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1.0 XRF Analyses Performance Evaluation

1.1 Scope and Application

Due to the time and monetary costs associatedomitrentional analytical methods for
measuring the concentrations of inorganic elemangsvironmental media, field-portable
measurement technologies have been increasingbppeal as alternative approaches. These
approaches often provide rapid and cost-effectgalts for site characterization and assessment.
Field-portable X-Ray Fluorescence (XRF) analysisnie such technology that allows quick
measurement of soil concentrations of inorganimel&s.

Previous demonstration of method applicability (RMtudies have evaluated the
performance of XRF technologies to measure theardnations of inorganic elements in a range
of soil and sediment types (EPA 1998a, 1998b, 2006gse studies have concluded that the
incorporation of XRF technologies in environmersampling strategies can offer significant
savings in time and costs compared to conventiixed laboratory analyses. The purpose of
this section is to evaluate the performance otfthev-X XRF analyzer for the field screening
and qualification of total uranium and molybdenuom@entrations in soil samples at the Former
Harshaw Chemical Site (hereafter, the site). Timagry objectives of this report are to (1)
guantify XRF accuracy and precision in measuringltoranium and molybdenum
concentrations through XRF Quality Control (QC) lgsas, (2) summarize the detection limits
and analytical errors associated with the XRF aeayfor total uranium and molybdenum, and
(3) compare XRF analyses of total uranium concéntra to conventional fixed laboratory
methods. Collectively, these objectives will bediso determine the applicability of XRF
technology in determining the soil concentratiohtotal uranium and molybdenum at the site.
The section concludes with recommendations abowtlest to deploy XRF technologies at the
site in the future.

1.2 The INNOV-X System

Weighing approximately 3.3 Ibs, the Innov-X XRFalmzer (hereafter, XRF) is a
handheld field-portable device for measuring inarg&lement concentrations in environmental
media. The XRF generates x-rays from an interpalyxtube that provides excitation energy to
cause elements to emit characteristic x-rays (@scence). XRF spectroscopy analyzes the
characteristic wavelengths of the fluorescent »stay counting the number of x-rays at a given
wavelength, converting the counts to electronicesy and assigning the pulses to a unique
element according to wavelength.

The XRF deployed at the site can be used to megsapared soil samples in cups, soils
samples in plastic bags through the bag wallsjmsdu soil surfaces. The system was
calibrated to report 25 elements. Molybdenum amathium were of particular interest.

XRF measurement time can affect XRF performanceeasured by detection limits and
measurement uncertainty. In general, longer measemt times will result in lower detection
limits and more accurate and precise measuremetuaever, there are other factors that may
also affect XRF data quality. They include:
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1) Variability in sample moisture content,

2) Spectral interferences between two or more elements
3) Matrix effects (matrix type, heterogeneity), and

4) General levels of other inorganic elements.

1.3 Sample Collection, Preparation, and Analysis

The samples analyzed by XRF and referenced irs#ugon included reference standard
samples of known total uranium and molybdenum coinagons and soil core samples collected
at the site. A Geoprobe was used to collectit@ispecific soil core samples. All XRF analyses
were conductedx sity following the sample preparation methods desdrihgeheSOP for XRF
Analysis of Soil§SAIC 2006b), hereaftefRF SOP

Soils were air dried prior to sample preparatind XRF analysis. A portable soll
moisture gauge was used to confirm that soil moestvas <20% by weight prior to analysis.
Soil sample aggregates were crushed prior to XHsample analysis. As described in XiRF
SOP the majority of XRF soil sample analyses werdqyered on dried, crushed, bagged soil
samples, with a minimum of four 30-second XRF measents per bag, two measurements per
side. The XRF unit was set to report the averageentrations observed for the four
measurements. The purpose of four readings wesriool for contaminant heterogeneity
within bagged samples.

In the case of soil cores, 6-inch depth intervadse homogenized and treated as
individual samples for XRF purposes.

The target XRF elements for this project were madgnum and uranium. Uranium
isotopes are the primary radionuclides of concéthesite. As discussed elsewhere in the RIR,
uranium at the site is expected to be composedanfium isotopes that are either at naturally
occurring ratios, or slightly depleted from a U-38&spective. Consequently one would expect
very strong correlations between U-238 activityaantrations (as measured by gamma or alpha
spectroscopy) and total uranium content in soilHam

2.0 Performance Evaluation Approach and Results

This section presents the approach for evaludgtiagperformance of the XRF and observed
results.

2.1 XRF Quality Control (QC) Analyses

XRF QC measurements were recorded in order totorothie calibration and performance
of the instrument. These procedures involved XRfasanrements of commercial reference
standard samples and measurements of site-spsaiifisamples. XRF QC measurements were
obtained according to Section 7.0 of XieF SOP The objectives of the QC analysesre
divided into three broad categories:



Harshaw XRF Evaluation 6/30/2008

1) Standard calibration checks (instrument accuracy)
2) XRF repeatability and intrinsic variability (instnent precision)
3) Sample homogeneity (sample preparation and subissgnp

2.1.1 Standard Calibration Checks

This section evaluates the XRF measurements ibiraabn standards according to Section
7.3 of theXRF SOP Calibration/operational reference standards wbetained from the R.T.
Corporation in Laramie, WY, for the following elente and concentrations:

* Natural uranium — 50 ppm

Molybdenum — 50 ppm

Natural uranium/molybdenum (combined) — 100 ppnheac
* Natural uranium — 150 ppm

Molybdenum — 150 ppm

These standards were composed of fine-grainedadeany. In addition, one archived
sample (HSSB1184) with known uranium concentrat{@38 — 34.1 pCi/g [102.3 ppm]) was
available as a calibration check. Three additiaadibration standards used previously at the
Rattlesnake Creek (RSC) FUSRAP site were provigedd®ACE. These standards were also
manufactured by the R.T. Corporation and were caapof sand and silt matrices and
consisted of the following:

* Natural uranium — 100 ppm (RSC Sand)
* Natural uranium — 200 ppm (RSC Sand)
» Natural uranium — 100 ppm (RSC Silt)

Prior to the commencement of field sampling atitg, a number of XRF calibration
checks were performed using these reference s@sdahese calibration checks were
performed on 29 November 2006, and were referred fare-field work calibration checks. It
was determined that the RSC silt matrix calibragtandard was most representative of the soil
nature at the site; as such, the XRF was intgricalibrated for the RSC silt standard.
Additional calibration checks were performed durihg course of field sampling, from 4
December — 21 December 2006. These calibratiocksheere performed at the beginning,
middle, and end of each work day and were refaed on-going calibration checks. Table 1
lists the total number of pre-field work calibratisamples analyzed with the XRF for total
uranium and molybdenum. Table 2 lists the totahber of on-going calibration checks
performed with the XRF for total uranium and molgbhdm.
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Table 1. Pre-field work XRF analyses of QC stadddor total uranium and molybdenum.

Reference Standard Media N*
50 ppm U Clay 10

100 ppm U Sand 10
100 ppm U Clay 10
150 ppm U Clay 11
200 ppm U Sand 10
200 ppm U Silt 10
HSSB1184 (U) S;?cietg}ic 21
50 ppm Mo Clay 10
100 ppm Mo Clay 10
150 ppm Mo Clay 11

! N — Total number of XRF analyses attempted for esighdard.

Table 2. On-going XRF analyses of QC standardsotaf uranium and molybdenum.

Reference Standard Media N*
50 ppm U Clay 48

100 ppm U Sand 3

100 ppm U Clay 4

150 ppm U Clay 58

200 ppm U Sand 4

200 ppm U Silt 10

50 ppm Mo Clay 28

100 ppm Mo Clay 4

150 ppm Mo Clay 32

!N - Total number of XRF analyses attempted for esahdard.

2.1.1.1 XRF Accuracy- To evaluate the accuracy of the XRF, pre-fieldkvcalibration
measurements (Table 1) were compared to the sthodacentrations from which the XRF
measurements were obtained. The reference stacoiaceéntrations were considered to be the
benchmarks in this comparison. Although there m&agome uncertainty surrounding the
reference standard concentration, this uncertanagsumed to be minimal. XRF accuracy was
evaluated via a number of methods. Percent difterdetween the XRF and the reference
standard was calculated for each of the QC measuntsm This was calculated as the absolute
percent difference between XRF and standard to#alium concentrations, such that:
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Equation 1
Percent Difference =ABS(XRF — Reference Standard) / Reference Standat@Px
Where
Percent Difference = The absolute percent cham@eriF result from the standard.
ABS = The absolute value
XRF = The reported XRF concentration for totalniuan
Reference Standard = The reference standard miwatien for total uranium

As discussed in the EPA Method 6200 for XRF anslgEenvironmental media, XRF
accuracy is acceptable if it is within 20% of tleéerence value.

XRF accuracy was also evaluated by calculatin@8% confidence intervafor the mean
XRF measurement and comparing the standard coatientto the confidence interval.
Accuracy was determined based upon whether thedemde interval contained the standard
concentration. The average measurement errortegpby the XRF for replicate standard
measurements was also compared to the observethsdageviation of concentrations in the
resulting data set.

Attempts to improve instrument calibration for firee-grained and coarse-grained
calibration standards indicated the instrumentdoalt be calibrated to provide comparable
accuracy across the entire range of grain sizessepted by the standards. As a result, the final
instrument calibration settings were based onélaively coarse-grained RSC silt calibration
standard because it was considered more repraseraésite-specific soil samples to be
analyzed during field activities.

Prior to the commencement of field sampling, altof 127 measurements of the QC
standards were collected with the XRF for totahiwen and 64 were analyzed for the presence
of molybdenum (Tables 1 & 3). Table 3 summariresXRF analyses of the QC standards at
the various standard concentrations and media tyy&th the exception of the site-specific
sample (HSSB1184), measurement acquisition timethése samples were 120 seconds; the
acquisition time for HSSB1184 was 30 seconds.

Initial calibration tests for these standardscated XRF instrument accuracy varied by
standard concentration and was influenced by matp@. The XRF appeared to be most
accurate for the reference standard to which iteedibrated (RSC silt [200 ppm U]), as evident
by the low mean percent difference, similarity betw the average reported error and the
standard deviation, and the measure of the 95%dmnde interval (Table 3). The 95%
confidence interval of the mean XRF result contditiee standard concentration only for the
reference standard to which the XRF was calibrateat. all other reference standards, the
standard concentration was outside of the calalil@B86 confidence interval. This may be due
to the narrow 95% confidence intervals (Table 3)iclv indicates the presence of matrix effects.
The variation in response caused by the matrix neague to differences in attenuation of both
the incident X-rays into the sample and the emiKadys from metals in the sample in
conjunction with the way metals are distributednwitmatrices of the different types.

! Technique used depended upon the distributioheofiata. Calculated using Pro UCL software.
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The XRF largely underestimated total uranium catregions in the fine-grained clay
reference standards as the 95% confidence interasbelow the standard concentration (Table
3). The XRF appeared to overestimate total urardgancentrations in the site-specific reference
standard as the 95% confidence interval exceedestémdard concentration (102.3 ppm).
Overall, XRF measurements for molybdenum showedtgreaccuracy than those for total
uranium. XRF measurements of the 3 molybdenumieete standards resulted in highest
accuracy at the greatest concentration (150 ppm Moglerate accuracy at the lowest
concentration (50 ppm Mo), and the lowest accueddite intermediate concentration (100 ppm
Mo) (Table 3).

Overall, a moderate level of accuracy was obsefwedRF measurements of all
reference standards. For most pre-field QC stanal@alyses, mean percent difference was
approximately 20% or less and the average repotife error was similar to the reported
standard deviation for the mean XRF result (TableNsboticeable differences between mean
reported XRF error and the reported standard dewi&br total uranium occurred at low
standard concentrations (i.e., 50 ppm) and amamganl site-specific matrix types (Table 3).
Measurements of the 50 ppm U clay matrix referestaedard resulted in the lowest accuracy
assessment. The mean percent error for this refertandard was the greatest among all
reference standards evaluated (35.05%) and thegeeeported XRF error was nearly two
times greater than the reported standard deviéfiable 3). For the most part, XRF
measurements of the RSC reference standards (egraised silt/sand material) were more
accurate as compared to the XRF measurementsesfjfained clay and site-specific reference
standards.

The differences observed between the clay andl seatrix types for the 100 ppm U
reference standards (Table 3) may also be attdiotsepectral interference of the XRF analysis
by molybdenum. Molybdenum was present in equatentration to total uranium in the clay
reference standard; this element was absent freraahd matrix reference standard.
Molybdenum is a natural element occurring at eled@oncentrations in the soils at the site and
may interfere with the XRF analysis of total uraniisotopes. However, these elements exhibit
contrasting spectral energy levels from their Kd &nshell electrons, respectively ¢k Mo:

17.5, U: 98.4; k3, Mo: 2.3, U: 13.6), and there is no published aoentation describing
spectral interferences between uranium and molylodent is more likely that the difference in
XRF measurements of total uranium in the 100 ppmMaay and 100 ppm U sand reference
standards is due to matrix effects rather thantsganterference.

XRF measurements of on-going calibration starslésection 2.1.3) appeared to exhibit
greater accuracy than the pre-field work calibrastandards. There were more numerous XRF
measurements of the on-going QC standards thae wee for the pre-field work standards.
Because XRF accuracy was higher for the more nwmsern-going calibration dataset, XRF
accuracy was likely stronger than that indicatedhgypre-field work data.
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Table 3. Summary of pre-field work XRF analyse€&f standards by media nature used to calibrate$treiment. Analyses of the 100 ppm U clay
matrix and 100 ppm Mo clay matrix standards (higffied) were obtained from the same standard inhwinith elements were combined in equal

concentration.
XRF Result (ppm)
Average Standard Lower 95% Upper 95% Mean
Standard Reported | Deviation of Minimum Maximum Confidence Confidence Absolute
Concentration Media Mean | XRF Error the XRF XRF Result | XRF Result| Limit of the Limit of the Percent
(ppm) Type N | (ppm) | (ppmf | Result (ppm) (ppm) (ppm) Mean (ppmj | Mean (ppmj | Difference (%)
50U Clay (gglo/?,) 32.48 10.97 5.87 24.22 39.41 28.55 36.41 35.05
100 U Clay &86102) 79.58 8.31 8.36 63.82 87.11 74.37 84.43 20.42
100 U sand &86102) 88.92 3.05 2.99 84.20 94.21 87.19 90.65 11.08
150 U Clay &églo/i) 119.90 8.58 6.80 104.00 128.10 116.10 123.70 20.04
200 U Sand &88102) 175.00 4.02 4.18 168.2 183.4 172.60 177.4 12.52
200 U Silt (igglog) 199.3 5.61 5.83 103 209.3 195.90 202.7 2.40
(Hlsoszéi 58 gy | Stespecifc (féé)%/f)) 123.10 9.37 7.94 104.10 132.86 120.10 126.10 20.36
50 Mo Clay &86102) 54.67 3.67 4.67 48.47 62.52 51.97 57.37 9.94
100 Mo Clay &8{)102) 120.60 412 4.48 114.40 128.70 118.00 123.20 20.58
150 Mo Clay (ié&/i) 153.80 4.28 3.26 148.90 158.30 152.10 155.50 2.76

A W N

N — Number of XRF analyses in which the analyte detected to the total number of XRF analysescdtof analyses detected is in parentheses.
The average of the reported instrument uncertdpyyn) of XRF analyses in which total uranium or yiomlenum was detected.

The standard deviation calculated from the meanltré¢ppm) of XRF analyses in which total uraniunmmlybdenum was detected.
Lower and upper 95%confidence limits of the mearFXBsult (ppm) were calculated based upon thedistidbution using Pro UCL software.
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2.1.1.2 XRF Measurement Error as a Function of Standardc@otration— Statistical

analyses were conducted to determine the relatijph&tween systematic instrument calibration
error and element concentration and to determineifix effects influenced the reported XRF
measurements. The XRF performance measure inatsdign these analyses was percent
difference (Equation 1).

To examine matrix effects on XRF analyses, statisanalyses were performed to
compare XRF percent difference and reported unogytamong matrix types. Due to the
nature of sampling, it was difficult to discern mpaeffects from spectral interferences in the
same analysis. For this evaluation, thereforey simhilar standard concentrations analyzed in
multiple media types were used. The standard cdret@ns analyzed in different media types
(Table 1) include total uranium 100 ppm (clay & dpand total uranium 200 ppm (sand and
silt). Based upon the type of statistical disttiba of the calculated percent difference for these
reference standards, these data were compareddretagrix types using parametric or
nonparametric statistics as appropriate.

Statistical analyses indicated an overall negaglationship between mean percent
difference and standard concentratipwhich supports the observations in Section 211tHat
describe improved XRF accuracy at greater stanctandentrations. When analyzed separately,
the relationship between mean percent differendestandard concentration is similar between
element parameters. For both uranium and molybdemean percent difference decreases
along an increasing standard concentration gradiggtitating that XRF systematic bias
decreases at higher element concentrations (Figur&his effect was observed only within the
concentration range represented by the refereaodatds; inferences on the mean percent
difference for concentrations outside of this raagespeculative. Because only three reference
standards were analyzed for molybdenum (Tableduyrgil), the trend for this element should
be interpreted with caution.

! The data were analyzed using a Spearman Rank|@@ne@=0.05); SAS 9.1.
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Figure 1. Average percent difference between therted XRF measurement and the standard
concentration along standard concentrations.

2.1.2 XRF Precision and Sample Heterogeneity

Evaluations of XRF precision and intrinsic varldapiwere conducted according to
Sections 7.4 through 7.6 of thké&kF SOP only XRF measurements for total uranium
concentrations were included in evaluations ofrumaent precision and intrinsic variability.
Subsets of pre-field work (Section 2.1.1.1) andgomg QC standards (Section 2.1.1.3) were
used to evaluate XRF precision and quantify inicinariability associated with sample
preparation and analysis. The number and typsarmaples included in these evaluations are
listed in Table 4. In total, the XRF measuremevise used to make three evaluations: 1)
instrument precision, 2) small-scale sample valitglwithin sample cups, and 3) bagged sample
intrinsic variability. Precision (described in $ea 2.1.2.1) refers to the ability of the XRF to
determine the same result for repeated measuremietis same sample. Small-scale variability
and bagged sample intrinsic variability are indieabf heterogeneity in total uranium
concentrations within the sample. Small-scalealality within sample cups refers to the
amount of variability introduced at a fine scalerbgving the sample cup in between repeated
XRF measurements of the same sample. Bagged sartipisic variability (“sample intrinsic
variability”) refers to the amount of variabilitygsent within an entire bagged sample among
XRF measurements of different locations on the bag.
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Table 4. XRF analyses of QC standards and siteifspsamples used to evaluate XRF repeatability an
guantify intrinsic variability within the sample.

Sample Source Group Obijective '.?_‘?mqg'zté%? N?
Standard 150 ppm - mové Small-Scale Variability 30 10
Standard 150 ppm — no move Precision 30 10

Site HSSB1184 - move Small-Scale Variability 30 10
Site HSSB1184 — no move Precision 30 10
Site SB0155-A1 Intrinsic Variability 120 5
Site SB0155-B1 Intrinsic Variability 120 5
Site SB0155-A2 Intrinsic Variability 120 5
Site SB0155-B2 Intrinsic Variability 120 5
Site SB0155-A3 Intrinsic Variability 120 5
Site SB0155-B3 Intrinsic Variability 120 5
Site SB0155-A4 Intrinsic Variability 120 5
Site SB0155-B4 Intrinsic Variability 120 5
Site SBO0155 - Detect Screening Reproducibility 30 5
Site SB0040 - Non-Detect Screening Reproducibility 30 5

e Acquisition Time — Amount of time (sec) betweentinment counts.

2 N — Number of XRF analyses recorded for each samkcorded as the aggregate of analyses witbin ea
acquisition time.
3 Samples analyzed to investigate small scaléahiéity involved moving the sample cup in betweaaasurements.

4 Samples analyzed to investigate precision inebXBF measurements without the movement of the Eaoyp in
between measurements.

2.1.2.1 XRF Precision-This evaluation determined the precision of the X&Rotal uranium
measurements. Two approaches were used to evXIR&@recision: a comparison of the
average reported errors and standard deviatior@ésfield work calibration standards (Section
2.1.1.1) and an evaluation of two other QC samgdéscted to determine XRF precisio(RF

SOR Section 7.4; Table 4). In the latter approacte eference standard (150 ppm) and one
site-specific sample (HSSB1184) were repeatedliyaed 10 times at the same locatieithout
moving the sample cup in between measurement® plitpose of cup placement was to control
for within-cup heterogeneity contributing to obseatwariability in replicate XRF measurements.

XRF measurements of the precision samples in Tal®&0 ppm U Standard,
HSSB1184) were evaluated by calculating XRF reéasitandard deviation, such that:

Equation 2
RSD = (SD / Mean Concentration) x 100
Where
RSD = Relative Standard Deviation
SD = Standard Deviation

For these analyses, the precision of the XRFdt@a uranium concentrations was
categorized, based on the calculated RSD for eautiple sourcefiom EPA 2006 and EPA
Method 6200): very low variability (RSD less tha¥), low variability (5% < RSD < 10%),
somewhat variable (10% < RSD < 20%), or high valitgif RSD above 20%). Only two

10
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samples were analyzed with the XRF for this evadmathus, the RSD for each sample was
directly categorized. A separate evaluation waopmed by comparing the average reported
XRF error for the replicate measurements of eantpsato the observed replicate measurement
standard deviation. The purpose of this compangasto evaluate the instrument’s ability to
estimate analytical error for individual measuretaen

A final assessment of XRF precision involved thealgsis of pre-field work calibration
standards (Section 2.1.1.1) by comparing the melative instrument error to the standard
concentration. A statistical evaluatfomas performed to associate relative instrumeit evith
standard concentration to determine if instrumeatigion was influenced by media
concentration. This analysis evaluated the sysiernms of the XRF instrument for
measurements of pre-field work calibration stangarngor all XRF measurements, it was
expected for absolute XRF errors to increase witheiasing sample concentration. Relative
instrument errors, however, were expected to deerabng increasing sample concentrations.

A summary of the repeated XRF measurements dftdrelard and site-specific sample
for total uranium concentration is shown in TableThe calculated RSD (Equation 2) indicated
a high level of precision for the XRF for both sdegx(low variability; RSD between 5% and
10%). The calculated RSD for repeated measurenoébisth sources were similar. The RSD
for the repeated measurements of the standar82s°8, whereas the RSD for the repeated
measurements of the site-specific sample is 5.89&ble 5). Comparisons of the average
reported error to the standard deviation for tlegsaples revealed that the average reported error
was similar to the standard deviation for both sasipTrable 5). This observation indicates that,
for the replicate measurements of these samples{®# exhibited an acceptable level of
precision in determining total uranium concentnasio

Table 5. Evaluation of XRF precision for the praseof total uranium in two samples.

Relative

Standard

Average Deviation

Standard | Reported = of the XRF

Mean | Median Min Max | Deviation Error Result

Source N | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) (Ppm) (% RSD)
Standard (150 ppm) 10 162.11 | 163.24 | 143.76 | 180.08 13.00 17.62 8.02 %
HSSB1184 (site-specific) 10 12443 | 12560 | 11258 | 132.56 6.95 9.65 5.59 %

For all pre-field work calibration samples analyzthe average relative instrument errors
were less than 20% (Figure 2). Statistical analysdicated that, overall, relative systematic
XRF calibration error decreased with increasingadsad concentration (Figure 2). As expected
for all XRF measurements of the site soil samptes absolute reported XRF errors increased
with increasing sample concentration, and theixaahstrument errors decreased (square-root
function) with increasing sample concentrationg(fé 3). These observations confirm that
relative XRF precision improved at greater totaruom concentrations. Further investigation
of the complete XRF dataset for total uranium cotregions in site soils revealed that an

! The data were analyzed using Spearmen Rank Cioreday standard concentratiar=(.05); SAS 9.1.

11
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acceptable level of precision based upon EPA Me@&fi) £ 20% RSD) was attained for soil
samples with reported total uranium concentratgrester than 35 ppm (Figure 3B).
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Figure 2. Average relative instrument error alstandard concentrations. Relative instrument esror
equal to the ratio of the average reported XRFreéadhe standard concentration.
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Figure 3. Relationship between XRF total uraniunaentrations and A) absolute XRF errors and B)
relative XRF errors for all XRF measurements of sivil samples.
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2.1.2.2 Sample Small-Scale and Intrinsic VariabilityThis demonstration evaluated the small-
scale and intrinsic variability in XRF measuremeagsociated with sample preparation and
analysis KRF SOPR Section 7.5). This analysis evaluated samplédgngoing two different
analysis methods: 1) Samples in cups which wereatedly analyzed butith replacement of

the sample cup in between measurements, and 2eBaggnples in which different locations
across the bag were analyzed.

Two prepared samples in cups (one standard, tasecific) were analyzed 10 times
with replacement of the sample cup in between nreasents (Table 4). The movement of the
sample cup between measurements may introducedade-variability in the XRF
measurements due to fine-scale heterogeneityahdodnium, other elements, or the physical
matrix composition in the sample. A different ssfgecific soil core sample (SB0155) divided
into 4 bags representing 4 soil depth intervals avedyzed with the XRF by collecting 5
measurements on each side of the sample bag —esmunement in each corner and one
measurement in the center. The purpose of thisoapp was to determine the level of uranium
concentration heterogeneity within bagged samplied,to determine if 4 measurements per bag
(the protocol for site data collection) were suéitt to provide an acceptable estimate of
uranium concentration per bag. Bagged samples nareomogenized beyond crushing
aggregates. Sample intrinsic variability in tatednium concentrations may be evident by
analyzing the variability in concentrations fronpeated measurements located in different areas
of a bagged sample. Finally, two bagged samples a&ch analyzed 5 times using site
protocols (i.e., 4 measurements per bag) to fuekialuate the sufficiency of 4 measurements
per bag as an estimator of bag uranium concentsati®mall-scale variability and bagged
sample intrinsic heterogeneity in total uraniumemntrations were quantified by calculating the
relative standard deviation (RSD; Equation 2). idaiflity was categorized based on the
calculated RSD: very low (RSD < 10%), low (10% SIR< 20%), moderate (20% < RSD <
30%), high (30% < RSD < 50%) or very high (RSD ab60%). The RSD was also compared
to XRF reported error.

A final assessment involved a comparison of thexagye reported error for the replicate
measurements of each sample bag to the reportedbstadeviation for the XRF measurements.
The purpose of this evaluation was to determineatheunt of variability attributable to sample
heterogeneity versus XRF precision. This infororatan be used to develop future sampling
protocols accounting for small- and large-scale@arheterogeneity. Multiple measurements of
bagged samples serve as a potentially cost-efeeatternative to preparing and homogenizing
samples prior to cup measurements by XRF.

A summary of the repeated XRF measurements foll-sicale and intrinsic variability is
shown in Table 6. The results indicate that sreedile variability is very low, as the RSD for
standard and site-specific samples are below 1G26I€T6A). Furthermore, there does not
appear to be much effect of sample cup replacemdsgtween measurements on the XRF
analysis as the variability (RSD) in XRF measuretm&vithout cup replacement (Table 5) is
similar to the variability in XRF measurements wathp replacement (Table 6A).

13
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Table 6. Evaluation of XRF performance to quansifynple heterogeneity in total uranium concentnatioA)
Summary of XRF analyses for total uranium useduangjfy small-scale sample variability at one lo@aton the
sample bag. B) Summary of XRF analyses for tatahium used to quantify intrinsic sample varidbiét
different locations of the sample bag.

A) Small-Scale Sample Heter ogeneity

Average Relative
Standard | Reported Standard
Mean | Median Min Max | Deviation | Uncertainty Deviation
Source N_| (ppm) | (ppm) | (ppm) | (ppm) | (ppm) (Ppm) (% RSD)
Standard (150 ppm) 10 | 160.49 | 155.16 | 139.36 | 182.63 14.47 17.74 9.01 %
HSSB1184 (site-specific) | 10 | 122.04 | 124.25 | 104.10 | 132.86 9.38 9.56 7.69 %
B) Sample Bag Intrinsic Heter ogeneity
Average Relative
Standard | Reported Standard
Mean | Median Min Max | Deviation | Uncertainty | Deviation
Depth Interval (f) | Side | N | (ppm) | (ppm) | (ppm) | (ppm) | (Ppm) (ppm) (% RSD)
0.5-1.0 A 320.66 | 333.35 | 272.33 | 370.87 44.78 7.03 13.96
B 5 | 389.66 | 393.69 | 375.67 | 402.02 11.31 7.98 2.90
Total | 10 | 35516 | 373.27 | 272.33 | 402.02 47.65 7.50 13.42
1.0-15 A 35.98 32.53 30.68 47.45 7.02 3.68 19.50
B 5 29.88 25.21 21.12 47.31 10.34 3.53 34.62
Total | 10 | 32.93 31.09 21.12 47.45 8.93 3.60 27.13
3.5-4.0 A 18.13 14.97 11.86 33.56 9.02 3.34 49.73
B 5 21.42 20.70 16.43 26.96 4.21 3.36 19.64
Total | 10 | 19.78 18.56 11.86 33.56 6.86 3.35 34.67
50-5.5 A 25.75 26.59 18.05 30.52 4.66 3.54 18.10
B 5 18.34 19.24 15.67 20.01 1.82 3.34 9.93
Total | 10 | 22.05 19.77 15.67 30.52 5.13 3.44 23.28

However, sample intrinsic variability was muchaex when different locations on the
sample bag were measured with the XRF. This wasrgbd among the 5 repeated
measurements on each side of the sample bag anmtjatid 0 repeated measurements on both
sides of the sample bag. The RSD for any one gobapalyses ranged from 2.90% to 49.73%
(Table 6B). Overall, there was slightly less insic variability for repeated measures of one side

This observation indicates that XRF measurementsotimsides of the sample bag were
necessary to fully quantify the amount of baggeda intrinsic variability. For all 4 depth
intervals, the average RSD for the 10 repeated une&nts on both sides of the sample bag
was 24.63%, whereas the average RSD for the 5texpa@asurements on each side of the
sample bag was 21.05%. There were subtle diffeebhetween average reported error and
standard deviation for the samples analyzed folllssnale variability (Table 6A). However, the
disparity between average reported error and stdriiviation were substantially greater
among the samples analyzed for intrinsic varigbilfor the most part, the standard deviations
of the XRF results for these samples were more tihare the average reported uncertainties
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(Table 6B). This observation further indicatestthreater variability in total uranium
concentrations (as reported by the XRF) existsiwitire bagged sample than what can be
attributable to instrument error (precision).

Collectively, these observations illustrate the&fof sample heterogeneity on small-scale
and intrinsic variability in site-specific soil spies. The effect of sample heterogeneity on
small-scale variability in these samples was mihiasathe calculated RSD was less than 10%
and the average reported error was similar to bisemwed replicate standard deviation (Table
6A). The effect of sample heterogeneity on intdnariability across the entire bagged sample,
however, was more substantial as evident by thatgr&SD calculations over all the bagged
samples and the greater disparities between thrageeeported uncertainties and standard
deviations (Table 6B). These observations confirat sample heterogeneity contributes to
much greater variability in XRF measurements ajdascales (within bagged samples) than at
finer scales. As a result, these observationsesidpat the collection of 4 XRF measurements
on both sides of the sample bag was sufficienuemtjfy the average concentration and the
bagged sample heterogeneity.

2.1.2.3 XRF Bagged Sample Screening Reproducibiifiyhis demonstration evaluated the
reproducibility of XRF measurements for screeningopses XRF SOPR Section 7.6). Two site-
specific bagged soil samples were analyzed with XdRFhis evaluation (Table 4). One sample
was known to contain detectable concentrationstaf tiranium (Detect sample), whereas the
other sample was known to contain non-detectabieardrations of total uranium (Non-Detect
sample). Each bagged sample was analyzed witkRtfrein 5 replicates to determine the
reproducibility of the screening level measuremdedch replicate consisted of four
measurements per bag, two on each side of the bag.

To evaluate the reproducibility of the XRF scregniesults, the XRF-reported
concentration and error for total uranium were stigated. In particular, data completeness was
assessed to determine whether each of the 5 repkéF measurements provided correct
results for both the Detect sample and for the Betect sample. The relative standard deviation
(RSD; Equation 2) based on the reported XRF conagom was calculated for the Detect
sample to determine the amount of relative vaiitgtih reported total uranium concentrations.

A summary of the evaluation for XRF screeningoépicibility is shown in Table 7. The
data were 100% complete for the XRF measuremeriteeddetect sample and no detectable
results were observed for the Non-Detect samplbl€Td). The mean reported error for the
Detect samples was 15.6 ppm total U. These obsengaconfirm the reliability of the XRF to
reproduce appropriate screening-level results basadeasurements of site-specific soil
samples. The narrow range of reported total urargancentrations for the Detect sample and
low RSD (Table 7) indicates that variability in XR&sults were minimal. These observations
suggest that the collection of 4 XRF measuremegttsiggregate sample (as defined inXkd-
SOB is sufficient to provide reliable screening-levesults. Furthermore, the performance of
the XRF when analyzing the Non-Detect sample indx#éhat XRF reported error can be used to
estimate the XRF limit of detection (LOD) for seamples in which total uranium was not
detected. A further discussion of the LOD for XREasurements of the site soil samples is
provided in Section 2.2.
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replicate analyses of two sample types.

6/30/2008

Relative
Standard | Standard
Sample Mean | Deviation | Deviation | Median Min Max
ID Detect” | (ppm) (ppm) | (% RSD) | (ppm) | (ppm) | (ppm)
Detect 5/5 366.5 10.1 2.7 369.0 350.5 377.2
Non-Detect 0/5

! Detect — Number of XRF analyses in which the geaftotal U) was detected to the total number BFX
analyses.

2.1.3 Analyses of On-Going QC XRF Measuremen&tandard calibration checks were also
conducted by the operator at the start and endaf @orkday using at least two standard
samples for total uranium. Measurement acquistiioe for these samples was 120 seconds. In
total, 191 on-going QC measurements were reconded feference standards at various
standard concentrations and media types (Tablé& 2ubset of these on-going QC
measurements was also used to evaluate instrumemsipn and intrinsic variability (Section
2.1.2). Summary statistics for the reported XRRsueements of the on-going calibration
checks are shown in Table 7. For all calibratimmdards, XRF detection was 100%. The
purpose of the on-going XRF QC calibration mease@r@siwas to evaluate the instrument’s
accuracy during the field sampling period and deiee whether instrument accuracy
degradation occurred. This was accomplished [atingl XRF readings to instrument sequential
reading numbers and comparing the on-going XRAtseguthe pre-field work XRF results.

To investigate for internal instrument degradatimXRF measurements, reported XRF
results for molybdenum and total uranium were aased with the reported reading number,
which is the daily sequential analysis number ithatacked in-between electronic data
downloads from the XRF unit. If instrument perf@mee degradation, or drift, occurred in the
XRF then an association would exist between theinganumber and the reported XRF total
uranium concentration. Performance degradationdcedult in negative or positive instrument
bias. A statistical analysisvas conducted to determine the association ofrtepXRF
concentrations with the sequential reading numpesténdard concentration. Only those
reference standards in which®\20 were included in this statistical analysis (€al2 & 8). A
separate evaluation was performed on the entigsdain which the mean reported XRF error
was directly compared to the standard deviatioin@fdataset. The purpose of this direct
comparison was to determine how much variabilitthiem on-going QC measurements was
explained by measurement error as reported by Rie ahd how much was attributable to
systematic bias.

! The data were analyzed with separate Spearman ®amélations by standard concentratior@.05); SAS 9.1.
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The relationships between XRF results for molyhsterand uranium and reading
number for those reference standards with a sefftaiumber of measurements are shown in
Figure 4. A negative relationship between XRF ltemod the daily sequential reading number
was statistically determined for only total uranijumo statistical relationship existed for
molybdenum (Figure 4). It is possible that thieeffis due to differences in spectral energy
levels for molybdenum and total uranium (see Sacid.1.1 for a discussion of spectral energy
levels). For XRF measurements of total uraniureséhresults indicate that system degradation
did occur as the reported XRF value decreasedtower The slopes of the regression equations
of the best-fit trend line for these reference déads were -0.10 and -0.21 (Figure 4B & 4D).
Based upon these results, total reduction in XRparse over the course of an entire day was
between 10 and 21%.

For on-going XRF calibration tests of standardereN> 20, the average reported XRF
error is substantially less than the reported stethdeviation for total uranium (Table 8). For
analyses of molybdenum, the average reported XRi¥f and the standard deviation are more
similar. Compared to the pre-field work calibrati@sts (Section 2.1.1), the disparity between
the average reported XRF error and reported stdradaviation is greater for the on-going
calibration results, indicating the presence of sneament variability that was larger than could
be explained by measurement error alone. Thiscaasistent with the trends observed in
Figures 4B and 4D.

Statistical analysésvere performed to determine if differences exidtetiveen the
pooled pre-field work and on-going XRF measuredceoitrations for total uranium and
molybdenum, paired by standard concentration. dapen these analyses, there were no
distinguishable differences between pre-field w8RE results for molybdenum and on-going
XRF results for molybdenum (Figure 5A). Howevéere were differences in reported XRF
total uranium concentration between QC sample tyipesire 5B). For the most part, reported
XRF concentrations for total uranium differed matéower standard concentrations (i.e., 50
ppm U) than at higher standard concentrations.F X#ported total uranium concentrations
differed between pre-field and on-going QC samypbes at every standard concentration, except
200 ppm U. Despite the degradation in reported X&& uranium concentrations occurring
within on-going XRF calibration measurements, thegoing XRF results exhibited improved
accuracy compared to the pre-field work XRF catiborameasurements (Figure 5B). With the
exception of the 200 ppm U reference standardpthgoing XRF calibration measurements for
total uranium were closer to the target standargtentration than were the pre-field work
calibration standards. As discussed in Sectiorl2.1because XRF accuracy was higher for the
more numerous on-going calibration dataset, XRle@oy was likely stronger than that
indicated by the pre-field work data.

Collectively, these results indicate that systeagrddation had occurred over sequential
XRF measurements collected during the course afya @egradation was observed in the
decreasing trend in XRF results for total uranitig(re 4) and the greater disparity between
average reported XRF error and standard devialiablé 8). Discharge of the XRF battery is
the most plausible explanation for the observatmfraaily degradation of the XRF
measurements. The ability of the XRF to analy®sectbncentrations of elements is a function of

! The data were analyzed with separate T-Testsanylatd concentration£0.05); SAS 9.1.
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the amount of energy supplied to the x-ray tubexiate and quantify element electrons. As the
power supply is depleted in the XRF in-between gbsrthe weakened power supply may affect

the XRF result. Measures to minimize this effeciude charging the XRF battery at regular
times of the day (i.e., over lunch-time) or keepiuly-charged spare batteries in possession to
be exchanged on a frequent basis throughout thaslageded. As discussed in EPA Method
6200, X-ray tubes have no intrinsic lifetime liraitd produce a constant output over their
lifetime; thus, degradation in XRF measurements tvee is unlikely to be due to degradation
within the x-ray tube.

Table 8. Summary of on-going XRF analyses of qDaards by media nature used to calibrate theuimstnt.
Analyses of the 100 ppm U clay matrix and 100 ppmdi&y matrix standards (highlighted) were obtaifredh the
same standard in which both elements were combimedual concentration.

XRF Result (ppm)
Average Standard
Standard Reported Deviation of the Minimum Maximum
Concentration Media Mean XRF Error XRF Result XRF Result | XRF Result
1
(ppm) Type N (ppm) (ppmY’ (ppm)’ (ppm) (ppm)
48/48
50 U Clay (100%) 62.44 8.02 12.62 36.54 88.62
4/4
100 U Clay (100%) 110.68 8.54 16.78 87.70 125.71
3/3
100 U Sand (100%) 101.66 3.18 3.42 98.41 105.25
58/58
150 U Clay (100%) 150.78 11.80 18.51 102.95 191.60
414
200 U Sand (100%) 191.67 4.16 1.45 190.08 193.01
. 10/10
200 U Silt (100%) 182.34 5.43 4.99 175.06 189.45
28/28
50 Mo Clay (100%) 48.42 3.63 3.98 40.30 57.43
4/4
100 Mo Clay (100%) 117.82 411 5.81 109.36 122.43
32/32
150 Mo Clay (100%) 151.96 4.48 6.49 136.35 171.05

! N — Number of XRF analyses in which the analyte deiected to the total number of XRF analyses.
Percent of analyses detected is in parentheses.
2 The average of the reported instrument uncertgpyiyn) of XRF analyses in which total uranium or
molybdenum was detected.
® The standard deviation calculated from the meanltré¢ppm) of XRF analyses in which total uranium o
molybdenum was detected.
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Figure 4. Association between XRF result (ppm) seguential daily reading number for on-going caliion tests of
reference standards during field sampling actisiti#he sequential reading number refers to thimalrdaily XRF
measurement. Statistical significanae@.05) is denoted by *, which includes the bestréind line and regression
equation.

19



Harshaw XRF Evaluation 6/30/2008

A) Molybdenum

200 7| @ Pre-Field
175 +—{ O On-Goin

]

150

125

0-|

100

75

50

H

XRF Result
(Mean +/- 1 SD)

25

0
50 100 150
Standard Concentration (ppm)

B) Total Uranium

200 || & Pre-Field
175 — O On-Goin

H

150
125+

100

75 *
50

XRF Result
(Mean +/- 1 SD)

25

0
50 100 1_50 200
Standard Concentration (ppm)

Figure 5. Comparison of reported XRF concentratimm A) molybdenum and B) total uranium betweem th
pre-field work and on-going QC calibration standard\ statistical difference in mean reported
concentrationso=0.05) is denoted by *.

2.2 XRF Limits of Detection (L OD)

XRF reported LOD is influenced by a variety ofttars including the presence of other
elements, matrix nature and composition, XRF sgdtiine., aggregate mode), and the
relationship between reported concentration andrte@ error. XRF reported LOD is also a
function of measurement time — the reported LODreleses as measurement time increases up
to a threshold point in time at which the LOD beesmstatic. Quantification of the XRF limit of
detection (LOD) in conjunction with information ¢ared concerning XRF accuracy, precision,
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and laboratory-referenced comparability can imprilnequantitative applicability of the XRF
for site characterization purposes.

To best quantify XRF LOD for a particular elemahis recommended in EPA Method
6200 that XRF LOD performance be compared to eedtiboratory-referenced analyses of the
same sample to identify the lowest certified cotiaion that can be measured with the XRF.
Statistical evaluations using only the XRF repoit&D may support this determination.

At the site, the XRF was used to screen for tatahium concentrations from soil core
samples collected at 59 station locations. In t@@l distinct XRF measurements were recorded
to detect the concentration of molybdenum and tat@ahium from 6-inch depth intervals. Soil
core samples analyzed at multiple depth interviaddyoced multiple discrete XRF analyses. For
some locations, these discrete XRF measurementspoeted and the composite XRF result for
the soil core station location was compared agéahstratory analyses of a composite sample
formed from the soil core. In total, there werec@mposite soil samples that corresponded to
675 depth intervals with discrete XRF observatiobaboratory analyses were performed to
detect only total uranium and uranium isotopesafeubset of the discrete and composite soil
samples; thus, the XRF lower limit of detection was certified for molybdenum. Laboratory
analysis of the site soil samples included alplespscopy for U-238 and gamma spectroscopy
for U-238. The following explores the range ofalairanium concentrations for those samples
in which uranium was detected by the XRF and th®lf@ those samples in which uranium
was not detected. The XRF LOD for non-detect samplas then compared to paired
laboratory-referenced results to determine the tdinet of detection. Laboratory-determined
U-238 activity concentrations were multiplied bjaator of 3 to provide an estimated total
uranium mass-based concentration. Additionalsttedl evaluations were performed on the
LODs for non-detect samples. The following anaysidivided into two main categories:

1) Detection Limits All XRF Measurements (N = J91
2) XRF Detection Limits as Determined by Splibbaatory Analyses (N = 159)

2.2.1 Detection Limits and Analytical Errors of MRF Measurements

Discrete XRF analyses were conducted at 6-incthdepervals from the 59 station
locations at the Former Harshaw Chemical Site.s&lanalyses were performed in XRF
aggregate mode to measure total uranium, withrtiyteecond acquisitions contributing to a
single measurement from a bagged soil sample.uéts, she reported total uranium XRF
concentration and error represents the averagssatio4 aggregated analyses.

Only the XRF reported LOD (for non-detect sample®valuated in this section. The
XRF method LOD for total uranium was statisticaltermined for non-detect site soil samples
by evaluating the central measures (mean, medrahjamnge of reported individual XRF LOD
values. The instrument-reported LOD values, in,tare a function of measurement uncertainty,
which is a function of counting statistics. A suary of the reported XRF LOD for those site
soil samples in which the elements were not dedestprovided in Table 9.
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Table 9. Summary of discrete XRF soil samplesectdid at the site in which the elements were nietotied
(assumed to be the reported LOD).

Mean Median Minimum Maximum

Element N XRF Variable (ppm) (ppm) (ppm) (ppm)
Molybdenum 765 Reported LOD 18.0 18.0 14.7 26.0
Total Uranium 743 Reported LOD 17.1 16.2 12.3 205.4

IN - The number of observations for all discrete XR&surements in which the element was not det¢Etedl N = 791).

Molybdenum and total uranium were not detectetos and 743, respectively, of 791
discrete XRF measurements (Table 9). For non-textenolybdenum samples, the mean
reported uncertainty was 18.0 ppm (range: 14.7.6 @ém). For non-detected total uranium
samples, the mean uncertainty (assumed to be ghrenment-reported LOD) was 17.1 ppm
(range: 12.3 — 205.4 ppm). The elevated maximyrarted uncertainty (205.4 ppm) for a non-
detect total uranium sample warranted special denaiion. Further investigation of the
reported uncertainties revealed that this maximalae/was an anomaly, apparently due to the
elevated concentrations of collocated arsenic 285167 ppm) and lead (Pb; 446,773 ppm).
Extreme values have a greater effect on the rephonean and range; however, the median is
generally unaffected by extreme values. As suahptbdian total uranium value was used to
statistically determine the XRF LOD. The mediaiueaepresents the middle of the dataset,
where 50% of the values are above the median a¥tddd@he values are below the median.
Based upon the median value, the statistical XRP s determined to be 16.2 ppm for
uranium.

These results indicate that the statistically mheteed XRF LOD for molybdenum and
total uranium was 18.0 ppm and 16.2 ppm, respdgtiv@nly the statistical XRF LOD could be
determined for molybdenum. Laboratory-confirmatadrthe XRF LOD for total uranium is
discussed in Section 2.2.2

2.2.2 Laboratory-Confirmed XRF Detection Limits

As mentioned in Section 2.2, a subset of the MR analyses of the site soils was split
for confirmatory laboratory analysis. These praged were consistent with those provided in
Section 7.7 of th&XRF SOP Laboratory analyses were performed to detect wranium
isotopes; thus, confirmation of the XRF LOD for ylmlenum could not be performed. Instead,
the comparability between the statistical XRF LCHE2¢tion 2.2.1) and the split laboratory
analyses for total uranium was used to determinetlven there was good agreement between the
statistical XRF LOD and the laboratory-confirmed D @r total uranium. The result of this
comparison for uranium might reasonably be exteridedher metals, including molybdenum.
For the purposes of this evaluation, all reporédabtatory concentrations were used regardless
of whether the reported concentration was qualifestimated) or not.

For some XRF-laboratory splits, the discrete XR#asurements were pooled and the

average XRF measurement for soil core interval$ritrting to the composite sample was
compared against laboratory analyses of the congosample. In total, 159 XRF samples were

22



Harshaw XRF Evaluation 6/30/2008

split for confirmatory laboratory analysis, of whi®5 were XRF composite samples and 64
were XRF discrete samples. Two different laboratoethods were employed to determine total
uranium concentrations: alpha spectroscopy for B-@&8 gamma spectroscopy for U-238. The
purpose of this evaluation was to determine therkory-confirmed XRF LOD for total

uranium and compare the laboratory methods foryaimag total uranium in the site soils.

A summary of the XRF-laboratory split analysestfal uranium in site soils is shown
in Table 10. Composite and discrete split sampiere investigated separately to determine the
effects of sample aggregation on XRF and laboratesults. Of the 159 split samples, 131
contained non-detectable XRF concentrations of totmnium; 28 contained detectable
concentrations of total uranium. To confirm theEXROD with the laboratory procedures, the
range of XRF LODs for non-detect split samples wenepared to the range of reported
laboratory results (Table 10A). For composite detect split samples, mean XRF LOD was
17.4 ppm (range: 13.8 — 26.2 ppm). For discretedetect split samples, mean XRF LOD was
16.8 ppm (range: 12.2 — 205.4 ppm). This datasdtded the same anomalous observation
described in Section 2.2.1 (XRF LOD: 205.4 ppm)efall, the range of alpha spectrometry
results for total uranium was not as comparabtéeéoXRF LOD as was the range of gamma
spectrometry results (Table 10A). In total, theam&RF reported LOD was 18.7 ppm total
uranium (range: 12.2 — 205.4 ppm). The rangepfabpectrometry was 0.2 to 255.0 ppm total
uranium, whereas the range of gamma spectrometujtsevas 0.0 to 24.5 ppm total uranium.
There was an additional anomalous observationparted alpha spectrometry total uranium
results. For one observation (sample no. HSSB15ié)XRF did not report detectable levels of
total uranium yet the alpha spectroscopy methadtezsin total uranium concentrations of
approximately 255.0 ppm. The gamma spectroscapya®d total uranium concentration for
this sample was a qualified result at 3.15 ppmgctvie a much more likely representation of the
true total uranium concentration for a sample inciviiotal uranium was not detected with the
XRF. ltis possible that laboratory error may hageurred in the alpha spectroscopy analyses
of this sample. Because of the anomalous valadpima spectroscopy total uranium results, only
gamma spectroscopy results were evaluated furtitecampared with the statistical XRF LOD.
A comparison of the alpha and gamma spectroscamtsewith XRF results is provided in
Section 2.3.
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Table 10. Summary of XRF and Split Laboratory Amsak for Total Uranium.
A) Alpha and Gamma Spectroscopy Resultsfor Split Non-Detect XRF Samples

Sample Standard
Type N Variable (ppm) Mean Median  Min Max Deviation
Composite 82 XRF Reported LOD 17.4 17.6 13.8 262 .2 2
Total U (Alpha Spectroscog) 7.8 3.9 0.2 255.0 27.9
Total U (Gamma Spectroscopy) 4.6 3.2 0.0 24.5 4.6
Discrete 49 XRF Reported LOD 20.9 16.8 12.2 2054 7.12
Total U (Alpha Spectroscopy) 5.7 35 0.8 63.4 9.4
Total U (Gamma Spectroscopy) 4.2 2.6 0.0 23.6 5.0
Total 131 XRF Reported LOD 18.7 17.2 12.2 2054 16.6
Total U (Alpha Spectroscop¥) 7.0 3.7 0.2 255.0 22.8
Total U (Gamma Spectroscopy) 4.4 3.0 0.0 24.5 4.8

B) Alpha and Gamma Spectroscopy Resultsfor Split Detected XRF Samples

Sample Standard
Type N Variable (ppm) Mean Median Min Max Deviation
Composite 13 XRF Result 24.5 18.5 12.0 64.8 17.7

XRF Reported Uncertainty 13.8 13.9 8.3 16.4 2.1
Total U (Alpha Spectroscopy) 23.8 20.0 11.1 604 13.9
Total U (Gamma Spectroscopy) 22.6 16.1 8.4 59.7 15.8
Discrete 15 XRF Result 102.8 70.7 20.6 366.4 104.8
XRF Reported Uncertainty 9.3 8.6 6.6 15.9 2.7
Total U (Alpha Spectroscog) 100.2 75.0 3.2 538.0 127.3
Total U (Gamma Spectroscopy) 119.9 77.1 22.2  450.0 133.8
Total 28 XRF Result 66.5 34.9 12.0 366.4 86.1
XRF Reported Uncertainty 11.4 11.9 6.6 16.4 3.3
Total U (Alpha Spectroscop?) 64.7 33.9 3.2 538.0 99.9
Total U (Gamma Spectroscopy) 74.7 30.4 8.4 450.0 108.8

! The number of valid observations for all splitdadtory measurements (N = 159).
2 Alpha spectroscopy for total uranium, as estimatet)-238.

3 Gamma spectroscopy for total uranium, as estimaydd-238.

The laboratory LOE) value was calculated to confirm the XRF total imemLOD with
laboratory results. The LQPpvalue represents the laboratory concentrationhatiwb0% of the
XRF measurements detect the element of interespttier 50% of the XRF measurements
report a non-detect value for the element of istierd o calculate the LOJgvalue for total
uranium, all split soil samples (N = 159; Table &@re binned by gamma spectroscopy result.
A total of 6 bins were created, each of which cod at least 9 observations. The midpoint of
one bin contained the statistical XRF LOD for tatedanium calculated in Section 2.2.1 (16.2
ppm). A graph was created to illustrate the proporof observations within each bin that
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detected total uranium concentrations. The midpafithe bin that is closest to 50% detection
represents the LOJgvalue.

The proportion of XRF measurements that detecited tiranium in each bin are shown
in Figure 6. The LOB) at which nearly 50% of the XRF observations weseected was 10.3
ppm total uranium. At the midpoint gamma spectopgoconcentration, nearly 45% of the XRF
results detected total uranium (Figure 6). Thelte®f this evaluation indicate that the true
LOD for total uranium, as determined by the L§Er gamma spectroscopy results, was 10.3
ppm. This confirms the expectation presented otiGe 2.2.1 that the XRF slightly
overestimates the LOD for non-detect results.
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Figure 6. Percent of XRF measurements that detectal uranium concentrations along midpointsiahkd
gamma spectroscopy results. The proportion of XBseovations was used to determine the kQalue. The
horizontal reference line refers to 50% detectiblumbers within or above each bar represent ttzé totmber of
observations included in the bin.
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2.3 Comparability Assessment

This section evaluates the comparability of thePdRd laboratory analytical datasets
according to Section 7.7 of tbdRF SOPand Section 13.7 of EPA Method 6200. Comparabilit
between XRF datasets and fixed laboratory resudig Ine used as empirical means to calibrate
the instrument or check an instrument calibratarip evaluate the appropriateness of different
laboratory methods. For the purposes of this Xizuation, two comparability evaluations
were performed: 1) association between XRF refdartelybdenum and total uranium
concentrations, and 2) associations between XRétteghtotal uranium concentrations and the
fixed laboratory analytical results for total unam. Meeting the objectives of these evaluations
involved determining if a relationship existed beém the two target analytes in the XRF
dataset; determining the relationship between Xé&dérted total uranium concentrations and the
fixed laboratory analytical results to confirm XREcuracy; and to evaluate the comparability of
XRF results with each of the two laboratory methtwddetermine the laboratory analytical
method that best explains the XRF data.

2.3.1 Relationship Between XRF Molybdenum and XRETUranium

A statistical evaluation was performed to detewertime relationship between XRF
reported molybdenum and total uranium concentratiorhis analysis was performed for the
entire XRF dataset using discrete XRF measurenténke site soil core samples. See Table 9A
in Section 2.2.1 for a summary of XRF measuremientghich molybdenum or total uranium
was detected. A total of 26 and 48 discrete XRdlyames of site soils reported detectable
concentrations of molybdenum and total uraniunpeesvely (Table 9A). XRF detectable
concentrations of both molybdenum and total uranivere collocated in 9 discrete soil samples.
Table 11 summarizes the XRF results for molybdeaundhtotal uranium in those site soil
samples in which both elements were detected.

Table 11. Summary of XRF results for site soil ptas in which molybdenum and total uranium
were detected (N = 9).

Standard
Mean Median Minimum Maximum Deviation
Variable (ppm) _ (pPm) (PPmM) (Ppm) (Ppm)
Mo Reported Concentration 30.6 26.3 21.8 47.4 10.2
Total U Reported Concentration  144.8 97.9 23.8 866. 122.3
Mo Reported Uncertainty 7.0 6.9 6.5 7.7 0.4
Total U Reported Uncertainty 10.3 9.5 6.6 15.9 3.0

The purpose of this evaluation was to determinetimdr detectable concentrations of
molybdenum and total uranium (as reported by XRé&)enassociated throughout the site. The
association in reported XRF concentrations woutliciate the reported concentration of one
element that can be explained by the reported cdrat®n for the other element. A linear
regression analysis was performed to determinéribar relationship between the two variables,
using XRF total uranium concentrations as the exgilary (predictor) variable and XRF
molybdenum concentrations as the response varidt#gression analysis is advantageous in
establishing linear relationships between variatilesugh the calculation of three factors: the y-
intercept of the linear relationship, the slopehef linear relationship, and the coefficient of
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determination (B. The R value is indicative of the proportion of the respe variable
explained by the predictor variable; it is ofteredi$o determine the strength of the association
(Sokal and Rohlf 1995). These factors were uselktermine the linear relationship between
the two variables based upon the following equation

Equation 3
Y=b*X+a
Where
Y = The response variable.
b = The slope of the linear relationship.
X = The explanatory variable.
a = The y-intercept of the linear relationship.

For the 9 discrete site soil samples in which ctatde concentrations of molybdenum
and total uranium were collocated, the regressimatyais indicated that a linear relationship
between total uranium and molybdenum concentratihsiot exist (R= 0.24). Further
investigation revealed that the linear relationskgs obscured by a single influential
observation (sample no. HSSB1580) where the reghéotal uranium concentration was 23.8
ppm and the reported molybdenum concentration wasgpm. Compared to the other samples
included in this evaluation the total uranium reépdrconcentration for this influential
observation approached the XRF LOD for site s (Section 2.2.2). The XRF total uranium
concentrations for the other samples includedismékaluation were above 50 ppm. Omitting
the influential observation from the analysis résdiiin a strong positive linear relationship
between the element concentrations for the remgisemples (Figure 7). Thé Ralue for this
relationship was 0.977, indicating that approxirya®8% of the variability in reported XRF
molybdenum concentrations was explained by thealdity in total uranium XRF
concentrations.

This evaluation indicates that, for those samipeghich molybdenum and total uranium
were detected with XRF, concentrations of the tleonents were correlated. As XRF total
uranium concentrations approach the XRF LOD, howetie relationship between total
uranium and molybdenum becomes obscured and maiyndeoncentrations may be greater
than total uranium concentrations (Figure 7). Aeotcaveat surrounding this conclusion is that
there were a number of samples in which only oameht (but not the other) was detected. Of
the XRF observations in which either molybdenuntotal uranium were detected, there were 17
observations in which only molybdenum was detedieele were 39 observations in which only
total uranium was detected. Because there wasaegmumber of XRF observations in which
only one element was detected (N = 56) than thoséhich both elements were detected (N =
9), it is not possible to conclude that an assmridh exists for these two elements over all XRF
observations. This conclusion is thus restrictethbse XRF observations in which both
elements were detected.
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Figure 7. Relationship between XRF molybdenumtatal uranium concentrations. The 45-degree lif@siied)
denotes a 1:1 relationship. One anomalous obsenv@ipen square) was excluded from analysis. ysisllinear
regressiong = 0.05; SAS 9.1.

2.3.2 Relationship Between XRF and Alpha Spectnogddethods

A statistical evaluation was performed to deteertime comparability between XRF and
alpha spectroscopy methods for determining tothium concentrations in the site soils. This
analysis was performed for the entire XRF split giendataset using composite and discrete site
soil core samples. Only composite samples in watdbast one discrete measurement reported
detectable XRF total uranium concentrations wectigred in this analysis. For these composite
samples, all non-detect discrete observations vegiaced with ¥2 the LOD as reported by the
XRF and the mean of all discrete results so detexchivas substituted as the XRF concentration
to be compared to the laboratory results. See THMein Section 2.2.2 for a summary of the
XRF and alpha spectroscopy analyses for total uramioncentrations for all split samples. For
this comparability evaluation, however, only XRFcentrations greater than two-times the
laboratory-confirmed LOD10.3 ppm) were included (N = 20). To relate alppactroscopy
total uranium results to XRF results, a linear esgion analysis was used following Equation 3
and the procedures outlined in Section 2.3.1. rélponse variable for this analysis was the
alpha spectroscopy total uranium concentrationeipanatory variable was the XRF total
uranium concentration.

For the 28 split soil samples in which total utamiwas detected, the regression analysis
indicated that a linear relationship existed betw¥RF total uranium concentration and alpha
spectroscopy total uranium concentration (Figure®)e R value for this relationship was
approximately 0.45, indicating that nearly 45%lwd variation in alpha spectroscopy total
uranium concentrations was explained by variatiKRF total uranium concentrations. The
slope of the linear relationship was 0.80 and tietgrcept was 15.24. Two observations
appeared to significantly deviate from the reg@ssiend for this analysis. Both of these
anomalous observations occurred at elevated XRiFucdnium concentrations (Figure 8). This
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has resulted in a wider 95% confidence intervaltliermean alpha spectrometry results. A
comparison of this relationship to the relationdween XRF and gamma spectrometry is
provided in Section 2.3.4.
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Figure 8. Relationship between XRF total uraniumd alpha spectroscopy total uranium concentratidree best-
fit trend line (solid line) is shown for all obsations in which XRF total uranium was detectedtfar split samples.
Also shown is the 45-degree line (dashed) dendtifidl relationship between reported concentratiomsthe 95%
confidence interval (dotted line) for the mean algpectroscopy total uranium concentration.

2.3.3 Relationship between XRF and Gamma Specipgddethods

A statistical evaluation was performed to detewrtime relationship between XRF and
gamma spectroscopy methods for determining totalium concentrations in the site soils. The
same approach as described in Section 2.3.2 wdgaisietermine the relationship between
XRF total uranium and gamma spectroscopy totaliunarconcentrations. See Table 10B for a
summary of the XRF and gamma spectroscopy analgséstal uranium concentrations.

For the 20 split soil samples in which XRF totednium was greater than two-times the
laboratory-confirmed LOD, the regression analysdidated that a linear relationship existed
between the XRF and gamma spectroscopy resultar@ ). The Rvalue for this relationship
was approximately 0.98, indicating that over 95%hef variation in gamma spectroscopy total
uranium concentrations was explained by variatioKRF total uranium concentrations. The
slope of the linear relationship was 1.26 and tiatercept was -10.54 (Figure 9). There were
no apparent outliers in the gamma spectroscopyefatend comparability between XRF and
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gamma spectroscopy was less variable then alpltérgpeopy, as evident by the narrow 95%
confidence interval around the predicted gammatepssopy results (Figure 9).
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Figure 9. Relationship between XRF total uraniurd gamma spectroscopy total uranium concentratidime
best-fit trend line (solid line) is shown for albgervations in which XRF total uranium was detedtedhe split
samples. Also shown is the 45-degree line (dasfusajoting a 1:1 relationship) and the 95% configeimterval
(dotted line) for the mean gamma spectroscopy totatium concentration.

2.3.4 Comparing the XRF-Laboratory Relationshipnsetn Analytical Methods

This section compares the relationships betweeXRie and the two laboratory
analytical methods to detect total uranium conediains. The purpose of this evaluation was to
determine whether alpha or gamma spectroscopyheamore appropriate analytical method to
compare with XRF measurements of site soils. €h@uation was based upon the regression
analyses conducted in Sections 2.3.2 and 2.3.3.

A number of similarities and differences were appawhen the relationships were
examined. In analyses of both analytical methadsatistical relationship between the XRF and
the analytical result was observed. Furthermdwe XRF result was approximately within 20% -
26% of the reported laboratory result (based upape3. Due to the presence of influential
observations in the dataset, the analysis for adpleatroscopy total uranium indicated a weaker
and more uncertain relationship with XRF total imamconcentrations. The’Ralue for the
alpha spectroscopy analysis was 0.45 with a muden@5% confidence interval for the mean
alpha spectroscopy result (Figure 8). On the dthed, the analysis for gamma spectroscopy
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indicated a stronger and less uncertain relatignsith XRF total uranium concentrations. For
this analysis, the Rvalue was 0.95 with a much narrower 95% confidénteval (Figure 9).

Based upon these observations, gamma spectroapppewared to be the more appropriate
laboratory method for confirming XRF total uraniwoncentration in site soils. The main factor
influencing the relationship for both analyses wWespresence/absence of influential
observations. There were two influential obseoratirecorded under the alpha spectroscopy
analysis; influential observations were absent ftbengamma spectroscopy analysis. These
influential observations may have been introducead the alpha spectroscopy results through
sample preparation. Alpha spectroscopy employsi& intensive laboratory method than either
gamma spectroscopy or XRF, involving different skngizes and sub-sampling steps. As such,
differences owing to sample heterogeneity betwdgmaaspectroscopy and either gamma
spectroscopy or XRF, which involve more similargadures, might accrue.

As discussed in Section 2.1.1.2, the XRF was matigyr calibrated to coarse-grained silt
matrix reference standards prior to its use asitee The strong positive relationship between
the XRF total uranium results and the gamma spsoby results indicates that the calibration
was appropriate for the site soils.

3.0 Conclusions

This section summarizes the performance of the XR¥etect molybdenum and total
uranium concentrations in site soils. Recommendatfor future field sampling plans are also
discussed.

3.1 XRF Performance

A variety of methods were used to evaluate théopmance of the XRF to determine
molybdenum and total uranium concentrations. Thedade accuracy assessments (Sections
2.1.1.1,2.1.1.2, and 2.3.4), an assessment of ptBéision (Section 2.1.2.1), XRF screening-
level reproducibility (Section 2.1.2.3), and XRFs&m degradation (Section 2.1.3). The
samples in these evaluations were prepared angzaaehccording to thERF SOP

3.1.1 XRF Accuracy

XRF accuracy was greatest for standards contasiihmatrix, intermediate for sand
matrix standards, and lowest for fine-grained ctatrix standards. Despite the apparent matrix
effects observed, XRF accuracy was adequate fonattix types as the calculated mean percent
difference for all standards was approximately étpar less than 20%. These results indicate
that the differences in XRF accuracy across maypes are due to the internal calibration of the
device to the silt matrix standard. A trend waoalbserved indicating that XRF accuracy
improves at increasing concentrations of the taetgrhent.

Comparability assessments of the XRF resultshersite soil samples and the gamma

spectroscopy results for total uranium confirm thatinternal calibration of the XRF against the
coarse-grained silt matrix standard was appropteapgovide accurate and reliable results for
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total uranium at the site. The XRF results exkibih close relationship with the gamma
spectroscopy results (Figure 9), as the predicéminga spectroscopy results for total uranium
was within 20% of the XRF results. These obseovaticonfirm that the accuracy of the XRF is
sufficient to provide comparable results againgbtatory gamma spectroscopy results.

3.1.2 XRF Precision

The XRF exhibited excellent precision, as measbsethe low variability between
repeated measurements of the same location witkemgple (RSD < 10%). Furthermore, the
average reported error (instrument error) was k\®(J%) and was similar to the standard
deviation for the repeated measurements. Thesxa@i®ons confirm that the precision of the
XRF is sufficient to provide consistent results timtal uranium at the site.

3.1.3 XRF Screening-Level Reproducibility

For this evaluation, the XRF results were 100%ueate with respect to correct outcomes
for determination of detection or non-detectiomrtkermore, there was low variability in the
reported XRF concentration for the sample in whathl uranium was detected; there was also
low variability in the reported LOD for the samhewhich total uranium was not detected.
These observations confirm that reported XRF messents are sufficient for quantitative
screening-level purposes. The low variabilityhege reported measurements also support the
observations of XRF precision.

3.1.4 XRF Performance over a Work Day

This evaluation indicated that XRF response olercourse of a work day was reduced
by 10% to 21% for measurements of total uraniunowewer, no similar XRF response
reduction occurred for molybdenum calibration measients. The reduced uranium response
result may be due to battery discharge over theseoaf the day, as the X-ray tube excitation
energy output is dependent upon the power supdigthods to minimize instrument degradation
include charging the battery at regular intervatetighout the day or exchanging with a fully
charged battery.

3.1.5 XRF LOD for Total Uranium

For all XRF analyses of site soils, the mediaroregal XRF LOD for samples in which
total uranium was not detected was 16.2 ppm. Llaboy-determined XRF LOD was evaluated
for the split soil samples that were analyzed Wwitkh XRF and laboratory methods. The
laboratory-confirmed XRF LOD was approximately 1p@n. These observations confirm the
expectation that the reported XRF LOD is slighttgager than the true LOD. With respect to the
field investigation level for the site (44 ppm [BCi/g] total uranium), both of these LOD values
are low enough to provide appropriate screeningtesults for total uranium.

3.2 Sample Heterogeneity
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The effects of sample heterogeneity on reportead toainium concentrations were
assessed by examining small-scale and bagged saarbility (Section 2.1.2.2). These
analyses were conducted to determine the amouwarability introduced by the sample
preparation and analysis procedures describeciXRiF SOP

3.2.1 Small-Scale Sample Variability

Small-scale sample variability, defined as thalized variability in a soil sample as
determined by removing and replacing the sample wap very low (RSD < 10%), indicating
that small-scale variability was minimized followithe sample preparation and analysis
protocols described in theRF SOP

These results indicate that the current XRF patscsufficient to manage small-scale
variability in total uranium concentrations.

3.2.2 Bagged Sample Intrinsic Variability

Bagged sample intrinsic variability, defined as broader-scale variability throughout an
entire bagged sample, ranged from 2.90% to 49.73%.RThere was greater variability
observed along both sides of the sample bag thdninwne side of the sample bag. These
observations indicate that greater variabilityatat uranium concentrations (as reported by the
XRF) exists within the bagged sample than whatleaattributed to instrument error (precision).

Due to greater heterogeneity along both sidekesample bag, XRF protocols should
also include an approach to quantify sample bamsit variability using measurements
collected from both sides of the bagged sample.

3.3 Redationship Between XRF Reported Molybdenum and Total Uranium

XRF reported total uranium and molybdenum conegiains were evaluated to determine
whether elevated total uranium and molybdenum cunagons were collocated (Section 2.3.1).
With the exception of one sample in which totalniman was detected at a low concentration,
there was a positive relationship between XRF rteggomolybdenum and total uranium
concentrations. For XRF observations in which é&ments were detected, elevated
molybdenum and total uranium concentrations wewngty positively associated, indicating
that some soil locations may have been contaminaitibda residue containing both elements in
a relatively constant ratio.

Due to the limited number of XRF observations imak both elements were detected (N
=9), it is not possible to conclude that an asgam exists for these two elements over all XRF

observations. This conclusion is thus restrictethbse XRF observations in which both
elements were detected.

3.4 Comparability Between XRF and Laboratory Spectroscopy Methods
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Comparisons of the XRF results to laboratory rissusing spectroscopy methods were
used to evaluate overall comparability of XRF tiedeatory methods and to determine which
laboratory method produced results most compatab¥RF results for soils.

For XRF comparisons with alpha spectroscopy rsstiie relationship was relatively
weak (R = 0.45) and yielded much more variable estimatésetrue total uranium
concentrations as determined by the 95% confidenieeval. The XRF comparisons with
gamma spectroscopy results, on the other handtedsn a much stronger relationship’(®
0.98) and yielded less variable estimates of thne tintal uranium concentrations. There were
two anomalous observations in the alpha spectrgsdafaset; there were no apparent
anomalous values in the gamma spectroscopy dataset.

According to EPA Method 6200, XRF data can be whared definitive if the correlation
coefficient (r) is greater than or equal to 0.9 this evaluation, the regression coefficient to
compare XRF and gamma spectroscopy total uraniuroertrations (R= 0.98) corresponds to
a correlation r-value of 0.99. Thus, XRF and ganspectroscopy methods are highly
comparable with respect to analysis of total unamin site soils. Thus, it is concluded that XRF
measurements of site soils provide reliable andrate quantitative results for molybdenum and
total uranium, which would be suitable for meetingumber of potential future site remediation
needs.
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