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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/1), 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.



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 radioactivities 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 (KCl) 55 57 25
Magnesium Chloride 34 50
(MeCly)
Calcium Chloride (CaCly) 28
Barium Chloride (BaCly) 9 12.5
Calcium Fluoride (CaF,) 2 2.5 5
Barium Fluoride (BaF,) 20




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: Brucite - Mg(OH),
Quartz - SiO;
Mg5A12(OH) 1 3.4. 5H20

Minor minerals: Towaite - Mg,Fe(OH);OClexH,0
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 2 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 %) Compound  (wt.%)
Si0, 6.05 MgO 49.04
TiO, 0.11 Ca0 0.16
ALO; 6.53 Na,O 0.15
F3203 2.85 Kzo 010
FeO N.D. - H0(-) 2.78
MnO 2.02 H,0(+)+CO, 30.80
PgOs <0.1
N.D. = Not Determined 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 WATERS'?

Well Well Well Well Well Well Well Well Retention Freshwater
P-1 P-2 P-8 P-5 MWS-5 MWD-5 MWD-8 ST-3 Pond Pond

Ca 159 180 154 123 14.7 122 478 159 16.5 40.2
Mg 95 20 235 812 693 42.1 98.7 584 494 7.0
Na 194 32 238 606 29.0 48.7 253 1020 245 21.8
K 1.6 8.2 20 357 11.6 232 194 104 103 2.7
Fe 26 548 126 <01 08 0.2 1.9 0.4 <0.1 1.2
Ba 0.29 1.8 37 85 13 7.7 12.3 37 077 01
Cl 208 248 268 981 197 636 517 6720 576 13.9
SO, 35.6 11.8 44 79 10 11.5 4.6 112 40.1 38.7
NO; <20 <20 <20 <20 <20 <2.0 <20 <20 <20 <2.0
HCO; 414 533 213 254 128 12.1 228 139 112 113

COs <10 <10 <10 <1L0O0 205 238 <l1.0 <10 697 <1.0
PO, <0.1 02 <01 <01 <01 <0.1 <0.1 <0.1 <0.1 <0.1
HS <1.0 <10 <10 <10 <10 <1.0 <10 <10 <10 <1.0

pH 7.1 7.2 7.2 74 938 9.2 7.9 77 95 8.1
Ec 866 990 1250 3290 705 2240 2160 6280 585 352

'in mg/! except pH and Ec. Ec in pmho/cm.
Well locations shown on Figure 1.



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-1, 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 CIL
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.



TABLE S

SATURATION INDICES
Saturation Index in Water from
Mineral Mineral Composition Retention Pond  MWS-5 MWD-8
Brucite Mg(OH), -0.2 0.5 -3.1
Magnesite MgCO, 1.5 1.6 0.3
Hydromagnesite Mgs(CO3)s(OH),#4H,0 0.5 1.6 -7.1
Calcite CaCO; 1.2 1.1 0.2
Aragonite CaCOs 1.1 1.0 0.1
Monohydrocalcite CaCO,sH,0 0.4 0.3 -0.6
Huntite Mg3Ca(C03)4 473 473 -0.3
Dolomite MgCa(COs3), 4.4 43 2.2
Dolomite (disordered) MgCa(COs). 2.8 238 0.7
Witherite BaCO; 4.3 44 4.0
Alstonite CaBa(CO:). 25 1.8 0.5
Barytocalcite BaCa(COs), 1.6 1.6 1.0
Barite BaSO, 09 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 CO;, 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



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/l) 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 thorium
concentrations that are not demonstrably greater than zero.

TABLE 6
Thorium and Radium Analyses of Filtered Ground Waters'
(pCi/)
Screened
Location _ Unit? ’Th BoTh “%Th “°Ra 2%Ra
MWS-11 Dross 04+1.2 0.07+0.13 0.0£0.16 25.84£0.9 666+2.0
MWS-5 DrosstUnit#3 04104 1.8+2.4 0.0+1.4 8.41+0.3 152+0.5
MWS-4 Fill+Dross 0.0+0.78 0.1+0.18 0271034 45103 4.540.3
MWS-6 Unit #3 0.31+0.27 0.46+0.38 0.4240.16 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 0.061+0.08 0.0610.12 0.49+0.17 0.1+0.1 0.740.1
MWD-7 Unit #1/#2 1.1+0.86 0.20+0.15 0.3740.06  0.720.1 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-3 Unit #1 0.31£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 1.010.1

*Waters sampled on October 15, 1997.
2See Hydrologic and Geologic Investigation of the Kaiser-Tulsa Facility (A&M Engineering and
Environmental Services, 1999).



The **Ra activities were also low (<1.0 pCi/l) in all filtered water samples from wells screened
below dross. Wells that produced filtered water with *°Ra activities above the detection limits
included MWD-4, MWD-5, MWD-7 and MWD-8. Water from well MWD-5 showed the highest
2R activity at 0.9 pCi/l. Measured **Ra 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 2Ra and *Ra activities. The highest
activities (25.8 and 666 pCi/l, respectively) were found in well MWS-11 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 2°Th activity in the MWS-4 sample was 132 pCi/l. Considering that the filtered
MWS-4 sample contained essentially no BOTh activity, the measured thorium activities in the
unfiltered samples must represent fine-grained particles (<0.45 pm) suspended in the waters.

TABLE 7
Thorium and Radium Analyses of Unfiltered Ground Waters'
(1&T)]
Screened
Location__ Unit® Th ZTh “Th 2Ra Ra
MWS-11 Dross 31.947.5 73.3+£10.1 184430 21.1+2.0 450+1.5

MWS-5 DrosstUnit#3  26.0£4.3 104%7.7 272415 224409 265+1.6
MWS-4 Unit #1+Dross ~ 2419.1 132+17.8 28.8+4.1  10.610.3 146+2.1
MWS-6 Unit #3 0.0£038  0.21+0.57 0.01£0.42 0.4+0.2 1.840.1
MWD-4 Unit #2/#1/sh ~ 0.35+0.49  0.18+0.35 0.53+0.49  0.240.1 1.110.1
P-7 Unit #1/#2 0.48+0.35 0.840.23 0.62+0.19  0.610.1 1.4+0.1
MWD-7 Unit #1/#2 0.0410.46 0.0£0.49 0.0£0.56  0.8+0.1 2.710.1
MWD-8 Unit #1/#2 0.52+0.64 0.0+0.57 0.0£0.99  0.640.1 3.310.1
MWD-5 Unit #1 0.0510.5 0.0+0.71 0.0:0.61  0.8+0.1 5.710.1
MWD-6 Unit #1 0.0+0.27 0.0+0.27 0.0+0.81  0.740.1 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 *’Ra activities in unfiltered
waters from wells screened below the dross were generally very low (1.0 pCi/l) and similar to
the value measured in water from the upgradient well P-7. In samples from wells screened in
dross, ?°Ra activities were as high as 22.4 pCifl (MWS-5). The 225Ra 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/l). 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 **Ra 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, %Ra
radioactivities are similar in the filtered and unfiltered samples. Interestingly, the unfiltered
MWS-11 sample shows lower radioactivity (450 pCi/l) 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 (Kq) 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 (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 § 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 fi) 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 (MWD-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 K, (ml/g)  Ra K, (ml/g) pH’
A-13-1 #3 400 160 8.2
MWD-5 (14-16 ft) #2 212 99 8.4
MWD-10 (12-14 ft) # 135 159 8.1
MWD-10 (17-18 ft) #1 183 100 8.0
ST-3 (20-30 ft) shale 139 155 79

'See Appendix for more detailed experimental results.
*Measured 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

12



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 **Th 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, 1t
does appear that the 22T 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 BT}, 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
(Cvg)
Locationl 232Th 230Th ZZSth 226Ra 228Ra.
Site #4
0-2” (dross; A-6) 15845.3 492494 17512 1.241.5 31.9+0.2
0-2” (clay; A-7) 4.240.85 119+1.5 3.9+1.0 0.1+0.3 0.610.1
2-4”  (clay; A-2) 19.7£5.2 35175 18.244.1 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 0.710.1
Site #5
0-2” (dross; A-9) 55+5.2 207+10.1 63117 4.143.0 329403
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 250427 69.2+116 1.7120.4 21.420.1
0-17 (clay; A-12) 33.7+42 37.5+4 .4 20421 0.140.1 1.0+0.1
1-3”  (clay; A-13) 9.742.3 14.4+2 .8 10.1£2.3 04+04 1.31+0.1
2-4” (clay; A-17) 3.0+0.71 12244 4 2.4+1.5 0.1+0.2 0.7+0.1
4-10” (clay; A-18) 4.7+0.86 183.8t+1.7 42+13 0.2+0.2 0.710.1

'0” 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

5

Depth Below Dross/Clay
Interface (inches)

100

Th-232 (pCilg)

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/I thorium in solution. This is well above the solubility of minerals
such as thorianite (ThO,) which would control thorium concentrations at approximately 10 M/
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 #2Th in unfiltered
dross pore waters (Table 7) are equivalent to a concentration of approximately 10 M/1.

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 10*M/I. The particulate source term concentration in dross may be as high as 10° M/L.
However, this concentration will likely be reduced to the 10 to 10"*M/I 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 ®Ra, the activities measured in filtered waters show a wide range from 4.5 to 666
pCi/l (Table 6). The overall distribution of 2282 activities in filtered dross pore waters may
define a somewhat larger range. The activities of “’Ra in dross pore waters are low at present
g;l;able 6 and 7) but will eventually increase to levels corresponding to secular equilibrium with its
Th parent.

An estimate of the 22°Ra source term concentrations in dross can be derived using the following
conservative assumptions:

¢ The range of Z*Th activities in dross defines the range of 228Ra activities to be expected in
dross at any time.

¢ All the *Ra 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 2?Th and will generally not be in secular equilibrium with #2Th. The second assumption is
conservative because **Ra incorporated within the structure of dross grains will not always be
available to the solution phase. Therefore, the assumption that all 2%Ra is available to the
solution phase allows for the highest mobile concentrations.

With these assumptions, the *Ra activities to be expected in solution can be calculated from the
range of **?Th activities in the dross and the sorption coefficient as defined above. If we take an
average value of 100 pCi/g for the **Th activity in dross (ARS, 1995) and assume the average
activity of 28R4 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 *2*Ra activity in dross
pore water would be 1,000 pCi/l. This approximately 50% higher than the highest *Ra activity
measured in dross pore water (666 pCi/l, Table 6). A similar calculation for **Ra based on
current activities of 2°Th in dross (Table 9) suggests an upper limit to the future *2°Ra 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:

e 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),

e 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).

e 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 thoriem and radium in unconsolidated sedimentary units
beneath and adjacent to the dross. Dataon 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 *Ra and 26R4 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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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.



s Geochemical/Geological Consultants —

(\ »
< CI( I NC.
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-1 0-2 inches of clay below dross/clay interface (obtained with tube

sampler)

A-2 2-4 inches of clay below sample A-1 (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-S " 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

A-11

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

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

Location # 6 (in pond):

A-12

A-13

A-14

0-1 inches of clay below dross/clay interface (obtained with shovel)
1-3 inches of clay below Sample A-12 (obtained with shovel)

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

A-16

A-17-

A-18

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

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

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

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.

Sincerely youyrs,

Arend Meijer %

Geochemist
GCX Inc.



ccC:

Bobby Holmes
Rick Kuhlthau
Doug Kent
Henry Morton
Ed Chojnicki
Jerry Boller
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PROJECT NO: 970771
~: CUIENT: Kaiset
DATE SUBMITTED: 15-0ct-97
ANALYTL@L REP ORT DATE REPORTED: T26-Nov-97
Sample Date  Matrix Th-232 MDA Th-230 MDA Th-228 MDA Ra226 MDA Ra228 MDA
ID___ Sampled pcyg pCig_ peirg pciig pCvg
A2  10/1497 Soil 197 « 52 05 351 4~ 75 05 182 4 41 05 05 - 09 09 10 # 01 01
A-3 1011457 Soil 35 - 047 05 44 +- 052 05 31 4+ 12 05 03 +- 03 01 07 #- 01 0
A8 1011407 Seibcos5158 4+~ 53 05 4920 - 94 05 175 +- 121 05 12 # 15 01 319 + 02 01
A7 101497 Soi 42 - 0B85 05 119 +- 15 05 33 + 10 05 01 #- 03 019 06 +- 01 01
‘A8 1011497  Soil 410 4 056 05 385 +- 13 05 15 4+ 12 05 00 +- 02 0.1 06 +- 01 01
AD 101457 Sotvoss 55  #- 52 06 207 +- 101 05 63 +- 170 05 41 +- 30 01 329 +- 03 0
A-12 101487 Soil 237 +- 42 05 315 - 44 0S5 20 - 21 05 01 + 01 Ot 10 - 01 01
A-13  10/14/97 Sol 87 4. 23 05 144 - 28 05 101 + 23 05 04 +- 04 0.1 13 +- 01 041
A4 11497 SotrDross713  +- 149 05 250 - 27 05 692 +- 116 05 17 + 04 01 214 4~ 01 04
Quality Control Th-232 T™h-228 Th-230 Ra-226 Ra-228
Result % Result % Result % Result % Result %
Blank , THS 64-3 T+-5 043 8 +- .1
168 Lo larchrol Sam ple 91 89 %3 926 8.1
" Dup ' 11.3 6.7 0.4 244 40 58
443
107 101 920 90.4 14
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Sample  Date  Matrix Th232 MDA Th-230 MDA Th-228 MDA Ra226 MDA Ra228 MDA
1D  Sampled pClg pCg pClg pCig pCVg ___
. X +# 01 09
A-17  10/1587 Soll - 071 05 122 +- 44 05 24 +- 15 05 01 +- 02 04 0.7
A-18 11507 Sol %?r - 086 05 188 - 170 05 42 - 13 05 02 4+~ 02 01 07 +- 03 04
Quality Control Th-232 : Th-228 Th-230 Ra-226 Ra-228
Resuilt % Result % Result % Result % Result %
Blank TH-5 8+-3 745 04+-3 B4-.1
LCS o1 89 93 926 88.1
Dup 1.3 6.7 0.4 244 40 58
A3
MS 107 101 92.0 90.4 114
Laboratory Approvals:
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. Sample Date Matrix Th-232 MDA Th-230 MDA Th-228 MDA Ra226 MDA Ra228 MDA
{ 1 __ Samped oyl poig poi [ poi/ g/
a
é MWD-6-2 10/15597 Waiter 023 - 027 02 04 - 0.17 04 059 - 0.13 03 01 - 0t 04 10 +- 01 04
aq MWS5-6-2 1074587 Watet 0.31 H- 027 02 048 +H- 038 04 042 +f- 016 03 01 - 01 O1% 11 o py 019
- MWD4-2 10/15/97 waler 0.18 - 029 02 0.58 H- 037 04 0 - 047 0.3 02 M- 0.1 04 1.1 04 OA
I py2 101507 Water 008 +- 008 02 008 - 012 04 049 + 047 03 04 - 01 01 07 +- 01 03
é MW-7-2 /1587 water 1.4 - 0.86 02 020 +- 015 04 037 +- 0.06 03 07 - 0.9 04 25 - 0y 01
= MWD-8-2 101597 water 0 +- 04 0.2 048 - 056 04 10 - 030 0.2 05 +- 02 0.1 42 +- 01 04
® MWS-11 10/15/07 Water 0A. H 12 0.2 0.07 +- 0.13 04 0° - 016 03 268. +- o8 0.1 666 - 20 01
MWS-5-2 q0/18/87 Walter 0.4 H- 0A. 02 18 H- 24 04 o - 14 03 84. - 03 0.1 152, - ps 03
MwD-5-2 1041597 Water 03 + 03 0.2 18 + 08 04 0 +- 017 03 08 - 02 04 08 +- 01 0%
MWS-4-2 10/15/97 Waier [ +- 078 02 0.1 - 0.48 04 021 +- 034 03 45 +- 03 0. 4.5. 4- 03 0.1
Quality Control Th-232 T™h-230 Th-228 Ra-226 Ra-228
T Result % Result % Result % Result % Result %
Blank 042 24-5 A4l 4 AH-A RV
LCS 101 96 111 108 9.2
o Dup NC NC NC 74 20.9 5.7
8 A48
S: MS 97 89 100 852 80.4
o
P
t.aboratory Approvals.
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PROJECT NO: 970773
CUENT: Kaiset
DATE SUBMITTED: 16-Oct-97
DATE REPORTED: 26-Nov-97
TOTAL
Sample Dale  Mabix The232 MDA Th-230 MDA Th-228 MDA Ra226 MDA Ra228 MDA
D poig L poig A pity & poug L s
MWD~6-1 1015497 Water 0 + 027 02 00 +~ 027 DA 0 +- 08t 03 07 +- 01 04 17 + 01 043
MWS-6-1 10/1587 Water 0 # 038 02 021 4+ 057 04 0 + 042 03 04 + 02 04 18 +- 04 O3
MWD-4-1 10/1597 Woater D35 +- 049 D2 0.18 4/ 035 04 053 +- 049 03 02 4+~ 01 01 11 + 01 01
P-7-1 1001597 Water 048 - 035 02 D8 +- 023 04 062 +- 018 02 08 +- 01 01 14 +- 01 04
MW-7-1 1015087 Water 004 - 048 02 0 +- 049 04 0 +- 058 03 D8 - 01 04 27 <+ 01 0f
MWD-8-1 10/15/07 Walor 052 /- 0684 02 0 +- 057 04 00 +- 099 03 06 +- 01 04 33 4+~ 01 04
MWS-11 10/1587 Walter 319 +- 75 02 733 +- 104 04 184 +- 30 03 211 +- 20 01 45 <+~ 15 041
MWS-5-1 10/15/97 Water 260 +- 43 02 104 +- 77 04 272 +- 15 03 224 +- 09 01 286 4/~ 16 01
MWD-5-1 10/15/97 Water 005 +- 05 02 0 +- 07t 04 0 +/- 081 03 08 +- 01 01 57 +- 01 04
MWS-4-1 101587 Water 24 + 91 02 132 +- 178 CA 288 4/ 4.10 03 108 +- 03 04 j146 4~ 2% 049
Quality Control Th-232 Th-230 Th-228 Ra-226 Ra-228
Result % Result % Reasult % Result % Resull %
Blank 0H-2 245 A4 4 A4 T4
LCS 101 96 in 108 90.2
Dup NC NG NC T4+ 80.8 57
RETOR)
MS 97 89 100 85.2 80.4
Laboratory Approvals:
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Labomtory
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pCH mi
calculation
Au X Vg =
As X Wy
sample: 85303
100.8 X 20=
2.4 X £.144
38.4 X =
2B X 4.951
758 X 20 =
23 X 5108

average

OUTREACH LAB FAGt

Sheett

ACTIVITY
MINERAL

pCi

Th230

163.30

124.65

128.78

138.809

Page 3

WEIGHT
MINERAL
Wy

g

3 day

7 day

14 day
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OUTREACH LAB

918-251-0023

/1871898 28:28

11

A & M ENGINEERING SR —————
ENVIRONMENTAL SERVICES, INC. A Mg Mdongs || 6654572
MNAEA, OXLAHOMA PROZECT NUMBER PROECT NAME
ENGHNEEINNG - EIMCONMENTAL - CONETRICTION KA]SE 2

10010 E. 16th Street
FAX: }ma)us—asn
yd

TEL: (918)885-8578

- TULSA, OKLAHOMA 74128-~-4313

£—Mal: aandmé@galstar.com

SAMPLERS (Tignaturs,
/o)
3 TME  JCOMPJCRAB

zi.

sta no | oa STATION LOCATION MATRX a:agno:ms vgm ROAARKS
72981 Y x| YA S | ! v Cal Aead Mot o
02148 % TwDS Bl Jeorc | ! v Yo cobin, No |
I 12198 A St/~q) 20'%('* il I l\/ MW S0\ Samoles
were fCN\'\A‘
' i
f |
x v: ™™ [Sgneture) [REINQUISHED BY: (Stgnwhars) BATE | TME |RECHVED BY. (Stonahurs)
/A |
freUNQUISHED Bvt {m)\’ DATE TME [RECEVED BY: (Signature} REuMOUmSHED BY: (Simature) DATE TBE  RECEMD BY: (Signaturs)
| [RINGUSHED BY: (Slenatwrs) DATE | TME JRECOWD BY: {Stgnature) [

(<R




L e — e P~ T v~y
MW-10 12-14 FT  7/21/88 ASTM D4319

1.7:0d12s0 28128 318-251-8833

A
i%e
07

)|
Outreach
Laboratory

311 North Aspen

Broken Arrow, Ok 74012
(918) 251-2515

FAX (918} 251-0008

Sample ID Deaie Method

DUTREACH LAB

K¢ MUG
Ra228

MW-1017-1BFT  7/21/88 ASTM D4319

Laboratory Approvals: @

159
100

QA/QC

Laboratory Director

Th230
135
183

b a4
PROJECT NO: 980876
CUENT: Kalser Aluminum
CLIENT PROJECT#: (0]
DATE SUBMITTED: 28-Jul-68
DATE REPORTED: 2-Nov-98
PAGE: 10f1
ZA/Z W/U:
R -]
g roof
L6709



L1717 0323 P eRaNge]

Sl8-¢Zo51—~-30ug

ACTIVITY VOLUME
SOLUTION SOLUTION
As Vg
pCl mi
calculation
Ay X Vs =
As X Wu
sampig:  blank
0.2 X 20 =
85 X 1
03 X 20 =
54 X 1
03 X 20 =
§7.3 X 1

aversge

UU I REACH LAE FRat

Sheet1

ACTIVITY
MINERAL

An
pCi

Ra228

0.08

0.11

- 0.10

0.082

Page 3

WEIGHT
MINERAL
Wu

9

3 day

7 day

14 day



L.l 13Ty L3 43 HlB~-491 Uy
ACTIVTY VOLUME
SOLUTION SOLUTION
As Ve
pCl mt
calculation

Ay X Vg =

As X Wy

sample: 87601
381 X 2=
0.84 X 4.839
30.4 X 20 =
0.95 X 4918
49.1 X =
1.21 X 4,955
average

UUITREALUH LAB Faat

Sheeoti

ACTIVITY
MINERAL

pCi

Raz228

183.67

130.19

163.78

159.21

Page 1

WEIGHT
MINERAL

3 day

7 day

14 day

14



i1/ L1g710393 uldy

Ji8-2o1l-dvuy

ACTIMITY VOLUME
SOLUTION SOLUTION
Ag Vs
pCi mi
caiculation
Ay X Vs
Ag X Wy
sample: 676802
0.9 X
2 X 4,922
§0 X 20
235 X 4,919
47.9 X 20 =
1.88 X 5138

UU e RAUH LAD FRUC L&

Shest1

ACTIVITY
MINERAL
Ay

pCl

Ra226

103.41

86.51

110.98

100.295

Page 2

WEIGHT
MINERAL
Wi

¢

3 day

7 day

14 day



1.018s1cS8 20028 318-251-0083 OUTREACH LAB PAGE

Sheet1
ACTIVITY VOLUME ACTIVITY WEIGHT
. SOLUTION » SOLUTION MINERAL MINERAL
Ag Vs Ay W
pCi ml pCi g
calculation
B Aw X Vs = Ky
Ag X Wy
sampie:  blank Th
0.5 X 0 = 0.10 3 day
97.5 X 1
0.8 X 20 = 0.13 7 day
84.2 X 1
0.7 X 20 = 0.18 14 day
8 2" X 1
average 0.125

Page 3



. 1i/18s1t5s8 28:28 218-251-9035
- ACTIMITY VOLUME
SOLUTION SOLUTION
As Vs
— pCl mi
- calculation
Ay X Va =
~ As X Wu
_ sampio; 87601
76 X 20 =
— 1.6 X 4.933
. 78.5 X 20 =
3 X 4910
— 81 X 20 =
3 X 4951

average

OUTREACH LAB it

Shest1

ACTIVITY
MINERAL
Au
pCi

Th230

192.58

103.74

108.07

13513

Page 1

WEIGHT
MINERAL
Wi

3 day

7 day

14 day



11/18/1558  28: 28 918-251-2088
ACTMITY VOLUME
SOLUTION SOLUTION
Ag Vs
pCl ml
csiculation

An X Vs -
Ay X Wy
sample: 87602
103 X =
2 X 5.104
08 X =
2 X 5.087
98 X =
2.5 X 5.078

average

UUIREACH LAB Faat

Sheet1

ACTIVITY
MINERAL
An
pCi

Th230

201.80

19265

154.48

182.978

Page 2

WEIGHT
MINERAL
Wu

)

3 day

7 day

14 day
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OUTREACH LAB

918-251-0@03
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TULBA, OKLAHOMA
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16010 E. 18th Streat -  TULSA, OKLAHOMA 741284813 - ANALYTICAL TESTS REQUIRED

L

i
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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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S¥ LABORATORIES

FAX 918 251 0383

098:59

08/04/87

[ {

{ {

[ [

TEL {918)883—-6575

FAX (BB)853—-86578

AdM E%&NEEHING SAMPLING AIRM CTLRENT CONTACT Y PHONE HULBER
ENVIRONMENTAL SERVICES, INC. Af \ nginencies | | Mureay Ml || 656575
TULRA, OKLAHOMA PROJECT NUMBER PROXCT MAME
ENONEETSNG - ENVIGNUENTAL -~ CONNTMICTION
3040 SOUTH 103rd EAST AVENUE - TULSA, OKLAHOMA 74148 956 KNSE‘Q ALUM

ANALYTICAL TESTS REQUIRED

o %//m
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‘" T
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L i 1 * 6/177711? .
DATE | THE |RECEVED BY: [Stymafure GIISED BY, —
W% é&!‘ﬂ 5:, | BY: (Stymature) RELINGUISHED BY! (Sgnature) DATE | TME [RECEVED BY: (Stgmaturs) i
ARG B Tolgmaars] OATE | mkE rmcmm BY) (Skmature) RELTQUISHED BY: (Stgnafure) H;% I; ;ulc %{J//__
RELINQUISHED BT: {Sigmatirs) DATE | THE |RECEMVED BY: (SNgnafurs) REWARICS: -
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SW LABORATORIES

10:05 FAX 818 251 0383

08/04/97

| ! | | | M H | | m | | | |

e —

A&M mzo_zmmm_zo SAUPLNG IR CUDNT CONTACT PHONE TRARER
ENVIRONMENTAL SERVICES, INC. b? X7\ Munee Melones, | | L0515
E?o.ab.o.s . FROJCT NUMBER I'PROXCT NANE
mareEsvmaQ BMPOMENTAL -  CONTNUOTION 155 _ KA
3840 30U 10Xd EAST AVENUE - TULSA, OKLAHOMA 74148 U mﬂ Tﬁic}

. TEL (912)883-8578  FAX (918)855~8578

N

ANALYTICAL TESTS REQRRED

_ SIA WO [ DATE il__zn cour) aran STATION LOCATION MATRIX nh#nﬂ .“.m_w_ﬂu.ﬂzﬂ. &7 2
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TME ‘xnnﬂﬁd BY: (Signature) _§ Y (Signeture) DATE nue ECOIVED BY (S{gnaturs,

REUNQUISHED BY: (Signalure)
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007/008
08/04/87 10:07 FAX 918 251 0383 SW LABORATORIES 7]

SOUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 W. ALBANY SUIYS C EROXKEN ARROW, OK 74012-1431 {s1w) z2S1-2858

Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TULSA, OK 74146

Client ID: Field Blank Project ID: KAISER AL SITE

SWLO ID: 29344 .05 Report: 29344.05 -

Collected: 05/13/1997 Report Date: 06/03/1597 Page: 1
Received: 05/14/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

DATE UETECTIGN DATE N3THOD
. IBST_ BXTRACTRD LIMYYT MNITE RESULTS X2 FERENCE

*ve INORGANICS v+

— BRINE PACKAGE

Calci ) .25 ng/1l m 08/22/37 -
Magnasiwm .25 wg/l ] 9s/22/97 re
Sodium .18 g/l W 0S/22/97 we
— Iron 3 ng/l 144 05/22/97 e
Fotasssiun «3 g/l KD 08/22/97 23
Caxbonate Alkalinity S »y/1 ND 05/23/97 .
Ri~Carb. Alicalinity 20 B3/l ND 05/23/97 .
— T. Hxzrdness ap Cacol »g/1 ND 05/29/97 -
Total Uissolved sol. 10 wg/l D as/23/87 [
Chlorids 2 »g/1 No 05/16/97 e
Sulfate 2 »g/1 ND 06/16/37 -
Nitratre F] eg/l RD a5/16/97 ow
PH .1 s.0. $.08 05/14/97 e
Spac. Couductanca -1 waho/cn 1.4 uS/aT/e7 ow
TOUTAL PHOS. 0.19 /1 - 6$/22/97 BPA 365.2
- TOTAL SULFIDR 2.0 Bg/1 wm 05/18/57 5W 9030
*ve NETALES sor
BARION 2 ug/l ] 05/22/97 SW so18

ND = FOT DETHCTED AROVE QUANTITATICN LINIT * = STRROGATE RECOVERY OUTSYDE OF Q€ LIMITS
! ~ ANALTTZ DRTECTRED IN BLANK A5 WELY. AS SANPLE D = SURROGATES DILUTED OUT
! =« UNABLE TO QUANIITATE DUE TO MATRIX INTRRFERENCE a-mm:m&awznnmm&
TMR = ROT APVLICABLE : .
¥ethodology: M & STRNTARD HETEONA, 16th BDITIOR, 1ags 8W = BFA METHOUOLOGY, "#SWR46", THIRD EDITION, NOVEMBER 1586
EZA « #EPAGQ0/4-75-020, WARCH 1%a%



0068/008
06/04/87 10:08 FAX 918 251 03863 SW LABORATORIES %

_ SOUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 ¥, ALHANY SUITE C BROKEN ARROW, OK 740313-1421 (328) 251-zase

Client Name: A & X ENGINEER
3840 S 103RD E
TULSA,

ING & ENVIRONMENTAL SERVICES
AVE SUITE 227
OK 74146

Client ID: Equip Blank Project ID: KAISER AL STITE
SWLO ID: 29344.04 Repozt: 29344.04 -M

Collected: 05/13/1997 Report Date: 06/03/1997 Page: 1
Received: 05/14/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

ZBST LINTT ONITa IS ) 4 REFRRENCER

*F OXRGANICE vew

BRINE PACKAGE

Caleium .25 g/l hois] 085/22/%7 ’ -
Magnedium .2E mg/l KD 05 /22/97 e
Sodius .15 wy/1 o 05/22/a7 s

. Ixen .1 wg/l b+ 05/22/97 e
Potaagium -3 wg/l WD 05/22 /97 -
Carbonate Alkalinity 1 og/l D 05/23/37 e
Bi-Carb. Alkalinicy 20 g/l o] 05/23/97 (2]

— T. Hardnass ag CacOl wg/l ¥D a5/23/97 e
Totxl Diasolved gol. A wg/1 » es/23/97 e
chlorida 2 wy/1 ] 05/16/97 -
Bulfates 2 wg/l xD 95/16/97 .

— Ritzate 2 wg/1 ) 05/16/97 123
pE -1 a.u. 5.75 B5/14/97 e
8pas. Conductanca 1 who/ca 2.6 05/27/87 e

TOTAL PHOS. 0.10 ug/1 Nn 05/22/9%7 BPA 3€5.2
— TOTAL SULFIDR 1.o wg/l Ro as/ia/97 oW solo
*ed Hm *e®
o BARYDN 2 ug/1 RO 05/22/57 8w €030

m-mmmmmmmmn L -mmmwmuum
-m:.mnnscrmmnuuxnmumm D = SURROGATES DILUTED OUT
.maummnmmmlmmmm a-mmm:mmmwmnmwmmmon
~®A « NOT APPLICAELE )
Nethodology: SM = STARDARD NETHODE, 16th ENYTIoN, 1805 SW - SPA NETEODOLOGY, *#8WS46", THIRD RUITION, NOVEMHER 1986
RPA = #EPASQ0/4-79-820, NARCH 198%



d}004/008
08/04/97 1 :08 FAX 918 251 0363 SW LABORATORIES P

OUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 W. ALEANY ZUITR € DROKEM ARROW, 0K 74012~1421 (318) 251-2a58

Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TULSA, OK 74146

- Client ID: P-1 Project ID: XAISER AL SITE
SWLO ID: 29344.02 Repozrt: 29344.02 -M

- Collected: 05/13/1997 Report Date: 06/03/1997 Page: 1
Received: 05/14/1997 Last Modified: 06/03/1997 Matrix: Water-Rrad

ZEST_ EXTRACTED LImMIT ONITS RESULTS ANALYZED REFERENCH

*** INGRGANICE wee

BRINTR PACKAGE

~ Calciug .25 wg/l pLY ] 05/22/97 e
Magnogium .35 ng/1 9.49 605/22/37 .y
Bodium .15 o/l 19.4 05/22/97 e
Iron .1 g/ 2.5¢ 08/22/97 e

- fotansitm .3 ng/1 157 95/22/37 .
Caxbonate Alkalinity 1 wy/l o] 05/23/97 [23
Bi-carb. Alkalinity 20 eg/1 414 05/23/87 o

_ T. Hardness an CaCO3 uy/l 436 08/28/97 s
Total Diepsclvaed sol. 10 wg/l} s11 ©05/23/97 1 T3
Chloride 2 =g/l 20.8 05/29/97 .
Sulfate 2 wg/l 5.6 a5 /19/57 .

— Nitrate 2 g/l ND 05/1%/97 e
el .3 8.u. 7.07 05/14/97 .-
Spec. Conductance .1 umho/ca @66 05/29/37 2

TOTAL PHOSH. g.10 »g/1 0] 95/22/37 8PA 365.2
— TOTAL ZULFIDE i.o ng/l x 05/10/97 SW osol0

**¢ NRTALS vev

e BARTUM 2 ug/l 288 08/22/97 aw so10
NO = NOT DRTECTED ABUVE QUANTITATION LINIT ¥ = GURROGRTE RECOVERY OUTALDR OF QU LIMITS
F = ARALYYR DETRCTED IN BLANK A WELL AS SANPLE D = SURROGATES DILUTED OUY
= DMMADLE TO QUANTITATE DUF TO MATRIX INTRRURRENCE :-mm:mmmammnonmm
bov w NOT APPLICARLR .
Nethodology: SM = STANDARD KE&THODE, 16th EDITION, 1985 % « EPA MRTHODOLOGY, "#3Wa46", THIRD EDITION, NOVENDER 1986

HPA = BQPAGU0/4-79-UZ20, MARCH 1385



08/04/97 10:07 FAX 918 251 0383

TULSA,

Client Name: A & M ENGINEERING & ENVIR
3840 S 103RD E AVE SUITE 227
OR 74146

SW LABORATORIES @o08/008

ST LABORATORY OF OKLAHOMA, INC,

170¢ W. ALBANY SUYTE C BROKEN ARROW, OK 74012-1421

(91K) 253-2g358

AL SERVICES

Client ID: Duplicate Project ID: RAISER anL siTE

N SWLO ID: 29344.06 Report:; 29344 _06 -M
Collected: 05/13/1997 Report Date: 06/03/1997 Page: 1
Received: 05/14/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

DATE DRIECTION OATR RETHOD
— ZEST BXIRACTRD LINTT s REBULTS for ]
T INORGANICSH eee
— BRINZ PACKAGE
Caloium .25 wg/1 i61 05/22/97 e
Magmegium .25 mg/1 .58 Q5/23/97 L T
Sodium .15 ug/1 1s.5 05/23/%7 e
— Ixon .1 wg/1 2.22 0s/22/97 e
Potagaium .3 ag/l 1.42 05/22/97 (23
Carbonate Alkaliaicy 1 wg/l KD 05/23/97 .
Bi-Carb. Alkalinity ao wy/l 414 05/23/97 .
~ T. Hardnses as cacoa =g/l 442 05/28/%7 L 2
Total Dissolved sol. 10 =g/l 815 05/2a /37 we
Chioride g/l 2a.9 0$/19/97 .w
Sulfata 2 g/l 3s.s 0s8/18 /57 '
- Nitrate 2 »g/1 b ] 05/13/97 e
PH .1 8.0. 7T.07 05/14/97 e
&psc. Sonductance -3 umbhoc/cw [ {1 05/27 /37 e
) TOTAL PHOS. 0.10 wy/l -] 05/22/97 BPA 365.2
- TOTAL SULPIDR 1.0 wg/l NO 05/18/37 aw scao
w¥¥* METALS vwy
RARTOM 2 ug/l 280 6L/22/87 5% &010

HD « ROT DNTECTED AROVE QUANTITATION LINIT

B « AMMIYIR DRIRCTED IN BLARK AS WELL A3 SAMPLE

i = WNABLE TO QUANTITATR ooz TO MATRIX INTERPERENCE

NA = NOT APRLICARLEG

Rothedology: N e aTanpDaRp MEYRODS, 1&th EDITIGCN,
EPA = #3PA500/4~79-020, MARCH 19as

1385

* -WWMIOPQCHHM
D = AURROGATRS DILUTED OUT
J-xammmm:mammnmmm

S¥ = BFA METRODOLOGY, T#8WeeE", THIRN BOITION, MOVENRER 1986




06/04/97 09:59 FAX 818 251 0383 SW LABORATORIES Woos/ULY

B SOUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 w, ALRANY SUITE C BROXEN ARROW, OK 74012-14321 (s18) 251-2958

— lClient Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227

TOLSA, OK 74146
_ l_ )
Client ID: P-2 Project ID: KAISER AL SITE
o SWLO ID: 29326.01 Report: 29326.01 -M
Collected: 05/12/1997 Report Date: 06/03/1997 Page: 1
Received: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

DATE DEIECTION DATE HBTHOD
_ IBST EXTRACTLD LIMIY UNTTS RESULTS ANRLYZED REFERENCER

ver IHORGANICS wee

— BRINE PALKAGCE

Calcium .28 ng/l 180 05/22/37 .
tagnesium .28 ng/1 20 05/22/97 ..
Sodiug .35 wg/l 32 08/22/97 >
— Iron W1 ng/l 4.8 05/22/97 =
Potassitum .3 g/l 8.2 05/22/97 -
tazxbhonate Alkalinity 1 ng/1 ND 05/23/37 v
pi-Carb. Alkalinity 20 wg/l 5313 05/23/97 e
— T. Hardnesda aa Cactnl g/l 542 05/28/97 ve
Tatal Dissclved dol. 100 ng/1l 630 05/33/57 e
Chlaoride ’ 2 wg/l 24.8 05/13/57 e
Sulfare 2 og/l 11.8 05/15/37 -
- Nitzate 2 vg/1 5 05/18/97 o
pH 0.10 8.U. 7.2 0S/314/87 e
Spac. Conductance 0.1 umho/cm 930 05/27/97 'S
- TOTAL PHOS. 0.10 ny/l 0.321 05/22/9% EPA 365.2
- TOTAL SULPYDR 1.0 =g/l m 05/18/97 sw 3010

ey METALS *++

BARIUM 2 ug/l 1820 08/22/97 gw 6010
ND = NOT DETECTED AROVB QUANTITATION LIMIT v = SURROGATE RECOVERY OUTSIDE OF QC LIMITA
] < ANALYTE DETECTED IN BLANK AS WELL A8 SAMELE D « SURROGATRS DILUTRO OUT
;. = UNABLE T0 QUANTITATE DUR TO MATRIX INTERPERENCH J « SSTIMATED VAUOR: CONCENTRATION BELOW LIMIT OF QUANTITATION
NA w NOT APPLICARLS
Methodology: BX = STAMDARD MSTHODS, 16th HDITION, 1385 EW = EPA METHODOLOGY, “#9Wa45*, THIRD EDITION, NOVRWBER 198€

EPA = #EPASOO/4-79-020, MARCH 1985



08/04/97 10:00 FAX 618 251 0363 SW LABORATORIES ¢ioug /U1l

SOUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 ¥, ALBANY SUITE C BROXEN ARROW, OKX 74012-1431 (21R) 251-2850

O e

_ Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TULSA, OE 74146

iclient ID: P-5 Project ID: KAISER AL SITE

SWLO ID-: ‘ 29326.04 Report: 29326.04 -M
Collected: 05/12/1997 Report Date: 06/03/1997 Page: 1
Received: 05/13/1997 Laat Modified: 06/03/1997 Matrix: Water-Rad

DATR BRTECTION DATE METHOD
IBST EXTRACTED LInIT UNITS RASULTS __ ANALYYSD __ RAPERENCE

ars INORGANICS *ov

BRINE PACKAGE

Caleium .25 wg/l 123 05/22/87 '
Magnaaium .35 vg/l a1.2 05/22/97 e
andiva .18 ng/1 60.6 65/22/97 .o
— Ixon W ug/l ND 08/22/97 -
RPotassium .3 wg/1 357 08722797 -
Carbomate Alkalinity 1 wg/l ND 05/23/97 e
Bi-Caxb. Alkaliniey 20 wg/l 154 05/23/9% -
—_ T. Hardneas ao Cacod wg/l €40 05/29/97 [ 2]
Total Diseolved Bol. 0 wyfl 1730 95/21/37 e
chloxrida 2 vg/1 st as/16/57 e
sulfate 2 ug/l 7.9 05/19/37 [ 13
— Mitzate 2 wg/l ¥ a5/19/97 -
pH 6.1 s.0. 7.37 08/14/97 e
Spec. Conductancs 0.1 umho/ca 3290 05/27/37 w
TOTAL PHOS. 0.10 g/l ND 05/22/37 ESA 365.2

‘ TOTAL BULFIDE 1.0 wug/l ND 05/18/97 SW 8030

ver NETALS v**

BARIUN 2 ug/l _s3Q0 0s/12/97 SW ¢oln
NU = NOT DETECTED ABROVE QUANTITATION LIMIT * = SURROGATE RECOVERY OUTSIDE OF QC LIMITS
= ANALYTR BETACTED IN BLANK A8 WHLL AS SANPLEY D = SURROGATES DILUTRD QUT
= UNARLE 70 QUANTITATE DU TU MATRIX INYTBRFERENCE J = RETIMATED VALUR: CONCANTRATION BRLOW LIMIT OF QUANTITATION
"RA = NOT APPLICABLE
Nethodology: SM = STANDARD NETHODS, i16th EDITION, 19S5 SW = BPA MEIHODOLDGY, *#SW846°, TRIRD FDITION, MOVEXBRR 1986

¥PA = $BPAGG0/4-79-020, MARCH 1985



08/04/87

0047010

INC.

10:00 FAX 918 251 0383 SW LABORATORIES

SOUTHWEST LABORATORY OF OKLAHOMA,

1700 W. ALBANY SUITE C BROKEN ARROW, OK 74012-1421 {918) 2s51-2858

ND = NOT DBTECTED ARCVE QUANTITATION LIMYT
= ANALYTS DETECTHED IN BLANK AS WELL AS JAMPLE

~ UNABLE TO QUANTITATE DUE IO MATRIX INTERFERENCR g

NA = NOT APPLICABLE
Hethadology: SN = STANDARD RETHODS, 1€th EDITION,
BPA = #EPAS00/4-73-020, MARCH 198%

1345

- Client Name: A & ¥ ENGINEERING & ENVIRONMENTAL SERVICES
3840 8 103RD E AVE SUITE 227
TULSA, OK 74146
Client ID: P-8 Project ID: KAISER AL SITE
SWLO ID: 28326 .02 Report: 29326.02 -M l
Collected: 05/12/1997 Report Date: 06/03/1997 Page: 1
Received: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad
DRTR DETECTION DATE M5THOD
. TEST BXTRACTED LIMIY UKITS RESULTS ANALYZHZD REPERENCE
rer INORGAMICE vev
_ BRINE PACKAGE
Caleium .28 wg/l 154 D5/22/97 o
nagnesium .35 vg/1 23.5 05/22/97 o
Sodium .15 og/l 3.9 05/22/97 Y
— Iren . ug /1 12.60 05/22/97 "
Potadaium o3 ng/1 2.04 08/22/97 1 2
cazbonate Alkalinicy 1 wg/l el 95/23 /37 L1}
Bi-Carb. Rlkalinity 20 mg/l 213 95/21/57 .
— T. Hardneea as CaCo3 eg/l 483 08 /23797 ’r
Total Dissolved 8ol. 40 wg/l B40 03/23/97 .
Chlorida a »ng/i 268 05/18/97 e
Sulfare 2 eg/1 4.4 0s/19/37 (4]
— Xicrate 2 mg/l Nn 05/13/97 .
gH ¢.10 s.o. 7.24 08/14/97 IS
Spec. Conductance 0.10 umho/em 1250 95/27/97 -
TOTAL PHOS. 9.10 wg/l ND vS/22/97 EPA 165.2
- TOTR!, BULFIDE a.o ma/l ND 05/18/97 aw 9030
sse METALS sed
- BARTUM 2 ug/1 1650 05/22/97 aM 6010

¥ < SURROGATB RECOVERY OUTAIDE OF QC LIMITS
D = AURROGATES DILUTED OUT

SW a EPR METHODOLDGY,

= ESTIMATREO VALUR: CONCENTRATION BELOW LIMYIT OF QUANTITATION

"#SWa46", THIRD EDITION, NOVRWNBER 19B€



d1003/008
06/04/87 10:08 FAX 918 251 0363 SW LABORATORIES

ST LABORATORY OF OKLAHOMA, INC.

1700 W. ALBANY SUITR C BRCXBEN ARROW, OK 74012~1421 (918) zsi-2es@

Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TULSA, OK 74146

Client ID: MWS-5 Project ID: EAISER AL SITE
SWLO ID: 25344 .01 Report: 29344.01 -M

Collected: 05/13/1997 Report Date: 06/03/1897 Page: b
Received: 05/14/1997 Last Modified: 06/03/1997 Matrix: Water-Rad

DRTE DETECTICN DAIR NETHOD

*4¥ INORGANICH wee

BRINE PACKAGR
Calcium .28 wg/1 14.7 08/32/97 e
© Magnagium .25 ag/1 €9.3 05/22/97 .o
fodium .18 ng/l 29.0 0S/22/97 e
Izon .1 g/l -8 0s/22/97 "
Potasasiuxg .3 wy/l 1.6 05/22/97 .y
Carbonate Alkalinity 1 wug/l 20.5 08/23 /97 -
Bi-Cazb, Alkalinity 20 og/1 123 08/23/97 e
—_ T. Haxdnese as Cacos wg/l 322 0S/29/97 Lad
Total Diesolvad gol. 0 =g/1 LS 85/23/97 -
chloaride 2 =g/l 197 05/13/97 s
Bulfate 2 »y/l 0 0s/19/97 -
- t.tzake 2 wg/l ND 0S/19/97 [ 1%
pY .1 8.uU. 5.84 05/14/97 e
Spec. Conductance .1 umho/cm 70§ 05/27/37 had
TOTAL PHOZ, g.10 ug/l b 95/32/37 BPA. 365.2
“ TOTAYL SULFIDR 1.0 3/l xn 0S/18/97 aw %010
Ry Hm ey
- BARTUN 2 ug/1 1260 as/23/a7 aw §01a
%D = NOT DETRCTED ABOVE QUANTTTATION LINIT * = BURROGATE RRCOVERY QUTSIDE OF (C LIMITS
i = ANALYTR DETECTED IN BLANK AS WHLL AS SAMPLE D «~ SURROGATES DILYTED OUT
» UNARLE IO QUANIIZATR DD TO MATRIX INTERFERENCH :-mmvm:mauammu?mm
¥K = NOT APPLICABLE .
Mathodology: SM « BTANDARD METHODS, 16th BDITION, 1385 AW = EPA METHODOLOGY, *#JWE4E", THIRD EDYTION, NUVENEED 1586

BPA « #BPAS00/4-73-020, MARCH 19ae$



L HYAVERY]

068/04/87 10:00 FAX 818 251 0383 SW LABORATORIES

SOUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 W. ALHANY SOITE ¢ BROKEN ARROW, 0K 74012-1421 {918) 251-2858

Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TOLSA, OK 74146

Cliext ID: MWD-5 Project ID: KAISER AL SITE
SWLO ID: 29326.03 Reporxt: 29326.03 -M
Collgcted: 05/12/1997 Report Date: 06/03/1997 Page: 1
Received: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad
DATE DETECTION DATR METHOD
TRET EXTRACTRD LIMIT UN! 18 RESULTS RNALYZED REPRERSNRNCR

+rt INORGANICS #ow

BRINE PACKAGH

caloium .28 ag/l 122 05/212/37 e
Magneaium .35 wg/1l 42.1 05/22/97 LA
Sodium .18 ng/l 8.7 05/23/97 e
_ Izon .1 wg/l 0.166 as/22/97 w
Potaseiim 3 wg/l 232 05/22/9% e
Cazbonrte Alkalinity 3 g/l 23.8 05/23/97 e
Bi-Cazb. Alkalinity 20 wg/l 12.1 05/23/97 e
- T. Hardneea as CaCMm v/l 479 05/29/97 -
Total Dicocolved Sol. 10 wg/l 1150 05/23/97 v
Cthlezride 2 ug/1 636 05/19/97 ve
Sulfate 2 g/l 1.5 05/16/97 ..
— Nitrate 2 wg/l ND 08 /16/97 o
pa 8.10 8.0, 9.15 05/14/97 e
Spec. Canductance 0.10 umhe/cn 2240 05/27/97 re
TOTAL FHOS. 0.10 wg/L m 05/22/97 EXA 365.2
b TOTAL SULFIDE 1.8 »y/1 XD 0s/18/97 SW 90ap

esw MATRLE &+

- BARIUM 2 ug/l 7670 us/22/%7 SW 6010
ND = NOT DETECTED ABOVE QUANTITATIGN LIMIT ¢ . SORROGATE RECOVERY OUTSIDE OF QC LIMITS
= ANALYTE DETRCTRD IN BLANK AS WRLL A5 SAMPLE D = SURROGATES DILUIRD QUT
= UNAALR TO QUANTITATE DUE TO WATRIZ INTERPERENCE J » RETIMATED VALUR: CONCENTRATION BRLOW LIMIT OF CUANTITATION
NA = NOT APPLICRBLE
Methodology: BM = STANDARD METHOUS, 16th EDITTOR, 1585 SN « B¥A NETHODOLOGY, ~#5We46“, THIRD EDITION, NOVEMRRR 1286

BEPA « #BPA600/4-795-020, MARCH 1985



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

WUV vay

LABURATURILIES

SOUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 W. ALBANY SUITE C BROKEN ARROW, OX 74012-1421

(%29) 251-28s8

MDD = NOT DETECIED ABOVRE QUANTITATION LIMIT .
- AMALYTE DETRCTBD IN BLANK Af WELL AS SAMPLE D
= UNABLE TD QUANTITATE DUE TO WATRIX INTERVERENCE I

NA - NOT APPLICABLR

Methodolegy: SM = STAMDARD NBTHODS, 16th EDTTION, 198 SH

EPR = BEPASC0/4-79-020, MARCH 158S

- Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TULSA, OK 74146
l Client ID: Mw-8 Project ID: KAISER AL SITE
_ SWLO In: 29326.05 Report: 29326.05 -X II
Collected: 05/12/1997 Report Date: 06/03/1997 Page: 1
Received: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad
DAYR OBTECTION DATR KETHOD
. IBAT EXTRACTED LIMIT TS BULTS ANALY?Z REFERENCE
*ee INORGANICS vew
— HRINE PACKAGE -
Calcium 25 ngfl 47.8 05/22/97 v
Magneaium .28 ng/1 9.7 08/22/97 LA
Sodium .15 g/l a5.3 0S/22/97 e
- Iron 1 wg/l .87 05/22/97 e
Patagsium 3 wg/l 194 0§/22/97 [T
Carbonate Alkalinity 1 wg/l ND 05/23/97 .
Bi-Carb. Alkalinicy 20 g/l 228 08/23/97 .
- T. Hardnese ao CaCg@l wg/l 524 05/29/9? e
Total piseolved Sol. 30 wg/l 1130 05/23/97 >
Chloride 2 wg/l 517 05/18/97 e
sulfats mg/l 4.6 as/19/87 v
~ Kitrate 2 wg /) ND 05/13/07 e
PHE .1 5.0, 7.91 0S5/14/97 e
fpag. Conductanca .1 utho/cm 2360 05/27/97 L ]
. TOTAL FHOS. 0.10 wg/l »m 05/22/97 EPA 2365.2
TOTAL SULPIDS 1.0 wg/l ND 0s/1a/37 8¥ 3030
*tw METRAIS sre
- BARIUM 2 ug/1 12300 95/22/87 5W 6D10

« SURRQGATE RECOVERY OUTSING OF QC LIMITS
= SURROGATES DILUTRD OUT
« BETIMATED VALUE: CONCENTRATION BELOW LIMIT OF QUANTITATION

= BPA METHODOLOGY, “#SWa46*, THIRD BDITION, NOVHMBER 19'36



08/04/97 10:01 FAX 918 251 0363 SW LABORATORIES $¥|008/010

SOUTHWEST LABORATORY OF OKLAHOMA, INC.

1700 W. ALBANY SUITE C BRONEN ARROW, OK 74012-1421 {918} 251-28548

S e —

Client Name: A & ¥ ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
ﬂ TUOLSA. OK 74146

- Client ID: sT-3 Project ID: KAISER AL SITE
SWLO ID: 29326.06 Report: 29326.06 -X
N Collected: 05/12/1997 Report Date: 06/02/1997 Page: 1
Received: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad
DATE DETRCTION DRYIR METHOD
TEST FXTRACTED LIMTIT DNITH RESTLTS ANALYZED REFPERBNCE

*ev INCHGANTICS ¢ev

BRINE PRCKAGR

Caleium .28 vg/l 159 05/22/97 £
Magnaoium .26 sg/1 58.4 05/232/97 .
Sodium .15 mg/l 1020 05/22/97 ™
Iran .2 g/l .3s4 08/22/97 e
- Potanaium .a ng/1 10.4 05/22/97 .
Carbonate Alkalinity 1 wg/1 NO 05/23/97 v
Bi-Carb. Alkalinity 20 ag/d 139 0S/23/37 .
_ T. Hardness aa Cacn3j a3/l 627 05/29/97 v
Total Diseclved Sol. 10 wg/1 13500 0s/33/97 -
Chlowide 2 ug/l §720 05/16/97 e
Sulfate 2 ©wg/l 11.2 95719787 -
— Nitrate 2 wug/1 XD 05/13/97 e
PH .2 8.V, 7.72 05/14/97 e
8pec. Coaductance -3 umho/cm 6260 0s/27/97 v
TOTRL PHOS. 0.10 mg/l ND 05/32/97 EPR 365.2
— TOTAL SULFIDR 1.0 wg/l D US/18/97 3W 9030

*evr WETALS vwe

— BARIUN 2 ug/1 3710 05/22/97 SW 6010
ND - WOT DETECTED RBOVE QUANTITATION LINIT * = SURROGATE RECOVERY OUTEIDE OF QC LIMITS
= s ANALYTE DETECTED IN BLAMK AS WHLY AS SAMPLE P - SURROGATEBS DILUTED CUT
= UNABLE TO QUANTITATHE DUE TO MATRIX INTERFERENCE J = RITIMATED VALUE: CONCENTRATION BELOW LIMIT OF QUANTITATION
—wh = NOT APPLICABRLRE
Methodology: SM =~ STANDARD METHODS, 1eth EDITION, 1985 AW « BYA MRTHODOLOGY, “#SWBa6°, THIRD EDITION, NOVEMBRR 198¢

EPA = BEPREGOD/4-79-020, MARCH 1985



4005/008
08/04/97 10:08 FAX 918 251 0363 SW LABORATORIES a4

3 SOUTHWEST LABORATORY OF OKLAHOMA, INC,

1700 W, ALBANY SUITR C BROKEN ARROW, OK 74012-1421 {718} 2851.2858

Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD R AVE SUITE 227
TULSA, OK 74146

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

SWLO IDp: 29344.03 Report: 29344.03

Collected: 05/13/1997 Report Date: 06/03/1997 Paga: 1
Received: 05/14/1997 Last Modified: Matrix: Water-Rad

DATE DRTRCTION DATR METHOD

TeY JRORGANICEH e

TOTAL PHOS. 0.10 wg/1 % 05/22/97 BPR 365.2
m-mmmmqmmmnouum * -smomumnxom'amxorucunns
T = AMALYTE DETECTED IN BLANK AS WRLYL AS SAMPLE D = SURROGATES DILUTRD CUT
-Ummmqmmmmmmmrm a-mmvum:mmmmnovqm
~wA = NOT APPLYCABLE .
Mothodology: 8N = STANDARD METHODS, 16th BDITION, 1s8s SN = RPA NEIHODOLOGY, "#aM846*. TIIRD HDITICON, NOVEMHER 133¢

B7A = #EPAS00/4-79-020, NARCH 1395



08/04/87 10:01 FAX 918 251 0383 SW¥ LABORATORIES

SOUTHWEST LABORATORY OF OKLLAHOMA, INC.

1700 W. ALBANY SUYTR C BROKEN ARROW, OK 74812-14321 (918) 251-2258

— —— = — — e ——
- Client Name: A & M ENGINEERING & ENVIRONMENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TULSA, OK 74146

Client ID: RETENTION POND Project ID: KAISER AL SITE

20087010

(sm.o ID: 29326.07 Report: 29326.07 -M
X Collected:; 05/12/1987 Report Date: 06/03/1997 Page: 1
Received: 05/13/1997 Last Modified: 06/03/1997 Matxix: Water-Rad
DRTE DETECTION DATE NETHOD
ZBST EXTRReTRD LIMIT UNITS RESULTS ANALYZED REFERBNCR
ree INCRANNICS *vv
_ BRYNE PACKAGH
- Calcivm .28 wg/1 6.5 05/22/97 -
Magnesium 3 wg/1 49.4 08/22/97 .
Sodius .18 wg/l 24.58 as/22/97 e
- Ixron .1 wg/l NO 05/22/37 IS
Potanaium . -3 g/l 10.3 9s5/22/97 e
Caxbonata Alkalinikty 1 ng/l €9.7 05/23/37 e
Bi-Carb. Alkalinity 20 ng/l 112 0s/23/97 .-
— T. Hardnege as CaCol vg/l 244 05/25/9% .-
Total Digeolved Sol. 10 og/l 1so 95/23/87 ve
Chloride 2 wy/l 57.6 058/18/37 .«
8ulfate 2 g/l 40.1 05/13/97 TS
— Nitzate 2 wg/1 D 05/19/97 e
pH .1 a.vu, 9.53 05/14/87 e
Spec. conductance .1 uwho/cm §as 08/27/97 rr
TOTAL PHOS. 0.18 ng/1 ND 05/22/97 SFA 365.2
— TOTAL SULFIDE 1.0 wg/l ND 05/38/97 SW sa3gp
tdw MRIALE vy
- BARIUN 2 ug/1 76s 05/22/37 8w 6010
MO - NOT DETECTED AHOVE QUANTITATION LIMIT * = SURROGATR RECOVERY OUTSIDE OF QC LIMITS
T = ANALYTE DETECTED IN BLANK AS WELYL A8 SAMPLE D = BURROGATEA DILUTED OUT
= UNABLR 70 QUANTYTATE DUER TO MATRIX INTERFERENCE T = ESTIMRTED VALUR: CORCENTRATION BELOW LIMIT OF QUANTITATION
T = NOUT APPLICABLR
Methodalogy: BM = STANDARD MRTHODS, 16th EDITION, 198S SW = BPA WSTHODOIQGY, *#SW846“, THIRD EDXTION, NOVEMBER 1S8¢

EPA = #EPA600/4-75-020, MARCH 1988



g 010
08/04/97 10:02 FAX 918 251 0363 SW LABORATORIES do10/

_ SOUTHWEST LABORATORY OF OKLAHOMA, INC.

17006 W. ALMANY SUITE C BROKRN ARROW, OX 74012-1421 {918) 251-2858

- [Client Name: A & M ENGINEERING & ENVIRONEENTAL SERVICES
3840 S 103RD E AVE SUITE 227
TULSA, OK 74146

Client ID: FRESH WATER POND Project ID: KAISER AL SITE

SWLO ID: 29326.08 Report: 29326.08 -M

lcoliected: 05/12/1397 Report Date: 06/03/1997  DPage: 1

]Recaived: 05/13/1997 Last Modified: 06/03/1997 Matrix: Water-Rad_l
DATR DETECYION DATE METHDD

Ifeg EXTRACTHD LIMIT _ ONTTS __ RESULTS AMALYZED  BEPERENCE

wes INORGANICE sve

BRINE PACKAGE

Caleium .28 wg/l €0.2 05/22/97 .
Magnesium 25 u3/1 7.01 05/22/97 v
8odium .15 =ng/l 21.8 05/22/3%7 -
— Iron .1 wg/1 1.18 05/22/%7 L4d
Potaogium .3 ag/1 2.74 05/22/97 e
Carbenace Alkalinity 1 ug/l Do 05/323/37 [ 23
Bi-Carb. Alkalinity 20 g/l 1113 05/23/97 we
— T. Hazdnees as Cacn3 g/l 129 85/23/97 e
Total Dissolved &ol, 10 n3/1 a08 05/23/97 -
Chleride 2 wg/l 13.9. 05/16/97 TS
Sulfake 2 wg/l |7 05/16/97 we
— Nitrate 2 wg/l ND 05/16/97 s
pH o1 8.0, 8.13 05/14/97 P
Spec. Conductance .3 who/ca 3182 as/27/%7 L L)
. TOTAL PHOS. 0.30 =g/l D 68/22/97 EPA 265.2
e TOTAL AULFIDE 1.0 wg/l NO 0s/18/37 SW 9030

wes NETALS =v»

BARIUM 2 ug/l 0 0S/22/937 SW 5010
KD ~ NOT DETECTED ABOVE QUANTITATYON LIMIT * = SURROGATE RACOVERY OUTSIDE OF QC LINITS
I = AMALYTE DETECTED IN BLANK AS WELL A5 SANPLR D = SURROGATHES DILUTED CUT
1 = UMABLE TO QUANIITATE DUR TO MATRIX INTERYERENCE Jd = ESTIMATED VALUR: CONCENTRATION BELOW LIMIT OF QUANTTITATION
HA" = MOT APPLICARLE
fethodology: SM = STAMDARD METHODS, 1&th EOITION, 1385 B = EPA METHODOLOGY, “#8W846°, THIRD EDITION, NOVEMESR 298¢

8PA = #EPAGOO/4-73-020, MARCK 1595



3840 S, 103D E. AVENUE ENGINEERING - ENVIRONMENTAL - CONSTRUCTION

M A & M ENGINEERING AND ENVIRONMENTAL SERVICES, INC.

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



Xerox Copy of ASTM Designation: D 4319-93
Standard Test Method for
Distribution Ratios by the Short-Term Batch Method



1916 Race St. Philadelphia, Pa 19103

qﬂ.nv’ Designation: D 4319 - 93 AMERICAN SOCIETY FOR TESTING AND MATERIALS

' Reprinted from the Annuat Book of ASTM Standards. Copyright ASTM
if not listed in the current combined index, will appear in the next edttion.

Standard Test Method for
Distribution Ratios by the Short-Term Batch Method*

This standard is issued under the fixed designation D 4319; the number immediately t'ollowiu; tlge designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parcntheses indicates the year of last reapproval. A
superscript epsilon (¢) 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 jons) 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 io

n exchange, adsorption, complex formation, precipitation (or coprecipitation,

for example Ba** 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.

1t is difficult to derive generalized equations to depict ion exchange-adsorption reactions in the
geological environment. Instead, a parameter known as the distribution coefficient (K ;) has been

used to quantify certain of these sorption reactions for the purpose of modeling (usuaily, 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
used by qualified

is for the laboratory determination of the distribution ratio (R,), which may be
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
expediency in mod

the distribution coefficient concept is generally acknowledged to be based on
eling-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 should 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

! This test method is under the jurisdicti
Waste Management.
Current edition approved April 15, 1993

ratio (R,) for a specific chemical species may be defined as the ratio of the mass

on of ASTM Committee D-18 on Soil and Rock and is the direct responsibility of Subcommittee D18.14 on Geotechnics of

. Published August 1993.



b o 4319

sorbed onto a solid phase to the mass remaining in solution, which can be expressed as:
(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 R, 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.? 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 X; 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 X
concept is only directly applicable to problems involving contaminant migration in granuiar
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 R, 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 R, To the extent possible, these pH and Eh 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 R, and need to be considered for each situation.
Additionally, site-specific materials must be used in the measurement of R, This is because the
determined R, 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 R, 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 K, concept (and the measured R, values) to migration evaluation and
prediction.

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

.

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

d

2 Coles, D. G.. and Ramspott, L. D., “Migration of Ruthenium-106 in 2 Nevada Test Site Aquifer: Discrepancy Between Ficld 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 R4 15 probably the I;atch 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. Oth

er methods include the dynamic test or column

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

and the thin-layer chromatography (TLC) test.

In summary, this distribution ratio, Ry, is affected by many variables, ail of which may not be
adequately ccntrolled or measured by the batch method determination. The application of
experimentally determined R, values for predictive purposes (assuming a functional relationship
such as Ry = K,) 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 1o use.

2. Referenced Documents

2.1 ASTM Standards:

D 422 Test Method for Particie-Size Analysis of Soils®

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

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

D 3370 Practices for Sampling Water*

3. Terminology

3.1 Description of Terms Specific to This Standard:

3.1.1 distribution coefficient, K;—is identically defined as
Ry for equilibrdum conditions and for ion exchange-ad-
sorption reactions only. To apply R4 values to field situa-
tions, an assumption such that R, = Kj 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, R ,—the ratio of the concentration

3 Annual Book of ASTM Standards. Vol. 04.08.
4 Annual Book of ASTM Standards. Vol. 11.01.

of the species sorl_:ed on the soil or other geomedia, divided
by its concentration in solution under steady-state condi-
tions, as follows:
(mass of solute on the solid phase
per unit mass of solid phase)

R,=
g (mass of solute in solution per unit
volume of the liquid phase)

by steady-state conditions it is meant that the R, 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 R, reduce to cubic
length per mass (L3/M). It is convenient to express R, 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, R, 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, R, values may be used by
qualified experts for estimating the value of the distribution
coefficient, K, for a given set of underground geochemical
conditions. The K, 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 R, 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
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_e use of FEP TFE-fluorocarbon containers is recom-
mended.

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

_. 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 R, is

—oeing determined) in the contact solutions (and, optionally,
in the geomedia samples).

. Sampling

6.1 The samples of soil, rock, or sediment shall be
~onsidered to be representative of the stratum from which it
was 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.

6.4 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-

— mental 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

__ protect against oxidation-reduction, exposure to light for
extended periods, and temperature variation.

Note |—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 samplie. In
addition, proper sampling entails determining the path of ground-water
flow so that the critical materials can be sampled. This determinaticn 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 invoived 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 stringers, 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,0,), using the procedure given in “Soil Chemical
Analysis.” % 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,, FeO,
MnO, Ca0O, Na,0, etc.), hydrous oxides (for example, Fe,
Mn, and Al hydrous oxides), and minerals that are present,
and carbonate content, surface area (m?/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,
Na*, Ca**, K+, Mg**, CI-, HCO;=/CO,=, SiO,, 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.

7.4 Pass each of the soil and rock (core sediments)
fractions again through a “nonbias” riffle splitter and place

3 Jackson, M., Soil Chemical Analysis, Prentice Hall, Englewood Cliffs, NJ,
1954,
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four 5- to 25-g portions (record zveight to nearest 0.1 g) in
centrifuge tubes or bottles. i

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 2
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 pum 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 ¥ NaOH solution or HCI, or by an appro-
priate buffer. The in situ Eh should be maintained, if
necessary, under an inert atmosphere.

NoOTE 4—Experiments have shown that R, 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 R, varies with the
solution/medium ratio, it is strongly recommended that this measure-
ment inciude 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 scaie-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
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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 shail be for a
minimum of 3 days, and the longest shall extend to {4 days
or longer. The contact periods shall differ by at least a 3-day
period. During the latter 1 or 2 days of the contact period,
allow all mixtures to stand and settle. If the variation of R,
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 Ry 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
pm pore size), or the equivalent. Pretreat the filter disc by
passing through it approximately 50 mL of 1.0 N HC],
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 fiiter” technique
using the original contact solution.

7.12 Filter the supernate from each soil/rock-solution

TABLE 1 Exampie Calculation Sheet
The distribution ratic is given by:

f o FnkVD)

gy -—

where: (FeXW)

R, = distribution ratio, mL/g,

F, = fraction of total activity in solution, which equais the total concentration in
solution, assuming the activity coetficients of a given ion wers the—same
before and after steady state was attained in contact of the solution with
the sci/rock materials (that is, the lonic strength I8 unchanged). Making
this assumption, £, is found by dividing the concentration of the lon after
the solution has come to “equilibrium® (reaches steady state} with the
soilfrock fraction by the concentration (of same units} of the ion before
the solution was aliowed to come to equilibrium with the soil fraction,

F,, = fraction 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,

Fn=1-F,

v, = volume of solution "equilibrated” with W, mL, and

W, = weight of mineral or solid residue, g.

In the case of a radioactive species of interest, where the radicactivities of the
solution and solid residue are determined, the distribution coefficient is given by:

A
whore: AW,

A, = activity of the mineral or solid residue, mCl. and
A, = activity of the solution ‘equilibrated” with W,,,, mCl.

Ry
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TABLE 2 Exampie Report Sheet

Tabutated Resutts for Qistribution Ratio Determination of Sampie Number

Contact liquid: Site-Specific Ground Water Other (intrusion) Water initial pH initial Eh _____; method of determining Eh
final pH final Eh temperature °C specific conductance —_____ umhosfem solid-to-liquid ratio g/mL
contact time da equilibrating atmosphere air other (specify) contact solution filtered after centrifugation? yes
no disaggregated? yes no particie size — mm H,0, treatment to remove organics? yes

no caicuiated dry weight of solid
species of interast

g volume of contact fiquid

mL species of interest method of analyzing for

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

ATTACH SHEET

Species (lon) of Interest Initial Cone. in Solid (units)

Initial Conc. in Solution (units)

Fy Fm Ry (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 R, values. If this determination is made, a
correction is required for the amount (if any) of the species of
interest 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 R, by

dividing this value (g solute per g solid residue) by the final .
wgmmummmn_@_mm
solution), assuming the fil i cer from th
ST A Sera g e semase racer from the
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 Thomas®, and are found to be in the range of
1% to 7 %. Fuhrman’, et al. reported R, 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
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