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Executive Summary 

The purpose of this report is to present results of geochemical studies conducted to date of the 

Kaiser-Tulsa thorium remediation site. The studies included chemical and mineralogic 

characterization of dross, chemical analyses of dross pore waters and selected ground waters, and 

measurements of thorium and radium radioactivities in dross, dross pore waters and selected 

ground waters. In addition, thorium and radium radioactivities were measured in dross and clays 

above and below the dross/clay interface beneath the retention pond and sorption coefficients 

were determined for thorium and radium in several sediment samples from downgradient 

locations.  

Geochemical data indicate that the dross at the Kaiser-Tulsa site is primarily composed of 

hydrous magnesium oxides dominated by the mineral brucite. Surface and upgradient ground 

waters are primarily calcium bicarbonate waters with near-neutral pH. Retention pond water and 

pore waters in dross show high pH (9.2-9.8) and high Mg/Ca (>0.3) reflecting interaction with 

dross. Downgradient ground waters appear to contain excess chloride, magnesium and potassium 

leached from dross.  

Filtered pore waters in dross contain little or no detectable thorium although they contain 

measurable concentrations of radium-228 (4.5-666 pCi/l), a daughter product of thorium-232 and 

radium-226 (4.5-25.8 pCi/l), a daughter product of thorium-230. Unfiltered dross porewaters 

contain higher concentrations of all isotopes, as expected. Filtered ground waters contain little or 

no detectable thorium and low concentrations of radium-228 (0.7-4.2 pCi/l). Unfiltered ground 

waters are similar to filtered ground waters in thorium and radium concentrations.  

The concentrations of thorium and radium isotopes measured above and below the dross/clay 

interface indicate that these constituents have migrated less than 3 inches into the clay. The 

results of batch experiments indicate that the sorption coefficients for both thorium and radium 

are greater than 100 ml/g. Combined with the dross/clay interface data, the high sorption 

coefficients indicate that vertical transport of thorium and radium through the sediments at the 

site will be very slow under current conditions.  

The source terms for soluble thorium isotopes in the dross will likely be considerably lower than 

1 pCi/l. Although the potential for colloidal transport of thorium must be considered, the data 

obtained on the depth of penetration of thorium beneath the dross-clay interface suggest colloidal 

transport of thorium will likely not be a concern because the clay layer will greatly retard the 

transport of colloidal-sized particles. The source terms for radium isotopes are constrained by the 

adsorption of radium onto dross. Conservative assumptions were used to estimate an upper 

bound on the source term for radium-228 of 1,000 pCi/l. The upper bound on the future radium

226 source term is estimated at 2,000 pCi/l. The transport of these isotopes in the ground water 

flow system at the site will be greatly retarded by sorption reactions within the unconsolidated 

sedimentary units beneath and adjacent to the dross.
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1. INTRODUCTION 

This report discusses geochemical data that were obtained in relation to the Kaiser Aluminum 

thorium remediation site in Tulsa, Oklahoma. These data were obtained for site characterization 

purposes and to provide input for transport and dose assessment calculations. The data obtained 

include the following: 

"* Chemical and mineralogical composition of samples of dross (spent flux/slag) 

"* The concentrations of major chemical constituents in selected ground waters at the site 

"* The radioactivities of thorium and radium isotopes in selected ground waters at the site 

"* The radjoactivities of thorium and radium isotopes in samples from the dross/clay interface 

"* Sorption coefficients for thorium and radium on samples of sediments from different geologic 

units at the site.  

The data were obtained using written quality assurance procedures for sampling and analysis.  

2. DROSS CHEMICAL AND MINERALOGIC COMPOSITION 

The process of refining of magnesium-thorium alloys at the Kaiser-Tulsa plant was briefly 

described by Mr. Bobby Holmes (pers. comm., June 25, 1997). An iron pot was filled with 

approximately 4,000 lbs of scrap magnesium alloy. A refining flux was added and the mixture 

was heated with a gas-fired burner to melt the alloy (700-800'C). The mass in the pot was stirred 

and agitated during the refining process. The refining flux had a higher density than the 

magnesium metal and gradually settled to the bottom of the pot as the alloy was melted. The 

thorium in the alloy was extracted into the flux as it sank through the molten metal. The top 

surface of the molten metal in the pot was covered with a "cover" flux to keep the magnesium 

metal from burning in air. Once the refining process was considered complete, the molten 

magnesium metal was ladled out of the pot into molds. The flux remaining at the bottom of the 

pot was broken up and removed from the pot. Once removed from the pot, spent flux (i.e., dross) 

was transported to the area north of the plant.  

According to company records, several flux compositions were used to refine magnesium scrap at 

the Tulsa plant. The available information is summarized in Table 1. According to Mr. Holmes, 

Flux 230 Blended was used in the greatest quantity.  

TABLE 1 

FLUX COMPOSITIONS 

Component 230 Blended (wt.%) 220 Blended (wt. %) 234 Blended (wt. %) 

Potassium Chloride (KCI) 55 57 25 

Magnesium Chloride 34 50 

(MgC12) 
Calcium Chloride (CaC12) 28 

Barium Chloride (BaC12) 9 12.5 

Calcium Fluoride (CaF 2) 2 2.5 5 

Barium Fluoride (BaF 2) 
20
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Samples of dross from the site were analyzed to provide data on the current mineralogic and 

chemical compositions of this material. Such data are useful in developing an understanding of 

controls on local water chemistry and the leaching behavior of thorium and radium.  

The mineralogic compositions of 2 dross samples were analyzed by Professor Mark Miller at the 

University of New Mexico using X-ray diffraction methods. One of these samples was obtained 

from a surface exposure directly adjacent to MWS-4 (Figure 1). The other sample was selected 

from borehole BH- 101 (approximately 60 feet NE of MWD-4; Figure 1) because it showed a 

relatively high level of radioactivity among the samples measured during coring operations by 

ARS (1995). The X-ray diffraction method allows the identification of crystalline phases in 

powdered samples. The main mineral phases identified in these two samples are listed in Table 

2.  

TABLE 2 

MINERALOGY OF DROSS

Major minerals: 

Minor minerals:

Brucite - Mg(OH)2 
Quartz - Si0 2 

Mg 6AI2(OH)1 8*4.5H 20 

lowaite - Mg4Fe(OH)8OCIoxH20 
Metal - Mg, Al

The data presented in Table 2 indicate the dross is composed of magnesium and aluminum 

hydroxides, quartz, magnesium and aluminum metal and the mineral iowaite. Silica may have 

been a component of the flux, an impurity in the magnesium alloy or a constituent of the soils 

where the dross was dumped. Whether iowaite was an original component of flux or formed after 

the dross was placed on the site is unknown. It is important to note that the X-ray diffraction 

analysis did not identify separate thorium phases eventhough one of the samples analyzed was 

selected because it was among those showing the highest radioactivity. This result could reflect 

either a low absolute concentration of thorium in the dross or a lack of crystallinity in the thorium 

phase(s), if present. The chemical composition of the dross sample from borehole BH-101 is 

given in Table 3.  
TABLE 3 

CHEMICAL COMPOSITION OF DROSS*

Compound (wt %)

Si0 2 
TiO 2 
A120 3 

Fe203 
FeO 
MnO

6.05 
0.11 
6.53 
2.85 
N.D.  
2.02

N.D. = Not Determined

Compound (wt.%) 

MgO 49.04 
CaO 0.16 
Na2O 0.15 
K20 0.10 

H20(-) 2.78 
H 20(+)+C0 2  30.80 

QýO <0.1 
Total 100.6

*Analysis by John Husler, University of New Mexico, Albuquerque, New Mexico.
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Based on the mineralogic composition reported in Table 2 and the chemical analysis reported in 

Table 3, brucite must be the major mineral constituent in this dross sample. The relatively high 

manganese (Mn) content reported in Table 3 may reflect an impurity in the iron pot used to melt 

the alloys or it may have been a minor component of the flux. Thorium is not reported in this 

analysis because it was not detected as a major constituent. When compared with the flux 

compositions presented in Table 1, this chemical analysis implies that significant quantities of 

potassium, barium, chloride and fluoride have been leached from this flux sample since it was 

deposited on the site.  

3. WATER COMPOSITIONS AND RADIOACTIVITIES OF THORIUM AND 

RADIUM IN WATERS 

3.1 Water Compositions 

The major chemical constituents were analyzed in water samples from the fresh water pond, the 

retention pond and selected wells. In addition, pH and specific conductance were measured in the 

field in the two ponds and in most of the wells that contained water. The major constituent 

analyses are reported in Table 4. The laboratory data reports are included in the Appendix.  

TABLE 4 

CHEMICAL ANALYSES OF WATERS1 2

Well Well Well 
P-I P-2 P-8

Well Well 
P-5 MWS-5

Well Well Well Retention Freshwater 
MWD-5 MWD-8 ST-3 Pond Pond

Ca 
Mg 
Na 
K 
Fe 
Ba 

C1 
S04 

NO 3 

HCO3 
CO3 

P0 4 

HS

pH 
Ec

159 
9.5 

19.4 
1.6 
2.6 
0.29 

20.8 
35.6 
<2.0 

414 
<1.0 
<0.1 
<1.0

180 
20 
32 

8.2 
54.8 

1.8 

24.8 
11.8 
<2.0 

533 
<1.0 

0.2 
<1.0

154 
23.5 
23.8 

2.0 
12.6 
3.7 

268 
4.4 

<2.0 
213 
<1.0 
<0.1 
<1.0

123 
81.2 
60.6 

357 
<0.1 

8.5 

981 
7.9 

<2.0 
254 
<1.0 
<0.1 
<1.0

14.7 
69.3 
29.0 
11.6 
0.8 
1.3 

197 
10 
<2.0 
128 
20.5 
<0.1 
<1.0

7.1 7.2 7.2 7.4 9.8 
866 990 1250 3290 705

122 
42.1 
48.7 

232 
0.2 
7.7 

636 
11.5 
<2.0 
12.1 
23.8 
<0.1 
<1.0 

9.2 
2240

47.8 
98.7 
25.3 

194 
1.9 

12.3 

517 
4.6 

<2.0 
228 

<1.0 
<0.1 
<1.0

159 
58.4 

1020 
10.4 

0.4 
3.7 

6720 
11.2 

<2.0 
139 
<1.0 
<0.1 
<1.0

16.5 49.4 
24.5 
10.3 
<0.1 

0.77 

57.6 
40.1 
<2.0 

112 
69.7 
<0.1 
<1.0

7.9 7.7 9.5 
2160 6280 585

'in mg/l except pH and Ec. Ec in jtmho/cm.  
2Well locations shown on Figure 1.
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According to the data presented in the report "Hydrologic and Geologic Investigation of the 

Kaiser-Tulsa Facility" (A&M Engineering and Environmental Services, 1999), the freshwater 

pond and wells P-I, P-2 and P-8 are upgradient from dross while the retention pond and the other 

wells are either in dross or downgradient from dross. Compared to upgradient ground waters, 

downgradient ground waters have significantly higher concentrations of K, Mg, Ba and Cl.  

These higher concentrations most likely reflect leaching of these constituents from dross. Some 

waters also show pH > 9.0. This is characteristic of waters in equilibrium with magnesium 

hydroxide phases such as those contained in the dross (Table 2). The high chloride concentration 

found in downgradient well ST-3 is not associated with high K/Na and Mg/Ca. This water has 

either dissolved halite (NaCL) somewhere along its flowpath or if it originated in dross it may 

have had higher K/Na and Mg/Ca ratios and preferentially lost K and Mg through ion exchange 

reactions involving clay minerals present in the unconsolidated sediments below the dross.  

As discussed in more detail below, the transport behavior of thorium and radium at the site is 

controlled in part by the compositions of ground water in the flow system and in part by the 

mineral phases present in the system. In order to evaluate the potential future transport of these 

constituents, potential changes in the compositions of ground waters and minerals at the site must 

be evaluated. If the current ground water compositions are close to being in equilibrium with the 

minerals in the flow system, water compositions are unlikely to undergo much change in the 

future. On the other hand, if current ground waters are not in equilibrium with the minerals 

present in the flow system, changes in ground water compositions and/or minerals might occur in 

the future. A code that calculates the degree to which a given water composition is in equilibrium 

with minerals contained in its database was developed by Lawrence Livermore National 

Laboratory (Wolery, 1992). This code, named EQ3, uses thermodynamic data to calculate the 

saturation states of the minerals contained in its database. The database used for these 

calculations contains thermodynamic data for over 950 solution species and over 900 mineral 

phases.  

Saturation is typically calculated in terms of a saturation index (SI). A value greater than zero 

indicates the water composition under consideration is saturated with the mineral of interest. An 

SI value greater than 1.0 indicates the water is supersaturated with this mineral. Non-silicate 

minerals that are close to saturation in several representative waters from the site are listed in 

Table 5. A mineral that is saturated in a water could theoretically precipitate from that water.  

Whether or not such precipitation occurs is a function of the nucleation and crystallization rates 

of the mineral phase. Minerals that nucleate and crystallize rapidly should be present in the 

system assuming the water in the system is saturated with them. Conversely, minerals that have 

slow nucleation and/or crystallization rates may not be evident in the system even though the 

waters may be supersaturated with these phases. Silicate and aluminosilicate minerals have been 

excluded from consideration in Table 5 because their rates of nucleation and crystallization are 

much slower than the minerals listed. Silicate minerals may nucleate and crystallize in the dross 

over a long time frame (e.g., hundreds to thousands of years) but are unlikely to have formed in 

significant quantities to date.
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TABLE 5

SATURATION INDICES 

Saturation Index in Water from 

Mineral Mineral Composition Retention Pond MWS-5 MWD-8 

Brucite Mg(OH)2 -0.2 0.5 -3.1 

Magnesite MgCO3 1.5 1.6 0.3 

Hydromagnesite Mg5(CO 3)4(OH) 2*4H20O 0.5 1.6 -7.1 

Calcite CaCO3  1.2 1.1 0.2 

Aragonite CaCO3  1.1 1.0 0.1 

Monohydrocalcite CaCO3*H2O 0.4 0.3 -0.6 

Huntite Mg3Ca(C0 3)4  4.3 4.3 -0.3 

Dolomite MgCa(C0 3)2  4.4 4.3 2.2 

Dolomite (disordered) MgCa(C0 3)2  2.8 2.8 0.7 

Witherite BaCO 3  4.3 4.4 4.0 

Alstonite CaBa(C0 3)2  2.5 1.8 0.5 

Barytocalcite BaCa(C0 3)2  1.6 1.6 1.0 

Barite BaSO4  0.9 0.5 1.0 

As indicated in Table 5, brucite is not the most supersaturated magnesium phase in these three 

waters. Yet, it is the phase identified in the X-ray diffraction analysis. Apparently, the nucleation 

and/or crystallization rate of brucite is sufficiently fast and the rates for magnesite and 

hydromagnesite are sufficiently slow so that brucite is the phase that currently controls the 

magnesium concentration of the dross pore water and probably retention pond water as well.  

With time, brucite in the dross will be converted to carbonate minerals such as hydromagnesite or 

magnesite. This conversion would result from the attack of brucite by carbonic acid derived from 

the dissolution of atmospheric CO2 in surface and pore waters at the site. Similar reactions take 

place in cement or concrete during which calcium hydroxide (portlandite) is converted to calcium 

carbonate. As brucite is converted to hydromagnesite and/or magnesite, the magnesium 

concentrations in ground water will decrease. In addition, the pH of ground waters will tend 

toward more neutral values (7.0). In well MW-8, brucite and hydromagnesite are sufficiently 

undersaturated so that they cannot control the magnesium concentration of the water in this well.  

The high Mg/Ca ratio in water from this well more likely reflects leaching of magnesium chloride 

phases originally in the dross.  

Calcite and aragonite are saturated in all three of the waters whereas monohydrocalcite is only 

saturated in the retention pond water and in dross pore water. This suggests either calcite or 

aragonite may be controlling calcium concentrations in all three of these waters. The calculations 

also -suggest that several calcium-magnesium carbonates are substantially supersaturated in these 

waters. However, these phases were not identified in the X-ray diffraction analysis, probably 

because they are very slow to nucleate and crystallize.  

Various barium phases are also supersaturated in these waters. One or more of them may be 

present in the dross. However, the concentration of barium in the dross may be low enough so
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that these phases would not be evident in the X-ray analysis even if they were present. The 

presence of barium phases in the dross could act to retard the release of radium isotopes from the 

dross because radium is coprecipitated with barium phases.  

In summary, the EQ3 calculations suggest that the mineralogy of the dross will likely be 

converted from dominantly magnesium hydroxides (i.e., brucite) to magnesium carbonates with 

time. This change will result in the gradual lowering of magnesium concentrations and pH in 

downgradient ground waters. The on-site waters are currently saturated with calcite and 

aragonite and will likely remain that way in the future given that upgradient waters are high in 

calcium (Table 4). Dross pore waters and downgradient ground waters currently show potassium 

and chloride concentrations that are higher than concentrations in upgradient ground waters.  

Because the waters at the site are not currently saturated with salts that contain these constituents 

(e.g.. KCI) and will not likely be so in the future, the concentrations of these constituents will 

decrease with time as a result of leaching and ion exchange reactions.  

3.2 Thorium and Radium Radioactivities in Ground Waters 

As part of site characterization, the radioactivities of thorium and radium isotopes were measured 

in water samples obtained from a limited set of wells on the Kaiser-Tulsa site. Thorium and 

radium activities were analyzed in both filtered and unfiltered samples.  

For the filtered samples, the measured thorium activities were low (<2.0 pCi/1) for all isotopes as 

shown in Table 6. The reported analytical errors for many of the analyses were as large as or 

larger than the reported concentrations. Therefore, many of these samples have thonium 

concentrations that are not demonstrably greater than zero.  

TABLE 6 

Thorium and Radium Analyses of Filtered Ground Waters' 
(pCi/) 

Screened 
Location Unit2  230Th 228Th 226Ra 228P 

MWS-11 Dross 0.4±1.2 0.07±0.13 0.0±0.16 25.8±0.9 666±2.0 

MWS-5 Dross±Unit#3 0.4±0.4 1.8±2.4 0.0±1.4 8.4±0.3 152±0.5 

MWS-4 Fill+Dross 0.0±0.78 0.1±0.18 0.27±0.34 4.5±0.3 4.5±0.3 

MWS-6 Unit #3 0.31±0.27 0.46±0.38 0.42±0.16 0.1±0.1 1.1±0.1 

MWD-4 Unit #2/#1/sh 0.18±0.21 0.58±0.37 0.0±0.3 0.2±0.1 1.1±0.1 

P-7 Unit # 1/#2 0.06±0.08 0.06_+0.12 0.49±0.17 0.1±0.1 0.7±0.1 

MWD-7 Unit #1/#2 1.1±+0.86 0.20±0.15 0.37±0.06 0.7±0.1 2.5±0.1 

MWD-8 Unit #1/#2 0.0±0.4 0.48±0.56 1.0±0.3 0.5±0.2 4.2±0.1 

MWD-5 Unit #1 0.3±0.3 1.6±0.8 0.0±0.17 0.9±0.2 0.9±0.1 

MWD-6 Unit #1 0.23±0.27 0.1±0.17 0.59±0.13 0.1±0.1 1.0±0.1 

'Waters sampled on October 15, 1997.  
2See Hydrologic and Geologic Investigation of the Kaiser-Tulsa Facility (A&M Engineering and 

Environmental Services, 1999).
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The 226Ra activities were also low (<1.0 pCi/1) in all filtered water samples from wells screened 

below dross. Wells that produced filtered water with 226Ra activities above the detection limits 

included MWD-4, MWD-5, MWD-7 and MWD-8. Water from well MWD-5 showed the highest 
226Ra activity at 0.9 pCiAl. Measured 228Ra activities in filtered samples were •1.1 pCi/l in all 

wells screened below the dross except MWD-7 and MWD-8. Of the latter two wells, MWD-8 

had the highest activity at 4.2 pCi/l. Filtered weters from the three wells screened in dross 

(MWS-4, MWS-5 and MWS- 11) had significantly higher 226Ra and 221Ra activities. The highest 

activities (25.8 and 666 pCi/l, respectively) were found in well MWS-1 1 and the lowest activities 

(4.5 and 4.5, respectively) were found in MWS-4. The range in activities in waters from wells 

screened in dross probably reflects variations in the thorium and radium contents of dross at 

different locations on the site.  

For unfiltered water samples, the measured thorium activities are zero within analytical error for 

most of the samples obtained from wells screened below the dross (Table 7). The sample from 

upgradient well P-7 showed activity slightly over the detection limit. Samples from wells 

screened in the dross (MWS-4, MWS-5, MWS- 11) had activities well above the detection limit.  

For example, the 23°Th activity in the MWS-4 sample was 132 pCi/l. Considering that the filtered 

MWS-4 sample contained essentially no 23Th activity, the measured thorium activities in the 

unfiltered samples must represent fine-grained particles (<0.45 ptm) suspended in the waters.  

TABLE 7 

Thorium and Radium Analyses of Unfiltered Ground Waters1 

(pCiI) 
Screened 

Location Unit2  232Th 230Th 2 2 STh 226Ra 228Ia 

MWS-11 Dross 31.9±7.5 73.3±10.1 18.4±3.0 21.1±2.0 450±1.5 

MWS-5 Dross±Unit#3 26.0±4.3 104±7.7 27.2±1.5 22.4±0.9 265±1.6 

MWS-4 Unit #1+Dross 24±9.1 132±17.8 28.8±4.1 10.6±0.3 146±2.1 

MWS-6 Unit #3 0.0±0.38 0.21±0.57 0.0±0.42 0.4±0.2 1.8±0.1 

MWD-4 Unit #2/#1/sh 0.35±0.49 0.18±0.35 0.53±0.49 0.2±0.1 1.1±0.1 

P-7 Unit #1/#2 0.48±0.35 0.8±0.23 0.62±0.19 0.6±0.1 1.4±0.1 

MWD-7 Unit #1/#2 0.04_+0.46 0.0±0.49 0.0±0.56 0.8±0.1 2.7±0.1 

MWD-8 Unit #1/#2 0.52±0.64 0.0±0.57 0.0±0.99 0.6±0.1 3.3±0.1 

MWD-5 Unit #1 0.05±0.5 0.0±0.71 0.0±0.61 0.8±0.1 5.7±0.1 

MWD-6 Unit #1 0.0±0.27 0.0±0.27 0.0±0.81 0.7±0.1 1.7+0.1 

'Waters sampled on October 15, 1997.  
2See Hydrologic and Geologic Investigation of the Kaiser-Tulsa Facility (A&M Engineering and 

Environmental Services, 1999).  

Some of these waters also had measurable radium activities. The 226Ra activities in unfiltered 

waters from wells screened below the dross were generally very low (< 1.0 pCi/1) and similar to 

the value measured in water from the upgradient well P-7. In samples from wells screened in 

dross, 226Ra activities were as high as 22.4 pCiIl (MWS-5). The 228Ra activities were measurably 

above background in three wells screened below dross. These are MWD-5, MWD-7 and MWD

8. In each case, the measured values are less than 4 times the value measured in upgradient well 

P-7 (i.e., <6.0 pCi/1). In samples from wells MWD-7 and MWD-8, the filtered and unfiltered
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samples have similar activities. However, the unfiltered sample from MWD-5 has almost 6 times 

as much 228Ra activity as the filtered sample. Without additional information on the amount of 

solid material in each sample, it is difficult to evaluate the significance of these differences in 

radioactivity between filtered and unfiltered samples. In wells screened within dross, 228Ra 

radioactivities are similar in the filtered and unfiltered samples. Interestingly, the unfiltered 

MWS- 11 sample shows lower radioactivity (450 pCi/1) than the filtered sample (666 pCi/1). This 

most likely reflects absorption (i.e., attenuation) of radioactivity by the solids present in the 

unfiltered sample during the radiometric analysis.  

4.0 THORIUM AND RADIUM TRANSPORT PARAMETERS 

In order to calculate potential future radiological doses from radioactivity at potential exposure 

points within the site, data are required on the transport behavior of radium and thorium in water

bearing units beneath and adjacent to the dross. Two types of transport data were obtained in this 

study. One type consists of sorption coefficients (Id) measured for thorium and radium in batch 

experiments involving representative unconsolidated sediments and pore waters. Sorption 

coefficients quantify the degree to which the solid materials in contact with ground water interact 

with and retard the migration of radioactive species. The other type of data obtained consists of 

measurements of thorium and radium in samples taken above and below the interface between 

dross and underlying unconsolidated sediment at several locations. These measurements indicate 

the extent to which thorium and radium have migrated from dross into the sediments beneath the 

dross over the time period the dross has been in place on the site.  

4.1 Batch Experiments for Thorium and Radium Sorption Coefficients 

A sorption coefficient is here defined as the exchangable concentration of an element on an 

unconsolidated sedimentary material divided by its concentration in a solution phase. This 

coefficient is typically measured in batch experiments in which a known quantity of 

unconsolidated sedimentary material (e.g., clay) is contacted with a known volume of liquid (i.e., 

ground water) that has been spiked with the constituents of interest (i.e., thorium or radium 

isotopes). This mixture is allowed to react for several days to weeks to allow the achievement of 

steady-state concentrations. The solution and sediment phases are subsequently separated and 

analyzed for the constituents of interest. In a series of experiments, different aliquots of the 

solution phase may be spiked with different concentrations of the constituents of interest to 

determine if the sorption coefficient value is dependent on radionuclide concentrations in 

solution. The duration of the experiments may be varied to determine how long it takes to 

achieve a steady state for the sorption reactions. A copy of the method used in these experiments 

(ASTM Designation D 4319-93 "Standard Test Method for Distribution Ratios by the Short-Term 

Batch Method") is included in the Appendix.  

In this study, experiments to obtain sorption coefficients for radium and thorium were conducted 

with 5 different sediment samples and 4 different water compositions. Sediment and water 

samples were chosen based on location and availability. Sample A-13-1 was chosen to represent 

the clay layer beneath the dross in the retention pond. It was obtained at Test Pit #6 (Figure 1).  

Because a water sample was not available for the location from which this sample was collected, 

a water from downgradient well MW-8 (Figure 1) was used in the experiments with this sample.  

Sample MWD-5 (14-16 ft) was selected to represent Unit #2 on the southeast edge of the site. A 

water sample from MWS-5 was used with this sample. Sample MWD-10 (12-14 ft) was selected 

to represent Unit #2 below the northern berm of the retention pond while sample MWD-10 (17

18 ft) was selected to represent Unit #1 at this location. Water from MWD-10 was used in
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experiments with both of these samples. The indurated shale beneath the surficial sediments was 

represented by a sample from well ST-3 (20-30 ft). Water from well ST-3 was used in 

experiments with this sample.  

Based on the data presented in the Appendix, steady-state concentrations were established in the 

batch tests in a time period of less than 3 days, the shortest period measured. This suggests the 

kinetics of the sorption reactions are fast. Details of the experimental results are presented in the 

Appendix. The results of the batch sorption experiments are presented in Table 8. The sorption 

coefficients for both thorium and radium are relatively large. Sample A-13-1 shows the highest 

values for both coefficients. The values reported for the other samples show variability but no 

consistent trends. Basically, the sorption coefficient for radium shows a range of 100-160 ml/g 

and the coefficient for thorium shows a range of 135-400 ml/g.  

The pH of the solutions in the batch experiments tended toward a value of 7.9-8.4 even though 

the pH of the original ground waters varied from 7.2 (MWVD-10) to 9.7 (MWS-5). This reflects 

equilibration of the solutions with the soils and with the partial pressure of carbon dioxide in the 

atmosphere in Broken Arrow, OK. The pH values of ground waters at the site will likely be in 

the range from 7.2 to 8.4 in the future as magnesium hydroxide is converted to magnesium 
carbonate.  

TABLE 8 

SORPTION COEFFICIENTS' 

SAMPLE Geologic Unit Th Y," (ml/g) Ra KI1 (ml/) pH2 

A-13-1 #3 400 160 8.2 
MWD-5 (14-16 ft) #2 212 99 8.4 

MWD-10 (12-14 ft) #2 135 159 8.1 

MWD-10 (17-18 ft) #1 183 100 8.0 

ST-3 (20-30 ft) shale 139 155 7.9 

1See Appendix for more detailed experimental results.  
2Measured at end of experiment 

4.2 Thorium and Radium Concentrations Above and Below the Dross/Sediment 
Interface 

The sorption coefficients reported in the previous section are relatively large and imply that the 

migration rate of thorium and radium through sediments at the site will be very slow. To test this 

conclusion, thorium and radium activities were measured in samples of clay that were obtained 

from directly beneath dross at several onsite locations. Dross samples were also obtained at each 

location and measured for thorium and radium activities. The samples were obtained by digging 

trenches or pits with a backhoe. The locations are shown in Figure 1. Additional details 

concerning the excavations are included in the Appendix. Of the 6 locations at which sampling 

was attempted, the dross/clay interface was recovered at only 3 locations (locations #4, #5, and 

#6). At location #4 on dry ground, the dross/sediment interface was recovered from the side of 

the pit after removal of the immediate surface layer. The other two locations were in the retention 

pond. At the time of sampling, there was no standing water in the pond at these locations. The 

dross/sediment interface was recovered in the last bucket brought up after digging down through
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the dross layer. In each case, great care was taken to remove potential contamination from the 

material in the bucket by scraping off a surficial layer before taking a sample. A summary of the 

results of the thorium and radium analyses of samples from the dross/sediment interface is 

presented in Table 9. The detailed laboratory results are presented in the Appendix.  

The data presented in Table 9 indicate that the thorium and radium activities fall-off rapidly with 

distance below the dross/clay interface. The data for 232Th in samples from site #6 are plotted in 

Figure 2. The data points are plotted as boxes to reflect the analytical uncertainties and the 

vertical interval represented by each sample. The steep fall-off in activities reflects the slowness 

with which thorium has been transported downward from the dross/clay interface into the clay 

over the last 20-30 years.  

Although a representative background value has not been obtained for Unit #1 clays at the site, it 

does appear that the 232Th activity for the deepest sample obtained at Site #6 may be above 

background based on a comparison with literature data. The 4.7 pCi/g reported in Table 9 for this 

sample corresponds to approximately 42 ppm Th. The average value for Th in shales is around 

13 ppm (Adams and Weaver, 1958) although a value of 47 ppm was reported for one sample by 

these authors. The clay at Site #5 has a 232Th activity of 1.0 pCi/g corresponding to 

approximately 9 ppm. Perhaps the deep sample at Site #6 was slightly contaminated by overlying 

clay and/or dross when it was extracted from the retention pond.  

TABLE 9 

Thorium and Radium Analyses of Samples at the Dross/Sediment Interface 
(pCi/g) 

Location' 
232 Th 

23 0 ,h 
2 2 8

Th 226Ra 
2 2 8 Ra 

Site #4 

0-2" (dross; A-6) 158±5.3 492±9.4 175±12 1.2±1.5 31.9±0.2 

0-2" (clay; A-7) 4.2±0.85 11.9±1.5 3.9±1.0 0.1±0.3 0.6±0.1 

2-4" (clay; A-2) 19.7±5.2 35.1±7.5 18.2±4.1 0.5±0.9 1.0±0.1 

23-25" (clay; A-3) 3.5±0.5 4.4±0.52 3.1±1.2 0.3±0.3 0.7±0.1 

Site #5 

0-2" (dross; A-9) 55±5.2 207±10.1 63±17 4.1±3.0 32.9±0.3 

0-2" (clay; A-8) 1.0±0.56 3.95±1.1 1.5±1.2 0.0±0.2 0.6±0.1 

Site #6 

0-3" (dross; A-14) 71.3±14.9 250+27 69.2±11.6 1.7±0.4 21.4±0.1 

0-1" (clay; A-12) 33.7±4.2 37.5±4.4 29±2.1 0._1±0.1 1.0±0.1 

1-3" (clay; A-13) 9.7±2.3 14.4±2.8 10.1±2.3 0.4±0.4 1.3±0.1 

2-4" (clay; A-17) 3.0±0.71 12.2±4.4 2.4±1.5 0.1±0.2 0.7±0.1 

4-10" (clay; A-18) 4.7±0.86 18.8±1.7 4.2±1.3 0.2±0.2 0.7±0.1 

10" represents the dross/clay interface. Inches in dross are above the interface whereas inches in 

clay are below the interface.
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VERTICAL PENETRATION OF Th-232 INTO CLAY

0 

0 
0 
M

U, 
0) 

C.) 
C 

0 
C., 
Cu 

0 
4-.  
C

5 

0 

-5

-10
0 50 100

Th-232 (pCi/g) 

Figure 2. Plot of Th-232 activity in samples from clay layer beneath dross at locality #6. The 

boxes surrounding data points represent the vertical depth represented by each sample 

and estimates of analytical errors associated with the reported Th-232 activities.

5.0 DISCUSSION

The data presented in the previous sections contribute to the characterization of the site.  

However, they are particularly pertinent to the derivation of a source term and retardation 

coefficients for thorium and radium in transport calculations. Such transport calculations are 

required to estimate potential future exposure point concentrations which, in turn, are required to 

perform dose calculations.  

5.1 Thorium and Radium Source Term 

The radioactivities of thorium and radium isotopes measured in filtered samples from wells 

screened in dross represent a sampling of the distribution of pore water concentrations at the site.  

The available data suggest the maximum concentration of thorium in dross pore waters is less 

than 1.0 pCi/l. Because the reported thorium activities measured in these filtered waters are 

essentially at the limit of detection of the counting method used, the true activities in these waters 

could be much less than those reported in Table 6. A value of 1.0 pCi/l corresponds to 

approximately 3.8 X 10-' M/l thorium in solution. This is well above the solubility of minerals 

such as thorianite (Th0 2) which would control thorium concentrations at approximately 10-14 M/I 

in dilute groundwaters under equilibrium conditions (Langmuir and Herman, 1980). Although 

slow nucleation and precipitation kinetics may allow for some degree of supersaturation of
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minerals such as thorianite in the pore waters, this degree is unlikely to be six orders of 

magnitude. In addition, thorium is strongly sorbed. This further lowers the concentration in 

solution. As a result, the thorium activities reported for dross pore waters in Table 6 probably 

exceed the actual activities in solution by at least several orders of magnitude.  

The fact that thorium activities are higher in unfiltered samples (Table 7) suggests the possibility 

that thorium may be transported in particulate form (i.e., colloidal transport). This possibility was 

also suggested by Langmuir and Herman (1980). The activities reported for 232Th in unfiltered 

dross pore waters (Table 7) are equivalent to a concentration of approximately 10-6 M/{.  

Although particulate transport is a rather difficult mechanism to evaluate quantitatively, the data 

presented in Figure 2 suggest that if this mechanism is operative in dross, the clay layer largely 

inhibits particulate transport of thorium beneath the dross layer.  

In summary, the soluble source term for thorium in dross will lie in a range from approximately 

10- to 1014 M/l. The particulate source term concentration in dross may be as high as 10-6 M/I.  

However, this concentration will likely be reduced to the 10-1 to 10-14 M/l level once percolating 

waters reach the clay layer beneath the dross.  

Radium does not tend to be associated with particulate phases in the unfiltered ground waters as 

indicated by the similarity in radium concentrations in filtered and unfiltered waters (Tables 6 and 

7). However, soluble radium concentrations (radioactivities) are potentially higher than those for 

thorium. For 228Ra, the activities measured in filtered waters show a wide range from 4.5 to 666 

pCi/1 (Table 6). The overall distribution of 228Ra activities in filtered dross pore waters may 

define a somewhat larger range. The activities of 226Ra in dross pore waters are low at present 

(Table 6 and 7) but will eventually increase to levels corresponding to secular equilibrium with its 
23oTh parent.  

An estimate of the 228Ra source term concentrations in dross can be derived using the following 

conservative assumptions: 

"* The range of 232Th activities in dross defines the range of 228Ra activities to be expected in 

dross at any time.  
"* All the 22zRa present in dross at any time is available to the solution phase (i.e., dross pore 

waters).  

The first assumption is conservative because with time 228Ra will likely be leached preferentially 

to 232Th and will generally not be in secular equilibrium with 232Th. The second assumption is 

conservative because 228Ra incorporated within the structure of dross grains will not always be 

available to the solution phase. Therefore, the assumption that all 228Ra is available to the 

solution phase allows for the highest mobile concentrations.  

With these assumptions, the 228Ra activities to be expected in solution can be calculated from the 

range of 2 32Th activities in the dross and the sorption coefficient as defined above. If we take an 

average value of 100 pCi/g for the 232Th activity in dross (ARS, 1995) and assume the average 

activity of 228Ra in dross has the same value, and further assume that the sorption coefficient for 

Ra in dross is similar to that in clay (approximately 100 ml/g; Table 8), the 228Ra activity in dross 

pore water would be 1,000 pCi/l. This approximately 50% higher than the highest 228Ra activity 

measured in dross pore water (666 pCi/l; Table 6). A similar calculation for 226Ra based on 

current activities of 230Th in dross (Table 9) suggests an upper limit to the future 226Ra source 

term of 2,000 pCi/l.
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5.2 Thorium and Radium Transport 

The data presented in Section 4 provide evidence that thorium and radium have been transported 

over only very limited distances at the site to date. This is supported by the following: 

"* Thorium and radium have migrated vertically only inches beneath the dross/clay interface 

(Figure 2), 
"* Thorium and radium both have relatively large sorption coefficients on sediments from the 

site (Table 8), 
"* Thorium and radium concentrations are either below the limit of detection or extremely low 

in filtered ground waters from wells not screened in dross (Table 6).  

"* Thorium concentrations in filtered pore waters in dross are very low; less than the analytical 

error in the samples (Table 6).  

6.0 CONCLUSIONS 

The geochemical environment at the Kaiser-Tulsa dross disposal site is relatively benign with 

respect to the potential transport of thorium and radium in unconsolidated sedimentary units 

beneath and adjacent to the dross. Data on present-day thorium and radium concentrations in 

ground waters and in the clay beneath the dross-clay interface suggest that transport rates for 

these elements are very low. This is corroborated by the high values obtained for thorium and 

radium sorption coefficients in unconsolidated sediments from downgradient locations. The 

source terms for thorium isotopes in dross may be dominated by particulate transport. However, 

thorium transport by this mode will likely be greatly retarded by the clay layer present beneath 

the dross. The source terms for radium isotopes will be controlled largely by sorption reactions 

within the dross. The long-term 22 8Ra and 226Ra source terms are estimated at 1,000 pCi/l and 

2,000 pCi/l, respectively. The migration rate of these isotopes will be greatly retarded by sorption 

reactions within the unconsolidated sedimentary units beneath and adjacent to the dross.  
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APPENDIX



Letter from GCX Inc. to Henry Morton 

Regarding Location of Samples of Dross/Clay Interface 

and Results of Radiometric Analysis of Clay/Dross Samples, 

Filtered and Unfiltered Ground Waters and Pore Waters 

by Outreach Laboratories, Tulsa, OK.



GCX I i'c _ __,__________ 
Geochemical/Geological Consultants 

P.O. Box 87198-2427 • Albuquerque, New Mexico 87198 * (505) 256-3769 

Henry Morton December 19, 1997 

10421 Masters Terrace 

Potomac, Maryland 20854 

Dear Henry, 

The locations for the samples taken in October, 1997 for radionuclide analyses are 
described below. I have also attached some rough sketches of these sample locations and 

some sketches from A&M Engineering for samples they collected.  

Location #4 (on dry ground): 

Sample A-i 0-2 inches of clay below dross/clay interface (obtained with tube 

sampler) 

A-2 2-4 inches of clay below sample A-I (obtained with tube sampler) 

A-3 clay 23-25 inches below dross/clay interface (obtained with tube 

sampler) 

A-4 0-2 inches of dross above dross/clay interface (obtained with tube 

sampler) 

A-5 2-5 inches of dross above Sample A-4 (obtained with tube sampler) 

A-6 0-2 inches of dross above dross/clay interface (obtained with 

shovel) 

A-7 0-2 inches of soil below dross/clay interface (obtained with shovel) 

Location #5 (in pond): 

Sample A-8 0-2 inches of clay below dross/clay interface (obtained with shovel) 

A-9 0-2 inches of dross above dross/clay interface (obtained with 

shovel)



A-10 0-2 inches of clay below dross/clay interface (obtained with tube 
sampler) 

A-11 0-2 inches of dross above dross/clay interface (obtained with tube 
sampler) 

Location # 6 (in pond): 

A-12 0-1 inches of clay below dross/clay interface (obtained with shovel) 

A-13 1-3 inches of clay below Sample A-12 (obtained with shovel) 

A-14 0-3 inches of dross above dross/clay interface (obtained with 
shovel) 

Samples A-15 through A-19 collected by A&M Engineering (Murray McComas) near 

Location # 6 described by A&M as follows: 

Sample A-15 0-4 inches of dross above dross/clay interface (obtained with tube 
sampler) 

A- 16 0-2 inches of clay below dross/clay interface (obtained with tube 
sampler) 

A-17- 2-4 inches of clay below Sample A-16 (obtained with tube sampler) 

A-18 4-10 inches of clay below Sample A-17 (obtained with tube 
sampler) 

A-19-1 through A-19-7 See attached report from A&M Engineering 

Please call if you have questions.  

$Sinerely , 

Arend Meijer 
Geochemist 
GCX Inc.



cc: Bobby Holmes 
Rick Kuhlthau 
Doug Kent 
Henry Morton 
Ed Chojnicki 
Jerry Boller
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DATE SUBMITTED: 
DATE REPORTED:

232,• MDA

4-. 0.27 02 
•1. 0.38 02 
.a. 0.49 02 

+4- 035 02 
+1- 0.48 0.2 
+/- 0.84 0.2 

7.5 0.2 
- 4.3 0.2 

44- 0.5 0.2 
4. 9.1 02

Trw-230 MDA Th-228 ,,d'.a P....
MDA

970773 
Kaiser 

16-Oct-97 
26-No-97

Ra226 MDA Ra228 MDA 

4",A- 0.1ý 1. /
UI, -

0.0 +1- 0.27 0.4 a 4'. 0.81 0.3 0.7 
0.4 

0.1 
+1- 0.2 0.1 1.8

0.0 0.21 
0.18 
0o8 
0 
0 

73.3 
104 
0 
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4,

4/4.
+I

4
+/-

0.27 0.4 
0.57 OA 
0.35 OA 
023 0.4 
OA9 0.4 
0,57 0.4 
10.1 0.4 
7,7 0.4 
0.71 0.4 
17.8 OA

0 
0 

0.53 
0.62 

0 
0.0 
18.4 
27.2 

0 
28.8

+/.  

+/
+1.
+1.

4/.

0.81 0.3 0.42 0.3 
0.49 0.3 
0.19 0.3 
0.56 0.3 
0.99 0.3 
3.0 0.3 
1.5 0.3 

0.61 0.3 
4.10 0.3

0.7 
0.4 
0.2 
0.6 
0.8 
0.6 

21.1 
22A 
0.8 
10.8

4/.  
44.  
44

44-

0.1 
0.2 
0.1 
0.1 
0.1 
0.1 
2.0 
0.9 
0.1 
0.3

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1

1.7 
1 .1 

1.4 
2.7 
3.3 
450 
2865 
5.7 
146

4. 0.1 0.1

,4.  
4,.  

4,

4,
.4!-

0.1 
0.1 
0.1 
0.1 
D.1 
D.1 
1.6 
1.6 
0.1 
2.1

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0A1

OusiltY ContrQl - -wte - w 0aut %Result %Result

BOSUNt 

Blank 0 44- .2 

LCS 
Dup

MS

Laboratory Approvals: 

o/Voco0tlcer " 

Laboratory Ior"

.24+-.5

101 NC 

97

96 NC 

89

ill NC 

100

.14+o.1 108 90.9 

85.2

902 
5.7 

80.4
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FAX from Outreach Laboratories, Tulsa, OK 
to Arend Meijer GCX Inc.  

Regarding Results of Kd Measurements
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UUI NLM LPIý

Sh~i

ACTIVITY 
SOLUTION 
As 
PCI 

calculatin

x

x

ACTIVITY 
MINERAL 
Am 
PCA

WEIGHT 
MINERAL 
WM 
g

WM

Ra226

107.2 X 
2.52 X 

89.8 X 
1.96 X 

123 X 
2.98 X

20" 
4.939 

20= 
4.916 

20= 

4.955 

average

VOLUME 
SOLUTION 
vo 
mI

V. Kd

Sample: 65301

172.26 

144.88 

168.80 

161.25

3 day 

7 day 

14 day

Page1

ve

I., I LIJI I ==0 ZU. 40



rf,-w_ U1

Sheetl

ACTIVITY 
SOLUTION 
As 
pCl

VOLUME 
SOLUTION 
V* 
ml

calculation 

Am X -Vs 
A. X WV

samiae: 65302

92.6 X 
3.9 x 

104 X 
3.92 X 

105 X 
4.44 X

20 
4.922 

20
4.919 

20" 

5.139 

average

ACTIVITY 
MINERAL 
Am 
pCI

WEIGHT 
MINERAL 
Wu 
g

Ra226

3 day 

7 day 

14 day

96.48 

107.87 

92.04 

98.795

Pogo 2



UuiHEAL;H Lb

Slmetl

AM X V, 
A$ X Wm

ACTIVITY 
MINERAL 
Am PCI

K4 

R8226

115 X.  
2.7 X 

90.8 X .  

2.4 X 

103 x 
2.76- X

20 
5.144 

20 
4.951 

20 0 

5.106 

average

ACTIVITY 
SOLUTION 
As 
pCI

VOLUME 
SOLUTION 
Vs 
ml

WEIGHT 
MINERAL 
Wm 
g

sample: 65303

3 day 

7 day 

14 day

185.80 

152.49 

140.18 

154.757

Page 3



UUIKEAýH L b

6h"1

ACTIVITY 
MINERAL 
AM 
pCi

WEIGHT 
MINERAL 
Wu 
9

Th230

20w 
5.049

20 = 
4,926 

20 = 

5.032 

average

305.41

430.37 

473.97 

403.25

3 day

7 day 

14 day

Page 1

VOLUME 
SOLUTION 
Vs 
ml

ACTMTY 
SOLUTION 
As 
pCI 

calculation

A.  
As 

sample:

x Vs a

X WM

65301

77.1 X 
I X 

95.4 x 
0.9 X 

85.4 X 
o.a x

ýIAUL Uý)I I " I ej/ 2u: 28 'J18-ibl-UUdd
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shost1

ACTMTY 
SOLUTION 
As 
pCI

VOLUME 
SOLUTION 
V5 
ml

calculation

Am X VW 
As X Wu

65302

72 X 20= 
2 X 4.955

72.$ X 
1.2 X 

73.2 x 
1.2 X

20u 
4.907 

20 , 
5.017

average 211.916

Page 2

ACTIVITY 
MINERAL 
Am

WEIGHT MINERAL 
WM 
g

sample:

aU

Th230

145.31 

247.27 

243.17

3 day 

7 day 

14 day

UUIKtA'-H LQb0: b 'j 16 - Z!D I - U U 0 d



sheeti

VOLUME 
SOLUTION 
Vs 
ml

Am X Va 
As X Wm

100.8 X 20 = 
2.4 X 5.144 

$8.4 X 20 = 

2.5 X 4.951

20 
5,106

ACTIVITY 
MINERAL 
AM 
pCl

WEIGHT 
MINERAL 

Wg 
g

a

Th230

163.30 

124.65 

128.75

3 day 

7 day 

14 day

average 138.899

Page 3

ACTIVITY 
SOL.UTION 
As 
pcl 

calculation

sample: 05303

75.6 X 
2.3 X

UUTREA(.�i-1 LPb 
M�W±. U?

UUTREA(ýH L•b ý'AUL U e11; '20:28 k318-:ýbl-IJUIJ8
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PROJECT NO: 
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CLIENT PROJECT#: 
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Outreach 
Laboratory 
311 North Aspen 
Broken Arrow, Ok 7401 Z 
(918) Z51-2515 
FAX (918) 251-0008

PAGE:

980876 

"Kiser ALumilum

25-J(i-08 
2-Nov-g8 

I of I

Kd MUG

_ I Ui .... ...... . .... .... ,= 4" f.T i"D

MW-1 12-14 FT 
MW-10 17-15 FT

7/21/90 ASIM 0,4319 
7/21198 ASTM D431 9

Laboratory Approvals:

Lnaboratory Director

samape IO Date Method
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Sheet1

VOLUME 
SOLUTION 
V6 
ml

x

x

sample: blank

0.2 X 
65 X 

0.3 X 
54 x 

0.3 X 
57.3 X

Vs
W.

Ra22&

20 = 
1 

20 = 
1 

20 = 

a 

average

ACTMTY 
SOLUTION 
As 
pCI 

calculation

ACTIVITY 
MINERAL 
Am 
pcI

WEIGHT 
MINERAL 
WM 
g

A.
As

O.Oe 

0.11 

0.10 

0.092

3 day 

7 day 

14 day

Page 3
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wwoml

ACTIVITY 
MINERAL 
Am 
pCi

WEIGHT 
MINERAL 
Wm 
g

Ra228

20 3 

4.,39

20 = 
4.91e 

20 = 

4.955 

averse

183.87

130.19 

163.79 

159.21

3 day

7 day 

14 day

Page I

ACTIVITY 
SOLUTION 
As 

calculawin

VOLUME 
SOLUTION 
Vs 
ml

x V a

X Wm
A.  

sample; 57801

38.1 X 
0.84 X 

30.4 X 
0,95 x 

40.1 X 
1.21 X

x Vs

tlAut I I



ACTIVITY 
SOLUTION 
Ag 
pci

VOLUME 
SOLUTION 
vs 
ml

calculation 

Am x Ve 
Ag X WM

sample: 57602

50.9 X 
2 X 

50 X 
2.35 X

20 = 
4.922 

20 = 
4.919

47.9 X 20 
1.68 X 5.13g

average 100.295

Page 2

Sheet1

ACTIVITY 
MINERAL 
AM 
PcI

WEIGHT 
MINERAL 
WM 
g

Ra226

103.41 

80.51 

110."

3 day 

7 day 

14 day
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Sheet1

ACTIVITY 
SOLUTION 
As 
pci 

cAlculation

A. X 
A4, X 

sample: blank 

0.5 X 
97.5 x 

0.6 X 
94.2 X 

0.7 X 
96.2 X

VOLUME 
SOLUTION 
Vs 
ml

ACTIVITY 
MINERAL 

pCi

WEIGHT 
MINERAL 
Wg 
9

Is Nm

Th

20 = 
1 

20 = 
1 

20 = 

1 

average

0.10 

0.13 

0.15 

0.125

3 day 

7 day 

14 day

Page 3
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shol

VOLUME 
SOLUTION 
Vs 
ml

ACTIVITY 
MINERAL 
Am 
pci

calwlulalon 

Am X VW 
As X Wm

Th23O

76 X 20" 
1. X 4.933

20 = 
4.918 

20" 

4.951 

average

192.58 

103.74 

109.07 

135.13

ACTIMTY 
SOLUTION 
As

WEIGHT 
MINERAL 
WM 
g

sample: 57601

76.5 X 
3 x 

$1 X 
3 x

3 day 

7 day 

14 day

Page 1

ii1'1/1ý/i•8 20:28 9!8-251-0003
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Sheol

VOLUME 
SOLUTION 
VS 
m!

calcultlon 

Am X Vs 
A. X WM 

sarnple: 67002 

103 X 20= 
2 X 5.104

"98 X 
2 X

20= 
5.087

98 X 20 
2.5 X 5.075

ACTIVITY 
MINERAL 
Am 
pc0

Th230

201.80

192.85 

154.48

average 182.978

Page 2

ACTIVITY 
SOLUTION 
As 
pCI

WEIGHT 
MINERAL 
wM 
g

3 day

7 day 

14 day

ii/8/•__820:28 918-251-0008
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Letter from Dr. Murray McComas, A&M Engineering, Tulsa, OK 
to Arend Meijer, GCX Inc. Regarding Results of Water Analyses
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%EST LTACT5 LIN=? "SUS121LTS -AN.LTZID) RRIFERRMcH 

*yu fGLP~azS wv* 

fllnqg 3 v= 

Cacla-25 ua/l No 05/22/37 
* Nagnmatium 

.23 Uv/1 PM 05/22/V7 
* 

sodim I US/i W0/1/7 Zzmn .1 m/ 14 52/7* 
potafiellm .3. aw/i 05/22/97 

Oabwaa a~uinty .3 ug/3. No 05/22/97 

Ri-Carb. Alkalinity 20 WW/I. w 05/23/97 T. IHazdneai AV CCO3 v9/1 No 05/29/$7 
Total Di±mOeIV04 Sol. 10 U9/i No OS/23/27 

&~109 m/1 RD 05/il/57 
Nitrat. 2 gh M 05/16/97 

.1 Z. $.as 05/14/97 
* 'peq. Coauanme -1 umh lft 1.4 05/27/9i v OhLPo.0.10 Ne/i NO 06/22/97 2ft 365-z 

TLSLZJ1.0 09/1 Im 05/15/97 6w 9030 

v". URTJ" * 

ARA3.ZD 2 uq/1 ND 05/22/97 LII 6010 

No N OT DR=== ADMy QuS~rZITATIO LZKT 
O ~ ga~ ur orni OF Ge zXo 

I-ANUALY D3Tme= 211 Urmw JwZ W iB An m,3 - &XIMzOxGAI D3XL7 oaT 
- mmflz TO qUukwzyTr m~m To NM=S Xn=FMI0= IT ICTUnAx1W TULU39 ouu~wrX=CX azW DLOWZIMIT as OUIUTZ=m 
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Collected: 05/23/1997 Report Date! 06/03/1997 Page:1 

Received: 05/14/1997 Lmst Modified: 06/03/19.97 Matri=c: Wate=-Rad 

79STl 
Z*Zy?0 TREDtLTS AAY3 gxm, 

DKINE PACRA= 
calcium1  . w9/1 ND09/22/97 

* Kagnediiin 
.21 -9/1 O 0/22/37 

Sodiu IS g/i No 05/12/07 .  Ixt" 
.1 U'3/1 RD 01/22/97 Potzanvim 
-3 mg/i ED 05/22/97 Carhftam* AlkAlinity I fta/1 sD 435/23/37 Z1-Cmrfb. KLkalinity 20 U9/1 MD 05/23/97 wv T. flurdnenagg Ca= "9 m/3- NO 0/29/97 TotAl Dinfiiljui ga1. 10 99/i 30 05/22/97 Chloxids 

2 %9/1 ND 05/16/97 
* gulfate 

2 mg/iL RD 05^260*7 ftiwzat. 
UU/i NO 05/16/37 PH 

.1 8.U. 5.75 05/14/37 &pea. Caduetanc. .1 U~ho/Cm 2-6 05/27/27 
* TOTAL PROS . 0.10 mg/i NO 05/22/97 22A 395.2 TOTAL UDlLF2DN 

1.2 mg/i RD 054/3L/7 W02 

ND *NOT ==TEC2D ABOV33 QOMT~raT=o zjUM= . MOG3 -KVV~ 00723DE OF~y~ Qgg C LI~ij =AflIALYTH ]DIUOT3W N ELAM5 An MILL JLO LINLE 0 - mAwwzs JDN amI mu= To QaN7TrxD Dvm To * DT tgJ -LT nnwZEATND 
VlIWN. 00"C===r BELOW L=NT OV QP ==O H OT ALP37=rM 
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3RAN" DrzECzoDD 

.25I UNITS RaUL5 s/2L2/91 

Cizu.25 M7/1 9.59 O$122/st 
aodiuab 

.1s u9/1 "9.4 05/22/97 
X=.2 

u9/1 2.SG 09/22/97 
r~asuq.3 mg/i 1-57 05/22/07 Cin~bvM~ateAkln 

A af/I NOl 05/23/97 at-carb. £1Jcaiinitty 20 mg/3 42.4 09/23/37 * T. Kazmitrwa an C~c3 mg/i 436 05/29/97 ?oCK1 DiURGivad aoi. 10 mg/i. 511 05/22/57 Macoride 
2 mg/1 20.9 05/12./97 Sulu"t 
2 uff/i 25.6 05/15/97 )lttee 
a ug/3- ED G!5/19/97 

PH.2 a.u. 7.07 0S/14/'g7 Six-- C-tdutmucs .1 ua/c e66 05/27/97 m TO=A PH=S - 0.10 u9/1 NO U5/22/.97 SIFA 3GS. 2 TOrAL *OLID 
1.Ii -v/1 I 03/11/97 511 9030 

**NITALS v 

RktwUg/1 
2813 05/22/97 aw G010 
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mangua.25 
u9/1 9-56 05/22/97 

9 
Sod.ium 

.25S 
as ~ 0/22/5*7 

up/m 2.23 25/22/37 ww 
Plotauzitm. 

.J 09/1 1.41 05/22/97 
t9 carbonate AJ~kalimity 

I upI. im 05(2/z37 5±-Carb. Alkalinity 
20 109/i 414 05/23/97 T. Hardmos & cah ~ Vq/i 442 05/2§/97 Toala ]Dissolved Sol. 
20 up/i S15 05122/37 

.9 
diioarldo 

2 m9/1 20.5 05/15/97 
TV 

Sul~fate 
2 &9g/1 35-5 05/19/597 

ntae2 
ag/i Ni 05/2.3/9 7 PH.1 
S.. 7.07 QS/Z4/37 Spec. coductance 

-2 tmho/cm, RG 03/27/97 
* 

TOTAL Z= 
a, 0.1 "9r/i m 05/22/97 EPA36.  TOXAL SUzD= 
1.0 up/i NIm 05/ia/sv fiv V030 
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tug/z. ISO 05/22/27 aw solo 

IM NIAT bmaR C= AOVE QVAr=AzJOM r&Zmx 
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06/04/97 09: 59 FAX 918 251 0363 SW LABORATORIES L9j UUS/U1u 

SOUTHWEST LABORATORY OF OKLAHOMA, INC.  
1700 W. ALhA~r SOIT C VAMSO2E ARROW, OX 74012-12-1 (915) 251-2059 

Client Name: A & K~ ENGINTEERING & ENVIRONMENTAL SERVICES 
3840 S 103PRf E AVE SUJITE 227 
TULSA, OX 74146 

~lient ID: P-2 Project ID: KAISER AL SITE 

SWLO ID: 29326.01 Report: 29326.01 -Zd 

Collected: 05/12/1997 Report Date: 06/03/1937 Page: 1 
Received: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

DATE =srETON PATE NmTh0D

x n4L - *g n--nK-1.j

.vw xNQRduaNcf **

BRINE PAdCA4F 

C~alcium 

ftagnxesuiu 

ScdiLum 

tmzbonate Alk.1inity 

bi-Ca~rb. Alkmlinity 

T. ffardhi as a 

70al; ViaeolVmd Sol.  

Chloxride 

Lull aea 

PR 

SPec. e-Adu,~ 

TOTAL PH=S.  

TDTAL AtLPIDB

Irv 

'V

EPA 365.2 

SW 3030

V44 NET=L **

BARIUM4 OS/:2297 aw 602.0

NnNOT-10 DETECT=2 AAOVO 90ANTITATION LIMIT 

I ANALYTE D=TS Znf INz DLXNK AS WELL Ag g~NpLE 

= WXALE To QWWMATE D= TO KAxRzx m m uc 

2A - MrT APPLICARLS 

Meth~odology! UN - TANOARf NCTHOOS, 16thI EDI=XON, 1385S 

EV,- ORPAGOO/4-79-0213, wszC 1985

. SUGA~ak RECOVERY OUTSIDE 01 QC LIKITa 

D SULRROQATUs DILOTRU our 

J7 34ITIKATD VAWl CONCMITMAXION BELOW LIMIT OFci' IAT 

SW SPA METIZODOLOGY, "#SWa46' THIRD EDITION. NOVIISOM 19ad

.25 

.25 

.15 

.1 

.3 

1 

20 

100 

2 

a 
2 

0 .10 

0.1 

0.10 

1.0

mg/i 

mg11 
-g/1 

109/1 

O.U.  

UWEhofcm 

mg/i 

-9/1

ISO 

20 

32 

54.5L 

a.2 

NO 

S33 

542 

63 0 

24.a 

NO 

990 

0.21

05/22/597 

05/22/97 

05/221/37 

05/22/97 

05/22197 

O 5/22 /si 

05/213/7 
05/2S9/7 

05/22/97 

05/155/37 

05/19/07 

05/19/97 

06/14/97 

05/27/97 

05/22/D7 

05/16/97

ugh1 IC2



06/04/97 10:00 FAX 918 251 0383 SW LABORATORIES Lej UUtS/I Ul 

SOUTHWEST LABORATORY OF OKLAHOMA, INC.  
1700 W. ALRAYZWT gTI C 5201311 ARROW. CLK 74012-11621 ($18) 451-235 

Client Name: A X ERGInEERING & EITIRONXE=AL SERVICES 
3840 S 1.03RD E AVE SUITE 227 
TULSA, 0X 74146 

dclien~t D: P-5 Project ID: NA.ISE AL: SITE 

SWLO ID: 29326.04 keport: 29326.04 -x 

Collec~ted: 05/12/1997 Report Date; 06/03/1597 Page: 
IReceived: 05/13/1997 Last Modified: 06/03/1997 Zfttrixt Water-Had

DATE IMETOD

* AJlL~l L.NZT UNI" ASSPLI5 ANALYZsv RargP13CR

*** IN0,.m1A=C5 **.

SRI2N2 PAZKAG 

Calcium 

flag2neditm 

sodauium 

Carbonate Alkalinity 

Di-Caxh.- Alivalinirty 

T. nardn~en mo cacOU 

Total DissolVed sol.  

Vulf at& 

Nitrate 

PH 
Spec. Concidcvance 

TOTAL PROS .  

TOTAL StWFID

we 

*9

Z5PA 365.2 
Ill S030

RAkIZU a mg/i ZS30

NV NOT D2TZHOTM ABC=E QtIAEZTATN` LITN! 

- ANALYTr D2TSCrE IN B.L32K As wNLL As sAHZV 

= toasts TO QTANUTAIZ MM5 TO HATM DIuRSR 

-2L- WDT APPLXCA8LX 

Ne4odUM7o0Y! SH STANDAIP RNTRODS, 15th 10=10ON, 19ag 

XrA 43*PA400/4-79-020, KARCH 1395

05/22/97 SW gala

- - SURROGATE RECOVERY OtITSIE OP QC LIM4ITS 

ID - SURROGATZ& DMThUTD OUT 
J - 387IMATIM VALUMe CONCRUrKATION 22LON LIMIT OP Qm~anTITT!D 

Sw - SPA NIDODOWOGY* -*11m4G6 TH12b EDITION. vOvuwwJ 1986

DA=TE 0MnCTTON

.25 

.25 

.13 

.1 

2a 

20 

2 

0.1 

0.1 

1.0

-g/i 

ag/i1 

wg/2 

mg/i 

U9,1 

mg/i

%23 

R1.*2 

60.9 

ND 

35S7 

No 

154 

640 

1730 

991 

7., 

ND 
7.37 

3290 

zm 

WD

05/22/97 

05/22/P7 

03/22/97 

05/22/57 

05/22/27 

05/23/37 

99/23/97 

05/29/P7 
05/23/97 

G0s/16/ 

05/19/$7 

05/19/97 

05/3.4/97 

05/27/.97 

05/22/17 

95119/97

,j FrrJLLs .. q



06/04/97 10:00 FAI 918 251 0363 SW LABORATORIES L9J OU4/UlU 

SO UTHWEST LABORATORY OF OKLAHOMA. INC.  
Z700 W. AYAJ~q SUITI C BROMM ARRDU, =C 74012-1421 (91R) 251-26S8 

Client Naine: A & X ENGINEERING &x ENVIRONIMETAL SERVICES 
3840 S 103RD E AVE SUITE 227 
TULSA, OX 74146 

Client ID: P-8 Project ID: KAISER AL' SIETE 

SWLO ID:. 29326.02 Report: 29326.02 -m 

Collected: 05/12/1997 Report Date: 06/03/1997 Page: 3 
Received: 05/13/1997 Last modified: 06/03/1997 Matri=; Water-Rad

D=LT~eZgQ DATE NSTHD

ýA~.±m LIM¶ITIf UNITSi RESULTS ANALTZRtI R9JgpENkCeu

W*w fI02SMIZCU ***

BRfINS PACAGE 

Calcium 

ImnesiuU 

Soadmium 

carbonmiae Auml1iniy 

fli-carb. .Alkcalinity 

T. iRardnass && eCawQ 
TotAl DifiaolVed Sol.  

dl1azide 

sulfate 

19it3ate 

PH 

Spec. CondAc"ance 

TOTAL PROS.  

TOTAL. 5ULF2DZ

.29 

. 25 

.35 

.1 

.2 

20 

2 

0.10 

.1-0

=g/1 

mg/i 

=g/i 

us/l 

mg/i 

mg/i

1.54 

23.S 

23.9 

2.06 

NO 

040 

269 

4.4 

7.24 

1250 

WD 

NO

*** HK!A43 ***

SELVlOW 2 "g/l 365;o

NO = NOT O~R==T ABOVE3 QUAN71TATION LIN1TI 

= ANALLW3 ORTECTIM MN BLAMI AS WILL AS aAHmLM 

- MiA.BLE TO QflAWZaTfATX DUE TO NA;Mzx xNTmEPRnme 

*a 1W1 APPLICARL9 

NSLbcdology! ON STAbMA2S RUTINOUS. 16th IMXZ7ZQ, ISIS 

3MA - 09PASOO/4-79-029. MARCE 1929

05/22/37 AVSOLD2.

* - SUMflA3MT 12COVERX OUTSIDE OF QC LIMITS 

D AUMVQGAIES 13ZLUTD O13T 

X EST3HAT20 VALUE: =27CID0RT2A!ION BLOW LIMI OF QUAjqrLW=ION 

SW I PA MAT11ODOLDGY, 'NSWO916, TX=~f NfXTION?, MOVUW"W 13911

05/22/97 

05/22/97 

05/22/87 

OS /: /37 
Os /12/97 

0s/23 /37 
05/23197 
OS/232/97 

US/23/97 
05/11/97 

05/19/$7 

03/13/97 

OS/14/37 

05/27/97 

05/22/97 

0SILS/97

*w

EPA. 39S.2 

aff 9030



06/04/97 10:06 FAX 918 251 0363 SW LABORATORIES ]0003/008 
SOUTHWEST LABORATORY OF OKLAHEOMAIC 

1700 Wf. "ALDAH W=I C === AERAM, OK 74012-142& (1121 251-2052 I C

Cl ie~t Nalne.: A A X ZfNGZNEERa1G & ENV ROI'rAL SER VICES 
3840 S 103RD E AVE SUXTB 227 
TULSA, OX 74146

XWS -5 PZoject ID.: LAISZR AL'SITZ
SmaL ID; 2.9 

Collected: 05,1 
Received: 05/1

344.01 Report:. 29344. 01 -m 
3/1997 Report Date: 06/03/1997 Page: 1 4/1997 Last Modified: 06/03/1-997 Matrixc: Water-Rad

TEST D=TECTIN

LTIqr� ?,-rye
I~Awn= 

RRatmLT5 ANaMy R11ER

**w ~wu~u~qwg*t
BRIMH VACKMfl 

fiodium 

C&Wbonata Alkalihity 

T. EA*wajeu an ~ca0 
?Otal Di4wwoivad Gol.  
dilorida 

SPE- cdut anc 

TOTAL P11d.  

TOTAZI auwPID

V.  

VP 

Pt 

PP 

** 

PP 

** 

** 

VP 

** 

P.  

P.  

V.EPA 315.2 
alw 5020

BR=fID
2 uS/h 1260

*0 - AMT DOMTECW ABMV QUM3NT=TAI=N tan= 
IaANAL= 0E18! =N BULM AS NELL AS SAMPLE 

.01 =RL =kTO A MRMT2E TO MAT= ZNTZpREMM= 
3w- W=~ ArmcmugL 

Nuf.bdolagY! =N - STANDARD PNEEOb , 16th 3WrZIOE. 1155 
2IA - m&asou/4-7p.gzo, "IA=O 1965

G5/22/17 SWsom e~

* - URROGAT RECCDURRY O=TS=h OP Q17 L32XTG 
BURSOROMMP DXZV=2 OM 

.T - EZKA=m VALUE camcI1P~moI0 332.03 LImIT or QuDMTrrato 

anU - XPA )152EODOZoor '#MV49", Tzm NDZT0o. movmUNm L986

.23 

.25 

.2 

2

mg/i 

mg/i 

M9/i 

uff/1 
mg/1 

m9/1 
mv/i 

mg/i1 

U3/i 

mg/i 
ag/i 

mgqh/i 

.u./ 

UnoW/'

14.7 

20.5 

12 A 

321 

343 

197 

10 

705

oc/22/91 

05/22/97 

05/22/27 

05/22/1$7 
05/23/37 

05/23/37 

05/29/97 

CS/23/A7 

95/1.1/57 

05/L9/97 

05/2.9/97 

05/14/97 

05/27/57 

05/22/57 

05/10/97

'v RNITL9 Vw"

Client TM;



06/04/97 10: 00 FAX 918 251 0363 SW LABORATORIES eVO/v1 

SOUTHWEST LABORATORY OF OKLAHOMA, INC.  
1700 W. ALBANYI SUflTE C BROKHO ARROW, OK 74012-1421 (93.a) 251-2a55 

Client Name: A & X EKGIE=F.RING & ENVIRONMENTAL SERVICES 
3840 S 103RD E AVE SUITE 227 
TUlLSA, OX 74146 

Client ID: xWD-S Project ID: KAISER AL' SITE 

SWLO ID: 29326-03 Report; 29326.03 -X 

Collected: 05/12/1997 Report Date: 06/03/1997 Page: 3 
Received: 05/13/1997 Last Modified: 06/03/1997 Xatri=: Watez-Ra.d

DATH DITEC7Iox DATS MHTIIOD 
vmhIFTB sevr-9. AVT-.Yz= Uguu~tw--0

*** IWODtGANTCS **

RIUNS PACCAGR 

calcium 

Magnesijum 

sodium 

Potassiuma 

C;Axbonate Alkalinity 

fly.-"Cr. Alkalinit1y 

T. IHax~neoz as Ca&O2 

Tota~l Di~oalved Sol.  

sulfAte 

vitrat,.  

PH 
Spec. cmnducuance 

TOTAL PROS 

TOTAL SOLFIDE

.2S 

.25 

.2.9 

.2 

.10 

010 

70.  

1-0

=AIUH 2 ug/1. 7670

Nn . NOT D=CEOT ADuwiV QuANTITALTION LZIMIT 

. AZIALYTE DNTMTbO IN BLANKC AS 2IXLL AS &AMPLIZ 

. UNABLz ro Qwvn=IATH = To KAXFzx flITPRPR2OJcv 

-A=NOT APPLI!~kHLB 

Methodology-* aM - STANnAD.A METhODS. 16th RDITTON. 2.195 

APA - #SPA600/4-79-020, MARCH 1915

CS/22/97 SW C0ol0

AMOI - ox ROOVERY O07=Til OF QC LINITS 

D StMIDGATHS DILUTRD 00? 

J *srTIiA110 VALTM! coNcmcraA~cq BRI.Cw LxxT oF QUANTITZATION 

am 0;- NSATMODLOGY, "vswS4G', THIrn HDITMI, NovEcuftE l.296

TOBY

mg/i 

Ug/i.  

mull 

mg/i 

ugll 

umh/io 

09/1 

Ma/l

122 

42* .1 

41.7 

0.2.66 

232 

12.1.  

471 

1150 

636 

Ll..5 

HD 

22,40 

ID 

Xv

05/22/37 

05/22197 

OS/22/97 

05/22/97 

06/23/517 

05/29/97 

06/23/97 

05/16/S7 

06/19/97 

05/14/P7 

05/27/97 

05/1.5/97

SW 

*5 

.5 

*5 

U.  

S.

IVA 365.2 

sw 9302

**. MNJ~AL ***

TR9T



06/04/97 10:01 FAX 918 251 0383 SW LABURAMiUlE5 'LJV 

SOUTHWEST LABORATORY OF OKLAHOMA, INC.  
1L700 It. MAZANY 8017r- C UfOWE ARROW. =X 740L2-1.421 (S18) 2S1.-Z1SS 

Client Name; A & X( ENGINEERING &ENIVIRONME~NTAL SERVICES 
3840 S 103RD E AVE SUIM 227 
TULSA, OK 74146 

Client In: MW-8 Project InD: xAisiR AL: SITE 

SWLO In.- 29326.05 Report: 29326.05 -X 

Collected: 05/12/1997 Report Date: 06/03/1997 Page: 
lReceived: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

DATE VOTECTZON DM9 MUTH=D
I --l =MI UWIT3 1]5SULTS ANALYZUD kTpsFMlx

*** INOPJ2AaICS .. w

Calcium 

Magnesium 

Sodium 

Iron 

Carbonate Ankalinity 

Hi-Carb. Alkalinity 

T. Hardznean an =r=Q 

Toral Ojigeolved S02.  

PH 

Slpec. Ceilductzmra 

TOTAL THOS.  

TOTAL. SULVZ~s

.2s 

.35 

3.  

20 

;2 

2 

2 

21

mg/i 

we/i 

S .U.  

iaraho/ca 

we/i 

mg/h

KETALS & 

1 ug'/1 12300 05/22/97 SW 6010

IMD NOT DETECTED ABOVE QU1ANMTATZOW LIMIT 

-ANAL=T DEl2TECE IN BDLAM A U WLL AS SAMPLE 
VXUASLZ To 9VANTITATI OtrZE To MATRIXC INTEIEC 

NA NOTV APPLICRAEL 

Miethodology. Sn = STANDARD M8=93D, 16th IMMOZ, 1385 

EPA - SHPA69014-79-020, MARCH 19385

*- SURROGATE S2CO1,EgX OU=MXD OF CC LIMITS 

V = SURROGATES DILUtD OUT 
J - Airr;KAZED VA=b: CONCZTAA=ON BELOW LIMrIT OF or'ANIITMATBO 

SW - 2PA HHT110DOLOGY, OswSMA41 VaR IMEITION, NOVUMHUR 1986

47.9 

98.7 

25.3 

1.97 

154 

NO 

228 

924 

1130 

517 
4.6 

NO 

7.51 

21.g0 

11D 

ND

05/22/97 

01/22/97 

0/12/297 

95/22/97 

05/22/97 

0-9/23/97 

OS/23/37 
05129/b? 

05/23/97 

05/19/97 

05/11/37 
05A/X./0 

05/14/97 
05/27/97 

03/22/97 

95/12B/$7

** 

I.  

*5 

*0 

S.  

ow 

**

IPA 3C

SWi P030

DARIMM~



06/04/97 10:01 FAX 918 251 0363 SW LABORATORIES Lgj 008/ulu 

SOUTHWEST LABORATORY OF OKLAHOMAIC 
1700 W. ALBAdY SUMT C BRUIWN ARROW, CK 74012-1421 (.918) 251-28509NC 

Client Name: A & M EffG;INERING & ENVIRO~nU=NAL SERVICES 
3840 S 103RD E AVE StrITZ 227 
TULSA, OK 74146 

Client ID: ST-3 Project ID: KAISER AL SITE 

SWLO ID: 29326.06 Report: 29326.06 -X 

Collected: 05/12/1997 Report Date: 06/03/1997 Page: 1 
Ik.eceived: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

DATE DHTWEIoN DATE ME)M

ARINE PA1.OS~ 

caliuim 

MKgkLmciull 

sodium 

Izon 

por-ann~ium 

Cazbanwttn Alkalinity 

Vi.C3a2b. Alkal1inity 

T- 11azdnos o ca Om3 

Total v±waolvaci Sol.  

chloride.  
aulfate 

Nitirahe 

PH 

spec. couuat~anc* 

TOTAL PROS.ID

wV 

W*

EPA. 365.2 

aD 9020

RARZIPM 2ug/1 3710

ND W= Va ETECTED AbOVE QU NTITT21Th LIMIT 

-*ANALTEr DETECTE XN sLAux As W=L As sAmpLE 

-UNACLE TO QtULZTIATZN DUE TO XMV=nE INTERPRENtCE 

m 61T APPLICABLE 

Methaodoogy: SN STANUARD KrTEOC, 16th EDITION, Xmas 

EPA -#RPA900/4-79-020, MAkR5 12095

05/22/97 Sw C0olo

* - .URXOC&TE IRIC1VKY O=TB=E OF Oc rlmIT 

0 SORPOG&TES DILUTED OUT 

J 54TIINATE VALux: CONCRNTuATION BsLaw LIMIT OF QU2TATh~ax 

9W -V flp NTRODOOOXl, "OWS49', M~lE= EDTION, NOVEMBER 19966

.25 

.25 

* 15 

.1 

.2 

1 

20 

10 

2 

2 

2 

.1 

-1 

0.10 

1.0

ag/i 

wg/l 

umg/ic 

"Ag/ 
USAi

1S.9 

1020 

.364 

10.4 

129 

13500 

6720 

11.2 

ND 

7-7z 

6200 

ND 

bw

05/22/57 

05/22/97 

05/22/37 

125/22 /s7 

05/23 /97 

os /23/57 
05/29/97 

US/23/97 

05/16/t7 

05/19/97 

OSA/19/7 

05/14/57 

05/27/97 

05/22/97 

OS5i 5/97

*** METALS

ZA ANALYZED RZYMM9CE



08/04/97 10:06 FAX 918 251 0363 SW LABORATORIES [0005/008 
SOUTHWEST LABORATORY OF OKLAHOMA, INC.  

1.700 W. AUU=~ SUITZ C BRM= AENOhI, C 74012-&423. (219) 232-283a 

Client N~ame: A a M EMQGhEEMzNG & MrVMROU(ETAL SERVICES 
3840 S 103RD R AVE SUITE 227 
TULSA, 01: 74146 

Client I: ST-3 Project ID: KAISER AL SITE 
SWLO ID: 29344.03 Report-, 29344.03 
Coll~ected: 05/13/1.997 Report Date: 06/03/1997 Page: I Received: 05/14/1997 Last Modified: Matrix: INate=-Rad

na~rI

�CTflkr�un

TO=Ax Fw~s.

�ETNe�zog DAn=KTO

a.10 0/1 Am as/22/37 EPA 3 5.

N= =z DBHa2 ABOVE QMNrnA=rOi L==II 
M AAL= Dg=== 3F BLUM AS LL2 AS SAUMZ 

- ONAL2 TO QuMZTT~T Dun TO 5ram= D2TgFUr=12= 

-A- 9=T APPLXCABx 

Methiodology! zK -= SAxwmaD NW1Ms. ism 1 jh ZTI . i1gse 

SA- #2VA400/4-79-02a, KAXZ 1.905

*-SUEROG2 RE=Vny OuTg~g OP QC LXNTTB 
-SUEROOA!Z Dnhmum MI 

Or- ESqTZKA33 VhX~Oz: COMCUNRfAT3oV ZNLCi LZNIT C1 Q0MX.L 

sw - hhA NNINS20LOGT. 836iw4G. !I~E =1=0NO. X0V~M~z 13



06/04/97 10:01 FAX. 918 251 0363 SW LABORATORIES [~009/010 

SOUTHWEST LABORATORY OF OKLAREOMA, IC 
1700 W- AZAUWY SUIT8 C BROKEN A]RO1I. OK 7403.2-1421 2. 6)U 231-2159 1c 

Client Name: A & ~EINGIEERI1NG & ENVIROCIXENTAL SERVICES 
3840 S 103RD E AVE SUITE 227 
TUJLSA, OK 74146 

Client ID-- RETE2q'I0N POND Project in: KAISER AL SITE 

SwLO ID: 29326.07 Report: 29326.07 -X 

Collected; 05/12/1937 Report Date: 06/03/1997 Page: 
itReceived: 05/13/1997 Last Modified: 06/03/1997 3Matzixc: Water-Rad

CDAXN DETECTION fl2N
-- -'~ ~ LIIT NIT RSULTO ~AxAXZRfl gxpERE~

1SAM PACKAGE 

Maguoguiu 

Sodium 

bi-Carb. Alkalinity 

T. 9Zarci4as as C&CO3 

Total flievoled Sol.  

ch~loride 

aulfata 

Spec. Coniductance 

TOTAL P1(05.  

TOTAL aOLyi=

.25 

.25 

.1 

.2 

2.  

20 

.2.0 

0.10

mg/i 

mg/3i 

wg/1 

ug/i 

* .U.

16.5 

49.' 

24.S 

69.7 

112 

2"4 

57.6 

40.1 

.9.53 

Gas 

NO

05/22/97 

05/22 /97 

05/22/p7 

05/22/97 

05/23/27 

05/23/97 
05/23197 

0$/23/.97 

05/19/.97 

05/19/07 
05/13/97 

05/14/97 

05/27/97 

05/12 /57 
05/19/97

** 

** 

S.  

S.

S1A 265.2 
SW 9030

*5. KVALB S..  

2 Usti 795 03/22/37 83 6010
BMIUtM

- VALTxTE DETECTIn IN BLANK AS WELL AZ ZA9IPL8 

UNAB(hLE =! QUANTITATE DUT To NA=5IX flETflflmlawCZ 

NUT~' APPLICAEM 
methodology: am = sTANflA=f I4ETIDg 16t.h EDITICK. 1385 

EVA - OE1'ACOO/4-79-0zg, nMACH 1965

SU= 5OGAkT2 REtOV183y OUTS3DE 05 QC LIMIT9 

0-GURROGhT"h DZLUMhD ouz 

4T = STIKATflD VALtH! EmP~wrATcE q awBLow Lreirr op at1wrlrn'JTION 

SW EPA. KWZ2IOOLOG, -O5W646 * THIRD EIMTION. NOWRHewt 191tc



06/04/97 10:02 FAX 918 251 0363 SW LABORATORIES Q~010/010 

SOUTHWEST LABORATORY OF OKLAHOMA, INC.  
1700 V. ALEMrf SM=T C BRmc*2 ARROW, OX 74012-1,21 (919) 251-zs.5g 

Cli ent ZXa~ez A & X( ENGINEERING & ENVIRON3WTAL SERVIC!ES 
3840 S 103R~D E AVE SUITE 227 
TULSA, OX 74146 

Client ID: FRESH WATER POINW Project ID: ICAISEFR AL SITE 

SWLO 3M: 29326-08 Report: 29326.08 -M 
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A & M ENGINEERING AND ENVIRONMENTAL SERVICES, INC.  

3840 S. 103R1 E- AVENUE ENGINEERING - ENVIRONMENTAL - CONSTRUCTION 

TULSA, OK 74146-2419 (918) 665-6575 - FAX (918) 665-6576 

June 6, 1997 

Dr. Arend Meijer 
GCX Inc.  
Box 82427 
Albuquerque, New Mexico 87198 

RE: Water Analyses from Tulsa Remediation Project 

Dear Arend: 

I have enclosed FAX copies of the water analyses. I held off sending them in hopes that I 

would get hard copies before today. Anyway, this gives you something to start with. I am 

basically pleased with the data and think they will be helpful in the model.  

Very truly yours, 

Murray R. McComas PhD 
Vice President 

Enclosures 

cc: Bobby Holmes 
Ed Chojnicki 
Rick Kuhlthau 
Jerry Boller 
Henry Morton 
Al Gutterman
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Standard Test Method for 
Distribution Ratios by the Short-Term Batch Method' 
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original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of ls rcapproval. A 

superscript epsilon (e) indicates an editorial change since the last revision or reapproval.  

INTRODUCTION 

As an aqueous fluid migrates through geologic media, certain reactions occur that are dependent 

upon the chemistry of the fluid itself and upon the chemistry and geochemistry of other fluids and 

solid phases with which it comes in contact. These geochemical interactions determine the relative 

rates at which chemical species in the migrating fluid (such as ions) travel with respect to the 

advancing front of water. Processes of potential importance in retarding the flow of chemical 

species in the migrating fluid (movement of species at velocities less than the ground-water 

velocity) include ion exchange, adsorption, complex formation, precipitation (or coprecipitation, 

for example Ball and Ra÷÷ co-precipitating as the sulfate), oxidation-reduction reactions, and 

precipitate filtration. This test method applies to situations in which only sorptive processes 

(adsorption and ion exchange) are operable for the species of interest, however, and is restricted to 

granular porous media.  
It is difficult to derive generalized equations to depict ion exchange-adsorption reactions in the 

geological environment. Instead, a parameter known as the distribution coeficient (Kd) has been 

used to quantify certain of these sorption reactions for the purpose of modeling (usually, but not 

solely, applied to ionic species). The distribution coefficient is used to assess the degree to which a 

chemical species will be removed from solution as the fluid migrates through the geologic media; 

that is, the distribution coefficient provides an indication of how rapidly an ion can move relative 

to the rate of ground-water movement under the geochemical conditions tested.  

This test method is for the laboratory determination of the distribution ratio (Rd), which may be 

used by qualified experts for estimating the value of the distribution coefficient for given 

underground geochemical conditions based on a knowledge and understanding of important 

site-specific factors. It is beyond the scope of this test method to define the expert qualifications 

required, or to justify the application of laboratory data for modeling or predictive purposes.  

Rather, this test method is considered as simply a measurement technique for determining the 

distribution ratio or degree of partitioning between liquid and solid, under a certain set of 

laboratory conditions, for the species of interest.  
Justification for the distribution coefficient concept is generally acknowledged to be based on 

expediency in modeling-averaging the effects of attenuation reactions. In reference to partitioning 

in soils, equilibrium is assumed although it is known that this may not be a valid assumption in 

many cases. Equilibrium implies that (1) a reaction can be described by an equation and the free 

energy change of the reaction, within a specific system, is zero, and (2) any change in the 

equilibrium conditions (T, P, concentration, etc.) will result in immediate reaction toward 

equilibrium (the concept is based upon reversibility of reactions). Measured partitioning factors 

may include adsorption, coprecipitation, and filtration processes that cannot be described easily by 

equations and, furthermore, these solute removal mechanisms may not instantaneously respond to 

changes in prevailing conditions. Validity of the distribution coefficient concept for a given set of 

geochemical conditions should not be assumed initially, but rather shoiid be determined for each 

situation.  
This is a short-term test and the attainment of equilibrium in this laboratory test is not 

presumed, although this may be so for certain systems (for example, strictly interlayer ion exchange 

reactions of clays). Consistent with general usage, the result of this test could be referred to as 

"distribution coefficient" or as "distribution ratio;" in the strictest sense, however, the term 

"distribution ratio" is preferable in that the attainment of equilibrium is not implied.  

The distribution ratio (Rd) for a specific chemical species may be defined as the ratio of the mass 

I This test method is under the jurisdiction of ASTM Committee D-18 on Soil and Rock and is the direct responsibility of Subcommittee DIS.14 on Geotechnics of 

Waste Management.  
Current edition approved April 15. 1993. Published August 1993.
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sorbed onto a solid phase to the mass remaining in solution, which can be expressed as: 

Rd (mass of solute on the solid phase per unit mass of solid phase) 

(mass of solute in solution per unit volume of the liquid phase) 

The usual units of Rd are mL/g (obtained by dividing g solute/g solid by g solute/mL solution, 

using concentrations obtained in accordance with this test method).  

Major difficulties exist in the interpretation, application, and meaning of laboratory-determined 

distribution ratio values relative to a real system of aqueous fluid migrating through geologic 

media.2 Typically, only reactions between migrating solutions and solid phases are quantified. In 

general, geochemical reactions that can result from interaction of the migrating fluid with another 

aqueous phase of a differing chemistry have not been adequately considered (interactions with 

other liquids can profoundly change the solution chemistry). Additionally, as noted above, the 

distribution coefficient or Kd concept implies an equilibrium condition for given reactions, which 

may not realistically apply in the natural situation because of the time-dependence or kinetics of 

specific reactions involved. Also, migrating solutions always follow the more permeable paths of 

least resistance, such as joints and fractures, and larger sediment grain zones. This tends to allow 

less time for reactions to occur and less sediment surface exposure to the migrating solution, and 

may preclude the attainment of local chemical equilibrium. Thus, the distribution coefficient or Kd 

concept is only directly applicable to problems involving contaminant migration in granular 

porous material.  
Sorption phenomena are also strongly dependent upon the thermodynamic activity of the 

species of interest in solution (chemical potential). Therefore, experiments performed using only 

one activity or concentration of a particular chemical species may not be representative of actual in 

situ conditions or of other conditions of primary interest. Similarly, unless experimental 

techniques consider all ionic species anticipated to be present in a migrating solution, adequate 

attention is not directed to competing ion and ion complexation effects, which may strongly 

influence the Rd for a particular species.  
Many "sorption" ion complexation effects are strongly influenced, if not controlled, by 

conditions of pH and Eh. Therefore, in situ conditions of pH and redox potential should be 

considered in determinations of Rd. To the extent possible, these pH and Eli conditions should be 

determined for field locations and must be approximated (for transition elements) in the laboratory 

procedure.  
Other in situ conditions (for example, ionic strength, anoxic conditions, or temperature) could 

likewise have considerable effect on the Rd and need to be considered for each situation.  

Additionally, site-specific materials must be used in the measurement of Rd. This is because the 

determined Rd values are dependent upon rock and soil properties such as the mineralogy (surface 

charge and energy), particle size distribution (surface area), and biological conditions (for example, 

bacterial growth and organic matter). Special precautions may be necessary to assure that the 

site-specific materials are not significantly changed prior to laboratory testing.  

The choice of fluid composition for the test may be difficult for certain contaminant transport 

studies. In field situations, the contaminant solution moves from the source through the porous 

medium. As it moves, it displaces the original ground water, with some mixing caused by 

dispersion. If the contaminant of interest has an Rd of any significant magnitude, the front of the 

zone containing this containment will be considerably retarded. This means that the porous 

medium encountered by the contaminant has had many pore volumes of the contaminant source 

water pass through it. The exchange sites achieve a different population status and this new 

population status can control the partitioning that occurs when the retarded contaminant reaches 

the point of interest. It is recommended that ground water representative of the test zone be used 

as contact liquid in this test; concentrations of potential contaminants of interest used in the 

contact liquid should be judiciously chosen. For studies of interactions with intrusion waters, the 
site-specific ground water may be substituted by liquids of other compositions.  

The distribution ratio for a given chemical species generally assumes a different value when any 
of the above conditions are altered. Clearly, a very thorough understanding of distribution 
coefficients and the site-specific conditions that determine their values is required if one is to 
confidently apply the Kd concept (and the measured Rd values) to migration evaluation and 
prediction.  

The adoption of a standard method for determining distribution ratios, Rd, especially applicable 

for ionic species, is important in that it will provide a common basis for comparison of 

2 Coles, D. G.. and Ramspot. L D., "Migration of Ruthenium-106 in a Nevada Test Site Aquifer. Discrepancy Between Field and Laboratory Results," Science, Vol.  

215, pp. 1235-1237, March 5. 1982.
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experimental results (particularly for near-similar conditions).  

The most convenient method of determining Rd is probably the batch method (this test method), 

in which concentrations of the chemical species in solid and liquid phases, which are in contact 

with one another, are measured with time. Other methods include the dynamic test or column 

flow-through method using (1) continuous input and (2) pulsed input, the in situ dual tracer test, 

and the thin-layer chromatography (TLC) test.  
In summary, this distribution ratio, R, is affected by many variables, all of which may not be 

adequately ccntrolled or measured by the batch method determination. The application of 

experimentally determined Rd values for predictive purposes (assuming a functional relationship 

such as Rd = Kd) must be done judiciously by qualified experts with a knowledge and 

understanding of the important site-specific factors. However, when properly combined with 

knowledge of the behavior of chemical species under varying physicochemical conditions of the 

geomedia and the migrating fluid, distribution coefficients (ratios) can be used for assessing the rate 

of migration of chemical species through a saturated geomedium.

1. Scope 
1.1 This test method covers the determination of distribu

tion ratios of chemical species for site-specific geological 
media by a batch sorption technique. It is a short-term 
laboratory method primarily intended for ionic species 
subject to migration in granular porous material, and the 
application of the results to long-term field behavior is not 
known. Distribution ratios for radionuclides in selected 
geomedia are commonly determined for the purpose of 
assessing potential migratory behavior at waste repositories.  
This test method is also applicable to studies of intrusion 
waters and for parametric studies of the effects of variables 
and of mechanisms which determine the measured distribu
tion ratios.  

1.2 The values stated in acceptable metric units are to be 
regarded as the standard.  

1.3 This standard does not purport to address all of the 

safety problems, if any, associated with its use. It is the 

responsibility of the user of this standard to establish appro
priate safety and health practices and determine the applica
bility of regulatory limitations prior to use.  

2. Referenced Documents 

2.1 ASTM Standards: 
D 422 Test Method for Particle-Size Analysis of Soils3 

D 2217 Practice for Wet Preparation of Soil Samples for 
Particle-Size Analysis and Determination of Soil Con
stants

3 

D 2488 Practice for Description and Identification of Soils 
(Visual-Manual Procedure)3 

D 3370 Practices for Sampling Water 

3. Terminology 

3.1 Description of Terms Specific to This Standard: 
3.1.1 distribution coeficient, Kd-is identically defined as 

Rd for equilibrium conditions and for ion exchange-ad
sorption reactions only. To apply Rd values to field situa
tions, an assumption such that Rd = Kd is necessary. The 
validity of such an assumption can only be determined by 
informed'experts making a judgment (albeit uncertain) based 
on a detailed study of the specific site.  

3.1.2 distribution ratio, Rd-the ratio of the concentration 

3 Annual Book of ASTM Siandards. Vol. 04.08.  
4
Annual Book ofASTM Slandards. Vol. 11.01.

of the species sorbed on the soil or other geomedia, divided 
by its concentration in solution under steady-state condi
tions, as follows:

Rd =

(mass of solute on the solid phase 
per unit mass of solid phase)

(mass of solute in solution per unit 
volume of the liquid phase)

by steady-state conditions it is meant that the Rd values 
obtained for three different samples exposed to the contact 
liquid for periods ranging from 3 to at least 14 days, other 
conditions remaining constant, shall differ by not more than 
the expected precision for this test method.  

The dimensions of the expression for Rd reduce to cubic 
length per mass (L3/M). It is convenient to express Rd in 
units of millilitres (or cubic centimetres) of solution per gram 
of geomedia.  

3.1.3 species-a distinct chemical entity (such as an ion) 
in which the constituent atoms are in specified oxidation 
states.  

4. Significance and Use 

4.1 The distribution ratio, Rd, is an experimentally deter
mined parameter representing the distribution of a chemical 
species between a given fluid and a geomedium sample 
under certain conditions, including the attainment of a 
steady state. Based on a knowledge and understanding of the 
important site-specific factors, Rd values may be used by 
qualified experts for estimating the value of the distribution 
coefficient, Kd, for a given set of underground geochemical 
conditions. The Kd concept is used in mass transport 
modeling, for example, to assess the degree to which an ionic 
species will be removed from solution as the solution 
migrates through the geosphere. For applications other than 

transport modeling, batch Rd measurements also may be 
used, for example, for parametric studies of the effects of 
variables and of mechanisms related to the interactions of 
fluids with geomedia.  

5. Apparatus 

5.1 Laboratory Ware (plastic bottles, centrifuge tubes, 
open dishes, pipets, graduates), cleaned in a manner consis
tent with the analyses to be performed and the required 
precision. Where plateout may have significant effect on the 
measurement, certain porous plastics should be avoided and

3
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te use of FEP TFE-fluorocarbon containers is recom
mended.  

5.2 Centrifuge. capable of attaining 1400 g, or filtering 
pparatus.  

-5.3 Laboratory Shaker/Rotator, ultrasonic cleaner (op
tional).  

5.4 Environmental Monitoring Instruments, a pH meter, 
lectrometer and electrodes for Eh determination, conduc

-Tance apparatus, and thermometer.  
5.5 Analytical Balance.  
5.6 Appropriate Equipment, necessary to maintain in situ 

onditions within the laboratory.  
5.7 Analytical Instrumentation, appropriate for determi

"nation of the concentration of major constituents (cations 
.nd anions) and of the species of interest (for which Rd is 

--jeing determined) in the contact solutions (and, optionally, 
in the geomedia samples).  

i. Sampling 

6.1 The samples of soil, rock, or sediment shall be 

considered to be representative of the stratum from which it 
Nas obtained by an appropriately accepted or standard 

--procedure and based on expert judgment.  
6.2 The sample shall be carefully identified as to origin in 

accordance with Practice D 2488.  
6.3 A geological description shall be given of the core 

material used for the distribution ratio measurement, in
cluding particle-size analysis (Method D 422) for uncon
solidated material, depth of sample, and boring location.  
S6.4 Sampling of representative ground water in the test 
zone for use as the contact liquid in this test method shall be 

accomplished in accordance with Practices D 3370, using 
sampling devices that will not change the quality or environ
Smental conditions of the waters to be tested. Recommended 
methods include the use of Kemmerer samplers or inert gas 

pressure lifts (provided this does not alter the ground-water 
sample by stripping out carbon dioxide and raising the pH, 

for example) or submersible diaphragm-type pumps. Proper 
precautions should be taken to preserve the integrity of in 
situ conditions of the sampled water, and in particular to 

Sprotect against oxidation-reduction, exposure to light for 

extended periods, and temperature variation.  

NoTE I-It is recognized that sampling is likely to be a major 
problem. Materials (or fractures) that the contaminants pass through are 
likely to be the most difficult part of the geologic section to sample. In 
addition, proper sampling entails determining the path of ground-water 
flow so that the critical materials can be sampled. This determination is 
seldom accomplished in sufficient detail in normal geologic site explo
ration programs, and, if it is attempted in some cases, the exploration 
program may become unacceptably expensive. Specific guidelines are 
beyond the scope of this test method, however, it is recommended that 
geologic and water sampling procedures be carefully considered by the 
personnel involved in the site examination.  

7. Procedure 

7.1 This test method can be applied directly to consoli
dated core material samples or to disaggregated portions of 
the core material samples. For the applications intended for 
this test method, however, disaggregation of the samples is 

the recommended procedure. Disaggregate the sampled soil 

and friable core materials (this may be done by ultrasonic 
method although it should be noted that the effect of

ultrasonics on the microstructure of geological material may 
lead to higher sorption values in certain cases). If a suffi
ciently large-sized sample is available, separate 200-g por
tions through a "nonbias" riffle splitter. Crush competent 
sedimentary rock materials to a desired particle size or 
equivalent soil texture anticipated to result from natural 
weathering processes (this is because surface area is con
trolled by sample particle size).  

NotE 2-A significant source of error may be introduced by 
disaggregating the sample in a batch test in that (a) disaggregation can 

mask a preferred flow path (either horizontal or vertical), (b) dis
aggregation can destroy the effect of preferred flow paths caused by 

fractures or perhaps thin sand stringem and (c) disaggregation will tend 
to increase the available surface area of the geologic materials. It is for 
the purpose of achieving uniformity of application, however, that 
disaggregation is recommended for this test method. It should be 
realized by persons applying results from this method that inclusion of 
the disaggregating operations may for these reasons tend to maximize 
the values of the distribution coefficients (ratios) obtained from this test 
method.  

7.2 In some cases, it may be desirable to remove organic 
material from the geomedium (soil specimen) for compara
tive purposes. If this is so indicated, remove the organic 
material from the composite sample mixtures for selected 
samples by treatment with concentrated hydrogen peroxide 
(30 % H 20 2), using the procedure given in "Soil Chemical 
Analysis." 5 In such a case, make duplicate runs using 
samples both with and without pretreatment to remove 
organics. It should be noted, however, that treatment with 
concentrated hydrogen peroxide could cause other changes 
in the geomedium, for example, dissolution of hydrous metal 
oxides that may be important adsorbents.  

7.3 Using standard analytical procedures, characterize the 
geologic specimen (without pretreatment and, if so done, 
with the pretreatment to eliminate organics) as considered 
appropriate. The analyses may include percent chemical 
composition of anhydrous oxides (for example, SiO 2, FeO, 
MnO, CaO, Na20, etc.), hydrous oxides (for example, Fe, 
Mn, and Al hydrous oxides), and minerals that are present, 
and carbonate content, surface area (m 2/g), and cation and 
anion exchange capacity (at specified pHs). Similarly, char
acterize the contact liquid obtained from the test zone as 

appropriate for interpreting the.results. Chemical analysis of 
the liquid should include macro constituents (for example, 
Nae, Ca++, K-, Mg++, Cl-, HCO3-/CO 3=, SiO2, etc.) and 

redox-active and hydrolyzable species such as Fe and Mn 
ions. Likewise, determine the pH and Eh of the contact 
liquid, as well as the concentration (if present) of the 
chemical species of interest. Specific instructions for the Eh 

determination are not part of this test method, however, use 
of a referenced technique is advised (such as a platinum 
versus standard calomel electrode measurement). If the 

species of interest may exist in the contact liquid in a variety 
of valence or chemical states (for example, with studies of 

actinides), a method of determining speciation should be 
applied.  

7A Pass each of the soil and rock (core sediments) 
fractions again through a "nonbias" riffle splitter and place 

SJackson, M., Soil Chemical Analysis, Prentice Hall. Englewood Cliffs, NJ.  
1954.
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four 5- to 25-g portions (record ,eight to nearest 0.1 g) in 
Cneriifuge tubes or bottles.  

NOTE 3-Unless it is decided that the samples may be allowed to dry 
by exposure to the open air, record a moisture weight (for comparative 
purposes, a moisture content determination should be done with a 
separate sample). Some soils never dry in nature, and characteristics 
may be greatly altered when dried. This is especially true for originally 
anoxic sediments. If the samples are not to be allowed to dry before 
testing, follow Practice D 2217 (Procedure B) for maintaining a moisture 
content equal to or greater than the natural moisture content. In all 
cases, the contact liquid used in this test is the sampled ground water 
from the site test zone.  

7.5 If a radiotracer or spiked stable tracer determination 
of the distribution ratio is desired, pretreat the composite 
samples with exact solution (contact liquid) used in the 
determination but without the tracer present. This solution 
will be either the site-specific ground water or a selected 
intrusion water. Wash the composite soil and rock samples 
four times with the pretreatment solution. For the first three 
washes, stir the mixtures of soil and rock and pretreatment 
solution several times over a 15-min period, allow to settle, 
centrifuge at 1000 g or more for 5 min, and decant off the 
wash. Apply the fourth wash for at least 24 h with occasional 
stirring, and again separate the wash from the composite 
sample by centrifugation and decantation as before.  

7.6 It may be advisable to pre-equilibrate the treatment 
solution (contact liquid) with the geomedia prior to the start 
of this test method. Proceed as in 7.5, using the fourth wash 
after centrifugation and decantation as the treatment solu
tion. Unless otherwise noted, add 20 to 100 mL (exact value 
should be equal to four times the weight in g of the 
geomedia) to each 100 to 250 mL centrifuge tube or bottle, 
and thoroughly mix the contents by stirring action. Prior to 
contact, the treatment solution should contain the species of 
interest at a known concentration prepared by the addition 
of chemically pure reagents to the site-specific ground-water 
sample. (The species of interest may be at trace concentra
tion; if it is a radioactive or stable tracer added to the 
treatment solution, the elemental concentration as well as 
the isotopic concentration must be known.) If tracers are 
used, first equilibrate the tracer with the ground-water (or 
intrusion-water) sample by allowing to stand overnight and 
then filter using a _0.45 gtm pore size membrane filter.  
Following this step, analyze the contact solution and add to 
the soil and rock composite samples as indicated above.  
Measure the pH of the soil/rock-solution system; if the pH 
has changed or if other than the natural pH is desired, adjust 
by addition of N NaOH solution or HCQ, or by an appro
priate buffer. The in situ Eff should be maintained, if 
necessary, under an inert atmosphere.  

NOTE 4-Experiments have shown that Rd will vary depending on 
the solution-to-geomedium ratio used in the test. If other ratios are 
indicated (which would more closely approximate the normal field 
situation), duplicate runs should be made, however, the ratio prescribed 
here should also be run as the reference case. Because Rd varies with the 
solution/medium ratio, it is strongly recommended that this measure
ment include determination of the isotherm by making several runs with 
different ratios of solution-to-geomedium than specified above.  

NOTE 5-Some analytical techniques may require larger volumes of 
sample fluid. Increased volume can be obtained by compositing samples 
or by scale-up using larger centrifuge tubes.  

7.7 Determine the specific conductance of each solution 
and report in units of micromhos per centimetre at 20"C.  

7.8 Run each set of samples at least in triplicate to

demonstrate that steady state is attained in this short-term 
test. Stir the contents of each contact tube, then gently shake 
all of the soil/rock solution mixtures on a laboratory 
shaker/rotator for a minimum of 6 h for every 3-day portion 
of the contact period. The contact periods shall be for a 
minimum of 3 days, and the longest shall extend to 14 days 
or longer. The contact periods shall differ by at least a 3-day 
period. During the latter I or 2 days of the contact period, 
allow all mixtures to stand and settle. If the variation of Rd 

with exposure time for these three or more contact periods is 
greater than the precision expected for this experiment, then 
the determination should be repeated for longer times until 
such a consistency is obtained. This is taken to be an 
indication that steady state has been established. In cases 
where the steady-state situation is not achieved, the exten
sion of Rd values to the prediction of migratory behavior 
becomes of dubious value and requires clear reference to the 
inexactness of the application.  

7.9 Measure and report the pH and Eh of all mixtures (in 
many investigations, pH and Eh will not vary greatly, so it 
might not be necessary to measure them on all samples).  

7.10 Centrifuge each mixture for 20 min at a minimum 
setting of 1400 g. Controlled temperature centrifugation may 
be advised, particularly in the case of experiments run below 
ambient temperature. Carefully separate the phases. For the 
supernatant, the concentration of the species of interest can 
be directly determined using the appropriate standard ana
lytical method.  

7.11 If filtering is necessary or if desired for comparative 
purposes, use polycarbonate member filters (0.002 to 0.02 
prm pore size), or the equivalent. Pretreat the filter disc by 
passing through it approximately 50 mL of 1.0 N HCl, 
followed by 50 mL of distilled water, by gravity flow or 
suction to near dryness. Check the possibility of sorption of 
tracers onto the filter by a standard "double filter" technique 
using the original contact solution.  

7.12 Filter the supernate from each soil/rock-solution 

TABLE 1 Example Calculation Sheet 

The distribution ratio Is given by, 

(F.XV.) Rdr == 
(F XWm,) 

where: 
Rd - distribution ratio, mL/g, 
F. - fraction of total activity In solution, which equals the total concentration in 

solution, assuming the activity coefficients of a given ion were the-same 
before and after steady state was attained in contact of the solution with 

the sod/rock materials (that Is, the Ionic strength is unchanged). Making 
this assumption, F. Is found by divicdin the concentration of the Ion alter 

the solution has come to "equi•"rum (reaches steady state) with the 
sol/rock fraction by the concentration (of same units) of the ion before 
the solution was allowed to come to equilibrium with the soil fraction, 

F,, - fractlon of activity sorbed onto the mineral or solid residue (correcting for 
the natural content of the species of interest Initially present), or, making 
the same assumption as to activity coefficients.  

F. - I -F.  

V* - volume of solution *equilibrated' with Win. mL. and 
W,- weight of minwal or solid residue. g.  

In the case of a radioactive species of interest, where the radioactivities of the 

solution and solid residue are determined, the distribution coefficient is given by: 

Re - (A.XV.) 

where: 
A, - activity of the minera or solid residue. mCI. and 
A, - activity of the solution 'equilibrated' with W_,,, mCI.
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TABLE 2 Example Report Sheet 
Tabulated Results for Oistribution Ratio Determination of Sample Number 

Contact qi& Site-SPecific Ground Water - Other (intrusion) Water initial pH i ia Eh method of determining Eh final pH - final Eh temperatute aC specific eOnductance - imhos/cn Sold-to-liquid ratio - g/mL contact time - da equilibrating atmosphere - air _ other (specify) contact solution filtered after centrifugation? - yes no disaggregated? - yes no particle size _ mm H20 2 treatment to remove organics? - yes no calcAated dry weight of solid g volume of contact rquid - mL species of Interest _ method of analyzing for 
species of interest 

(use separate sheet if necessary) 
Site descnption. sampling methodology and core material description, analysis of core materials and of site-specific ground water or other contact liquid:

ATTACH SHEET 
Species (Ion) of Interest Initial Conc. in Solid (units) Initial Conc. in Solution (units) F. Fm Rd

(mL/g)

mixture by gravity flow or suction to near dryness. Deter
mine the concentration and speciation (chemical state), if it 
is variable, of the species of interest in this solution by the 
appropriate standard analytical method. Make a blank 
determination using the equivalent procedure outlined here 
(7.6 through 7.12, except do not add the soil/rock sample) 
with treatment solution only. The use of tracers involves 
particular attention to corrections for blanks and potential 

- plateout of the tracer on container walls, filters, and other 
surfaces as well as other losses. For example, it should be 
ascertained that loss of tracer to the blank vial walls is the 
same as for the walls of the sample vial, etc.  

7.13 If necessary or if desired for comparative purposes or 
for a mass-balance determination, determine the concentra
tion of the species of interest for each filtered solid residue. In 
this case, note the necessity of removing the residual solution 
from the solid phase, or correcting for it, particularly for 
solids with low Rd values. If this determination is made, a 
correction is required for the amount (if any) of the species of 

Sinterest to be found naturally present in the soil/rock sample.  
Provided a satisfactory analysis is accomplished for the 
species concentration in the soil/rock residue, calculate Rd by 
dividing this value (f solute per g sanif sidue) by the final 
concentration in the contact .nh,,tion (g rclut. per m , 
sou-tion), assumin the filte did nt rnve tracer from the 
s a=• n alternative method is to compute Rd as shown 
on the Example Calculation Sheet (Table 1).  

8. Precision and Bias 
8.1 The accuracy of this test is operator-dependent and is 

a function of the care exercised in performing the steps and

systematic repetition of the procedures used. Subcommittee 
D18.14 is seeking pertinent data from users of this test 
method on precision and bias.  

8.2 Within Laboratory Precision-Precision results (re
peatability) for distribution ratios by short-term batch 
method for Cd, Hg, Se, and Sr have been reported by Del 
Debbie and Thomas6 , and are found to be in the range of 
1 % to 7 %. Fuhrman7 , et al. reported Rd values for Cs with 
a precision (repeatability) of 4 %.  

8.3 Multi-Laboratory Precision-Precision of distribution 
ratio by short-term batch method between different labora
tories has not been determined yet. Subcommittee D18.14 is 
seeking pertinent data from users of this test method on 
reproducibility conditions.  

8.4 Bias-Since there is no accepted reference material 
suitable for determining the bias for the procedure in Test 
Method D 4319, Distribution Ratios by the Short-Term 
Batch Method, bias has not been determined.  

9. Keywords 

9.1 adsorption; attenuation; batch sorption; distribution 
ratio; geochemical; ground water, ion exchange capacity; 
liquid migration; modeling; short-term batch 

6 Del Debbie, J.A., and Thomas, T.R., Hazardous Properties of Radionuclides 
and Hazardous Chemical Species in Soils at the Idaho Processing Plant.  WICNO.1068, Westinghouse Idaho Nuclear Company, Inc., Idaho Falls, ID, October, 1989.  

7 Fuhrman, M.. Pietrzak, R.. and Colombo, P., "Distribution Ratios of Cs-13 in 
Sediments from the Black Sea," Draft Report. Department of Nuclear Energy, Brookhaven National Laboratory, Upton, NY, December, 1990.

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted In connection with any item mentioned In this standard. Users of this standard are earessly advised that determination of the validity of any such 
patent rights, and the risk of infringement of such rights, are entirely thear own responsibility.  

This standard is sub/ect to revision at any time by the responsible technical committee and must be reviewed every five years and If not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your 
views known to the ASTM Committee on Standards, 1916 Race St., Philadelphia, PA 19103.
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