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Chapter 1
Introduction

1.0 Introduction

There has been a recent boom in the popularity of urban gardening and urban farming (Weindorf et
al., 2012), raising questions about health risks associated with legacy contamination in urban settings such
as Detroit, Michigan. Trace metal contamination of crop soils is an important concern because their
presence may have negative health impacts if consumed via adhesion to produce or inhaled via garden
dust. In many instances, gardens operating in urban settings lack the financial capabilities to have their
soils tested via relatively expensive acid digestion analysis methods. Recently, the use of the portable X-
ray fluorescence (pXRF) analytical method to measure metal concentrations in soils was formalized by the
United States Environmental Protection Agency (USEPA, 2007b). pXRF offers urban gardeners a
potentially faster and less expensive way to ensure their soil trace metal content falls below regulatory
guidelines. Nonetheless, it is important to fully understand pXRF reliability and accuracy in the context of
its use in urban farm settings.

Soils are heterogeneous by nature (USEPA, 2007b) and soils in general contain varying amounts of
organic matter. Soil organic matter can range from as low as 1% in desert environments to as much as
90% or more in low wet areas (Troeh, 2005) and can reach as high as 20% in farming environments. Higher
organic matter content is desirable to farmers because its presence on cultivated lands provides nutrients
that stimulate crop growth. As such, many farmers, both rural and urban alike, boost the productivity of
their crops by improving their soils through organic matter addition in the form of compost or other soil
amendments. Although the influence of soil characteristics such as soil heterogeneity and moisture
content on pXRF metal measurements have been documented (Tjallingii et al., 2007), the effect of variable
organic matter content is not well understood. The overall aim of this investigation is to explore the effect

of organic matter content on the ability of pXRF to accurately determine trace metal content in soils. This



chapter provides background information on XRF and soil metal measurement supporting the formulation
of a hypothesis predicting an expected response to varying soil organic matter content.
1.1 Fluorescence and XRF Theory

X-rays, a form of electromagnetic ionizing radiation, were first discovered in 1895 by Wilhelm
Roentgen, a German physicist (Jenkins, 1988). Since then, X-rays have proven useful in a wide range of
fields including medical applications developed after doctors observed they could be used to examine the
human body for bone fractures and foreign objects. This application of X-rays was widely used in World
War | to save tens of thousands of lives (Jenkins, 1988). Since then X-rays have found applications beyond
the medical field including, but not limited to, organic and inorganic elemental analysis. In his pioneering
work, Verne Birks demonstrated that elemental analyses could be performed by bombarding an object
with high energy X-rays and examining the resulting fluorescence spectrum (Jenkins, 1988). The field of
X-Ray fluorescence (XRF) was thus born and since then many advancements have been made to the
instrumentation and methods for performing elemental analyses.

lonizing radiation is the driving force behind the fluorescence elemental analysis technique. Typically
one of two different excitation (ionizing radiation) sources are utilized in XRF instruments. Some XRF
instruments contain radioactive materials such as Cd-109, Fe-55 or Am-241 which are used as a direct
source for ionizing radiation (Potts, 1999). The most commonly used ionizing radiation source in modern
instruments however, is the X-Ray generating tube. The tube generates X-rays by accelerating electrons
through the application of a potential difference between a cathode and an anode located at the ends of
the tube. The acceleration and subsequent rapid deceleration of the electrons results in the emission of
X-rays which are then used to excite the atoms of the sample being analyzed. Tube based instruments
have several advantages over their radioactive material bearing counterparts due to safety concerns,
regulatory barriers and procedures involved with the handling of radioactive materials (Shand and
Wendler, 2014). With tube based instruments these concerns are less of an issue because ionizing

radiation is only produced when the instrument is in operation.



Within the broader category of tube based X-Ray fluorescence instrumentation, two types of XRF
instruments exist: energy dispersive and wavelength dispersive XRF instruments. Wavelength dispersive
XRF involves manipulation of the fluorescence photons emitted from the sample being analyzed by
putting a crystal between the sample and the detector resulting in diffraction of the fluorescence photons
(Lachance and Claisse, 1995). The different wavelengths are thus isolated by diffraction and can be
analyzed by the instrument at higher resolutions through rotation of the crystal at precise angles. This
gives wavelength dispersive XRF more precision than the energy dispersive XRF, but it also makes it more
expensive because it requires more internally moving parts than energy dispersive XRF. In contrast, energy
dispersive XRF operates by varying the potential difference between the anode and cathode within the X-
Ray tube in order to manipulate the energy levels of the incident X-Ray beam (Goulding and Jaklevic,
1973). The excited atoms of the sample then emit characteristic radiation which are picked up by the
instrument’s detector. The detector in this case is able to pick up both counts (number of incident
photons) and energies (energy of the incident photons). In certain instruments it is also common practice
to place filters between the beam source and the sample in order to further manipulate the incident
beam.

XRF instruments operate on the principle of fluorescence, which is a phenomenon where atoms emit
characteristic spectral lines when hit with high energy X-rays. Electrons orbiting the protons of atoms are
guantized in that they can only be found at specific energy levels. These orbits, associated with the
different energy levels, are classified and commonly referred to as the K,L,M and N shells of an atom
(Lachance and Claisse, 1995). The X-rays excite and knock out the atom’s electrons located in a certain
shell and an electron of higher energy falls to a lower energy shell to fill the vacancy resulting in a
characteristic spectral emission known as fluorescence.

When the energy of an impinging X-Ray equals the critical excitation energy for an element there is a
sharp increase in the amount of X-Rays absorbed by the given element and thus a sharp increase in

characteristic fluorescence X-Rays. Many XRF instruments take advantage of this phenomenon by placing



energy filters between the X-Ray source and the sample so as to filter out the excitation energies of the
elements of lesser interest. In many instances, the filters segregate the source X-Rays into three spectral
energy fields (high, medium and low filters). These filters enhance the performance of the XRF processor
executing computations for translating counts per second picked up by the detector into concentration
measurements.

Rayleigh scattering, also referred to as coherent scattering, occurs when an X-Ray hits an electron and
the energy is coherently scattered in a different direction (Figure 1.1a). Consequently, no energy is lost,
but the trajectory of the impinging X-Ray changes. Compton scattering, also referred to as incoherent
scattering, occurs when an X-Ray hits an electron and ejects it from its orbit (Figure 1.1b). During Compton
scattering, the impinging X-Ray retains some of its energy after the collision and ejection. Incoherent
scattering thus results in a modification of both trajectory and energy of the impinging X-Ray. Incoherent
scattering may affect XRF measurements and is addressed by XRF manufacturers at the factory by

performing calibrations on internal standards (Kenna et al., 2011).

Figure 1.1 Scattering of incident X-rays: (a) Rayleigh scattering; (left), (b) Compton scattering; (right).



1.2 XRF analysis sequence

The sequence of events involved in X-Ray fluorescence analysis begins when a high energy X-Ray beam
irradiates a portion of the sample. Subsequently, the electrons for which the energy of the incident X-Ray
photon is higher than the electron binding energy are subject to ejection from atoms comprising the
sample (Figure 1.2). Higher energy electrons fall to fill the vacancies left over by the ejected electrons.
Because energy is conserved, a spectral emission is generated with a wavelength corresponding to the
energy lost from the higher energy electron as it transitions from a higher state to a lower energy state.
The characteristic fluorescence photon unique to the element is detected by the XRF instrument. Finally,
XRF analytical algorithms transform the measured intensity of the fluorescence for each element into a
mass concentration, typically in parts per million (mg/kg) for trace elements or % for major elements.
Because the fluorescence intensity of any given element within the sample may vary at any given moment
in time, the intensities are averaged over a prescribed length of time so as to maximize accuracy and

minimize variability related to the probabilistic excitement of atoms by incident X-rays.
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Figure 1.2 Generation of X-Ray fluorescence through electron ejection by incident photon.



1.3 XRF Advantages

With technological advancements and miniaturization of integrated circuitry, the portability of XRF
analyzers has become feasible (lwanczyk and Patt, 1999). The portable X-Ray fluorescence (pXRF)
instrument is used to determine the elements present within samples. The pXRF instrument has many
advantages over other methods currently available for metal analyses of soils. First and foremost, the
instrument itself costs considerably less than an inductively coupled mass spectrometer (ICPMS). ICPMS
analyses are also time consuming, expensive, and destructive because acid digestion of the soil sample is
required.

With the pXRF, samples can be analyzed in-situ as well as in a controlled laboratory environment.
They can be analyzed quickly (Kalnicky and Singhvi, 2001), economically, and non-destructively which
make pXRF an attractive method of analysis for soils in both academia and industry alike (Shand and
Wendler, 2014). The cost effectiveness of the pXRF makes it an attractive method for determining soil
trace metal presence and concentrations at urban farms (Weindorf et al., 2012). The accuracy and
reliability of pXRF has important implications for anyone applying the X-Ray fluorescence technique for
determinations of soil trace metal content.

1.4 Factors affecting XRF soil measurements

Other factors affecting XRF measurements include object geometry (Lowemark et al., 2011), soil
moisture content (Boning et al., 2007) and soil heterogeneity (Tjallingii et al., 2007). X-rays are photons
which behave like light in that the X-Ray intensity attenuates by a factor of 1/r? where r is the distance
between the emission source and detector (Shand and Wendler, 2014). The XRF generates information
on elemental abundances by bombarding the sample with X-rays and measuring the intensities of the
resulting fluorescence photons from the sample. If the surface of the object is irregularly shaped, it may
affect the measurement because the XRF algorithms assume a flat surface over the area of incidence for
the X-ray beam. XRF measurements may also be affected by soil moisture content which is why drying soil

samples prior to analysis is recommended (EPA 2007b). Soil heterogeneity refers to the variability in the



composition of soils, it is inherently present in all soil samples (Ramsey, 1998), i.e. there is a fundamental
non-uniformity to the spatial arrangement of the atoms comprising the sample arising from random
mixing of atoms and molecules during soil formation. Soil heterogeneity can be mitigated by sample
sieving prior to analysis and by repeating XRF measurements in triplicate. Shaking of soil sample vials
between measurements is also recommended (EPA 2007b).

1.5 Prior Studies

The USEPA (2007) recommends the use of confirmatory sample analysis for pXRF quality control,
however inconsistencies between analytical methods for soil trace metal content determinations are
widely recognized. For example, Brumbaugh et. al (2013), measured two different National Institute of
Standards and Technology (NIST) soil standards for which comparisons were drawn between XRF, ICPMS
and NIST certified values. Their results demonstrated inconsistency between XRF and ICPMS
measurements. Similarly, Congiu et al. (2013), demonstrated inconsistencies between XRF and ICPMS in
trace metal soil contaminant measurements. Shand and Wendler (2014) reported inconsistencies
between pXRF measurements made on standard materials and their certified values. They recognized that
organic matter causes complications to pXRF measurements and concluded that the realm of pXRF could
benefit from the creation of certified standards on a continuum of organic matter content which could be
used for calibration of pXRF instruments.

The use of X-Ray fluorescence has been employed to assess XRF measurement reliability within highly
contaminated soils. Radu and Diamond (2009) compared lead, arsenic, copper and zinc XRF and AAS
(atomic abortion spectrometry) measurements made on soils obtained from areas with past mining
activity near Silvermines, Ireland. The results of their investigation revealed strong correlation between
the two analytical methods but discrepancies between individual measurements (Radu and Diamond,
2009). Some of the measurements made on the same samples using the different analytical methods were
not within each other’s 2o confidence interval. The authors concluded that pXRF could be use in lieu of

more expensive analytical methods to determine the presence of contaminants within potentially highly



contaminated soils. The results of their individual measurements however revealed discrepancies which
suggest that a different approach must be taken if precise measurements are required (beyond simply
confirming presence).

The feasibility of pXRF for soil trace metal measurements within a peri-urban agricultural setting was
conducted by Weindorf et al. in 2012. The findings of their study suggest that portable X-Ray fluorescence
shows promise for use in agricultural soils; however, there were discrepancies between the standard
certificate values for the reference materials used in the investigation and the pXRF measurements
(Weindorf et al., 2012). The results of the investigation suggest a different approach is required to render
accurate values when using portable X-Ray fluorescence within the context of urban agricultural settings.
Accurate pXRF measurements are crucial to contamination determination investigations because accurate
measurements are required for determining whether the levels of a trace metal contaminant present
exceed or fall below regulatory action levels as this may have health connotations for people consuming
the vegetables grown within the soil.

Recognizing the error prone nature of X-Ray fluorescence, some have called for the constant
monitoring and calibration (Kenna et al., 2011) of pXRF performance and measurements by continually
running standards between set numbers of measurements (Brand and Brand, 2014). In samples requiring
homogenization, the addition of sodium fluorescein dye to monitor mixing has been widely used (e.g.,
VanCott et al., 1999) and is still in use today (USEPA, 2007b) because it is thought not to affect the

measurements to a high degree.



1.6 Hypothesis

Factors affecting discrepancies between pXRF measurements of soil standards and their certificate
values have been traditionally attributed to heterogeneity and matrix interference effects. However, the
effects of organic matter fraction on XRF measurements have not been thoroughly investigated. The
purpose of this investigation is to quantify the effect of increasing organic matter fraction on pXRF
measurements for the following thirteen elements: arsenic, chromium, copper, iron, manganese, lead,
rubidium, strontium, thorium, titanium, vanadium, zinc, and zirconium.

It is hypothesized that pXRF metal concentration measurements are attenuated with increasing soil
organic matter in proportion to the fraction of organic matter present. This effect is expected to be
different for individual elements, however, depending on the similarities of electron transition energy
peaks that they may share with carbon and oxygen, the primary elemental components of organic matter.

To evaluate this hypothesis, a series of laboratory experiments was designed to investigate the effects
of organic matter on pXRF trace metal measurements. The experiments involved an organic free soil with
known metal concentrations that was subsequently spiked with three organic matter surrogates of
varying proportions. Chapter 2 of this thesis describes the materials, laboratory methods and
experimental design in detail. Relevant equations and results from XRF measurements are reported in
Chapter 3. Conclusions and a discussion are presented in Chapter 4 along with recommendations for

future research.
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Chapter 2

Materials and Methods

2.0 Introduction

To determine the effects of organic matter on pXRF soil metal measurements, a sample of Natural
Resources Canada (NRCan) Till-1 standard reference soil was expunged of organic matter and
subsequently incrementally spiked with increasing organic matter surrogate material. Plots of pXRF
measured metal concentration versus organic matter fraction for each organic matter surrogate were
generated for comparison with theoretical response curves based on dilution of the soil with organic
matter. This chapter provides information on the pXRF instrument, the Till-1 standard, the chosen organic
matter surrogates, and a detailed series of procedures outlining the steps taken to conduct the
experiments.
2.1 Materials and Instrumentation

Several soil standard reference materials (SRM) with certified metal concentrations are available for
verification of laboratory analytical methods. These include National Institute of Standards and
Technology (NIST) standard NIST-2586, NIST-2709a, NIST-2711a and an SiO2 blank. NRCan standards
include Till-1, Till-2, Till-3, and Till-4 derived from glacial soils and tills in Ontario and British Columbia. The
Till-1 standard was selected for this investigation because NRCan certificate SRM contained more detailed
information compared to available NIST standards, including information on organic matter content.
Among the four NRCan standards, the Till-1 standard was chosen because it contained most elements of

interest in sufficient quantities above the detection limit of the pXRF instrument.
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Table 2.1 provides Till-1 standard certificate values for the 13 elements of investigation. The Natural
Resources Canada Till-1 standard itself was collected 25 kilometers north-west of Lanark Ontario, Canada
near Joe Lake (NRCan, 1995).

Table 2.1 Natural Resources Canada Till-1 standard certificate values and organic matter fraction.(NRCan,

1995)
Element Certificate (mg/kg) Orgam;Matter

As 18

Cr 65

Cu 47

Fe 48100

Mn 1420

Pb 22

Rb 44 6.3
Sr 291

Th 5.6

Ti 5990

\ 99

Zn 98

Zr 502
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Three organic matter surrogates were chosen for the experiment: cellulose, carbon (graphite
powder), and sugar (Table 2.2).

Table 2.2 Organic matter surrogate information table

Surrogate Source Description Chemical Formula
. . Cellulose
Cellulose Sigma Aldrich Labs CeH1005
Powder
Carbon Sigma Aldrich Labs Graphite C
Powder

Meijer's brand
Sugar Meijer confectioner's C12H22011
powdered

sugar

The experiment was initially carried out with confectioners’ sugar because it was a readily available
powdered form of organic matter with a grain size of less than 250 microns. Initial pilot experiments using
confectioners’ sugar and local garden soils were used to explore the feasibility of using organic matter
surrogates for this investigation. Results of subsequent, better controlled experiments using
confectioners’ sugar and the Till-1 reference soil are reported here. Graphite powder was acquired from
Sigma Aldrich labs and is certified to be 99.98% pure carbon. Its grain size is less than 250 microns.
Cellulose powder was also acquired from Sigma Aldrich labs although its certificate did not contain purity
information. Prior to its use, the cellulose powder was passed through a 250 micron mesh to remove
grains larger than 250 microns. Samples were digested using USEPA Method 3051 (2007a) and ICP-MS
measurements were carried out on all three organic matter surrogates to confirm the absence of the

metals of interest to this study.
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The pXRF instrument used for these experiments was the Niton XL3t GOLDD+ analyzer which was
used in conjunction with its laboratory stand in desktop mode to increase precision and repeatability while
performing analyses (Figure 2.1). The X-Ray generating tube contains a silver (Ag) anode and reaches 50
keV while in operation. The detector is a geometrically optimized large area drift detector and its
resolution is 185 electron volts. The radius of its primary X-Ray beam is 8mm in diameter; however, it also
allows the operator to choose the “small spot” option which makes the beam 3mm in diameter. This is
typically used if the analyst is attempting to analyze a specific crystal within a rock. The instrument can be
set to a variety of modes including metal alloys mode, electronics alloy mode, mining mode and soil mode.

For this study, the instrument was operated in soils mode with the 8mm diameter option enabled to

improve the measurements of the instrument.

Figure 2.1 The pXRF instrument loaded into its desktop stand and interfaced with a computer.
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2.2 XRF Analysis Vial Preparation Method

XRF analysis vials were prepared for use in many of the subsequent procedures (Figure 2.2). The 37

ml XRF analysis vials are made of polypropylene and serve as containers for the soil samples being

analyzed. The following steps were followed when preparing XRF vials for analysis.

1.

Obtain clean polypropylene tubes with caps.

Puncture a hole in the cap with a diameter of ~20mm.

Rinse the cap and the tube with deionized water. Air dry them.

Once dry, pour the sample to be analyzed via XRF into the tube. Ensure the height of sample
within the tube is no less than 20mm in the tube.

Place a 4 micron thick “XRF Thin Film Circle” made by Premier Lab Supply (Model #: TF-240-255)
on top of the tube’s entrance paying careful attention to keeping it clean and free of any potential
contamination.

Pop the cap back onto the analysis vial securing the sample within the tube. The tube is now

prepared for XRF analysis and can be turned upside down to place on the XRF stand for analysis.

The XRF analysis vials are sealed with the 4 micron thick sheet of polypropylene film to minimize signal

attenuation (Compton scattering) which may result from radiation traveling between the sample and the

XRF detector.

Figure 2.2 Prepared XRF vials: Side view pictured left, top view pictured right.
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2.3 XRF Analysis Method

More than 700 pXRF analyses were performed throughout the investigation using a standard
operating procedure for the pXRF instrument. The following steps were adhered to when performing pXRF
analyses. The pXRF was set to soils mode in the pXRF settings console prior to analyses. A dosimeter ring
was worn whenever the pXRF was in operation to monitor radiation exposure levels and ensure a safe lab
environment. Standards were run before the start of analyses for the day, after every 10 samples, and at
the conclusion of analyses for the day in order to check for instrumental drift. The standards used for this
purpose were the NIST 2709a, NIST 2586, Till-4 and an SiO; blank. System checks must be performed each

time the pXRF is turned on.

1. The XRF vial was turned upside down and gently tapped on the surface of the XRF analyzer 10
times.

2. The center of the hole in the cap of the XRF vial (sealed with the 4 micron thick polypropylene
film) was aligned with the center of the pXRF analyzer window on the test stand.

3. The stand was shut and the latch was locked to ensure no radiation leaked out of the analysis
chamber.

4. The pXRF was operated remotely via a computer connection. Each analysis was set to a 3 minute
(180 second) duration. Thus, dwell time included 60 seconds in each of the low, medium, and

high energy filter modes.

Considerations

e Attention is to be paid between each step throughout the experiment to avoid contamination of
the sample and/or XRF analyzer itself. Do not allow dust on the XRF analyzer screen or the analysis

vial thin film as this will affect XRF measurements.
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2.4 Organic Matter Determination and Expulsion

It is necessary to determine and remove the organic matter fraction (%) from the Till-1 standard used
for the experiments in this investigation. This was achieved by following the instructions set forth in ASTM
Method 2974 — 14 (ASTM, 2014). A “burn” of the sample is performed by placing the sample in an oven
set at 550 degrees Celsius to remove any organic matter through combustion and associated volatilization.

The following steps were adhered to when determining OM fraction and performing the burn.

1. Determine the mass of an empty clean porcelain dish. The dish should have a high surface area to
allow the soil sample to be spread out so as to avoid trapping any organic matter from exposure
to oxygen when the furnace is turned on.

2. Evenly spread a thin coat of the NIST Till-1 sample in the porcelain dish and determine the mass
of the entire dish.

3. Place the dish in a muffle furnace and increase the temperature to 550 degrees Celsius to burn
off the organic matter content of the soil, leave the sample in the furnace overnight.

4. Remove the sample from the furnace and let the sample cool at room temperature. After it cools
down, determine the mass of the specimen.

5. From the recorded mass data, determine % organic matter composition of the sample.

6. Save the sample for use in the subsequent “Incremental Organic Matter Spiking Method” section

of the experimental design.

Considerations

e Attention is to be paid between each step throughout the experiment to avoid contamination of

the sample.
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2.5 Cellulose Sieving Method
The cellulose sieving method served as a preparatory step for the subsequent procedures which use
cellulose. The cellulose being used must be sieved down to 250 microns in order to ensure that the

cellulose grains are comparable to the grains from the Till-1 standard.

1. Line aro-tap catcher pan with paper and prepare a ro-tap mesh stack with a 250 micron mesh as
the last sieve before the catcher pan.

2. Pour cellulose into sieve and turn on ro-tap for 10 minutes.

3. Remove, label and store the cellulose <250 micron fraction for use in the subsequent sections of

this experiment.

The ro-tap catcher pan was lined with paper to minimize potential for metal contamination making its

way from the pan to the sample being analyzed.

2.6 Incremental Organic Matter Spiking Method (Dry Method)

After removal of the organic matter (Section 2.4), the standard sample was incrementally spiked
with organic matter surrogate (cellulose/carbon/sugar) and analyzed via XRF in order to determine the
XRF response to increasing OM fraction. This method utilized dry surrogate material as opposed to wetting
the sample after the homogenization step (Section 2.7).

The carbon pXRF analyses were performed twice in a row in batch mode prior to shaking the
sample. This was done to acquire the information required for the detailed analysis of variance (ANOVA)
(Section 2.9) which was conducted to decipher the geochemical variability, heterogeneity variability and

analytical variability components (Ramsey, 1998).
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The resulting fraction of organic matter was calculated using this equation:

(OM Be fore = SampleW eight) + Surrogate Added
SampleW eight + Surrogate Added

OMAfter =
(2.1)

where “OM After” is the fraction of organic matter within the sample after addition of OM, “OM Before”
is the fraction of organic matter present in the sample, “Sample Weight” is the mass of the sample before

addition of surrogate, and “Surrogate Added” is the mass of the surrogate added to the sample.

1. Drawaline associated with a 20mm sample depth on two polypropylene XRF analysis vials. Weigh,
label and record the masses of the empty vials for use in calculations.

2. Fill one of the vials to the indicated line with only the chosen organic matter surrogate and
perform an XRF analysis on the contents in triplicate shaking the vial for 10 seconds between runs.

3. Fill the other vial to the indicated line with the burned Till-1 sample, record the Sample Weight
for use in calculations then analyze the sample in triplicate with the pXRF instrument shaking the
vial for 10 seconds between runs.

4. Remove sample and pour it in its entirety into the mixing beaker. Place the beaker on the scale
and record the vessel mass in grams.

5. Add approximately 0.5 grams of the organic matter surrogate into the vessel and weigh and
record the vessel once more after spiking it with the organic matter surrogate. The difference
between the vessel weight before and after OM addition represent the surrogate added.

6. Put a piece of paper over the lid of the beaker and then put an appropriately sized rubber stopper
over the beaker. Hold it closed tightly.

7. Shake the sample so as to mix the added cellulose in the sample. This serves as a premix step.

8. Pour beaker contents onto a 30cm x 30cm piece of construction paper and homogenize following
the procedure described by Piorek (1998).

9. Roll the sample over on itself 20 times to ensure homogeneity of the sample.
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10. Pour the sample into the vial up to the 20mm line. Save and label the excess leftover materials in
individual vials for potential further investigation. Record the weight of the sample for use in
calculations.

11. Perform XRF analysis in triplicate on the spiked sample shaking the vial for 10 seconds between
runs.

12. Repeat steps 4 through 11 until the sample has been spiked to desired organic matter content.

Considerations

e Standards must be run in triplicate before start and after finish of the experiment.

e Standards should also be run in triplicate between every 10 triplicate measurements to allow the
analyst to check and correct for instrumental drift if it occurs (Brand and Brand, 2014).

e Additional individually saved and labeled materials from this experiment should be saved to allow
the analyst the option of analyzing said samples via different analytical methods including ICPMS
using different digestion methods to determine how organic matter content affects recoverability
of trace metals and to draw comparisons between XRF and other analytical method
measurements.

e Attention is to be paid between each step throughout the experiment to avoid contamination of
the sample.

e Careful tapping of containers should be performed so as to minimize mass loss between vessel

transfers.
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2.7 Incremental Organic Matter Spiking Method (Wet Method)

The “Wet Method” organic matter spiking method was developed to coat the sediment grains from

the standard with cellulose. This was done to mimic the behavior of organic matter in natural samples,

i.e., organic matter coating sediment grains and was used to provide a comparison with the experiments

using the addition of dry cellulose as an organic matter surrogate. The resulting fraction of organic matter

was calculated using Equation 2.1.

1.

10.

11.

12.

Obtain a burned Till-1 sample devoid of organic matter. Draw a line associated with a 20mm
sample depth on a polypropylene XRF analysis vials. Weigh, label and record the mass of the
empty vial for use in calculations. Put Till 1 sample into the XRF analysis vial up to marked 20mm
line and prepare for XRF.

Analyze the sample 3 times using the XRF. Shake before and between runs.

Pour the sample into a beaker (Note empty beaker weight for calculations).
Weigh the entire contents of the beaker + soil.

Put approximately 0.5 grams of cellulose in the beaker and record the new weight.

Put a piece of paper over the lid of the beaker and then put a rubber stopper over the beaker.
Hold it closed tightly.

Shake the sample so as to mix the added cellulose. This step serves as a premix.

Pour beaker contents onto a 30cm x 30cm piece of construction paper.

Roll the sample over on itself 20 times to ensure homogeneity of the sample.

Pour contents into drying porcelain dish. Record weight of porcelain dish + soil.

Add approximately 15-20 ml of deionized water to porcelain dish. Stir to homogeneity by mixing
with a clean straw. Shake and tap straw at the end of stirring to prevent mass loss.

Put porcelain dish in an oven set to ~90 degrees Celsius to evaporate the sample.

After sample is dry (minimum 6 hours), remove it from the oven. Let the sample cool and

equilibrate with ambient atmosphere for at least 30 minutes. Weigh the porcelain dish once more
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and compare with previous measurement to ensure no critical mass loss has occurred in the
drying step.

13. Transfer the porcelain dish contents from the dish to a sieving pan. Use a 250 micron mesh. Use
a clean plastic straw to scrape off any contents which may be adhering to the bottom of the
porcelain dish. Line the sieving capture pan with paper to catch the sample.

14. Transfer the pan contents from the sieve capture pan to an XRF analysis tube. Weigh and record
the new weight of the XRF analysis tube for use in calculations (equation 2.1, “Sample Weight”).

15. Prepare tube for XRF analysis and shake it before and between runs for 10 seconds.

16. Run each sample 3 times then begin the process again by referring to step 3 of this procedure.

Considerations

e Standards must be run in triplicate before start and after finish of the experiment.

e Standards should also be run in triplicate between every 10 sets of triplicate measurements to
allow the analyst to check and correct for instrumental drift if it occurs.

e Additional individually saved and labeled materials from this experiment should be saved to allow
the analyst the option of analyzing said samples via different analytical methods including ICPMS
using different digestion methods to determine how organic matter content affects recoverability
of trace metals and to draw comparisons between XRF and other analytical method
measurements.

e Attention is to be paid between each step throughout the experiment to avoid contamination of
the sample.

e Careful tapping of containers should be performed so as to minimize mass loss between vessel

transfers.
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2.8 Digestion and Dilution Procedure for ICPMS Sample Prep

Digestions and dilutions were performed on carbon, sugar and cellulose samples adhering to EPA
digestion method 3051a (Microwave assisted 70% nitric acid). Specific digestion and dilution steps created
by Michael Bickel and revised by Shawn P. McEImurry for use in the Wayne State University College of
Engineering McElmurry lab can be found in Appendix A. Briefly, approximately 0.5g of sample was
digested with concentrated nitric acid in a microwave for 15 minutes. The digested sample was then
diluted and centrifuged, followed by filtration and further dilution in preparation for ICP-MS analysis.
Prepared ICP-MS samples were analyzed by the Wayne State University Department of Chemistry

Lumigen Laboratory in Detroit, Michigan using an Agilent 7700x instrument.
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2.9 ANOVA: Carbon

A nested analysis of variance (ANOVA) (Ramsey, 1998) was conducted on the carbon samples
(Section 2.6) to determine what fraction of the variance exhibited in the pXRF measurements can be
attributed to geochemical variability, sample heterogeneity, and analytical variability (Figure 2.3).
Geochemical variance refers to the variability from sample to sample and is where one would expect to
find the greatest % of attributable variability in response to changes in the independent variable (organic
matter fraction). Variance attributable to sample heterogeneity results from small scale variability of soil
material within the sample vials. It arises because the XRF beam does not sample the entire volume of
each vial. Thus, sample heterogeneity is assessed by shaking each vial between runs. Analytical variance
refers to the instrument’s measurement variability in running exactly identical samples. It was assessed
by measuring every shaken sample twice in batch mode on the XRF. The fully nested ANOVA was
conducted using the Minitab statistical software package.

The nesting pattern used for the ANOVA is depicted as a flow chart below.

Geochemical

(Sample to Sample)

Sample Sample Sample
{Vial Shake 1) {Vial Shake 2) {Vial Shake 3)

Analytic Analytic Analytic Analytic Analytic Analytic
(Run 1) (Run 2) (Run 1) (Run 2} (Run 1) (Run 2)

Figure 2.3 ANOVA nesting pattern
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2.10 Regression Statistical Significance Analysis

Regressions and plots comparing organic matter fraction to pXRF responses were prepared and
computed using Microsoft Excel spreadsheet software. Regression statistical significance tests were
performed using Minitab statistical analysis software to compare different regressions to one another.
The various regression comparisons performed are listed in Table 2.3. Rendered P values less than .01
were considered significant, indicating different regression slopes or intercepts.

Table 2.3 Regressions Statistical Significance Tests

Cellulose vs Theoretical

OM Type vs

; . Carbon vs Theoretical
Theoretical Line

Sugar vs Theoretical

Repeatability Dry Run 1 vs Dry Run 2

Coating Dry 1 vs Wet
Carbon vs Cellulose
Elemental
Carbon vs Sugar
Dependence

Cellulose vs Sugar

2.11 Summary

This chapter highlighted the procedures and materials used to obtain information on the effects
of organic matter surrogates on pXRF measurements. In the following chapter, the results of these
experiments are presented in the form of plots for each type of organic matter surrogate used (cellulose,

carbon, sugar).
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Chapter 3
Results

3.0 Introduction

The results of the experiments are presented in this chapter. Results from separate
measurements made on the Till-1 SRM and individual OM surrogates are presented first. OM addition
experiment results are presented in subsections based on each of the thirteen different elements of
interest. Separate graphs showing the theoretical pXRF response along with experimental results for the
incremental addition of cellulose, carbon, and sugar are included. The chapter concludes with a detailed
analysis of variance for the carbon dilution runs followed by a table summarizing the regression
coefficients for each of the plots presented in this chapter.
3.1 Till-1 OM Determination Results

Table 3.1 lists the experimental loss on ignition organic matter determinations for the Till-1
standard following the procedures set forth in ASTM D 2974-14 (ASTM, 2014). Four separate trials were
conducted associated with the preparation of Till-1 soil for use with cellulose dry, cellulose wet, carbon,
and sugar experiments. The combusted standard material used in trial 4 was split into two portions that
were used to conduct the cellulose dry 2 and cellulose wet experiments.

Table 3.1 Experimental organic matter concentration for Till-1 Standard.

. Organic

Trial Matter %
1 Cellulose Dry 1 6.4
2 Carbon 6.4
3 Sugar 6.4

Cellulose Dry 2
*

4 Cellulose Wet 6.1
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Table 3.2 lists the adjusted certificate values for the Till-1 standard accounting for organic matter
mass loss after combustion using a value of 6.4% for mass loss (Table 3.1). Element concentrations before

combustion were obtained from the Till-1 certificate (NRCan, 1995). The indicated errors are associated

with the 2o confidence interval.

Table 3.2 Till-1 reference values before and after combustion.

Certificate Values Adjusted Values After
Element Before Combustion Combustion
(mg/kg) (mg/kg)
As 18 +/-2 19
Cr 65 +/-12 69
Cu 47 +/- 8 50
Fe 48100 +/- 4400 51384
Mn 1420 +/- 150 1517
Pb 22 +/-6 24
Rb 44 +/-12 47
Sr 291 +/- 20 311
Th 56+/-1 6.0
Ti 5990 +/- 420 6399
\Y 99 +/- 20 106
Zn 98 +/- 20 105
Zr 502 +/- 116 536
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3.2 Cellulose, Carbon, Sugar ICPMS Measurements

ICPMS analyses following EPA digestion procedure 3051a were performed in duplicate on
cellulose, carbon and sugar samples to detect and quantify the presence of any elements of interest in
this study. This was done to ensure elemental concentrations were not enhanced through the addition of
surrogate material in the experimental process. ICPMS results were below detection limit for all elements
of interest to this investigation with the exception of iron (Table 3.3).

Table 3.3 ICPMS measured concentrations in surrogate organic matter samples.

Element* Detection Cellulose Carbon Sugar

Limit (ppm) (ppm) (ppm) (ppm)
As 4 - - -
Cr 4 - - R
Cu 5 - - -
Fe 5 151 49 60
Mn 4 - - -
Pb 4 - - -
Rb 4 - - -
Sr 4 - - -
Th * * * *
Ti 5 - - -
Vv 5 - - -
Zn 11 - - -
Zr 4 - - -

*Note: ICPMS laboratory was unable to generate reliable results for Thorium.
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3.3 Cellulose, Carbon, Sugar XRF Measurements

XRF analyses were also performed on cellulose, carbon and sugar to ensure samples were void of
elements of interest (Table 3.4). This was done to ensure that elemental levels were not significantly
concentrated through the addition of organic matter surrogate material. Analyses were performed in
triplicate on sugar and 10 times on carbon and cellulose.

Table 3.4 pXRF average measured concentrations in surrogate organic matter samples.

Element Detection Cellulose Carbon Sugar

Limit (ppm) (ppm) (ppm) (ppm)
As 7 - - -
Cr 22 - - -
Cu 13 26 +/-5 - -
Fe N/A 147 - -
Mn 50 - - -
Pb 8 - - -
Rb 3 - - -
Sr 3 - - -
Th 4 - - R
Ti 4 - 36 +/-29 -
\Y 25 - - -
Zn 10 - - -
Zr 4 12 10 8




3.4 Till-1 After Combustion XRF Measurements
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Table 3.5 contains information for the Till-1 measurements made at zero percent organic matter

content. Comparisons are drawn between the average pXRF value and the corrected certificate values.

The average for all pXRF measurements among the different experimental runs fall within 20% of their

certificate values for each of the thirteen metals investigated.

Table 3.5 pXRF measurements of Till-1 standard at zero percent organic matter.

XRF Cellulose | Cellulose Cellulose Carbon Sugar Average Cer'flflcate %
Sample | Detecion 1(ppm) | 2 (ppm) Wet (ppm) (ppm) (ppm) Adjusted Difference
Limit (ppm) (ppm)
As 7 20 20 22 20 20 20.3 19.0 6.94%
Cr 22 63 59 62 58 57 59.7 69.0 -13.5%
Cu 13 58 63 62 56 60 59.9 50.0 19.7%
Fe N/A 46895 46717 46758 46601 45152 46425 51384 -9.65%
Mn 50 1518 1597 1528 1519 1435 1519 1517 0.15%
Pb 8 24 26 23 25 23 24 24 0.74%
Rb 3 42.5 42.3 42.6 41.7 41.7 42.2 47.0 -10.3%
Sr 3 306 306 304 299 300 303 311 -2.58%
Th 4 6.24 5.74 6.32 5.45 7.20 6.19 6.00 3.17%
Ti 4 5716 5715 5568 5273 5389 5532 6399 -13.5%
Vv 25 117 121 118 109 116 116 106 9.61%
Zn 10 100 102 100 98 95 99 105 -5.66%
Zr 4 518 506 495 500 499 504 536 -6.04%
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3.5 Experimental Results

Results from experiments measuring elemental concentrations within the Till-1 sample after the
addition of varying fractions of organic matter surrogates are presented in Figures 3.1 -3.39. These plots
include a curve showing the theoretical dilution effect resulting from the addition of variable fractions of
the organic matter surrogate beginning with the certified concentration at 0% OM. This curve assumes
that OM consisting of C, O, and H atoms does not interfere with the pXRF metal measurements. The error
bars depicted on the graphs show +/- 2 standard deviations as recorded by the XRF instrument. The
cellulose graph contains data for three cellulose runs (dry 1, dry 2, wet) because the experiment was
conducted multiple times using cellulose to determine repeatability. The linear regressions presented on
the cellulose plots are listed in the following order: dry cellulose run 1, dry cellulose run 2, and wet

cellulose run.
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3.5.1 Arsenic [As]

As expected, the pXRF arsenic signal drops off in response to the addition of OM for each of the
different organic matter surrogates used (Figures 3.1-3.3). Results among the cellulose experiments (dry
1 vs. dry 2 and dry 1 vs. wet) are repeatable, as indicated by regression significance testing results (see
Section 3.7). However, cellulose regression coefficients (slope and intercept) differ from theoretical
predictions based on OM dilution. With the exception of the intercept for sugar, carbon and sugar

regressions also differ from theoretical predictions based on dilution.
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Figure 3.1 Arsenic concentration versus cellulose organic matter fraction.
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Figure 3.2 Arsenic concentration versus carbon organic matter fraction.
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Figure 3.3 Arsenic concentration versus sugar organic matter fraction.
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3.5.2 Chromium [Cr]

Chromium concentrations measured with the pXRF fall below the theoretical dilution line for dry
cellulose, carbon and sugar (Figures 3.4-3.6). There is repeatability between the dry cellulose runs,
however the wet cellulose run differs significantly from the dry cellulose runs. In fact, the regression for
the wet cellulose run was positive while the other two dry runs were negative. This is likely attributable
to the method employed in spiking the sample with surrogate. Sieves were used after drying of cellulose
to ensure grain size remained below 250 microns. It is postulated that the sieve, which contained 15%
chromium when tested by the Niton pXRF using metal analysis mode, sequentially spiked the sample with
trace amounts of chromium as an inadvertent result of the sieving process (Section 2.7). This may explain
why the slope for the wet cellulose line was positive while the dry cellulose results (which were not sieved

between incremental cellulose additions) were negative
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Cr - Cellulose
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Figure 3.4 Chromium concentration versus cellulose organic matter fraction.

30%

Cr wet (XRF)

35%



35

Cr - Carbon

75

y = -38.873x + 60.083
R?=0.7548

70

ppm

35

30
0% 5% 10% 15% 20% 25% 30% 35%

OM %

—@— Cr (XRF) Cr Theoretical =~ «eeeee-- Linear (Cr (XRF))

Figure 3.5 Chromium concentration versus carbon organic matter fraction.
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Figure 3.6 Chromium concentration versus sugar organic matter fraction.
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3.5.3 Copper [Cu]

Copper pXRF concentrations exceed the theoretical dilution line for cellulose (up to approximately
25% OM surrogate), carbon and sugar (Figures 3.7-3.9). Statistical regression analysis (Section 3.7)
indicates that cellulose, carbon and sugar regressions differ from theoretical predictions based on dilution.
Although there is repeatability between the dry cellulose runs, the wet and dry cellulose runs generate

different slopes.

Cu - Cellulose
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Figure 3.7 Copper concentration versus cellulose organic matter fraction.
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Cu - Carbon
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Figure 3.8 Copper concentration versus carbon organic matter fraction.
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Figure 3.9 Copper concentration versus sugar organic matter fraction.
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3.5.4 Iron [Fe]

Iron pXRF concentrations consistently undershoot the theoretical dilution line for cellulose,
carbon and sugar (Figures 3.10-3.12). Although there is repeatability amaong the cellulose runs (dry 1 vs.
dry 2 and dry 1 vs. wet), slopes and intercepts for these experiments differ from the theoretical curve.

Slopes and intercepts for carbon and sugar also differ from the theoretical dilution line.
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Figure 3.10 Iron concentration versus cellulose organic matter fraction.
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Fe - Carbon
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Figure 3.11 Iron concentration versus carbon organic matter fraction.
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Figure 3.12 Iron concentration versus sugar organic matter fraction.
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3.5.5 Manganese [Mn]

The manganese signal almost consistently undershoots the theoretical dilution line for cellulose,

carbon and sugar (Figures 3.13-3.15), although intercepts at 0% OM are not statistically different for

cellulose or carbon (Section 3.7). There is repeatability between the dry cellulose runs however, the wet

and dry cellulose run intercepts are different. The carbon, sugar and cellulose runs have different slopes

and intercepts.
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Figure 3.13 Manganese concentration versus cellulose organic matter fraction.
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Mn - Carbon
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Figure 3.14 Manganese concentration versus carbon organic matter fraction.
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Figure 3.15 Manganese concentration versus sugar organic matter fraction.
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3.5.6 Lead [Pb]

Lead pXRF concentrations agree well with the theoretical dilution lines for cellulose, carbon and
sugar (Figures 3.16-3.18). With the exception of the intercept for sugar, statistical regression analysis
(Section 3.7) indicates that cellulose, carbon and sugar regressions are not statistically different from
theoretical predictions based on dilution. Repeatability is demonstrated between the dry cellulose runs,
as well as the wet and dry cellulose runs. Slopes and intercepts for cellulose, carbon, and sugar all differ

from each other.
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Figure 3.16 Lead concentration versus cellulose organic matter fraction.
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Figure 3.17 Lead concentration versus carbon organic matter fractio
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Figure 3.18 Lead concentration versus sugar organic matter fraction.
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3.5.7 Rubidium [Rb]

With the exception of the slope for cellulose, linear regression coefficients for pXRF rubidium

concentrations differ from theoretical predictions for cellulose, carbon, and sugar, consistently
undershooting the theoretical dilution line (Figures 3.19-3.21). Results between dry cellulose runs were

repeatable, but wet vs. dry cellulose runs yielded different slopes.
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Figure 3.19 Rubidium concentration versus cellulose organic matter fraction.
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Rb - Carbon
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Figure 3.20 Rubidium concentration versus carbon organic matter fraction.
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Figure 3.21 Rubidium concentration versus sugar organic matter fraction.
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3.5.8 Strontium [Sr]

Strontium pXRF concentrations generally fall below the dilution lines for cellulose, carbon, and
sugar (Figures 3.22-3.24). Regression lines yield statistically different coefficients from the dilution line,
with the exception of the slope for cellulose. Dry cellulose experimental results yielded repeatable slopes

but different intercepts. Dry vs. wet cellulose experiments were not statistically different.
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Figure 3.22 Strontium concentration versus cellulose organic matter fraction.
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Figure 3.23 Strontium concentration versus carbon organic matter fraction.
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Figure 3.24 Strontium concentration versus sugar organic matter fraction.
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3.5.9 Thorium [Th]

Thorium pXRF concentrations generally fall below theoretical concentrations for cellulose,
carbon, and sugar (Figures 3.25-3.27). Except for the cellulose slope, slopes and intercepts of cellulose,
carbon, and sugar regressions were not significantly different from the dilution line, however.

Repeatability was demonstrated for dry cellulose experiments as well as for dry vs. wet cellulose.
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Figure 3.25 Thorium concentration versus cellulose organic matter fraction.
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Figure 3.26 Thorium concentration versus carbon organic matter fraction.
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Figure 3.27 Thorium concentration versus sugar organic matter fraction.
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3.5.10 Titanium [Ti]

Titanium pXRF concentrations both exceeded and fell below predicted concentrations for
cellulose, carbon, and sugar (Figures 3.28-3.30). Although sugar had a similar intercept, the remaining
slopes and intercepts were statistically different from the dilution line for cellulose, carbon, and sugar.
Dry cellulose results were repeatable, while the wet vs. dry cellulose experiment yielded a different

(positive) slope with the same intercept.
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Figure 3.28 Titanium concentration versus cellulose organic matter fraction.
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Figure 3.29 Titanium concentration versus carbon organic matter fraction.
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Figure 3.30 Titanium concentration versus sugar organic matter fraction.
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3.5.11 Vanadium [V]

Vanadium pXRF concentrations exceed the theoretical predictions for cellulose, carbon, and sugar
(Figures 3.31-3.33). Regression analysis (Section 3.7) indicates that slopes and intercepts are different
from the dilution line for cellulose, carbon, and sugar. Although the dry vs. wet experiment yielded
statistically significant similar regression coefficients, results from the dryl and dry2 experiments were
not repeatable. Consistent over estimation of the theoretical value may be attributable to the wide error
margins which are due to the many peak similarities between oxygen and vanadium (Table 4.1).
Consequently, this may also explain why the vanadium signal is overestimated by pXRF instrument with

the addition of cellulose organic matter surrogate.
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Figure 3.31 Vanadium concentration versus cellulose organic matter fraction.
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Figure 3.32 Vanadium concentration versus carbon organic matter fraction.
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Figure 3.33 Vanadium concentration versus sugar organic matter fraction.
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3.5.12 Zinc [Zn]

The zinc pXRF response undershoots the theoretical dilution line in all three cellulose runs (Figure
3.34). There is repeatability among the three separate zinc cellulose runs. The zinc pXRF response also
undershoots the theoretical dilution line for the both carbon and sugar (Figures 3.35 and 3.36,
respectively). Regression statistical analysis (Section 3.7) indicates that regression slopes agree with the
dilution curve for all OM surrogates, although each yields a different intercept for zinc. Results for dry

cellulose experiment were repeatable, as were the dry vs. wet experiment.
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Figure 3.34 Zinc concentration versus cellulose organic matter fraction.
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Figure 3.35 Zinc concentration versus carbon organic matter fraction.
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Figure 3.36 Zinc concentration versus sugar organic matter fraction.
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3.5.13 Zirconium [Zr]

The zirconium pXRF response falls below the theoretical dilution line for dry cellulose (Figure
3.37), carbon (Figure 3.38) and sugar (Figure 3.39). In the wet cellulose experiment it falls below the
theoretical line until approximately 12% cellulose content after which it exceeds it (Figure 3.37). Slopes
and intercepts for all three OM surrogates differ from the theoretical dilution line (Section 3.7). Regression
slopes for the two dry cellulose runs are statistically similar, but yield different intercepts. The dry vs.

wet cellulose experiment yielded similar results for zirconium.
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Figure 3.37 Zirconium concentration versus cellulose organic matter fraction.
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Figure 3.38 Zirconium concentration versus carbon organic matter fraction.
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Figure 3.39 Zirconium concentration versus sugar organic matter fraction.
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Table 3.6 summarizes the results for the analysis of variance conducted on the carbon samples.

Figure 3.40 illustrates the results summarized in Table 3.6. The sample heterogeneity factor for Pb and Cu

are <.001%. Elements with large analytical variance (As, Cr, Cu, Pb, Th, and V) display correspondingly

large error bars on the preceding plots of pXRF concentrations versus organic matter fraction.

Table 3.6 Carbon ANOVA results: Percent Variances
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Cr

Cu

Fe

Mn

Pb

Rb

Sr

Th

Ti

Zn
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41.0
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79.3

94.5
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38.0
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22.7
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90.2

Heterogeneity

4.0

6.6

<.001

1.7

3.1
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3.1

9.1

Analytical
Variance

215

52.3

323

0.6

2.8

20.7

4.6

1.00

54.4

4.5

65.6

6.2

0.7

100.00

90.00

80.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

Figure 3.40 Carbon ANOVA results.
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3.7 Regression Coefficients

The linear regression coefficients for plots in Figures 3.1-3.39 are summarized in Table 3.7.
Regressions were computed via excel. The r? value presented in the table refers to the correlation

coefficient. The correlation coefficients for the theoretical lines were all 1.0. P-Value significance test
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results comparing the regressions are also presented in Tables 3.8 and 3.9.

Table 3.7 Table of regression coefficients

Theoretical Cellulose 1 Cellulose 2 Cellulose Wet Carbon Sugar

Slope Int [Slope Int (* |Slope Int (* |[Slope Int r®> [Slope Int * |Slope Int (2
As ]-19.219.2|-24.6| 20.2 ; 0.87|-24.0} 20.3 | 0.88|-27.5] 19.8 | 0.91|-24.1| 20.1 ; 0.96 |-21.8 19.2 | 0.95
Cr |-69.4 69.4|-71.7 625 0.89]|-70.4| 62.5 0.88 ] 28.5 | 56.8 | 0.16 |-38.9| 60.1 | 0.75|-57.0  61.2 | 0.85
Cu |-50.2;50.2|-106 { 63.8: 0.92]-78.0| 60.0 | 0.88 ]1-90.2| 59.2 | 0.96 |-66.7 | 59.0 | 0.92 }-73.6: 59.7 | 0.97
Fe |-51400 {51400]-47100 {46300; 0.98 ] -45600 |46400; 0.98 | -44900 |46000] 0.96 |-49000 {46200 1.00 |-43700:44100; 1.00
Mn |-1517{1517]-1999; 1545 0.97 |-1941| 1530 | 0.98 |-2285| 1512 | 0.98 |-1803| 1510 0.99 |-1590; 1438 | 1.00
Pb |-23.5:23.5]|-30.9| 24.8: 0.92]-30.1| 24,5 0.93]|-36.1| 24.3 | 0.95|-29.3| 24.2 0.97 |-28.3: 23.9 | 0.95
Rb |-47.0: 47.0|-45.0| 42.1: 0.99|-43.2| 42.4 0.99|-50.0; 42.3 | 0.99|-42.9 42.1 { 0.99 |-41.6{ 40.9 | 1.00
Sr |-311 311 |-307 | 305 | 1.00 | -306 | 308 | 1.00 | -313 | 306 | 0.99]-280 | 302 | 1.00 | -296 : 299 | 1.00
Th |-5.985.98-10.4} 6.02 | 0.79]-10.9| 6.09 | 0.71|-11.6| 6.21 | 0.81|-7.40| 5.71 | 0.52|-7.82 5.92 | 0.76
Ti |-6400; 6400 |-1860,5730; 0.47 |-1650,5960 0.55 14160 5680 0.43 |-1770|5490 0.70 |-5100{ 6210 0.92
vV |-106; 106 |-42.8| 121 | 0.27 |-96.0| 131 | 0.68 |-29.1| 122 | 0.09 |-49.3| 113 | 0.63|-61.3: 121 | 0.80
Zn ]-105{ 105 [-11598.9  0.97]-113 {99.4 | 0.98]|-127 | 98.8 | 0.98|-111 | 98.3 | 0.98 | -104 . 94.6 | 0.99
Zr |-536 | 536 |-465 | 499 | 0.95]-487 | 516 | 0.95]-383 | 519 | 0.85]-434 | 495 | 0.95]-496 : 502 | 1.00
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P-Value significance tests were performed using Minitab statistical analysis software. P-Values

less than .01 are considered significant and are highlighted in Tables 3.8 and 3.9. Significant values (<.01)

signal that the regression coefficient is different for the respective comparison being conducted; i.e., if

the p-value is less than 0.01 then the regression coefficient is deemed to be different with a greater than

99% confidence. These values are highlighted in yellow in Tables 3.8 and 3.9.

Table 3.8 P-Value Significance Tests (Slopes)

Factor As Cr Cu Fe Mn Pb Rb Sr Th Ti \ Zn Zr
Cellulose vs Theoretical | 0.019 | 0.702 | 0.000 | 0.006 | 0.000 | 0.002 | 0.075 | 0.305 | 0.001 | 0.000 | 0.001 | 0.056 | 0.007
OMT
YPEVS | carbon vs Theoretical |0.000 |0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.326 | 0.000 | 0.000 | 0.033 | 0.000
Theoretical Line
Sugar vs Theoretical | 0.005 | 0.004 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.017 | 0.000 | 0.000 | 0.543 | 0.000
Repeatability | Dry Run 1 vs Dry Run 2 | 0.530 | 0.874 | 0.007 | 0.456 | 0.570 | 0.795 | 0.297 | 0.777 | 0.810 | 0.723 | 0.025 | 0.751 | 0.543
Coating Dry 1 vs Wet 0.345 | 0.000 | 0.067 | 0.411 | 0.011 | 0.084 | 0.007 | 0.559 | 0.523 | 0.000 | 0.626 | 0.073 | 0.088
Carbon vs Cellulose | 0.784 | 0.000 | 0.000 | 0.171 | 0.016 | 0.479 | 0.092 | 0.000 | 0.131 | 0.843 | 0.687 | 0.459 | 0.326
Elemental
ementa Carbon vs Sugar | 0.143 | 0.009 | 0.144 | 0.000 | 0.000 | 0.568 | 0.276 | 0.000 | 0.798 | 0.000 | 0.281 | 0.092 | 0.000
Dependence
Cellulose vs Sugar | 0.231 | 0.104 | 0.000 | 0.068 | 0.000 | 0.330 | 0.049 | 0.039 | 0.121 | 0.008 | 0.282 | 0.069 | 0.165
Table 3.9 P-Value Significance Tests (Intercepts)
Factor As Cr Cu Fe Mn Pb Rb Sr Th Ti \Y Zn Zr
Cellulose vs Theoretical | 0.004 | 0.000 | 0.000 | 0.000 | 0.021 | 0.000 | 0.000 | 0.000 | 0.855 | 0.000 | 0.000 | 0.000 | 0.000
OM Type vs .
YPEVS™ 1 Carbon vs Theoretical |0.000 | 0.000 | 0.000 | 0.000 | 0.205 | 0.000 | 0.000 | 0.000 | 0.167 | 0.000 | 0.000 | 0.000 | 0.000
Theoretical Line
Sugar vs Theoretical | 0.845 | 0.000 | 0.000 | 0.000 | 0.000 | 0.108 | 0.000 | 0.000 | 0.739 | 0.102 | 0.000 | 0.000 | 0.000
Repeatability | Dry Run 1 vs Dry Run 2 | 0.666 | 0.950 | 0.012 | 0.772 | 0.303 | 0.452 | 0.209 | 0.000 | 0.808 | 0.013 | 0.004 | 0.564 | 0.004
Coating Dry 1 vs Wet 0.396 | 0.042 | 0.001 | 0.473 | 0.063 | 0.315 | 0.562 | 0.601 | 0.525 | 0.772 | 0.766 | 0.933 | 0.013
Carbon vs Cellulose | 0.867 | 0.030 | 0.000 | 0.828 | 0.004 | 0.081 | 0.742 | 0.003 | 0.265 | 0.001 | 0.002 | 0.442 | 0.347
Elemental
ementa Carbon vs Sugar | 0.002 | 0.389 | 0.417 | 0.000 | 0.000 | 0.392 | 0.000 | 0.000 | 0.416 | 0.000 | 0.000 | 0.000 | 0.038
Dependence
Cellulose vs Sugar | 0.012 | 0.378 | 0.001 | 0.000 | 0.000 | 0.049 | 0.000 | 0.000 | 0.733 | 0.015 | 0.915 | 0.000 | 0.497
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Chapter 4

Analysis and Discussion

4.0 Introduction

This chapter presents a discussion of the results presented in Chapter 3 along with an analysis of
correction factors accounting for pXRF response to varying organic matter fractions generated for each
element. A discussion of the nested ANOVA results is also included. The chapter concludes with an
evaluation of the hypothesis presented in the first chapter of this thesis and recommendations for future
work related to quantification of the effects of organic matter on XRF soil metal measurements.
4.1 Instrument Resolution Effects

The resolution of the detector on the Niton XL3t GOLDD+ pXRF instrument is 185 electron volts (eV).
This has important implications for the measurements rendered by the pXRF. It is widely recognized in
the pXRF community that elements with similar peaks may interfere with one another and lead to
inaccurate results if using the X-Ray fluorescence method of analysis (Goulding and Jaklevic, 1973). The
culprit in these types of interference errors is in part the instrument detector because the pXRF can only
decipher and differentiate between peaks separated by an energy greater than the instrument resolution
(185 eV in this case). When the peaks fall within or near 185 electron volts of one another, the detector
may fail to appropriately assign the measurement counts. This may in turn affect the results rendered by
the system’s algorithms.

Carbon contains a single X-Ray emission line at an energy of 0.277 keV. Because the resolution of
our detector is 0.185 keV, the distance from the peak to the through should be within +/- 92.5 eV
(instrument resolution divided by 2). This means emission photons from carbon are not easily
distinguished by the detector within the limits of 184.5 and 369.5 eV, and can be interpreted anywhere in
between those values. Similarly, oxygen has a single X-Ray emission line at 524.9 eV. This means emission
photons from oxygen are not easily distinguished by the detector within the limits of 432.4 and 617.4 eV.

These limits are under ideal circumstances and neglect to take into account that Compton scattering may
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modify the photon energy emanations from these light elements. Compton scattering further complicates
and blurs the lines between carbon and oxygen peaks. As a result, the effective pXRF resolution is
degraded, making it more difficult to distinguish among peaks and leading to additional measurement
error.

Table 4.1 lists the specific X-Ray lines the Niton XL3t instrument takes into account with its
algorithms in rendering concentration values. All values are in keV and the information was obtained
directly from the instrument’s control console when connected to a lap top computer. For each element
of interest, the peaks which the instrument may misinterpret for oxygen emanations have been
highlighted in yellow (value between 524.9 eV and 617.4 eV).

Table 4.1 Instrument elemental peaks (in keV)

Element Kal Ka2 Kbl Kb2 Kb3 Lal La2 Lbl Lb2 Lg LI Mal
As 10.544 | 10.508 | 11.726 | 11.864 | 11.72 | 1.282 | 1.282 | 1.317 - - 1.12 -
Cr 5.415 | 5.405 | 5.947 - 5.947 | 0.573 | 0.573 | 0.583 - - 0.500 -
Cu 8.048 | 8.028 | 8.905 - 8.905 0.93 0.93 0.95 - - 0.811 -
Fe 6.404 | 6.391 | 7.058 - 7.058 | 0.705 | 0.705 | 0.718 - - 0.615 -
Mn 5.899 | 5.888 6.49 - 6.49 0.637 | 0.637 | 0.649 - - 0.556 -
Pb * * * * * 10.449 | 12.614 | 12.623 | 14.764 | 9.184 | 2.345 -
Rb 13.395 | 13.336 | 14.961 | 15.185 | 14.952 | 1.694 | 1.693 | 1.752 - - 1.482 -
Sr 14.165 | 14.098 | 15.836 | 16.085 | 15.825 | 1.807 | 1.805 | 1.871 - - 1.582 -
Th * * * * * 12.969 | 12.81 | 16.81 | 15.624 | 18.982 | 11.119 | 2.996
Ti 4511 | 4.505 | 4.932 - 4932 | 0.452 | 0.452 | 0.458 - - 0.395 -
\Y 4952 | 4945 | 5.427 - 5.427 | 0.511 | 0.511 | 0.519 - - 0.446 -
Zn 8.639 | 8.616 | 9.572 - 9.572 | 1.012 | 1.012 | 1.035 - - 0.884 -
Zr 15.775 | 15.691 | 17.668 | 17.97 | 17.654 | 2.042 2.04 2.124 | 2.219 | 2.303 | 1.792 -

*Lines which exceeded 50keV limit of instrument
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4.2 Organic Matter Corrections

Figures 3.1-3.39 in the preceding chapter document the response of the pXRF versus the organic
matter fraction of each sample analyzed. In some instances, the pXRF response behaved as one would
expect given the mass dilutions with the organic matter surrogates that were conducted. In other
instances, the pXRF response as a function of surrogate fraction presence diverged from the predicted
response (Tables 3.8 and 3.9). Based on these empirical observations, correction factors were generated
by dividing the theoretical value by the measured value at the various organic matter surrogate dilution
fraction points along the cellulose 1 run. Plots of these correction factors (Figures 4.1 — 4.13) were

generated and subsequently modeled via excel using second order polynomial regression.
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Figure 4.1 Arsenic correction coefficient versus organic matter content
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The arsenic signal overestimates the theoretical value at zero percent organic matter by
approximately 5%. This is reflected in Figure 4.1 by the y-intercept of the regression at 0.954. The 5%
overestimation is attributable to instrumental bias because the sample is free of organic matter and other
complicating factors (grain size, moisture content, geometry, etc.) have been controlled. It is noteworthy
that the pXRF response, as reflected by the polynomial regression, varies as a function of organic matter
content of the sample. This means that the addition of organic matter affects the correction factor that
must be applied in order to adjust the measured pXRF value to the theoretical value. In the case of arsenic,

a crossover point where no correction is required occurs at approximately 17% organic matter content.
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Figure 4.2 Chromium correction coefficient versus organic matter content

In the absence of organic matter, the pXRF measurement for chromium underestimates the
certified chromium concentration by approximately 11% (Figure 4.2). The magnitude of the correction
factor required to adjust measured Cr concentrations to the theoretical cellulose dilution curve increases
from approximately 1.11 to 1.19 across the range of OM fractions measured. Therefore, with the addition
of increasing dry cellulose OM fraction, the degree of underestimation is amplified, as shown by the
upward trend of the regression line in Figure 4.2. This behavior is also reflected in the plot of Cr
concentration vs OM fraction (Figure 3.4) which shows a steeper slope for the cellulose dry 1 linear
regression compared to the theoretical curve resulting in an increasing divergence between the two lines

with increasing OM fraction.
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Figure 4.3 Copper correction coefficient versus organic matter content
The copper signal overestimates the theoretical value at zero percent organic matter by

approximately 20% (Figure 4.3). The correction factor for copper increases and reaches a crossover point

at approximately 24% organic matter content.
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Figure 4.4 Iron correction coefficient versus organic matter content

The iron signal underestimates the theoretical value at zero percent organic matter by
approximately 11% (Figure 4.4). The correction coefficient does not change in response to OM addition
as much as the other elements discussed thus far. The correction coefficient line remains relatively flat
meaning instrument bias accounts for much of the underestimation and that the addition of organic
matter only mildly affects the response of the pXRF, potentially due to a relatively high abundance of iron

within the sample (on the order of 5%).
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Figure 4.5 Manganese correction coefficient versus organic matter content
The manganese signal overestimates the theoretical value at zero percent organic matter by
approximately 2% (Figure 4.5). The crossover point is at approximately 6% organic matter content for

manganese.
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Figure 4.6 Lead correction coefficient versus organic matter content
The lead signal overestimates the theoretical value at zero percent organic matter by
approximately 5% (Figure 4.6). The crossover point for lead is at approximately 17% organic matter

content.
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Figure 4.7 Rubidium correction coefficient versus organic matter content
The rubidium signal underestimates the theoretical value at zero percent organic matter by
approximately 12% and does so consistently at an increasing rate with the addition of organic matter

(Figure 4.7).
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Figure 4.8 Strontium correction coefficient versus organic matter content

The strontium signal underestimates the theoretical value at zero percent organic matter by

approximately 2% and does so consistently at an increasing rate with the addition of organic matter

(Figure 4.8).
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Figure 4.9 Thorium correction coefficient versus organic matter content

The thorium signal does a good job at estimating the theoretical value in the absence of organic
matter and begins underestimating the theoretical levels with the addition of organic matter (Figure 4.9).
It is noteworthy that the thorium levels in the standard used (Till-1) were near the detection limit of the

instrument giving rise to potential errors associated with the instrumental limits.
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Figure 4.10 Titanium correction coefficient versus organic matter content

The titanium signal underestimates the theoretical value by approximately 12% at zero percent
organic matter (Figure 4.10). The crossover point at which no correction is necessary for titanium is
approximately 15% organic matter content. Titanium, along with vanadium and zirconium, is one of three
elements investigated in this study that increasingly overestimate metal concentration in response to the

addition of organic matter. This results in the negative slope of the regression shown in Figure 4.10.
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Figure 4.11 Vanadium correction coefficient versus organic matter content
The vanadium signal overestimates the theoretical value at zero percent organic matter by 13%

(Figure 4.11). From there, as for titanium, the pXRF increasingly overestimates the theoretical value with

the addition of cellulose organic matter surrogate.
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Figure 4.12 Zinc correction coefficient versus organic matter content
The zinc signal underestimates the theoretical value at zero percent organic matter by
approximately 6% (Figure 4.12). The pXRF underestimates the zinc concentration at an increasing rate

with the addition of organic matter.
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Figure 4.13 Zirconium correction coefficient versus organic matter content
The zirconium signal underestimates the theoretical value at zero percent organic matter by

approximately 7% and it increasingly overestimates metal concentration in response to the addition of

organic matter (Figure 4.13).



Table 4.2 lists the computed correction polynomials for the 13 elements of interest to this
investigation, where y is the correction coefficient to be applied to the measured XRF response and where
x is the measured organic matter fraction of the sample analyzed. Correlation coefficients for all second
order polynomials were >.99 for all elements. All elements under investigation exhibited positive
regression polynomial slopes with the exception of titanium, vanadium and zirconium indicating the pXRF

signal was amplified with the addition of organic matter for these three elements.
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Table 4.2 Correction Polynomials Summary Table.

Correction Polynomial

As y = 0.4957x% + 0.1782x + 0.9538
Cr y = 0.3486x% + 0.1436x + 1.1122
Cu y = 2.3037x% + 0.315x + 0.7925
Fe y =0.0342x? +0.0179x + 1.11
Mn y = 0.7578x% + 0.2366x + 0.9833
Pb y = 0.568x2 + 0.1949x + 0.949
Rb y =0.1429x% + 0.0683x + 1.1159
Sr y = 0.0134x% + 0.0072x + 1.0197
Th y = 3.5605x% + 0.3957x + 1.0031
Ti y =-0.2848x%-0.7489x + 1.1157
\Y, y = -0.2364x% - 0.5605x + 0.8745
Zn y =0.3631x% + 0.1465x + 1.0594
Zr y =-0.1106x> - 0.0682x + 1.074
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4.3 Evaluation of OM Corrections

The correction coefficient polynomials were evaluated by analyzing four unaltered Natural Resources
Canada standards (Till-1, Till-2, Till-3, Till-4) using the pXRF.

Results are presented in a series of plots (Figures 4.14 — 4.26) that compare certified values for each
standard (blue bars) with traditional XRF-corrected values (yellow bars) and OM-corrected values (green
bars). Traditional corrected values (yellow bars) were calculated using calibration curves generated with
a set of seven standard reference materials (Appendix B). The OM-corrected XRF values (green bars) were
computed using the correction polynomials (Table 4.2) and the certificate organic matter fraction (Table
4.3) for each standard. The error bars depicted on each plot represent the two sigma (95%) confidence
interval.

Table 4.3 Organic matter fractions for Natural Resources Canada Till standards.

Certificate (LOI %)

Till -1 6.3%
Till -2 6.8%
Till -3 3.6%

Till - 4 4.4%
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Figure 4.14 Arsenic OM correction evaluation chart

Although the OM correction method adjusts the consensus value closer to the certificate value
for Till-1 and Till-2, for arsenic (Figure 4.14), both correction methods do a good job of correcting the XRF
generated value (all values are located within each other’s 95% confidence interval). This is likely due to
the fact that arsenic (atomic number 33) is among the heavier elements investigated within this study,
thus it contains more protons and the electrons within its K and L shells are more tightly bound to the
nucleus of the atom. This results in fluorescence photons of higher energy that are less likely to be
attenuated by lighter elements such as oxygen, nitrogen and carbon. Arsenic does not share similar peaks
with carbon or oxygen, which can explain why the regression plots presented in Chapter 3 (Figures 3.1 —
3.3) follow the theoretical line closely. Arsenic shares a peak with lead which may lead to interference
effects. However, concentrations of lead in the standards used in the experiments do not exceed 10 times

the arsenic concentration, suggesting that interference effects should be minimal (USEPA, 2007a).
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Figure 4.15 Chromium OM correction evaluation chart

For chromium, OM corrections adjust 3 out of 4 measurements closer to their certificate value
compared to the traditional correction (Figure 4.15). The OM correction works especially well for the Till-
3 standard where adjustment using the traditional correction method yields a value outside the 95%

confidence interval of the certified value.
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Figure 4.16 Copper OM correction evaluation chart

In the case of copper, the traditional method of correction performs better than the OM
correction because all traditional corrections fall within the 95% confidence interval of the certificate
values (Figure 4.16). The OM corrections adjust two of the four till measurements outside the 95%

confidence interval surrounding their certified values.
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Figure 4.17 Iron OM correction evaluation chart

The traditional method of corrections grossly underestimates the certificate value across the
board for iron (Figure 4.17). The OM corrections put all four of the measurement values within the 95%

confidence interval of the certificate values and perform better than the traditional method of correction.
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Figure 4.18 Manganese OM correction evaluation chart

Using the traditional correction method for manganese, three out of four measurements (Till-2,
Till-3, and Till-4) fell outside the certificate 95% confidence interval (Figure 4.18). Using the OM correction

method, all four till measurements fell within their respective certificate’s 95% confidence interval.
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Figure 4.19 Lead OM correction evaluation chart

Both traditional and OM corrections work well for lead, however, the traditional corrections tend
to overestimate the certificate values. The organic matter corrections put all four till standard
measurements closer to their respective certificate’s consensus value compared to the traditional

correction (Figure 4.19).
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Figure 4.20 Rubidium OM correction evaluation chart

For rubidium, the OM correction moves all four measurements closer to their certificate
consensus value compared to the traditional correction. The traditional correction also tends to
consistently underestimate the certificate consensus values of the standards, although all estimates fall

within the 20 certificate confidence interval (Figure 4.20).
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Figure 4.21 Strontium OM correction evaluation chart

For strontium, all estimates fall within the two sigma confidence interval. However, the organic
matter corrections move three out of four measurements (Till-1, Till-2, and Till-3) closer to their certificate
consensus value.

The strontium nucleus itself consists of 38 protons making it one of the heavier elements under
investigation. This gives its electrons relatively high binding energies and thus it has high energy K and L

lines which are less likely to be misconstrued for or attenuated by lighter elements.
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Figure 4.22 Thorium OM correction evaluation chart

For strontium, the OM corrections for the Till-1, Till-2 and Till-3 standards moved the measured
values closer to their certified values (Figure 4.22). The Till-4 measurements grossly overestimate their
certificate value for both traditional and OM corrections. A second Till-4 standard vial was prepared and
re-tested with the pXRF but the results were similar to the first experiment. Hence, the Till-4 standard

measurements for thorium are considered outliers.
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Figure 4.23 Titanium OM correction evaluation chart

In the case of titanium, the OM corrections perform poorly compared to their traditional
correction counterparts. The traditional corrections put the consensus values of the measurements closer
to their certified values (Figure 4.23). The poor performance of the OM corrections is attributable to the
poor correlation coefficients for the cellulose regressions (Table 3.1) from which the OM correction
polynomials were generated. These complications may stem from the fact that titanium shares many

similar peaks with oxygen which may interfere with the results generated by the pXRF.
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Figure 4.24 Vanadium OM correction evaluation chart

The organic matter corrections perform better than the traditional corrections for vanadium
(Figure 4.24). The organic matter corrections move all four till standard measurements closer to their
respective certificate values. The organic matter corrections work especially well for the Till-3 and Till-4
standard where the values for the traditional correction exceed their respective certificate 95%
confidence intervals. The vanadium dry 1 cellulose regression line from which the vanadium correction
polynomial was constructed had a low correlation coefficient (Table 3.7). Nevertheless, pXRF
measurements consistently overestimated theoretical vanadium concentrations for all the surrogates

used (Figures 3.31 —3.33).
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Figure 4.25 Zinc OM correction evaluation chart

For zinc, all estimates fall within the two sigma confidence interval. However, the traditional
correction method consistently underestimates the consensus value of the certificates for all four till
standards (Figure 4.25). For all four till standards, the OM correction moves the measurement values

closer to their certificate consensus value.



92

Zr

Till -1 Till -2 Till -3 Till -4

700

600

500

400

30

o

20

o

10

o

M Certificate (ppm) ™ Traditional Calibration B OM Corrected

Figure 4.26 Zirconium OM correction evaluation chart

The OM corrections moves three out of four measurements closer to their certificate values
(Figure 4.26). The traditional corrections tend to underestimate the consensus value of the certificates as

exhibited by Till-2, Till-3 and Till-4.
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4.4 ANOVA: Carbon

A nested analysis of variance was conducted on the carbon surrogate using Minitab statistical
software to assess the relative contributions of three variability components, i.e. geochemical variability,
sample heterogeneity variability, and analytical variability (Table 3.6 and Figure 3.40). Most of the
variability stems from the geochemical variability for As, Cu, Fe, Mn, Pb, Rb, Sr, Zn and Zr. However, Cr, Ti,
V, and Th do not behave as expected due to complications caused by the analyte concentrations present
in the samples and the peak similarities they share with organic matter.

Chromium, titanium and vanadium are relatively light elements that share similar
peaks/emissions with organic matter which is why they exhibit high analytical variability. The detector on
the pXRF has difficulty distinguishing between their peaks, which in turn affects the interpretation of the
counts and their translation into concentration measurements.

Thorium is present within the samples at relatively low levels which give rise to its high analytical
and heterogeneity variance. When dealing with a solid medium while performing any type of stochastic
analysis, heterogeneity is an important factor because the lack of movement contributes to a lack of signal
averaging within samples that gives rise to a higher degree of randomness for metals present at very low
levels as is the case with thorium. The analytical variance may also be attributed to the fact that the

concentrations of thorium present were very close to the limits of detection for the instrument.



94

4.5 Hypothesis Evaluation

It was hypothesized that pXRF metal concentration measurements are attenuated with increasing
soil organic matter in proportion to the fraction of organic matter present. The hypothesis was
supported for all elements under investigation, the slopes for all regressions were negative (Table 3.7)
meaning the signal was weakened by the addition of organic matter as expected.

Table 3.8 illustrates 8 out of 13 elemental cellulose slope regression values which significantly diverge
from their respective theoretical values [Cu, Fe, Mn, Pb, Th, Ti, V, Zr] and Table 3.9 illustrates that 11 out
of 13 [As, Cr, Cu, Fe, Pb, Rb, Sr, Ti, V, Zn, Zr] cellulose regression intercepts significantly deviated from
their respective theoretical values. In most instances, the theoretical regression lines did not match with
the actual pXRF measurement regression lines. This was a common trend not only for cellulose but for
carbon and sugar as well. The results presented in Table 3.9 suggest that in all instances, measurement
calibrations should be applied to pXRF measurements because 11 out of 13 intercept values were
significantly divergent even with zero organic matter present to complicate measurements. When organic
matter is present, it is insufficient to apply flat correction factors and the applied calibration must be a
function of organic matter fraction present within the sample analyzed.

Results of this investigation demonstrate that pXRF measurements for each element are affected by
the addition of organic matter in different ways. For example, it was observed that each surrogate’s
regression line exhibited different slopes. This may be due to differing ratios of carbon and oxygen atoms
present within the surrogates with which the standard is spiked with. On a fundamental level, what makes
“cellulose” in fact cellulose is the presence of 6 carbon atoms along with 10 hydrogens and 5 oxygens in
molecular form. The X-Ray fluorescence technique is an elemental analysis technique, so it makes sense
that each surrogate would affect the XRF signal in different ways given that each surrogate is comprised
of different numbers of different types of atoms. The slope of the regression lines among each surrogate
are different (Table 3.8) because on a fundamental (elemental) level, each surrogate is comprised of

different numbers of carbon and oxygen atoms leading to signal interplay.
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The findings of this thesis point to pXRF response as a function of organic matter presence, or more
specifically, presence of carbon and oxygen atoms (the primary constituents of organic matter). The
empirical observations enabled the construction of plots and calculation of algorithms tailored for pXRF
measurement corrections based on organic matter fraction present within the sample being analyzed —
specifically with the Niton XL3t+ 950 instrument in soils analysis mode. When tested using four NRCan
standard reference soils (Till-1, Till-2, Till-3, and Till-4), in most instances the OM correction algorithms
performed better than the traditional correction method. In the case of vanadium, iron, and chromium,
traditional corrections failed to generate estimated concentrations within their respective certificate 95%
confidence intervals for one or more of the standard reference soils. In the case of copper and titanium,
some of the OM corrections generated estimated concentrations outside their respective certificate’s 95%
confidence intervals. Nevertheless, the results of this investigation demonstrate the usefulness of
applying elementally dependent OM correction factors for trace metal concentrations in organic rich soils.
4.6 Future Work

The results of this thesis point to XRF response as a function of organic matter presence. This
opens many doors for future research because traditionally, application of corrections based on organic
matter have not been considered. In this section several ideas for future research are presented.

4.6.1 Bake Samples Prior to XRF

The presence of organic matter affects pXRF response. One could avoid this complication by
baking samples to purge them of organic matter prior to XRF analyses. This would require the analyst to
keep track of mass loss during the burn so that s/he could back calculate the concentrations from XRF
values. This would also require the analyst to calibrate their instrument by constructing calibration curves
with standards purged of OM for whom concentrations were adjusted according to their respective mass

loss.
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4.6.2 Create Certified Standards Pure of OM

Some researchers have called for the creation of certified soil standards with varying organic
matter content (Shand and Wendler, 2014). It may be unfeasible for the NIST or others to create soil
standards for every conceivable organic matter fraction encounter able in the field. Alternatively, organic
matter-free standards could be generated. This would save analysts time and effort by eliminating the
need to purge their own standards of organic matter and applying the calculations necessary to render
adjusted (concentrated) certificate values.
4.6.3 Pyrolysis

Pyrolysis (to determine carbon, oxygen and nitrogen content) in conjunction with pXRF can prove
to be a potent combination. One of the limitations of this investigation was the fact that organic matter
was generalized as either carbon, cellulose, or sugar. In the field one may encounter thousands of varying
types of organic matter all with different C, N, and O contents. Gas chromatography could conceivably be
used in a similar study to isolate and investigate the effects of C, N and O content in natural samples to
determine the their effects on pXRF response (as opposed to being chained to the ratios of carbon and
oxygen present in the surrogates used in this experiment). One could also investigate the effects of C, N
and O by substituting different compounds for the surrogates used in this experiment however, this would
not replicate the ratios of organic matter potentially encountered in the field. Use of gas chromatography
along with pXRF could potentially help isolate the effects of light elements on pXRF response and enable

more accurate correction methods.
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4.6.4 Non-Solid Signal Elemental Isolation

The effects of pure carbon content on pXRF response have been detailed and isolated within this
investigation. It is conceivable to use the carbon signal plot along with the cellulose plot to isolate the
effects of pure oxygen by taking into account the ratios of oxygen and carbon present in cellulose and
subtracting the carbon signal out of the cellulose signal thus isolating the oxygen signal. If this method is
to be pursued it does not suffice to think of the surrogates in terms of a compound, one would need to
begin keeping track of how many physical atoms of carbon and oxygen have been added to the sample.
The same method could be employed for nitrogen. One could subtract the effects of carbon from that of
cellulose resulting in the isolation of the oxygen signal response. This method would be useful for nitrogen
and oxygen signal isolation because they are not found in solid form when they are pure elements at room
temperature. If these tests were carried out, it is conceivable to generate algorithms which take site
specific determined C, N, and O contents and translate them into an elementally dependent correction

factor for pXRF measurements.
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APPENDIX A
Acid Digestion Procedure, McElmuury Lab (Wayne State University)

Standard Operating Procedure (SOP)

Microwave Assisted Soil Lead Nitric Acid
Digestion

Initially created by: Michael Bickel
Last revised by: S. McElmurry, July 2, 2014

This method is intended to completely extract/solubilize metals from soil samples allowing for the

determination of the total lead (Pb) content. Please note that this method will not completely extract
lattice bound minerals. SOP is based on US EPA Method 3051A Microwave Assisted Acid Digestion of
Sediments,Sludges, Soils,and Oils and is specifically written for use onthe CEM MARS Express

Microwave Digester.

Notes:

Procedures inthis document require trace metal cleaning. Please see the trace metal cleaning
SOP (SOP-Trace Metal Acid Washing.docx) for details.

Samples and digestion tubes should be completely dry before digestion.

All sets of samples being run should contain a NIST standard, two blanks, and a spiked and
unspiked control.

Materials:

Light duty tissue wipes (i.e. KimWipes) (VWR 82003-820)

Trace metal washed 50 mlcentrifuge tubes (VWR 89039-662)

Trace metal washed 30 ml HOPE wide mouth bottles (VWR 414004-110)
Trace metal washed 30 mlsyringes

Trace metal washed syringe 045um PTFE filters (Microliter Analytical supplies Inc. F25- 145)
Purple nitrile gloves (VWR 32930-744)

NIST Standard 2586, Trace Elements in Soil Containing Lead from Paint
One un-spiked control sample

One spiked control sample

10 ml pipette

Disposable scoops (VWR 80081-190)

Two 8 qt plastic containers

Preclean filters:

1. Preparea OOmL 6.8%solutionof trace metal grade nitric acid innanopure water (I0mL of nitricacid +

90mlnanopure) andtwo 100mL beakersfilled with nanopure water.



10.

11.
12.

13.
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Usinga newtrace metal clean syringe (SOP-Trace Metal Acid Washingdocx).draw "20ml of air

into syringe followed by 5mlof 6.8% nitric acid solution.

Attach new filter.

Pass the Sml of nitric acid through syringe - taking care not to allow the black plunger not to contact
the bottom 5ml of syringe.

Removefilter

Draw "'20ml of air into syringe followed by SmL of first nanopure rinse solution.

Passthe 5ml of noanopure water through syringe - taking care not to allow the black plunger not to

contact the bottom 5ml of syringe.

Remove filter

Draw ™'20ml of air intosyringe followed by Smlof second nanopure rinse solution.

Passthe Smlof noanopure water through syringe - taking care not to allow the black plunger not to
contact the bottom 5ml of syringe.

Thefilter isnow clean. Place filter on new KimWipeto dry inhood, covered by second KimWipe.

Repeat steps 2-11 usingthe same solution for upto 50 newfilters.

When complete, dispose of hanopure rinses down drain with water and nitricacid solutionin

hazardouswaste container.

Digesting the sample:

1.

Remove the cap from a digestion tube, place it on a scale, zero the scale.

Slowly add approximately 0.50 g soil (0.45-0.55 g) usingthe scoop

Over the sink, rinse the scoop with nano water and dry it well with a light duty tissue wipe.
Repeatthisprocesswith each ofthe samples, makingsureto recordthe exact massof each sample
being put intothe digestiontube. Do not putthe caps back onthe tubes.
Afterallofthedigestiontubeshavesoilinthem,movethemovertothehood,and, whilewearing
acidwashinggear,add Dmlof68% Nitric Acidtoeachtube (fromthe pump located inthe hood with

the Flame AA), put both caps back on securely, then put the tubes inthe canister.

Place the canister inthe microwave for digestion, makingsure that the space between I7 and B
is centered.

Pick the digestion program that corresponds to the number of samples being tested from

the following list, and press start.

EPA Method 3051 Xpress for 8-24 Samples

EPA Method 3051A_40 MODI Xpress For 24-40 Samples
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8. Leavethedigestiontubes inthe microwave overnight, or at the very least for afew hours,
to make surethey have cooled down enough to handle.

Diluting/Centrifugingthe Samples:

o Labelanempty trace metal washed centrifuge tube for each sampleandweighthe
tubes, record the weight.

o Usingapipette,add D mlof nano-waterto each centrifugetube.

o Wearing acid washing gear, move digestion canister from the microwave to the hood.

o Carefully pourthe contents of each digestion tube into its correspondingcentrifuge
tube.

o Rinse each digestion tube, using D mlof nano-water and the pipette, then pour into
centrifugetube.

o Repeatthe above step, so there isa total of 40 mlinthe centrifuge tubes creatinga
T% nitric acid solution.

o Place the empty digestion tubes into one of the 8 gt containers and the tops the other 8 gt
container

o Weighand record the weight of the full centrifuge tubes.

o Putsamples in the wrist action shaker, for twenty minutes each (up to 22 samples can be
shaken simultaneously).

o Putsamples inthe centrifuge (only 4 at atime), and letthe samples centrifuge for 20
minutes at 4000 rpm (there is a line indicatingthis point on the machine).

o Cleandigestiontubes (SOP-Trace Metal Acid Washing.docx).
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Filteringthe Samples:
1. Move centrifuge tubes to the hood, along with the appropriate number of 30 ml bottles (labeled

with the sample number AND centrifuge tube number), plastic syringes,and filters.

2. Secure a filter to the bottom of syringe, remove the plunger of the syringe,pour in 15 ml of the
sample, and push it through the syringe in clean 30mlbottle (SAFETY NOTE: Be sure to angle the

syringe away from you so that if acid were to squirt out, it would not be directed toward you)

3. Repeat the above step, for the same sample, with another 15 ml (There should be 30 ml of sample

in each bottle and 10 mlof sample left in the bottom of the centrifuge, tube).
4. Discard empty syringes and filters in the trash.
5. Repeat steps 1-4 for all the samples.

6. Pour the excess sample from the centrifuge tubes into the waste bin and label it.
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APPENDIX B

XRF Calibration Tables
(Till-1, Till-2, Till-3, Till-4, NIST 2586, NIST-2709a, NIST-2711a)

Plots included in Appendix C were generated using the following data.

As Reference As XRF Cr Reference Cr XRF Cu Reference Cu XRF Fe Reference Fe XRF

Mn Reference| Mn XRF Pb Reference Pb XRF Rb Reference Rb XRF Sr Reference Sr XRF
Till 1 1420 1393 22 22 44 41 291 286
Till 2 780 694 31 33 143 134 144 143
Till 3 520 449 26 26 55 50 300 291
TILL4 490 473 50 53 161 149 109 111
NIST 2586 1000 900 432 425 N/A 45 84 76
NIST 2709a 529 490 17 17 99 82 239 215
NIST 2711a 675 551 1400 1421 120 109 242 223
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Th Reference Th XRF Ti Reference Ti XRF V Reference V XRF Zn Reference Zn XRF
Till'1 5.6 6.2 5990 5505 99 113 98 92
Till 2 18.4 20.4 5300 5822 77 107 130 119
Till 3 4.6 4.3 2910 2958 56 74 56 51
TILL4 17 49 4840 5144 67 95 70 65
NIST 2586 7 7 6050 6090 160 149 352 329
NIST 2709a 11 10 3360 3753 110 120 103 92
NIST 2711a 15 20 3170 2953 81 78 414 379
Zr Reference Zr XRF

Till 1 502 500

Till 2 390 365

Till 3 230 215

TILL4 385 364

NIST 2586 N/A 280

NIST 2709a 195 139

NIST 2711a N/A N/A
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APPENDIX C

XRF Calibration Plots
(Till-1, Till-2, Till-3, Till-4, NIST 2586, NIST-2709a, NIST-2711a)
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ABSTRACT

PORTABLE X-RAY FLUORESCENCE MEASUREMENT VIABILITY IN ORGANIC RICH SOILS: PXRF
RESPONSE AS A FUNCTION OF ORGANIC MATTER PRESENCE

by
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Advisor: Dr. Lawrence D. Lemke

Major: Geology

Degree: Master of Science

Portable X-Ray fluorescence provides a cost effective method for producing rapid
geochemical data. With advancements in X-Ray generation and detection technology, pXRF has
become feasible for use on pedologic materials. Factors affecting pXRF soil measurements such
as heterogeneity, moisture content, object geometry, and matrix interferences are widely
recognized. However, the influence of organic matter on pXRF soil measurements is poorly
understood.

This study examined the influence of organic matter fraction on pXRF trace metal
measurements in a soil matrix. Incremental addition of three organic matter surrogates
(cellulose, graphite powder, and confectioner’s sugar) was used to investigate the influence of
increasing organic matter content up to approximately 30%. Each organic matter surrogate was
independently added to and homogenized with samples of Natural Resources Canada Till-1
standard reference material that was initially expunged of organic matter through combustion.

Incremental addition was performed 20 times for each surrogate, and concentrations of arsenic,
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chromium, iron, manganese, lead, rubidium, strontium, thorium, titanium, vanadium, zinc and
zirconium were measured as a function of varying organic matter fractions using a Thermo
Scientific Niton XL3t GOLDD+ 950 XRF analyzer.

Results demonstrate attenuation of the pXRF signal and elementally-dependent deviation
from the expected concentration with increasing sample organic matter fraction. Based on the
results, a pXRF organic matter fraction-dependent calibration method was developed and its
performance was evaluated using four unmodified NRCan soil standards (Till-1, Till-2, Till-3, Till-
4) with known organic matter content. In general, the new method improved measurement
accuracy compared to conventional pXRF calibration methods. Because soils inherently contain
varying amounts of organic matter, these results suggest more accurate geochemical data can
be generated via pXRF if soil organic matter fraction is quantified and taken into account during

measurement calibration.
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