray image of coral section, representing 9 to 10 years of growth. Each 
horizontal dark and light band couplet corresponds to one year of growth. The top of this 
coral skeleton was deposited in 1994. 
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Aliquots from several samples were taken to measure total iodine within the coral 

with an iodide selective electrode. Total iodine was sampled hi annually from the growth 

periods 1943 to 1969. and was found to be relatively constant around a mean of 3.4 ± 0.1 

ppm (parts per million) (Figure 5.3). This value is elevated (iodine is biophilic) with 

respect to the total iodine concentration of the surrounding waters, which is roughly 50 

ppb (parts per billion). 

1 9 0  
Sample sizes for I measurement within each annual coral band ranged from 10 

to 20 grams. The iodine extraction method that was used is detailed in Chapter 3, and a 

summary of this method has been provided in Appendix A. 

Results 

1/ 1 values were measured in annual growth bands of the coral sample that 

were deposited between the years 1910 and 1994 (Figure 5.4 and Appendix D). Errors in 

129 127 • 1/ I values include counting statistics, a random machine error of 4.3%. and a 

chemistry background correction derived from 'Type 3' Woodward iodine results (Figure 

4.3 ). Errors in growth year are a result of the uncertainty in the growth rate and the 

difficulty of resolving annual growth bands in some of the X-ray images. This error was 

estimated to be three years for the 1910 sample, and was assumed to decrease linearly to 

zero from 1910 to 1994. 

To check for reproducibility, these measurements were repeated for growth years 

1910 to 1986 by re-counting and re-marking annual growth bands from the same core of 
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coral skeletons. Each new sample was then chemically processed in the same manner as 

before and measured for values (Figure 5.5 and Appendix E). For comparison 

these two measurements are plotted together on the same graph (Figure 5.6). The 

agreement between the two data sets is quite good. 

Discussion 

In contrast to data from the radiocarbon study in the South Pacific coral [57], 

1 on 1 
1/ I values show a steady increase from 1950 to 1994 at this location. Given that the 

197 • 
1 concentration is relatively constant within these corals during this time frame, the 

increase in the isotope ratio must be due to an increase in concentration. Figure 5.7 

shows the results of the radiocarbon study for the same coral. The curve in this figure 

is an average of both curves in Figures 5.4 and 5.5. The '"^C is plotted as A'^'C, which by 

convention is the difference, per mil, of '"'C within the sample, corrected for decay. 

f A ^ 
relative to a standard value for the year 1950. Specifically, a'^C = ' -1 1000 per 

V ^1950 

mil, where Asn is the normalized sample activity and A1950 is the absolute international 

14 standard activity [58]. C levels at this location began increasing as a result of 

atmospheric nuclear weapons testing, but have since tailed off as the frequency of these 

tests declined. This curve results from the production of ''^C in the atmosphere and the 

subsequent removal of '''C by the oceans in the form of 'Y'Oa. We would expect similar 

129 behavior from the I signal if the source of the iodine was solely due to atmospheric 

weapons testing, but this is clearly not the case. Although there presumably is an 

A 
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atmospheric contribution to the levels seen in the South Pacific, evidently most of it 

is derived from an alternative source. It would seem that the contribution of fission 

fragments from nuclear reprocessing plants is the dominant source of the elevated ''''l 

levels seen in the South Pacific. 

Figure 5.8 is an enlarged plot of the pre-bomb part of the curve from Figure 5.7. 

The average (wtd) value [(4.5 ± 0.5) x 10''"'] obtained for the pre-bomb (1910 to 

1945) part of the curve is in reasonable agreement with current models that have 

predicted a pre-bomb steady-state value between 2 x 10"'^ [ 12] and 5.5 x 10"'^ [1] in the 

surface waters of the ocean. 

A likely source of the '"''l in the South Pacific is the I lanford nuclear reprocessing 

facility in Washington State. Seepage of from storage tanks at this facility has been 

documented along the Columbia River and along the northwestern coastline of the United 

States [59]. Once the iodine has reached the ocean, it could be transported southward by 

way of the North Pacific and California currents, and then carried w est across the Pacific 

via the North Equatorial current (Figure 5.9). Transport of waters from the North 

Equatorial current to south of the equator could be similar to current paths such as the 

Indonesian throughflow, which has been documented for the western Pacific region [60]. 

The transit time along this 8500-mile route can be estimated with drifting buoy data [61] 

that place speeds of 15 cm/sec for the California and North Pacific currents, and 50 

cm/sec for the North Equatorial current. Using these numbers yields a transit time of 18 

months for the iodine to travel from the northwestern U.S. to the Solomon Islands. 



Likewise, discharges from the northern European facilities of Sellafield, England 

and Cap La Hague, France could reach the South Pacific by transiting the equator 

southward from the Canary and Brazil currents, then eastward across the Indian Ocean 

and into the Solomons via the South Atlantic current. Another possible route for the 

iodine to reach the South Pacific from these sources is northward across the Arctic 

Ocean, then southward into the North Pacific Ocean by way of the Bering Strait. 

Although these sources are much further from the South Pacific than the Hanford source, 

100 1T? 
they are also much more intense. Our recent measurements of L I values (10") in 

seaweed from the Irish Sea are 1000 times higher than those measured in algae samples 

near the mouth of the Columbia River [59]. As such, contributions to the South Pacific 

129 of I from European or other point sources should not be ruled out. 

The source of the '^^1 seen in the South Pacific could be more readily determined 

with increased sampling. We have obtained coral skeletons from other locations in the 

Pacific Ocean, east of the Solomon Islands. These sites include Christmas Island and 

Easter Island. We also have plans of sampling from the Baja Peninsula. If the ''''l signal 

seen in the Solomon Islands were originating from Washington State, then we would 

expect this signal strength to increase as we traverse eastward across the Pacific and 

nearer to the source. Another site of interest includes the Hawaiian Islands, which are 

located in the center of the Pacific surface current gyre (Figure 5.9). It will be useful to 

compare '^^I plots from these various islands and island chains, as, if the primary source 

of the iodine can be determined, this comparison may help us to belter understand iodine 

transport in the ocean's surface waters. 
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The main point of this line of research is that there are literally millions of corals 

growing within tropical regions in all of the world oceans. These corals act as recording 

instruments for '""l that can be easily read with existing technology. This is an exciting 

190 
prospect to study the pathways of I within the ocean, and this is the first study to show 

that. 
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CHAPTER 6 

GRAND BAHAMA ISl.AND STALAGMITE 

Introduction 

Speleothems are cave deposits that include stalactites (top-growing) and 

stalagmites (floor-growing). These calcium carbonate formations are produced by water 

containing both dissolved Ca and CO2 that percolates down from the soil above to the 

cave below. Due to plant soil respiration and decaying plant remains the carbon dioxide 

concentration within the soil water can be ten to one hundred times higher than that of the 

atmosphere. When this water enters the cave through cracks in the cave ceiling, CO2 is 

lost to the cave air. This results in supersaturation with respect to CaCO?, and 

precipitation of calcite in the cave [62], This reaction is: 

Ca'' + 2HCO3" -> CO2 + CaCOs + H.O. 

Water-soluble iodine, in the form of I" or IO3", can be transported with the water entering 

the cave and deposited along with the calcite as the speleothem grows. Growth rates of 

stalactites and stalagmites generally vary between a few microns to a few hundred 

microns per year. 

Speleothems can be used to study past changes in climate, such as precipitation 

and temperature. During wet periods the growth of speleothems is accclcratcd, while 

zero growth can be expected during periods of drought. 

'7'^n "yxA 
Speleothems can be dated by measuring Th/ U isotope ratios. Natural water 

contains a small amount of uranium in the form of U02'^. Since this ion has the same 
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valence as calcium, some of the calcium can be replaced by uranium when the calcite is 

formed. Insoluble thorium will adhere to soil particles above the cave, so it can be 

assumed to first approximation that any thorium found within a speleothem is a result of 

uranium decay. A sketch of carbonate age vs. ^'^"Th/'"''^U is shown in Figure 6.1. and for 

further reference, a brief description of this technique is outlined in Appendix F. This 

dating method can be used for growth formations as old as 500,000 years [63]. 
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Figure 6.1. Th/ U atomic ratio vs. carbonate age. 

As a consequence of slow speleothem growth, a large amount of time can be 

represented in a relatively small volume of material. This fact, combined with the 

reliability of the uranium/thorium dating technique for this material, makes the 
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speleothem a good candidate for chemical and isotopic analysis. The purpose of this 

study is to investigate the feasibility of using speleothems to monitor changes in 

production over time. Since the earth's magnetic field acts as a shield to cosmic rays, any 

reduction in field intensity will result in an increase in the cosmic ray flux through the 

atmosphere and, consequently, an increase in the production of cosmogenic radioisotopes 

such as and '''^1 [64]. Therefore, changes in production may be representative of 

variations in the intensity of Earth's magnetic field, as discussed below. 

Sample Selection and Preparation 

The stalagmite selected for this study was removed by scuba divers from 

Sagittarius Cave in Grand Bahama Island, which is situated in the North Atlantic Ocean 

roughly 100 km east-northeast of Ft. Lauderdale, F1 (Figure 6.2). The cave has been 

submerged since sea levels were 20.3 m below present, some 10,000 years ago after the 

last glacial maximum [65]. The formation of this particular stalagmite occurred before 

this glaciation, and ceased sometime before the cave was submerged. 

A piece of this stalagmite was sectioned for this study. Sampling was 

taken parallel to the growth bands of the stalagmite (Figure 6.3). While changes in 

coloration can be observed in this figure, annual bands are not observed. The various 

lighter and darker bands observed probably represent periods of relative drought and 

higher rainfall. Changes in color itself are probably due to changes in mineral 

composition, crystal structure and orientation as it was being formed (Figure 6.3). These 

growth bands were marked as shown in Figure 6.3 and used as guidelines for sample 



idenlification. A diamond saw was used to cut the stalagmite along the growth bands into 

25 different sections for iodine analysis (Figure 6.4). 

Iodine was extracted from each of these 25 sections in a manner identical to that 

used for the coral samples discussed in Chapter 5. Sample sizes ranged from less than 

five to nearly 20 grams per sample. Aliquots of each sample were saved for total iodine 

measurements with an iodide selective electrode, and the remaining solutions were used 

100 1 '5*7 

for iodine extraction and target preparation for 1/ IAMS measurements. 
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Figure 6.3. Slab of stalagmite GB-89-27-1 used for iodine analysis. Growth bands were 
marked and traced for positive identification. Samples used include numbered sections 
and highlighted central section. Sections labeled E and F on top right of stalagmite were 
used to obtain higher resolution for growth bands 24 and 25 (30 kyr BP). 
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Figure 6.4. Enlarged view of stalagmite GB-89-27-1 sections used for iodine analysis. A 
permanent marker was used to trace the growth bands for sample sectioning. The oldest 
section is at the bottom. 
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Results 

Portions of this stalagmite were dated by the method [66] at the 

University of Bristol. UK. These ages were plotted against growth distance (mm) from 

the bottom (oldest) portion of the stalagmite (Figure 6.5). These data were then used to 

obtain a growth-rate curve of the stalagmite. The growth-rate curve was estimated by 

using Figure 6.5 and by averaging the results of two fitting methods. The first method 

assumed linear growth between the dated sections, and the second method used a smooth, 

hand-drawn curve fitted between the data points. The slopes of the lines were calculated 

at 5mm growth intervals for each curve, and then averaged to obtain Figure 6.6. 

From Figure 6.6 it can be seen that the growth rate of this stalagmite varied by 

more than two orders of magnitude, with very slow or zero growth between 40 and 50 

thousand years before present, and very rapid growth at around 57 thousand years before 

present. The growth of spcleothems can be influenced by several factors. These factors 

include changes in the CO2 and calcium concentration in the soil above the cave, a shift in 

or temporary blockage of the drip source, or a paleoclimatic change from wetter to drier 

conditions [67, 68J. Apart from the.se physical changes, it may be possible that the 

elevated growth rate at 57 kyr before present could be explained by a marked rise in sea 

level at that time. As the sea level rises, the contribution from wind-blown sea spray to 

the precipitation above the cave, and subsequently to the rate of speleothem formation, 

could increase dramatically. Several sea-level models have predicted a local seawater 

maximum at roughly this time frame [69, 70, 71, 72], If this were the case, we might 

expect to see the composition of the speleothem change to reflect the different mineral 
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contents of rain and seawater. The iodine content of the speleothem may provide this 

link because the concentration of iodine in seawater (50 |.ig/l) is higher than in rainwater 

(1 ^ig/l) [47]. Figure 6.7 is a plot of the total iodine ('^^1) measurements of the individual 

stalagmite sections. The data for this curve are given in Appendix B. The rapid growth 

rate of the stalagmite at 57 kyr BP and the co-variant increase in its iodine abundance at 

that time suggest a contemporary increase in sea level with enhanced iodine transport by 

sea spray in the proximity of the cave. 
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Figure 6.5. ^^^U/^^°Th dates for stalagmite GB-89-27-1. 



Figure 6.6. Growth-rate curve of stalagmite GB-89-27-1, determined from data in Figure 
6.5. 
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Figure 6.7. Total iodine concentration versus age for sections of stalagmite GB-89-27-1. 
The iodine concentration peak is time coincident with the growth-rate peak in Figure 6.6. 
Errors in the age estimates are a result of sampling across several kyrs in growth. 



129 127 1/ 1 values measured in this stalagmite are plotted in Figure 6.8. Errors in the 

isotope ratio are a result of the larger of counting statistics and random machine error 

(added quadraticalh) or variance in the measurements. Errors in the age scale are a result 

1TQ \ 

of the size of each sample in which 1/ I was measured, which, depending on the 

growth rate of the stalagmite, could span several thousand years in time. For the majority 

of the time period in which these ratios were measured, between 35 and 60 kyr BP, there 

• 1OQ 1OT 
is no significant structure within the curve in Figure 6.8. Significant increases in 1/ I 

values are seen at the two ends of the curve, at 30 kyr and 60 to 70 kyr BP. These 

increases will be discussed below. 

1 70 1 "7*7 
With the stable iodine measurements that were obtained, the 1/ " I values can be 

converted to atoms of per gram of sample (Figure 6.9). When this is done a new peak 

in the graph emerges at roughly 57 kyr BP. This peak is time coincident with the growth 

129 rate and stable iodine peaks observed in Figures 6.6 and 6.7, such that the I 

concentration is found to increase along with the ''"l concentration as would be expected. 

In contrast, the 1/ I values are independent of the growth rate or the total iodine 

concentration of the stalagmite. For this reason the data plotted in Figure 6.8 are most 

relevant. 

Discussion 

It is useful to compare Figure 6.8 with data from other cosmogenically produced 

isotopes within the same time frame. Figure 6.10 includes recent data from "'Be 

measurements made at this laboratory by McHargue et. al., [73. 74]. These plots were 
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made by measuring "*Be concentrations in sea sediments from the Blake Outer Ridge east 

of Florida and from the Gulf of California, "'Be is a spallation product of high-energy 

cosmic rays, and has been found to track changes in the intensity of Earth's magnetic 

field [73], 

The Mono Lake excursion at 30 kyr BP that is seen in the '^Be Gulf of California 

data has also been found in CI records from Greenland ice cores [75], and is a 

prominent feature in the '~''l stalagmite data. This event has been detected in some [76. 

77], but not all. geomagnetic field intensity records. The absence of this sharp peak in 

the "'Be Blake Outer Ridge data can be explained with a lower sedimentation rate and/or 

bioturbation of the sediments within this region, both of which result in a decrease in time 

resolution. In fact, if it were not for the relatively high growth rate of the stalagmite 

during this time, this excursion of short duration may have been absent from this record. 

One of the most documented geomagnetic excursions is the Laschamp, which is 

evident in the "^Be data at both the Gulf of California and the Blake Outer Ridge 

locations at 42 kyr BP. Paleointensity records from sea sediments at the Blake Outer 

Ridge suggest that the strength of Earth's magnetic field during this time period 

decreased to roughly 10% of the modem value [76, 77], which resulted in an increase in 

"^Be production. The absence of a peak at the time of this Laschamp Excursion 

in the stalagmite data may be explained with the growth-rate curve. Figure 6.6. During 

this time period this stalagmite grew very slowly, and possibly experienced a period of 

zero growth during the Laschamp Excursion. The timing of the growth hiatus with the 



Laschamp event is perhaps unfortunate, yet the absence of a during this time 

frame is consistent with zero to little iodine deposition. 

The peak in the '°Be Blake Outer Ridge data at 62 kyr BP also corresponds to a 

decrease in magnetic field intensity [76, 77]. It is possible that the rise in values 

within the stalagmite during this time period may be tracking this excursion, but the low 

time resolution and large uncertainties of these data points leaves this coincidence 

speculative at best. 

19Q 197 
In summary, the 1/ I rccord obtained within the stalagmite duplicates the 

Mono Lake excursion seen in the "^'Be record from the Gulf of California, and possibly 

the 62 kyr excursion seen at Blake Ridge. It is unfortunate that these dramatic increases 

170 197 
in 1/ I values occur near the extremities of our stalagmite sample, and it would seem 

to be quite important to extend the record at both younger and older ages. We are 

searching for stalagmites that might enable us to perform these extensions to our current 

190 197 
1/ I data. It may be desirable to obtain such speleothems from inland caves, where 

variations in sea level and contributions from sea spray would not affect growth rates or 

isotopic ratios. 

1 9Q 1 97 
Based on the results presented in this chapter, the prospect of using 1/ I 

measurements in speleothems to track changes in the cosmic ray flux or Earth's magnetic 

field is very promising. The time resolution can be improved with larger sample sizes, or 

by locating speleothems with high growth rates during time frames of interest. Because 

. 1 9 0  
of its long half-life, I records such as these could be used to look further back in time. 
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Figure 6.8. values for stalagmite GB-89-27-1. The peak at 30 kyr BP is time 
coincident with the Mono Lake geomagnetic excursion. 
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CHAPTER 7 

SUMMARY 

The '"''l program at the NSF-Arizona AMS facility has been established. 

ratios are measured with accelerator mass spectrometry by analyzing 15 MeV ions in the 

q = +5 charge state. Sensitivities as low as 10''** have been achieved. Repeated 

measurements of iodine standards have revealed a random machine error of 4.3% for 

iodine AMS. With continuing experimentation and the refinement of analysis techniques 

it is hoped that this random error can be reduced in the future. 

Laboratory inter-comparisons have demonstrated the need for the establishment 

of procedural consistency for the chemical preparation of AMS targets. Although various 

1 "7 Q 197 
laboratories with the capability to measure 1/ 1 ratios achieve consistent results with 

prefabricated AMS targets, these results begin to diverge when chemical preparation is 

necessary to prepare targets in-house. This laboratory is collaborating with the IAEA to 

establish and standardize these procedures. 

Techniques have been developed to extract iodine from a variety of materials, 

including seawater, seaweed and calcium carbonate. These chemical extraction 

techniques, and the process of AMS target preparation, have been simplified by taking 

advantage of the affinity of silver power for iodine. As a result, the requirement of 

carrier iodine addition during sample processing has been eliminated. Each step of the 

procedures developed has been checked to assure that iodine losses have been minimized. 
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The background for each technique has been quantified, and the reproducibility of the 

results, whenever possible, has been checked. 

An 84-year annual record of values has been determined from coral 

skeletons that were deposited in the South Pacific Ocean. This is the first such record of 

within coral skeletons. This record shows an increase in concentration from the 

years 1950 to 1994, presumably due to emissions from nuclear reprocessing facilities. 

1 "yQ 101 
Pre-bomb 1/ 1 levels measured in this coral are in agreement with predicted values [1, 

12]. Iodine within corals is concentrated relative to the surroimding waters, and becomes 

fixed within the coral after incorporation. Because of their rapid growth and relatively 

-I Q 

high iodine concentration, high-resolution records of 1/ 1 values can be obtained. The 

formation time of corals may be detennined by counting annual growth bands or with the 

234u/230jj^ dating method. As a result, coral skeletons may be the ideal medium for 

obtaining a history of 1 levels in the surface waters of the ocean. 

• • 190 
To investigate the possibility of using I to monitor changes in the cosmic ray 

flux or changes in the intensity of Earth's magnetic field, a 40 kyr record of has been 

obtained within a stalagmite from the Bahama Islands. This is the first such record of '^''l 

in speleothems. This record has duplicated the Mono Lake event 30 kyr BP that has been 

seen in a "^Be record from ocean sediments and a ^^Cl record from a Greenland ice core. 

129 Unlike corals skeletons. 1 records within stalagmites can be complicated by factors 

such as highly variable growth rates and variable total iodine content during stalagmite 

formation. Nevertheless, when combined with established ^^'^U/^^°Th dating techniques 



I l l  

these variations can be accounted for. As a result, the study of within speleothems 

should continue to be pursued. 

In conclusion, the use of as a geologic tracer has been well established. As 

analytical and chemical extraction techniques improve, the applications of the study of 

129 I will no doubt increase. The results from these future studies, combined with data 

from other cosmogenically produced nuclides, will lead to a better understanding of a 

host of natural processes. 
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APPENDIX A 

IODINE EXTRACTION FROM CaCO, SAMPLES 

Sample sizes of 5 to 20 grams; iodine content 2 to 10 ppm. 

Clean sample exterior with 10% acid leach and distilled water; sonicate for 30 

minutes. 

Rinse sample three times in distilled water; dry and weigh. 

Add 2.1 ml 85% H3FO4 per gram of sample; add distilled water: Vw = 5Va. 

Filter solution through 0.22 cellulose acetate membrane. 

Take aliquot (10%) of sample solution for stable iodine measurement. 

Place solution in separatory funnel; add 5 ml CHCI3 and one drop 1 M NaNOi. 

Agitate for several minutes; let solution equilibrate for several minutes. 

Check for color change in CHCI3; drain into scintillation vial containing 10 mg 

Ag powder. 

Repeat oxidation and extraction procedure three times with fresh CHCI3 and 

NaN02. 

Rest sample overnight to allow transfer time for Ii from CHCI3 to Ag; color 

changes in CHCI3 from light purple to clear; Ag color changes from lighter to 

darker. 

Evaporate CHCI3 in fume hood; rinse Ag + I2 three times in distilled water and 

dry in fume hood. 
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APPENDIX B 

STALAGMITE GB-89-27-1 TOTAL IODINE MEASUREMENTS 

Sample 
(sectim) 

Meas 1 MeSvS 2 Meas 3 Meas 4 Meas 5 Avg 
( X 10--) 
M 

Avg 
(ppra) 

CTvaj-^Oi 

1636 (1) 1 .'J 1 1,76 1.72 1.87 1.80 1.81 ± 
0.04 

2.93 ± 
0.06 

1.08 

1637 (2) 3.04 2.69 2.77 2.83 2.80 2.82 ± 
0.06 

3.17 ± 
0.07 

1.16 

1638 (3) 5.54 5.20 5.27 5.47 5.19 5.33 ± 
0.10 

4.06 ± 
0.08 

0.76 

1639 (4) 2.72 2.52 2.52 2.81 2.64 2.63 ± 
0.06 

2.30 ± 
0.05 

1.21 

1640 (5) 4.79 5.04 5.12 5.22 4.92 5.01 ± 
0.09 

4.21 ± 
0.08 

0.84 

1641 (6) 5.20 4.84 5.14 5.12 5.00 5.05 ± 
0.09 

6.17 ± 
0.11 

0.70 

1642 (7) 16.1 16.2 16.1 16.1 16.0 16.1 ± 
0.3 

9.43 ± 
0.18 

0.11 

1643 (8) 11.2 10.9 11.0 11.3 10.5 11.0 ± 
0.2 

10.8 ± 
0.2 

0.71 

1644 (9) 6.49 6.29 6.17 6.51 6.19 6.32 ± 
0.11 

8.35 ± 
0.15 

0.64 

1645 
(10) 

13.2 12.9 13.1 13.2 13.1 13.1 ± 
0.2 

8.31 ± 
0.13 

0.23 

1629 
(11) 

6.69 6.62 6.45 6.82 6.19 6.54 ± 
0.12 

8.55 ± 
0.16 

0.93 

1628 
(12) 

5.50 5.43 5.31 5.69 5.23 5.42 ± 
0.10 

9.55 ± 
0.18 

0.82 

1627 
(13) 

4.75 4.60 4.56 4.76 4.33 4.59 ± 
0.08 

7.01 ± 
0.12 

0.96 

1626 
(14) 

3.21 3.01 3.01 3.33 2.91 3.08 ± 
0.08 

4.47 ± 
0.12 

1.39 

1625 
(15) 

1.54 1.53 1.40 1.72 1.39 1.50 ± 
0.06 

2.33 ± 
0.09 

2.25 

1624 
(16)* 

0.365 0.380 0.359 0.442 0.379 .381 ± 
.015 

0.70 ± 
0.03 

2.19 

1623 
(17) 

2.94 2.64 2.79 2.74 2.61 2.73 ± 
0.06 

3.70 ± 
0.11 

1.21 
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1622 
(18) 

3.69 3.42 3.55 3.66 3.41 3.54 ± 
0.06 

5.05 ± 
0.09 

0.92 

1621 
(19) 

4.93 4.49 4.61 5.00 4.54 4.70 ± 
0.11 

5.94 ± 
0.14 

1.25 

1619 
(20) 

3.43 3.14 3.22 3.49 3.14 3.27 ± 
0.07 

5.61 ± 
0.12 

1.27 

1618 
(21) 

3.82 3.58 3.42 3.77 3.51 3.61 ± 
0.08 

5.45 ± 
0.12 

1.18 

1617 
(22) 

4.66 4.35 4.47 4.60 4.36 4.48 ± 
0.08 

6.44 ± 
0.12 

0.78 

1616 
(23) 

3.06 2.87 2.85 3.20 2.75 2.93 ± 
0.08 

5.16 ± 
0.14 

1.55 

1615 
(24) 

2.96 2.77 2.66 2.78 2.41 2.69 ± 
0.09 

3.76 ± 
0.13 

1.89 

1614 
(25) 

1.35 1.21 1.16 1.30 1.24 1.25 ± 
0.03 

3.39 ± 
0.08 

1.51 

* This sample had a concentration below the theoretical detection limit. 
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APPENDIX C 

'MATHCAD' RANDOM MACHINE ERROR CALCULATION 

7.848 ,031 

8.044 .135 

8,024 .057 

7.836 .113 

7.898 .059 

7.132 .04 

6.924 

7.841 

.044 

.118 
Calculation of Iodine RME 

8.017 .099 

7,467 .075 Rj = Ratio of Two Standards 
7.359 .08 Tj = Error in Ratio 
7.65 .068 N = Number of Measurements 

7.513 .063 [1 = Weighted Mean 
7.725 .082 a = Statistical Error in Weighted Mean 
8.106 .069 V = Variance of the Weighted Mean 

7.739 r : = .067 V/a = Variance/Statistics Ratio 

7.898 .083 

8.191 .124 N: = 31 

8,27 ,087 

8,118 

7.519 

7.324 

.092 

.065 

,066 

30 30 _ 

E:=  y  J  y  , | 7  

7.75 ,124 

7,822 

7,909 

.153 

.152 

j 30 

V -  ^  • )  ^  •  y  ( r . - i i ) ^  
/r. N- 1 ^ ' ' 

7.765 ,159 'vN ^1 i = 0 ^1 = 7,631 

7,407 ,174 0 = 0,013 

7,47 ,281 V = 0.061 

7,242 

7,666 

,173 

,103 

V 
- = 4.657 
a 

7,2 ,185 



APPENDIX D 

SOLOMON ISLANDS CORAL DATA SET #1 

iiiOVMh \\uiis Si .'X: (y) 

1910-1911 7.82 ; .wH !. 0.68 
1911-1912 13.71 0.29 ±0.14 
1912-1913 18.32 0.12 ±0.13 
1913-1914 18.40 1.16±0.18 
1914-1915 18.90 0.29 ±0.15 
1915-1916 17.16 0.23 ±0.15 
1916-1917 8.55 0.85 ± 0.26 
1917-1918 16.10 0.24 ±0.14 
1918-1919 16.49 0.16±0.18 
1919-1920 13.71 0.53 ±0.16 
1920-1921 13.05 0.34 ±0.15 
1921-1922 16.44 0.21 ±0.14 
1922-1923 11.98 0.57 ±0.18 
1923-1924 12.91 0.51 ±0.19 
1924-1925 12.91 0.39 ±0.16 
1925-1926 18.72 0.43 ± 0.23 
1926-1927 16.65 0.32 ±0.14 
1927-1928 13.52 0.79 ± 0.20 
1928-1929 14.43 0.69 ±0.18 
1929-1930 15.89 0.42 ± 0.46 
1930-1931 14.62 0.53 ± 0.19 
1931-1932 14.15 0.31 ± 0.20 
1932-1933 13.34 0.30 ± 0.30 
1933-1934 18.02 0.18 ±0.14 
1934-1935 15.22 0.28 ±0.15 
1935-1936 13.91 0.30 ± 0.20 
1936-1937 14.33 0.12 ±0.14 
1937-1938 13.53 0.30 ± 0.15 
1938-1939 18.33 0.29 ± 0.16 
1939-1940 14.81 0.42 ±0.15 
1940-1941 19.26 0.35 ±0.15 
1941-1942 14.20 0.86 ±0.21 
1942-1943 8.06 1.92 ±0.34 



1943-1944 10.09 0.98 ± 0.20 
1944-1945 10.83 0.93 ±0.17 
1945-1946 13.63 1.04 ±0.21 
1946-1947 11.40 0.99 ±0.18 
1947-1948 13.26 1.52 ±0.25 
1948-1949 14.22 1.26 ±0.18 
1949-1950 11.83 1.60 ±0.27 
1950-1951 12.19 2.56 ± 0.25 
1951-1952 11.20 2.94 ± 0.26 
1952-1953 11.42 2.34 ± 0.25 
1953-1954 11.68 3.01 ±0.27 
1954-1955 12.07 2.64 ± 0.27 
1955-1956 14.89 5.87 ±0.38 
1956-1957 17.96 4.79 ± 0.34 
1957-1958 16.06 4.51 ±0.32 
1958-1959 16.57 5.53 ±0.34 
1959-1960 16.06 5.48 ± 0.35 
1960-1961 14.93 4.86 ± 0.33 
1961-1962 13.99 5.74 ± 0.45 
1962-1963 15.10 5.25 ±0.35 
1963-1964 10.37 5.95 ±0.48 
1964-1965 4.92 6.72 ±0.85 
1965-1966 6.65 5.44 ±0.43 
1966-1967 9.92 5.58 ±0.38 
1967-1968 13.83 6.24 ± 0.40 
1968-1969 7.77 5.86 ±0.44 
1969-1970 8.97 6.37 ±0.41 
1970-1971 6.36 6.70 ± 0.50 
1971-1972 7.12 7.64 ± 0.52 
1972-1973 6.00 7.09 ± 0.55 
1973-1974 7.28 6.66 ± 0.46 
1974-1975 7.96 7.71 ±0.53 
1975-1976 8.07 8.25 ± 0.49 
1976-1977 8.75 8.84 ±0.55 
1977-1978 10.46 9.12 ±0.55 
1978-1979 7.98 9.89 ± 0.63 
1979-1980 10.32 9.39 ± 0.56 
1980-1981 7.54 11.49 ±0.69 
1981-1982 10.16 11.70 ± 0.66 
1982-1983 9.56 13.43 ±0.74 



1983-1984 9.43 11.19 + 0.67 
1984-1985 12.3 11.96 ±0.66 
1985-1986 15.11 12.76 ±0.68 
1986-1987 15.65 13.94 ±0.75 
1987-1988 11.57 13.11 ±0.74 
1988-1989 13.47 17.09 ±0.89 
1989-1990 9.05 18.56 ±0.99 
1990-1991 11.49 17.32 ±0.93 
1991-1992 9.25 16.03 ±0.88 
1992-1993 9.22 18.74 ±1.03 
1993-1994 8.69 22.06 ± 1.23 
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SOLOMON ISLANDS CORAL DATASET #2 

Sunipk' hi/i.; (y) HFT"' 

1.39 ±0.21 1910-1911 7.36 

HFT"' 

1.39 ±0.21 
1911-1912 16.90 0.44 ± 0.16 
1912-1913 19.07 0.56 ±0.16 
1913-1914 21.01 0.62 ±0.18 
1914-1915 19.29 0.68 ±0.19 
1915-1916 16.48 0.62 ±0.16 
1916-1917 17.26 0.58 ±0.16 
1917-1918 15.94 1.11 ±0.19 
1918-1919 17.61 0.74 ±0.17 
1919-1920 16.77 0.37 ±0.18 
1920-1921 15.56 0.33 ± 0.25 
1921-1922 20.58 0.29 ±0.16 
1922-1923 18.64 0.70 ± 0.23 
1923-1924 16.07 0.35 ±0.15 
1924-1925 17.02 0.41 ±0.16 
1925-1926 17.50 0.27 ±0.14 
1926-1927 16.74 0.48 ±0.17 
1927-1928 17.35 0.22 ±0.14 
1928-1929 17.42 0.46 ± 0.15 
1929-1930 19.65 0.18 ±0.13 
1930-1931 17.39 0.17 ±0.13 
1931-1932 16.74 0.58 ±0.16 
1932-1933 16.72 0.49 + 0.16 
1933-1934 16.86 0.33 ±0.14 
1934-1935 15.66 0.45 ± 0.28 
1935-1936 16.77 0.32 ±0.16 
1936-1937 20.29 0.34 ±0.14 
1937-1938 15.79 0.42 ±0.16 
1938-1939 17.37 0.59 ±0.17 
1939-1940 17.15 0.60 ±0.16 
1940-1941 17.66 0.37 ±0.16 
1941-1942 19.45 0.56 ±0.16 
1942-1943 18.49 1.09 ±0.18 



1943-1944 12.99 0.93 ± 0.24 
1944-1945 15.92 1.25 ± 0.20 
1945-1946 12.73 0.9510.18 
1946-1947 13.79 0.87 ±0.17 
1947-1948 13.76 0.88 ±0.21 
1948-1949 14.15 1.59 ±0.20 
1949-1950 13.29 2.94 ± 0.26 
1950-1951 14.70 1.78 ±0.21 
1951-1952 13.62 2.27 ±0.21 
1952-1953 10.20 2.32 ± 0.25 
1953-1954 13.47 2.41 ±0.24 
1954-1955 11.37 3.40 ± 0.36 
1955-1956 14.91 3.70 ±0.30 
1956-1957 17.22 3.44 ± 0.29 
1957-1958 15.05 3.69 ±0.30 
1958-1959 18.77 4.78 ± 0.33 
1959-1960 15.37 4.11 ±0.31 
1960-1961 14.68 5.84 ±0.38 
1961-1962 17.95 4.91 ±0.33 
1962-1963 11.34 4.70 ± 0.38 
1963-1964 13.13 4.12 ±0.33 
1964-1965 6.83 5.39 ± 0.43 
1965-1966 6.89 5.78 ± 0.46 
1966-1967 10.97 4.94 ± 0.35 
1967-1968 12.22 6.08 ± 0.40 
1968-1969 9.74 5.62 ± 0.49 
1969-1970 9.30 7.05 ± 0.47 
1970-1971 6.95 7.64 ± 0.56 
1971-1972 10.58 7.40 ± 0.47 
1972-1973 5.36 7.95 ± 0.54 
1973-1974 8.32 8.03 ± 0.55 
1974-1975 8.02 7.98 ± 0.59 
1975-1976 9.70 8.27 ± 0.53 
1976-1977 8.43 8.74 ± 0.60 
1977-1978 9.43 9.59 ±0.59 
1978-1979 8.94 9.68 ±0.61 
1979-1980 9.76 9.91±0.62 
1980-1981 9.60 11.08 ±0.64 
1981-1982 10.06 11.75 ±0.67 
1982-1983 7.49 13.05 ±0.74 



1983-1984 8.63 12.07 ±0.71 

1984-1985 15.76 11.72 ±0.64 

1985-1986 14.51 13.45 ±0.79 
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APPENDIX F 

URANIUM/THORIUM DATING 

1. Carbonates precipitate from water to form, for example, speleothems and corals. The 

carbonate will contain and in the ratio in which they are found in the water, 

approximately in secular equilibrium. Since thorium is insoluble in water, newly formed 

carbonates are assumed to contain no thorium. In some instances, inherited thorium is 

corrected for [66]. 

2. As the carbonates age, . 

3. If and are in secular equilibrium, then Xzn = X234 in which X23& and 

4. If we assume a constant amount of i.e. X\a » Xyj then the time 

dependent ratio of the concentrations of ""''^Th and are related by the expression 

A,234 are the decay constants of U and U, respectively. 
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