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This research was conducted to determine the potential for using plants to obtain 

samples of boron isotopes from groundwater, soil moisture and fracture water. In essence, 

this work sought to ascertain whether plants can function as in-situ samplers for boron as an 

environmental isotope. At present, very little is known about the behavior of boron isotopes 

in plants so this study was designed to reveal any isotopic fractionation that might occur 

during plant uptake by a specific species under carefully controlled conditions. 

The relationship between the boron isotope ratios sequestered in the leaves of the 

species Atriplex canescens and the growth conditions of the plant were investigated using a 

semi-hydroponic greenhouse experiment. Nutrient boron concentration and solution pH were 

selected as experimental variables as these parameters span large ranges in nature. In 

addition, the mechanism through which plants take up anionic nutrients suggests that boron 

isotope fractionation could occur. The experimental setup was a randomized factorial block 

design and the plants were provided six different nutrient solutions with pH values ranging 

from 7.5 to 9.S and boron concentrations varying from 0.1 mg/L to 10.0 mg/L. 

Boron concentration in the plant's leaf and stem samples followed expected patterns, 

with the highest boron amount in the leaves of the plants fed nutrient solution with 10.0 mg/L 

B. The stem samples of plants fed 0.1 mg/L B contained the least boron. The ratio of boron 

in plants fed 10.0 mg/L vs. 0.1 mg/L B was far less than the 100:1 ratio of boron in the 

nutrients, which implies that a component of uptake is actively controlled by the plant. 
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Negative thermal ionization mass spectrometry was employed to analyze the minute 

amounts of boron extracted from digests of the plant tissues. Statistical tests were utilized 

to determine that, contrary to the hypothesis, no significant isotopic fractionation occurred 

during uptake at any treatment pH level. The results of this research indicate that the species 

Atriplex canescens can provide samples of boron isotopes which closely represent the isotopic 

signature of the plant's water source. 
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1.1 Boron as a Tracer 

Isotopes of the element boron have proven useful for tracing various water sources 

as they migrate in the environment. For example, boron isotopes have been used to identify 

municipal wastewater which has infiltrated and mixed into groundwater supplies (Bassett et 

al., 1995; Leenhouts et al., 1998; Earth, 1998). Boron's usefiilness as a tracer relies on 

several attributes. In many natural environments, boron is stable and does not undergo 

reactions, such as oxidation/reduction (Goldberg, 1997), which fractionate its isotopes. 

Therefore, in many circumstances a given boron source maintains a consistent and 

recognizable isotopic ratio as migration occurs through unsaturated and saturated media. 

Another useful attribute of boron isotopes is their large span of relative values in nature. 

Bassett (1990) compiled boron isotope measurements from the published literature and noted 

that natural boron ranges from -31 %o for terrestrial rocks to 40 %o for sea water. Since the 

analytical precision of analysis ranges from approximately 0.2S to 2.0 %o (Spivack and 

Edmond, 1986; Oi, et al., 1989) depending on the method of analysis, different sources of 

boron with distinct isotopic ratios can be easily distinguished. 

Although boron isotopes have been used successfully as environmental tracers in a 

variety of circumstances, the potential usefulness of boron taken up by plants as a tracer has 

not been adequately explored. Boron is a micronutrient in vascular plants (Warington, 1923; 

Marschner, 1986), so it is required in small quantities, but is toxic in larger concentrations. 
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Boron is toxic to plants at rdatively low concentrations, causing necrosis of the leaf margins, 

largely because it transports readily up the xylem, but is phloem immobile in most species 

(Brown and Hu, 1998). Xylem is the vascular tissue in plants that transports water and 

nutrients from the roots to the shoots, while the phloem transports photosynthate from leaves 

back to the roots and other organs. Therefore, plants can transmit boron to the leaves, but 

have difficulty purging it from leaves and can collect toxic quantities. Due to this storage 

effect, plants have the potential to maintain an isotopic record of stored boron collected from 

their supply water. In essence, plants act as devices for collecting water from saturated and 

unsaturated porous media and fractures which can maintain a record of samples over their life 

span. The ability to use plants as samplers of boron in water greatly increases the utility of 

boron isotopes as tracers of groundwater contamination since plants are generally far more 

numerous and evenly distributed than sampling wells and suction lysimeters. 

An additional benefit of this research is that it will aid in the understanding of how 

boron is used and transported in plants. Although boron is a required nutrient for plant 

growth, very little is known about its transport and metabolization (Raven, 1979). This lack 

of knowledge is due primarily to the lack of a boron radioisotope; other techniques such as 

electron microscopy are not sufficiently sensitive for quantitative mapping of boron in plant 

tissues (Martini and Thellier, 1993). The methods developed with this research to analyze 

extremely small samples at high precision will provide a powerful tool for understanding the 

function of boron in plants. 
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1.1.1 Example Applications of Boron as a Tracer in Plants 

Stored boron isotopes in plants have many potential useful applications as a tracing 

and fingerprinting mechanism. For example, isotopic signatures stored in tree rings could 

identify the timing of a particular contamination spill into a river. Or, stored isotopes could 

be used to identify the source of water utilized by plants on a historical basis. Oxygen 

isotopes have already been utilized for source water identification through the analysis of tree 

ring cellulose. 

Another plausible application of plants as lysimeters is to obtain samples of water from 

fractured rock. Plants would simplify the difficult task of obtaining water samples from fast 

draining fractures, particularly in arid climates where rainfall events are infrequent, as the 

plants maintain an isotopic record after the flow event has passed. A hypothetical application 

of plant-derived samples of fracture flow is to distinguish free flowing fractures from non-

flowing dead-end fractures. 

Plants growing in dead-end fractures access a water supply which moves out of the 

fracture slowly and therefore has a relatively large time approach chemical equilibrium with 

the surrounding rock. The water sampled by the plant, therefore, has an isotopic signature 

resembling the surrounding rock. Plants growing in freely flowing fractures, however, draw 

their water from a source with a short residence time. As a result, the water sampled by the 

plant has an isotopic signature resembling the rainfall rather than the surrounding rock. 

Among the most pertinent examples of the importance of fracture recharge is the proposed 

nuclear waste repository at Yucca Mountain, Nevada. 
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1.2 Yucca Mountain 

The U.S. Department of Energy was directed by the Nuclear Waste Policy 

Amendments Act of1987 to investigate the suitability of Yucca Mountain, Nevada for use as 

the Nation's first geologic repository for high-level nuclear waste. One stipulation for 

repository acceptance is that waste cannot reach the accessible environment for at least 

10,000 years. The most significant threat (Hanks et al., 1999) to the integrity of stored waste 

is recharging water which could infiltrate into the hot repository and compromise the facility 

by driving contaminated water through the saturated fi'acture networks to the groundwater. 

1.2.1 Yucca Mountain Geohvdrologv 

Yucca Mountain has a footprint of approximately S km^ and consists primarily of 500 

to 700 m thick section of welded and non-welded tufifs through which infiltrating water 

conducts primarily by fi'actures. Accordingly, one of the most important variables affecting 

the integrity of waste in the proposed repository is the presence of connected fi-actures to 

transport water deep into the subsurface at the Yucca Mountain site. Unconnected or dead

end fractures present a lower infiltration threat. This research addresses this variable by 

developing a new method for identifying transmitting fi-actures. 

In most arid and semiarid environments, aerially distributed recharge is vanishingly 

small. In the deep alluvium near Yucca Mountain, recharge has been estimated fi'om 8 to less 

than 0.01 mm/yr (Tyler and Walker, 1994). As a result, substantial infiltration in arid basins 

occurs only in ephemeral channels. Recharge on Yucca Mountain, however, differs fi'om that 

in the basins due to the close proximity of fractured bedrock to the land surface. 
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The sediment thickness covering the bedrock on the crest and side slopes of Yucca 

Mountain are typically less than SO cm (Stothoff et al., 1999). The combination of thin soil 

covering and fractured bedrock provides conditions conducive to the rapid movement of 

wetting pulses deep into the repository as supported by rapid neutron probe responses (Flint 

et al., 1994; Flint and Flint, 199S) and bomb-pulse ^1 detected in the drifts drilled in the core 

of the mountain (Fabryka-Martin et al., 1996). Analyses of outcrop bedrock core samples 

from the caprock environment have yielded hydraulic conductivity values of about 10'^ cm/h 

(Flint, 1996). 

Although the behavior of plants rooted in fractured rock is not fully understood, 

studies have shown (Sternberg et al., 1996) that bedrock can supply nearly ten times more 

water to plants than soil although the long-term storage of fractures is lower. Therefore, the 

importance of fracture-supplied water to plants growing in bedrock conditions has been well 

established. 

Plant transpiration is a major component of system water balances since transpiration 

reduces infiltration and recharge (Tyler and Walker, 1994). In desert environments, recharge 

approaches zero as precipitation is consumed by plant tran^iration and evaporation. Stothofif 

et al. (1999) have used aerial photography to analyze Yucca Mountain's vegetation patterns 

and have concluded that fracture-supplied water enhances plant growth. Modeling has 

suggested that plants can capture significant proportions of infiltrating water from fissures 

during spring and summer months. Plants growing on Yucca Mountain have been shown to 

utilize fi^cture-captured water to a substantial degree for their survival (Stothoff et al., 1999) 
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and are therefore hypothesized to uptake boron isotope signatures reflective of their growth 

environment. 
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CHAPTER 2 - BORON AND ITS ISOTOPES IN SOLUTION AND IN PLANTS 

2.1 Boron in Solution 

2.1 • 1 Boron Chemistry 

The solubility ofboric add in water is 6.35 g/IOOmL, and increases significantly with 

increasing temperature (Weast et al., 1983). Boron possesses high ionization potentials, and 

therefore does not form B^^ cations (Cotton and Wilkinson, 1980). In general, boron does 

not form cations by simple electron loss. As a result, boron is mainly involved in covalent 

rather than ionic bonding during complexation. Boron possesses a 2s^p electron structure, 

but forms three covalent bonds using trigonally l^ridized sp^ oibitals (Goldberg, 1993). Due 

to large electronegativity differences, B-O bonds are shortened and strengthened. The 

chemistry of boron closely resembles silicon (Cotton and Wilkinson, 1980). 

2.1.2 Addic Properties of Boron 

In natural waters, boron exists primarily as a very weak monobasic acid (boric add, 

B(OH)3°) which acts as a Lewis acid by accepting 'OH in lieu of donating H . The 

undissodated boric add molecule is neutrally charged. Dissociation results in the formation 

of the negatively charged borate anion in the following reaction; 

B(0H)3° + H2O = B(0H)4- + FT (1) 

with pK, = 9.24 (Bassett, 1980). 
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Nuclear magnetic resonance imaging has been used to verify a trigonal structure of the boric 

acid molecule and a tetrahedral structure for the borate anion (Coddington and Taylor, 1989). 

This difference in molecular structure, for example, influences the isotopic composition of the 

bulk solution as a result of adsorption, which favors charged molecules. 

Due to its high pK, boron exists as a neutral species over nearly the entire range of 

pH suitable for plant growth. Boron is unique among plant nutrients in this respect (Oertli 

and Grgurevic, 197S). Most of the boron that plants absorb at neutral pH is therefore in the 

neutral boric acid form, although the borate anion can also be utilized (Shelp, 1993). 

2.1.3 Boron Sorption 

Boron is generally considered rather non-reactive in sandy soil conditions and 

transports similariy to chloride (Barber et al., 1988; Deverel and Millard, 1988). In particular 

soil types, however, sorption can occur. 

2.1.3 • 1 Sorption on Aluminum and Iron Oxides 

Boron adsorption has been studied on various aluminum and iron oxides (Sims and 

Bingham, 1968; Metwally et al., 1974; Choi and Chen, 1979; Elrashidi and O'Connor, 1982; 

Goldberg and Glaubig, 1985, 1988). Maximum sorption on amorphous oxides of aluminum 

and iron occurs at pH 6 to 7 and pH 8 to 9 respectively (Sims and Bingham, 1968; McPhail 

et al., 1972). In addition, sorption on amorphous oxides decreases with age due to increasing 

crystallinity (Sims and Bingham, 1968). Boron adsorption per gram adsorbent is greater with 

amorphous aluminum than iron oxides, but similar on a surface area normalized basis 

(Goldberg and Glaubig, 1985). The mechanism of reaction causing sorption with aluminum 
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and iron oxides has been linked to ligand exchange but is still in question (Sims and Bingham, 

1968; McPhail et al., 1972). The data of Metwally et al., 1974 indicate an anion exchange 

sorption reaction dominates and that the borate anion is the predominant adsorbed species. 

Analyses performed using Fourier transform infrared spectroscopic analyses, however, have 

demonstrated that both and B(OH)4' are adsorbed on amorphous aluminum and iron 

oxides by a ligand exchange mechanism (Su and Suarez, 1995). 

Competition for sorption sites on oxides can significantly reduce boron sorption. 

Silicate shares several chemical similarities with boron and has been observed to cause 

reduced boron adsorption (McPhail et al, 1972; Choi and Chen, 1979; Goldberg and daubig, 

1988). In addition, sulfate causes a slight reduction in sorption while phosphate can reduce 

sorption substantially (Metwally et al., 1974; Choi and Chen, 1979; Bloesch et al., 1987). 

Anions have been shown to leach boron from oxides in the following order; 

CI<SO4<ASO4<<PO4 (Metwally et al., 1974). 

2.1.3.2 Sorption on Laver Silicates 

On a gram normalized basis, boron sorbs more readily to oxides than to clays 

(Goldberg, 1997) although surface area may account for the difference. In any case, layer 

silicates are an important component of boron sorption in soils (Sims and Bingham, 1967; 

Couch and Grim, 1968; Keren and Mezuman, 1981; Mattigod et al., 198S; Goldberg and 

Glaubig, 1986; Goldberg etal., 1993a, 1993b, 1996; Keren and Spatics, 1994). Clay minerals 

exhibit different affinitities for boron adsorption in the following order: kaolinite < 

montmorillonite < illite (Keren and Mezuman, 1981; Sims and Bingham, 1967). Boron 
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adsorption on clay minerals generally exhibits an increase with increasing pH to a maximum 

between pH 8 and 10 (Hingston, 1964; Sims and Bingham, 1967; Mattigod et al., 198S). 

Adsorption on clays decreases with increasing temperature, which indicates an exothermic 

adsorption reaction (Goldberg, 1993a). 

In short term experiments, boron has reached local equilibrium in under 24 hours 

(Kingston, 1964; Keren and Mezuman, 1981; Keren et al., 1981) while long term experiments 

indicate continuous adsorption after six months of reaction time (Jasmund and Lindner, 

1973). This rate pattern supports a two step mechanism of absorption where boron initially 

sorbs onto clay edges and then migrates into the tetrahedral sites by replacing structural 

silicon and aluminum (Fleet, 196S; Couch and Grim, 1968). The initial adsorption step is 

generally thought to incorporate ligand exchange of primarily B(OH)4' with surface hydroxyl 

groups on the clay particle edges (Couch and Grim, 1968; Keren and Talpaz, 1984; Goldberg 

et al., 1993b; Keren and Sparks, 1994; Keren et al., 1994). The mechanism of exchange 

explains the pH of maximum sorption, because at lower values, insufficient B(OH)4' is in 

solution for substantial sorption and at higher pH, OH' out-competes boron. The maximum 

adsorption pH is likely a function of the affinity coefficients of B(OH)3°, B(0H)4', and OH' 

(Keren and Mezuman, 1981). 

Anions in solution can compete weakly with boron for surface sorption sites 

depending on the type of clay and the anions considered. In experiments, chloride, nitrate and 

sulfate has not appreciably reduced B sorption on clays, but phosphate did inhibit sorption 

(Jasmund and Lindner, 1973). Results from Goldberg et al., (1996) showed little successful 
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anion competition for sorption sites. Evidence that most boron sorption sites are specific to 

boron is presented by Goldberg and daubig (1986), who observed that substantial silicate 

absorption only slightiy influenced boron adsorption on kaolinite and did not measurably 

affect adsorption on montmorillonite. 

2.2 Boron Isotopes 

2.2.1 5 Notation 

Stable isotope ratios in natural waters are generally expressed as a relative difference 

with respect to a standard. The relative difference between the boron isotopic ratio of a 

sample and the boron standard is given by the equation; 

J..i, „,V) = 
^ /'IID/IOO'V ̂ ^ 2 )  

The boric acid standard typically used for boron isotope calculations is the National Bureau 

of Standards, Standard Reference Material No. NBS SRM-9S1 (Cantanzaro et al., 1970). 

Isotopic expressions such as oxygen or deuterium are made in a similar fashion although they 

are referenced to the standard mean ocean water (SMOW) standard defined by Craig, 1961. 

2.2.2 Isotope Fractionation 

Isotopic fiactionation refers to the separation of the isotopes of an element by either 

chemical reactions or physical processes (Faure, 1986). In general, fi^ctionation only occurs 

measurably in elements of low atomic number due to the relatively large mass difference 
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between the isotopes. Examples of physical processes that can cause fractionation of some 

isotopes are evaporation, difiusion, adsorption/desorption and speciation reactions. 

Fractionation occurs in two types: equilibrium and kinetic. Equilibrium fractionation 

refers to the separation of isotopes occurring in a system at chemical equilibrium due to 

slightly different bond energies. The total free energy for the system is minimized when the 

isotopes are proportioned unequally in the different bond configurations. The second type 

of fractionation, kinetic, occurs when the isotopes react at slightly different rates in a non-

equilibrium chemical or physical reaction. For example, during the evaporation of water, 

vapor with diffuses slightly faster away from the water/air interface than water vapor 

containing "O due to increased vapor pressure in the lighter water molecule. 

Fractionation in biological systems generally results from kinetic effects where 

different isotopes react with different rate constants although equilibrium fractionations also 

occur. As an example, isotope fractionation in plants occurs when CO2 reacts with different 

carboxylating enzymes in photosynthetic pathways (Kennedy and Krouse, 1990). 

Fractionation also occurs when COj and HjO containing different isotopes of H, C and O 

diffuse out of leaves and into the atmosphere at different rates. 

Boron isotopes are known to fractionate primarily during ion-exchange reactions. 

During the sorption process, the light isotope is preferentially incorporated into the sorbed 

phase leaving the heavier phase in solution (Kakihana et al., 1977). Boron fractionation has 

been observed in nature during sorption from seawater onto marine clays by Shergina and 

Kaminskaya, 1967; Schwarcz et al., 1969; Spivack and Edmond, 1987 and Spivack et al.. 
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1987 and has resulted in preferential removal of the "*8 from solution. 

Boron coordinates with oxygen to form boric acid with a pK, of 9.24 (Bassett, 1980). 

The isotopes of boron do not distribute equally between the boric acid molecule and the 

borate anion due to equilibrium fractionation. The isotopic equilibrium is described by: 

'»B(0H)3° + "B(OH)/ = "B(0H)3" + '®B(0H)4- (3) 

with the constant K=1.0194 (Kakihana et al., 1977). The fractionation factor is between the 

two boron species is described by; 

A = 1.0194 = (4, 
(•WB) 

Therefore, the heavier "B prefers the boric acid form, while the lighter '"B prefers the borate 

anion. In equilibrium, the isotopic ratio of the borate anion will be 19.19 %o lighter than the 

boric acid molecule. 

In order to understand the behavior of the boron isotopes in a solution, consider a 

hypothetical solution with a bulk isotopic ratio of 0 %a. At low pH, virtually all of the boron 

will be tied up as boric acid. The boric acid will have an isotopic ratio very close to 0 %o, and 

the minute amount of borate anion present will have an isotopic ratio of -19.19 %o at 

equiUbriiun. As the pH of the solution approaches 9.2, an increasing proportion of the boron 
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will be partitioned into the borate anion species. The bulk solution boron isotope ratio will 

still be 0 %o, but the isotopic ratios of the individual boron species will be changing. At pH 

9.2, the boric acid will exhibit the signature 9.6 %o while the borate anion will have the 

signature -9.6 %o with a molar weighted average of 0 %o. Figures 2.1 and 2.2 illustrate the 

behavior of the concentration and isotopic ratios of boric add and borate anion in solution 

as a function of pH. 

The partitioning bdiavior of boron isotopes between B(OH)3° and BCOH)/ opens the 

possibility that B may fractionate in biological systems given the appropriate conditions of 

concentration, pH, temperature and reaction mechanism (Marentes et al., 1997). 
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Figure 2.1 Fraction of each boron species present in solution 
as a function of pH 
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Figure 2.2 Isotopic composition of each boron species present 
in solution as a function of pH 
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2.3 Boron in Plants 

The necessity of boron as a plant micronutrient was discovered by K. Warington 

(1923). For many years following this discoveiy, however, the function of boron as a nutrient 

in plants remained uncertain. Boron is fairly ubiquitous in nature, but the concentrations of 

boron in nature range from insufficient for plant life to phytotoxic. Only relatively recently 

has the nature of boron uptake, transport, relocation and physiological function become more 

clearly understood. 

2.3 1 Deficiencv and Toxicity Effects 

The first symptoms of boron deficiency typically occur in growing tissue. This pattern 

indicates that boron is not remobilized easily in plants, although recent evidence suggests that 

boron is relatively mobile in some plants (Brown and Hu, 1998). Deficiency symptoms can 

take many forms, but include discoloration and death of young tissue and dropping of fiuit 

and buds (Marschner, 1986). In addition, brittleness of tissues and 'rosetting' of shoot tips 

is commonly observed. On a smaller scale, boron deficiency leads to abnormalities of the 

primary cell wall. Specifically, cell elongation is slowed and cell walls thicken and lose their 

normal rectangular outlines (Loomis and Durst, 1992). These abnormalities result in 

structurally weakened cells which are incapable of stretching properly during growth. This 

effect is seen clearly in pollen tubes, which develop abnormal morphology with boron 

deficiency (Marschner, 1986). 

Boron toxicity symptoms are generally observed first along the margin and tips of 

mature leaves. This pattern reflects the fiict that boron in many plants is immobile and follows 
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the transpiration stream. The toxicity pattern reflects the distribution of boron in the leaf. 

Symptoms include leaf chlorosis and eventual death (Marschner, 1986). Additionally, unusual 

flexibility has been observed in the tissues of plants grown on high boron concentrations 

(Spurr, 1957). At the cellular level, boron excess results in unusually elastic walls (Loomis 

and Durst, 1992). 

2.3.2 C/5-diol Formation 

A property of boric acid which is extremely pertinent to studies of B function and 

transport in plants is its tendency to form mono- and di- esters with c/5-diols resulting in 

increased acidity and a negatively charged complex (Lewis 1980, Loomis and Durst, 1991). 

Many compounds in plants have the appropriate c/^-diol configuration to form boron 

complexes, including many common sugars and sugar alcohols such as sorbitol and mannitol 

(Raven, 1980). Other compounds, like fi\ictose, do not possess the appropriate configuration 

for boron complexation. The behavior and transport of boron in various plants is therefore 

partially a fimction of the available c/5-diol compounds. For example, ci^-diol complexation 

of boric acid reduces the concentration of free B and can therefore increase uptake by 

diffijsion through membranes (Raven, 1980). 

2.3.3 Functions in Plant Growth and Metabolism 

Boron is an essential micronutrient in vascular plants, but its function in plant nutrition 

is the least clearly understood of all essential nutrients (Marschner, 1986). Nevertheless, 

much research has been conducted to investigate the role of boron in plants. One reason that 

boron's function remains unclear is the lack of boron radioisotopes which could be used for 
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tracking movement and relocation within the plant. Another reason is that boron deficiency 

produces a variety of anatomical, physiological and biochemical symptoms so it is difficult to 

distinguish between primary and secondary effects (Shelp et al., 1995). As a result, many 

hypotheses have been developed to explain boron's function in higher plants. These 

hypotheses suggest that boron takes part in: sugar transport; cell wall structure; lignification; 

carbohydrate metabolism; respiration; phenol metabolism; and membrane structure (Loomis 

and Durst, 1992). Shelp (1993) concluded that boron is important for membrane function and 

is involved with processes such as enzyme function and the transport of ions, metabolites and 

hormones. 

Boron plays a crucial role in the integrity and proper function of cell walls and 

membranes. Analyses of boron distribution in plants have shown that the highest 

concentration is bound in cell walls, and that much of the remainder is solubilized in sap 

(Loomis and Durst, 1992). Martini and Thellier (1993) utilized the large neutron cross 

section of to image boron distribution in 3-week old clover plants fed with solutions of 

isotopically enriched boron. They found that on a fi'esh weight basis, 96 % of boron was 

found in the cell walls, 4 % in the cytoplasm and virtually none in the vacuole. Numerous 

observations (cited in Loomis and Durst, 1992) have related boron deficiency to abnormal 

cell wall thickening, roughening and disorganization. These effects are likely due to missing 

cell wall cross-links provided by boron m-diol complexes (Loomis and Durst, 1992). In 

addition, boron appears to have a direct role in membrane function. Tanada (1978) 

demonstrated that the formation and maintenance of induced bioelectric potentials across 
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membranes required the presence of boron. 

Evidence shows that boron plays a critical role in plant growth and development. 

Plant growth is profoundly influenced by boron deficiency because cell walls do not properly 

elongate. Roots respond very quickly to deficiency by inhibition of both primary and lateral 

growth giving a stubby, stunted appearance (Marschner, 1986). Observations of squash 

seedling roots showed slowing of elongation after 6 hours of boron deprivation and virtual 

cessation after 24 hours (Cohen and Lq)per, 1977). In addition, some evidence suggests that 

boron is required for cell division (Bimbaum et al., 1974). 

Boron's role, if any, in plant metabolism is not well known. Again, most 

understanding is derived fi'om observations of symptoms of boron deficiency. For example, 

RNA metabolism appears to be reliant on boron as deficiency causes rapid RNA declines 

(Marschner, 1986). The role of boron in carbohydrate metabolism is generally thought to 

pertain to the transport of sugars. Evidence fi'om Dugger (1983) suggests that boron-sugar 

complexes aid in sugar uptake by leaves. Export of photosynthates fi'om leaves, however, is 

not affected by boron content (Marschner, 1986). 

Attempts have been made to substitute boron with other elements, such as 

Germanium, that form similar anionic complexes with ci5-diols. Germanium has been found 

to alleviate boron deficiency temporarily in sunflower seedlings (Skok, 1957; Mclrath and 

Skok, 1966), and can substitute completely for boron in cell cultures of carrot (Durst, 1988). 

2.3.4 Uptake Mechanism 

Controversy still exists concerning the nature of the mechanism (passive or active) 
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plants use to uptake boron. Passive uptake predominates when a nutrient easily permeates 

the root cell membranes, and it means the plant has little or no ability to control the amount 

of nutrient uptake. Nutrients subject to active uptake do not easily permeate cell membranes 

and are transported into the root cells by specific uptake mechanisms. Plants can regulate the 

uptake of nutrients which are actively transported into the root cdls and can therefore tolerate 

wider available concentrations of those nutrients. 

Many early experiments indicated rather conclusively that boron uptake by excised 

roots fi-om specific species is primarily a passive process. Bingham et al. (1970) performed 

extensive experimentation to determine the nature of boron uptake. They measured boron 

uptake as a function of external solution pH, boron concentration, temperature and Ca and 

K concentration. In addition, the effects on B absorption by the metabolic inhibitors KCN 

and 2.4-dinitrophenol were examined. 

Solution pH plays a strong role in B absorption due to the conversion of neutral boric 

acid to negatively charged borate as pH approaches 9.2. Uptake is significantly higher when 

B is in its uncharged boric acid form (Tanaka, 1967; Bingham et al., 1970; Oertli and 

Grurevic, 1975; Shelp, 1993). Cell membranes are more permeable to neutral species, so 

these data support the passive uptake paradigm. In addition, internal concentrations of boron 

were closely related to the nutrient solution concentration suggesting that the roots possess 

little ability to regulate uptake (Bingham et al., 1970). Perhaps most convincing is the lack 

of influence that metabolic inhibitors, solution temperature and Ca and K concentrations exert 

over B absorption (Bingham et al., 1970). Quenching metabolic activity did not significantly 
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reduce B uptake. Finally, desorption experiments indicated that boron difiused freely out of 

the root tissue in response to concentration gradients. Portions of this work were largely 

replicated by Oertli and Grgurevic (1975) using excised barley roots. Tanaka (1967) obtained 

similar results for pH effects on B absorption by excised sunflower roots. 

Later work has also suggested that passive uptake is the predominant mechanism of 

B absorption in most plants. Halbrooks et al. (1986) examined the influence of transpiration 

rate on boron uptake and translocation in table beets. Their results indicate that boron uptake 

in roots is directly related to transpiration rate and occurs with the mass flow of water. Raven 

(1980) calculated high permeabilities of lipid bilayers to boric acid, and determined that the 

maintenance of B concentrations away from thermodynamic equilibrium would be 

energetically expensive to a plant. As a result, active uptake of B would require large energy 

output and therefore passive uptake probably dominates. 

Nevertheless, evidence has been found to support active uptake of boron in plants. 

Bowen (1972) showed that the ratio ofBrHjO could be varied in hydroponically grown sugar 

cane by varying the transpiration rate. Changes in the B adsorbed iHjO ratio suggest that B 

uptake is not entirely passive. The work of Bowen and Nissen (1976) cites evidence that B 

concentration is higher in tissues than in the nutrient supply, and that plants therefore actively 

control boric acid uptake. In addition, the influx/external concentration relationship can be 

modeled using Michaelis-Menton curves. Wildes and Neales (1971) suggest that the 

negatively charged borate anion is absorbed actively while the neutral boric acid is taken up 

passively. Nissen (1974) argues for the presence of active uptake when external boron 
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concentrations are low, and passive uptake during higher external B concentration. These 

arguments rely on analyses of total internal B concentrations which are higher than the 

external supply solution (Thellier et al, 1979). This line of evidence, however, ignores the 

fact that boric acid quickly forms esters with c/5-diols inside cell walls and in the cytoplasm 

during uptake (Raven, 1980). C/5-diol complexation effectively lowers the concentration of 

free boron internal to the tissue so total cellular B can be higher than the free internal 

concentration. Because of this effect, evidence that internal boron is more concentrated than 

external boron cannot prove active uptake. 

The evidence points to a mixed active/passive uptake mechanism for boron. Although 

B uptake has been shown to follow transpiration rate, the BrHjO ratio does vary during 

uptake which indicates absorption is not simply a mass flow event. Plants appear, however, 

to have a limited ability to r^;ulate boron uptake relative to other nutrients and as a result the 

range between deficiency and toxicity is narrow. 

2.3.S Transport Mechanism 

As with boron function in plants, the transport mechanism for boron remains 

somewhat mysterious due to the lack of radioisotopes to trace movement and sink-source 

relationships. For most nutrients, passive uptake is favored in roots' apoplast (area outside 

the cellular structure) because the plasma membrane metabolically controls transport into the 

sympiast (area inside the cellular structure). Active control over uptake into the symplast 

occurs at the membrane. In the case of boric acid, however, the intrinsic permeability of the 

lipid bilayers is sufficiently high that boron may move symplasmically with relative ease. As 
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has been indicated previously, this pefmeability is one reason plants have difficulty controlling 

boron uptake and is therefore why boron becomes toxic at relatively low concentrations. 

Conversely, some evidence suggests that long distance transport of boron is more 

apoplasmic than symplasmic. Martini and Thellier (1993) utilized nuclear reaction imaging 

to measure boron distribution in 3-week old clover plants fed solutions of isotopically 

enriched boron. In addition, they determined what proportion of boron in various cell parts 

originated from seed reserves and from root uptake of nutrient boron. They observed that 

in the cytoplasm, roughly equal amounts of boron originated from seed reserves and from 

root uptake. In the cell walls, however, 75% of boron came from root uptake. This 

distribution suggests a significant proportion of transport occurs apoplasmically, at least in 

young clover plants. Contrary results were obtained by Hanson and Breen (1985) in a study 

of boron accumulation in 'Italian' prune flower buds. Their results showed that only one 

fourth of the total boron entered the buds with the transpiration stream, and that the bulk of 

boron entered symplastically. 

2.3.6 Long Distance Translocation and Phloem Mobilitv/Remobilization 

Once uptake through the roots has occurred, the non-living cells of the xylem tissue 

transport water and nutrients to locations of rapid transpiration. This uptake is driven 

primarily response to the gradient in water potential resulting from transpiration from leaf 

surfaces during the day (Hales, 1727; Devlin, 1975). As a result, most of the water and 

nutrient load is quickly deposited in the leaf tissue which is not usually the site of highest 

nutrient demand (Pate, 1975). Slowly transpiring organs such as young leaves and fruits do 
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not receive the direct infusion of nutrients and yet generally have the highest nutrient denuuid. 

Plants transport nutrients to these organs through translocation in the living cells of the 

phloem vascular tissue. Phloem translocation is independent of transpiration processes and 

can occur in both upward and downward directions. 

Observations of deficiency/toxicity patterns led to the conclusion that boron is an 

immobile element in plants after transport to the shoots has occurred (Zimmerman, 1960). 

When an "immobile" nutrient is deficient, the damage is first observed in developing tissues 

because the plant can not redistribute the nutrient fi-om storage in the mature tissues. There 

are two explanations as to why boron does not appear to transport substantially through the 

phloem or remobilize fi-om leaf tissue. Marschner (1986) indicates that boron has not been 

found in phloem exudate in reasonable concentrations. This may be due to the formation of 

stable boron-complexes in cell walls which many plants can not remobilize (Thellier et al., 

1979; Loomis and Durst, 1991; Hu and Brown, 1994; Brown and Hu, 1996). Finally, 

calculations by Oertli and Richardson (1970) and Raven (1980) show that membranes 

surrounding phloem tissue are highly permeable to boron and that boron in the phloem leaks 

back into the xylem during transport through the petiole. 

Nevertheless, there is compiling evidence that particular plants can remobilize boron 

and transport it through the phloem to growing tissues. Hanson (1991) used '°B enriched 

foliar sprays to examine the movement of boron out of apple, pear, plum and cherry leaves. 

The boron content of treated leaves increased by 90% to 180% over 3 days and then declined 

to control levels in 9 days in apple, plum, and pear trees, and in 22 days in cherry trees. 
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Stable isotopes indicated, however, that the boron sprayed on treated leaves remained in 

nearby tissues. The B concentrations basal to treated leaves showed no or little increase in 

boron content. Although these data suggests that boron can be phloem mobile, it does not 

indicate that boron can be remobilized. The boron applied to the leaves was in a mobile form, 

and not necessarily complexed with cellular structures. 

A similar study by Brown and Hu (1991) observed the movement of foliar-applied '°B 

out of leaves and into the fruits on apple, almond and nectarine trees. They also noted that 

adequate boron was supplied to apples growing on trees supplied with only foUar-applied 

boron. The plants were able to transport boron from leaves to fruit. In addition, non-foliar 

fed apple trees did not exhibit the usual gradation of boron concentration from high in older 

leaves to low in younger leaves. Nevertheless, the isotope studies revealed that the foliar-

applied boron was 100-fold more mobile than the boron existing in leaves before the start of 

the experiment. Although boron may exhibit phloem mobility, the ability of apple, almond 

and nectarine plants to remobilize boron still appears relatively limited. 

The mobility of foliar-applied boron observed in these studies suggests a physiological 

difference in these plants from those which exhibit little or no phloem boron mobility. The 

apple, almond, nectarine, cherry, prune and peach plants described in Hanson (1991) and 

Brown and Hu (1996) share a common characteristic; they produce sorbitol as a major sugar. 

Sorbitol contains ci^-hydroxyl groups which strongly complex with boron. The 

concentrations of sorbitol in apple, almond and nectarine range from 300 to 1000 mM 

(Zimmerman, 1961) while boron contents in the leaf do not often exceed 1 mM which 
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indicates that virtually all boron should be complexed with sorbitol (Brown and Hu, 1996). 

Relative boron mobility may be maintained in sorbitol-rich plants by preventing the 

complexation of boron with insoluble cell wall constituents. 

Marentes, et al., (1997) studied boron relocation in root supplied broccoli and lupin 

during early reproductive development using enriched measured with ICP-MS. Contrary 

to many previously published studies, they reported phloem B concentrations of 4 to 23 times 

the xylem concentration. In addition, they noted evidence that broccoli and lupin were 

capable of relocating boron to low transpiration organs and that the phloemixylem 

concentration ratios were consistent with other phloem mobile nutrients such as nitrogen, 

phosphorus and potassium and considerably higher than phloem immobile nutrients such as 

calcium and nitrate (Pate, 1975; Shelp 1987). 

The implications of boron mobility in particular plant species are particularly pertinent 

to plant nutrition and folilization. Considerable species dependency appears to exist in boron 

phloem mobility. All species that are known to exhibit phloem mobility utilize simple sugars 

as a primary photosynthetic metabolite (Brown and Hu, 1998). Previously accepted 

conventions for identifying symptoms of boron toxicity and deficiency and methods of 

correction should therefore be tailored to the specific characteristics of a particular plant for 

proper management. 

2.4 Boron Isotopes in Plants 

Several papers have been published concerning boron isotopes in plants. Many of 



46 

these have involved the use of artificially enriched boron as a tracer of boron movement. 

Foliar applied enriched '"B has been utilized to measure the mobility of boron in plants and 

trace its movement through the vascular tissue (Hanson, 1991; Brown et al., 1992; Shu et al., 

1993, 1994; Picchioni et al., 1995; Brown and Hu, 1996; Shelp et al., 1996). 6"B has also 

been utilized to study short distance transport of boron (Thellier et al., 1979; Chamel et al., 

1981). These studies were intended to examine the movement of boron in plants and not the 

behavior of boron isotopes themselves. The artificially enriched '̂ 'B allowed the use of 

relatively imprecise inductively coupled plasma mass spectrometry (ICP-MS) techniques to 

detect changes in isotopic ratios. 

The cell membranes in plant roots are readily permeable to B(OH)3'', as an uncharged 

species but considerably less permeable to B(OH)4*. As a result, fi'actionation of boron 

isotopes may occur at the root cell uptake sites (Marentes, 1997). In addition, processes such 

as cell wall deposition of boron (Hu et al., 1996) or c/5-diol formation could result in isotopic 

fractionation. 

Plant uptake of boron fi-om the soil has also been examined using ICP-MS to analyze 

soil-applied isotopically enriched boron (Brown et al., 1992). This research identified the 

time lag between soil application of boron and its uptake, but did not attempt to measure 

fractionation processes in the plants. 

Marentes et al., (1997) specifically studied the firactionation that occurs in various 

food crops and examined the isotopic partitioning in roots, xylem sap, leaves and other plant 

parts. As with most plant boron studies, ICP-MS was used to perform the analyses. The 
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wheat, com and broccoli plants were supplied nutrient solution using greenhouse 

hydroponics; the boron signature of the nutrient was approximately -650 %o. The measured 

isotopic ratios varied drastically in the various plant parts ranging up to -188 %o in the roots 

of com. All ratios in measured in wheat and com plants were heavier than the nutrient 

solution which is consistent with a preferred uptake of the neutral boric acid species through 

the root membrane. In the broccoli plants, however, most of the tissue isotope signatures 

were lighter than the nutrient solution except the xylem sap, which was 96 %o heavier. 

These isotope fractionations represent a fiu- greater magnitude than the approximately 

80 %o variation that has been document to date in Earth bound natural sources (Bassett, 

1990). This large degree offi^urtionation during uptake can not be attributed to a preference 

for the neutral boric acid species because the nutrient solution pH was 6.7. At this pH, 

99.68% of the boron is partitioned as boric acid while only 0.32 % is contained in the borate 

anion. Further, the pH in the near root environment is generally lower than in the 

surroundings due to ion pumping from the root (Marschner, 1986). Even complete 

separation of the borate anion from the solution at this pH would not result in the observed 

fractionations. This result implies a mass fractionation mechanism separating from 

"B(0H)3°, although no hypothesis is suggested to explain the basis for such a fractionation. 

These large fractionations would be easily observable using the highly precise and more 

reliable thermal ionization mass spectrometry (TIMS) technique. 

TIMS has also been used to measure boron isotope ratios in plants, but only in 

agricultural species. Vanderpool and Johnson (1992) performed high precision CsjBOj^ 
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TIMS analyses of 5"B in a variety of commercial and hydroponically grown produce and 

observed isotopic variations between species. The ratios observed in the commercial plants 

ranged from a high of +29.27 %o for cabbage to a low of -7.50 %o for whole wheat flour. 

These values are well within the range of isotopic ratios observed in nature, and no attempt 

was made to analyze the isotopic signature of the nutrient source. In addition, Vanderpool 

and Johnson (1992) observed differences of up to 2\%a between the isotopic ratio of the "*6 

enriched boron added to hydroponic solutions and the 5"B in hydroponically grown broccoli 

florets and cabbage heads. The authors suggest that this difference may have resulted from 

boron contamination in the distilled water used to create the hydroponic solutions or 

contamination from water dripping down the walls of the greenhouse. No attempt was made 

to analyze the isotopic signature of the nutrient solution. Nevertheless, broccoli and cabbage 

exhibited different isotope ratios when both were grown hydroponically. 

2.5 Summary 

Boron isotopes were considered promising chemical spedes to study as environmental 

tracers in plants for a number of reasons. Hrst, they have been utilized successfully as tracers 

in previous studies due to reasonably conservative beliavior under a variety of circumstances. 

Boron generally exists in nature in concentrations sufficiently low that isotopic fractionation 

from mineral precipitation is unlikely. In addition, boron is not subject to fractionations 

resulting from redox conversions whereas many other elements such as nitrogen or sulfur do 

suffer such fractionations. These concerns apply to plants in particular as the rhizosphere 
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environment redox conditions are influenced by microbially mediated reactions. Boron 

isotopes are also not subject to fractionation during the evaporation of water as are oxygen 

and hydrogen. This is particularly relevant to plants as they use evaporation from the leaves 

as their primary method of drawing water into the roots. 

The behavior of boron as a nutrient also suggests that its isotopes may act 

conservatively during uptake by plants. Specifically, boron is generally thought to penetrate 

the roots passively with little control asserted by the plant itself. Therefore, the plant is not 

likely to control the uptake of one isotope over the other. In addition, boron is relatively 

immobile in plants and is therefore stored in the leaf and stem tissues without substantial 

exudation through the roots. This lack of mobility reduces the number of mechanisms which 

are likely to fractionate boron. 
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CHAPTER 3 - ANALYSIS OF BORON ISOTOPES BY NEGATIVE THERMAL IONIZATION MASS 
SPECTROMETRY 

3.1 Introduction 

The analysis of boron isotopes in plants is complicated by two factors. First, the 

extraction of boron from plant tissue requires the use of an acid digest. The low pH of such 

a digest is inherently incompatible with the IRA-743 ion exchange resin typically used to 

isolate boron from aqueous solutions. This resin functions by sorbing boron from solution 

at pH values greater than 4, and releasing boron at lower values. Therefore, boron will be 

removed from a neutral solution when it is passed through IRA-743, but the other dissolved 

constituents pass through. The boron can be re-captured by passing highly purified acid 

through the resin. The plant tissue digests cannot be neutralized to pass through IRA-743 

due to precipitation of boron containing solids. 

The second complicating fector in performing boron analyses on plant samples arises 

from the low mass of boron obtained from the small amounts of plant tissue that can be 

conveniently digested. These low B yields often do not meet the minimum mass requirements 

needed to measure isotopic ratios using standard analytical techniques. Obtaining sufficient 

B mass requires the digestion of substantial masses of plant tissue, precluding the 

determination of 5"B in localized tissues. A technique does exist which is sufi5ciently 

sensitive to allow analysis of the vety small B masses often obtained from plant digests. This 

technique is called negative thermal ionization mass spectrometry (NTlMS). 

NTIMS was utilized for this research, and substantial effort was put into adapting the 



51 

technique for plant analyses. Part of this adaptation included a review of other research 

conducted utilizing NTIMS analyses of boron. To date, no general summary or critical 

review of NTIMS boron analytical techniques and di£Sculties has been published. Therefore, 

such a summary has been included in the following segment of this document. In addition, 

all data gathered regarding the NTIMS analysis of the NBS 951 standard during the course 

of this research have also been included in this chapter. 

3.2 Techniques of Boron Isotope Analysis 

Boron isotopes have historicaUy been analyzed using a variety of analytical techniques 

that differ both in the mode of ionizing boron and in the actual ion measured. Each technique 

exhibits strengths and weaknesses. The earliest attempts used gas source mass spectrometry 

to analyze BFj (Inghram, 1946; Thode et al., 1948). The reactive nature of BFj, however, 

led to memory effects in the mass spectrometer that allowed one analysis to influence the 

results of the next (Bentley, 1960). Inductively coupled plasma mass spectrometry (ICP-MS) 

ionizes boron using a plasma flame and allows fairiy easy sample preparation and rapid 

analyses. It has reasonable detection power, so an analysis requires only about 1 ^g B. The 

precision obtained from ICPMS, however, is limited to about 7%o (Eisenhut et al., 1996). 

Much better precision is afforded using thennal ionization mass spectrometry (TIMS), 

where ionization occurs due to heating of a solid sample loaded on a filament wire (typically 

Ta or Re) placed in a vacuum of < 10'̂  mbar. Within the realm of TIMS, however, a variety 

of analytical techniques have been developed. Each of these analyzes a different boron 
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compound. TIMS can be broken into the categories PTIMS (positive thermal ionization mass 

spectrometry) and NTIMS (negative thermal ionization mass spectrometry). 

An early PTIMS analytical method, developed by McMullen et al. (1961) utilized the 

Na^BOj^ ion for analysis in the mass spectrometer. This sodium metaborate method yields 

good precision (0.7 to 3 %r), but requires a B mass of several |ig due to relatively low 

ionization efficiencies and high blanks resulting from the necessary B isolation chemistry 

(Hemming and Hanson, 1994). The sodium borate technique is perhaps the most commonly 

utilized for geochemical investigations (Finley et al., 1962; Shima, 1963; Agyei and 

McMuUen, 1968; Schwarcz et al., 1969; Kanzaki et al., 1979; Nomura et al., 1982; Swihart 

et al., 1986; Oi et al., 1989; Davidson and Bassett, 1993; Bassett et al., 1995; Leenhouts et 

al, 1998). Bassett (1990), compiled a highly encompassing review of boron isotopic 

measurements performed for a variety of natural materials. Rein and Abemathey (1972) 

suggested the use of Cs rather than Na as an associating ion to generate the cesium 

metaborate analyate ion, while Ramakumar et al., (1985) and Spivack and Edmond (1986) 

developed the method. The Cs2B02^ technique constitutes a considerable improvement in 

PTIMS as the much larger mass of the analyate (masses 308 and 309) substantially reduces 

mass discrimination from preferential volatilization during ionization from the filament. This 

technique provides the most precise analyses (0.1 to 0.4 %o) as a result of low mass 

fractionation during arudysis. The cesium metaborate technique has been employed in many 

geochemical investigations (Palmer et al., 1987; Spivack and Edmond, 1987; Leeman et al., 

1991; Nakamura et al., 1992; Smith et al., 1995). As in the sodium metaborate technique. 
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several boron are necessary in the mass spectrometer for successful analysis (Leeman et 

al., 1991). 

3 .2.1 Critical Review of Boron Isotope Analysis bv Thermal InniMtion Mass Spectrometry 

Discussion of the negative ion technique (NTIMS) by many researchers including 

Heumann (1982), Duchateau and de Bievre (1983), Zeininger and Heumann (1983), 

Heumann and Zeininger (1985), Duchateau et al., (1986), Vengosh et al., (1989), Hemming 

and Hanson (1994) and Eisenhut et al., (1996) have explored the advantages and 

disadvantages of NTIMS. The advantages include very high sensitivity (sub-nanogram B 

analyses are possible), and relative insensitivity to the purity of the sample. Due to the high 

sensitivity, stable ion beams can be maintained for many hours with small samples. This high 

sensitivity makes the n^ative ion technique very useful for determining extremely low boron 

concentrations using isotope dilution mass spectrometry (Duchateau et al., 1987; Lamberty, 

et al., 1988). The primaiy disadvantage that has been reported is reduced analytical precision 

caused by mass fractionation of the relatively light ions ('"BO:* and "BOj') at masses 42 and 

43. The work performed for the present research indicated that in-run mass fractionation is 

less significant than random variations in measured ratios. In addition, work performed by 

this author has indicated that NTIMS boron analyses of organic tissue samples is severely 

complicated by the presence of residual organics in the boron extracts. 

Many variations of sample and standard preparation have been developed over the 

years to improve the results obtained from NTIMS analyses of boron. The earliest 

measurements utilized boron placed directly on filaments without additional signal enhancing 
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compounds. With this technique, BOj' ions are produced at a filament temperature of about 

19C)0''C (Zeininger and Heumann, 1983). The high temperature, however, causes significant 

fractionations and limits the applicability of this technique. Zeininger and Heumann (1983) 

found that many metal nitrate enhancers, such as La(N03)3 or Ca(N03)2 substantially improve 

the ion beam strength and reduce the temperature of ionization. NTIMS of boron was 

significantly improved by the addition of CaClj or BaCl; intensity enhancers to the filament 

during sample loading (Duchateau and de Bi^e, 1993). 

Anion formation on a hot metal surface is described by the Langmuir-Saha equation 

(Duchateau and de Bi^e, 1993) 

L. exp(-(^-^) 
r kT 

(5) 
Where I' = number of negative ions formed 

r = number of neutral ions formed 
W = work fiinction of the surface in eV 
IP = ionization potential in eV 
EA = electron afifinity in eV 
k = Boltzmann constant ( = 1.38x10"^ J/K) 
T = temperature of the hot surface in K 
e = electronic charge ( = 1.6x10'" C) 

The addition of metal nitrate to the sample on the filament appears to reduce the electron 

work potential (Zeininger and Heumann, 1983). Ion intensity is subsequently increased by 

a factor of 10^ to 10^ and ionization occurs at a much lower temperature (~9S0 rather than 

1900°C) 

Although the addition of metal nitrate and other ion enhancers greatly increases the 



55 

ion beam intensity of BOj', other problems have been noted. In response, additional 

adaptations have been utilized to improve NTIMS analyses of boron isotopes. One of the 

original difficulties in the analysis of B using NTIMS was the fractionation of ratios observed 

during analyses due to the low masses of the analyzed ions. Hemming and Hanson (1994) 

revealed that intensity enhancers other than simple metal-anion compounds could reduce in-

run fractionation effects. They noted that analyses of boron in complex matrices such as sea 

water or calcium carbonate dissolved in HCl exhibit a significantly more stable fitictionation 

trend during an analysis. As a result, they extracted B from the sea water and used it as the 

intensity enhancer with significantly improved analytical precision compared to previously 

reported values using the LaCNO}), technique. 

An additional difficulty with B analyses using NTIMS was discussed by Heumann and 

Zeininger (1985). They observed a significant non-linear relationship between the mass of 

boron placed on the filament and the resulting measured isotopic ratios (Figure 3.1). When 

the loaded mass varied from 11 and 11,000 tig B, measured ratios varied from -22.5 to 1.23 

%o. No reason was given to explain this relationship. Quite likely, it is the result of a 

collection of factors. Work by this author, discussed later in this chapter, suggests that 

filament contamination can account for some of the mass/measured ratio relationship. 

Heumann and Zeininger (1985) did not specify any out-gassing of the filaments, and the 

potential for contamination increases drastically when lower total B masses are loaded on the 

filaments. Therefore, boron contaminated filaments may have influenced their results. 

According to Eisenhut et al. (1996), Zuleger and Erzinger (1991) also noted a mass based 
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fractionation when using Ca(N03)2 as an intensity enhancer, although the shape of the curve 

differed from the La(N03)3 curve (Figure 3.1). Eisenhut et al. (1996) eliminated the 

mass/ratio effect by utilizing Ba(OH)2 as the intensity enhancer. In addition, the addition of 

MgClj during filament loading appeared to provide better measurement reproducibility. 

Eisenhut et al. (1996) also specified filament out-gassing as part of their procedure as well 

as diligent attention to issues of contamination. Hemming and Hanson (1994) also observed 

no mass/ratio relationship when using B-free sea water as an enhancer on out-gassed 

filaments. 
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Figure 3.1 Relationship observed between boron mass loaded on filament and 
measured isotopic ratios using various activators. 
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In every case examined, the NBS-951 boron standard exhibits significantly lighter 

values when run using NTIMS than PTIMS. In itself, this fact is of little consequence other 

than an analytical curiosity and likdy results fi'om varying degrees of fi-actionation during the 

formation of positive and negative ions (Zeininger and Heumann, 1983). When using 

NTIMS, however, diffisrent researchers often find different values for the NBS 951 standard. 

In contrast, PTIMS using sodium or cesium metaborate generally yields standard analyses 

very close to 0 %o (Kanzaki et al., 1979; Nomura et al., 1982; Swihart et al., 1986; Spivack 

and Edmond, 1986; Swihart and Moore, 1989; Bassett et al., 1990; Leenhouts et al., 1998). 

Although studies utilizing NTIMS for boron analysis may have internal consistency, 

comparison of isotopic ratios between methods is influenced by method or instrument-

dependent shifts. Table 3.1 summarizes the variety of results obtained for NBS-951 by a 

variety of researchers using various NTIMS techniques. 

The data tabulated in Table 3.1 illustrate the variety of techniques used to prepare and 

analyze samples and standards for analysis using NTIMS. Unlike PTIMS, the absolute values 

obtained vary considerably among published values. Even within particular preparation and 

analysis methods, reported values for the NBS-951 standard varied considerably. Vengosh 

et al., (1989) obtained isotopic ratios for NBS-951 diffiiring by 3.5 %o using an identical 

method on different mass spectrometers. The total range of isotopic values obtained when 

using LaCNO})] as an intensity enhancer for the NBS-951 standard spans fi-om -6.8 to -11.8 

%o. Analyses performed using MgCI; & Ba(0H)2 as intensity enhancers provided standard 

values ranging from -12.4 to -17.5 %o. Only the two published cases using boron free sea-
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water as an activator yielded similar isotopic values (-10.4 and -10.5 96o). 

Several variables may influence the ratios obtained. As indicated earlier, the mass of 

boron loaded on the filament has been correlated to the resulting isotopic ratios (Heumann 

and Zeininger, 1985). The values noted in Table 3.1, however, do not indicate that the boron 

mass can explain the variation in ratios observed. Other potential complicating factors have 

also been noted. Hemming and Hanson (1994) found that measured ratios were a function 

of filament temperature when it drifted outside of the 950-1000''C range. Lower temperatures 

reportedly result in lower ratios, and higher temperatures result in higher ratios. Analyses at 

similar temperatures by Hemming and Hanson (1994) and Eisenhut et al. (1996), however, 

indicate very different results (Table 3.1). The type of activator loaded on the filament 

appears to influence the results, but direct comparisons between the work of various 

researchers using NT IMS for boron analyses is tenuous. Hemming and Hanson (1994) also 

indicate that changes in the mass spectrometer focus settings by 50% can change the B 

isotope ratio by l%o. In the n^ative ion nKxle, electrons emitted by the filament can interact 

with the ion beam, and change the optimum focus settings. A magnet mounted in the source 

near the filament deflects the electron beam and partially remedies this difficulty. The 

differences between results in Table 3.1 greatly exceed l%o, and are therefore not likely due 

to focusing variations. 

Other factors noted by Hemming and Hanson (1994) which may influence measured 

isotopic ratios are the pH of the standard when it is loaded on the filament, and the 

temperature used to diy the standard on the filament. The 'salting out' effect, which occurs 



& Ratio 6"B B mass (t^g) Activator B.Act mol 
ratio 

Filament 
Temperature (°C) 

SD Fil. 
Type 

Outgas Instrument i 

(I) 4.0160 -6.8 430 La(N03), 8.1 0.08 nr nr nr 1 

(2) 4.0161 -6.8 nr La(N03), nr 0.06 Re nr nr 

(3) 4.0100 •8.3 100 U(N03), 10:1 0.01 Re nr MSZ 

(3) 3.996 -11.8 100 U(N0,)3 10:1 0.018 Re nr Nuclide 

(4) 3.987 -14.0 nr La(NO,), 10:1 nr Re nr Nuclide 

(5) 3.9935 •12.4 50 to 500 MgCl2&Ba(OH)2 nr 0.016 Re nr MAT-261 

(6) 4.0014 -10.4 I to 20 B-free sea water 1 ^1 sea H2O 950 to 1000 0.0027 Re Y NBS-MS 

(7) 3.973 -17.5 10 to 10000 MgCl2&Ba(OH)2 1.6:1 Ba:B 950 to 1050 0.012 Re Y MAT-261 

(8) 4.0013 -10.5 10 B-free sea water 1 m1 sea H,0 0.0066 Re nr NBS-MS 

References; 1. Zeininger and Heunumn, 1983; 2. Heumann and Zeininger, 198S; 3. Vengosh et al., 1989; Vengosh et al., 1991; 
S. Vengosh et a]., 1994; 6. Hemming and Hanson, 1994; 7. Eisenhut et al., 1996; 8. Barth, 1998. 
nr - not reported 

yo 
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when the first boron to precipitate on the filament during loading has a dififerent isotopic ratio 

than the last boron to precipitate, may account for some of the variability observed in the 

NBS 951 results. This effect can occur when the pH of the sohition is close to 9.2, since both 

the borate anion and boric acid molecule will be present, but with an isotopic discrepancy of 

19.2 %o. Precipitation of either species fi-om solution will result in a salt of heterogeneous 

isotopic composition. If the pH of the loaded sohition is well below or above the pK, of boric 

acid, then all the boron precipitates with the same isotopic ratio. Therefore, nitric or 

hydrochloric acid have often been added to the filament during the boron loading process to 

reduce the pH. 

The NTIMS technique is generally considered more resistant to contamination and 

interferences fi'om the original sample matrix than PTIMS (Duchateau and DeBi^e, 1983; 

Heumann and Zeininger, 198S). The sodium metaborate technique, for example, analyzes 

mass 88 and 89. Since strontium's most abundant isotope is mass 88, great care must be 

exercised to eliminate Sr fi-om samples using boron separation chemistry. Some authors 

(Vengosh et al., 1991; Hemming and Hanson, 1992; Vengosh et al., 1989) have suggested 

that NTIMS analyses can be conducted without any separation chemistry at all as no elements 

at masses 42 or 43 will cause isobaric interferences. Henmiing and Hanson (1994) have 

observed that cyanogen (CNO*) at mass 42 can cause isobaric interference and can be 

introduced by the ion-exchange resins used in boron separation. Cyanogen resuks fi-om the 

oxidation of organic compounds, so any sample matrix rich in organics may suffer CNO' 

interference. The isotopic values reported for the standards in Table 3.1 should not be 
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influenced by cyanogen unless any were processed using ion-exchange resins. 

Individually, these sources of error do not explain the variations in 5"B listed in Table 

3.1. Collectively, they may explain some or most of the isotopic variations differences, but 

the lack of information published regarding specific procedures precludes the ability to draw 

convincing conclusions. 

3.3 Refinement ofNTlMS for Boron Isotope Analyses 

The greater sensitivity of negative ion mass spectrometry was required for this 

research due to the low boron mass obtained fi-om the plant samples. The preceding analysis 

of NBS 951 isotope analyses performed by other researchers using the NTIMS method 

underscores many potential variables which may impact the precision and accuracy of 

analyzed samples and standards. The n^ative ion technique had not previously been utilized 

in the Department of Hydrology at the University of Arizona and was therefore investigated 

extensively to determine the most accurate and repeatable technique of analysis. The 

following section presents the results obtained fi-om NBS 951 standard analyses under a large 

number of conditions. 

One problem noted with the NTIMS technique during this research was poor 

precision relative to PTIMS. Standards would run for several beads or even turrets in a row 

with excellent precision, but the next turret of standards might run 5 to 7 %o lighter than the 

average. The good precision observed between occurrences of poor precision suggested that 

some physical factor might be affecting certain beads. Many experiments were conducted to 
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attempt to eliminate this random variability. 

The parameters varied in this technique development to analyze boron isotope ratios 

in plants included; 

intensity enhancer 
enhanceriboron mol ratio 

»• filament type 
- filament conditioning (out-gassing) 
- mass of boron on the filament 
>- focus settings 

filament temperature 
- mode of regulating the signal intensity. 

These variables can affect isotopic measurements in three ways. First, they may impact the 

mean ratio obtained fix>m an analysis of a given sample. The mean ratio is the average of 50 

or more individual ratios measured for a single sample over a length of time. This value is 

generally reported as the isotopic ratio of a sample. The second way these variables can 

influence an isotopic result is by changing the fi-actionation of the ratios during the course of 

analysis. In general, the SO or more individual ratios measured for a sample do not follow a 

random variation, but rather trend up toward higher values. Greater slopes in this trend 

decrease confidence in the final result, and ideally the slope would be zero. Fractionation is 

measured by subjecting the standard or sample to a longer than usual analysis period. 

Normally, the analysis of one bead included SO ratios collected in S blocks during a total time 

of approximately 20 minutes. When examining in-run fi^ionation effects, analyses were 

carried to ISO ratios with a running time of 60 minutes. This extended run accentuates 

fractionation. Finally, the method used to prepare standards and samples for analysis can 
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influence the precision of analysis by changing the random scatter observed in all isotopic 

measurements. A summary of the NBS 951 analyses conducted for this research is listed in 

Tables 3.2 and 3.3. Condensed results from aU of the NBS 951 standards analyzed under the 

variety of variable conditions considered in this research are listed in Appendix A. 

The following text contains a discussion of the effect of all variables tested on the 

standard ratios obtained. The analysis of these data is complicated by the potential 

interdependence of the variables. For example, the mode of regulating ion-beam intensity and 

the type of filament material utilized may both influence the results so they must be considered 

independently. Throughout the analysis, the variables have been separated as best possible. 

Reasonable assumptions were made regarding which combinations of variables to compare 

as inter-comparison of every combination is not practical or necessarily fruitful. 

3.31 Influence of Intensitv Enhancers 

The technique eventually developed for this research is based on the work of 

Zeininger and Heumann (1983) who used La(N03)3 as an intensity enhancer to drastically 

improve signal strengths in the mass spectrometer. Initial attempts to analyze the NBS 951 

boron isotope standard by replicating the Zeininger and Heumann (1983) method failed. The 

specific details of the first attempt are listed in Table 3.2. Zeininger and Heumann (1983) 

specified a mole ratio of La:B of 1 ;8. For these experiments, an initial mole ratio of 1 ;7.5 

provided poor ion beams and rapidly declining signals. As a result, the isotopic ratios tended 

to fractionate during analysis yielding poor results. In addition, the ratios obtained were 

substantially different than those measured by other researchers (Table 3.1). The filament 



Activator Mass 
(llg) 

Filamentf Temp 
f C )  

Signal Ratio 8"B S.D.t mean 
%SE 

mean 
fract 

n Analysis 
type 

10:1 Ca;B 500 Ta 0.075 4.01870 •6,2 0.0049 1 Const. SIr 
10; 1 Ca;B 100 Ta 0.075 3.98575 -14.3 0.0125 0.0431 2 Const. Sig 
3:1 La:B 100 Ta 0.500 4.00105 -10.5 0.0079 0.0031 2 Const. Sig 
1S;I U;B too Ta 0.500 4.00104 -10.5 0.0079 0.0045 2 Const. Sig 

19; I U;B 100 Ta 0.500 4.00790 •8.8 0.0093 1 Const. Sig 

B-fiee sea wata 10 Ta 0.075 4.01572 •6.9 0.0014 0.0060 4 Const. Sig 
B-frec sea water 50 Ta 9% 0.32 4.0238 -4.9 1 Const Current 
B-free sea water 100 Ta 0.075 4.01827 •6.3 0.0008 0.0280 2 Const. Sig 
Complex activator 100 Ta 960 0.130 4.01430 •7.3 0.0139 1 Const. Current 
Complex activator too Ta 1007 0.100 4.04990 1.6 0.0053 1 Const. Current 
7.5; 1 U;B 20 Ta 0.500 3.9969 -11.6 0.0128 1 Const. Sig 
7.5;1 La;B 20 Ta 1.000 4.0110 -8.1 0.0128 1 Const. Sig 
7.5; I La;B too Ta 0.075 4.00486 -9.6 0.0077 0.0072 0.7290 31 Const. Sig 
7.5; 1 U;B 100 Ta 0.500 4.00894 •8.6 0.0054 0.0031 0.2444 9 Const. Sig 
7.5; 1 U;B 100 Ta 1.000 4.01460 •7.2 0.0013 0.0051 -0.1750 4 Const. Sig 
7.5; I La;B 200 Ta 0.150 4.00843 •8.7 0.0002 0.0039 0.6000 3 Const. Sig 
7.5; I U;B 500 Ta 0.075 4.01250 -7.7 0.0011 0.0087 0.2500 2 Const. Sig 
7.5:1 U;B 500 Ta 0.500 4.01145 •8.0 0.0006 0.0045 •0.5000 2 Const. Sig 
7.5:1 U;B 500 Ta 1.000 4.01165 -7.9 0.0006 0.0037 -0.1500 2 Const. Sig 
7.5:1 La:B 100 Ta 946 to 966 0.067 toO.I9 4.00959 -8.4 0.0015 0.0039 0.4143 7 Const Current 
7.5:1 U:B 100 Ta 941 to 983 0.079 to 0.28 3.99877 -11.1 0.0134 0.0043 0.5857 21 Const Current 
7.5:1 U;B 100 Ta 995 to 1001 0.1 to 1.02 4.00808 •8.8 0.0056 0.0031 0.5000 7 Const Current 

17.5:1 U;B 100 Ta 1025 to 1031 0.025 to 0.47 4.00228 •10.2 0.0081 0.0823 1.4750 4 Const Current 
17.5:1 La:B too Ta 1047 to 1050 0.85 to 3.05 4.00857 -8.7 0.0007 0.0040 0.8333 3 Const Current 

2 



Table 3.3 Sun nmary 

Filamentt 

ards run on Re filament under a variety of com itions. 

1 Activator Mass 
(ng) 

Filamentt Temp 

CO 

Signal Ratio 5"B S.D.J mean 
%SE 

mean 
fractionation 

n Analysis | 
type 1 

I:7.5Li:B too Rc 976 0.084 4.03010 -3.3 0.0075 1 Const, cur 1 
1:7.5 La:B 100 Rc 990 0.057 4.03340 -2.5 0.0057 1 Const, cur 

B-free sea water 10 Re 883 to 911 0.18to0.28 4.00879 -8.6 0.0026 0.0127 2.3500 2 Const, cur 

7.5:1 U:B 200 Re 1012 to 930 0.150 4.00359 -9.9 0.005 0.0032 0.1857 21 Const. Sig 
7.5:1 U:B 10 Re - out-gassed 0.150 3.99880 -11.1 0.0023 1 Const. Sig 
7.5:1 U;B 50 Re-out-gassed 1058 to 932 0.150 4.00027 -10.7 0.0068 0.0028 0.2000 6 Const. Sig 
7.5:1 L*.B 200 Re-out-sasied 958 to 940 0.150 4.00405 -9.8 0.0021 0.0027 0.2571 14 Const. Sig 
7.5:1 U:B 300 Re-out-gassed 958 to 980 0.15 3.9988 •11.1 0.006 0.0027 0.1000 5 Const. Sig 
7.5:1 U:B 500 Re-out-gassed 948to%2 0.15 4.0062 -9.2 0.0032 0.0021 0.2000 9 Const. Sig 
7.5:1 La:B 200 Re 952 to 957 0.06 to 0.2 4.00413 -9.8 0.001 0.0033 0.4000 2 Const. T 
7.5:1 U:B 200 Re 971 0.13 to 0.3 4.00605 -9.3 0.0015 1 Const. T 
7.5:1 U:B 200 Re 1049 to 1051 0.39 to 1.56 4.0012 -10.5 0.0023 0.0074 1.0000 2 Const. T 
7.5:1 U.B 50 Re 94710 959 .11 to .32 3.99464 -12.1 0.0054 0.0018 0.0667 3 Const Cuficnt 
7.5:1 U:B 50 Re 990 0.09 to 0.33 3.9955 -11.9 0.0025 1 Const Cuficnt 
7.5:1 U:B 100 Re 91210917 0.071 to0.14 4.0042 -9.8 0.0024 0.0039 -0.0667 3 Const Current 
7.5:1 U:B 100 Re 935 to 964 0.055 to 0.3 4.0036 •9.9 0.0084 0.0026 0.1563 16 Const Current 
7.5:1 U.B 100 Rc 98810 998 0.09 to 2.59 4.0052 -9.5 0.0027 0.0012 0.1286 7 Const Cuficnt 
7.5:1 U.B 100 Re 1012 to 1024 .66 to 3.53 4.0141 -7.3 0.0085 0.0018 -0.2000 3 Const Current 
7.5:1 U:B 200 Re 952 to 960 0.069 to 0.6 4.0075 -8.9 0.0015 0.0027 0.1556 9 Const Current 
7.5:1 U:B 500 Re 94410 959 0.15to0.32 4.0079 -8.8 0 0.0022 -0.3000 2 Const Current 
7.5:1 U:B 1000 Re 949 0.13to0.39 4.0086 -8.7 0.0013 1 Const Current 
7.5:1 U:B 2000 Re 95410 966 0.083 to 0.37 4.0065 -9.2 0 0.0022 -0.1500 2 Const Current 

1. Signal refers to the digital voltmeter reading on the axial (mass 42) collector (amplifier), 
t OG - indicates that filament was out-gassed prior to loading. 
t Standard deviation of mean results of all ratios for each standard bead. 

0\ 
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material (Ta), however, may have influenced the results. Although Zeininger and Heumann 

(1983) do not specify filament material, later research by the same authors (Heumann and 

Zeininger, 198S) did indicate that sample beads were assembled using Re filament. Heumann 

and Zeininger (198S) also measured the ionization efiBciencies of BO,' ionized off of various 

filament materials and found signals roughly 20 times stronger fi-om Re than fi-om Ta under 

otherwise similar conditions. 

Due to the poor signals obtained using a 1:7.5 ratio of La;B on Ta filaments, the ratios 

were reversed so that the La;B mole ratio equaled 7.5; 1. This modification greatly improved 

signal intensity and stability. Signal levels on the order of 5 x 10''̂ A at mass 43 could be 

maintained for several hours using a lOOrig B load, although ratios would fi^ictionate up 

during this time span. Other La:B ratios were also tested on Ta filaments, ranging fi'om 3:1 

La;B to 19:1 La:B. The NBS 951 standards run using these alternative ratios displayed no 

strong shift in measured isotopic ratios or in analytical precision relative to the standards run 

using 7.5:1 La;B (Appendix A). 

Experiments with other activators were also performed. Ca (Heumann and Zeininger, 

1985) was mixed with the standard on Ta filaments with a 10; 1 ratio of Ca;B (Appendix A). 

The Ca runs exhibited substantially higher percent standard error values than comparable La 

runs and fiactionated nx>re. As a result, further experiments with Ca as an intensity enhancer 

were abandoned. 

Hemming and Hanson (1994) suggested that activators consisting of complex 

electrolytes such as boron-fi-ee sea water and carbonate rocks dissolved in hydrochloric acid 
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improved the analysis of boron in the negative ion mode. Specifically, the complex electrolyte 

activator reduced the in-run fi'actionation which has plagued negative ion analyses of boron. 

As a result, attempts were made to use boron-free sea water as an activator to analyze the 

NBS-9S1 isotopic standard. Initially, the procedure followed Hemming and Hanson (1994) 

except Ta filaments were used rather than Re. A boron load of lOng was placed on the 

filaments together with 2|il of boron-free sea water. The results were poor, with unstable 

declining ion beams and substantial in-run fiactionation (Table 3.3, Appendix A). 

Figure 3.2 illustrates the differences between NBS 951 standards loaded on Ta 

filament with the B-free sea water activator (10 r|g B) vs. the La activator (100 r|g B). This 

figure reports the block mean ratios recorded during the analyses as a fiinction of time. The 

La activator loaded standards clearly display less in-run fiactionation than the B-free sea 

water standards, and also cluster more closely as a group. Also, note the difference in overall 

ratio between the standards run using the two activators. The ratios obtained using B-free 

sea water (-6.9%o) also differed from Hemming and Hanson's (1994) analyses of the NBS 951 

standard (-10.4%o). Two factors may have contributed to the poor results. First, the low 

ionization efficiency of the Ta filaments combined with low boron mass of the B-free sea 

water loaded standards (lOrig) may have resulted in insufficient ion beam for successfiil 

analysis. However, B mass up to 100 T^g was tested on Ta filaments with similar results. 

Second, the low boron mass may have increased sensitivity to contamination introduced 

during filament loading and fix>m the filament itself The Ta filaments were not zone refined. 
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Figure 3.2 In-run fractionation observed during multiple ISO ratio analyses of the 
NBS 951 boron standard. Data represents a comparison of La activator 
and B-free sea water activator loaded standards. 

were not out-gassed prior to loading, and may have contained small quantities of boron. The 

10-fold reduction of boron placed on the filament compared to the La(N03)3 loaded samples 

would have increased the effects of any contamination present. Again, however, 100 Tig B 

loads were also analyzed on Ta with results similar to the 10 rig B loads. B-free sea water 

was also loaded as an activator on zone-refined Re filaments with 10 r|g B, but the results 

were inferior to the La loaded standards. 

An additional attempt was made to replicate the beneficial effect Hemming and 

Hanson (1994) observed from the use of complex activators by mixing an artificial 'complex 
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activator'. This activator was mixed using 1:1 molar ratios of La, Mg, Li and Ba to B. Two 

Ta filaments were loaded with 100 iig B using the complex activator. Neither standard 

provided satis&ctory results. One fractionated heavily with a mean 5"B of -7.3 %o, while the 

second yielded a mean 5"B of 1.6 %o, a value fru* from the expected value in the negative ion 

mode. 

3.3.2 Influence of Filament Material 

As has been indicated, NBS 951 standards and some plant digest samples have been 

analyzed when loaded on Ta and Re filaments. Earlier analyses were run using Ta filament 

(0.0254 mm thick) due to availability and cost efficiency. Re filament, however, has been 

used almost exclusively by other researchers using NTIMS due to high ionization efficiency. 

Therefore, many standard and sample runs were completed using 99.95 % zone-refined Re 

filament ribbon (0.0305 mm thick). This refining process significantly reduces the boron 

contamination contained in the filament material itself. Hemming and Hanson (1994) 

performed isotope dilution experiments to measure the boron content of zone-refined vs. 

regular Re filament. Their tests yielded 3 pg B on zone-refined filament and 35 pg on regular 

filament. 

E>ue to the many factors varied during the analysis of NBS 951 during the course of 

this research, a comparison of all Ta standards to all Re standards is not valid. Subsets of the 

data can, however, be directly compared. The ratios obtained for NBS 951 varied 

considerably using both Re and Ta filaments depending on the technique used for analysis. 



70 

However, no consistent and significant differences are observed in the ratios measured fi'om 

NBS 951 loaded on Ta vs. Re. Examining the standard run conditions with large numbers 

of analyses (Tables 3.2 and 3.3) suggests that the filament type does not influence the 

obtained ratio. For example, 31 analyses of Ta loaded NBS 951 (100 iig) yielded a mean 

5"B of -9.6 %o with a standard deviation of0.0077 %o. Sixteen analyses of similaily analyzed 

NBS 951 loaded on Re (100 iig) provided a mean 5"B of -9.9 %o with a standard deviation 

of 0.0084 %o. Students t-tests were utilized to determine to test the probability that the 

dififerences in ratios measured on the two filament types occurred due to random chance. 

Many variables were examined during the analyses of the NBS 951 standards. For the first 

t-test, all standard analyses were included fi'om beads loaded with 100 to 200 t^g boron using 

the 7.5:1 La;B activator ratio. The NBS 951 analyses included in the t-test were conducted 

using a variety of ion beam intensity control types including constant signal intensity, constant 

filament temperature and constant filament current. The inclusion of all three filament control 

methods introduces an additional variable into the test. However, the effect of filament 

control on the isotopic result is tested separately in later discussion. The second t-test 

included the data fi'om the first test, but eliminated all analyses that fell outside of two 

standard deviations. This was intended to remove data fi'om a single turret of NBS 951 

analyses loaded on Ta that were uniformly and inexplicably several per mil lighter than any 

other analyses. Table 3.4 lists the results of the first t-test, while Table 3.5 lists the second 

test which excludes data outside two standard deviations. 
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Table 3.4 t-test results from Ta and Re 
filament loaded NBS 951 standards - all data 
romJ^^^O^jgJoad^incjudel^^^^ 
t-Test; Two-Sample Assuming Unequal 
Variances. 95 % confidence. 

Ta Re 
Mean (%g) -9.84 -9.91 

Variance 5.65 1.14 

Observations 77 67 

Pearson Correlation NA 

Pooled Variance 3.55 

df 109 

t 0.21 

P(T<=t) one-tail 0.42 

t Critical one-tail 1.66 

P(T<=t) two-tail 0.84 

t Critical two-tail 1.98 

The two attempts at the t-test yielded drastically dififvem results. The first table indicates that 

the calculated means are not different in a statistically meaningful way at the 95% confidence 

level. A strong likelihood (84%) exists that the observed differences are due simply to 

random variations of sampling from the population. The first t-test, however, includes all of 

the values measured for NBS 951 on Ta and Re within a restricted range of mass loaded on 

the filament. This restriction was included because total boron mass was suspected to 

influence the resulting isotopic ratios. One turret of NBS standards loaded on Ta filament, 

however, yielded very li^ isotopic ratios. No other turret of standards ever provided similar 

ratios again. When plotted as a histogram (Figure 3.3), these light values stand out distinctly 
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Table 3.S t-test results from Ta and Re 
filament loaded standards - all data from 100 
and 200 i^g loads excluding all values outside 
of two standard deviations. 

t-Test: Two-Sample Assuming Unequal 
Variances, 95% confidence. 

Ta Re 
Mean (%e) -9.31 -9.91 

Variance 2.44 1.14 

Observations 71 67 

Pearson Correlation NA 
Pooled Variance 1.81 

df 124 

t 2.62 

P(T<=t) one-tail 0.005 

t Critical one-tail 1.66 

P(T<=t) two-tail 0.01 

t Critical two-tail 1.98 

from the others. Although no certain reason was determined for these anomalous values, this 

turret was loaded with beads that were allowed to stand at atmospheric pressure in a 

polystyrene foam box for several weeks before analysis. All other standards were placed 

under vacuum and run promptly within 1 to 3 days. As a result, the single turret of 

anomalous standards were excluded from the data for the t-test represented in Table 3.S. 

This second t-test indicates a very low probability (1%) that random chances caused the 

differences observed in the means obtained from Ta and Re loaded NBS 951 standard. 

While mean ratios are similar when NBS 951 is loaded on Ta or Re, the behavior of 

the ratios during an analysis differs. Standards loaded on Re filaments suffer less in-run 
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Figure 3.3 Frequency plot of isotopic ratios from 100 and 200 T|g NBS 951 boron 
standards analyzed on Ta and Re filaments. 

fractionation than Ta loaded standards (Figure 3.4). This plot compares the isotopic ratios 

reported during the course of an extended analyas measured for the NBS 9S1 standard 

loaded on Re and Ta filament. The Ta line is an average of eight analyses, while the Re data 

includes four runs. The runs were selected based on similarity of running conditions. All 

were conducted at a constant ion-beam signal intensity, with similar loading conditions and 
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7.5:1 La.B ratios. 

These standard runs were extended long past the usual ninning time to accentuate in-

run fractionations. Ordinary analyses of standards and samples are ceased at 1/3 the time 

reported in Figure 3.4. Note that the average isotopic values over the first 1200 seconds (an 

ordinary run length) are very similar between Re and Ta loaded standards. Although the 

averages over 1200 seconds are similar, the reduced fitictionation fi-om Re loaded samples 
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Figure 3.4 Linear regressions of average in-rim fractionations observed from 
boron loaded on Ta and Re filaments with otherwise similar loading 
conditions. Error bars are based on the standard error of the analyses 
prior to performing the regression. 
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and standards lends greater confidence to the results obtained. Analyses with less in-run 

fractionation are less sensitive to the time expired between the heating of the filament and the 

initiation of analysis. 

3.3.3 Influence of Filament Oiit-ga.gsing 

Filament out-gassing is a technique designed to reduce or eliminate potential 

contaminations resulting fi'om residuals on or in the filament material itself. Filament 

contaminants can influence isotopic analyses either by direct interference at the mass of 

interest Osobaric interference) or by reduction in ionization efficiency off of the filament. For 

the analysis of particular elements, such as strontium, out-gassing is requisite. Boron 

analyses, however, generally do not require such treatment, at least when performed in the 

more common positive ion method using relatively large boron masses. The NTIMS 

technique, however, requires some 200 times less boron mass and is therefore proportionally 

more senative to contamination during processing and filament loading. One hypotheses to 

explain the relatively erratic results obtained for NBS 951 using the NTIMS method is 

contamination. Tests by Hemming and Hanson (1994) measured 16 pg B on out-gassed non-

zone refined Re filament, 35 pg B on untreated non-zone refined filament and 3 pg on 

untreated zone refined filament. Duchateau and DeBi^e (1983) analyzed Re filament boron 

blank levels ranging fi^om 98.2±19.2 pg B (not out-gassed) to 110.9±22.1 pg B (30 min out-

gassed@4.0A). Obviously, the untreated zone-refined Re filament contains &r lower boron 

than even out-gassed non-zone refined filament. In addition, the out-gassing has a limited 

effect on filament boron blanks. The Re filament used in this research was zone refined, but 
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the possibility existed that boron contamination of the filament material occurred during 

handling of the filament wire. Out-gassing was the method utilized to remove any such 

surface contamination. 

For this experiment, out-gassing was conducted under high vacuum in the mass 

spectrometer source area. This technique is not generally recommend for large numbers of 

sample beads as it can contaminate the source area, but is satisfactory for smaller numbers of 

filament treatments. The procedure for out-gassing filaments consists of heating the filament 

with an electrical current to a temperature much higher than the normal ionization 

temperature of an element or species. On Re filaments, the BOj* anion typically ionizes at 

approximately 925 to 9S0X^ with a filament current of 1.8 to 2.0A. The filaments were out-

gassed at a filament current of 3.OA for IS minutes. This current corresponds to at least 

1200°C; filaments run with this current turn white hot instead of the usual dull red glow of 

an ordinary analysis. 

Two sets of NBS 951 boron isotope analyses were compared using the statistical t-

test to detennine if out-gassing contributed significant differences. The analyses compared 

were identical except for the filament treatment. All were loaded using a 7.5; 1 La:B activator 

ratio with 1 |xl of 0.1 N HNO3. The ion beam intensity in ail runs was computer controlled 

at a constant voltage of 0.15 volts in the axial collector measured after the collector amplifier. 

The filament temperature at this beam intensity generally ranged around 975°C. 

Table 3.6 lists the t-test and F-test results comparing NBS 951 resuhs on out-gassed 

and untreated Re filaments. The t value in this test is lower than the critical two tail indicator 
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which indicates that the difference in the means is not significant at the 95% confidence level. 

The variance of results on the out-gassed filaments is lower than on untreated filaments. This 

many indicate that the out-gassing does slightly improve the analytical precision. The F-test 

also indicates a statistically meaningfiil difference in the variances at the 95% confidence 

Table 3.6 t and F-tests comparing NBS 951 
analyses run on untreated and out-gassed Re 
filament wires. 
t-Test Two-Sample Assuming Unequal 
Variances, 95% confidence. 

Not out' 
amsMOd 

Out-gaamod 

Mean (%o) -9.68 -9.79 
Variance 0.88 0.28 
Standard deviation 0.94 0.53 
Observations 14 14 
Pearson 
Correlation 

0.55 

Pooled Variance 0.58 
df 21 
t 0.36 
P(T<=t) one-tail 0.36 
t Critical one-tail 1.72 
Pfr<=t) two-tail 0.72 
t Critical two-tail 2.08 

F-Test: Two-Sample for Variances 
Not-out 
amssod 

Out-gas»od 

Mean (%e) -9.68 -9.79 
Variance 0.88 0.28 
Observations 14 14 
df 13 13 
F 3.14 
P(F<*f) one-tail 0.02 
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interval. 

Figure 3.S is a histogram showing the distributions of resuhs from the untreated and 

out-gassed filaments. This plot suggests that most of the analyses cluster fiurly closely about 

the means, but that a single point from the untreated filaments lies fijrther away. The t and 

F-tests were performed again after eliminating the data outside two standard deviations, 

which removed the spurious point. Table 3.7 lists these results. In this analysis, both the t-

Legend 
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• Untreated filaments 

J I L J • • I • ^ III J L 
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Figure 3.5 Frequency plot of mean isotopic values for NBS 951 standards loaded 
on out-gas^ and untreated Re filament wires. Loading conditions 
were otherwise similar. 
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Table 3.7 t and F-tests comparing NBS 951 
analyses run on untreated and out-gassed Re 
filament wires after rcgection of data outside 2 
standard deviations. 
t-Test; Two-Sampl« Assuming Unequal 
Variances, 95% confidence. 

Not-out 
aaas0d 

Out-gmnti 

Mean (%e) -9.49 -9.79 
Variance 0.38 0.28 
Observations 13 14 
Pearson 
Correlation 

NA 

Pooled Variance 0.33 
df 24 
t 1.34 
PfT <«t) one-tail 0.10 
t Critical one-tail 1.71 
Pn"<*t) two-tail 0.19 

206  

F-Test Two-Sample for Variances 
Not-out 
aassod 

Out-gmssod 

Mean (%e) -9.49 -9.79 
Variance 0.38 0.28 
Observations 13 14 
df 12 13 
F 1.37 
P(F<=0 one-tail 0.29 
F Critical one-tail 2.60 

and F-tests fail at the 95% confidence level. Therefore, the treatment of zone refined Re 

filament by out-gassing is not statistically significant. 

3.3.4 Influence of Boron Mass on Filament 

The mass of boron loaded on the filament has also been suggested to influence the 
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results of boron isotope analyses using the NriMS analysis technique. Specifically, this effect 

has been correlated to the type of activator used during loading of the sample on the filamem. 

Heumann and Zeininger (1985), noted a significant relationship between the ratio and 

boron mass on the filament when using La(N03)3 as an activator and Zuleger and Erzinger 

(1991) (cited in Eisenhut et al. 1996) noted a similar effect with Ca(N03)2 as an activator. 

Eisenhut et al., (1996) however, found no mass-ratio relationship using a BaOHj activator. 

In addition. Hemming and Hanson (1994) reported no sensitivity of isotopic ratios to the mass 

loaded on filaments (0.5 to 100 tig) when using boron-fi-ee sea water as the intensity 

enhancer. 

Unfortunately, all attempts to use activators other than La(NO,)3 provided inferior 

analyses. As a result, many NBS 951 analyses were performed using 7.5:1 La;B loaded at 

several different masses on filaments to identify the mass dependence of the resulting ratios. 

The iment was to determine a mass range where the isotopic ratios were relatively invariant 

so that samples could be run as precisely as possible. 

The attempts to correlate boron mass loaded on the filaments to the resulting isotopic 

ratios appear to show a relationship. Mass - isotope ratio analyses were performed both on 

out-gassed Re and untreated Re filament wires. The analyses on out-gassed Re were 

computer controlled with an ion-beam strength of 0.15 A axial collector strength. The 

untreated Re filaments were run at a constant filament current with a temperature of 

approximately 950X; the ion-beam intensities ranged fi'om 0.055 to 0.23 A. Boron was 

loaded with 7.5; 1 La;B activator, figure 3.6 di^lays the relationship between the boron mass 
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and the measured isotopic ratios. Also included on the figure is the mass dependence noted 

by Heumann and Zeininger (1985). Although the conditions of analysis were very similar to 

Heumann and Zeininger (198S), the mass-ratio relationship was much weaker and less 

pronounced in this study. Over the range of 100 to 2000 i^g B, the variation in isotopic ratios 

was very small. 

The statistical significance of the mass effect was tested using the one-way ANOVA 
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Figure 3.6 Variation in isotopic values measured with respect to boron mass loaded 
on out-gassed and untreated Re filaments together with results fi'om 
Heumann and Zeininger (198S). 
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analysis of variance test. The test was applied to the data four times, twice each to the 

untreated filament and out-gassed filament data. The tests were rw with and without the data 

from the analyses of SO r|g boron loads. The tests excluding the SO T|g analyses were 

conducted based on the visual observation that very little relationship existed in the mass 

range between 100 and 2000 iig B on the filament. Tables 3.8 and 3.9 list the results of these 

statistical tests. The ANOVA at the 9S % significance level indicates rejection of the null 

hypothesis (the F value exceeds F-crit) for all cases except the out-gassed Re runs when all 

masses analyzed are included. When the null hypotheses is rqected, the samples (analyses at 

a given mass) are highly likely to have been sampled fi-om different populations. Therefore, 

we can say that the population from which the SO r|g isotopic analyses were sampled differs 

fi-om the populations fi-om which the SOO iig isotopic analyses were sampled. Put another 

way, we could say that the "true" measured isotopic value of SO tig samples differs from the 

SOO r|g samples. Where the null hypothesis is rejected, a relationship between variables is 

indicated. In the case of the test on out-gassed Re which included all filament loading masses, 

the statistical test fails, and no relationship is indicated at the specified significance level. 

Failure or acceptance is judged by comparing the F value to the F-critical value; when F>F-

critical, then the test passes. At higher significance levels, the F-critical value increases. 

Tables 3.8 and 3.9 indicate that the tests on untreated Re would have passed a much 

higher significance levd and that the relationship between isotopic ratio and mass is stronger 

on untreated Re than on out-gassed Re. One possible reason for this is the presence of boron 
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Table 3.8 ANOVA results indicating statistical connection between 
isotopic ratios ofNBS 951 and the mass of boron loaded on out-gassed Re 
filaments. 
Out-eassed Re filaments, all masses, 95% sicnificance 
Summary 
Mass {hei Count Sum Average Variance 

50 6 -64.3 -10.72 3.39 
200 3 -30.6 -10.20 0.34 
300 5 -55.5 -11.10 2.73 
500 9 -83.2 -9.25 0.69 

Source of Variation 
SS df MS F P-value F-crit 

Between 
Groups 

159.24 3 53.08 2.28 0.10 2.90 

Within 
Groups 

745.78 32 23.31 Fail to reject nuU 
hypothec 

Out-gassed B jt filaments, wit hout 50 HI E runs, 95% sisnificance 
Summary 
Mass (he) Count Sum Average Variance 

200 3 -30.6 -10.20 0.34 
300 5 -55.5 -11.10 2.73 
500 9 -83.2 -9.25 0.69 

Source of Variation 
SS df MS F P-vaiue F-crit 

Between 
Groups 

154.1 2 77.03 3.71 0.04 3.40 

Within 
Groups 

498.9 24 20.79 Reject null hypothesis 
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Table 3.9 ANOVA results indicating statistical connection between isotopic 
ratios ofNBS 951 and the mass of boron loaded on untreated Re filaments. 
Untreated Re filaments, all masses, 95 % sicnificance 
Summary 
Mass (kei Count Sum Average VarUiHce 

50 4 -48.3 -12.06 1.80 
100 17 -174.0 -10.23 1.60 
200 11 -103.8 -9.43 0.66 
500 2 -17.7 0.00 
2000 2 -18.3 -9.17 0.02 
Source of Variation 

SS MS F P-value F-crit 

Between 
Groups 

1046.90 4 261.73 18.79 0.00 2.49 

Within 
Groups 

1114.48 80 13.93 Reject nuli hypothesis 

Untreated Re filamen( without 50 us runs, 95 */• sianificance 
Summary 
Mass (he) Count Sum Average Variance 

100 17 -174.0 -10.23 1.60 
200 11 -103.8 -9.43 0.66 
500 2 -17.7 -8.84 0.00 
2000 2 -18.3 -9.17 0.02 
Source of Variation 

SS MS F P-value F-crit 

Between 
Groups 

1004.03 3 334.68 32.26 0.00 2.75 

Within 663.99 64 10.37 R êct nuU hypothec 
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or other interfering contaminants that are removed by out-gassing. Although the previous 

discussion regarding filament out-gassing did not indicate strong effects on the isotopic 

analyses, those statistical tests only examined NBS 951 analyses on out-gassed and untreated 

filaments at one mass level. The tests conducted at several mass levels do indicate a 

difference between out-gassed and untreated Re filaments. 

Boron mass on the filament can also influence the time-fiactionation of isotopic ratios 

measured during an analysis. During ionization of boron, the lighter isotopes have a slight 

tendency to ionize first, and therefore the first ratios measured are generally the lightest. As 

more of the lighter boron leaves the filament, the isotopic ratios tend to rise. Therefore, the 

lighter filaments loads were tested to determine if they suffer more in-run fi^ionation than 

heaver loads (Figure 3.7). Each analysis was conducted at a constant filament current to 

reduce changes in filament temperature during the nms. The beads (Re) were untreated and 

the boron was loaded at a 7.5:1 La:B ratio. Although the average isotopic value obtained 

fi'om the 50 T|g boron standards was lighter than the 500 Tig loads, the degree of fi'actionation 

remained similar. This suggests that even at 50 tig B, the mass on the filament greatly 

exceeds the amount required for an analysis. This conclusion is supported by Hemming and 

Hanson (1994), who analyzed boron loads as small as 0.5 i^g successfully. Although the data 

in Figure 3.7 only represent two isotopic analyses per series, it lends support to the 

correlation between boron mass and measured isotopic ratio. These data, however, suggest 

that the differences in overall isotopic ratios can not be explained by in-nm firactionations. 
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Figure 3.7 In-run fractionation observed as a function of NBS 951 boron mass loaded 
on untreated Re filaments with a 7.5:1 La;B activator ratio. 

3 .3 .5 Temperature Effects 

The ionization of boron from the filament is induced and controlled by heat. As a 

result, the temperature of the filament material is a critical variable that has the potential to 

influence isotopic ratios during an analysis. Hemming and Hanson (1994) tested the 

dependence of NTIMS obtained isotopic ratios on filament temperature and found a zone 

between 950 to 1000°C where the ratios were consistent. At higher filament temperatures. 
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the ratios were higher and at lower temperatures the ratios were lower. Measurements 

conducted during this research suggested that boron analyses were not possible at 

temperatures far above or below the 950 toKKXyC zone as ion-beam intensity would either 

become too small to measure or large enough to saturate the collector circuitry. Measurable 

ion streams would typically commence around 9S0°C and climb considerably without further 

temperature adjustment. Others have utilized a pyrometer during NTIMS analyses, but did 

not report any relationship between filament temperature and measured 5"B (Heumann and 

Zeinninger, 1985; Eisenhut et al., 1996). Heumann and Zeinninger, 1985 also noted that 

above 1150°C, electron emissions fi-om the filament can adversely influence the focusing 

parameters of the BOj' ion and therefore change the signal intensity. 

Although filament temperature is the master variable controlling ionization fi-om the 

filament, various methods can be utilized to control ionization fi-om the filament. The 

generally preferred method is using an optical pyrometer connected to the mass spectrometer 

control system such that filament temperatures are automatically regulated to preset values. 

The filament current is changed as necessary to control temperature, and the intensity of the 

ion beam can vary substantially during an analysis. An alternate technique is to maintain the 

signal intensity at a constant level by varying the filament current. This technique causes 

substantial variations in filament temperature during an analysis as ionization efficiency can 

change significantly. Fmally, the filament can be set at a constant current during an analysis. 

This method results in fiurly stable filament temperatures, although some rise does occur 

during most runs as the filament mounting posts heat up and ionization efficiency increases. 
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The signal intensity, however, may change substantially during an analysis. 

Although automatic filament control using an optical pyrometer is the preferred 

method for regulating ion-beam intensity, the actual setup and use of the pyrometer is 

complicated by a variety of fiictors. The greatest of these is caused by the very small focusing 

area provided by the approximatdy 0.5 mm wide filament and the by minimum focus distance 

dictated by the distance from the filament to the viewing port on the source door. Although 

optical pyrometers are fiuriy common instruments used in glass and steel production, the need 

to focus on a tiny area presents several problems. Most production pyrometers are designed 

for a range for target sizes and focusing distances, but the very small filament area pushes the 

extreme limits of the engineering design. As a result, the pyrometer alignment and calibration 

are particularly critical as tiny anomalies can result in mis-readings. In addition, the filament 

itself is not a constant temperature across its length, but rather varies from close to room 

temperature where the wire is welded to the support posts to a maximum at the center. 

Maintaining placement of the pyrometer target area on the hottest portion of the filament 

requires great care even with a perfectly aligned instrument. Variations also occur from bead 

to bead as the location of the filament wire varies slightly as the turret is rotated to place new 

samples into position for analysis. As a result, the pyrometer must be re-aimed for the 

maximum temperature reading with each bead. Any mis-alignment between beads can easily 

change the indicated temperature reading by 2S°C or more. 

The fiurtors discussed above can influence the relative temperature readings from bead 

to bead. An additional, but less disturbing source of error, influences the absolute 
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temperature reading but not the bead to bead consistency. Specifically, the optical pyrometer 

must be calibrated to correct for the emissivity of the object measured. Every object above 

the temperature of absolute zero emits radiation. The optical pyrometer measures 

temperature indirectly by measuring this outgoing radiation. The amount of radiation emitted 

is a function of both the temperature and the emissivity of the object. All surfaces which are 

not true blackbodies emit less radiation than a true blackbody at the same temperature. The 

optical pyrometer assumes a blackbody source and must be corrected for the reduction in 

emissivity fi'om other sources. For this research, emissivity corrections were taken fi'om 

tables of data provided by the manufacturer (e=0.37S for Ta) and by Newport electronics 

(e=0.19 for Re). The actual emissivity of the filaments was not measured and may have 

differed somewhat fi'om the stated values. Nevertheless, as long as the emissivity of the 

filament material was consistent within each type, then the errors introduced only affect the 

absolute measured temperatures and not the relative differences for a given filament or 

between filaments. 

The pyrometer utilized for this research was a Mikron model M90R selected for its 

temperature sensitivity range and its very small target area. The unit was focused on the 

filament through the use of two stacked close-up lenses provided by the manufacturer. Even 

with this configuration, the filament width was barely wide enough to fill the target area in 

the pyrometer. 

For a given filament nm at several currents, the relationship between filament current 

and measured filament temperature is excellent (Figure 3.8), but between filaments differences 



90 

between filament thickness, quality of wdding to the filament posts and contact quality in the 

mass spectrometer source area all influence the correlation. Figure 3.9 a and 3.9 b indicate 

the correlation between the temperature measured at the beginning of the analyses and the 

filament current. Figure 3.8 suggests that the pyrometer is working well despite the 

difficulties discussed previously and that it will reveal meaningfiil relationships between 

isotopic ratios and filament temperatures if any exist. 

1660 

»2 = 0.99 
correlation » 0.99 

1250 ' '  ̂
1.40 1.45 1.50 1.56 1.60 1.66 1.70 1.75 1.60 

Filament Current 

Figure 3.8 Ta filament temperature as a function of applied filament current for 
a single filament. 
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Several tests were conducted to determine whether the isotopic ratios measured were 

influenced substantially by filament temperature, and if so, to determine the exact nature of 

the effect. Specifically, a variety of filament temperatures and ion beam intensity control 

techniques were employed to detect any connection to the mean measured isotopic ratios and 

to the in-run fi^ctionations. Figure 3.10 a plots most of these data as 5"B vs. measured 

filament temperature. This plot includes all runs on Ta or Re filament loaded with 100 or 200 

r|g NBS 951 using a 7.5:1 La:B activator ratio. The high temperatures of approximately 

10S0°C were limited by the highest signal intensity allowed by the detector network. Most 

of the runs were conducted at a constant filament current rather than at a controlled 

temperature. None of the included analyses were run at a constant ion beam signal intensity 

due to the large filament temperature changes observed. In general, however, the filament 

temperature did not vary substantially fi-om the initial value during the analyses (see data in 

Appendix A). Figures 3.10 b and c present the data separately for NBS 951 standards nm 

on Re and Ta filaments. The Ta filament samples all represent 100 i^g B loads while the Re 

filaments were loaded with either 100 or 200 tig B. In all three cases, no relationship is noted 

between the filament temperature measured during analysis and the resulting isotopic ratio. 

The regression lines on each plot show no convincing slope and the best r^ = 0.015. 

This temperature range spaimed the extremes of ability to perform an analysis based on the 

signal intensity. As a result, filament temperature does not influence isotopic ratios in the 

practical range of analysis. The use of a pyrometer appears unnecessary for NTIMS analyses. 
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The second potential influence that filament temperature or filament control method 

might have on the isotopic analysis pertains to in-run fi^ictionation. Although no correlation 

was noted between filament temperature and mean isotopic ratio, data were collected to 

examine in-run fi^ictionation over longer time periods than an ordinary analysis. Figure 3.11 

compares the in-run fi^ctionations observed for NBS 951 run at a constant filament current 

a constant filament temperature and at a constant ion-beam signal intensity. The plotted data 

represent averages of several independent runs and the error bars represent the standard error. 

Although the constant temperature plot represents a greater number of runs (7 vs. 5) than the 

constant current or constant signal analyses the error bars are larger due to a single outlier run 

which was included in the plot. Each of the analyses was conducted on untreated Re filament 

with a boron load of200 rig and a 7.5; 1 La:B activator ratio. The data indicate that the mode 

of filament control does not affect the in-run fi^ctionation observed using the given 

experimental parameters. 

Additional tests were conducted to determine if deliberate changes in filament 

temperature during analysis could change the in-run fi^ictionation. The intent was to 

exaggerate filament temperature drift and identify any existing correlations not detected in the 

constant temperature and constant signal intensity tests. Two NBS 951 analyses were 

conducted (Figure 3.12) on Re filament with 200 r\g B loads using 7.5:1 La;B activator 

ratios. In the first case, the filament was run at 955''C for 50 ratios, lOOO'C for the next 50 

ratios and 1040''C for the final 50 ratios. In the second case, the filament was ramped down 
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from lOSO to 1000 to 9S0*C in SO ratio increments. The data of Hemming and Hanson 

(1994) suggest that higher filament temperatures should result in higher ratios, so the 

temperature step up analysis should resuh in more in-run fiactionation. The present analyses, 

however, suggest exactly the opposite. The analysis which was stepped down in temperature 

experienced significantly greater in-run fi'actionation than the stepped up analysis. This 

observation has importance to NTIMS analyses filament control technique in that constant 

ion intensity analyses tend to reduce filament current and temperature during the course of 
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Figure 3.12 In-run fi^ctionation of NBS 951 loaded on Re with 7.S: 1 La:B as a 
function of filament temperature ramping procedure. 
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analysis. An artifict of constant ion intensity control technique may, in fact, reduce the in-run 

fractionation. 

Statistical tests were also conducted to determine whether the mode of filament 

control influenced the measured boron isotope ratios. Specifically, t-tests were applied to test 

the hypothesis that the mean isotopic ratios of NBS 951 analyses conducted u^g a constant 

filament current and a constant ion-beam intensity are fi'om the same population. The t-tests 

were conducted for Ta loaded boron (100 iig) and Re loaded boron (200 r\g) both using 7.5; 1 

La;B. Table 3.10 lists the results for the Ta filaments while Table 3.11 contains the Re 

results. 

In the case of Ta and Re filament loaded NBS 951 standards, the t-test fails at the 

95% significance level. The result suggests that the differences in the mean isotopic ratios 

measured using a constant filament current and constant ion-beam intensity (variable filament 

current) are quite likely chance occurrences. The number of observations in each t-test is 

relatively large, thereby reducing the likelihood of a Type II error (overlooking a correlation 

where one actually exists). In these sets of data, however, the variance in ratios observed on 

Re loaded NBS 951 was much lower than fi-om Ta filaments. This supports the use of Re 

filaments in preference Ta when performing boron analyses. 

These results indicate that filament temperature has relatively little influence on 

measured boron isotopic ratios when using the La(N03)3 activator in the negative ion mode 

and that a constant signal intensity filament control technique is fiiUy adequate. Therefore, 
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Table 3.10 t-test of NBS 951 nin on Ta filaments using 
constant signal intensity and constant filament current. 

t-Test: Two-Samo e Assumins Uneaual Variances 
Constant signal Constant current 

Mean -9.49 -10.17 
Variance 3.46 7.59 
Observations 37 40 
Pearson 
Correlation 

NA 

Pooled Variance 5.61 
df 69 
t 1.28 
P(T<=t) one-tail 0.10 
t Critical one-tail 1.67 
P(T<=t) two-tail 0.21 
t Critical two-tail 1.99 

Table 3.11 t-test of NBS 951 run on Re filaments using 
constant signal intensity and constant filament current. 

t-Test: Two-Samole AssuminK Uneaual Variances 
Constant sienm Constant current 

Mean -9.73 -9.33 
Variance 0.56 0.72 
Observations 28 12 
Pearson Correlation NA 
Pooled Variance 0.61 
df 19 
t -1.42 
PfT<=t) one-tail 0.09 
t Critical one-tail 1.73 
PfT<=t) two-tail 0.17 

t Critical two-tail 2.09 
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a pyrometer is not essential or even particularly advantageous for boron analyses using the 

techniques described in this report. 

3.3.6 Focus Effects 

One of the procedures executed by the mass spectrometer computer during an 

isotopic analysis is a fixusing routine. The direction of motion and rotation of the ion-beam 

is controlled using a series of electronic lenses or focus plates to maximize the signal intensity 

during analysis. Good focus is essential for a successful isotopic analysis as it allows the 

maximum possible signal at the lowest filament temperature. Although data discussed earlier 

indicate that filament temperature does not influence isotopic measurements for pure 

unprocessed NBS 951 standards, an overly hot filament will bum off a sample of marginal 

purity before an analysis is complete. In addition to maintaining a high signalifilament 

temperature ratio, some research has suggested that the focus parameters also influence the 

measured isotopic ratios systematically (Hemming and Hanson, 1994; Heumann and 

Zeininger, 1985). Focusing in the negative ion mode is complicated by the acceleration of 

electrons along with the analyte ion beam fi'om the filament. In the positive mode the 

electrons simply fly in the opposite direction fr^om the ion beam and therefore do not influence 

focusing. Figure 3.13 a through d, plots focus parameters against measured isotopic values 

from NBS 951 standards loaded on Ta filament using 7.5:1 La:B and run at a variety of 

filament temperatures. In each case, the relationship between focus value and measured 

isotopic ratio is weak to very weak. The highest correlation is observed when the Z and D-

bias plate values are combined and compared to the isotopic results. However, the random 
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scatter in the measured values outweighs any existing focus parameter's control of the results. 

These data suggest that ion beam focusing is not a primary fiu:tor in NTIMS isotopic analyses 

of boron. 

3.3.7 Correlation of in-run fractionation to %SE and isotopic ratios 

The purpose of this efibrt to determine the factors influencing isotopic analyses using 

NTIMS was to explain and reduce the observed variability of measurements. Although no 

strong correlations between a variety of variables and the isotopic ratios was observed, an 

attempt was made to improve the results by filtering out analyses with excessive in-run 

fractionation. This filtering practice is commonly employed in isotopic studies to remove 

obviously 'bad' data in the case of extreme fiactionation. For this study, in-run fi^ictionation 

was correlated with the isotopic results and with the reported percent standard error of 

analysis to determine the actual relationship, if any. The data considered in the analysis 

included all NBS 951 standards of mass from 50 to 2000 r|g loaded on Re and Ta filaments 

using the full range of activators. Essentially, all of the NBS 951 analyses performed during 

this research are included except for runs of 150 ratios where only the first 50 ratios are 

considered. The correlation between in-run fractionation and percent standard error during 

analysis was 0.55 (n=196). Some correlation is expected between these variables, as analyses 

with large in-rxm fi^ctionations will generally have larger percent standard errors. The 

correlation between in-iun fi^actionation and isotopic ratio is -0.024 (n=206). Isotopic ratios 

measured using NTIMS have no meaningfiil relationship to the in-nm fi'actionation during 

analysis. 
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3.3.8 Filament loading technique 

In addition to the previously discussed variables, the method of loading boron on the 

filaments was varied to determine if it was causing erroneous results. The foremost concern 

was that contamination occurring during the loading process was causing variability in the 

analyses. Duchateau and DeBi^e (1983) used isotope dilution and NTIMS to measure the 

boron contamination of solution placed on filaments and allowed to dry at room temperature 

(Table 3.12). 

All sample loading for this research was conducted in a clean room in a laminar flow 

clean hood. The loading and drying process, however, required several minutes per filament 

during which suspended dust could potentially have settled into the samples. To reduce this 

possibility, additional NBS 951 analyses were conducted on filaments loaded in a protective 

box inside the laminar flow hood. No improvement in the quality of analyses was noted. The 

Table 3.12 The influence of the loading environment on boron blanks 
(Duchateau and DeBievre, 191 J3) 

Loading location Boron blank concentration (pg ± Is) 

dust-fi-ee hood 154.2 ±30.8 

normal working laboratory 153.7 ±30.6 

dusty room 490.1 ±264.6 

rate of drying of the liquid loaded sample was also changed fi'om very slow (several minutes) 

to rapid (30 seconds or less) with no apparent effect on the analyses. Initially, all standards 

and samples were loaded on the filaments without acid to reduce the pH below the critical 
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boric acid equilibrium point of 9.2. Later, all boron was loaded using nitric or hydrochloric 

acid, but no effect was observed. The method of mixing the activator and boron during 

loaded was changed to promote more complete mbdng, but no improvement in precision was 

noted. 

3.4 Summary 

Boron isotope analyses in the negative ion mode have proved more variable than is 

generally considered desirable. A substantial efibrt was conducted in this research to improve 

the results of NBS 951 analyses by determining what factors most influence the isotopic 

results. 

The type of signal enhancing activator as well as the activator;boron ratio plays a 

significant role in the quality of isotopic analyses. The most consistent results were obtained 

using LaCNO,)} with a ratio of 7.5:1 La:B. Filament material also plays some role in the 

quality of the isotopic measurements. Re wire filaments were somewhat improved relative 

to Ta filaments with respect to the precision of analyses and also the in-run firactionation. 

Filament out-gassing appeared not to improve the results in a statistically meaningful way, 

except when the mass of boron loaded on the filament was also considered. When run on 

untreated filaments, boron isotope ratios varied as a function of the mass of boron loaded on 

the filament. Analyses performed on out-gassed filaments, however, did not statistically relate 

to boron mass. This result suggests that contamination on the filament wire itself may have 

influenced the analyses. Another variable examined was the effect of filament temperature. 
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Contrary to previously published results, no relationship was noted between temperature and 

isotopic result. Finally, no substantial correlation was noted between the focus parameters 

and the boron analyses. 
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CHAPTER 4 - GREENHOUSE GROWTH OF A TRIPLEX CANESCENS 

4.1 Introduction 

Relatively little is known about the behavior of boron isotopes in plants. For this 

study, it was necessaiy to learn about boron isotope response in plants with respect to fectors 

that are variable in natural settings such as pH and boron concentration. Maintaining control 

of these variables and minimizing un-controUed variability necessitated growing plants from 

seed in a greenhouse. In addition to providing the ability to control variables, the greenhouse 

greatly increased the rate of plant growth which decreased the experimental time required. 

4 .1 • 1 Selection of Plant Species 

The plant species Atriplex canescens (Four-Winged Saltbush) was selected as the 

subject of study for this research for two primary reasons. First, due to its environmental 

adaptation to arid alkaline conditions, it is capable of enduring the high concentrations of 

boron and sodium (Salo et al., 1996) and the high pH values utilized in this experiment. 

Sabey et al. (1990) did not address Atriplex canescens tolerance of high boron specifically, 

but did note that the plants responded favorably to growth in sewage sludge, which is 

typically high in boron. Those plants were grown, however, at a low pH to simulate the 

conditions of copper mine spoils. Mikhiel et al. (1992) studied the germination response of 

various species of Atriplex and noted reduced germination percentages at 0.4M sodium 

chloride. The plants in the present research, however, were germinated under low salinity 

(other than high boron) conditions and neutral pH. 
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The second reason for sdecting Atriplex canescens is that the genus is common in the 

arid southwest, and is very wide ranging throughout the western United States (Leake, 1993; 

Smith, 1997). The basin and range desert which dominates much of the central-western 

United States is characterized with respect to vegetation by low desert shrubs. The Nevada 

Test Site lies in the v^etative transition between the Larrea species in the Mojave Desert of 

southern Nevada and the Atriplex and Ariemisia communities in the Great Basin Desert of 

central Nevada (Beatley, 1975). Atriplex canescens is the unifying and most common plant 

species at the 1400 to 1700 m altitudes on and near the Nevada Test Site where Yucca 

Mountain is located (Beatley, 1976; Rundel and Gibson, 1986). Hessing et al. (1996) 

performed specific research at 48 ecological study plots on Yucca Mountain and noted the 

location and fi'equency of Atriplex canescens. Although it is not a common plant on Yucca 

Mountain itself Atriplex canescens does grow on the site. Therefore, Atriplex canescens was 

selected for these experiments to allow direct application of this technique on Yucca 

Mountain at a future date. 

4.2 Methods 

Although greenhouses allow better control over many variables than natural 

conditions, temperature and light are notoriously inconsistent at various locations in 

greenhouses. For this study, placement of the plants in the greenhouse was designed to 

normalize variability due to inconsistencies in growing conditions. The experimental setup 
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was a fully factorial randomized block design. The independent variables selected were 

nutrient solution pH and boron concentration. Treatments were given in three levels for pH 

(7.5, 8.5 and 9.5) and two levels for concentration (0.1 mg/L and 10.0 mg/L boron). Due to 

the fully factorial design, every possible combination of these variables was given as a 

treatment to the potted plants. A single replication of the experiment required six 

combinations of pH and boron concentration. To increase statistical rigor, five fold 

replication was utilized so that a total of 30 pots of plants were grown (2 x 3 x 5). Figure 4.1 

provides a map of the experimental layout in plan view. The plants were arranged into five 

blocks (or columns) of six plants each. Every block contains a full experimental replicate; 

therefore, every combination of pH and concentration was represented in each block. Within 

each block the positioning of treatments was randomized. 

4.2.1 Growth Media 

Ehie to the need to control the pH and boron concentration and isotopic value of the 

plants' nutrition, the plants in this experiment were grown in a pseudo-hydroponic fashion. 

Rather than growing in a liquid media, however, the plants were grown in well sorted low silt 

content silica sand. Previous work concerning the sandy aquifer of Falmouth, MA (Barber 

et al., 1988) found that boron transported with little or no sorption. Deverel and Millard 

(1988) have also observed conservative transport of boron in alluvial sediments. Therefore, 

minimal sorption caused fitictionation was expected in the sandy growth media. Prior to 

planting, the sand was cleaned by soaking in 0.1 N HCI and neutralizing with NaOH. This 

acid washing step was designed to dissolve boron laced carbonate fi'om the sand and to 
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Figure 4.1 Map view of the experimental layout indicating the nutrient pH and boron 
concentration delivered to each plant. 
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remove adsorbed boron from oxide coatings. Later leaching tests with deionized water 

indicated no measurable boron contamination in the sand. 

4.2.2 Nutrient source 

All plant nutrition was provided in the form of liquid solution ^plied to the sur&ce 

of the sand growth media. Figure 4.2 schematically depicts the nutrient delivery and pH 

control systems. Figures 4.3 and 4.4 are photographs of the experimental setup in plan and 

cross-sectional view respectively. Nutrient solutions were distributed to the plants using a 

recirculating bath system. Solutions for the six treatment levels were contained in six 40 L 

sumps. Pumps attached to each sump delivered treatments to each pot through a network 

of tubing. Each pump was controlled with a timer set to deliver nutrients for approximately 

1S minutes once or twice a day depending on the phase of the experiment. Irrigation drippers 

were used to control the flow of nutrients to each pot. Initially, 4 gallon per hour (GPH) 

drippers were installed. As the experiment progressed, however, algae and precipitates in the 

high pH solutions caused some clogging in the sand growth media. Eventually, all drippers 

were replaced with 2 GPH units. A saucer beneath each pot collected and returned nutrients 

to the appropriate sump through return flow tubing. 

Nutrient solution pH was maintained with automated pH controllers. Each nutrient 

sump was monitored continuously with pH probes floating in polystyrene foam boats. Tubing 

was run from the vent holes in the pH probes to the outside of the nutrient sumps to prevent 

contamination of the probes' filling solution. The pH controllers triggered solenoid valves 

when necessary to add HNO, or NaOH to the appropriate nutrient sumps. The pH 9.S 
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Sectional view of nutrient delivery and recovery apparatus and pH control 
equipment. 



Figure 4.3 View of the top of the growth bench showing pots, nutrient supply 
network and pH control NaOH bottles. 

Ill 



Figure 4.4 View of one nutrient supply system including nutrient sump, delivery 
tubing and pH contro 1 system. 

112 
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sumps were controlled with 0.2 N NaOH, the pH 8.5 sumps with 0.1 N NaOH and the pH 

7.5 sumps received 0.1 N HNO3. The pH control reagents were selected based on the 

tendency of drift in the nutrient solutions. For example, the pH 9.5 nutrient solutions 

exhibited a strong tendency to decrease in pH, so 0.2N NaOH was selected to control pH. 

Mixing of the sohition in the sumps was maintained by bubbling air up from the bottom with 

fish tank aerators. 

Nutrient solutions consisted of 14 strength Hoagland's (Hoagland and Amon, 1938) 

recipe (Table 4.1) mixed without boron using deionized water in 20 L carboys. Boron was 

added in appropriate amounts to yield solutions of 0.1 and 10.0 mg/L boron. Nutrient 

solution levels in the greenhouse supply sumps were checked once or twice weekly and 

topped off as necessary with fresh 14 strength Hoagland's. Nutrient solutions were 

completely drained from the sumps and replaced approximately every six weeks. Solution 

pH was cross checked regularly with a portable pH unit, and the pH controllers were 

calibrated at least once weekly with pH 7.0 and 10.0 buffers. 

4.2.2.1 Behavior of Nutrient Solutions During Growth 

During the course of the experimental period, the nutrient solution (Vi strength 

Hoagland's) was replenished as needed with additional Vz strength Hoagland's solution. The 

nutrients were drained and replaced on June 11, 1998. The choice to replenish or replace 

was based largely on ion chromatography analyses of the major anions from samples of the 

nutrient solutions. Graphs of the anions are provided in Figure 4.5. These graphs indicate 

that in general, the nutrient anions (nitrate and phosphate) decline over time while chloride 
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Table 4.1 Initial concentrations of chemical constituents in the 
nutrient solutions. 

Constituent Initial concentration 
(mg/L) 

Initial concentration 
(mM) 

K 117 3.0 

Ca 100 2.5 

Na 31 1.3 

Mg 24 1.0 

NO3 465 7.5 

SO, 32 0.3 

PO, 48 0.5 

CI 47 1.3 

Zn 0.025 0.0004 

Mn 0.25 0.0046 

Cu 0.01 0.0002 

Mo 0.005 0.0001 

Fe 1.5 0.027 

B 0.1 and 10.0 0.009 and 0.9 

and sulfate increase in concentration over time. The effect of the June 11 nutrient 

replacement can be observed clearly in the chloride and phosphate; chloride concentration 

dropped while phosphate increased in the lower pH nutrients. An important point to note in 

interpreting these graphs is that the rate of plant growth changed considerably over the 

experimental period. Relatively little growth occurred prior to half way through the 
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Figure 4.5 Anion concentrations measured in the plant nutrient solutions during the 
growth period. 
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experiment. The average plant height on 6/0S/98 was 8.7 cm, but on 7/09/98 the average 

height was 61.2 cm. Larger plants use more nutrients, so the nutrient demand was much 

greater after the nutrients were replaced on 6/11/98. 

The chloride and sulfiite in this system should essentially provide a measure of the 

concentration factor of the nutrients. The nutrient delivery system included a return system 

to capture the excess nutrient draining from the pots and return it to the nutrient sumps. In 

this process, the plants use some nutriems from the solutions and some evaporation occurs 

from the sand growth media surface. As a result, the nutrient solutions will become more 

concentrated over time with respect to species not strongly taken up, and less concentrated 

in nutrients the plants take up, at least to the degree that uptake exceeds evaporation. 

In the case of chloride, the concentration effect is observable as increased 

concentration between the beginning of the experiment to the nutrient replacement on July 

11, 1998. Afler replacement, however, the chloride concentration increases very little except 

in the pH 9.5, 0.1 mg/L boron solution. The high value in the last 9.5,0.1 sample could 

represent an actual chloride concentration, although such a high singular value is difficult to 

explain. The possibility also exists that the sample was contaminated with chloride. 

Sul&te concentration foUows the e9q)ected pattern of concentration more closely than 

chloride. Sulfate, like chloride increases somewhat in between the eariy portion of the 

experiment and then returns to initial conditions when the nutrient solutions were replaced 

on 6/11/98. Afler the nutrient replacement, the concentrations of sulfate in solution uniformly 

increase to the end of the experimental run. 
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Nitrate and phosphate are two nutrients required in relatively large quantities for plant 

growth. The concentration of these nutrients in solution, however, is controlled by two 

different &ctors. The nitrate concentration is most likely controlled by plant demand, while 

the level of phosphate in solution is controlled by solubility. In the time between the 

experiment initiation and 6/11/98, nitrate demand was rdatively low, so concentrations in 

solution did not decrease. After the 6/11/98 nutrient replacement, the plants began growing 

rapidly and were using more nitrate. Although fresh nutrients were added to the sumps once 

or twice a week to compensate for evaporation and plant transpiration, the nitrate added was 

not sufficient to offset the use by the plants. Although some decline did occur in nitrate 

concentration, the overall amount in solution remained greater than 250 mg/L as NO,'. 

The pho^hate concentration in the nutrient solution sumps was controlled primarily 

by solubility. Between the beginning of the experiment and ^proximately S/28/98, pH was 

not controlled in the sohitions. After this time, NaOH was added to the higher pH solutions 

to increase pH. When NaOH was added, a white precipitate (probably calciimi phosphate) 

formed in the nutriott sumps which eventually formed a clogging layer on the growth media. 

When the nutrients were replaced on 6/11/99, pH control was re-established immediately, and 

the pH 9.5 solution were filled with white precipitate. Correspondingly, the phosphate 

concentration in the pH 9.5 nutrient samples collected on 6/11/98 already contained no 

detectable phosphate. The pH 8.5 nutrients contained no detectable phosphate by the next 

sampling session. 

Fortunately, the species chosen for this experiment, Atriplex canescens, is a desert 
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species adapted for survival in relatively high pH soils which suffer from limited availability 

of nutrients such as phosphate and iron. As will be discussed in the following pages, plant 

growth was not substantially affected by the pH of the nutrient solution. 

4.2.2.1 Behavior of pH During Growth 

Nutrient solution pH was monitored and recorded during each greenhouse 

maintenance visit. In addition, each pH probe was calibrated during each visit (once or twice 

weeidy) with fresh pH 7.0 and pH 10.0 buffers. Initially, contamination of the pH probe 

filling solution with condensate from the inside of the sumps caused significant drift. This 

problem was eliminated prior to the planting of the seeds by inserting tubing into the pH 

probe vent holes and running the tubing outside of the nutrient sumps. Although this 

procedure eliminated much of the pH probe drift, the KCl filling solution was replaced 

whenever substantial drift (greater than a few tenths pH) occurred. Figures 4.6 a and b plot 

the recorded nutrient solution pH over time. Control of nutrient pH was not commenced until 

May 27, 1998 to allow establishment of the seedlings. In retrospect, the plants may well have 

germinated and grown adequately had pH control commenced at planting time. 

Almost half of the growth time of the plants before harvesting was not pH controlled. 

The amount of growth that occurred after pH control conunenced, however, accounts for 

most of the biomass accumulated. On June S, 1998, nine days after pH control began, the 

average plant height was 8.7 cm. By the July 9, 1998 harvest date, the average plant height 

had increased to 61.2 cm. Therefore, the vast bulk of growth time for the plants occurred 

under controlled pH conditions. 
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Some pH oscillation in the nutrient solutions occurred after the automatic controllers 

were started, but the three treatment levds remained distinctly separate during the bulk of the 

experimental growth period. 

4.2.1 Temperature 

During relatively short intervals, temperature was monitored at the north and south 

end of the experimental setup, but the differences were minimal. Figure 4.7 depicts the 

logged ten:q>eratures collected with calibrated thermistors. One thermistor was located at the 

north end of the experimental setup and the other was located at the south end. Total 

distance between the thermistors was approximately 5 meters. The entire south wall of the 

greenhouse conned of an evaporative cooling pad, so prior to planting, it was thought that 

temperatures might differ considerably from one end of the setup to the other. As indicated 

in Figure 4.7, temperatures remained very similar at the ends of the setup. Note, however, 

that the north thermistor consistently reads a higher temperature in the afternoon. Quite 

likely, this is due to the closer proximity of the south thermistor to the evaporative cooler. 

4.3 Growth 

Seeds were planted approximately 14" bdow the surface of the sand growth media on 

May 11, 1998. The first sprouts were observed days later and by May 14 they were 

approximately 1 cm in height and had developed bifurcating leaves. Solution pH was left 

uncontrolled at about 7.0 for the germination and eariy growth period of the plants. The 

intent was to allow establishment of the [dants before the introduction adverse pH conditions. 
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Control of the nutrient solution pH was started on May 27, 1998. The height of each plant 

at the measurement times is listed in Appendix B. Algal growth occurred rapidly on the sand 

surface in each pot once nutrient solution application commenced. On May 18, aluminum foil 

"donuts" were placed on the media sur&ce to block light and thus reduce algal growth. Prior 

to foil placement, the algae caused clogging and overflowing and consumed nutrients from 

the solutions. 

Plant growth over time is illustrated in Figures 4.8 and 4.9. Figure 4.8 depicts the 

growth of each plant in the experiments with respect to time. In this graph, each vertical line 

represents the growth of a single plant. The plants are placed together on the X-axis in 

groups of the nutrient solution treatment received. Therefore, the plants labeled '7.S, 0.1' all 

received nutrient at a pH of 7.5 and a boron concentration of 0.1 mg/L. This figure shows 

some loose correlation between the nutrient received by the plant and the growth rate of the 

plant. Figure 4.9 shows the average growth of each experimental group of plants over the 

growing period. The nutrient solution pH control was conmienced 9 days prior to the first 

data points on the graph. Plant growth was similar until pH control began. By 25 days post 

planting (Julian day 156) some divergence in growth was observed. 

On average, the plants grown in the pH 9.5 solution exhibited lower growth rates than 

the plants grown in pH 7.5 and 8.5 nutrients. In spite of the rather extreme treatment, 

however, the pH 9.5 treated plants grew almost as quickly as a group as the other groups. 
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4.3 1 Statistics of Growth 

The experimental setup for this research foUowed a randomized factorial block design 

with five-fold replication within groups. As a consequence, the two-way ANOVA with 

replication is the appropriate statistical test for analyzing results of this work. The ANOVA 

test was conducted to determine the statistical influence of pH and boron concentration in the 

nutrient solution on plant size. The test was applied to plant heights measured on three dates. 

Table 4.2 contains the results of the ANOVA test. In addition. Table 4.3 lists the mean height 

and standard deviation among the five plants within each experimental group. 

The statistics contained in Table 4.2 indicate the variability within and between 

experimental groups, and also indicate the probability that correlations between growth and 

nutrient treatments and their interactions are due to chance rather than to a nutrient effect. 

In order to reject the null-hypothesis, that changes in pH and boron concentration in the 

nutrient solution cause no changes in growth, the calculated F-value must exceed the critical 

F-value. 

For the plant measurement that occurred on 6/5/99, we must accept the null-

hypothesis for all three effects. In this case, the calculated F-value remains below the critical 

F-value for each effect. The ANOVA applied to the measurements taken on 6/15/99 indicates 

that the null-hypothesis can be rqected for the pH variable. Therefore, the variation in height 

noted for the plants grown in pH 9.5 nutrient solution relative to the other groups has less 

than a 5% chance of random occurrence. The influence of boron concentration and the 

interaction effect, however, must be considered random. 
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Table 4.2 ANOVA statistical tests of plant growth as a function of nutrient pH and boron 

Source of Variation I SS df MS F P-value 1 F-crit 

Date; 6/05/98, 95% confidence 

Boron concentration 4.03 1 4.03 0.86 0.36 4.26 

pH 29.72 2 14.86 3.17 0.06 3.40 

Interaction 3.72 2 1.86 0.40 0.68 3.40 

Within 112.40 24 4.68 

Date: 6/15/98, 95% confidence 

Boron concentration 4.41 1 4.41 0.19 0.67 4.26 

pH 300.99 2 150.49 6.34 0.01 3.40 

Interaction 13.84 2 6.92 0.29 0.75 3.40 

Within 569.27 24 23.72 

Date: 7/09/98, 95% confidence 

Boron concentration 36.30 1 36.30 0.33 0.57 4.26 

pH 451.24 2 225.62 2.04 0.15 3.40 

Interaction 84.58 2 42.29 0.38 0.69 3.40 

Within 2659.46 4 110.81 

Date: 7/09/98, 90% confidence 

Boron concentration 36.30 1 36.30 0.33 0.57 2.93 

pH 451.24 2 225.62 2.04 0.15 2.54 

Interaction 84.58 2 42.29 0.38 0.69 2.54 

Within 2659.46 4 110.81 
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Table 4.3 Descriptive statistics of plant size in the six treatment groups on three 

6/5/98 6/15/98 7/9/98 

Treatment Mean 
(cm) 

Std. Dev. Mean 
(cm) 

Std. Dev. Mean 
(cm) 

Std. Dev. 

7.5,0.1 9.3 3.1 27.7 5.8 68.7 14.8 

7.5,10.0 9.1 0.7 26.9 1.5 62.7 9.4 

8.5,0.1 8.9 2.0 24.9 4.4 63.6 6.1 

8.5,10.0 10.4 1.4 27.4 4.6 60.8 3.5 

9.5,0.1 6.9 1.2 20.0 1.9 55.2 8.3 

9.5,10.0 7.8 2.3 20.3 5.8 57.4 10.2 

Two ANOVA analyses were conducted on the plant height measurements taken on 

7/9/99. One constrained the confidence to 95%, while the second was relaxed to 90%. In 

both cases, the variability in plant height can not be attributed to the influence of the nutrient 

pH or boron concentration. 

The mean height and standard deviation for each treatment group listed in Table 4.3 

consistently show lower growth for the plants grown in pH 9.5 nutrient solution. 

Nevertheless, when the variability of height within each treatment group is considered, the 

ANOVA test indicates that the mean height differences may be due to random variations 

rather than systematic treatment effect. In either case, ai^ influence on growth by the nutrient 

type is small. 

As has been noted previously, some aspects of the nutrient solutions other than the 
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experimental variables differed during the course of the experiment. Most notably, sodium 

concentrations were higher in the higher pH nutrients due to the NaOH used for pH control. 

In addition, phosphate precipitated from the higher pH solutions thus lowering the availability 

of that nutrient. These differences in the nutrient composition can not be ignored in their 

potential influence on plant growth, although they also can not be quantified with these data. 

4.4 Preparation of Plants for Analysis 

4.4.1 Harvesting 

Plant sample harvesting occurred on July 9 and 10, 1998. Pruning shears were used 

to cut the tops from each of the plants growing in each pot. Samples were cut only from the 

portion of each plant that had grown after pH control commenced. This process eliminated 

most of the tissue grown at the initial uncontrolled pH 7 nutrient condition. After cutting, 

samples were stored in sealable plastic freezer bags and refrigerated promptly. Samples from 

different plants in the same pot were stored separately. The shears were rinsed in DI water 

between pots. Gloves were worn when handling plant samples and were rinsed between 

samples. 

4.4.2 Plant Tissue Digestion 

Following sample collection, leaves were stripped from the stems and both were dried 

in a convective oven for 2 days at approximately SO'C. When dry, the leaves were crushed 

to a powder using a mortar and pestle. Dried stems were cut into ~1 cm segments and 

crushed similarly. The leaf powder and stem fragments were digested using a microwave 



129 

digestion technique. Approximately 0.7Sg of tissue powder was placed in Teflon* digestion 

vessels, and 1.0 ml concentrated HNO3, 4 ml H2O2 and S.O ml deionized water (DI) were 

added to the tissue powders. The vials were sealed so boron could not escape during the 

digestion process. A standardized plant digestion timing procedure was programmed into the 

microwave oven, and the pressure in one vessd was monitored during digestion to detect the 

over pressure conditions that could lead to boron loss. Following removal from the oven, 

10.0 ml of additional DI water was added to each digest. 

Boron concentration in the plant digests was measured using inductively coupled 

plasma (ICP). 
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S. 1 Boron Extraction from Plant Digests 

Analyzing boron isotopes in plant digests presented di£Bculties not normally 

encountered in analyzing conventional groundwater samples. Typically, high precision boron 

isotope measurements are performed using thermal ionization mass spectrometry (TIMS) 

analyzing either the sodium metaborate or di-cesium metaborate cations. Both these 

techniques require relatively large samples (due to low ionization efficiency) and multi-step 

chemical isolation of the boron. 

Unfortunately, the nature of the boron extractions from the greenhouse grown plants 

used in this study limited the mass of boron obtained. Specifically, only 0.7S g of dried plant 

tissue could be prepared for each sample digest. Each nitric acid/hydrogen peroxide digest 

of the leaf samples yielded total boron ranging from 36 ^g to 530 ^g. Although this mass is 

sufficient for analysis in the positive ion mode in the mass spectrometer, many of the samples 

only provided sufficient sample for a single analysis. A few preliminary test analyzes were 

analyzed using PTIMS. The mass of boron yielded in the stem digests ranged from 33 |ig to 

only 10 |ig. The use of the NTIMS allowed virtually unlimited repeat analysis on each digest 

due to the lower mass requirement for analysis. Unfortunately, the lower precision afforded 

by the NTIMS method also required additional analyses of each digest. 

More problematic for removal of boron from plant samples than limited mass is an 

inherent incompatibility in the boron sq)aration technique typically used to isolate boron from 
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a matiix. The usual method adsorbs boron from solution with the boron specific Amberlite* 

IRA-743 ion-exchange resin. This resin strongly adsorbs boron from solutions having pH 

values greater than 4 and rdeases boron at lower pH. Hemming and Hanson (1994) extracted 

nanogram amounts of boron from aqueous samples for NTIMS analyses using IRA-743 resin 

beads lined up single-file in a length of small diameter tubing. The plant digests, however, are 

strongly acidic and neutralization causes precipitation of unknown solids. Boron adsorbs to 

these precipitates, and can fractionate isotopically in the process. Therefore, boron can not 

be efifectively extracted from the digests using the Amberlite* IRA-743 exchange resin. 

5 • 1 • 1 Digest Behavior During Neutrgli^itinn 

Attempts were made to neutralize the digests to allow boron extraction using the IRA-

743 resin. Neutralization, however, resuhed in precipitation of solids from the digest at about 

pH S. Raising pH resulted in a deepening of the yellow digest color and also caused a foul 

'burning rubber' odor. Initially, the neutralized digest was diluted by approximately lOx to 

redissolve the precipitate. The solubility of the precipitate, however, was su£Sciently low that 

dilution did not help. Ferric Fe(III) o>^faydroxides were hypothesized to compose part of the 

cloudy precipitate. The presence of HjOj in the digests indicates oxidizing conditions so that 

iron in the original digest solution existed primarily as Fe*^. At moderate pH, iron is highly 

insoluble in oxidizing conditions causing precipitation when the digests were neutralized. In 

general, dissolved Fe concentrations in natural waters are below 1 ppm (Langmuir, 1997). 

Atomic adsorption spectrometer analyses of an early nursery purchased Atriplex canescens 

digest yielded a range of Fe concentrations from 6 to 19 mg/L before neutralization, which 
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greatly exceeds the iron solubility (Weast et al. 1983) at higher pH values due to the 

formation of iron hydroxide. 

Scanning dectron microscopy was used to attempt to ascertain the composition of the 

precipitate from the digests and to determine the fate of boron during precipitation. 

Specifically, energy dispersive x-ray spectroscopy (EDS) provided measurements of the 

relative atom percentages of the dements in the precipitates. To prepare digests for the SEM, 

three leaf digest samples were split into two parts each. One part was left untreated, while 

the other was neutralized to pH > 11. The neutralized portions were then forced through 

0.22 |im cellulose acetate Millipore filters to collect the precipitate. The filters were dried in 

a clean hood at room temperature and carefully stored in bags to prevent contact with the 

filter surfaces. 

A blank portion of a filter paper was used to provide a background composition 

reading. All of the graphs and printouts from the SEM are contained in Appendix C. The 

blank filter paper consisted of predominantly carbon and oxygen. Results are listed in Table 

5.1 for the blank and two of the samples analyzed. Results from the third sample analyzed 

were believed to have been compromised by dust on the filter paper. 

The results from EDS do not suggest the presence of boron in the digest precipitates. 

The sensitivity of EDS to boron, however, is relatively low (Chandler, 1998). Given that the 

concentration of boron in the initial digests was relatively small, the EDS process may have 

simply overlooked any boron present. 

The EDS analyses, however, revealed another possible source of precipitation from 
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T^l^^l^leinen^ton^£crc«itefron^ierg^disgerav^JM2^2®2J22£2Ei 

Element Blank filter 
paper atom % 

101397-2 digest 
atom% 

101397-4 digest 
atom% 

C 58.27 36.55 33.93 

0 40.31 47.54 51.06 

Na 0.80 0.83 1.21 

Mg 0.04 5.15 6.61 

Si 0.13 0.70 0.51 

P 0.10 2.23 1.89 

Ca 0.22 6.44 4.50 

Al 0.09 0.40 0.15 

Mn 0.02 0.11 0.08 

CI 0.02 0.06 0.02 

K 0.00 0.05 

Total 100.00 100.00 100.00 

the A triplex canescens digests. The abundance of calcium and phosphorous on the filter 

paper indicates that calcium phosphate may compose at least part of the precipitate. Minerals 

such as calcium orthophosphate CaflP04 2H2O and most similar phosphate minerals are 

highly insoluble (Weast et al. 1983) and therefore are likely to have precipitated at moderate 

to high pH. 

Given that boron was not discovered in the filtrate, a second experiment was 

conducted to determine if boron precipitated fi'om the digests. The second experiment 

utilized the ICP for elemental analyses of boron and other constituents. The following 
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1. Initial digest diluted to SOmL (from approximately 12 mL) with deionized 
water. 

2. 25 mL of diluted digest was placed in a vial for direct analysis 
3. pH was raised to 11.9 in the second aliquot of the diluted digest. 
4. Second aliquot was filtered through 0.22 (jjn pre-massed cellulose acetate 

Nfillipore filter. 
5. Filter paper was dried at room temperature in a clean hood, and mass was 

determined. 
6. Filtrate was re-dissolved with IN HNO3 and diluted to 25 mL with DI. 

The total mass of solids precipitated on the filter paper was 35.8 mg. 

The original digest, the filtered and neutralized digest, and the re-dissolved filtered 

precipitate were then analyzed for B, Fe, Ca, Na, ,Mg and K using inductively coupled plasma 

spectroscopy (ICP). The results are listed in Table 5.2 

Table 5.2 Concentrations of boron, iron and cations in filtration experiment. 

Sample Boron 
ppm 

Iron 
ppm 

Calcium 
ppm 

Sodium 
ppm 

Magnesium 
ppm 

Potassium 
ppm 

Unprocessed digest 845 1070 697 10.2 124 266 

Filtered, neutralized digest 516 <25 388 2120 1.21 220 

Re-dissolved filtered precipitate 180 1110 215 15.9 121 1.8 

The data listed in table 5.2 provide insight into the behavior of critical constituents in 

the neutralization process. As hypothesized, Fe is completely eliminated from solution while 

roughly a third of the Ca precipitates. Mg also precipitates, but potassium is passed through 

the filter. The Na measurement in the filtered, neutralized digest is large because NaOH was 
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used for neutralization. 

The primaiy data of interest in table 5.2, however, are the boron concentrations. As 

indicated, most of the boron passed through the filter, but some was precipitated. The mass 

balance for the three processed samples is as follows; 

Mass B in unprocessed digest = 21.2 |ig 
Mass B in filtered digest = 16.3 ^g 
Mass B in filtrate = 4.5 ^g 

The total mass in the processed digests was 20.8 ^g, so the total mass recovery was excellent. 

The experiment indicated that the mass loss during neutralization was sufficient to potentially 

fractionate the boron isotopes. Repeated boron isotope analyses of digests processed by 

neutralization yielded ratios varying by 5 %o using the normally reliable positive ion sodium 

meta-borate analysis. Based on these results, the use of the IRA-743 resin was abandoned 

for this type of separation. 

Due to the low mass and low volume of sample required for the NTIMS analyses, the 

conventional extraction mechanism was redesigned. Some researchers (Vengosh et al., 1991; 

Hemming and Hanson, 1992; Vengosh et al., 1989) have suggested that negative ion boron 

analyzes can be conducted without any sample purification. For this research, however, the 

large quantities of organics and common ions in the digests necessitated some type of boron 

separation mechanism. 
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5.1.2 Micro-distillation 

One common extraction process for removing boron from aqueous samples is a 

methyl-borate distillation (Shima, 1962; Shergina and Kaminskaya, 1967; Agyei and 

McMcuUen, 1968). This technique has the advantage of not requiring neutralized samples. 

As a result, distillation was selected as the technique for separating boron from the digest 

matrix. 

Initial separations were performed using the distillation unit scaled for positive ion 

extractions (40 ^g B rather than 200 i^g B). Early results, however, indicated erratic results. 

In addition, distilled deionized water blanks provided stable, analyzable boron signals in the 

mass spectrometer in the negative ion mode. Assumably, boron contained in the deionized 

water and methanol was sufficient to contaminate the extractions. The mass of boron 

contained in the contaminated blanks was not determined, but may have been slight as 

NTIMS analyses of boron can be performed using sub-rig amounts of boron (Hemming and 

Hanson, 1994). 

In response to the contamination, however, the distillation process was miniaturized 

to better reflect the smaller boron masses required for NTIMS analysis. The reagent volumes 

were reduced from SO mL DI and SO mL methanol to 2 mL of each. Subsequent analyses of 

DI water micro-distilled blanks yielded slight boron signals in the mass spectrometer, but only 

at higher temperatures than typically required for samples. In addition, analyses of micro-

distilled NBS 9S1 standards suggested littie contamination induced error. Figure S.l 

illustrates the micro-distillation apparatus. 
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Distillation vial 
Recovery vial 
(6 ml max.) 

(6 ml max.) 

Capillary Tubing 

Water 75C 

Hotplate 

Figure 5.1 Diagram illustrating the micro-distillation apparatus. 



138 

Volumes of digest containing 0.2 (ig B were evaporated down to SO \iL volume or 

less and added to 3.0 mL methanol in a 6 mL HDPE distillation vial. The vial was placed in 

water heated to approximately 7S degrees C. The distillate was condensed in Teflon* 

capillary tubing and collected in 3.0 mL of deionized water in a Teflon* vial. The collected 

distillate was then evaporated to approximately 4 )iL volume by placing the Teflon* vial in 

an aluminum holder on a hotplate at a temperature of approximately 75 degrees C. The 

hotplate was placed in a suction evacuated enclosure located in a laminar-flow clean hood to 

minimize contamination from airborne particulates. 

All micro-distillation steps were conducted in a laminar-flow clean hood located inside 

a controlled clean-room. During the micro-distillation, the open surface of the vial receiving 

the distillate was covered with Parafilm* wax-film and punctured with the capillary tubing 

carrying the distillate such that no open surface of solution was exposed to contamination. 

Although methyl-distillation has been established as an effective isolation mechanism 

for boron, the highly concentrated and complicated organic nature of the plant digests could 

have prevented complete transference of boron. To address this issue, boron recovery tests 

were conducted. Four sample were micro-distilled: 

*- 1 leaf digest from sample grown in pH 9.5, boron concentration 0.1 mg/L 
2 stem digests from sample grown in pH 9.5, boron concentration 0.1 mg/L 

*- 1 NBS 951 isotopic standard 

Unfortunately, the expected returns were close to the ICP detection limit of 20 ppb 

which resulted in substantial variability in calculated recovery. The replicate stem samples 

were micro-distilled identically, but their recoveries were 56 and 83 %. The NBS 951 
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standard recorded a recovery of 158 % and the leaf digest recovery was 111%. 

5.2 Mass Spectrometry 

5 .2.1 Filament loading 

Boron standards were loaded directly on Re or Ta filaments which were either our-

gassed or untreated. All of the standards and samples accepted for statistical analysis were 

loaded as liquids on Re filaments. The MBS 951 boron isotopic standard was mixed with the 

LaCNO,), activator in a single vial. The La(NQ \ was used as described by Heumann and 

Zeininger (1985) and as discussed previously in this paper to increase ionization efficiency. 

The boron concentration was mixed such that 2 |il of standard solution provided 200 r|g 

boron in a 7.5:1 molar ratio of La:B. The pH of the standards on the filaments was reduced 

by the addition of 1 |al of 0. IN HNO3 mixed using Seastar* sub-boiling distilled stock acid 

and the laboratory deionized water. The standards were dried on the filament using electrical 

heating with a current of approximately 0.6 A. 

Samples were combined with suffident LaCNOj)] to obtain a 7.5; 1 molar ratio of La:B 

and were loaded using a micro-pipette onto out-gassed or untreated Re or Ta filaments. All 

samples selected for statistical analysis were loaded on Re filaments. Nitric acid was also 

loaded on the filaments prior to drying the sample to reduce pH. The samples were dried on 

the filament using electrical heating with a current of approximately 0.6 A. 

All filament loading was conducted inside a laminar-flow hood located in a controlled 

clean room. In addition, a plastic box was placed over the filament immediately following 
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loading for the duration of the drying process. Drying the samples and standards on the 

filaments typically required three to five minutes each. 

5.2.2 Mass Spectrometer 

The samples' isotopic ratios were analyzed using a VG336 thermal ionization mass 

spectrometer. The instniunent has a nominal radius of 36 cm and a 60* geometry. The 

accelerating voltage was generally about 4,045 volts. Samples were warmed automatically 

to a current of 1.8A when loaded on Re filaments and 1.18A when loaded on Ta filaments 

over a period of 11 minutes. Filament current was then increased manually until the 

signal, located at mass 42, reached an intensity of l.S'*^ A. A pyrometer was utilized to 

observe filament temperature efifects on fi-actionation, but did not provide usefiil results. 

Analyses were performed at this intensity. Dual Faraday collectors were utilized to measure 

the isotopes simultaneously. Ratios were collected in blocks of ten 10-second integrations. 

Five blocks, or fifty ratios, constituted a complete isotopic analysis for one filament. 

Background signals were integrated for 10 seconds at a mass of 41.5 before each block. 

5 .2.3 Cleaning of Mass Spectrometer 

As a result of the contamination observed during the analysis of particular blanks, 

several critical parts in the mass spectrometer source area were cleaned prior to every set of 

standards and samples analyzed using NTIMS. The collimator (electronic ion-beam focusing 

unit) was removed and cleaned using a combination of boiling nitric acid, physical abrasion, 

ultrasonic scrubbing in deionized water and rinsing in reagent grade methanol. In addition, 

the sample holding turret and face plate were rinsed in deionized water, physically scrubbed 
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and placed in an ultrasonic cleaner prior to air-drying. These steps eliminated virtually aU 

traces of boron deposited on critical parts and greatly reduced the occurrence of boron peaks 

observed during the analysis of blanks. 

5.2.4 Blanks 

The analyses of blanks were conducted in several ways. First, beads with raw filament 

wire (nothing loaded) were placed in the mass spectrometer source and heated and analyzed 

in the same manner as any standard or sample. The raw filament blanks were included to 

identify any boron contamination intrinsic to the filament wire or resulting fi-om contamination 

during filament welding and preparation. Only extremely small signal peaks were observed 

in the raw filament blanks even when they were heated to very high temperatures. 

Second, beads were periodically loaded with only the LaCNO,), activator solution to 

uncover any potential source of boron or other peaks at mass 42 or 43 in a run-condition 

simulation. E>uring early blank analyses, substantial and measurable boron signals were 

observed. These signals were traced to contamination of the collimator and sample turret. 

Previously analyzed boron, particularly fi-om the very large samples used by PTIMS, had 

likely coated the surfaces in the travel path of the ion-beam. It was hypothesized that 

electrons and other ionized species fi'om the blank loaded bead 'knocked' boron fi'om the 

collimator and turret resulting in a signal at the detectors. Following the commencement of 

scrupulous mass spectrometer cleaning between sample loadings, boron signals fi'om the 

LaCNOj), loaded blanks reduced dramatically. Neverthdess, some boron was virtually always 

observed in the blanks if the filament temperature was increased substantially above the 
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normal level required for analysis. 

The final type of blank consisted of a micro-distillation of deionized water processed 

and loaded on the filament in exactly the same manner as the processed plant digests. These 

blanks generally provided very low boron signals, and only at temperatures higher than 

usually necessary for analysis. Due to the sensitivity of the NTIMS technique, these signals 

could have resulted fi'om boron amounts of only a few T|g. 

5.2.5 Processed NBS 951 

Periodically, NBS 951 standards were micro-distilled and processed for analysis in 

exactly the same manner as the plant digests. These checks were conducted fiar two reasons; 

1) to ensure that the boron was not fi'actionating at any point in the extraction process and 

2) to determine if the boron signals observed in the blanks represented sufBcient boron 

contamination to influence the isotopic resuhs. The analysis of 23 micro-distilled NBS 951 

standards resulted in an average isotopic value of-10.1 %o. For comparison, 35 raw NBS 951 

standards run in a comparable manner yielded a mean isotopic value of -9.9 %o. Table 5.3 

lists the students t-test resuhs comparing the processed micro-distilled NBS 951 analyses to 

the unprocessed standards. The analysis, performed at the 95% significance level, indicates 

no statistical difference. The microdistillation process, therefore, does not substantially 

fractionate boron isotope values. The results for all analyzed microdistilled NBS 951 

standards and the parameters of analysis are listed in Appendix D. 
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Table 5.3 Comparison of isotopic values analyzed for 
^^an^roc2se^roS^5^boroi^tandM^|s^_^^^ 
t-Test: Two-Sample Assuming Unequal Variances, 
95 % confidence level 

RmwNBS951 imcnKMstUM NBS 
951 

Mean -9.85 -10.10 
Variance 1.04 2.89 
Observations 35 23 
Pearson 
Correlation 

NA 

Pooled 
Variance 

1.77 

df 32 
t 0.63 
P(T<»t) one-tail 0.27 
t Critical 
one-tail 

1.69 

P(T<*t) two-tail 0.53 
t Critical two-tail 2.04 

5.2.6 Microdistilled seawater 

The mlcrodistillation step was shown to not fractionate boron isotopes in the NBS 

951 standard during processing. The standard, however, is a pure boric acid solution with 

no additional ions in solution. As an additional quality control step the mlcrodistillation was 

conducted using NASS-2 seawater (National Research Council Canada). The seawater was 

processed and loaded on the filaments in exactly the same nuuiner as the NBS 951 standards 

and the plant digests (200 tig B, 7.5; 1 La;B ratio). The mean isotopic value measured from 

six independent analyses was -27.4 %o. All NBS 951 standards run using NTIMS returned 

lighter values than typically analyzed using PTIMS by an average of 9.9 %o. When the 

NTIMS average seawater value is normalized to the PTIMS value by adding 9.9 %o, the 
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resulting value is 37.3 %o. This result compares &vorably with the value reported by Nomura 

et al. (1982) of 38.7 %o and indicates no significant fhictionation of boron during removal 

from a complex matrix. 

5.3 Analyses of Plant Digests 

5.3.1 Isobaric Interferences 

Originally, these experiments were devised to detect any firactionation of boron 

isotopes during uptake and storage by plants as a function of nutrient pH and boron 

concentration. Boron analyses were attempted for both leaf and stem tissue digests. 

Unfortunately, interferences arose which prevented successful analysis of any digests except 

those from the leaves of plants grown in 10.0 mg/L boron solutions. 

Hemming and Hanson (1994) reported on problems and interferences that could occur 

when analyzing boron in the negative ion mode as BOj'. Spedfically, they observed that some 

organic materials could create isobaric interferences at mass 42 through the formation of 

cyanogen (CNO')- Isobaric interference occurs when two compounds with the same 

mass/charge ratio are presem on the sample bead. The presence of cyanogen is evidenced by 

the cyanide signal at mass 26. Any presence at mass 42 will appear to lighten the boron 

isotope ratio since the ratio is determined by masses 42 and 43. 

For any individual sample, the influence of cyanogen on the boron isotope ratios is 

impossible to determine, so as standard procedure an analysis was rqected if cyanide was 

detected at mass 26. A correction for the cyanogen at 42 is not possible because no 
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consistent cyanide/t^anogen relationship exists. A second effect of cyanide formation in the 

samples is the suppression of the boron signal itself In virtually every case, if a substantial 

mass 26 cyanide signal was observed, the boron signal was reduced to the point of inability 

to analyze. In those cases where an analysis was possible, the boron isotope ratio fractionated 

severely (20 %o or so) during analysis. As a result, the analysis of many of the plant tissue 

digests was hampered by the presence of organics. Specifically, all analyses of digests with 

low boron concentrations suffered from organics contamination sufficient to interfere with 

the isotope analyses. Those digests included almost all obtained from the stem samples and 

from the leaves of plants grown in the 0.1 mg/L boron nutrient solutions. On rare occasion, 

a good boron signal was obtained from a low concentration digest, although the reason was 

never determined. On other occasions, analyses of the same digest would result in extremely 

poor boron signals. In general, every analysis of a digest from leaves of plants grown in the 

10.0 mg/L nutrients provided strong, clear and stable boron signals with little or no mass 26 

contamination. 

Several attempts were made to remove the cyanide from the sample digests prior to 

analysis without affecting the boron itself. Four lines of attack were followed in the attempt 

to eliminate the organic contamination: 1) oxidation of the organics from the digests, 2) 

elimination of nitrogen sources to reduce CN formation, 3) extra digest purification, and 4) 

cleaning of the filaments prior to loading. 

In addition, the source area of the mass spectrometer and the collimator were cleaned 

scrupulously prior to each analysis. During the running of these samples, it was noted that 
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following the analysis of a 'dirty' sample, every succeeding sample or standard exhibited 

peaks at mass 26. The only reasonable explanation for mass 26 in the NBS 951 standards 

where none had existed prior was contamination of surfaces in the source area. 

5 .3 .1 • 1 Oxidation of cyanide 

The digests themselves consisted of a nitric acid (an oxidizing acid) and hydrogen 

peroxide mixture, but some organics clearly remained in the plant tissue digests. As a result, 

additional methods were utilized to try and eliminate the cyanide. Initially, I |il 30% 

hydrogen peroxide was added to the 2 or 3 ^1 of extracted digests as they were loaded onto 

the sample filaments. It was hoped that the high peroxide: sample ratio combined with the 

heating of the filament to dry the sample would reduce organics, but this treatment had no 

influence on the presence of mass 26 or on the reduced ionization efficiency of the boron 

signal. 

The second organics reduction method attempted was the addition of 0.5 to 2 MJ 

reagent grade sodium hypochlorite (5 % available chlorine) to the distilled digest during 

loading omo the filament. Most of the standard and sample runs attempted fi'om beads loaded 

in this way failed. The addition of sodium hypochlorite appeared to suppress the boron 

signal, although the cyanide signal also seemed diminished. The attenuation of both signals 

may have resulted fi'om the large cake of solid sodium hypochlorite deposited during drying 

on the filament. Subsequently, sodium hypochloride was loaded at 10 and 20 fold dilution 

to try and reduce the 'cake' effect and still reduce the cyanide signal. The 10 fold dilution 

treated sample ionized well and was possible to analyze, although some mass 26 was stiU 
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observed. The 20 fold loaded sample suffered from massive cyanide contamination and 

fractionated severely during analysis. 

The final method utilized to reduce or eliminate the cyanide contamination in the 

distilled digests was exposure to ultraviolet radiation. A Oriel* 66011 fiber optic UV source 

was utilized for this test. Four distillations of the 98101-14 8,5,0.1 digest were prepared and 

evaporated down to approximately O.S mL. The first distillation was not exposed to any UV 

radiation and served as the control while the other distillations were exposed for 5,12 and 22 

minutes. Subsequent analyses in the mass spectrometer indicated that this treatment 

technique had no efficacy in reducing the cyanide in the distilled digests. Each of the treated 

samples exhibited behavior similar to the control. 

5.3.1.2 Elimination of Nitrogen Sources 

During the attempt to eliminate CN from the digests, the possibility arose that 

nitrogen added during the filament loading procedure might be contributing to the problem. 

Specifically, nitric acid was added to every filament during loading to reduce pH and prevent 

isotope fractionation due to precipitation of boron near its pK, value of 9.2. In addition, 

boron is substantially more stable when heated in nitric acid than in hydrochloric (Feldman, 

1961). Nevertheless, several digests from plants grown in the 0.1 mg/L B nutrient solution 

were loaded on the filaments using HCl rather than HNO3. In each case, the use of HCl did 

not reduce the mass 26 signal or increase the ionization efficiency of boron from the Re wire. 

A second attempt to reduce the nitrogen loaded on the filaments with the distilled 

digests and raw NBS 951 standards was accomplished by changing the signal enhancing salt 
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from LaCNO,)} to LajO). In addition, the I^O, loaded samples and standards were loaded 

with HCl rather than HNO3. The very low solubility of Laj O3 reduced the dissolved La 

concentration in the loading process which changed the ratio of La:B and may affect the 

results. The distilled digests loaded with La203, however, exhibited large cyanide signals and 

no detectable boron. The raw NBS 951 bead yielded a boron isotope ratio in keeping with 

the analytical error of the NTIMS technique so the LajO, activator appeared not to introduce 

undesirable effects. 

5.3.1.3 Extra Digest Purification 

Using the assumption that the distillation process was effectively removing most of 

the organic contamination, a dual distillation technique was attempted. A leaf sample of a 

plant grown in pH 8.S, B concentration 0.1 mg/L was distilled in the usual fashion, but after 

completion the distillate was evaporated down to approximately 100 ^1 and re-distilled. 

Following the second distillation, the sample was loaded in the conventional way using nitric 

acid and LaCNO,), on Ta rather than Re filament. During analysis in the mass spectrometer, 

no boron signal was ever observed although some mass 26 was present. No mass 42 was 

observed either so although cyanide was present, cyanogen was absent or not ionizing. The 

boron signal was probably absent either because no boron survived the second distillation or 

because the cyanide completely suppressed boron ionization. 

Many of the digests contained some refi'actory solid material which never dissolved 

in the nitric acid/peroxide mixture. Occasionally some of this solid would clog the pipette tips 

when collecting digests for distillation. The hypothesis was forwarded that some suspended 
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solid material might be inadvertently transferred to the distillation vessel and contribute the 

organic contamination. Several distillations were performed using extreme care to exclude 

the solid material during uptake into the pipette. Each of these extractions yielded failed 

analyses. Finally, two digests were centrifiiged to separate the solid material from the liquid. 

The supernatant was then carefully transferred to distillation vials without substantial 

suspended solid content. Unfortunately, both of these digests exhibited the same cyanide 

contamination in the mass spectrometer as every other low boron concentration digest 

sample. 

5.3 • 1.4 Cleaning of the Filaments 

The final l^rpotheses tested for the source of the organic contamination was that the 

filaments themselves carried cyanide. Two techniques of filament cleaning were attempted. 

The first involved boiling a full turret of beads in deionized water followed by ultrasonic 

cleaning. No improvement in analysis was observed. The second technique was filament out-

gassing, where new filaments without samples loaded are placed into the mass spectrometer 

source area under vacuum and heated to a temperature well above that required for analysis. 

Ideally, this procedure will ionize any organic or refractory contaminants residual on the wire 

fi-om production. Unfortunately, this process also failed to reduce the cyanide contamination 

in the digest distillations. 

5.3.1.5 Analvses of Fresh Digests 

The plant tissue samples were microwave digested by the Soil, Water and Plant 

Analysis Laboratory in the Soil, Water and Environmental Science Department at the 
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University of Arizona in February, 1999. Within days after receiving the digests, several test 

distillations and isotopic analyses were performed without incident. No cyanide interferences 

were noted, although no search for mass 26 was performed. Boron ionization appeared 

adequate, so interferences were not suspected. The remainder of the digest samples were not 

distilled or analyzed immediately due to inconsistencies observed in the analyses of the NBS 

951 standards. During the time consumed improving the NTIMS technique, and the digests 

were refrigerated for approximately four months. In June 1999, digest analyses were 

continued but were confounded by the organics contamination discussed previously. 

Although no solid hypotheses were forwarded to explain why cyanide might form in 

the digests as they sat in the refrigerator, fresh digests were prepared on December 13, 1999 

to test whether the cyanide contamination would appear. Boron was extracted from the fresh 

digests using micro-distillation in exactly the same manner as all preceding extractions. 

Isotopic analyses of the newly extracted boron, however, yielded no improvement in mass 26 

contamination and no improvement in ionization efiBciency. 

5.3.1.6 Isotope Dilution 

All tests conducted thus far had indicated two problems with the boron samples 

extracted from the stems and the low concentration leaves. First, cyanogen at mass 42 was 

causing an unpredictable influence on the isotopic results. Second, the organic contamination 

appeared to severely reduce the ionization efficiency of boron from the filaments. In 

response, isotope dilution mass spectrometry (IDMS) was utilized in an attempt to obtain 

isotopic results for the plant digests in the presence of the organic contamination. 



151 

The usual application of IDMS is in the very precise determination of an unknown 

elemental concentration when the isotopic signature of the element is known. IDMS is 

conducted by piking the unknown quantity of the element of interest with a known quantity 

of an isotopic standard (Heumann, 1982). The concentration of the unknown is then 

calculated from the mixing equation of two sohitions. The mixing equation can be rearranged 

to express the isotopic ratio of the mixture assuming the concentrations and isotopic 

signatures of the mixing members are known; 

o (pf W'O = ^^ — 
(C,X%,)»(CjX*/«j) ^ ' 

where 5"B is boron isotope ratio, C is the boron concentration, and % is the percent by 

volume of each mixing member; the subscripts 1 and 2 identify each mixing member. 

LDMS was used for two purposes in this research; 1) to calculate the true isotopic 

signature of the digests and 2) to confirm the ionization efiBciency of boron from the filament. 

Accomplishing the first purpose required the assumptions that the organic contamination did 

not reduce ionization efficiency of boron and that the cyanogen could be burned ofif the 

filament prior to boron analysis. Hemming and Hanson (1994) suggested that one method 

to eliminate cyanogen is to increase the filament ten^)erature far above the usual analysis level 

until the organic contamination ionizes off. Since most oi^ganics ionize at a lower temperature 

than boron, some boron should remain on the filament. Although the boron in the sample 
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may fractionate during the high temperature 'burning', the spike of known boron standard 

would be similarity afifected. Two samples loaded with different amount of spiked boron 

could then allow back calculation of the sample 5"B. 

Prior to using IDMS to calculate the 5"B of the contaminated digests, it was required 

to test the assumption that the amount of ionizable boron on the filament was known from 

the ICP concentration analyses. Previous analyses strongly suggested that organic complexes 

with boron had greatly reduced the ionizable B on the filament. 

Four samples were prepared to test the applicability of IDMS to resolve the cyanogen 

problem. The first was a micro-distilled sample of d^ested leaf tissue grown in pH 8.5, boron 

concentration 0.1 mg/L nutrient. Six hundred iig of boron were distilled and loaded on the 

filament with 7.5; 1 La:B in the same manner as all other analyses. The second two samples 

were prepared identically, but were spiked with 600 and 2000 rig NBS 951 respectively 

during filament loading. The fourth sample was spiked with 600 r^g NBS 951 prior to micro-

distillation. 

The boron isotope ratio of the leaf tissue was as assumed as -20 %o. This value was 

obtained from the assumption that plants do not fiactionate boron during uptake, particularly 

at the pH 8.5 level. In addition, analyses that had been attempted previously indicated digest 

isotopic values at of -20 %o or lighter. Given this assumption, the measured isotopic values 

for the 600 and 2000 iig ^iked filaments should have been -15 and -12.3 %o respectively. 

The untreated digest yielded an isotopic result of -33.8 %o, but fractionated from -46.5 to 
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-26.3 %o during analysis. In contrast, the filaments spiked during loading yielded stable 

analyses with values of -9.4 and -9.6 %o. The sample spiked prior to micro-distillation 

analyzed as -10.8 %o. 

These results confirm that the amount of boron on the filament available for ionization 

is much less than the amount recovered in microdistillation. The spiked samples are 

statistically identical to raw NBS 951. The amount of ionizable boron on the filament 

contributed by the plant digest was not detectable. As a result, it was not possible to use 

IDMS for the intended purpose of determining the isotopic signature of the plant digests. 

5.4 Summary 

The samples containing the highest concentration of boron, the leaves fi'om plants 

grown in 10.0 mg/L B nutrient solution, provided stable repeatable ion beams. The stem 

samples and leaves fi'om plants grown in 0.1 mg/L B nutrients contained substantial cyanide 

and cyanogen contamination. Many techniques were tested to remove organic contamination 

from the plant digests. Oxidation using peroxide, sodium hypochlorite and ultraviolet 

radiation did not measurably reduce the problem. In addition, attempts were made to 

eliminate nitrogen sources fi-om the samples. Great care was practiced to reduce the 

introduction of contamination during filament loading. Fresh digests were prepared to 

determine if organics had fomied in the samples during storage. Finally, an attempt was made 

to remove cyanogen fi'om the filaments prior to analysis through heating in the mass 

spectrometer source area. None of these attempts was fiiUy successfiil and as a result, only 
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the high concentration leaf digests were included in the final results of the plant isotopes. 
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CHAPTER 6 - ANALYSIS OF BORON CONCENTRATION AND ISOTOPES IN PLANT DIGESTS 

6.1 Boron Concentration in Plant Tissues 

6.1.1 Results of Tissue Digest Concentrations 

Three out of the five plant tissue digests within eadi treatment group fi'om the samples 

collected on 7/9/98 were analyzed using ICP (inductively coupled plasma spectroscopy) for 

boron concentration. Each plant sample consisted of separate digests of leaf and stem tissues. 

Tables 6.1 lists the raw boron concentration data measured in the leaves collected on 

July 9, 1998 both in terms of liquid digest concentration and on a mass:mass (mg/kg) basis 

in the dried tissue. The results are organized by the pH and boron concentration of the 

nutrient solution provided to each treatment level. The leaf boron concentration on a mass 

basis has been normalized for variations in the mass of tissue digested, and therefore is most 

appropriate for comparison between treatments. 

Table 6.2 lists the boron concentrations measured in the stem digests fi'om three of 

the five plant replicates in each treatment. Whenever possible, 0.75 g of powdered plant 

tissue sample was digested. In the case of the high pH stem samples, 0.75 g of tissue was not 

always available; this is noted in the tables. The stem concentrations in Table 6.2 reported in 

mg/kg are the boron contents of the dried tissue and are therefore directly comparable to 

other plants grown in the same and different treatments. 

Tables 6.3 and 6.4 list the descriptive statistics (n=3) of boron concentration obtained 

for the digests analyzed fi'om each treatment group for the leaf and stem samples respectively. 



Table 6.1 Boron concentration measured in leaves 
Pot location pH NutiientB Leaf digest B conc. Mass digested Leafconc. 

Row. Column (moA.) fma/L) (a) fma/ka) - drv 
C5.R5 7.5 0.1 1.82 0.7548 48.2 
C1.R2 7.5 0.1 2.14 0.7536 56.8 
C2R3 7 5  01 9 94 07552 50 3 
C4,R3 7.5 10 25.4 0.7579 670.3 
C5.R2 7.5 10 17.8 0.758 469.7 
C3 R4 7.S 10 284 07808 8fi4 0 
C3.R3 8.5 0.1 1.4 0.751 37.3 
C2.R6 8.5 0.1 2.05 0.7563 54.2 
C4R2 01 234 07581 81 a 
C4.R4 8.5 10 10.4 0.7522 276.5 
C2,R4 8.5 10 12.5 0.7556 330.9 
C3R2 fiiS 10 148 07547 3889 
C2.R1 9.5 0.1 1.58 0.7524 42.0 
C5.R6 9.5 0.1 1.47 0.7527 39.1 
C4R5 a,s 01 2 03 075S5 53 7 
C5.R4 9.5 10 7.2 0.7541 191.0 
C1.R5 9.5 10 9.2 0.7539 244.1 
C2.R2 9.5 10 7.48 0.7S66 197.7 

Figure 6.1 depicts the mean differences observed in tissue boron contents as a function of the 

pH of the nutrient solution. The concentrations are expressed as percentages relative to the 

pH 7.S plants. Figure 6.1 a indicates the results for the leaf tissue and 6.1 b indicates the 

changes observed in stem tissue. 

Statistical tests were conduaed to identify meaningful differences in the boron 

concentrations measured in the tissues collected from the plants grown in the six treatment 

groups. Specifically, the appropriate test for a randomized factorial block design experiment 

is the two-way ANOVA. This analysis tests the equality of population means in an 

experiment with two variables and multiple treatment levels. In this research, the two 



Table 6.2 Boron concentration measured in stems 
Pot location PH Nutrient B stem diaest B conc. Mass digested Stem conc. 

Row. Column (ma/L) fnna/L) (A) fmo/ka) - drv 
C2.R3 7.5 0.1 0.56 0.7586 14.8 
C5,R5 7.5 0.1 0.56 0.7576 14.8 
C1 R2 7,5 01 Ofif i  0 7534 183 
C4,R6 7.5 10 1.64 0.7561 43.4 
C3.R4 7.5 10 2.9 0.7539 76.9 
C5R2 7,5 10 1 IB 0 7S« 307 
C2,R6 8.5 0.1 0.6 0.7543 15.9 
C3.R3 8.5 0.1 0.58 0.7524 15.4 
C4. RA BiS 01 054 07582 14 2 
C4.R4 8.5 10 1.03 0.7554 27.3 
C2.R4 8.5 10 0.49 0.755 13.0 
C3R2 fiiS 10 1 31 0.7544 347 
C5.R6 9.5 0.1 0.56 0.7548 14.8 
C2.R1 9.5 0.1 0.6 0.7533 15.9 
C4 RS 9.S 01 osa 0 6633 175 
C1.R5 9.5 10 0.55 0.3961 27.8 
C2.R2 9.5 10 0.76 0.431 35.3 
C5.R4 9.5 10 0.83 0.7553 22.0 

Table 6.3 Descriptive statistics of boron concentration in leaf samples 
Treatment Digest B Concentration Leaf B concentration 

Mean 
(mg/L) 

Std. dev. Mean 
fmgAg) 

Std. dev. 

7.5.0.1 2.1 0.2 54.8 4.7 
7.5,10.0 23.2 3.8 611.3 100.6 
8.5,0.1 1.9 0.4 51.1 10.3 
8.5,10.0 12.5 1.7 331.4 45.1 
9.5,0.1 1.7 0.2 44.9 6.3 
9.5.10.0 8.0 0.9 210.9 23.6 
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Table 6.4 Descriptive statistics of boron concentration in stem samples 
Treatment Diaest B Concentration Stem B concentration 

Mean 
fmo/L) 

Std. dev. Mean 
fma/L) 

Sid. dev. 

7.5,0.1 0.6 0.1 16.0 1.7 
7.5,10.0 1.9 0.7 50.3 19.5 
8.5,0.1 0.6 0.0 15.2 0.7 
8.5,10.0 0.9 0.3 25.0 9.0 
9.5,0.1 0.6 0.0 16.1 1.1 
9.5.10.0 0.7 0.1 26.3 5.4 

variables are the nutrient solution pH and boron concentration. Nutrient pH was varied at 

three treatment levels while the B concentration was maintained at two levels. The ANOVA 

is a parametric test which assumes the underlying populations from which the data were 

sampled are normally distributed. The concentration analyses were too few in number to test 

for normality, so normality was assumed. Parametric tests have the advantage of greater 

power than non-parametric tests; that is they are capable of detecting actual differences 

between population means with relativdy few samples from the population. However, fewer 

samples increase the chance that the statistical test will commit a Type n error, or will fail to 

detect differences in means where they really exist. In addition, parametric tests lose power 

when the underlying populations are not normally distributed. 

The results of the leaf and stem digest concentration data subjected to the ANOVA 

test are contained in Table 6.5. The ANOVA test was conducted at a 95 % confidence level. 
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Figure 6.1 Plant mean tissue boron contents in the leaves (a) and the stems (b) as a 
function of the nutrient pH. All values expressed as percentages of the pH 
7.5 treatment group concentrations. 
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Table 6.5 ANOVA results of boron concentration in the leaves and stems on a massimass 
}asis at the 95% confidence level. 

Source of Variation SS df MS F P-value F-crit 

Leaf boron concentrations in in^g 

Nutrient boron concentration 502280 1 502820 156.1 3.1E-8 4.75 

pH 132373 2 66187 20.5 0.000133 3.89 

Interaction 120950 2 60475 18.8 0.000202 3.89 

Within 38651 12 

Stem boron concentrations in ma 

Nutrient boron concentration 1592.5 1 1592.5 12.8 0.00376 4.75 

pH 588.8 2 294.4 2.4 0.135 3.89 

Interaction 549.8 2 274.9 2.2 0.152 3.89 

Within 4219.3 12 124.0 

6.1.2 Discussion of Boron Concentration in Atriplex canescens Tissues 

Several hypothesis can be formed about the observations of boron concentrations in 

the digests. First, it is reasonable to suggest that boron concentrations will be uniformly 

higher in the leaves than in the stems due to the tendency of boron to collect in leaves (Raven, 

1980). Second, since boron is taken up passively (or mostly so) by plants, then the boron 

concentrations in the plants grown in high B concentration nutrient solutions should be higher 

than in those plants grown in low B concentration solutions and proportional to the boron 

concentration of the nutrients. 

The final hypothesis regarding boron concentrations in the plant tissue of this 
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experiment is that concentrations will be lower in plants grown in higher pH nutrient 

solutions. This hypothesis is based on the pK, of boric acid (9.24) (B as sett, 1980) and on the 

nature of uptake by plant roots. The highest pH nutrient solutions (pH = 9.S) were selected 

relative to the boric acid pK,. At this pH, the borate anion exists in solution at higher 

concentrations than the neutral boric add molecule. The internal negative charge in root cells 

attenuates anion uptake relative to uncharged species (Bingham et al., 1970; Marschner, 

1986). Therefore, boron uptake ai higher pH values where more of the boron is distributed 

into the borate anion should result in lower boron concentrations in the plant tissue. 

It should be noted that the relatively high pH of 9.S may also influence the plant in 

other ways that could reduce boron uptake and this possibility has not been normalized out 

of the data. For example, high pH limits the availability of nutrients such as phosphate and 

iron which could potentially influence overall plant function. In addition, the high pH 

solutions had considerably higher sodium due to the NaOH used for pH control. The overall 

plant growth, however, was not significantly influenced by the nutrient pH. Work by 

Bingham et al. (1970) suggested that boron uptake was not affected by nutrient 

concentrations of Ca or K or by metabolic inhibitors such as KCN. If boron uptake is fully 

passive, then uptake would not be influenced by other constituents in solution unless 

transpiration was affected. 

The data presented appear to fully support the first two hypotheses delineated above. 

First, the boron concentrations in the leaves are umformly higher than in the stems within each 

treatment group. Second, the boron concentration in the plant tissue is always higher in those 
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plants grown in higher concentration nutrients. A 1:1 proportionality between high and low 

nutrient boron concentrations and the concentration observed in the corresponding plants, 

however, does not hold. The high levd boron nutrient was 100 times more concentrated than 

the low level nutrient. In the plants, however, the tissue concentration was never significantly 

more than 10 times higher in plants grown in high boron nutrient. This result supports the 

supposition that uptake of boron by i4l^p/er canescens is not fiiUy passive. The plants appear 

to be capable of either limiting boron uptake under the conditions of high boron or 

concentrating boron under low boron conditions. 

The third hypothesis is partially supported by the data. At higher pH values, the plant 

should take up less boron due to the n^ative charge on the boron molecule. In both the leaf 

(Figure 6.1 a) and stem (Figure 6.1 b) samples, this trend clearly occurs, but only in the high 

boron nutrient treatments. The plants treated with 0.1 mg/L boron did not exhibit reduced 

boron uptake at high pH. The plant response and lack of response to changes in pH may 

provide a clue in understanding the plant's uptake behavior. The implication is that at low 

boron concentrations, the plants are capable of maintaining boron uptake in spite of the efifect 

of high pH; this may support a condition of active uptake. 

6.1.2.1 Statistical Significance Tests 

The ANOVA tests (Table 6.5) were conducted to determine the statistical significance 

of the differences in boron concentration measured in tissue samples firom plants grown in the 

six treatments. 

These tests indicate a strong likelihood of a correlation between the nutrient boron 
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concentration and the boron concentration measured in both the stems and leaves. In a given 

row, if the 'F' vahie is greater than the 'F-oit' value, then the probability that the relationship 

is random is less than 5%. The 'F' results for the nutrient boron concentration variable are 

far above the 'F-crit' value and therefore indicate a statistical correlation with boron 

concentration in both the stems and leaves. The leaf samples in particular exhibit a very 

strong relation^p between nutrient boron concentration and tissue boron concentration; the 

differences observed would occur at random in only 1 in 3.1 x 10"* samplings. Therefore, the 

ANOVA analysis supports the hypothesis that tissue concentrations should be related to the 

boron concentration in the nutrient supply source. 

The pH variable has a mixed influence on the tissue boron concentrations. In the case 

of the leaves, the pH variable is also strongly associated with the tissue boron concentration. 

In the case of the stems, however, the 'F' value is less than the T-crit' value and therefore 

the relationship fails the 95% confidence test. The ANOVA statistics support the hypothesis 

that boron concentration in the leaves is affected by the nutrient solution pH, but does not 

support the same hypothesis for the stems. 

6.2 Boron Isotopes in Atriplex canescens 

6 .2.1 Results of Nutrient Solutions 

The isotopic ratios measured in the plant tissues are obviously a function of the 

isotopic signature of the input source (the nutrient solutions). Therefore, the nutrient 

solutions were analyzed repeatedly to obtain credible control of the input isotopic value. The 
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results of the individual nutrient solution isotopic analyses are tabulated in Appendix E. 

Descriptive and parametric ANOVA statistics were utilized to summarize and identify the 

nutrient solution 5"B values. Table 6.6 lists the results of these analyses. In addition, a 

students t-test was employed (Table 6.7) to compare the mean isotopic values of only the 

extreme pH nutrient solutions. 

6.2.2 Resuhs of the Leaf Isotonic Analvses 

As has been discussed previously, the isotopic analyses of all tissue samples from 

plants grown in 0. lmg/1 B nutrients as well as the stem digests from the plants grown in 10.0 

mg/L B solutions could not be reliably analyzed due to organics interference. Therefore, all 

plant isotope results represent only leaf tissue samples from plants grown in nutrient solutions 

of 10 mg/L boron. 

The tissue isotopic results are characterized by a nested design. At the highest level 

Table 6.6 Descriptive statistics and ANOVA of nutrient solution B isotopes 
Summary - 95% confidence 
Groups Count Sum Avwaff* Vartmtw Std. Dev. 
Nutrient pH 9.5, B 10.0 mo/L 6 -118.9 -19.8 2.06 1.43 
Nutrient pH 8.5, B 10.0 mgA. 6 -126.8 -21.1 2.43 1.55 
Nutrient pH 7.5. B 10.0 mg/L 5 -112.1 -22.4 1.31 1.14 

Source of Variation 
SS df MS F fi-vmkw F-erlt 

Between Groups 18.04 2 9.0 0.30 0.74 3.68 
Within Groups 446.59 15 29.8 

Total 4aA6a 17 
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T^le^^^tude^s^j4es^omgaringtb^c^^ 
t-Test Two-Sample Assuming Unequal 
Variances. 95% confidence 

OH9.5 DH 7.5 
Mean -19.8 -21.1 
Variance 2.06 2.43 
Observations 6 S 
Pearson Correlation NA 
Pooled Variance 1.73 
df 9 
t 3.3S 
P(T<»t) one-tail 0.0040 
t Critical one-tail 1.83 
P(T<»t) hMO-tail 0.0086 
t Critical two-tail ^2^ 

are the mean 5"B values from tissue samples of all plants grown in the three nutrient pH 

treatments. This level has three isotopic values, one for each nutrient solution pH. The 

overall objective of the experiment is to determine if these means differ from each other. 

Nested within this, are the five plant rq>licates that compose each treatment level. Therefore, 

each mean 5"B calculated for the plant's isotopic response to nutrient pH is an average of 

five individual plant responses. Based on unknown and uncontrollable variables, the plants 

may differ somewhat from each other even when supplied the same nutrient solution. The 

final, or inner level of nesting is composed of the individual isotopic analyses conducted on 

the digests for each plant replicate. The number of analyses ranges from one to seven 

depending on the plant. This level of nesting encompasses variability resulting from sample 

processing, filament loading and mass spectrometry. 

The results of the isotopic analyses of boron in the plant leaves are listed in totality 
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in Appendix F. These tables provide the details of every isotopic analysis performed on each 

plant grown in the experiment. Table 6.8 lists the descriptive statistics for the averaged 

isotopic analyses of each plant. Therefore, the isotopic values in Table 6.8 characterize each 

individual plant and represent repeated isotopic analyses of single digests. This table lists the 

results organized first by the plant's nutrient solution includes the grid position the plant 

occupied in the randomized factorial block design experiment (see Figure 4.1). In addition, 

the isotopic results averaged for the individual plants are also presented normalized to the 

isotopic signature of the nutrient sohition. Table 6.9 contains the descriptive statistics for the 

upper level of experimental results; it lists the average isotopic value of leaf tissue grown in 

Table 6.8 Averaged isotopic results of leaf tissue digests for each plant replicate 
Treatment Solution Plant 

# 
Grid Posilion 

SSlUOUL 

Number of 
Analyses 

Mean 
(8"B) 

Std. Dev. Mean relative 
to nutrient solution 

pH 7.5.10.0mg/LB -23.7 1.8 -1.8 

pH 7.5,10.0 mg/LB -22.7 3.5 -0.8 
pH 7.5.10.0 mg/LB -23.0 3.3 -1.1 

pH 7.5.10.0 mg/LB -21.1 0.8 
pH 7.5.10.0 mg/LB -24.1 0.2 -2.2 

PH8.5. lO.OmgA-B -20.9 3.4 0.2 
pH 8.5.10.0 mg/LB -22.0 2.6 -0.9 
PH8.5.10.0 mg/LB -23.7 -2.6 
pH 8.5.10.0 mgA-B -22.9 0.8 -1.7 
pH 8.5,10.0 mg/L B -23.5 1.6 -2.4 

pH 9.5.10.0 mg/LB -19.1 1.0 0.7 
pH 9.5,10.0 mg/L B -20.6 1.5 -0.8 

PH9.5.10.0 mg/LB -19.8 2.3 0.0 
pH 9.5.10.0mgA.B -20.5 2.3 -0.7 

-17.7 2.1 
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each nutrient solution. For example, the row containing data for plants grown in the pH 7.5, 

10.0 mg/L boron nutrient solution is an average of both the multiple mass spectrometer runs 

for each plant digest and the five plant replicates contained in each treatment group. These 

data too are presented in terms of raw measured and relative to the 5 '̂B of the nutrient 

solutions. 

These data can be calculated in two ways. The statistics can be determined either 

from the fiill suite of analytical results or from the averaged values for each plant. Calculating 

the statistics from the plant averted values serves to collapse the error in the experiment and 

reduces the standard deviations. The means and standard deviations in Table 6.9 are 

calculated from the individual isotopic analyses for each digest. These statistics were 

compiled in this way because the analyses of variance presented later in this section utilized 

the full suite of analytical results and not the collapsed averages. In addition, presentation of 

the data in this maimer does not de-emphasize the variability of results. 

Table 6.9 Mean isotopic resu ts of all plants grown in the three nutrient solutions. 
Treatment Solution Number 

of plants 
Number of 
Analyses 

Mean 
(5"B) 

Std. Dev. Mean rel. to nutrient solution 
(5"B) 

pH 7.5,10.0 mg/L B 5 17 -23.2 2.3 -1.3 
pH 8.5,10.0 malL B 5 14 -22.3 2.3 -1.2 
pH 9.5,10.0 mgA. B 5 18 -19.7 1.6 0.1 

The isotopic data measured for the plant leaf digests were tested to determine whether 

the differences observed between the treatment groups resulted from random variability or 

from an experimental response. Parametric statistics were invoked to perform this analysis. 
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One of the assumptions of parametric statistics is that the underlying statistical distribution 

of the population is normally distributed. In the case of boron concentrations in leaves, 

insufficient data were available to test for normality. For the isotopic data, however, 

normality was tested using the Anderson-Darling Normality test. The test was conducted 

using all analyses within each treatment group. Figure 6.2 a through c depict the results of 

the Anderson-Darling Normality test both graphically, and numerically. 

The significance of the differences between the boron isotopic signatures of plant 

leaves in the three treatment groups was tested using the General Linear Model (GLM). This 

technique is a parametric statistic similar to the ANOVA analysis of variance model. It differs 

from ANOVA in its ability to handle unbalanced data. As a parametric statistic, it assumes 

normality in the underlying distribution. 

The analysis of data was conducted in two ways. First, the raw isotopic data from the 

plant leaves were modeling using the GLM. All of the individual isotopic numbers were used 

as input; no averaging was conducted on individual plants. The purpose of this test is to 

detect statistically significant differences between the boron isotope signatures of plants 

grown in the three treatment groups based on directly measured values. Appendix G lists the 

full printed results of the GLM analyses of the raw leaf isotopic values. The results are split 

into two sections. The first section lists results with pairwise comparisons of the mean 

isotopic values of the nutrient pH treatment levels. This section indicates the statistical 

significance of the effects of plant nutrient pH on the tissue boron isotope ratios. The second 

section lists the pairwise comparisons of the individual plants. This section lists any statistical 
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significance of individual plants within treatment groups relative to the other plants in the 

group. 

The second analysis of the data considered the boron isotope ratios of the leaf digests 

after nonnalization to the nutrient sohition signature. The means of the 5"B signatures of the 

nutrients did differ somewhat from each other. This difference in ngnatures will be reflected 

in the leaf isotopic values because the nutrients are the source value. Differences between the 

nutrient solutions will skew the plant isotope ratios. Appendix H contains the GLM analyses 

of the pairwise comparisons of both nutrient pH levels and of plantrplant relationships. 

A summary of the CHAf analyses for the pH level comparisons are provided in Tables 

6.10 and 6.11. Table 6.10 contains the basic Analysis of Variance from the GLM for the raw 

leaf digest boron isotope analysis. Table 6.11 presents the basic Analysis of Variance from 

the GLM for the nutrient normalized leaf boron isotope values. 

Depiction of the statistical results is best summarized with box plots. Therefore, box 

plots were prepared depicting the two GLM models with respect to the nutrient pH level. 

Figure 6.3 compares the raw leaf isotope values measured in plants grown in the three 

nutrient pH treatments. Figure 6.4 lists the same variables, but in this depiction the leaf 5"B 

values have been normalized to the analyses of the nutrient solutions. The labeled line in the 

middle of each box is the median plant isotopic value in each treatment group. The upper and 

lower bound of the boxes represent the 7Sth and 2Sth percentile respectively, and the upper 

and lower bounds of the vertical lines represent the range of values observed. 



171 

Table 6.10 Analysis of Variance from the General Linear Model 
comparing the mean raw plant leaf isotope values for the three 
nutrient pH treatment levels. 

Source of 
Variation 

DF F P 

pH level 2 8.25 0.001 

Plant 12 0.62 0.813 

Error 34 

Total 48 

Table 6.11 Analysis of Variance from the General Linear 
Model comparing the mean nutrient solution normalized 

Source of 
Variation 

DF F P 

pH level 2 8.25 0.174 

Plant 12 0.62 0.813 

Error 34 

Total 48 
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Figure 6.3 Box plot depicting the measured raw leaf digest boron isotope values as a 
function of the experimental treatment group. Numbered values in the 
boxes represent the median measurement within each group 
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Figure 6.4 Box plot showing the leaf boron isotope values in treatment groups after 
normalization to the isotopic signature of the nutrient solutions. Labeled 
lines in boxes are the median values. 
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6.2.3 Discussion of Nutrient Solution Boron Isotope Signatures 

Nutrient solution samples were collected on the harvest day (July 9, 1998) and 

analyzed for their boron isotopic signatures. The nutrient solutions are the input variable for 

plant boron, and as such have direct control over the plant isotopic ratios. Each nutrient 

solution was mixed using the same boron source, so ideally the plants at every treatment level 

should have been provided with the same boron signature. In addition, great care was taken 

to prevent boron contamination during nutrient solution mixing and handling. 

At least two factors, however, could have impacted the boron isotope ratios in the 

nutrients. First, the high pH nutrient solutions suffered from phosphate or iron precipitation 

which could potentially have co-precipitated or sorfoed some boron. Previous studies have 

shown that sorption of boron on clay causes fractionation (Schwarcz et al., 1969; Palmer et 

al., 1987). Precipitated iron may also remove boron from solution and cause fractionation. 

The second factor which could fractionate the boron is the preferential uptake of one boron 

species by the plants. This mechanism is not likely due to the huge amount of boron stored 

in the nutrient solutions relative to the amount taken up and stored in the plants. In addition, 

the growth media itself could theoretically sorb and fractionate boron; however, its coarse 

sandy texture was selected specifically to avoid this effect. 

The descriptive statistics in Table 6.6 indicate a trend in the 5"B of the nutrient 

solutions from -19.8 %o in the pH 9.S nutrient to -22.4 %o in the pH 7.S nutrient. This pattern 

is consistent with a scenario of slight borate anion removal from solution through sorption or 

other processes. Since the borate anion is isotopically lighter than the boric acid molecule. 
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its removal from solution will result in an isotopically heavier boron signature remaining in 

solution. Boron does sorb to iron oxy-hydroxides, and the high pH nutrient solutions may 

have been subject to iron precipitation. In the least, phosphate precipitated from solution at 

pH 9.5, probably as a form of calcium phosphate which could have provided a sorption 

surface for boron. The differences do not suggest that the plants influence the nutrients' 

isotopic signature. The plants are expected to selectively remove boric acid which would 

decrease the isotopic ratio in the high pH nutrients. 

The difference in mean 5"B between the pH 7.5 and 9.5 nutrient was only 2.6 %o, 

however, which is not much larger than the error observed using the NTlMS method of 

analysis. Therefore, the ANOVA test listed in Table 6.6 was employed to determine the 

significance of the differences in the mean values. The differences observed in mean isotopic 

ratios between the nutrient solutions fail the ANOVA test by a considerable margin. The p-

value indicates that the differences in the means could be observed in 74% of cases due to 

random variation alone. The three nutrient solutions, at least in statistical terms, are 

isotopically similar. 

An examination of only the extreme pH nutrients using the students t-test, however, 

does reveal statistically significant differences. Table 6.7 lists the t-test results obtained from 

a comparison of the pH 7.5 and pH 9.5 lO.O mg/L nutrients. This test indicates that the 

probability that the dififerences in the means are due to chance assuming the samples are from 

the same population is approximately 0.8 %. The t-test does strongly suggest that correlation 

exists between the pH of the nutrient solution and the isotopic ratio of the solution if the end 
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value pH solutions are compared. 

6.2.4 Discussion of Leaf 5"B in i4/n/?/ercawgJcg/iy 

The fundamental hypothesis of this research is that boron isotope ratios will 

fractionate in plants as a Action of nutrient pH. This hypothesized relationship is based on 

the behavior of boron isotopes in solution as a function of pH (refer to chapter 1 for 

discussion). 

As the pH of a sohjtion increases, the proportion of negative boric acid ion increases 

and the potential for fractionation during uptake increases due to root resistance to anions 

(Marschner, 1986). If the plant root does preferentially uptake the neutral species over the 

anion, then when pH values are near 9.2, the boron represented in the plant should be 

substantially heavier than the bulk solution 5"B. 

The boron concentration mAtriplex canescens leaves follows the hypothesized trend 

of lower boron content in plants grown in higher pH solutions. The results observed for 

boron concentration in the leaf and stem tissues suggest that the boron isotopes in plants will 

also vary as a function of nutrient pH and boron concentration. 

Descriptive statistics performed on the raw leaf isotopic values indicate that plants 

grown in pH 7.5 and 8.S nutrient solutions are isotopically similar (-23.2 and -22.3 %o 

respectively). Plants grown in the pH 9.5 nutrient, however, exhibit a somewhat heavier 

mean boron isotope signature of-19.7 %>. Although this mean is different than the means for 

the plants grown in pH 7.5 and 8.5 solutions, the random variability of the isotopic analysis 

and variability between plants could easily explain the discrepancy. 
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6.2.4.1 Statistical Significance Tests 

The statistical significance of the measured boron isotopes in the plant leaf tissue 

digests was analyzed using a test related to the ANOVA used earlier to analyze the nutrient 

solutions. That test, the General Linear Model (GLM), allows the analysis of an unbalanced 

data set such as the isotope data presented here. GLM is a parametric statistic, so it assumes 

that the underlying population is normally distributed. The Anderson-Darling tests (Figure 

6.2) indicate normality if p<0.22. The values of p for the pH 7.S, 8.5 and 9.5 treatment 

normality tests were 0.161, 0.218 and 0.368 respectively. Although the pH 9.5 treatment 

distribution does violate normality, the underlying population should have the same 

distribution as the pH 7.5 and 8.5 populations. It was assumed that the high p-value for the 

pH 9.5 treatment was due to two outlying values in the data set at the light end of the isotopic 

scale. 

The first GLM analysis of the data appraised the raw boron isotope values obtained 

from the leaf digest samples. These raw leaf isotope values are directly related to the boron 

isotope signatures of the nutrient solutions, and have not been normalized to the nutrients. 

The GLM analysis indicates a strong likelihood that the differences observed in the means 

are not due to random chance. The p-value of 0.001 (Table 6.10) dictates that the differences 

observed would occur by random chance in only 0.1% of cases; thus the null hypothesis is 

rqected at the 99.9% confidence level. The model indicates that the pH 9.5 treatment group 

is different than both the pH 7.5 and 8.5 groups, but that the pH 7.5 and 8.5 groups do not 

differ fi-om each other. The box plot (Figure 6.3) clearly displays the relationship of 5"B 
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between the three plant treatment groups. While the pH 7.5 and 8.5 groups overlap 

considerably, the pH 9.5 group lies predominantly in a heavier isotopic range. 

This resuh fits the expectation that boron isotope ratios will fi^ctionate in plants when 

the pH of the nutrient solution approaches the pK, of boric acid. The pH 9.5 treat«d plants 

exhibited a statistical difference from the other treatments, but that difference was very small. 

In fact, the difference was close to the analytical error of the NTIMS technique. The 

statistical result was obtained, however, from an analysis of the raw leaf isotope signatures 

and not from nutrient normalized ratios. The ANOVA analysis of the nutrient solution boron 

isotope signatures did not yield statistically significant differences, but the students t-test 

found that the pH 9.5 nutrient differed from the pH 7.5 solution. 

The potential influence of the 5"B signature of the nutrients on the plants necessitated 

an analysis of the leaf boron isotope values after normalization to the nutrients. This 

normalization was performed by subtracting the mean nutrient isotopic value for each nutrient 

solution from every plant leaf isotopic analysis performed. 

The GLM fitted to the nutrient normalized leaf boron isotope data yields a 

substantially different result than the analysis of raw leaf signatures. The p-value (Table 6.11) 

describing the odds of randomly obtaining the observed difference in means has increased to 

17.4 %. This is a substantial probability, and does not provide grounds for rejecting the null 

hypothesis. Therefore, when the nutrient solution 5"B is used to correct the plamt input 

fiinction, the statistical significance of the differences in mean plant boron isotope signatures 

disappear. Figure 6.4 underscores this point by illustrating the substantial overlap ibetween 
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the groups and the close proximity of the median value from each group. 

6.2.5 Summary 

In any scenario analyzed, the differences in boron isotope ratios between plants grown 

in various pH solutions ranged from small to statistically insignificant. Given the known 

behavior of boron isotopes in solution at pH values approaching the pK, of boric acid, this 

result begs the question; why are larger fiiunionations not observed? The measurements of 

leaf boron concentration support the expected result that plants uptake less boron at higher 

pH, presumably due to the greater partitioning of boron into an anionic phase. Leaf boron 

was substantially lower in the pH 9.S treated plants. If this attenuation in uptake is due to 

anionic exclusion, then the leaf isotopic ratios would be expected to fractionate from the 

nutrient solutions substantially (and certainly measurably). Detecting meaningfiil differences, 

however, was eventually reduced to a statistical struggle with relatively ambiguous outcome. 

One plausible explanation for this discrepancy is that the reduction in boron content 

in the leaf and stem tissue in the high pH plants was due to factors other than anionic 

exclusion. In other words, the uptake efficiency of boron may be tied to the uptake of 

another element which was limited by the high pH conditions. Perhaps the complexation of 

boron with cu-diols is interrupted by competition from high OH' concentration in the nutrient 

(Bingham et al., 1970) and therefore, boron in any form is not transported as effectively from 

the roots to the shoots. 

In any case, boron isotopes did not significantly fi-actionate during uptake into the 

plant species Atriplex canescem. The median 5"B values displayed in Figure 6.4 are at most 
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-1.45 %o different than the nutrient source solution. The original intent of this research was 

to determine if boron isotopes are conservative during plant uptake and therefore to 

determine if plaitts can be used as samplers of environmental boron. This experiment strongly 

indicates that the boron isotopes stored in plant leaf tissue closely reflect the boron in the 

external environment even when that environment is in a condition which should encourage 

fractionation. Natural conditions rarely mimic the very high pH analyzed during this research. 

As a result, A triplex canescens should provide an effective method for sampling boron 

isotopes in nature. 

As a cautionary note; these results should not be extrapolated to other plant species. 

Each of the other few studies concerning boron isotopes in plants was conducted on 

agricultural species. One study (Marentes et al., 1997) noted enormous boron fractionation 

relative to the nutrient solutions even though no attempt was made to push the nutrient 

solution pH toward the boric acid pK,. Clearly, a discrepancy exists. The data presented 

here, however, were collected using high precision techniques and were thoroughly tested for 

significance. Not only were large fractionations absent during plant uptake of boron, but 

minute fractionations were difficult to detect. 
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7.1 Summary of Results 

This study was conducted to investigate the potential for the use of plants as 

conservative samplers of boron isotopes in soil moisture, groundwater and fracture water. 

Specifically, this project aimed to determine if boron isotopes fractionate during uptake by 

the plant species Atriplex canescens under a variety of root-environment boron 

concentrations and pH values. Conservative behavior of isotopes during the process of 

uptake through the roots and storage in the tissues numy allow plants to be used not only as 

suction lysimeters to obtain in-situ soil water samples, but also as historical recorders of 

environmental isotopic changes. 

The impetus for the project was the need to develop methods for identifying the 

presence of water-transmitting fractures in the surface outcrops of bedrock at Yucca 

Mountain, Nevada. The hypothesis through which this would be accomplished is; plants 

growing in flowing fractures acquire a boron isotope signature resembling rainwater, while 

plants in dead-end fractures acquire a signature resembling the surrounding rock. 

Although boron is a required nutrient in plants, its behavior during uptake and 

assimilation into tissue is largely unknown. Even less is known about the fate of boron 

isotopes in plants. Some aspects of general plant nutrition, however, do suggest that boron 

isotopes have substantial potential for fractionation under particular rather extreme 

conditions. Specifically, plants tend to accumulate anions less efficiently than neutral or 
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cationic species. The importance of this is that boron partitions into an anionic phase as 

solution pH approaches 9.2, and this anion has an isotopic signature 19.2 %o lighter than the 

anions' neutrally charged counterpart. Therefore, under rather extreme pH conditions, boron 

isotopes have the potential for fractionation during uptake. In addition, boron is complexed 

into c/5-diol compounds immediately following uptake; such complexation presents a 

potential site of fractionation. The general lack of knowledge regarding boron isotopes in 

plants necessitated this study. 

7.2 Technique for Measurements of Boron Isotopes 

The analysis of boron isotopes in plant tissue required sensitive and accurate mass 

spectrometric techniques. The negative thermal-ionization mass spectrometry technique was 

selected due to its unique ability to obtain isotopic analyses of iig sized samples. Much effort 

was expended to determine the most reproducible method for utilizing NTIMS. Statistical 

tests were performed using many replicated analyses for each variable. The following list 

summarizes the results from the variables investigated to identify factors with substantial 

influence on the NTIMS isotopic analyses of the NBS-9S1 standard material; 

1. Chemical signal intensity enhancers. Tested enhancers included Ca, La, B-
free sea water and a mixed activator of La, Mg, Li and Ba. La provided the 
best results with better precision and less in-run fractionation thim NBS-9S1 
standards loaded with the other activators. In addition, a ratio of 7.5; 1 La;B 
provided the best results. 

2. Filament material type. Filaments of Ta and Re wire were tested to 
determine if either provided better and more reproducible isotopic 
measurements. Absolute measurements were very similar for either filament 
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type, but the in-nin fractionation was reduced when using Re wire. 

3. Ffljunent out-gassing. Mean ratios obtained using untreated and out-gassed 
Re filaments were virtually identical when 200 rig boron was loaded on the 
filaments. 

4. Mass of boron loaded on filaineiit. A massiratio relationship was observed 
when using untreated filaments, but it was much weaker than that observed 
by others using similar methods. When filaments were out-gassed, the 
massrratio relationship disappeared. The boron mass loaded had no influence 
on in-run fractionation. 

5. Temperature effects. No relationship was found using either Re or Ta 
filaments between filament temperature during analysis and the resulting 
isotopic measurements. In addition, no advantage was found in using a 
pyrometer to control filament temperatures. Analyses nm using a constant 
signal intensity filament control technique were statistically similar to 
temperature controlled runs. 

6. Machine focusing cfTects. No relationship was found between the setting of 
focus parameters and the resulting isotopic measurements. 

Many of these findings are contrary to previously published results. Nevertheless, the 

results presented here are based on large numbers of NBS-951 standard analyses and have 

statistical clout. These attempts to determine the variables afifecting NTIMS analyses did not 

reveal all factors which influence the results, but did eliminate many variables with no 

appreciable effect. 

7.3 Resuhs of Boron in Atriplex canescens 

The following list summarizes the observations made during this study regarding the 

behavior of boron and boron isotopes in Atriplex canescens during uptake: 



184 

1. Boron concentrations in tissues are uniformly higher in the leaves than in the 
stems. 

2. Dry tissue concentrations are higher in plants grown in higher pH nutrient 
solutions. The difference in tissue concentrations in the plants grown in low 
and high boron treatments is much less than the lOOx difference between the 
nutrients. 

3. Plant uptake of boron was reduced substantially at high pH in the high boron 
concentration nutrients, but was not affected by pH in the low boron 
nutrients. 

4. When the slight differences between the nutrient solution isotopic signatures 
were considered, no statistically significant isotope fractionation was detected 
in any pH treatment group. 

The boron concentrations and isotopic compositions measured in Atriplex canescens 

confinned some hypotheses of boron's behavior in plants, but also raised interesting 

contradictions. Boron concentration in the plant's stem tissue was lower than in the leaves; 

this result confirms that boron transports with the transpiration stream and is preferentially 

sequestered in the leaves. Concentration was also lower in the stems and leaves of plants 

grown in 0.1 mg/L than in lO.O mg/L boron solution. The difference in the plants, however, 

was approximately lOx whereas the nutrient solutions differed by lOOx. The discrepancy 

suggests that boron uptake is not entirely passive as has often been suggested. Rather, it 

appears that Atriplex canescens has the ability to either selectively uptake additional boron 

at low solution concentrations, or reduce uptake at high concentrations. 

The concentration of boron measured in the leaves and stems of Atriplex canescens 

foUowed the pattern predicted by the equilibrium chemistry of boron and by the uptake 

characteristics of anions by plants. Specifically, the boron concentrations measured in both 
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leaves and stems were significantly lower in the plants grown in the high pH (9.5) nutrient 

solution. The high pH nutrient solution was chosen such that a substantial proportion of 

boron would exist as the anionic borate molecule. Therefore, substantial anion exclusion of 

boron during uptake appears to occur. This result would indicate that measurable or 

substantial fractionation should occur in plants grown in high pH environments. 

Contrary to the hypothesis, isotopic analysis of the leaf tissues sampled from plants 

grown in the 10.0 mg/L boron nutrients at the three pH values do not exhibit substantial 

fractionation. Statistical tests conducted using the General Linear Model (GLM) revealed a 

minor but significant correlation between leaf 5"B and nutrient pH when the isotopic 

signatures of the nutrient solutions themselves were ignored. The leaf isotopic values were 

subsequently normalized to the 5"B of the nutrient solutions to account for the slight 

differences in the nutrients. GLM analyses conducted on the nutrient normalized leaf 5 "B 

revealed no significant correlation. In spite of the hypothesized potential for plant 

fractionation of boron isotopes at high pH, none was detected. 

7.4 Conclusions and Recommendations 

The plant species Atriplex canescens exhibited no substantial isotopic fractionation 

of boron even when grown in conditions thought most likely to cause fractionation. These 

initial studies indicate that Atriplex canescens can be employed successfully to obtain 

representative samples of the boron isotope signature in any water source drawn by the roots. 

Significant analytical difiQculties were encountered in the process of extracting and 
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analyzing the boron isotopic signatures of the plants. Only the plants grown in 10.0 mg/L 

nutrients were successfully analyzed. In nature, the boron concentrations in plants will almost 

always be lower than those observed here. Improved extraction techniques must be 

developed to better separate boron from the organic digest matrix before successful field 

analyses are possible. 

This research only examined the effects of two nutrient variables on a single plant 

species. In addition, this investigation was conducted in a greenhouse and not under field 

conditions. Other plants may exhibit different behaviors, and the myriad of variables 

encountered in the field environment may change the uptake characteristics. Prior to any use 

of plants for boron isotope sampling in the field, additional studies should be conducted. At 

the least, it should be established in the fidd that the boron isotope ratios obtained from plant 

tissues match the values in water sampled using wells or suction lysimeters placed in the root 

environment. This research represents an entirely unique way of obtaining samples of boron 

isotopes in nature and the results of this initial study are highly promising; additional 

exploration is clearly warranted. 
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APPENDIX A- COMPILATION OF ALL NBS 951 STANDARDS RUN USING NTIMS MODE 

Table AI These analyses ofthe NBS 951 boron standard were conducted to determine the most accurate and reproducible method 
of performing boron analyses in the negative ion mode. This table lists analyses conducted on Re filament where the ion-beam signal 
strength was computer maintained at a constant signal throughout the analysis. The activator was 7. 5: 1 La:B for each run, boron 
mass 1 d d 200 d th fil t t t d oa e was _!l ~an e amen s were no ou -gasse . 

Ratio d11B %SE Sig. start Sig. end Start End Fit. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 

( """"'' (amM) 

4.0052 -9.5 0.0029 0.19 0.16 1.990 1.800 Re 200 1012 950 7.5:1 La:B No 4/14/99 o.s First SO of ISO ratios O.lM HNO. Const. Sig. 

4.00S2 -9.S 0.0021 0.18 0.16 2.009 1.937 Re 200 7.5:1 La:B No 06/08/99 0.3 nom26 O.IMHCI Const. Sig. 

4.0097 -8.4 0.0041 0.16 0.16 1.714 1.686 Re 200 7.S:l La:B No 06/14/99 -0.2 smallm26 0.1MHNO, Const. Sig. 

4.0020 -10.3 0.0022 0.16 0.16 1.909 1.876 Re 200 7.S:l La:B No 06/08/99 -0.3 nom26 O.IMHNO. Const. Sig. 

4.0067 -9.1 0.0024 0.16 0.14 2.074 1.922 Re 200 1002 939 7.5:1 La:B No 03/24/99 0.4 50of1SO O.lM HNO, Const. Sig. 

4.0065 -9.2 0.0025 0.17 0.16 2.020 1.9S1 Re 200 977 944 7.S:l La:B No 03123/99 0.2 50 of150 O.lMHNO, Const. Sig. 

4.0031 -10.0 0.0055 0.12 0.16 1.824 1.788 Re 200 964 9S2 7.S:1 La:B No 04/14/99 0.9 50 of 1 SO, New 0.1MHNO. Const. Sig. 
standards henceforth 

4.0055 -9.4 0.0025 0.1S 0.16 2.1S9 2.149 Re 200 955 9S2 7.S:1 La:B No 04/29/99 0.1 0.1MHNO. Const. Sig. 

3.9943 -12.2 0.0024 0.17 0.17 2.008 1.949 Re 200 974 9SS 7.S:l La:B No 04/29/99 0 Cal. Coli. 0.1MHN<>:, Const. Sig. 

4.0036 -9.9 0.0026 <i.1S 0.1S 1.549 1.549 Re 200 930 928 7.5:1 La:B No 04/lS/99 0.1 0.1MHNO, Const. Sig. 

4.0022 -10.2 0.0031 O.lS O.lS 1.830 1.8ll Re 200 7.S:1 La:B No 06/0S/99 0.1 0.1M HNO. Const. Sig. 

4.0056 -9.4 0.0033 0.16 0.17 2.100 1.988 Re 200 982 941 7.5:1 La:B No 04130/99 0.4 dried quicldy 0.1M HN<>:, Const. Sig. 

4.0034 -10.0 0.0029 0.17 0.17 2.065 2.013 Re 200 963 943 7.5:1 La:B No 04130/99 0.4 dried verv slowly 0.1M HNO, Const. Sig. 

4.0097 -8.4 0.0041 0.16 0.16 1.714 1.686 Re 200 7.5:1 La:B No 06/14/99 -0.2 smallm26 0.1MHN<>:, Const. Sig. 

4.0053 -9.5 0.0037 0.15 0.15 1.850 1.835 Re 200 7.5:1 La:B No 07/19/99 0.2 0.1MHN03 Const. Sig. 

4.0037 -9.9 0.0020 O.IS 0.15 2.043 2.012 Re 200 7.5:1 La:B No 07/22/99 0 O.IMHN03 Const. Sig. 

4.0018 -10.3 0.0025 0.15 0.15 1.933 1.897 Re 200 7.S:l La:B No 07/23/99 0.2 0.1MHN03 Const. Sig. 

4.005S -9.4 0.0031 0.15 O.lS 1.792 1.724 Re 200 7.S:1 La:B No 10/21/99 0.3 0.1MHN03 Const. Sig. 

3.9973 -ll.S 0.0028 0.15 0.1S 1.835 1.790 Re 200 7.S:1 La:B No ll/12199 0.2 0.1MHN03 Const. Sig. 

3.9887 -13.6 0.0044 0.15 0.15 1.891 1.891 Re 200 7.5:1 La:B No 11118/99 -0.8 0.1MHN03 Const. Sig. 

4.0106 -8.2 0.0057 0.15 0.15 2.0S5 1.995 Re 200 7.S:1 La:B No 12/17/99 1.1 0.1MHN03 Const. Sig. 

-00 
-....) 



Table A.2 NBS 951 analyses conducted on Re filaments loaded with various masses. The ion-beam strength was maintained at a 
ll d l l All fil d l d" computer contro e constant eve . aments were out-! asse _pnor to oa mg. 

Ratio o11B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 

(atllM) (atllM) 

3.9988 -11.1 0.0023 0.14 O.IS 1.914 1.840 Re 10 7.S:I La:B Yes OS/28/99 0.3 Outgassed 2 weeks O.IMHNO, Const. Sig. 

3.9980 -11.3 0.002S 0.14 O.IS l.8SO 1.816 Re so 983? 7.5:1 La:B Yes OS/28/99 -0.1 Outgassed 2 weeks O.IMHNO, Const. Sig. 
before use 

4.0038 -9.9 0.0027 O.IS 0.17 1.900 l.87S Re so 986 979 7.5:1 La:B Yes 05/11/99 0.3 O.IMHNO, Const. Sig. 

3.9863 -14.2 0.0027 0.16 0.16 1.827 1.819 Re 50 932 930 7.5:1 La:B Yes OS/28/99 0.3 Outgassed 2 weeks O.IMHNO, Const. Sig. 
before use 

4.0056 -9.4 0.0050 0.14 O.IS 2.070 1.933 Re 50 IOS8 992 7.5:1 La:B Yes OS/11199 0.9 nom26 O.IMHNO, Const. Sig. 

4.0062 -9.2 0.0023 0.16 0.17 1.841 1.836 Re so 945 94S 7.S:I La:B Yes 05/11/99 -0.1 O.IMHNO, Const. Sig. 

4.0017 -10.4 0.0017 0.17 0.17 1.950 1.916 Re 50 953 940 7.5:1 La:B Yes OS/28/99 -0.1 Outgassed2weeks O.IMHNO, Const. Sig. 
before use 

4.0082 -8.8 0.0035 0.18 0.16 1.938 1.856 Re 200 98S 952 7.5:1 La:B Yes 05/ll/99 0.6 O.IMHNO, Const. Sig. 

4.0068 -9.1 0.0029 0.17 0.16 2.049 1.978 Re 200 965 934 7.5:1 La:B Yes 05/11/99 0.5 0.1MHN~ Const. Sig. 

4.0064 -9.2 0.0032 0.17 0.15 1.943 1.828 Re 200 978 927 7.S:I La:B Yes 05/11/99 0.4 O.IMHNO, Const. Sig. 

4.0028 -10.1 0.0021 0.16 0.16 1.950 1.911 Re 200 7.5:1 La:B Yes 05/28/99 0.1 Outgassed 2 weeks O.IMHNO, Const. Sig. 
before use 

4.0030 -10.0 0.0027 0.17 0.16 1.840 1.808 Re 200 940 927 7.5:1 La:B Yes 05/28199 0.3 Outgassed 2 weeks 0.1MHNO, Const. Sig. 
before use 

4.0039 -9.8 0.0020 0.16 0.176 1.782 1.742 Re 200 7.5:1 La:B Yes 05/28/99 0 Outgassed 2 weeks O.IMHNO, Const. Sig. 
before use 

4.0049 -9.6 0.0020 0.17 0.16 2.07S 2.038 Re 200 948 940 7.S:I La:B Yes 04/30/99 -0.1 dried qllicldy O.IMHNO. Const. Sig. 

4.0020 -10.3 0.0036 0.17 0.17 1.993 1.948 Re 200 9S8 941 7.5:1 La:B Yes 04130/99 0.6 no m26, dried very 0.1MHNO, Const. Sig. 
slowly 

4.0002 -10.7 0.0042 0.16 0.16 1.979 1.930 Re 200 7.5:1 La:B Yes 06/07/99 0.7 O.IMHNO. Const. Sig. 

4.00S2 -9.S 0.0021 0.18 0.16 2.009 1.937 Re 200 7.S:I La:B Yes 06/08/99 0.3 nom26 O.IMHCl Const. Sig. 

4.0020 -10.3 0.0022 0.16 0.16 1.909 1.876 Re 200 7.5:1 La:B Yes 06/08199 -0.3 nom26 0.1MHNO, Const. Sig. 

4.0031 -10.0 0.0034 0.15 0.15 1.973 1.933 Re 200 7.5:1 La:B Yes 06/24/99 0.2 O.IMHNO. Const. Sig. 

4.0040 -9.8 0.0021 O.IS O.IS 2.020 1.971 Re 200 7.5:1 La:B Yes 06125199 0.1 O.IMHNO, Const. Sig. 

4.0043 -9.7 0.0018 0.15 0.15 1.825 1.811 Re 200 7.5:1 La:B Yes 07/16/99 0.2 O.IMHNO, Const. Sig. 

3.9969 -11.6 0.0027 0.14 0.17 1.977 1.973 Re 300 977 978 7.5:1 La:B Yes 04/29/99 -0.5 O.IMHNO, Const. Sig. 

-00 
00 



Table A.2 - Continued 
Ratio (5118 %SE Sig. start Sig. end Start End Fil. Bmass 

(Volts) (Volts) Current current Type (TJg) 
(amns) (amns) 

3.9898 -13.3 0.0033 0.15 0.15 2.124 1.880 Re 300 

4.0055 -9.4 0.0022 0.14 0.15 1.890 1.890 Re 300 

3.9964 -11.7 0.0028 0.17 0.16 2.011 2.004 Re 300 

4.0053 -9.5 0.0024 0.17 0.17 2.028 1.940 Re 300 

4.0080 -8.8 0.0020 0.17 0.16 1.948 1.920 Re 500 

3.9990 -11.0 0.0023 0.16 0.16 2.052 2.026 Re 500 

4.0079 -8.8 0.0030 0.15 0.15 1.920 1.900 Re 500 

4.0021 -10.3 ? 0.15 0.14 1.902 1.903 Re 500 

4.0069 -9.1 0.0023 0.15 0.17 1.982 1.951 Re 500 

4.0083 -8.7 0.0026 0.16 0.17 1.962 1.939 Re 500 

4.0086 -8.7 0.0022 0.16 0.15 1.929 1.900 Re 500 

4.0072 -9.0 0.0017 0.16 0.16 1.958 1.915 Re 500 

4.0080 -8.8 0.0029 0.16 0.16 1.930 1.877 Re 500 

StartT EndT Activator Out- Date 
·c ·c gassed 

925 7.5:1 La:B Yes 04130/99 

958 955 7.5:1 La:B Yes 04130/99 

971 972 7.5:1 La:B Yes 04/29/99 

980 950 7.5:1 La:B Yes 04/29/99 

7.5:1 La:B Yes 05/28/99 

952 933 7.5:1 La:B Yes 04/29/99 

7.5:1 La:B Yes 05/28/99 

915 7.5:1 La:B Yes 04130/99 

949 937 7.5:1 La:B Yes 04/29/99 

948 942 7.5:1 La:B Yes 05/11/99 

962 950 7.5:1 La:B Yes 05111199 

7.5:1 La:B Yes 05/28/99 

956 936 7.5:1 La:B Yes 05111199 

In Run Notes 
Frac. 

0.5 

0.1 

0 

0.4 

0.3 Outgassed2weeks 
before use 

0.4 

0.5 Outgassed 2 weeks 
before use 

-0.1 First block bad 

0.1 

0.2 

0.1 

0 Outgassed 2 weeks 
before use 

0.3 

Acid 

0.1MHNO, 

0.1MHNO, 

0.1MHNO, 

O.lMHNO, 

O.lMHNO, 

O.IMHNO. 

0.1MHNO, 

O.IMHN03 

0.1MHNO, 

0.1MHNO 

O.IMHNO, 

0.1MHNO, 

0.1MHN03 

Ion-beam 
control 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

Const. Sig. 

...... 
00 
\0 



Table A3 NBS 951 analyses were conducted on Ta filament at a computer controlled constant ion-beam signal intensity. Although 
the intensity is constant during individual runs, different signals were used during various runs. The boron mass loaded on the 
filament was varied and the activator was 7 5·1 La·B 

Ratio o11B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (llg) 'C 'C gassed Frac. control 

(amos) (amos) 

4.0110 -8.1 0.0128 1 1 1.249 1.250 Ta 20 7.5:1 La:B No 06/12/97 1.9 Same bead as above Const. Sig. 

3.9969 -11.6 0.0128 0.5 0.5 1.249 1.229 Ta 20 7.5:1 La:B No 06/12/97 2.4 Const. Sig. 

4.0082 -8.8 0.0063 O.Q75 0.075 1.220 1.195 Ta 100 7.5:1 La:B No 08/05/98 1.3 Const. Sig. 

4.0123 -7.7 0.0094 0.075 0.075 1.387 1.378 Ta 100 7.5:1 La:B No 06/16/97 1.3 Const. Sig. 

3.9942 -12.2 0.0111 0.075 0.075 1.369 1.333 Ta 100 7.5:1 La:B No 06/11197 1.4 Const. Sig. 

4.0071 -9.0 0.0044 0.075 0.075 1.181 1.176 Ta 100 7.5:1 La:B No 02/12198 1 Const. Sig. 

4.0060 -9.3 0.075 O.Q75 1.182 1.177 Ta 100 7.5:1 La:B No 02/13/98 0.1 First 50 of 150 ratios Const. Sig. 

4.0055 -9.4 0.075 O.Q75 1.220 1.171 Ta 100 7.5:1 La:B No 02/13/98 0.6 First 50 of 150 ratios Const. Sig. 

4.0078 -8.9 0.0047 0.075 0.075 1.215 1.215 Ta 100 7.5:1 La:B No 02/12/98 0.4 Const. Sig. 

4.0068 -9.1 0.075 0.075 1.194 1.190 Ta 100 7.5:1 La:B No 02/13/98 0 First 50 of 100 ratios Const. Sig. 

4.0100 -8.3 0.0049 0.075 O.Q75 1.190 1.186 Ta 100 7.5:1 La:B No 02/12/98 0.6 Clean collimator Const. Sig. 

3.9978 -11.3 0.0058 O.Q75 0.075 1.272 1.233 Ta 100 7.5:1 La:B No 09/16/98 1.8 Const. Sig. 

4.0158 -6.9 0.0151 0.075 0.075 1.383 1.381 Ta 100 7.5:1 La:B No 07/17/97 1.6 Const. Sig. 

4.0056 -9.4 0.0040 O.Q75 O.Q75 1.259 1.246 Ta 100 7.5:1 La:B No 09/15/98 0.6 Re-run of above bead Const. Sig. 

4.0105 -8.2 0.0039 0.075 O.Q75 1.347 1.326 Ta 100 7.5:1 La:B No 06/16/97 0.2 Const. Sig. 

4.0018 -10.3 0.0184 0.075 O.Q75 1.353 1.294 Ta 100 7.5:1 La:B No 06/11197 3.5 w/Sigel Const. Sig. 

4.0112 -8.0 0.0039 0.075 0.075 1.271 1.232 Ta 100 7.5:1 La:B No 09/10/97 0 FoundB Const. Sig. 
contamination 

4.0146 -7.2 0.0318 0.075 0.075 1.286 1.249 Ta 100 7.5:1 La:B No 07/17/97 0.4 Const. Sig. 

4.0151 -7.1 0.0034 0.075 0.075 1.427 1.402 Ta 100 7.5:1 La:B No 07/17/97 -0.4 Const. Sig. 

4.0040 -9.8 0.0033 0.075 0.075 1.223 1.220 Ta 100 7.5:1 La:B No 06/11/98 0.1 Const. Sig. 

3.9954 -11.9 0.0122 O.Q75 0.075 1.325 1.386 Ta 100 7.5:1 La:B No 09/15/98 2.2 Hard to find signal, Const. Sig. 
declini 

4.0009 -10.6 0.0033 O.Q75 0.075 1.262 1.258 Ta 100 7.5:1 La:B No 06/24/98 0.5 Const. Sig. 

4.0022 -10.3 0.0055 0.075 O.Q75 1.236 1.229 Ta 100 7.5:1 La:B No 07/01/98 0.6 Const. Sig._ 

4.0026 -10.1 0.0042 0.075 O.Q75 1.252 1.241 Ta 100 7.5:1 La:B No 08128/98 0.5 Const. Sig. 

4.0045 -9.7 0.0034 0.075 0.075 1.243 1.243 Ta 100 7.5:1 La:B No 08128198 0.4 Const. Sig. 

4.0057 -9.4 0.0048 0.075 0.075 1.216 1.212 Ta 100 7.5:1 La:B No 08/05/98 0.9 Const. Sig. 

-\0 
0 



---------

Table A.3 - Continued 
Ratio lluB %SE Sig. start Sig. end Start End Fit. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 

(Volts) (Volts) Current current Type (TJg) 'C 'C gassed Frac. control 
(~tnn<:\ f~mn<:\ 

4.0065 -9.2 0.0038 0.075 0.075 1.198 1.184 Ta 100 7.5:1 La:B No 06/ll/98 0.1 Const. Sig. 

4.0021 -10.3 0.0069 0,075 0.075 1.290 1.258 Ta 100 7.5:1 La:B No 06/24/98 0.7 Const. Sig. 

4.0065 -9.2 0.0212 0.075 0.075 1.288 Ta 100 7.5:1 La:B No 05/20/97 Poor peak shapes Const. Sig. 

4.0113 -8.0 0.0163 0.075 0.075 1.222 1.218 Ta 100 7.5:1 La:B No 06/04/97 1.1 Pre collimator cleani Const. Sig. 

4.0069 -9.1 0,075 0,075 1.215 1.208 Ta 100 7.5:1 La:B No 02/13/98 -0.1 First 50 of 150 ratios Const. Sig. 

3.9745 -17.1 0.0046 0.075 0,075 1.257 1.245 Ta 100 7.5:1 La:B No 09/10/97 0.5 on the collimator Const. Sig. 

3.9973 -11.5 0.0051 0.075 0.075 1.239 1.233 Ta 100 7.5:1 La:B No 07/01/98 0.7 Const. Sig. 

4.0163 -6.8 0.0120 0.5 0.5 1.285 1.254 Ta 100 7.5:1 La:B No 07/17/97 -1.1 Same bead as above Const. Sig. 

4.0157 -6.9 0.0015 0.5 0.5 1.309 1.295 Ta 100 7.5:1 La:B No 06/05/97 0.1 Const. Sig. 

4.0134 -7.5 0.0098 0.5 0.5 1.283 1.274 Ta 100 7.5:1 La:B No 06/04/97 -0.5 Same bead as above Const. Sig. 

4.0066 -9.2 0.5 0.5 1.253 1.243 Ta 100 7.5:1 La:B No 02/13/98 0.8 First 50 of 150 ratios Const. Sig. 

4.0054 -9.5 0.5 0.5 1.209 1.207 Ta 100 7.5:1 La:B No 02/13/98 0.7 First 50 of 150 ratios Const. Sig. 

4.0020 -10.3 0.5 0.5 1.190 1.187 Ta 100 7.5:1 La:B No 02/13/98 0.9 First 50 of 150 ratios Const. Sig. 

4.0009 -10.6 0.5 0.5 1.277 1.272 Ta 100 7.5:1 La:B No 02/13/98 0.5 First 50 of 150 ratios Const. Sig. 

4.0117 -7.9 0.0027 0.5 0.5 1.236 1.236 Ta 100 7.5:1 La:B No 02/12/98 0.5 Same bead as above Const. Sig. 

4.0085 -8.7 0.0021 0.5 0.5 1.226 1.226 Ta 100 7.5:1 La:B No 02/12/98 0.3 Same bead as above Const. Sig. 

4.0140 -7.3 0.0060 1 1 1.312 1.303 Ta 100 7.5:1 La:B No 06/04/97 -1.6 Same bead as above Const. Sig. 

4.0154 -7.0 1 1 1.322 1.287 Ta 100 7.5:1 La:B No 09/10/97 1.3 Same bead as above Const. Sig. 

4.0128 -7.6 0.0064 1 1 1.327 Ta 100 7.5:1 La:B No 06/04197 Const. Sig. 

4.0162 -6.8 0.0078 1 1 1.279 1.279 Ta 100 7.5:1 La:B No 07/17/97 -0.4 Same bead as above Const. Sig. 

4.0084 -8.7 0.0036 0.16 0.16 1.278 1.260 Ta 200 7.5:1 La:B No 06/11/99 0.5 bigm26 0.1MHNO. Const. Sig. 

4.0087 -8.6 0.0042 0.16 0.16 1.315 1.303 Ta 200 7.5:1 La:B No 06/11/99 0.6 bigm26 0.1MHNO, Const. Sig. 
La203 

4.0082 -8.7 0.0039 0.16 0.16 1.273 1.260 Ta 200 7.5:1 La:B No 06/10/99 0.7 bigm26 0.1MHNO, Const. Sig. 

4.0136 -7.4 0.0144 0.075 0.075 1.242 1.236 Ta 500 7.5:1 La:B No 06/05/97 0.6 Poor peak shapes Const. Sig. 

4.0114 -8.0 0.0030 0.075 0.075 1.270 1.273 Ta 500 7.5:1 La:B No 06/04/97 -0.1 Const. Sig. 

4.0120 -7.8 0.0070 0.5 0.5 1.273 1.264 Ta 500 7.5:1 La:B No 06/05/97 -0.8 Same bead as above Const. Sig. 

4.0109 -8.1 0.0019 0.5 0.5 1.335 1.326 Ta 500 7.5:1 La:B No 06/04/97 -0.2 Same bead as above Const. Sig. 

4.0122 -7.8 0.0040 1 1 1.319 1.309 Ta: 500 7.5:1 La:B No 06/05/97 -0.4 Same bead as above Const. Sig. 

4.0111 -8.0 0.0034 1 1 1.358 1.359 Ta 500 7.5:1 La:B No 06/04/97 0.1 Same bead as above Const. Sig. 



Table A.4 NBS 951 loaded on Re filament using a 7.5:1 La:B activator ratio and analyzed while maintaining a constant filament 
temperature. 

Ratio o"B %SE Sig. start Sig. end Start End Fit. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 

{at11M) {amno) 

4.0048 -9.6 0.0030 0.14 0.2 1.957 1.954 Re 200 952 957 7.5:1 La:B No 04/14/99 0.2 First 50 of 150 ratios O.lMHNO. Const. T 

4.0061 -9.3 0.0015 0.13 0.3 1.970 1.950 Re 200 971 974 7.5:1 La:B No 03/23/99 0.1 First 50 of 150 ratios 0.1MHN03 Const. T 

3.9990 -11.0 0.0033 0.39 1.56 2.071 2.031 Re 200 1049 1049 7.5:1 La:B No 03/24/99 0.2 First 50 of 150 ratios O.lMHNO Const. T 

4.0035 -9.9 0.0115 0.58 0.48 2.175 2.145 Re 200 1051 1051 7.5:1 La:B No 04/14/99 1.8 First 40 of l 50 ratios O.lMHNO. Const. T 

4.0035 -9.9 0.0036 0.06 0.12 2.000 1.990 Re 200 956 957 7.5:1 La:B No 03/24/99 0.6 First SO of l 50 ratios O.IMHN(), Const.T 

Table AS NBS 951 standards loaded on Re filament using 7.5:1 La:B activator. Filament maintained at a constant current 
t hr h h I . oug1 out eac analySIS. 

Ratio o"B %SE Sig. start Sig. end Start End Fit. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 

Janms) £amns) 

3.9971 -ll.S 0.0013 0.23 0.32 1.692 1.692 Re so 947 7.5:1 La:B No 03/10/99 0.1 First SO ofl50 ratios O.lM~~ Const. cur. 

3.9997 -10.9 0.0024 0.12 0.15 1.806 1.806 Re 50 947 950 7.5:1 La:B No 03/10/99 0.1 First SO of 150 ratios O.lMHNO, Const. cur. 

3.9955 -11.9 0.0025 0.09 0.33 2.000 2.000 Re 50 990 1001 7.5:1 La:B No 04/15/99 0.3 O.lMHN(), Const. cur. 

3.9871 -14.0 0.0017 O.ll 0.21 1.868 1.868 Re 50 959 965 7.5:1 La:B No 04/15/99 0 O.lMHNQ, Const. cur. 

4.0050 -9.5 0.0041 0.076 O.ll 1.793 1.793 Re 100 912 915 7.5:1 La:B No 03/01/99 -0.1 Corrected wro 0.1MHNQ, Const. cur. 
emissivity, Temp 
lapprox 

4.0066 -9.1 0.0030 0.09 0.14 1.798 1.798 Re 100 914 913 7.5:1 La:B No 03/01/99 0.3 Corrected wro O.lMHNQ, Const. cur. 
emissivity, Temp 
approx 

4.0009 -10.6 0.0045 0.076 0.071 1.746 1.746 Re 100 917 916 7.5:1 La:B No 03/08/99 -0.4 Same bead as above O.lMHNO, Const. cur. 

4.0057 -9.4 0.0033 0.099 0.12 1.838 1.838 Re 100 935 936 7.5:1 La:B No 03/01/99 -0.3 Corr. wro emissivity, 0.1MHNQ, Const. cur. 
Tempapprox 

4.0049 -9.6 0.0027 0.1 0.19 1.908 1.908 Re 100 940 942 7.5:1 La:B No 03/01/99 0 Corr. wro emissivity, 0.1MHNQ, Const. cur. 
Tempapprox 

3.9976 -11.4 0.0027 0.18 0.91 l.7ll 1.711 Re 100 945 944 7.5:1 La:B No 0.1 0.1MHNO. Const. cur. 

4.0300 -3.4 0.0066 0.053 0.032 1.874 1.874 Re 100 949 949 1:7.5 La:B No 03/01/99 0.3 Corr. e, T approx O.lMHNO, Const. cur. 
Same bead as above 



---------------

Table A.S- Continued 

Ratio 1i11B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 

(amos) (amns) 

4.0080 -8.8 0.0021 0.07 0.139 1.777 1.777 Re 100 949 955 7.5:1 La:B No 02/05/99 0 Const. cur. 

3.9979 -11.3 0.0029 0.16 0.31 1.716 1.716 Re 100 950 958 7.5:1 La:B No 03/08/99 0.4 First 50 ofl50 ratios O.lMHNO, Const. cur. 

3.9978 -11.3 0.0017 0.16 0.25 1.847 1.847 Re 100 950 958 7.5:1 La:B No 03/08/99 0.1 First 50 of 150 ratios 0.1MHNO, Const. cur. 

3.9974 -11.4 0.0020 0.16 0.25 1.871 1.871 Re 100 950 954 7.5:1 La:B No 03/08/99 0.2 First SO of 150 ratios 0.1MHNO Const. cur. 

3.9963 -11.7 0.0021 0.14 0.25 1.814 1.814 Re 100 951 958 7.5:1 La:B No 03/08/99 0 First 50 of 1 50 ratios 0.1MHNO Const. cur. 

3.9969 -11.6 0.0029 0.13 0.25 1.773 1.773 Re 100 951 959 7.5:1 La:B No 03/08/99 0.3 First 50 of 150 ratios 0.1MHNO Const. cur. 

4.0054 -9.5 0.0015 0.24 0.299 1.853 1.853 Re 100 952 955 7.5:1 La:B No 03/01/99 0.1 Corr. e, T approx 0.1MHN03 Const. cur. 
Same bead as above 

4.0075 -8.9 0.0029 0.055 0.164 1.936 1.936 Re 100 953 963 7.5:1 La:B No 02/05/99 0.4 Const. cur. 

4.0068 -9.1 0.0015 0.31 0.48 1.869 1.869 Re 100 954 961 7.5:1 La:B No 03/01/99 0.1 Corr. e, T approx 0.1MHN03 Const. cur. 
Same bead as above 

4.0071 -9.0 0.0014 0.2 0.26 1.878 1.878 Re 100 954 959 7.5:1 La:B No 02/05/99 0 Const. cur. 

4.0068 -9.1 0.0023 0.1 0.17 1.904 1.904 Re 100 954 961 7.5:1 La:B No 02/05/99 0.2 Const. cur. 

3.9924 -12.7 0.0036 0.11 0.25 1.741 1.741 Re 100 964 964 7.5:1 La:B No 03/08/99 0.6 First 50 of 150 ratios 0.1MHNO, Const. cur. 

4.0032 -10.0 0.0016 0.09 1 1.919 1.919 Re 100 988 997 7.5:1 La:B No 02/05/99 0.4 Const. cur. 

4.0054 -9.4 0.0008 0.44 1.34 1.916 1.916 Re 100 988 994 7.5:1 La:B No 03/01/99 0.1 Corr. e, T approx 0.1MHN03 Const. cur. 
Same bead as above 

4.0062 -9.2 0.0011 0.63 2.76 1.933 1.933 Re 100 993 1001 7.5:1 La:B No 03/01/99 0 Corr. e, T approx 0.1MHNO, Const. cur. 
Same bead as above 

3.9995 -10.9 0.0015 1.23 1.4 1.901 1.901 Re 100 993 994 7.5:1 La:B No 03/08/99 0.3 Same bead as above 0.1MHNO Const. cur. 

4.0072 -9.0 0.0008 0.48 1.229 2.000 2.000 Re 100 993 996 7.5:1 La:B No 02/05/99 0.1 Same bead as above Const. cur. 

4.0078 -8.9 0.0011 0.324 0.613 1.860 1.860 Re 100 997 1000 7.5:1 La:B No 02/0S/99 0 Same bead as above Const.cur. 

4.0070 -9.0 0.0013 0.21 2.59 2.023 2.023 Re 100 998 1013 7.5:1 La:B No 02/05/99 0 Const. cur. 

4.0261 -4.3 0.0040 0.66 0.775 2.000 2.000 Re 100 1012 1012 1:7.5 La:B No 03/01199 -0.8 Same bead as above 0.1MHNO, Const. cur. 

4.0075 -8.9 0.0007 2.26 3.53 2.050 2.050 Re 100 1018 1018 7.5:1 La:B No 02/05/99 0.1 Same bead as above, Const. cur. 
last block 

omitted) 

4.0086 -8.7 0.0006 0.97 2.16 1.906 1.906 Re 100 1022 1024 7.5:1 La:B No 02/05/99 0.1 Same bead as above Const. cur. 

4.0105 -8.2 0.0096 0.1 0.52 2.079 2.079 Re 200 7.5:1 La:B Yes 06/23/99 1.8 heated twioe 0.1MHNO ConstCur 

4.0066 -9.2 0.0021 0.084 0.28 1.863 1.863 Re 200 952 965 7.5:1 La:B No 03/11/99 0 First 50 ofl50 ratios 0.1MHNO Const. cur. 



Table A.5- Continued 
Ratio II"B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 

(Volts) (Volts) Current current Type (T)g) ·c ·c gassed Frac. control 
(amns) (amns) 

4.0073 -9.0 0.0019 0.17 0.21 1.790 1.790 Re 200 953 955 7.5:1 La:B No 03/11/99 0.1 First 50 of 1 50 ratios 0.1MHNO, Const. cur. 

4.0082 -8.7 0.0020 0.095 0.21 1.864 1.864 Re 200 953 969 7.5:1 La:B No 03/11/99 -0.1 First 50 of 1 50 ratios 0.1MHN~ Const. cur. 

4.0092 -8.5 0.0026 0.069 0.22 1.860 1.860 Re 200 955 969 7.5:1 La:B No 03/11/99 -0.4 First 50 of 1 50 ratios 0.1MHNO, Const. cur. 

4.0064 -9.2 0.0015 0.08 0.39 1.845 1.845 Re 200 956 970 7.5:1 La:B No 03/10/99 0.1 First 50 of 1 50 ratios 0.1M HNO, Const. cur. 

4.0051 -9.5 0.0014 0.13 0.6 1.930 1.930 Re 200 956 970 7.5:1 La:B No 03/10/99 0.1 First 50 of 1 50 ratios 0.1MHNO, Const. cur. 

4.0072 -9.0 0.0016 0.068 0.52 1.831 1.831 Re 200 957 980 7.5:1 La:B No 03/11/99 -0.1 First 50 of 150 ratios 0.1MHNO, Const. cur. 

4.0071 -9.0 0.0018 0.094 0.3 1.841 1.841 Re 200 960 980 7.5:1 La:B No 03111/99 -0.1 First 50 of 1 50 ratios 0.1MHNO, Const. cur. 

4.0037 -9.9 0.0014 0.11 0.28 2.086 2.056 Re 200 966 969 7.5:1 La:B No 03/23/99 0 First 50 of 1 50 ratios O.lMHNO Const. cur. 

3.9980 -11.3 0.0033 0.13 0.14 2.006 1.986 Re 200 968 965 7.5:1 La:B No 03/23/99 -0.2 First 50 of 1 50 ratios 0.1MHNO, Const. cur. 

4.0014 -10.4 0.0039 0.1 0.12 2.050 2.010 Re 200 970 962 7.5:1 La:B No 03/23/99 0.1 First 50 of 1 50 ratios 0.1MHNO, Const. cur. 

4.0079 -8.8 0.0028 0.15 0.32 1.910 1.910 Re 500 948 959 7.5:1 La:B No 03110/99 -0.4 First 50 of 150 ratios O.lMHNO, Const. cur. 

4.0079 -8.8 0.0015 0.19 0.34 1.954 1.954 Re 500 944 955 7.5:1 La:B No 03/10/99 -0.2 First 50 of 150 ratios O.lMHNO, Const. cur. 

4.0086 -8.7 0.0013 0.13 0.39 2.050 2.050 Re 1000 949 955 7.5:1 La:B No 04114/99 -0.1 O.lMHN~ Const. cur. 

4.0069 -9.1 0.0021 0.083 0.35 2.053 2.053 Re 2000 954 961 7.5:1 La:B No 04/14/99 -0.3 0.1MHNO, Const. cur. 

4.0061 -9.3 0.0023 0.14 0.37 2.120 2.120 Re 2000 956 966 7.5:1 La:B No 04/15/99 0 0.1MHNO, Const. cur. 

Table A. 6 NBS 951 loaded on Ta filament with a 7. 5: 1 La:B activator. Filament maintained at a constant current during analysis. 

Ratio II"B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (T)g} ·c ·c gassed Frac. control (,.m,., r .. m .... , 

4.0106 -8.2 0.0037 0.08 0.091 1.196 1.196 Ta 100 946 7.5:1 La:B No 01114/99 0.6 Const. cur. 

4.0093 -8.5 0.0061 0.067 0.11 1.232 1.232 Ta 100 950 7.5:1 La:B No 01115/99 0.9 Const. cur. 

4.0120 -7.8 0.0028 0.12 0.14 1.297 1.297 Ta 100 950 7.5:1 La:B No 01114/99 0.4 Const. cur. 

4.0096 -8.4 0.0036 0.07 0.07 1.243 1.243 Ta 100 950 7.5:1 La:B No 01114/99 0.3 Const. cur. 

4.0087 -8.6 0.0028 0.15 0.21 1.334 1.334 Ta 100 961 7.5:1 La:B No 01127/99 0.2 Const. cur. 

4.0103 -8.2 0.0030 0.1 0.13 1.166 1.166 Ta 100 964 964 7.5:1 La:B No 02/16/99 -0.4 Const. cur. 

4.0066 -9.1 0.0051 0.14 0.19 1.220 1.220 Ta 100 966 965 7.5:1 La:B No 0.9 m26 and 27 peaks 0.1MHNO, Const. cur. 

3.9796 -15.8 0.0071 0.11 0.19 1.276 1.276 Ta 100 971 7.5:1 La:B No 01113/99 1.S Const. cur. 



Table A.6 - Continued 
Ratio o11B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 

(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 
(amns) (amos) 

4.0085 -8.7 0.0032 0.18 0.16 1.325 1.325 Ta 100 971 7.5:1 La:B No 01/26/99 0.5 Const. cur. 

4.0095 -8.4 O.ot 0.1 0.13 1.183 1.183 Ta 100 972 972 7.5:1 La:B No 02/18/99 0.8 0.1MHNO. Const. cur. 

4.0035 -9.9 0.0035 0.11 0.13 1.261 1.261 Ta 100 973 973 7.5:1 La:B No 02/18199 0.1 O.IMHNO Const. cur. 

4.0111 -8.0 0.0031 0.14 0.19 1.242 1.242 Ta 100 973 976 7.5:1 La:B No 02/16/99 0.3 Const. cur. 

4.0052 -9.5 0.0020 0.14 0.2 1.287 1.287 Ta 100 973 7.5:1 La:B No 01/13/99 0.3 Const. cur. 

4.0093 -8.5 0.0032 0.27 0.27 1.292 1.292 Ta 100 974 7.5:1 La:B No 01/26/99 0.6 Const. cur. 

4.0094 -8.5 0.0036 0.23 0.22 1.272 1.272 Ta 100 975 7.5:1 La:B No 01/26/99 0.5 Const. cur. 

4.0075 -8.9 0.0030 0.23 0.25 1.258 1.258 Ta 100 975 7.5:1 La:B No 01/26/99 0.3 Const. cur. 

3.9873 -13.9 0.0070 0.1 0.1 1.231 1.231 Ta 100 975 7.5:1 La:B No 01/12/99 1.4 Const. cur. 

3.9796 -15.8 0.0032 0.17 0.2 1.284 1.284 Ta 100 975 0 7.5:1 La:B No 01/13/99 0.3 Const. cur. 

3.9791 -16.0 0.0045 0.15 0.15 1.231 1.231 Ta 100 975 7.5:1 La:B No 01/12/99 0.8 Pyro 12 em from Const. cur. 
window, old stds on 
beads, Mikron 
M190R? 

4.0065 -9.2 0.0032 0.18 0.21 1.282 1.282 Ta 100 975 7.5:1 La:B No 01126199 0.4 Const. cur. 

3.9776 -16.3 0.0021 0.19 0.2 1.311 1.311 Ta 100 975 7.5:1 La:B No 01/12/99 0.4 Const. cur. 

4.0155 -7.0 0.0038 0.25 0.28 1.254 1.254 Ta 100 975 7.5:1 La:B No 01/15/99 0.5 Same bead as above Const. cur. 

4.0077 -8.9 0.0056 0.066 0.059 1.255 1.255 Ta 100 976 7.5:1 La:B No 01/26/99 0.6 Const. cur. 

3.9775 -16.4 0.0038 0.21 0.24 1.240 1.240 Ta 100 977 7.5:1 La:B No 01/12/99 0.8 Const. cur. 

4.0047 -9.6 0.0023 0.17 0.24 1.337 1.337 Ta 100 977 7.5:1 La:B No 01/26/99 0 Const. cur. 

3.9818 -15.3 0.0110 0.02 0.02 1.256 1.256 Ta 100 978 7.5:1 La:B No 01/12/99 0.8 Const. cur. 

4.0049 -9.6 0.0055 0.1 0.12 1.306 1.306 Ta 100 981 7.5:1 La:B No 01/26199 1 Const. cur. 

4.0086 -8.7 0.0032 0.079 0.141 1.207 1.207 Ta 100 983 7.5:1 La:B No 01/26/99 0.4 Const. cur. 

4.0173 -6.5 0.0025 0.65 0.56 1.287 1.287 Ta 100 995 7.5:1 La:B No 01/15/99 0.4 Same bead as above Const. cur. 

4.0123 -7.8 0.0045 0.65 0.52 1.341 1.341 Ta 100 995 7.5:1 La:B No 01/14/99 0.9 Const. cur. 

4.0100 -8.3 0.0037 1.02 0.9 1.328 1.328 Ta 100 996 7.5:1 La:B No 01/14/99 0.7 Const. cur. 

4.0101 -8.3 0.0031 0.49 0.58 1.271 1.271 Ta 100 999 7.5:1 La:B No 01/14/99 0.4 Const. cur. 

4.0038 -9.8 0.0021 0.112 0.2 1.261 1.261 Ta 100 1000 1004 7.5:1 La:B No 01/29/99 0.2 Const. cur. 

4.0027 -10.1 0.0023 0.13 0.14 1.222 1.222 Ta 100 1000 1006 7.5:1 La:B No 01/29/99 0.3 Coli. cal., pyro. Const. cur. 
moved, reads up to 
I 00 deg wanner 



Table A.6 - Continued 
Ratio o11B %SE Sig. start Sig. end Start End Fit. Bmass StartT EndT Activator Out- Date In Run Notes Acid Ion-beam 

(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 
{arnns) {amns) 

4.0003 -10.7 0.0032 0.1 0.17 1.248 1.248 Ta 100 1001 1001 7.5:1 La:B No 01/29/99 0.6 Const. cur. 

3.9980 -11.3 0.0021 0.45 0.47 1.305 1.305 Ta 100 1025 1022 7.5:1 La:B No 02/01/99 0.3 Const. cur. 

3.9960 -ll.8 0.0019 0.51 0.43 1.279 1.279 Ta 100 1025 1022 7.5:1 La:B No 02/01/99 0.2 Const. cur. 

3.9990 -11.0 0.0021 0.19 0.32 1.294 1.294 Ta 100 1026 1023 7.5:1 La:B No 02/01/99 0.1 Const. cur. 

4.0161 -6.8 0.3230 0.025 0.075 1.292 1.292 Ta 100 1032 7.5:1 La:B No 01/13/99 5.3 Nosigat975 Const. cur. 

4.0087 -8.6 0.0037 2.18 1.4 1.330 1.330 Ta 100 1047 1034 7.5:1 La:B No 01/14/99 0.7 Const. cur. 

4.0077 -8.9 0.0031 3.05 1.8 1.369 1.369 Ta 100 1050 1035 7.5:1 La:B No 01/14/99 0.8 Const. cur. 

4.0093 -8.5 0.0051 0.85 1.59 1.395 1.395 Ta 100 1050 1030 7.5:1 La:B No 01/15/99 1 Const. cur. 

Table A.7 NBS 951loaded on Ta andRe filaments using a variety of activators and activator: boron ratios. All run with ion-beam . 
al t d t t t t 't b t S~l mamame a a cons an m ensny >y com pu er. 

Ratio I) liB %SE Sig. start Sig. end Start End Fit. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 

{amnR) {amns) 

No Ta 100 Pure boric No 05/15/97 Poor peak shapes Const. Sig. 
signal acid 

No Ta 100 Na No 05/15/97 Poor peak shapes Const. Sig. 
signal 

No Ta 100 Na+7.5:1 No 05/15/97 Poor peak shapes Const. Sig. 
signal B:La 

4.0087 -8.6 0.0076 0.075 Ta 10ug Na+La No 05/20/97 Poor peak shapes Const. Sig. 

4.0065 -9.2 0.0212 0.075 1.288 Ta 100 7.5:1 La:B No 05/20/97 Poor peak shapes Conat. Sig. 

4.0128 -7.6 0.0064 1 1.327 Ta 100 7.5:1 La:B No 06/04/97 Conat. Sig. 

4.0ll4 -8.0 0.0030 0.075 1.270 1.273 Ta 500 7.5:1 La:B No 06/04/97 -0.1 Conat. Sig. 

4.01ll -8.0 0.0034 1 1.358 1.359 Ta 500 7.5:1 La:B No 06/04/97 0.1 Same bead as above Const. Sig. 

4.0109 -8.1 0.0019 0.5 1.335 1.326 Ta 500 7.5:1 La:B No 06/04/97 -0.2 Same bead as above Conat. Sig. 

4.0187 -6.2 0.0049 0.075 1.221 1.284 Ta 500 10:1 Ca:B No 06/04/97 0.4 Const. Sig. 

4.0172 -6.5 0.0039 0.5 1.430 l.S64 Ta 500 10:1 Ca:B No 06/04/97 0.2 Same bead as above Const. Sig. 

4.0ll3 -8.0 0.0163 0.075 1.222 1.218 Ta 100 7.5:1 La:B No 06/04/97 1.1 Pre collimator cleani Conat. Sig. 

4.0134 -7.5 0.0098 0.5 1.283 1.274 Ta 100 7.5:1 La:B No 06/04/97 -0.5 Same bead as above Conat. Sig. 

4.0140 -7.3 0.0060 1 1.312 1.303 Ta 100 7.5:1 La:B No 06/04/97 -1.6 Same bead as above Conat. Sig. 



--------

Table A. 7 - Continued 
Ratio c5uB %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 

(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 
(amns) (amos) 

4.0136 -7.4 0.0144 0.075 1.242 1.236 Ta 500 7.5:1 La:B No 06/05/97 0.6 Poor peak shapes Const. Sig. 

4.0122 -7.8 0.0040 l 1.319 1.309 Ta 500 7.5:1 La:B No 06/05/97 -0.4 Same bead as above Const. Sig. 

4.0120 -7.8 0.0070 0.5 1.273 1.264 Ta 500 7.5:1 La:B No 06/05/97 -0.8 Same bead as above Const. Sig. 

3.9982 -11.2 0.0229 0.075 1.187 1.211 Ta 100 10:1 Ca:B No 06/05/97 4.5 Const. Sig. 

4.0135 -7.5 0.0088 I 1.322 1.375 Ta 100 10:1 Ca:B No 06/05/97 1.6 Same bead as above Const. Sig. 

4.0181 -6.3 0.0014 0.5 1.349 1.359 Ta 100 10:1 Ca:B No 06/05/97 0.2 Same bead as above Const. Sig. 

3.9733 -17.4 0.0632 0.075 1.170 1.187 Ta 100 10:1 Ca:B No 06/05/97 12.6 Const. Sig. 

4.0088 -8.6 0.0144 0.5 1.263 1.311 Ta 100 10:1 Ca:B No 06/05/97 2.6 Same bead as above Const. Sig. 

4.0157 -6.9 0.0015 0.5 1.309 1.295 Ta 100 7.5:1 La:B No 06/05/97 0.1 Const. Sig. 

3.9942 -12.2 O.Olll 0.075 1.369 1.333 Ta 100 7.S:l La:B No 06/ll/97 1.4 Const. Sig. 

4.0018 -10.3 0.0184 0.01S l.3S3 1.294 Ta 100 7.S:l La:B No 06/ll/97 3.S w/ Sigel Const. Sig. 

4.0090 -8.6 0.0032 0.5 1.180 1.163 Ta 100 3:1 La:B No 06/12/97 0.2 1:3 B:La Const. Sig. 

4.0114 -8.0 0.0064 l 1.181 1.177 Ta 100 3:1 La:B No 06/12/97 0.7 1:3 B:La Same bead Const. Sig. 
as above 

4.0168 -6.6 0.0046 O.S 1.261 1.238 Ta 100 3:1 La:B No 06/12/97 0.7 Const. Sig. 

3.9931 -I2.S 0.0029 o.s 1.244 1.239 Ta 100 1S:1 La:B No 06/12/97 0.6 Const. Sig. 

3.9956 -11.9 O.Oll7 2 1.236 1.234 Ta 100 IS:l La:B No 06/12/97 1.1 Same bead as above Const. Si2. 

3.9993 -11.0 0.0034 l 1.290 l.2S5 Ta 100 1S:1 La:B No 06/12197 0.3 Same bead as above Const. S!g. 

4.0090 -8.6 0.0061 o.s 1.279 1.278 Ta 100 1S:1 La:B No 06/12/97 0.8 Const. Sig. 

3.9969 -11.6 0.0128 o.s 1.249 1.229 Ta 20 7.S:l La:B No 06/12/97 2.4 Const. Sig. 

4.0110 -8.1 0.0128 l 1.249 1.250 Ta 20 7.S:1 La:B No 06/12/97 1.9 Same bead as above Coost. S!g. 

4.0079 -8.8 0.0093 0.5 1.236 1.222 Ta 20 19:1 La:B No 06/12/97 1.9 Coost. Sig. 

4.0237 -4.9 0.0069 l 1.243 1.242 Ta 20 19:1 La:B No 06/12/97 1.3 Same bead as above Const. Sig. 

4.0320 -2.9 0.0076 1 1.242 1.243 Ta 20 19:1 La:B No 06/12/97 l.S Same bead as above Const. Sig. 

4.0238 -4.9 0.0280 0.032 0.002S 1.419 1.419 Ta 50 996 2 ul B-free No Ol/27/99 2.8 lullM HCI Coost. cur. 
sea H20 

4.0143 -7.3 0.0139 0.13 0.25 1.270 1.270 Ta 100 960 961 !Complex No 02/06/99 2.6 First 50 of 150 ratios Coost. cur. 

4.0499 1.6 0.0053 0.1 0.097 1.266 1.266 Ta 100 1007 1007 Complex No 02/06/99 -0.2 First 50 of 150 ratios Coost. cur. 

4.0334 -2.5 O.OOS7 O.OS1 0.074 1.860 1.860 Re 100 990 990 l:7.S La:B No 03/01/99 0.3 Corr. wro emissivity, 0.1MHNO, Coost. cur. 
Temp approx, SO of 
ISO 



Table A. 7 - Continued 
Ratio S"B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 

(Volts) (Volts) Current current Type ("lg) ·c ·c gassed Frac. control 
(arnns) (~"""'' 

4.0301 -3.3 0.0075 0.084 0.2 1.926 1.926 Re 100 976 978 1:7.5 La:B No 03/01199 1.8 Corr. wro emissivity, 0.1MHNO, Const. cur. 
Tempapprox 

4.0062 -9.3 0.0168 0.28 0.34 1.749 1.749 Re 10 911 911 2uiB-free No 02/05/99 3 First 50 of 150 ratios Const. cur. 
sea H20 

4.0114 -8.0 0.0086 0.18 0.42 1.647 1.647 Re 10 883 883 2uiB-free No 02/05/99 1.7 First 50 of 150 ratios Const. cur. 
sea H20 

-\0 
00 
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APPENDIX B- PLANT GROWTII 

T bl B 1 H . h fr a e etgl t om so il f h . d' 'd al 1 . d' dd to tiP o t e m Ivt u Plants on m tcate ates. 
Column Row Treatment Measurement height em) on date 

I (PH, B cone. - mall) 06/05/98 06/15/98 06/19/98 06/28/98 07/09/98 
1 1 8.5,0.1 7.5 20.3 29.2 47.0 67.3 
1 2 7.5,0.1 6.5 25.4 33.0 52.1 61.6 
1 3 7.5,10.0 8.5 25.4 30.5 50.8 69.2 
1 4 9.5,0.1 6.5 17.8 22.9 40.6 57.8 
1 5 9.5,10.0 4 10.16 14.0 27.9 45.1 
1 6 8.5,10.0 9.5 20.3 25.4 40.6 54.6 
2 1 9.5,0.1 7 20.3 26.7 43.2 54.6 
2 2 9.5,10.0 10.5 26.7 27.9 53.3 73.7 
2 3 7.5,0.1 7.5 24.1 30.5 49.5 59.7 
2 4 8.5,10.0 8.5 25.4 33.0 47.0 59.7 
2 5 7.5,10.0 9 29.2 33.0 45.7 66.0 
2 6 8.5,0.1 7.5 21.6 26.7 44.5 59.7 
3 1 9.5,10.0 9.5 25.4 29.2 45.7 50.2 
3 2 8.5,10.0 11.5 29.2 31.8 53.3 64.1 
3 3 8.5 0.1 9.5 25.4 31.8 40.6 54.0 
3 4 7.5,10.0 8.5 25.4 31.8 43.2 48.3 
3 5 9.5,0.1 6.5 20.3 26.7 53.3 41.9 
3 6 7.5,0.1 13.5 38.1 44.5 73.7 97.8 
4 1 7.5,0.1 6.5 21.6 27.9 48.3 57.8 
4 2 8.5,0.1 12.5 33 40.6 61.0 71.1 
4 3 9.5,10.0 6.5 20.3 27.9 45.7 64.1 
4 4 8.5,10.0 10 27.9 30.5 47.0 57.8 
4 5 9.5,0.1 9 22.9 29.2 47.0 67.9 
4 6 7.5,10.0 9 26.7 34.3 54.6 74.3 
5 1 8.5,10.0 12.5 34.3 38.1 61.0 61.6 
5 2 7.5,10.0 10.5 27.9 34.3 50.8 55.9 
5 3 8.5,0.1 7.5 24.1 31.8 50.8 66.0 
5 4 9.5,10.0 8.5 19.1 25.4 40.6 54.0 
5 5 7.5,0.1 12.5 29.2 34.3 48.3 66.7 
5 6 19_5_0_1 55 178 216 356 540 



APPENDIX C- RESULTS FROM SCANNING ELEC1RON MICROSCOPE 
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Refit .JiriC• .JiriC" _$1-1" _$.1.-IC" _, -1" .P -1" Jll.-1" Jll.-1" Jln-l' ........ _Cl-1' ..el-1" ...II -1• ...II -IC" 
11oru _c .... JJ ...- ..Jio-1" _ta-~• ...11 -1 
CM-..... = 1.24 Uvou.. = 100.0 S.C. 
st .... t.r•ll•• ANlpto 
El_,t llolaU,. · Error 

k-r.Ue · U-Sll•> 
c -1 o.7SIOO •1- o.ot3H 
0 -K 0.19248 •I- 0.00231 
..... 0.01054 •I- 0.00041 
..... 0.00013 •1- 0.00034 
SI.-IC 0.00$11 .,_ 0.00048 
p -IC 0.- +I- 0.-

Mot Error 
e-ta (1-~) 

4134 +/- 72 
5411 +/- .. 
757 +/- 35 
104 +/- 31 
112 +/- li2 
411 +/- S9 
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'l'ue Jan 27 10:00:55 1998 

blank filter paper 

Si-K' Si-K• p -K' p -K" Refit M~-K' Mg-K• - - - _Al-K' _Al-K• 
Refit -C -K' -0 -K• ~Na-K" Ca-K• K -K 
Chi~sqd ~ 1.24 L!vetime-- 100.0 Sec. 
Standardless Analysis 
Element Relative Error 

k-ratio 
C -K 0.75990 
0 -K 0.19248 
Na-K 0.01054 
M~-K 0.00093 
s~-K 0.00568 
p -K 0.00506 
ca-K 0.01980 
Al-K 0.00294 
Mn-K 0.00162 
Cl-K 0.00104 
K -K 0.00000 

A,dj),lstmef1t Factors 
Z-Balapce: 
Shell: 

(1-Sigma) 
+/- 0.01323 
+/- 0.00239 
+/- 0.00049 
+/- 0.00034 
+l- 0.00048 
+/- 0.00062 
+/- 0.00094 
+/- 0.00037 
+/- 0.00109 
+/- 0.00068 
+/- 0.00001 

K 
o.ooooo 
1.00000 

Net Error 
Counts (1-Sigma) 

4134 +/-
5481 +/-

757 +/-
104 +/-
612 +/-
481 +/-

1390 +/-
322 +/-

74 +/-
88 +/-

0 +/-

L 
0.00000 
1.00000 

72 
68 
35 
38 
52 
59 
66 
41 
so 
57 

0 

M 
0.00000 
1.00000 

ZAF Correction Acc.Volt.• 25 kV Take-off Anqle-30.00 deq 
Nwnber or Iterations • 21 

Element k-ratio ZAF Atom % 

C -K 
0 -K 
Na-K 
M«J-K 
Sl.-K 
p -K 
Ca-K 
Al-K 
Mn-K 
Cl-K 
K -K 
Total 

(calc.) 
0.2433 
0.0616 
0.0034 
0.0003 
0.0018 
0.0016 
0.0063 
0.0009 
0.0005 
0.0003 
0.0000 

2.078 
7.561 
3.918 
2.561 
1.500 
1.346 
1.027 
1.943 
1.147 
1'.159 
1.045 

58.27 
40.31 
0.80 
0.04 
0.13 
0.10 
0.22 
0.09 
0.02 
0.02 
0.00 

100.00 

Element 
Wt % 

50.57 
46.60 
1. 32 
0.08 
0.27 
0.22 
0.65 
0.18 
0.06 
0.04 
0.00 

100.00 

Wt % Err. 
(1-Sigma) 
+/- 0.88 
+/- 0.58 
+/- 0.06 
+/- 0.03 
+/- 0.02 
+/- 0.03 
+/- 0.03 
+/- 0.02 
+/- 0.04 
+/- 0.03 
+/- o.oo 

No. of 
Cations 

34.693 

0.474 
0.026 
0.080 
0.058 
0.134 
0.056 
0.009 
0.009 
0.000 

35.539 
I 

The number of cation results are based upon 24 Oxygen atoms 
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_Mn-K' _Mn-K• _Cl 
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Tue Jan ~7 09:32:09 1998 

•• 2 ' 

Refit _c~-K' _el-K• 
Refit C. -K' Na-K' _Na-K" _Si-K" _P -K" _Al-K• _Kn-K' _Mn-K" 
lliCit -~ -x•-
Ghi-sqa ~ 1.23 Livetime • 100.0 Sec. 
Standard.Less Analysi's 
Element · Relative Error Net Error 

k-ratio (1-Sigma) Counts (1-Sigma) 
C -K 
0 -K 
Na-K 
Mg-K 
1;11-K 
p -K 
ca.:..K 
Al-K 
Mn-K 
Cl-K 

0.22684 
0.01000 
0.10036 
0.02415 
0.09832 
0.51624 
0.00995 
0.01084 
0.00330 

+/
+/
+/
+/
+/
+/
+/
+/
+/-

0.00234 
0.00070 
0.00148 
0.00067 
0.00114 
0.00413 
0.00060 
0.00124 
0.00063 

.A4i9stme~t Factors K 
Z-Balance: 0.00000 

, a.bell: I 1. ooooo 
PROZA Correction Acc.Volt.• 25 kV 
NlUnber of Iterations· • 15 

Element k-ratio ZAF Atom \ 
. (calc.) 

0 -K 0.0862 6.291 70.23 
!Ja-K 0.0038 4.557 1.56 
Mi-K 0.0381 3.002 9.76 
Sl.-K 0.0092 2.028 1.37 
p -K 0.0374 1.732 4.33 
ca-K 0.1962 1.147 11.63 
Al-K 0.0038 2. 771 0.80 
Mn-K 0.0041 1 .• 279 0.20 
Cl-K 0. 0013 1.424 0.10 
Total 100.00 

1560 +/- 51 
7559 +/- 78 

839 +/- 59 
13199 +/- 195 

3045 +/- 84 
10909 +/- 127 
42413 +/- 339 

1273 +/- 77 
570 +/- 65 
326 +/- 62 

L 
0.00000 
1.00000 

M 
0.00000 
1.00000 

Take-off Angle-30.00 deg 

Element Wt \ Err. No. of 
Wt \ (1-Sigma) Cations 

54.23 +/- 0.56 
1. 73 +/- 0.12 0.533 

11.45 +/- 0.17 3.336 
1.86 +/- 0.05 0.469 
6.47 +/- 0.08 1.479 

22.50 +/- 0.18 3.975 
1.05 +/- 0.06 0.275 
0.53 +/- 0.06 0.068 
0.18 +/- 0.03 0.036 

100.00 10.171 

The nUmber of cation results are based upon 24 Oxygen atoms 
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Tue Jan ~7 09:31:39 1998 

... 2 1 

Refit C,l-K' Cl-K• 
Refit -C -K' -Na-K' _Na-K• _Si-K• _P -K• _Al-K• _Mn-K' _Mn-K" 
-.eit -~ -Jt• - . 
chi-sqa • 1.23 Livetime • 100.0 sec. 
Standardless Analysis 
lbment , Relative Error 

k-ratio (1-Sigma) 
C -K 
0 -K 
Na-K 
Mg-K , 
Si-K 
p -K 
Ca-K 
Al-K 
Mn-K 
tl-K 

0.19679 +/- 0.00643 
0.18220 +/- 0.00188 
0.00803 +/- 0.00056 
0.08061 +/- 0.00119 
0.01940 +/- 0.00054 
0.07897 +/- 0.00092 
0.41465 +/- 0.00331 
0.00799 +/- 0.00048 
0.00871 +/- 0.00099 
0.00265 +/- o.oooso 

Adjustment Factors K 
Z:-Balapce: 0.00000 

1.00000 

Net Error 
Counts (1-Sigma) 

1560 +/- 51 
7559 +/- 78 

839 +/- 59 
13199 +/- 195 

3045 +/- 84 
10909 +/- 127 
42413 +/- 339 

1273 +/- 77 
570 +/- 65 
326 +/- 62 

L M 
0.00000 0.00000 
1.00000 1.00000 . Shell:l 

PROZA Correction Acc.Volt.• 25 kV Take-off Anqle-30.00 deq 
N~er oj Iterations • 15 

llAent , k-ratio :zAF Atom ' Element Wt ' Err. No. of 
(calc.) Wt ' ( 1-Sigma) Cations 

C -K 0.0632 4.062 36.55 25.68 +/- 0.84 18.456 
0 -K 0.0585 7'. 600 47.54 44.49 +/- 0.46 
Na-K 0.0026 4.317 0.83 1.11 +/- 0.08 0.418 
McrK 0.0259 2.825 5.15 7.32 +/- 0.11 2.599 
SJ.-K 0.0062 1.833 0.70 1.14 +/- 0.03 0.351 
p -K 0.0254 1.592 2.23 4.04 +/- 0.05 1.126 
Ca-K 0.1332 1.134 6.44 15.11 +/- 0.12 3.254 
Al-K 0.0026 2'.456 0.40 0.63 +/- 0.04 0.202 
!in-K 0.0028 1.279 0.11 0.36 +/- 0.04 0.056 
el-K 0.0009 1.342 0.06 0.11 +/- 0.02 0.028 
'l'otal j 100.00 100.00 26.488 

The nUmber of cation results are based upon 24 Oxygen atoms 
' 
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ht1t .Al-K• ...11.-K" _Cl-K• ..tl-K" 
htlL ..c -K. _, -K" JIII-I(• .JIII-K" 

... 4 

.. 
5 • 7 8 

EMra CkeYl 

lk:cdtor•\£111 wlltll• • 25 
...... ,ic.t.IAft : .. 
a-eo :100 
... CIIMW>t :1 
.... -'... :0 
.... lOCIIUGn : ••• 
~~~ :20 -· .. S&ei•' : 0 
S&el• z : 0 
SUp \ilt. : 0 
S&el• rn..u.- : • 
C..t-...uao. -ariel : -
C..t-...uao. thi ....... : 0 

ChL-.... = t.• u ... t.t• = teo.o s.c. 
St.Kioo..n- hlyob 
n-t lle!ALft . Ernr 

C-11 
O-Il ..... 
:t:: 
P-11 

k-r.UO <1 Sq..l 

0.31519 •I- 0.003011 
0.01134 •1- o.oottt 
0.142D ·~- 0.00142 
0.01196 •J- 1.00102 
0.8101'12 ., ....... 

!let E....,. 
c-t. (1-S.tpe) 

2171 +/- 13 
t4SIIi +/• 1G 
till •1- Ul 

21003 +/- 251 
3115 •1- 171 

11102 .,_ 247 
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Tue Jan I' 09:49:06 1998 

110. " 

Refit Al-K' _Al-K• _el-K' Cl-K• _K -K' _K -K" 
~fit -e -K' P -K• Mn-K' -Mn-K• 
Cbi-sqd ~ 1.49 ~!vetime-- 100.0 Sec. 
S'tandard.1ess Analysis 
lleJUent ; Relative : Error Net Error 

k-ratio (1-Sigma) Counts (1-Sigma) 
C -K 0.19772 +/- 0.00563 2178 +/- 62 
0 -K 0.25316 +/- 0.00248 14595 +/- 143 
Na-K 0.01310 +/- 0.00095 1903 +/- 138 
Mg-K ' 0.11429 +/- 0.00114 26003 +/- 259 
Si-K 0.01520 +/- 0.00082 3315 +/- 179 
P -K 0.07243 +/- 0.00077 13902 +/- 147 
Ca-K 0.31995 +/- 0.00254 45477 +/- 361 
Al-K ' 0.00306 +/- 0.00040 679 +/- 90 
Mn-K I 0.00701 +/- 0.00078 639 +/- 71 
Cl-K I 0.00086 +/- 0.00042 147 +/- 71 
K -K 0.00322 +/- 0.00047 512 +/- 75 

- I 
Adjustment Factors 

Z-Balance: 
Shell: 

K 
0.00000 
1.00000 

L 
0.00000 
1.00000 

M 
0.00000 
1.00000 

PaOZA Correction Acc.Volt.• 25 kV Take-off Angle-30.00 deg 
Number of Iterations • 25 *** Convergence Not Achieved *** 

Element 1 k-ratio 1ZAF Atom t Element Wt \ Err. No. of 
. (calc.) Wt \ (1-Sigma) Cations 

C -K 0.0583 4.169 33.93 24.30 +/- 0.69 15.947 
0 -K 0.0746 6.528 51.06 48.72 +/- 0.48 
Na-K 0.0039 4.285 1.21 1.65 +/- 0.12 0.567 
M9-K 0.0337 2.845 6.61 9.59 +/- 0.10 3.109 
b-K 0.0045 1.904 0.51 0.85 +/- 0.05 0.239 
p -K 0.0214 1.634 1.89 3.49 +/- 0.04 0.888 
ca-K 0.0943 1.141 4.50 10.76 +/- 0.09 2.116 
Al-K 0.0009 2'. 595 0.15 0.23 +/- 0.03 0.068 
Mn-K 0.0021 1'.269 0.08 0.26 +/- 0.03 0.038 
Cl-K 0.0003 1.360 0.02 0.03 +/- 0.02 0.008 
K -K 0.0009 1'.172 0.05 0.11 +/- 0.02 0.022 
Total I 100.00 100.00 23.002 

' 
The nUmber of cation results are based upon 24 Oxygen atoms 
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Tue Jan 27 09:49:33 1998 

Ho. 4 

Refit Al-K' _Al-K" Cl-K' Cl-K• _K -K' _K -K• 
1\efit -c: -K' _P -K• :;:Mn-K' :Mn-K• 
Chi-sqd • 1.49 L1vetime • 100.0 Sec. 
Standardless Analysis 
Element Relative Error 

(1-Sigma) 
C -K 
0 -K 
Na-K 
Mg-K 
Si-K 
p -K 
Ca-K 
Al-K 
Mn-K 
el-K 
K -K 

k-ratio 

0.31555 +/- 0.00309 
0.01633 +/- 0.00118 
0.14246 +/- 0.00142 
0.01894 +/- 0.00102 
0.09028 +/- 0.00095 
0.39880 +/- 0.00317 
0.00382 +/- 0.00050 
0.00874 +/- 0.00097 
0.00107 +/- 0.00052 
0.00401 +/- 0.00059 

Adjustment Factors 
Z-Balance: 

K 
0.00000 
1.00000 Shell:· 

Net Error 
Counts (1-Sigma) 

2178 +/- 63 
14595 +/- 143 

1903 +/- 138 
26003 +/- 259 

3315 +/- 179 
13902 +/- 147 
45477 +/- 361 

679 +/- 90 
639 +/- 71 
147 +/- 71 
512 +/- 75 

L 
0.00000 
1.00000 

M 
0.00000 
1.00000 

PROZA Correction Acc.Volt.== 25 kV Take-off Angle ... 30.00 deq 
Number ox Iterations • 21 

Element , k-ratio ,ZAF Atom \ Element Wt \ Err. No. of 
(calc.) Wt \ (1-Sigma) Cations 

0 -K ' 0.1122 5'.134 71.86 57.62 +/- 0.56 
Na-K 0.0058 4.437 2.24 2.58 +/- 0.19 0.747 
M~-K 0.0507 2.991 12.44 15.16 +/- 0.15 4.155 
S1-K 0.0067 2.133 1.02 1.44 +/- 0.08 0.341 
p -K 0.0321 1. 792 3. 71 5.75 +/- 0.06 1.238 
Ca-K 0.1419 1.158 8.18 16.43 +/- 0.13 2.731 
Al-i: 0.0014 2.983 0.30 0.41 +/- 0.05 0.100 
Mn-K 0.0031 1.267 0.14 0.39 +/- 0.04 0.048 
Cl-K 0.0004 1.452 0.03 0.06 +/- 0.03 0.010 
K -K 0.0014 1,.199 0.09 0.17 +/- 0.03 0.029 
Total I 100.00 100.00 9.400 

catlon results The nUmber of are based upon 24 Oxygen atoms 
! 
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Tue Jan r7 09:54:12 1998 

liD. 4 

Refit Al-K' A1-K• Cl-K' _el-K" _K -K' _K -K" 
Aefit -c: -K' -p -K" -Mn-K' Mn-K" 
Chi~sqa • 1.49 L~vetime-- 100.0 sec. 
Standardless Analysis 
Element · Relative · Error Net Error 

C -K 
0 -K 
Na-K 
Mg-K 
si-K 
p -K 
Ca-K 
Al-K ' 
Mn-K 

. Cl-K 
K -K 

k-ratio (1-Sigma) Counts (1-Sigma) 

0.31555 +/-
0.01633 +/-
0.14246 +/-
0.01894 +/-
0.09028 +/-
0.39880 +/-
0.00382 +/-
0.00874 +/-
0.00107 +/-
0.00401 +/-

0.00309 
0.00118 
0.00142 
0.00102 
0.00095 
0.00317 
0.00050 
0.00097 
0.00052 
0.00059 

K 

2178 +/- 63 
14595 +/- 143 

1903 +/- 138 
26003 +/- 259 

3315 +/- 179 
13902 +/- 147 
45477 +/- 361 

679 +/- 90 
639 +/- 71 
147 +/- 71 
512 +/- 75 

L M ··~iu•tmeflt Factors 
-Balance: 0.00000 0.00000 0.00000 

. S.hell:l 1.00000 1.00000 1.00000 

· ZAP' Correction Acc.Volt.• 25 kV Take-off Angle-30.00 deg 
Number or Iterations • 17 

Element . k-ratio ~All' Atom ' Element Wt ' Err. No. of 
(calc.) Wt ' (1-Sigma) Cations 

0 -K 0.1180 4.939 72.51 58.29 +/- 0.57 
Na-K 0.0061 4.067 2.15 2.48 +/- 0.18 0.712 
MrK 0.0533 2.731 11.91 14.55 +!- 0.14 3.944 
S -K 0. 0071 1.974 0.99 1.40 +/- 0.08 0.328 
p -K 0.0338 1.700 3.69 5.74 +/- 0.06 1.221 
ca-x 0.1492 1.107 8.20 16.52 +/- 0.13 2.715 
Al~K 0. 0014 2. 713 0.29 0.39 +/- o.os 0.095 
Mn-K 0.0033 1'. 203 0.14 0.39 +/- 0.04 0.047 
Cl-K 0.0004 1.390 0.03 0.06 +/- 0.03 0.010 
k -K 0.0015 1.153 0.09 0.17 +/- 0.03 0.029 
Total I 100.00 100.00 9.101 

The nUmber of cation results are based upon 24 Oxygen atoms 

I 
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Tue Jon 27 10:04:45 1111 
! ••• 

Aotit ...11.-K" .JirfC"' ..tl-K" _Cl-IC" Jl -1(" Jl -1(" J'e-K" J'e-IC" 
AuFU. ..C -te• ..JiriC" _Sl-IC" _Si-IC" _, -K" _Ca-K" ..Al-K" 
Chi-... = 1.12 u ... u.. = 100.0 S.C. 
St ......... la•flnaluooS. 
n-t Aolati.. . Error 

k-rlltte Cl-S~l c -1( 1.12741 ,,_ 0.01037 
D -K 0.11114 +/- O.oorll2 
..... 0.03301 +/- 0.00059 
111-K 0.00352 +/- 0.00040 
Si-te 0.00144 .,_ 0.00044 
p ... 0.01441 •1- 0.00057 

! 

Nat Error 
Caunt• <1-SS..l 
4144 •1- 10 
0072 +/- 114 
33111 •1- .. 
582 •1- 83 -·1- .. 1838 +/- 77 
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Tue Jan r7 10:04:45 1998 

llo. ' 

Refit _Mg-K' _Mg-K" _el-K' _Cl-K" _K -K' K -K" Fe-K' _Fe-K• 
Refit C -K' Na-K" Si-K' Si-K" P -K" :ca-K" :Al-K" 
Chi-aqd r 1.62 ~~vetime-~ 100.0 Sec. 
Standard~ess Analys~s 
Element · Relative · Error Net Error 

C -K 
0 -K 
~a-K 
Mg-K 
Si-K 
p -K 
Ca-K 
Al-K 
Cl-K 
K -K 
Fe-K 

k-ratio (1-Sigma) Counts (1-Sigma) 
0.62749 +/- 0.01037 4844 +/- 80 
0.19984 +/- 0.00282 8072 +/- 114 
0.03309 +/- 0.00059 3366 +/- 60 
0.00352 +/- 0.00040 562 +/- 63 
0.00644 +/- 0.00044 986 +/- 68 
0.01441 +/- 0.00057 1938 +/- 77 
0.06067 +/- 0.00098 6042 +/- 98 
0.04309 +/- 0.00055 6682 +/- 85 
0.00176 +/- 0.00051 211 +/- 61 
0.00154 +/- 0.00053 172 +/- 59 
0.00815 +/- 0.00101 485 +/- 60 

. I 
iaJustmept Factors K L M 

Z-Balance: 0.00000 0.00000 0.00000 
Shell:! 1.00000 1.00000 1.00000 

P~JA Co~rection A~c.Volt.a 25 kV Take-off Angle•30.00 deg 
~qmber or Iterations = 25 *** Convergence Not Achieved *** 

Element . k-ratio .ZAF Atom ' Element Wt ' Err. No. of 

C -K 
0 -K 
Na-K 
Mg-K 
Si-K 
p -K 
CA-K 
Al-K 
Cl-K 
K -K 
Fe-K 
Total 

(calc.) Wt ' (1-Sigma) Cations 
0.1785 ~.705 57.51 48.29 +/- 0.80 37.009 
0.0569 7.337 37.30 41.71 +/- 0.59 
0.0094 4.056 2.38 3.82 +/- 0.07 
0.0010 2.863 0.17 0.29 +/- 0.03 
0.0018 1.726 0.16 0.32 +/- 0.02 
0.0041 1.505 0.29 0.62 +/- 0.02 
0.0173 ~.128 0.69 1.95 +/- 0.03 
0.0123 2.130 1.38 2.61 +/- 0.03 
0.0005 1.277 0.03 0.06 +/- 0.02 
0.0004 1.166 0.02 0.05 +/- 0.02 
0.0023 1.235 0.07 0.29 +/- 0.04 

I ; 
100.00 100.00 

1.529 
0.109 
0.104 
0.183 
0.447 
0.891 
0.017 
0.012 
0.047 

40.348 

The number of cation results are based upon 24 Oxygen atoms 
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Refit _Mg-K' _Mq-K• _c~-K' _Cl-K• _K -K' 
Refit C -K' Na-K• S~-K' Si-K• P -K• 
chi-sqa·- 1.62 Livetime-- 100.0 Sec. 

K -K• Fe-K' _Fe-K• 
:ca-K• =Al-K• 

Standardless Analysis 
Element · Relative · Error 

C -K 
0 -K 
Na-K 
Mg-K 
S1-K 
p -K 
Ca-K 
Al-K 
Cl-K 
K -K 
Fe-K 

k-ratio (1-Sigma) 

0.53646 +/-
0.08883 +/-
0.00945 +/-
0.01730 +/-
0.03869 +/-
0.16287 +/-
0.11568 +/-
0.00471 +/-
0.00414 +/-
0.02188 +/-

0,00758 
0.00158 
0.00106 
0.00119 
0.00154 
0.00264 
0.00147 
0.00137 
0.00142 
0.00271 

Net Error 
Counts (1-Sigma) 

4844 +/- 80 
8072 +/- 114 
3366 +/- 60 

562 +/- 63 
986 +/- 68 

1938 +/- 77 
6042 +/- 98 
6682 +/- 85 

211 +/- 61 
172 +/- 59 
485 +/- 60 

. ~justment Factors K L M 
· t·"'-Balahce: 0. 00000 0. 00000 0. 00000 
Shell:· 1.00000 1.00000 1.00000 

~OZA Co~rection Acc.Volt.= 25 kV Take-off Angle-30.00 deg 
Number of Iterations • 25 *** Convergence Not Achieved *** 
Element · k-ratio ZAF Atom \ Element Wt ' Err. No. of 

(calc.) Wt \ (1-Sigma) Cations 
0 -K 0.1905 3".264 73.86 62.17 +/- 0.88 
Na-K 0.0315 4".277 11.15 13.49 +/- 0.24 3.624 
HrK 0.0034 3.631 0.95 1.22 +/- 0.14 0.310 
S -K 0.0061 2.354 0.98 1.45 +/- 0.10 0.318 
p -K 0.0137 1.941 1.64 2.67 +/- 0.11 0.532 
Ca-K 0.0578 1.167 3.20 6.75 +/- 0.11 1.040 
Al-K 0.0411 2~651 7.67 10.89 +/- 0.14 2.493 
Cl-K 0.0017 1.485 0.13 0.25 +/- 0.07 0.043 
K -K 0.0015 1.236 0.09 0.18 +/- 0.06 0.029 
Pe-K 0.0078 1.205 0.32 0.94 +/- 0.12 0.104 
Total 100.00 100.00 8.492 

The number of cation results are based upon 24 Oxygen atoms 
I 
I 

! 
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APPENDIX D - ANALYSES OF MICRODISffiLED NBS 951 

Table D.1 Analyses ofmicrodistilled NBS 951 conducted to determine extent of isotopic fractionation, if any, caused by the 
b h oron s~aratton c errustry. 

Ratio II"B %SE Sig. start Sig. end Start End Fil. Bmass Start T EndT Activator Out- Date In Run Notes Acid Ion-beam 
(Volts) (Volts) Current current Type (TJg) ·c ·c gassed Frac. control 

(amn<:) (amn<:) 

3.9991 -11.0 0.0074 7.500e-13 1.211 1.204 Ta 100 7.5:1 La:B No 08/27/99 1.3 sp. 1 none 

4.0125 -7.7 0.0041 7.500e-13 1.28 1.267 Ta 100 7.5:1 La:B No 08/27/99 0.7 sp. 1 none 

4.0084 -8.7 0.005 7.500e-13 1.192 1.192 Ta 100 7.5:1 La:B No 09/16/98 0.8 none 

3.9942 -12.2 0.0066 0.087 0.053 1.274 1.274 Ta 100 965 7.5:1 La:B No 02/17/99 0.8 sp. 1 0.19 0.1MHN03 

3.9914 -12.9 0.0087 0.097 0.057 1.196 1.196 Ta 100 964 950 7.5:1 La:B No 02/17/99 1.8 sp.2 0.19 O.IMHN03 

4.0089 -8.6 0.0019 0.11 0.13 1.311 1.311 Ta 100 972 972 7.5:1 La:B No 02/18/99 0.1 sp. 1 0.19 O.IMHN03 

4.0053 -9.5 0.004 0.1 0.1 1.159 1.159 Ta 100 968 968 7.5:1 La:B No 02/18/99 0.3 sp.2 0.198 0.1MHN03 

4.0064 -9.2 0.0029 0.17 0.16 2.054 2.027 Re 200 952 950 7.5:1 La:B No 03/24/99 0.6 0.375 0.1MHN03 

4.0073 -9.0 0.0021 0.15 0.17 1.916 1.882 Re 200 973 969 7.5:1 La:B No 03/24199 0.2 0.375 0.1MHN03 

4.0061 -9.3 0.0024 0.17 0.16 2.12 2.074 Re 200 969 960 7.5:1 La:B No 03/24/99 0.1 0.375 0.1MHN03 

4.0023 -10.2 0.0026 0.17 0.16 2.039 1.987 Re 200 999 980 7.5:1 La:B No 03/24/99 0.1 sp.1 0.375 0.1MHN03 

4.0064 -9.2 0.0023 0.17 0.16 1.907 1.87 Re 200 957 947 7.5:1 La:B No 03/24/99 0.2 lsp. 2 0.375 0.1MHN03 

3.9960 -11.8 0.0022 0.165 0.16 2.002 1.985 Re 200 978 978 7.5:1 La:B No 04/15/99 0 0.375 0.1MHN03 

4.0027 -10.1 0.0024 0.15 0.15 2.155 2.155 Re 200 976 974 7.5:1 La:B No 04/15/99 -0.1 0.375 0.1MHN03 

4.0035 -9.9 0.0033 0.18 0.17 2.073 1.944 Re 200 995 944 7.5:1 La:B No 04/28/99 0.5 0.375 0.1MHN03 

3.9819 -15.2 0.003 0.16 0.17 2.123 1.976 Re 200 996 945 7.5:1 La:B No 04/29/99 0.6 0.375 0.1MHN03 

3.9981 -11.2 0.0035 0.15 0.15 2.128 1.983 Re 200 7.5:1 La:B Yes 06/07/99 0.6 O.IMHN03 

4.0097 -8.4 0.0023 0.15 0.15 2.134 2.088 Re 200 7.5:1 La:B Yes 06/08/99 0.4 nom26 0.1MHN03 

4.0018 -10.3 0.0055 0.15 0.15 1.915 1.834 Re 200 7.5:1 La:B Yes 06/23/99 0.7 nom26 0.1MHN03 

4.0017 -10.4 0.0034 0.15 0.15 2 1.963 Re 200 7.5:1 La:B Yes 06/24/99 0.4 nom26 0.1MHN03 

4.005 -9.6 0.003 0.15 0.15 1.845 1.831 Re 200 7.5:1 La:B No 07/19/99 -0.5 sma11m26 0.1MHN03 

4.005 -9.4 0.0023 0.15 0.15 2.084 1.984 Re 200 7.5:1 La:B No 07/22199 0.1 nom26 0.1MHN03 

4.009 -8.7 0.0023 0.15 0.15 2.067 1.978 Re 200 7.5:1 La:B No 12/17/99 0.3 nom26 O.IMHN03 

tv -tv 



213 

APPENDIX E -INDIVIDUAL ISOTOPIC ANALYSES OF 1HE 10.0 MG/L B NUfRIENT SOLUTIONS 

Table E.1 Nutrient solution with pH of7.5 and boron concentration of 10.0 mg/L. 

Analysis Filament o11B as measured %SE In run Analysis Date 
number (%o) fractionation 

1 Re -21.9 0.0046 0.7 02/28/99 

2 Re -21.3 0.0037 0.4 02/28/99 

3 Re -23.7 0.0023 0.2 06/24/99 

4 Re -23.6 0.0024 0 11/18/99 
5 Re -21.6 0.0021 0 11/19/99 

Table E.2 Nutrient solution with pH of8.5 and boron concentration of 10.0 mg/L. 

Analysis Filament o11B as measured %SE In run Analysis 
number (%o) fractionation Date 

1 Re -19.3 0.0018 0.3 03/01/99 
2 Re -19.3 0.0077 1.3 03/02/99 

3 Re -22.9 0.0022 0 06/24/99 
4 Re -20.9 0 0.1 07/16/99 

5 Re -22.2 0 0.3 11/18/99 

6 Re -22.2 0 0.2 11/19/99 

Table E.3 Nutrient solution with pH of9.5 and boron concentration of 10.0 mg/L. 

Analysis Filament o11B as measured %SE In run Analysis 
number (%o) fractionation Date 

1 Re -18.3 0.0029 0.0 02/28/99 

2 Re -18.3 0.0043 0.4 02/28/99 

3 Re -21.8 0.0024 0.2 06/24/99 

4 Re -19.2 0.0026 0.2 07/16/99 

5 Re -20.7 0.0029 0.5 11/18/99 

6 Re -20.6 0.0028 0.3 11/18/99 



APPENDIX F - INDIVIDUAL ISOTOPIC ANALYSES FOR ALL LEAF SAMPLES FROM PLANTS GROWN IN 1HE 10.0 MG/L B NUTRIENTS 

Table F.1 Plant at column 5, row 2 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue d11B as d11B Normalized to %SE In run Analysis Date 
number tvne m .J (o/oo) nutrient solution (o/oo) fractionation 

1 Re leaves -23.5 -1.6 0.0031 0.3 02/08/99 

2 Re leaves -23.4 -1.5 0.0026 0.0 02/08/99 

3 Re leaves -23.3 -1.4 0.0024 -0.3 02/08/99 

4 Re leaves -23.5 -1.6 0.0058 0.5 02/08/99 

5 Re leaves -23.2 -1.3 0.0044 -0.2 06/07/99 

6 Re leaves -27.5 -5.6 0.0096 0.8 06/23/99 

7 Re leaves -21.6 0.3 0.002 -0.3 07/16/99 

Table F.2 Plant at column 4, row 3 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11 B as o11B Normalized to %SE In run Analysis Date 
number type m .J. Woo) solution Woo) fractionation 

1 Re leaves -27.9 -6.0 0.0021 0.1 06/05/99 

2 Re leaves -21.1 0.8 0 -0.2 06/24/99 

3 Re leaves -21 0.9 0 0.5 07/16/99 

4 Re leaves -20.8 1.1 0 0.2 07/22/99 



Table F.3 Plant at column 3 row 4 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg!L. 

Analysis Filament Tissue o11B as o11 B Nonnalized to %SE In run Analysis Date 
number tvDe m _. (o/oo) nutrient solution (o/oo) fractionation 

1 Re leaves -19.3 2.6 0.0017 0.2 06/10/99 

2 Re leaves -25.8 -3.9 0.0037 -0.6 06/23/99 

3 Re leaves -23.8 -1.9 0 0.6 07/22/99 

Table F.4 Plant at column 2 row 5 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg!L. 

Analysis Filament Tissue o11 B as o11B Nonnalized to %SE In run Analysis Date 
number tvoe m _. (o/oo) nutrient solution (o/oo) fractionation 

1 Re leaves -21.1 0.8 0 0.5 07/22/99 

Table F.5 Plant at column 1 row 3 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11 B as o11B Nonnalized to %SE In run Analysis Date 
number type mea:;~; -d (%o) IULticm solution (o/oo) fractionation 

1 Re leaves -24.2 -2.3 0 -0.2 07/19/99 

2 Re leaves -23.9 -2.0 0 0.2 07/23/99 

N -VI 



Table F.6 Plant at column 3 row 2 grown in nutrient solution of pH 8.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11 B as o11 B Normalized to %SE In run Analysis Date 
number tvoe measured (o/oo) nutrient solution (o/oo) fractionation 

1 Re leaves -18.3 2.8 03/01/99 

2 Re leaves -18.4 2.7 03/02/99 

3 Re leaves -25.5 -4.4 0.0023 -0.2 06/05/99 

4 Re leaves -21.5 -0.4 0.0021 0 06/24/99 

Table F.7 Plant at column 2 row 4 grown in nutrient solution of pH 8.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11 B as o11B Normalized to %SE In run Analysis Date 
number tvoe m ..1 (%n) nutrient solution (o/oo) fractionation 

1 Re leaves -19.2 1.9 0.0035 -0.6 06/08/99 
2 Re leaves -22.6 -1.5 0.0026 0.1 06/24/99 
3 Re leaves -24.3 -3.2 0.0018 -0.2 07/22/99 

Table F.8 Plant at column 1 row 6 grown in nutrient solution of pH 8.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11 B as o11B Normalized to %SE In run Analysis Date 
number tvoe m~a!:lnrecl (o/oo) nutrient !::nlntinn Co/oo) fractionation 

1 Re leaves -23.7 -2.6 0.0050 0.6 07/22/99 



Table F.9 Plant at column 4 row 4 grown in nutrient solution of pH 8.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11B as o11 B Normalized to %SE In run Analysis Date 
number type ffi~;;a:sw~ Co/oo) nutrient solution (%o) fractionation 

1 Re leaves -22.3 -1.2 0.0024 0.1 06/07/99 

2 Re leaves -22.5 -1.4 0.0022 -0.3 06/25/99 

3 Re leaves -23.8 -2.7 0.0016 0.1 07/22/99 

Table F.10 Plant at column 5 row 1 grown in nutrient solution of pH 8.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11B as o11 B Normalized to %SE In run Analysis Date 
number type measured Co/oo) nutrient solution Co/oo) fractionation 

1 Re leaves -22.1 -1.0 0.0023 0.2 07/16/99 

2 Re leaves -23.2 -2.1 0.0020 0.2 07/22/99 

3 Re leaves -25.2 -4.1 0.0033 -0.5 07/23/99 

Table F.ll Plant at column 5 row 4 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue o11 B as o11B Normalized to %SE In run Analysis Date 
number type m -'. (o/oo) solution (%o) fractionation 

1 Re leaves -18.3 1.5 0.0047 -0.5 03/02/99 

2 Re leaves -17.4 2.4 0.0019 0.0 03/02/99 

3 Re leaves -19.6 0.2 0.0026 0.2 04/28/99 

4 Re leaves -19.9 -0.1 0.0024 -0.4 04/28/99 

5 Re leaves -20 -0.2 0.0031 -0.4 04/28/99 

6 Re leaves -18.8 1.0 0.0053 1 04/28/99 

7 Re leaves -20 -0.2 0.0079 0.6 06/05/99 

N --....l 



Table F.12 Plant at column 2 row 2 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue cS11 B as cS11B Nonnalized to %SE In run Analysis Date 
number type m~a::!WI;.;\J1 (o/oo) nutrient solution (%o) fractionation 

1 Re leaves -21.2 -1.4 0.0085 1.7 02/08/99 

2 Re leaves -21.6 -1.8 0.0094 1.9 02/08/99 

3 Re leaves -21.1 -1.3 0.4 02/08/99 

4 Re leaves -21.2 -1.4 0.0039 0.8 02/08/99 

5 Re leaves -17.9 1.9 0.0106 1.8 06/08/99 

Table F.13 Plant at column 3 row 1 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue cS11 B as cS11B Nonnalized to %SE In run Analysis Date 
number tvoe measured (o/oo) nutrient solution (%o) fractionation 

1 Re leaves -17.5 2.3 0.0082 -1.5 07/16/99 

2 Re leaves -19.8 0.0 0.0023 0.3 07/22/99 

3 Re leaves -22 -2.2 0.0028 0.2 07/23/99 

Table F.14 Plant at column 1 row 5 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue cS11B as cS11B Nonnalized to %SE In run Analysis Date 
number tvoe m ~ Co/oo) nutrient solution (o/oo) fractionation 

1 Re leaves -22.1 -2.3 0.0024 0 07/23/99 

2 Re leaves -18.9 0.9 0.0034 0.2 07/23/99 

N ...... 
00 



Table F.l5 Plant at column 4 row 3 grown in nutrient solution of pH 7.5, boron concentration 10.0 mg/L. 

Analysis Filament Tissue type &11B as &11 B Normalized to %SE In run Analysis Date 
number measured <o/oo) nutrient solution (o/ool fractionation 

1 Re leaves -17.7 2.1 0.0038 -0.6 07/16/99 

N -\0 
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APPENDIX G - CTOOERAL LINEAR MCH>EL RESULTS OF RAW LEAF 5"B 

GLM: versus PH. pairwis* comfMrisions bstwssn pH trsatnwnts 

Factor 7ype Levels Values 
PH fixed 3 7.5 8.5 9.5 
Plant(PH) fixed 15 7.5,no.l 7.5,no.2 

8.5,no.l 8.5,no.2 
9 .5 ,no .1  9 .5 ,no .2  

7.5,no.3 7.5/no.4 7.5,no.5 
8.5,no.3 8.5rno.4 8.5,no.5 
9.5,no.3 9.5/no.4 9.5,no.5 

Analysis of Variance for dllB, using Adjusted SS for Tests 

Source 
PH 
Plant(PH) 
Error 
Total 

DF 
2 
12 
34 
48 

Seq SS 
115.692 
35.370 
162.645 
313.707 

Adj SS 
78.900 
35.370 
162.645 

Adj MS 
39.450 
2.948 
4.784 

F 
8.25 
0 . 6 2  

P 
0.001 
0.813 

Unusual Observations for dllB 

Obs dllB Fit SE Fit Residual St Resid 
8 -27. 9000 -22.7000 1.0936 -5.2000 -2.75R 

12 -19. 3000 -22.9667 1.2628 3.6667 2.05R 
15 -21. 1000 -21.1000 2.1872 -0.0000 * X 
20 -25. 5000 -20.9250 1.0936 -4.5750 -2.42R 
25 -23. 7000 -23.7000 2.1872 0.0000 • X 
49 -17. 7000 -17.7000 2.1872 0.0000 * X 

R denotes an observation with a large standardized residual. 
X denotes an observation vrtiose X value gives it large influence. 

Bonferroni 95.0% Simultaneous Confidence Intervals 
Response Variable dllB 
All Pairwise Comparisons among Levels of PH 

PH = 7.5 subtracted from: 

PK Lower Center Upper + + + 
8.5 -2.029 0.3012 2.632 ( * ) 
9.5 1.053 3.3643 5.676 ( * ) 

0.0 2.5 5.0 

PH = 8.5 subtracted from: 

PH 
9.5 

Lower 
0.7456 

Center 
3.063 

Upper 
5.381 

0 . 0  2.5 5.0 
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Bonferroni Simultaneous Tests 
Response Variable dllB 
All Pairwise Comparisons among Levels of PH 

PH = 7.5 subtracted from: 

Level 
PH 
8.5 
9.5 

Difference 
of Means 
0.3012 
3.3643 

SB of 
Difference 

0.9255 
0.9178 

T-Value 
0.3254 
3.6655 

Adjusted 
P-Value 
1.0000 
0.0025 

PH = 8.5 subtracted from: 

Level 
PH 
9.5 

Difference 
of Means 

3.063 

SB of 
Difference 

0.9203 
T-Value 

3.328 

Adjusted 
P-Value 
0.0063 
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GLM: versus PH, Plant Comparision 

Factor Type Levels Values 
PH fixed 3 7.5 8.5 9.5 
Plant(PH) fixed IS 7.5,no.l 7.5,no.2 7.5,no.3 7.5,no.4 7.5,no.5 

8.5,no.l 8.5,no.2 8.5,no.3 8.5,no.4 8.5,no.5 
9.5,no.l 9.5,no.2 9.5,no.3 9.5,no.4 9.5,no.5 

Analysis of Variemce for dllB, using Adjusted SS for Tests 

Source OF Seq SS Adj SS Adj MS TP 
PH 2 115.692 78.900 39.450 8.25 0.001 
Plant(PH) 12 35.370 35.370 2.948 0.62 0,813 
Error 34 162.645 162.645 4.784 
Total 48 313.707 

Unusual Observations for dllB 

Obs dllB Fit 
8 -27 .9000 -22 .7000 
12 -19 .3000 -22 .9667 
15 -21 .1000 -21 .1000 
20 -25 .5000 -20 .9250 
25 -23 .7000 -23 .7000 
49 -17 .7000 -17 .7000 

SE Fit 
1.0936 
1.2628 
2.1872 
1.0936 
2.1872 
2.1872 

Residual 
-5.2000 
3.6667 

- 0 . 0 0 0 0  
-4.5750 

0 .0000  
0 .0000  

St Resid 
-2.75R 
2.05R 
• » 

-2.42R 
X 
X 

R denotes an observation with a large standardized residual. 
X denotes an observation whose X value gives it large influence. 

Bonferroni 95.0% Simultaneous Confidence Intervals 
Response Variable dllB 
All Pairwise Comparisons among Levels of Plant(PH) 

PH = 7.5 
Plant = 7.5,no.l subtracted from: 

(PH )Plant Lower Center Upper 
7.5 7 .5,no.2 -4.284 1.0143 6.313 
7.5 7 .5,no.3 -5.086 0.7476 6.581 
7.5 7.5,no.4 -6.422 2.6143 11.651 
7.5 7.5,no.5 -7.113 -0.3357 6.442 
8.5 8.5,no.1 -2.509 2.7893 8.088 
8.5 8.5,no.2 -4.152 1.6810 7.514 
8.5 8.5,no.3 -9.022 0.0143 9.051 
8.5 8.5,no.4 -4.986 0.8476 6.681 
8.5 8.5,no.5 -5.619 0.2143 6.047 
9.5 9.5,no. 1 0.053 4.5714 9.090 
9.5 9.5,no.2 -1.835 3.1143 8.064 
9.5 9 .5,no.3 -1.886 3.9476 9.781 
9.5 9.5,no.4 -3.563 3.2143 9.992 
9.5 9.5,no.5 -3.022 6.0143 15.051 

(PH ) Plant + +— 
7.5 7.5,no.2 ( * ) 
7.5 7.5,no.3 ( * ) 
7.5 7.5,no.4 ( * ) 
7.5 7.5,no.5 ( * ) 
8.5 8.5,no.l ( * ) 
8.5 8.5,no.2 ( * ) 
8.5 8.5,no.3 ( * ) 
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8.5 8.5,no.4 ( • ) 
8.5 8.5,no.5 ( * ) 
9.5 9.5,no.l ( * ) 
9.5 9.5,no.2 ( * ) 
9.5 9.5,no.3 ( • ) 
9.5 9.5,no.4 ( • ) 
9.5 9.5,no.5 ( * ) 

+ + + +_ 
-10 0 10 20 

PH = 7.5 
Plant = 7.5,no.2 subtracted from: 

(PH )Plant Lower Center Upper 
7.5 7.5,no.3 -6.72 -0.267 6.189 
7.5 7.5,no.4 -7.85 1.600 11.051 
7.5 7.5,no.5 -8.67 -1.350 5.971 
8.5 8.5,no.1 -4.20 1.775 7.752 
8.5 8.5,no.2 -S.79 0.667 7.123 
8.5 8.5,no.3 -10.45 -1.000 8.451 
8.5 8.5,no.4 -6.62 -0.167 6.289 
8.5 8.5,no.5 -7.26 -0.800 5.656 
9.5 9.5,no.1 -1.74 3.557 8.855 
9.5 9.5,no.2 -3.57 2.100 7.770 
9.5 9.5,no.3 -3.52 2.933 9.389 
9.5 9.5,no.4 -5.12 2.200 9.521 
9.5 9.5,no.5 -4.45 5.000 14.451 

+-

+-
20 

PH = 7 .5 
Plant = 7.5,no.3 subtracted from: 

PH ) Plant + + + 
7.5 7.5,no.3 ( * ) 
7.5 7.5,no.4 ( * ) 
7.5 7.5,no.5 ( • ) 
8.5 8.5,no.l ( • ) 
8.5 8.5,no.2 ( * ) 
8.5 8.5,no.3 ( • ) 
8.5 8.5,no.4 ( • ) 
8.5 8.5,no.5 ( * ) 
9.5 9.5,no.l ( * ) 
9.5 9.5,no.2 ( * ) 
9.5 9.5,no.3 ( • ) 
9.5 9.5,no.4 { * ) 
9.5 9.5,no.5 ( * ) 

+ + + 
-10 0 10 

(PH )Plant Lotrer Center Upper 
7.5 7.5,no.4 -7.89 1.867 11.627 
7.5 7.5,no.5 -8.80 -1.083 6.633 
8.5 8.5,no.1 -4.41 2.042 8.498 
8.5 8.5,no.2 -5.97 0.933 7.835 
8.5 8.5,no.3 -10.49 -0.733 9.027 
8.5 8 . 5,no.4 -6.80 0.100 7.002 
8.5 8.5,no.5 -7.44 -0.533 6.369 
9.5 9.5,no.1 -2.01 3.824 9.657 
9.5 9.5,no.2 -3.81 2.367 8.540 
9.5 9.5,no.3 -3.70 3.200 10.102 
9.5 9.5,no.4 -5.25 2.467 10.183 
9.5 9.5,no.5 -4.49 5.267 15.027 
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(PH ) Plant + + + +-
7.5 7.5, no. 4 ( • ) 
7.5 7.5, no. 5 ( • ) 
8.5 8.5,no.l ( • ) 
8.5 8.5,no.2 ( » ) 
8.5 8.5,no.3 ( * ) 
8.5 8.5,no.4 ( * ) 
8.5 8.5,no.5 ( * ) 
9.5 9.5,no.l ( * ) 
9.5 9.5,no.2 ( * ) 
9.5 9.5, no.3 ( • ) 
9.5 9.5,no.4 ( * ) 
9.5 9.5,no.5 ( • ) 

A + + +_ 
-10 0 10 20 

PH = 7 .5 
Plant = 7.5,no.4 subtracted from: 

(PH }Plant Lower Center Upper 
7.5 7.5,no.5 -13.30 -2.950 7.403 
8.5 8 .5,no.1 -9.28 0.175 9.626 
8.5 8.5,no.2 -10.69 -0.933 8.827 
8.5 8.5,no.3 -14.55 -2.600 9.354 
8.5 8 .5,no.4 -11.53 -1.767 7.994 
8.5 8.5,no.5 -12.16 -2.400 7.361 
9.5 9.5,no.1 -7.08 1.957 10.994 
9.5 9.5,no.2 -8.76 0.500 9.760 
9.5 9.5,no.3 -8.43 1.333 11.094 
9.5 9.5,no.4 -9.75 0.600 10.953 
9.5 9.5,no.5 -8.55 3.400 15.354 

(PH ) Plant + + +-
7.5 7.5,no.5 ( * ) 
8.5 8.5, no .1 { • ) 
8.5 8.5,no.2 ( * ) 
8.5 8.5,no.3 ( * ) 
8.5 8.5,no.4 ( • ) 
8.5 8.5,no.5 ( * ) 
9.5 9.5,no.l ( * ) 
9.5 9.5,no.2 ( * ) 
9.5 9.5,no.3 ( * ) 
9.5 9.5,no.4 ( * ) 
9.5 9.5,no.5 ( • ) 

-10 0 10 20 

PH = 7 .5 
Plant = 7.5,no.5 subtracted from: 

:PH ) Plant Lower Center Upper 
8.5 8.5,no.1 -4.20 3.1250 10.446 
8.5 8.5,no.2 -5.70 2.0167 9.733 
8.5 8.5,no.3 -10.00 0.3500 10.703 
8.5 8.5,no.4 -6.53 1.1833 8.900 
8.5 8.5,no.5 -7,17 0.5500 8.267 
9.5 9.5,no.1 -1.87 4.9071 11.685 
9.5 9.5,no.2 -3.62 3.4500 10.522 
9.5 9.5,no.3 -3.43 4.2833 12.000 
9.5 9.5,no.4 -4.90 3.5500 12.003 
9.5 9.5,no.5 -4.00 6.3500 16.703 
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(PH ) Plant + + + •-
8.5 8.5,no.l ( • ) 
8.5 8.5,no.2 ( * ) 
8.5 8.5,no.3 ( * ) 
8.5 8.5,no.4 ( * ) 
8.5 8.5,no.5 ( * ) 
9.5 9.5,no.l ( • ) 
9.5 9.5,no.2 ( * ) 
9.5 9.5,no.3 ( * ) 
9.5 9.5,no.4 ( • ) 
9.5 9.5,no.5 ( * ) 

+ + + 
-10 0 10 20 

PH = 8.5 
Plant = 8.5,no.l subtracted from: 

(PH )Plant Lower Center Upper 
8.5 8.5,no.2 -7.56 -1.108 5.348 
8 .5 8.5,no.3 -12.23 -2.775 6.676 
8.5 8.5,no.4 -8.40 -1.942 4.514 
8.5 8.5,no.5 -9.03 -2.575 3.881 
9.5 9.5,no.1 -3.52 1.782 7.080 
9.5 9.5,no.2 -5.35 0.325 5.995 
9.5 9.5,no.3 -5.30 1.158 7.614 
9.5 9.5,no.4 -6.90 0.425 7.746 
9.5 9.5,no.5 -6.23 3.225 12.676 

(PH ) Plant + + + +-
8.5 8.5,no.2 ( * ) 
8.5 8.5,no.3 ( * ) 
8.5 8.5,no.4 ( * ) 
8.5 8.5,no.5 ( • ) 
9.5 9.5,no.l ( * ) 
9.5 9.5,no.2 ( • ) 
9.5 9.5,no.3 ( * ) 
9.5 9.5,no.4 ( • ) 
9.5 9.5,no.5 ( • ) 

+ + + +-
-10 0 10 20 

PH = 8 .5 
Plant = 8.5,no.2 subtracted from: 

(PH ) PljUlt Lower Center Upper 
8.5 8.5,no.3 -11.43 -1.667 8.094 
8.5 8.5,no.4 -7.74 -0.833 6.069 
8.5 8.5,no.5 -8.37 -1.467 5.435 
9.5 9.5,no.1 -2.94 2.890 8.724 
9.5 9.5,no.2 -4.74 1.433 7.607 
9.5 9.5,no.3 -4.64 2.267 9.169 
9.5 9.5,no.4 -6.18 1.533 9.250 
9.5 9.5,no.5 -5.43 4.333 14.094 

(PH ) Plant + + + ->•-
8.5 8.5,no.3 ( • ) 
8.5 8.5,no.4 ( * ) 
8.5 8.5,no.5 ( * ) 
9.5 9.5,no.l ( * ) 
9.5 9.5,no.2 ( * ) 
9.5 9.5,no.3 ( • ) 
9.5 9.5,no.4 ( * ) 



9.5 9.5,no.5 

-10 

PH = 8 .5 
Pleint: = 8 .5, no. 3 subtracted from: 

-+— 
10 
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20 

(PH )Plant Lower Center Upper 
8.5 8.5,no. 4 -8.927 0.8333 10.594 
8.5 8.5,no. 5 -9.561 0.2000 9.961 
9.5 9.5, no. 1 -4.480 4.5571 13.594 
9.5 9.5, no. 2 -6.160 3.1000 12.360 
9.5 9.5,no. 3 -5.827 3.9333 13.694 
9.5 9.5, no. 4 -7.153 3.2000 13.553 
9.5 9.5,no. 5 -5.954 6.0000 17.954 

(PH )Plant 
8.5 8.5,no.4 
8.5 8.5,no.5 
9.5 9.5,no. 1 
9.5 9.5,no.2 
9.5 9.5, no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

-10 0 10 

PH = 8.5 
Plant = 8.5, no. 4 subtracted from: 

(PH )Plant Lower Center Upper 
8.5 8.5,no. 5 -7.535 -0.6333 6.269 
9.5 9.5,no. 1 -2.109 3.723S 9.557 
9.5 9.5,no. 2 -3.907 2.2667 8.440 
9.5 9.5,no. 3 -3.802 3.1000 10.002 
9.5 9.5,no. 4 -5.350 2.3667 10.083 
9.5 9.5,no. 5 -4.594 5.1667 14.927 

(PH )Plant 
8.5 8.5, no.5 
9.5 9.5,no.l 
9.5 9.5,no.2 
9.5 9.5,no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

-+— 

-10 10 

+-
20 

20 

PH = 8 .5 
Plant = 8.5,no.5 subtracted from: 

(PH )Plant Lower Center Upper 
9.5 9.5,no.l -1.476 4.357 10.190 
9.5 9.5,no.2 -3.273 2.900 9.073 
9.5 9.5,no.3 -3.169 3.733 10.635 
9.5 9.5,no.4 -4.717 3.000 10.717 
9.5 9.5,no.5 -3.961 5.800 15.561 

(PH ) Plant + + + 
9.5 9.5,no.l ( * ) 
9.5 9.5,no.2 ( * ) 
9.5 9.5,no.3 ( • ) 
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9.5 9.5,no.4 ( * ) 
9.5 9.5,no.5 ( * ) 

+ > + +_ 
-XO 0 10 20 

PH = 9.5 
Plant = 9.5/no.l subtracted from: 

(PH ]Plant Lower Center Upper 
9.5 9.5,no.2 -6.407 -1.457 3.492 
9.5 9.5,no.3 -6.457 -0.624 5.209 
9.5 9.5,no.4 -8.135 -1.357 5.420 
9.5 9.5,no.5 -7.594 1.443 10.480 

(PH ) Plant + + + +-
9.5 9.5,no.2 ( * ) 
9.5 9.5,no.3 ( * ) 
9.5 9.5,no.4 ( * ) 
9.5 9.5,no.5 ( • ) 

+ -4 + 
-10 0 10 20 

PH = 9 .5 
Plant = 9.5,no.2 subtracted from: 

(PH )Plant 
9.5 9.5,no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

Lower 
-5,340 
-6.972 
-6.360 

Center 
0.8333 
0.1000 
2.9000 

Upper 
7.007 
7.172 
12.160 

(PH ) Plant + + -t- +-
9.5 9.5,no.3 ( * ) 
9.5 9.5,no.4 ( * ) 
9.5 9.5,no.5 ( * ) 

+ + 4 +_ 
-10 0 10 20 

PH = 9 .5 
Plant = 9.5,no.3 subtracted from: 

(PH )Plant Lower Center Upper 
9.5 9.5,no.4 -8.450 -0.7333 6.983 
9.5 9.5,no.5 -7.694 2.0667 11.827 

(PH ) Plant + + + +-
9.5 9.5,no.4 ( • ) 
9.5 9.5,no.5 ( * ) 

+ -i + +-
-10 0 10 20 

PH = 9.5 
Plant = 9.5,no.4 subtracted from: 

(PH )Plant Lower Center Upper 
9.5 9.5,no.5 -7.553 2.800 13.15 

(PH ) Plant + + +-
9.5 9.5,no.5 ( * ) 

+ + + +-
-10 0 10 20 
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Bonferroni. Sunultemeous Tests 
Response Variable dllB 
All Pairwise Comparisons among Levels of Plant(PH) 

PH = 7.5 
Plant = 7.5,no .1 subtracted : from: 

Level Difference SE of Adjusted 
(PH )Plant of Means Difference T-Value P-Value 
7.5 7.5,no.2 1.0143 1.371 0.7399 1.0000 
7.5 7.5,no.3 0.7476 1.509 0.4953 1.0000 
7.5 7.5,no.4 2.6143 2.338 1.1181 1.0000 
7.5 7.5,no.5 -0.3357 1.754 -0.1914 1.0000 
8.5 8.5,no.1 2.7893 1.371 2.0347 1.0000 
8.5 8.5/no.2 1.6810 1.509 1.1137 1.0000 
8.5 8.5,no.3 0.0143 2.338 0.0061 1.0000 
8.5 8.5,no.4 0.8476 1.509 0.5616 1.0000 
8.5 8.5,no.5 0.2143 1.509 0.1420 1.0000 
9.5 9.5/no.1 4.5714 1.169 3.9103 0.0439 
9.5 9.5,no.2 3.1143 1.281 2.4318 1.0000 
9.5 9.5,no.3 3.9476 1.509 2.6156 1.0000 
9.5 9.5,no.4 3.2143 1.754 1.8329 1.0000 
9.5 9.5,no.5 6.0143 2.338 2.5722 1.0000 

PH = 7.5 
Plemt = 7.5, no .2 stibtracted from: 

Level Difference SE of Adjusted 
(PH )Plant of Means Difference T-Value P-Value 
7.5 7.5,no.3 -0.267 1.670 -0.1596 1.000 
7.5 7.5,no.4 1.600 2.445 0.6543 1.000 
7.5 7.5,no.5 -1.350 1.894 -0.7127 1.000 
8.5 8.5,no.1 1.775 1.547 1.1477 1.000 
8.5 8.5,no.2 0.667 1.670 0.3991 1.000 
8.5 8.5,no.3 -1.000 2.445 -0.4089 1.000 
8.5 8.5,no.4 -0.167 1.670 -0.0998 1.000 
8.5 8.5,no.5 -0.800 1.670 -0.4789 1.000 
9.5 9.5,no.1 3.557 1.371 2.5948 1.000 
9.5 9.5,no.2 2.100 1.467 1.4313 1.000 
9.5 9.5,no.3 2.933 1.670 1.7560 1.000 
9.5 9.5,no.4 2.200 1.894 1.1615 1.000 
9.5 9.5,no.5 5.000 2.445 2.0447 1.000 

PH = 7.5 
Pleuit = 7.5, no .3 subtracted from: 

Level Difference SE of Adjusted 
(PH : )Plant of Means Difference T-Value P-Value 
7.5 7.5,no.4 1.867 2.526 0.7391 1.000 
7.5 7.5,no.5 -1.083 1.997 -0.5426 1.000 
8,5 8.5,no.1 2.042 1.670 1.2222 1,000 
8.5 8.5,no.2 0.933 1.786 0.5226 1,000 
8.5 8.5,no.3 -0.733 2.526 -0.2904 1.000 
8.5 8.5,no.4 0.100 1.786 0.0560 1.000 
8.5 8.5,no.5 -0.533 1.786 -0.2987 1.000 
9.5 9.5,no.1 3.824 1.509 2.5335 1.000 
9.5 9.5,no.2 2.367 1.597 1.4817 1.000 
9.5 9.5,no.3 3.200 1.786 1.7919 1.000 
9.5 9.5,no.4 2,467 1.997 1.2354 1.000 
9.5 9.5,no.5 5.267 2.526 2.0854 1.000 



PH = 7 .5 
Plant = 7.5,no. 4 subtracted . from: 

Level Difference SE of Adjusted 
(PH )Plant of Means Difference T-Value P-Value 
7.5 7.5,no.5 -2.950 2.679 -1.101 1.000 
8.5 8.5,no.X 0.175 2.445 0.072 1,000 
8.5 8.5,no.2 -0.933 2.526 -0.370 1.000 
8.5 8.5,no.3 -2.600 3.093 -0.841 1.000 
8.5 8.5,no.4 -1.767 2.526 -0.700 1.000 
8.5 8.5,no.5 -2.400 2.526 -0.950 1,000 
9.5 9.5,no. 1 1.957 2.338 0.837 1.000 
9.5 9.5,no.2 0.500 2.396 0.209 1,000 
9.5 9.5,no.3 1.333 2.526 0.528 1.000 
9.5 9.5,no.4 0.600 2.679 0.224 1.000 
9.5 9.5,no.5 3.400 3.093 1.099 1.000 

PH = 7 .5 
Plant = 7.5,no. 5 subtracted : from: 

Level Difference SE of Adjusted 
(PH )Plant of Means Difference T-Value P-Value 
8.5 8.5,no.1 3.1250 1.894 1.6498 1.0000 
8.5 8.5,no.2 2.0167 1.997 1.0101 1.0000 
8.5 8.5,no.3 0.3500 2.679 0.1307 1.0000 
8.5 8.5,no.4 1.1833 1.997 0.5927 1.0000 
8.5 8.5,no.5 0.5500 1.997 0.2755 1.0000 
9.5 9.5,no.l 4.9071 1.754 2.7983 0.8822 
9.5 9.5,no.2 3.4500 1.830 1.8853 1.0000 
9.5 9.5,no.3 4.2833 1.997 2.1453 1.0000 
9.5 9.5,no.4 3.5500 2.187 1.6231 1.0000 
9.5 9.5,no.5 6.3500 2.679 2.3705 1.0000 

PH = 8 .5 
Plant = 8.5,no. 1 subtracted : from: 

Level Difference SE of Adjusted 
(PH )Plant of Means Difference T-Value P-Value 
8.5 8.5,no.2 -1.108 1.670 -0.663 1.000 
8.5 8.5,no.3 -2.775 2.445 -1.135 1.000 
8.5 8.5,no.4 -1.942 1.670 -1.162 1.000 
8.5 8.5,no.5 -2.575 1.670 -1.541 1.000 
9.5 9.5,no.1 1.782 1.371 1.300 1.000 
9.5 9.5,no.2 0.325 1.467 0.222 1.000 
9.5 9.5,no.3 1.158 1.670 0.693 1.000 
9.5 9.5,no.4 0.425 1.894 0.224 1.000 
9.5 9.5,no.5 3.225 2.445 1.319 1.000 

PH = 8.5 
Plant = 8.5,no. 2 subtracted from: 

Level Difference SE of Adjusted 
(PH )Plant of Means Difference T-Value P-Value 
8.5 8.5,no.3 -1.667 2.526 -0.6599 1,000 
8.5 8.5,no.4 -0.833 1.786 -0.4666 1.000 
8.5 8.5,no.5 -1.467 1.786 -0.8213 1.000 
9.5 9.5,no.l 2.890 1.509 1.9151 1.000 
9.5 9.5,no.2 1.433 1.597 0.8974 1.000 
9.5 9.5,no.3 2.267 1.786 1.2693 1.000 
9.5 9.5,no.4 1.533 1.997 0.7680 1,000 
9.5 9.5,no.5 4.333 2.526 1.7158 1,000 



PH = 8 .5 
Plant = 8.5,no.3 subtracted from: 
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Level 
(PH )Plant 
8.5 8.5,no.4 
8.5 8.5,no.5 
9.5 9.5,no.1 
9.5 9.5,no.2 
9.5 9.5,no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

Difference 
of Means 
0.8333 
0.2000 
4.5571 
3.1000 
3.9333 
3.2000 
6.0000 

SE of 
Difference 

2.526 
2.526 
2.338 
2.396 
2.526 
2.679 
3.093 

T-Value 
0.32997 
0.07919 
1.94902 
1.29387 
1.55744 
1.19460 
1.93979 

Adjusted 
P-Value 
1.000 
1 .000  
1.000 
1.000 
1.000 
1.000 
1 .000  

PH = 8 .5 
Plant = 8.5,no.4 subtracted from: 

Level 
(PH )Plant 
8.5 8.5,no.5 
9.5 9.5,no.l 
9.5 9.5,no.2 
9.5 9.5,no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

Difference 
of Means 
-0.6333 
3.7238 
2.2667 
3.1000 
2.3667 
5.1667 

SE of 
Difference 

1.786 
1.509 
1.597 
1.786 
1.997 
2.526 

PH = 8 .5 
Pleint = 8. 5, no. 5 subtracted from: 

T-Value 
-0.3546 
2.4673 
1.4191 
1.7359 
1.1854 
2.0458 

Adjusted 
P-Value 

1.000 
1.000 
1.000 
1.000 
1.000 
1 .000  

Level 
(PH )Plant 
9.5 9.5,no.l 
9.5 9.5,no.2 
9.5 9.5,no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

Difference 
of Means 

4.357 
2.900 
3.733 
3.000 
5.800 

SE of 
Difference 

1.509 
1.597 
1.786 
1.997 
2.526 

-Value 
2.887 
1.816 
2.091 
1.503 
2.297 

Adjusted 
P-Value 
0.7053 
1.0000 
1.0000 
1.0000 
1.0000 

PH = 9 .5 
Plant = 9.5,no.l subtracted from: 

Level 
(PH )Plant 
9.5 9.5,no.2 
9.5 9.5,no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

Difference SE of Adjusted 
of Means Difference T-Value P-Value 
-1.457 1.281 -1.138 1.000 
-0.624 1.509 -0.413 1.000 
-1.357 1.754 -0.774 1.000 
1.443 2.338 0.617 1.000 

PH = 9 .5 
Plant = 9.5,no.2 subtracted from: 

Level 
(PH )Plant 
9.5 9.5, no.3 
9.5 9.5,no.4 
9.5 9.5,no.5 

Difference 
of Means 
0.8333 
0.1000 
2.9000 

SE of 
Difference 

1.597 
1.830 
2.396 

PH = 9 .5 
Plant = 9.5,no.3 siibtracted from: 

T-Value 
0.52172 
0.05465 
1.21039 

Adjusted 
P-Value 
1.000 
1.000 
1.000 

Level 
(PH )Plant 
9.5 9.5,no.4 
9.5 9.5,no.5 

Difference SE of Adjusted 
of Means Difference T-Value P-Value 
-0.7333 1.997 -0.3673 1.000 
2.0667 2.526 0.8183 1.000 
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PH = 9.5 
Plant = 9.5,no.4 subtracted from: 

Level Difference SE of Adjusted 
(PH )Plant of Means Difference T-Value P-Value 
9-5 9.5,no.5 2.800 2.679 1.045 1.000 
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APPENDIX H - GENERAL LINEAR MODEL RESULTS OF NUTRIENT NORMALIZED 6"B 

GLM: Nutrient nonnalizcd versus PH, pH eomparision 

Factor Type Levels Values 
PH fixed 3 7.5 8.5 9.5 
Plcuit(PH) fixed 15 7.5,no.l 7.5,no.2 

8.5,no.1 8.5,no.2 
9.5,no.l 9.S,no.2 

7.5,no.3 7.5,no.4 7.5,no.5 
8.5/no.3 8.5,no.4 8.5,no.5 
9.5,no.3 9.5,no.4 9.5,no.5 

Analysis of Variance for Nutrient, using Adjusted SS for Tests 

Source 
PH 
Plant(PH) 
Error 
Total 

DF 
2 

12 
34 
48 

Seq SS 
14.690 
35.370 
162.645 
212.705 

Adj SS 
17.636 
35.370 
162.645 

Adj MS 
8.818 
2.948 
4.784 

F P 
1.84 0.174 
0.62 0.813 

Unusual Observations for Nutrient 

Obs Nutrient Fit SE Fit Residual St Resid 
8 -5.50000 -0. 30000 1.09358 -5.20000 -2.75R 
12 3.10000 -0. 56667 1.26276 3.66667 2.05R 
15 1.30000 1. 30000 2.18716 -0.00000 * X 
20 -4.40000 0. 17500 1.09358 -4.57500 -2.42R 
25 -2.60000 -2. 60000 2.18716 0.00000 • X 
49 2.10000 2. 10000 2.18716 0.00000 * X 

R denotes an observation with a large standardized residual. 
X denotes an observation whose X value gives it large influence. 

Bonferroni 95.0% SiJnult^Uleous Confidence Intervals 
Response Variable Nutrient 
All Pairwise Comparisons among Levels of PH 

PH = 7.5 subtracted from: 

PH Lower Center 
8.5 -3.329 -0.9988 
9.5 -1.547 0.7643 

Upper + + + +— 
1.332 ( * ) 
3.076 ( • ) 

-2.5 0.0 2.5 5.0 

PH = 8.5 subtracted from: 

PH Lower Center Upper + + + — 
9.5 -0.5544 1.763 4.081 ( * ) 

+ + + +— 
-2.5 0.0 2.5 5.0 

Bonferroni Simultaneous Tests 
Response Variable Nutrient 
All Pairwise Comparisons among Levels of PH 



PH = 7.5 subtracted from: 

233 

Level 
PH 
8.5 
9.5 

Difference 
of Means 
-0.9988 
0.7643 

SE of 
Difference 

0.9255 
0.9178 

T-Value 
-1.079 
0.833 

Adjusted 
P-Value 
0.8642 
1.0000 

PH = 8.5 subtracted from: 

Level Difference SE of 
PH of Means Difference 
9.5 1.763 0.9203 

T-Value 
1.916 

Adjusted 
P-Value 
0.1915 
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