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Abstract 

The performance of Royal Roads University’s Delta Premium DP 6000 portable X-ray 

fluorescence spectrometer (Delta pXRF), specifically its accuracy and precision, was assessed on 

two certified standards for select elements.  The Delta pXRF was shown to be precise for most 

elements.  Its accuracy was shown to be inconsistent between the two standards, demonstrating 

the influence matrix effects have on the device’s accuracy.  The Delta pXRF was also used to 

analyze 20 glacial sediment samples from the Canadian Western Arctic for select elements.  The 

results were compared with three conventional laboratory digestion methods.  Comparison 

showed the Delta pXRF produced results most similar to total and near-total laboratory digestion 

methods.  Many elements that differed from the laboratory results were shown to be suitable for 

recalibration.  If its limitations are thoroughly understood, the Delta pXRF is a useful tool for 

guiding cost-effective geochemistry field programs focused on determining the geochemistry of 

glacial sediments. 
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Introduction 

Geochemical Applications of X-Ray Fluorescence Spectrometry 

This study was undertaken to:  (1) evaluate the accuracy and precision of an Innov-X 

Systems Delta Premium DP 6000 portable X-ray fluorescence spectrometer (Delta pXRF); (2) 

compare the results acquired using the Delta pXRF with three conventional laboratory digestion 

methods when used for determining the geochemistry of glacial sediments collected from the 

Canadian Western Arctic; (3) make recommendations about the overall potential of the Delta 

pXRF device for guiding cost-effective environmental and exploration geochemistry field 

programs; and (4) make recommendations about how this study, along with other relevant 

literature, can serve as a best practices guide to help researchers and/or operators determine the 

accuracy and precision of their pXRF instrument.  This study will contribute to the growing body 

of literature focused on the applicability of portable X-ray fluorescence (pXRF) spectrometry for 

determining the geochemistry of glacial tills, and diamictons, and for environmental and 

exploration geochemistry (e.g., Hall, Buchar, & Bonham-Carter, 2011; Hall, Page, & Bonham-

Carter, 2012; Hu, Huang, Weindorf, & Chen, 2014; Kjarsgaard, Knight, Ploude, & Reynen, 

2014; Knight, Kjarsgaard, Plourde, & Moroz, 2013; Morris, 2009; Plourde, Knight, Sharpe, & 

Lesemann, 2013; Simandl, Paradis, & Stone, 2014).   

X-ray fluorescence (XRF) is a well-established analytical technique used for estimating 

the chemical composition of rocks and sediments both in the field and the laboratory (e.g., Potts 

& Webb, 1992; Ramsey et al., 1995).  Over the last decade the use of pXRF spectrometers has 

become increasingly popular for both environmental and exploration geochemistry.  Their 

increase in popularity can be attributed to their non-destructive determination of element 

concentrations, low-cost, and, perhaps most importantly, ability to be used in situ.  The 
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advantage of direct in situ analysis in the field is the immediate availability to the operator of 

information on the chemical composition of a sample (Potts, 2008).  The acquisition of results in 

real time can lead to cost-savings and efficiencies by eliminating the wait time for results from 

conventional laboratory methods, which may dictate the need for further sampling or a 

modification in the sampling plan.  Accessibility to results in the field is especially advantageous 

in Canada where much of the field work is undertaken seasonally in frontier and very remote 

areas.  Despite these apparent advantages of pXRF spectrometers, outstanding questions about 

their accuracy, precision, and how their results compare to conventional laboratory methods are 

the focus of on-going research.   

In particular, studies have shown that the accuracy and precision of pXRF spectrometers 

can be affected by various factors: sample preparation, including grain size (Hall et al., 2011; 

Plourde et al., 2013), water content (Tjallingii, Rohl, Kolling, & Bickert, 2007), and sampling 

technique (Hall et al., 2011; Hall et al., 2012; Knight et al., 2013); composition of the sample 

matrix (Hall et al., 2011; Potts & Webb, 1992); and componentry of the individual pXRF device 

(Hall et al., 2011; Potts & Webb, 1992).  Moreover, a recent study by Hall et al. (2011) 

demonstrated that inconsistencies in results for pXRF spectrometers are common between 

devices, even within the same model by the same manufacturer.  These studies, therefore, point 

to the need for each researcher and/or operator to understand the accuracy and precision of each 

individual pXRF device and how its accuracy and precision will be affected across different 

sample matrices.  It is also necessary to compare results acquired through pXRF spectrometry 

with those from conventional laboratory techniques to help determine the viability of pXRF 

spectrometers as an alternate tool for determining the geochemistry of rocks and sediments.  

Until now, there have been no studies that evaluate the performance or compare the results of 
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Royal Roads University’s Delta pXRF spectrometer with conventional laboratory methods when 

used as a tool for estimating the chemical composition of rocks and sediments.  This study can 

serve as a best practices guide to help pXRF users determine the accuracy and precision of their 

instrument and how its results can be compared (including recalibration) to conventional 

laboratory methods. 

Understanding the limitations of pXRF spectrometers is important since geochemical 

exploration studies (e.g., Simandl, Fajber et al., 2014), environmental studies concerned with 

human and environmental health (e.g., Han et al., 2012), and agriculture (e.g., Thornton, 1983) 

all benefit from reliable, accessible, and affordable geochemical data.  For example, geologists 

can use geochemical information to identify or indicate the presence of valuable or important 

commodities including precious and base metals, diamonds, hydrocarbons, and rare earth 

elements (McCleneghan, Thorleifson, & DiLabio, 1997; Merriman, Kemp, & Smith, 1995).  

Geologists may also use geochemical information to improve understanding of geological 

processes, including the origin, formation, and composition of rocks and sediments; this 

understanding improves knowledge of regional geology including ice-flow history, and can aid 

in the effective planning of field programs (McCleneghan et al., 1997; Rollinson, 2013).  

Environmental scientists can use geochemical information to identify areas of high metal 

concentrations (e.g., Duane, Facchetti, & Pigozzi, 1996; Hu et al., 2014), develop strategies for 

remediation and land-use management (e.g., Kettles, Shilts, & Coker, 1991), understand the 

impacts of acid-rain (e.g., Kettles & Shilts, 1994), and characterize the severity of acid-mine 

drainage (e.g., Dryer, Bajc, & Jackson, 1996).  Geochemical information is also relevant to 

agriculture since it informs farmers and agrologists about the distribution of major and trace 

elements important for crops and livestock (e.g., Thornton, 1983).  
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Approach 

In August 2014, the Geological Survey of Canada - Pacific (GSC-P), under the leadership 

of Mr. Scott Dallimore, conducted field work in the Canadian Western Arctic, including parts of 

the Canadian Arctic Archipelago, as part of Natural Resources Canada’s Geo-Mapping for 

Energy and Minerals program (GEM).  This field work included the collection of 20 glacial till 

samples from 16 study sites (Figure 1) during August, 2014.  The goals of this field program 

were to collect glacial till samples for subsequent analysis and comparison in order to improve 

understanding about the age, size, flow direction, provenance, and extent of Late Wisconsin 

glaciation for the Western Arctic study region.  Consensus on the all-time limits of Wisconsin 

glaciation for the study region is yet to be resolved and remains an active topic in academic 

debate (e.g., Batchelor, Dowdeswell, & Pietras, 2013; Dyke, et al., 2002; England, Furze, & 

Duope, 2009; Lakeman, 2012).  The regional Wisconsin glacial history has important 

implications for hydrocarbon development, its associated infrastructure, and understanding of 

geohazards in the study region (Blasco et al., 2010).   

 The sample sites (Figure 1) were chosen from areas surrounding the Beaufort Sea where 

glacial tills and diamictons are known or contended to have been deposited during the Late 

Wisconsin glaciation.  During this period of glaciation, which lasted from approximately 10,000 

to 39,000 years before present (Andrews & Barry, 1978), the northern Laurentide Ice Sheet 

(LIS), Inuitian Ice Sheet (IIS), and various local ice caps converged in the study region forming a 

dynamic ice mass with multiple ice shelves and ice streams (Lakeman, 2012).  This dynamic ice 

mass transported and subsequently deposited glacial tills and diamictons of different ages and 

origins throughout much of the study area including Herschel Island (e.g., Mackay, 1959; 

Pollard, 1990), Victoria Island (e.g., Sharpe, 1992), Banks Island (e.g., Vincent, 1982), and 
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Pullen Island (e.g., Rampton, 1988).  Figure 1 shows the Canadian Western Arctic, including the 

study region, location of study sites, and the extent of the LIS and IIS during the last glacial 

maximum.  

 

Figure 1.   The Canadian Western Arctic, including the study region, location of study sites, and 

the extent of the Laurentide Ice Sheet (LIS) and Inuitian Ice Sheet (IIS) during the last glacial 

maximum.  The dashed yellow line indicates the minimum extent of the LIS on Banks Island, 

according to England et al. (2009).  The solid yellow line indicates the maximum extent of the 

LIS and IIS and the red arrows indicate the direction of ice flow (Dyke 2004; England et al., 

2009; Fritz et al., 2012) (map data ©2015 Google unless specified on map). 
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Towards improving understanding of Late Wisconsin glaciation for the study area, the 

GSC-P had the geochemistry of each of the 20 till samples determined by Acme Laboratories, in 

Vancouver, BC, using three conventional laboratory digestion methods consistent with the 

geochemical analytical protocols used by the GSC (McClenaghan et al., 2013).  The three 

conventional laboratory methods chosen were lithium meta/tetraborate fusion, four-acid 

digestion, and aqua regia digestion.  The justification for choosing these three methods, including 

the analytical process, will be discussed in further detail in the methodology.  Determining the 

geochemistry of each of the till samples can help correlate the samples with their source area.  

For example, tills showing geochemistry similar to the characteristic igneous rocks of the 

Canadian Shield could suggest they were sourced from shield material and, therefore, likely 

transported by the LIS.  In addition, till samples that exhibit similar geochemistry but that are 

collected from different sites could indicate that they have originated from the same region, 

providing further information about glacial provenance and flow direction (S. Dallimore, 

personal communication, August 14, 2014).  

Determining the geochemistry of tills is also applicable to mineral exploration since till is 

a first order, non-sorted, mixture, deposited directly by glaciers.  All other sediments deposited 

by, or in contact with glaciers have been subject to some degree of sorting and, as a result, have a 

more complex and less easily traced transport history (McClenaghan, et al., 2013).  For this 

reason, till is the most widely used glacial sediment for mineral exploration, including in the 

identification and recovery of valuable ore and indicator minerals (McClenaghan, et al., 2013; 

Plouffe, et al., 2013).  The identification of indicator minerals in glacial sediments, including till, 

is developing rapidly as a broadly used exploration method (Plouffe et al., 2013).  Indeed, 

indicator minerals in glacial sediments, including kimberlites (Strand, Banas, Baumgartner, & 
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Burgess, 2009), gold (Thomson, Burns, & Faulkner, 1987), and uranium (Geddes, 1982), have 

been successfully traced back to their bedrock source.  

As part of this study, the geochemistry of the 20 samples was determined using a Delta 

pXRF for subsequent comparison with the three laboratory methods.  In 2011, Royal Roads 

University (RRU) acquired a Delta pXRF through a grant to Dr. A. Dallimore by the Canada 

Foundation for Innovation through its Leaders Opportunity Fund.  This Delta pXRF is housed 

and operated at the RRU/GSC-P sediment core logging facility at the GSC-P as part of a 

Memorandum of Understanding between RRU and Natural Resources Canada.  The RRU Delta 

pXRF was originally acquired in conjunction with a Geotek multi-sensor core logger (MSCL).  

When used with the MSCL, the Delta pXRF can be used as a non-destructive and nearly 

continuous core-scanning tool that analyzes the chemical composition of sediments directly at 

the surface of a split sediment core.  Using pXRF spectrometers in conjunction with an MSCL is 

becoming increasingly popular and has already been successfully used for high-resolution time 

series (Rohl & Abrams, 2000), stratigraphic correlations (Jaccard et al., 2005) , and detailed 

sedimentary (Kuhlmann, 2004) and climatic reconstructions (Lamy, Hebbeln, Rohl, & Wefer, 

2001).  Readers of this study may be interested in using a pXRF spectrometer in conjunction 

with an MSCL; if this is the case, the RRU/GSC-P core-logging facility manual, which includes 

methodologies and workflows for the use of the Delta pXRF with a Geotek MSCL-XZ, is 

included in Appendix A1.  

The default manufacturer’s settings of the Delta pXRF enable it to analyze 30 elements.  

Lighter elements, specifically those below number 12 (magnesium) on the Periodic Table, cannot 

be measured using the Delta pXRF since the energy of their X-ray photons emitted during 
                                                           
1 From The RRU/GSC-P Core Logging Facility Manual, by M. Nicol and K. Rochefort, 2011, Geological Survey of 
Canada-Pacific: Unpublished operator’s manual. Copyright 2011 by Natural Resources Canada. Reprinted with 
permission. 
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ionization is so low that it cannot be sufficiently transmitted through air (the energy is absorbed) 

(Hall et al., 2011).  Because none of the three laboratory methods yield results for all elements in 

the periodic table, the comparison of geochemical results was restricted to those elements which 

could be measured by both the Delta pXRF and the three laboratory methods.  Additional 

restrictions to comparison were defined by the Delta pXRF’s limits of detection (LOD) and the 

presence or absence of a particular element in each sample.  Table 1 shows which of the 30 

elements were measured by the Delta pXRF and which were measured by each of the three 

conventional laboratory methods.  The approximate LOD for the Delta pXRF, as provided on the 

Innov-X website (Olympus, n.d.), is also included in Table 1 for each of the 30 elements.  
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Table 1.  Elements that can Theoretically be Compared between the Delta pXRF and Three 

Conventional Geochemical Laboratory Methods. 

Elements 
measured by Delta 
pXRF  

Symbol Approximate LOD 
of Delta pXRF 

Elements available for comparison to traditional laboratory methods 

Lithium borate 
fusion 

Four-acid digestion Aqua regia digestion 

Potassium  K <50 ppm  X X 
Calcium Ca <1% in air  X X 
Sulfur S <200 ppm  X X 
Phosphorus P <1% in air  X X 
Chlorine Cl <200 ppm    
Titanium Ti <5 ppm  X X 
Vanadium V <5 ppm X X X 
Chromium Cr <5 ppm  X X 
Manganese Mn <5 ppm  X X 
Iron Fe <5 ppm  X X 
Cobalt Co <10 ppm X X X 
Nickel Ni <10 ppm X X X 
Copper Cu <10 ppm  X X 
Zinc Zn <5 ppm  X  
Tungsten W <20 ppm X X X 
Mercury Hg <5 ppm   X 
Arsenic As <5 ppm  X X 
Lead Pb <5 ppm  X X 
Bismuth Bi <5 ppm  X X 
Selenium Se <5 ppm  X X 
Thorium Th <5 ppm X X  
Rubidium Rb <5 ppm X X X 
Uranium U <5 ppm X X X 
Strontium Sr <5 ppm X X X 
Zirconium Zr <5 ppm X  X 
Molybdenum Mo <5 ppm  X X 
Silver Ag <10 ppm  X X 
Cadmium Cd <20 ppm  X X 
Tin Sn <10 ppm X X X 
Antimony Sb <10 ppm  X X 

Principles of X-Ray Fluorescence 

X-ray fluorescence, using either wavelength or energy dispersive spectrometry, is a well-

established, multi-element, non-destructive, analytical technique capable of acquiring elemental 

concentrations from rocks and sediments in the parts per million (ppm) to percent range (Potts, 

1987).  Portable XRF based on energy dispersive spectrometry, the focus of this thesis, has 

developed rapidly in recent years due to advancements in semi-conductor technology and 
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miniaturization (Potts, 2008).  These advancements have enabled manufacturers to produce 

handheld, battery powered, XRF devices that can be used in the field or laboratory and yield 

resolutions suitable for environmental and exploration geochemistry (Morris, 2009). 

 Instrumentation.  Portable XRF instrumentation utilizing energy dispersive 

spectrometry consists of three main components: (1) an X-ray source, (2) a detector, and (3) a 

pulse processing electronics system/multi-channel analyzer.  The X-ray source utilized by almost 

all pXRF devices, along with the Delta pXRF in this study, is a miniaturized X-ray tube that 

creates X-rays by the action of electrons, accelerated through a potential gradient under an 

electrostatic field towards an anode (target).  The X-rays are produced in the anode.  Rhodium 

anode tubes are widely used as the universal tube for the determination of both major and trace 

elements in geological samples (Potts & Webb, 1992).  The Delta pXRF used in this study is 

equipped with a rhodium anode.  However, tubes constructed from different materials can have 

more selective applications; for example, chromium tubes are better suited for the determination 

of major elements while molybdenum, tungsten, silver, cobalt, and gold tubes are more 

appropriate for specialized trace element applications (Potts & Webb, 1992). 

Once the target sample is irradiated with X-rays, interaction of X-ray photons with atoms 

in the sample causes the ionization, or more specifically, the ejection of an inner shell orbital 

electron, usually from the inner K or L shells, in a process known as the the photo-electric effect.  

Ejection of electrons from inner electron shells creates vacancies which are filled by electrons 

falling inward from the outer shells.  As electrons fall from the outer shells they produce X-ray 

photons (e.g., secondary X-rays or fluorescence) equivalent to the difference in energy between 

the two shells.  Since the difference in energies between electron shells is characteristic of each 

element, photons emitted from the sample during irradiation can be used to indicate the relative 
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abundance of elements in that sample (Hall et al., 2011; Potts & Webb, 1992; Weltje & 

Tjallingii, 2008).  Figure 2 shows the ionization of an inner shell electron and the subsequent 

creation of X-ray fluorescence.   

 

Figure 2.  Ionization of an atom's inner shell electron, leading to X-ray fluorescence.  

The detector utilized by modern pXRF devices converts the X-ray photons emitted from 

electrons as they fill inner electron shell vacancies, into voltage pulses.  The peak height of the 

voltage pulses is proportional to the energy of the X-ray photon and can, therefore, be correlated 

to the element from which the photon was emitted. The resolution of the detector plays an 

important role in maintaining precision and accuracy by reducing the contribution of backround 

intensity to the measurment of the characteristic X-ray photon and reducing overlap between 

adjacent X-ray lines (Hall et., 2011).  In addition, the area of the detector plays a role in the 

quality of the pXRF analysis. The larger the area of the detector, the more efficiently it can 

gather, count, and process voltage pulses (Hall et al., 2011).  

The pulse-processing electronics system (multi-channel analyzer) sorts and counts the 

pulse heights produced in the detector into their respective energies, ultimately correlating the 

pulse heights with their respective elements.  In this way, the pXRF computer can produce an 
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output that includes the concentrations of elements in the sample.  In addition, the pXRF 

computer can produce an X-ray energy spectrum where counts (per second) are represented on 

the y-axis and energy (pulse heights in volts) is represented on the x-axis (Potts & Webb, 1992).  

Figure 3 summarizes the basics of X-ray detection using a pXRF device based on energy 

dispersion spectrometry.   

 

Figure 3.  Basics of X-ray detection using a pXRF device based on energy dispersion 

spectrometry.   

Interferences.  Both spectral overlap and matrix effects can affect the precision and 

accuracy of pXRF results.  Spectral overlap occurs when two voltage pulse heights cannot be 

properly resolved by the mutli-channel analyzer.  This is a common problem with elements of 

adjacent atomic numbers, such as cobalt (Co) and iron (Fe), whose X-ray photons, emitted when 

their electrons fall from outer orbitals to inner orbitals, have similar energies.  Subsequently, the 

difference in energies between their voltage pulses may be less than the resolution of the 

analyzer.  The consequence of this can be an over- or under- estimation of an element’s 

concentration in the sample.  Spectral interference can also occur when two photons arrive at the 
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detector at exactly the same time since the sum of these two photons’ energy is converted into a 

single voltage pulse, preventing correlation between the energies and the element(s) from which 

the photons were emitted (Hall et al., 2011).  

Matrix effects refer to the attenuation or enhancement of  X-ray photons’ (fluorescent X-

rays) intensities by interaction with the sample matrix.  For example, X-ray photons emitted by 

iron (Fe) in the sample may interact with chromium (Cr) in the sample so that it too produces X-

ray photons.  The net result of this process would be the enhancement of chromium and 

absorption or reduction of iron in the results (Hall et al., 2011; Potts & Webb, 1992).  Other 

important matrix effects which are implicated with sample preparation include water content, 

which has been shown to strongly reduce element intensities for lighter elements aluminum and 

silica (Tjallingii et al., 2007), and sample morphology, including grain size, surface conditions, 

and inhomogeniety, all of which have been shown to affect accuracy and precision (Hall et al., 

2011; Morris, 2009; Plourde et al., 2013).  

Factory calibration strategies.  Most pXRF instruments, including the one used in this 

study, come with two factory-installed calibrations for environmental and exploration 

geochemistry: (1) the soil mode, used to target minor and trace elements based on ‘Compton 

normalization’ and (2) the mining mode, used to target high elemental concentrations (i.e., for 

major elements) based on ‘fundamental parameters’ (Hall et al., 2011).  

An incoming X-ray photon emitted from a pXRF device only transfers some of its energy 

to ejecting an orbital electron.  The remaining energy produces incoherent backscatter which can 

cause matrix effects, including the ejection of electrons from other (lighter) elements in the 

sample.  This incoherent backscatter is present on every X-ray spectrum and is known as the 

Compton peak.  The Compton peak is unique to each sample matrix and can be related to the 
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elements present in the sample matrix; generally, matrices dominated by lighter elements 

produce a larger Compton peak, and those dominated by heavier elements produce a smaller 

Compton peak.  For Compton normalization, manufacturers use a suite of reference standards to 

normalize (or relate) the Compton peak to sample matrices and thereby reduce the influence of 

matrix effects on the results. The Compton normalization method may not be effective for 

elements with concentrations of greater than 2-3% in the sample (Potts & Webb, 1992; United 

States Environmental Protection Agency, 2007).  

The fundamental parameters calibration is a standardless calibration which relies on the 

known physics of the spectrometer’s response to pure elements to establish the calibration 

theoretically.  Built-in mathematical algorithms are used to correct for matrix (absorption 

enhancement) effects (Murphy, Maharaj, Lachapelle, & Yuen, 2010). 

Previous pXRF Studies Focused on Environmental and Exploration Geochemistry 

The principles and practice of pXRF devices are well known and understood (e.g., Hall et 

al., 2011; Morris, 2009; Potts & Webb, 1992; Ramsey et al., 1995).  There is significant 

literature on the use of pXRF for studying artwork, artifacts, archaeology, food, and alloys (Hall 

et al., 2011).  However, until recently few studies have focused on the applicability of pXRF for 

environmental and exploration geochemistry.  In response to this gap in research, a series of 

studies have been conducted at the Geological Survey of Canada and elsewhere that focus on 

quality control and assessment, the development of operating procedures, the effect of media 

preparation, the accuracy of pXRF results compared to laboratory methods, and the general 

practicality of using pXRF and desktop XRF devices for environmental and exploration 

geochemistry (e.g., Hall et al., 2011; Hall et al., 2012; Kjarsgaard et al., 2014; Knight et al., 

2013; Plourde et al., 2013; Simandl, Fajber et al., 2014; Simandl, Paradis et al., 2014).  
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These studies have helped establish sound operating procedures to verify machine 

performance, ensure quality control and assessment, and utilize sample preparation techniques 

that maximize the accuracy and precision of pXRF devices.  For example, replicate analyses 

conducted on certified reference materials (CRMs) (i.e., standards and blanks) throughout a 

pXRF laboratory or field study can help verify machine performance, including accuracy and 

precision (e.g., Hall et al., 2011; Hu et al., 2014; Knight et al., 2013).  Commonly, accuracy has 

been estimated by the relative percent difference (RPD) between the concentration in the 

standard and the concentration measured by pXRF; the closer the RPD is to zero, the higher its 

accuracy, with the RPD ideally being within +/- 20% of the certified value for each element (Hu 

et al., 2014).  Precision has commonly been estimated by relative standard deviation (RSD) (e.g., 

Hall et al., 2011; Knight et al., 2013).  According to the United States Environmental Protection 

Agency (US EPA) (2007), for pXRF data to be considered adequately precise the RSD should 

not exceed 20%.  Certified reference materials have also been used as blanks, most commonly 

SiO2, as a quality control measure to ensure that the working environment and the pXRF device 

are free from contamination (e.g., Hall et al., 2011; Kjarsgaard et al., 2014).  

These studies also indicate that sample preparation (e.g., water content, surface 

conditions, and grain size), is a critical component to accurate and precise measurements using 

pXRF.  Significantly, for the measurement of sediments, it has been shown that the most 

accurate and precise results are generated when samples are dried (Hall et al., 2011; Tjallingii et 

al., 2007) and sieved to ≤2.00 mm (Plourde et al., 2013), or ≤0.074 mm according to Hall et al. 

(2011) and ≤0.063 mm according to R. Knight (personal communication, December 12, 2014).  

Despite this growing body of research, the field is still in its infancy, and questions 

relating to the accuracy and precision of individual pXRF devices and how their results compare 
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to conventional laboratory methods require further exploration (Hall et al, 2011; Hall et al, 2012; 

Kjarsgaard et al, 2014; Knight et al, 2013; Plourde et al, 2013).  Moreover, further studies 

focusing on the use of pXRF on different soil matrices, including glacial sediments, will shed 

more light on the consistency of pXRF results between different media types.  

To date, most studies that have compared pXRF results with conventional laboratory 

methods have relied on bivariate scatter plots, least squares linear regression (with y-intercept (b) 

and slope (m)), and the coefficient of determination (r2), to make conclusions about the strength 

of linear association between the two data sets (e.g., Hall et al., 2011; Kjarsgaard et al., 2014; 

Simandl, Paradis et al., 2014). The intercept (b) and slope (m) can be used to indicate how 

closely the factory calibration matches the laboratory data; where a perfect match between the 

pXRF data and the laboratory data would present itself as a line with a slope of one (m = 1) and 

an intercept of zero (b = 0).  The squared correlation, r2, gives the fraction of the data’s variation 

acounted for by the model, where an r2 of 100% means that all of the variance in the data is 

accounted for by the model (i.e., the model perfectly describes the association between the two 

variables).  For those data with high r2 values but showing considerable deviation from the ideal 

regression line, recalibration (correction) factors can be derived (and input into the pXRF device 

if desired) by inverting the linear regression equation as demonstrated by Simandl, Fajber, and 

Paradis et al. (2014).  The equation of a line is universally described as: 

 y = mx + b          (Eq. 1) 

Therefore, regression lines comparing pXRF data to a conventional laboratory method can be 

expressed as: 

 [pXRF reading] = m [Laboratory result] + b      (Eq. 2) 
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Where m and b are constants generated by the linear least squares regression equation. 

Obviously, recalibration requires the assumption that data acquired through conventional 

laboratory methods, which are subject to rigorous sampling protocols, sample preparation, and 

strict quality control, have negligible errors relative to the pXRF data (Simandl, Paradis et al., 

2014).  In this case, we can substitute the corrected pXRF reading for the laboratory result to 

obtain the following formula for recalibration: 

 [𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝑐𝑐 𝑅𝑅𝐶𝐶𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅]  = 1
𝑚𝑚 

 ([𝐻𝐻𝑅𝑅𝑅𝑅𝑐𝑐ℎ𝐶𝐶𝑒𝑒𝑐𝑐 𝑋𝑋𝑅𝑅𝑋𝑋 𝑅𝑅𝐶𝐶𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅] −  𝑏𝑏)   (Eq. 3) 

While recalibration is not the focus of this study, least squares linear regression is useful 

for determining which elements benefit from pXRF recalibration.  

Study Objectives 

This study has four main objectives: 

1. To evaluate the instrument performance of the RRU Delta pXRF, specifically its 

accuracy and precision. 

2. To compare geochemical results measured by the RRU Delta pXRF with geochemical 

results measured by three conventional laboratory techniques, specifically lithium 

meta/tetraborate fusion (total digestion), four-acid digestion (near-total digestion), and 

aqua regia digestion (partial digestion) for select elements measured on glacial tills and 

diamictons collected from the Canadian Western Arctic.   

3. To make recommendations about how the findings of this thesis contribute to the design 

of cost-effective environmental and exploration geochemistry field programs in remote 

locations, such as the Canadian Arctic. 

4. To make recommendations about how this study, along with other relevant literature, can 

serve as a best practices guide to help researchers and/or operators determine the 
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accuracy and precision of their pXRF instrument and how its results can be compared 

(including recalibration) to conventional laboratory methods. 

  Methodology  

Geochemical Analytical Protocols used by the GSC 

Traditionally, the ≤0.063mm fraction is the most commonly used fraction used by the 

GSC for till geochemical analysis for provenance studies and mineral exploration (e.g., 

McClenaghan, 1994; Woodruff, Attig, & Cannon, 2004).  Reasons for this include the fact that 

valuable ore minerals are often enriched in this fraction (Shilts, 1996); geochemical variations in 

this fraction may reflect glacial processes, provenence, textural differences and weathering 

(Shilts, 1993); and it can be prepared rapidly and inexpensively for analysis (Levson, 2001).  

For geochemical analytical procedures, typical GSC geochemical analytical protocols 

include a minimum of two analytical procedures on the ≤0.063 mm fraction: (1) a total digestion 

by lithium meta/tetra borate fusion with nitric finish; and (2) a partial digestion by aqua regia 

(McClenaghan, et al., 2013).  A third analytical procedure, a near-total four-acid digestion, is 

also frequently used since it can be useful for determing select metals (McClenaghan, et al., 

2013).  Importantly, near-total and total digestions are the most suitable for calibration of pXRF 

devices and for comparison with pXRF data; these digestions are recommended in both the 

scientific literature (e.g., Kjarsgaard et al.,, 2014) and by the manufacturer (Innov-X Systems, 

2010). 

Conventional Digestion Methods  

Total digestion by lithium meta/tetra borate fusion.  Total digestion for till samples is 

common since it determines major, minor, and trace elements useful for identifying signatures 

related to specific bedrock lithologies (McClenaghan et al., 2013).  The method has also been 
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applied to help determine metal concentrations in the environment (Belluck & Benjamin, 2001).  

In addition, it is theoretically the most suitable for comparison with pXRF analysis since, similar 

to pXRF devices, it gives total concentrations for select elements.   

The total digestion used in this study and typically used by the GSC is a lithium 

meta/tetraborate fusion followed by dilute nitric acid digestion of the fused disc, and analysis by 

Inductively Coupled Plasma Emission Spectroscopy (ICP-ES) (major elements) and Inductively 

Coupled Plasma Mass Spectroscopy (ICP-MS) (trace elements).  A complete description of the 

total digestion method used in this study can be found in Appendix B.  

Near-total four-acid digestion.  Near-total four-acid digestion can be useful for 

determining total concentrations for some metals and is suitable for trace concentrations; 

however, partial digestion can only be achieved for chromium and barium minerals and some 

oxides of aluminum, iron, hafnium, manganese, tin, tungsten, and zirconium.  The four-acid 

digestion is recommended for the determination of some metals in the environment, including 

arsenic (BC Ministry of Environment, 2009), and is also recommended for the determination of 

rare earth elements and lanthaninides (AGAT Laboratories, 2015).  The four-acid digestion is 

useful for comparison with the pXRF data for all elements except those that are only partially 

digested, which include some elements that cannot be determined using the total digestion fusion 

method (Table 1).  

The analytical procedure for the four-acid digestion typically involves hot dissolution of 

the sample in nitric acid, perchloric acid, hydrogen fluoride, and water, taken to dryness with the 

residue dissolved in hydrochloric acid, followed by ICP-ES/MS analysis.  A complete 

description of the near-total four-acid digestion used in this study can be found in Appendix B.  
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Partial digestion by aqua regia.  The GSC has a long history of using aqua regia for till 

geochemical analysis in mineral exploration surveys (McClenaghan et al., 2013).  It is also  

commonly used in environmental applications for determining total metals in soils (BC Ministry 

of Environment, 2009).  As a partial digestion, some minerals (e.g., barite, chromite, and 

gahnite) are only partially attacked by the digestion; consequently, only partial results can be 

obtained for some elements during aqua regia digestion.  

The analytical procedure for partial digestion by aqua regia typically involves digestion 

with hydrochloric acid and nitric acid followed by Inductively Coupled Plasma Mass 

Spectroscopy (ICP-MS).  A complete description of the aqua-regia analysis used in this study 

can be found in Appendix B.  

Certified Reference Materials 

Certified Reference Materials (CRMs), including blanks and standards, are commonly 

used when verifying pXRF machine performance (e.g., Hall et al., 2011; Kjarsgaard et al., 2014; 

Knight et al., 2013) and are recommended by the manufacturer of the Delta pXRF (Innov-X 

Systems, 2010).  Two blanks were used in this study to ensure that the working space and Delta 

pXRF were free of contamination: an SiO2 blank and a teflon blank.  The SiO2 blank was 

supplied by Innov-X Systems (the manufacturer of the RRU Delta pXRF) and the teflon blank 

was supplied by Natural Resources Canada. 

In addition, two standards were used to verify machine performance: SRM 2710a 

Montana Soil I and SRM 2711a Montana Soil II.  Both these standards are soils collected from 

Montana, USA.  Standard reference material 2710a was collected from a location within the 

flood plain of the Silver Bow Creek and SRM 2711a was collected from an active agricultural 

field recently tilled for winter wheat (Mackey et al., 2010).  These two standards were supplied 
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by the National Institute of Standards and Technology (NIST). The concentration of elements in 

each standard was rigorously determined utilizing multiple analytical techniques and duplicate 

analyses (Mackey et al., 2010).  Standards produced by NIST have been used worldwide for 

quality assurance by a variety of laboratories involved in the determination of major, minor, and 

trace element concentrations of soils (Mackey et al., 2010).  

Sample Collection 

In August 2014, the GSC-P conducted field work in the Canadian Western Arctic, 

including parts of the Canadian Arctic Archipelago, as part of Natural Resources Canada’s GEM 

program.  This field work included the collection of 20 glacial till samples (weighing 

approximately 2 kg each) from 16 study sites located in the Canadian Western Arctic, including 

Herschel Island, Pullen Island, Victoria Island, and Banks Island (Figure 1).  A list of the site 

locations, including GPS coordinates and sample identifications, is included in Appendix C. 

Processing of Samples and Analytical Laboratory Methods 

The concentrations of various elements present in the 20 till samples were determined by 

Acme Laboratories (Acme) in Vancouver, BC, using three conventional geochemical laboratory 

methods.  These concentrations were then compared to the concentrations of elements that can 

be determined using the Delta pXRF for the same till samples (Table 1).  

From each till sample, 500 g was removed and sent to Acme in Vancouver, BC for 

processing (drying and sieving to ≤0.063mm).  The ≤0.063 mm fraction was chosen for analysis 

for three reasons: (1) it can be prepared rapidly and inexpensively; (2) it is the most commonly 

used size fraction for till geochemical analysis for provenance studies and mineral exploration 

(McClenaghan, et al., 2013), making this study directly applicable to these fields of study; and 

(3) samples seived to fractions of ≤2.00 mm (or even smaller fractions) are shown to yield the 



PORTABLE XRF SPECTROMETRY OF GLACIAL SEDIMENTS  32 

best results for pXRF analysis (Hall et al., 2011; R. Knight, personal communication, December 

12, 2014; Plourde et al., 2013).  The lab then split the ≤0.063 mm fraction into four aliquots.  

The lab analyzed three of the aliquots for the concentrations of various elements present using a 

different lab package on each aliquot.  Each lab package provided concentrations for a defined 

suite of elements as restricted by the laboratory method applied.  One aliquot was analyzed using 

lithium borate fusion, more specifically, lithium metaborate/tetraborate fusion, followed by dilute 

nitric acid digestion of the fused disc and analysis by Inductively Coupled Plasma Emission 

Spectroscopy ICP-ES (for major elements) and Inductively Coupled Plasma Mass Spectrometry 

ICP-MS (for trace elements). The second aliquot was analyzed using four-acid digestion, 

specifically hot dissolution in HNO3/HClO4/HF/H2O, taken to dryness with the residue dissolved 

in HCl, followed by ICP-ES/MS analysis.  The third aliquot was analyzed by aqua regia 

digestion with hydrochloric acid and nitric acid, followed by Inductively Coupled Plasma Mass 

Spectroscopy (ICP-MS).  A complete description of the three laboratory methods used by Acme 

can be found in Appenix B.  The fourth aliquot was returned to the GSC-P to be analyzed with 

the Delta pXRF. 

Analytical Methodology with the RRU Delta pXRF 

For the pXRF analyses, the RRU Delta Premium DP 6000 portable X-ray fluorescence 

device was used to determine the concentrations of various elements present in the till samples.  

These element concentrations were later compared to the concentrations of elements determined 

by each of the three traditional geochemical laboratory methods completed by Acme 

Laboratories. 

The RRU Delta pXRF was used in soil mode, sub-category power-shot beam, using an 

optimal dwell time of 60 seconds per-beam (beam 1 = 40kV, beam 2 = 40kV, beam 3 = 15kV) 
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(Hall et al, 2011; Knight et al, 2013).  The soil mode was selected since the expected 

concentration of elements was <1%; soil mode utilizes the Compton normalization algorithm 

which is designed to achieve the lowest limit of detection of all the Delta pXRF modes.  The 

fourth aliquot of dried and sieved sediment, returned by Acme laboratories, was placed in ~15 

mL vials with a sediment depth of ~22 mm and a surface area of ~22 mm to allow full coverage 

of the pXRF window.  A 4 µm thick prolene® film separated the sample from the pXRF 

detector.  Analysis was conducted by hand without the aid of a stand.  Prior to analyzing the first 

sample and when prompted by the Delta pXRF software, the Delta pXRF was standardized using 

the Innov-X standardization coin.  In addition, a Teflon and a SiO2 blank were measured prior to 

analyzing the first sample and then following every fifth sample (for a total of five replicate 

anlyses) to ensure all equipment was uncontaminated.  At the same sampling interval (thus five 

replicate analyses), the two certified standards, specifically SRM 2710a and SRM 2711a, were 

measured for elemental concentrations to verify instrument performance, specifically precision 

and accuracy.  Elemental concentrations for each of the 20 till samples were measured three 

times to ensure consistency in results.  

Instrument Performance of the Delta pXRF 

For the certified standards, specifically SRM 2710a and SRM 2711 a, the mean of each 

of the five replicate measurements for elemental concentrations was recorded, along with 

standard deviation, minimum, maximum, relative standard deviation (RSD), relative percent 

difference (RPD), and the certified concentration value for each element.  The RSD and RPD are 

useful statistics for understanding the precision and accuracy of instrument performance (Knight 

et al., 2013; Plourde et al., 2013). The RSD demonstrates precision, which according to the US 

EPA (2007) should be ≤20%.  The RPD demonstrates accuracy, which according to Hu et al., 
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(2014) should be within ±20% of the certified value.  Understanding instrument performance is 

important because it alerts the user to unexpected trends or anomolies in the pXRF’s 

performance that need to be considered when comparing the pXRF results with the laboratory 

results (M. Dodd, personal communication, February 26, 2015).  Equations for calculating the 

RSD and the RPD are as follows: 

𝑅𝑅𝑅𝑅𝑅𝑅 = SD
𝑋𝑋�

 × 100          (Eq. 4) 

𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐶𝐶𝑠𝑠− 𝐶𝐶𝑘𝑘 
𝐶𝐶𝑘𝑘

 × 100          (Eq. 5) 

Where 𝑋𝑋� is the mean concentration of an element determined by the Delta pXRF over five 

readings; SD is the standard deviation of element concentrations determined by the Delta pXRF 

over five readings; Cs is the Delta pXRF-measured concentration for an element in the certified 

standard; and Ck is the certified concentration for an element in the certified standard.   

Comparison to Conventional Laboratory Results completed by Acme 

The element concentrations of the 20 till samples determined by the RRU Delta pXRF 

were compared to the element concentrations determined by the three conventional laboratory 

digestion methods (completed by Acme) to determine the strength of linear association.  This 

comparison was done in Minitab V17 using bivariate scatter plots, least squares linear regression 

(with y-intercept (b) and slope (m)), and the coefficient of determination (r2).  These statistical 

methods were chosen for three reasons: (1) bivariate scatter plots, linear regression, and the 

coefficient of determination have been the most commonly used methods for comparison 

between pXRF and laboratory data, which means the results of this study can be readily 

compared with the results of other studies (e.g., Hall et al., 2011; Kjarsgaard et al., 2014; 

Simandl, Paradis et al., 2014); (2) calculating the equation of the line that represents pXRF 

values vs. laboratory data values will allow future operators to calculate recalibration 
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(correction) factors for the Delta pXRF for those elements that have r2 values of close to 100% 

(see Eq. 3) (e.g., Fajber & Simandl, 2011; Simandl, Fajber et al., 2014); and (3) scatter plots 

provide an easy way to identify outliers.  

Results 

 The results of this study are reported in two main sections: (1) instrument performance of 

the Delta pXRF, specifically its accuracy and precision, as determined through the use of 

instrument blanks and certified standards, and (2) comparison of the results obtained from the 

Delta pXRF to those obtained from three conventional laboratory digestion methods (lithium 

borate fusion, four-acid digestion, and aqua regia) on the 20 till samples. 

Instrument Performance of the Delta pXRF 

Certified reference materials, specifically two instrument blanks (Teflon and SiO2) and 

two certified standards (SRM2710a, SRM2711a), were used over the course of the study to 

monitor for equipment contamination and to check the accuracy and precision of the Delta 

pXRF.   

Instrument blanks.  The instrument blanks used included a SiO2 blank supplied by 

Innov-X Systems (the manufacturer of the Delta pXRF) and a Teflon blank housed at the GSC-P.  

All five SiO2 blank readings were below the Delta pXRF’s limits of detection (LOD), indicating 

that the device and equipment were either not contaminated or contamination was lower than the 

Delta pXRF’s detection limits.   

When measuring the Teflon blank, the Delta pXRF recorded concentrations for five 

elements (chlorine, potassium, manganese, zinc, and silver) over the course of five 

measurements.  Three of these elements (chlorine, manganese, and silver) had means that were 

below the manufacturer’s LOD, while two of these elements (zinc and potassium) had means 
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that were greater than two-times the manufacturer’s LOD.  Results for the Delta pXRF 

measurement of the Teflon blank are summarized in Table 2.   

Table 2.  Elements Detected in a Teflon Blank by the Delta pXRF and Descriptive Statistics 

an = number of times element was detected (counts) 

 Standard reference materials.  Two standard reference materials were used during this 

study to determine the performance of the Delta pXRF, specifically its accuracy and precision.  

The two standards used were SRM 2710a Montana Soil I and SRM 2711a Montana Soil II which 

were supplied by NIST.  

 The Delta pXRF showed high accuracy for the measurement of 22 elements that were 

suitable for assessing accuracy (i.e., all elements above the Delta pXRF LOD and with a certified 

standard value) in SRM 2710a, except phosphorous, vanadium, chromium, cobalt, zirconium, 

cadmium, tungsten, and thorium, all of which produced RPDs exceeding ±20 % of the certified 

standard value. 

 The Delta pXRF showed high precision for 29 elements detected in SRM 2710a, as 

demonstrated by the low RSDs of each detected element.  The RSD for each of the detected 

elements was ≤20% which is consistent with the precision measures recommended by the US 

EPA (2007) for XRF spectrometry.  The results for the Delta pXRF measurement of inaccurate 

elements detected in SRM 2710a are summarized in Table 3.  Complete results can be found in 

Appendix D.  

  

Elements above 
detection limits 

Delta pXRF detection 
limits (approximate) 

na Mean 
(ppm) 

Standard deviation 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

Chlorine (Cl) <200 ppm 4 59 17 45 83 
Potassium (K) <50 ppm 5 143 8.76 132 154 
Manganese (Mn) <5 ppm 1 4.2 NA 4.2 4.2 
Zinc (Zn) <5 ppm 5 12.9 0.647 12.3 13.8 
Silver (Ag) <10 ppm 3 6.5 1.6 5.4 8.3 
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Table 3.  Inaccurate Elements as Determined by the Analysis of SRM 2710a with a Delta pXRF 

Element Delta pXRF 
detection limits 
(approximate) 

Certified 
Value SRM 
2710a (ppm) 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

Precision 
RSD (%) 

Accuracy 
RPD (%) 

Phosphorous 
(P) 

<1% in Air 1.05E+03 
(0.105 ± 
0.004%) 

4 3055 472.7 2597 3569 15.47 191 

Vanadium (V) <5 ppm 82 ± 9  5 113 6.53 106 122 5.79 38 

Chromium 
(Cr) 

<5 ppm 23 ± 6  5 46 4.6 41 51 9.95 102 

Cobalt (Co) <10 ppm 5.99 ± 0.14  5 15.7 0.694 15.1 16.7 4.43 162 

Zirconium (Zr) <5 ppm 255 ± 7  5 322 3.91 319 328 1.21 61 

Cadmium (Cd) <20 ppm 12.3 ± 0.3  2 17 2.1 15 18 13 34 

Tungsten (W) <20 ppm 190 5 284 18.1 263 302 6.4 49 

Thorium (Th) <5 ppm 1.52 ± 0.02 5 117 14.0 101 132 12.0 7571 

an = number of times element was detected (counts) 

 The Delta pXRF showed high accuracy for the measurement of 26 elements suitable for 

assessing accuracy (i.e., all elements above the Delta pXRF LOD and with a certified standard 

value) in SRM 2711a, except antimony, thorium, and uranium, all of which produced RPDs 

exceeding ±20% of the certified standard value. 

The Delta pXRF showed high precision for the measurement of all 20 elements detected 

in SRM 2711a, except sulfur, chlorine, and mercury which had RSDs of slightly >20%.  The 

RSD for uranium could not be calculated due to its detection only once over the five sampling 

measurements.  The RSDs for all other detected elements was ≤20% which is consistent with the 

precision measures recommended by the US EPA (2007) for X-ray fluorescence spectrometry.  

The results for the Delta pXRF measurement of inaccurate and imprecise elements detected in 

SRM 2711a are summarized below in Table 4.  Complete results can be found in Appendix D.  
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Table 4.  Inaccurate and/or Imprecise Elements as Determined by the Analysis SRM 2711a with 

a Delta pXRF 

Element Delta pXRF 
LOD 
(approx.) 

Certified 
Value NIST 
2711a (ppm) 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

Precision 
RSD (%) 

Accuracy 
RPD (%)  

Sulfur (S) <200 ppm - 5 1899 442.3 1487 2583 23.29 - 

Chlorine (Cl) <200 ppm - 5 261.6 55.2 203 331 21.1 - 

Antimony (Sb) <10 ppm 23.8 ± 1.4  4 35 5.3 30 42 15 46 

Mercury (Hg) <5 ppm 7.42 ± 0.18  5 8.9 2.0 5.8 11 22 20 

Thorium (Th) <5 ppm 3 5 101 7.4 90 108 7.4 3253 

Uranium (U) <5 ppm 3.01 ± 0.12  1 4.7 NA 4.7 4.7 NA 56 

an = number of times element was detected (counts) 

Comparison of Delta pXRF to Laboratory Data for the 20 Till Samples 

 The geochemical data of the 20 till samples acquired using the Delta pXRF was 

compared to the geochemical data acquired from each of the three conventional laboratory 

methods (lithium borate fusion, four-acid digestion, and aqua regia digestion).  Complete 

laboratory results for the three laboratory methods can be found in Appendix E2.  Scatter 

diagrams, least squares regression (with slope (m) and y-intercept (b)), and the coefficient of 

determination (r2) were used to measure the strength of the linear association between the 

geochemical data collected using the Delta pXRF data and each of the three Acme laboratory 

methods.  

For the purpose of this study, the r2 values were divided into four categories according to 

the degree of linear association: very strong (r2≥85%), strong (85%> r2≥70%), moderate (70%> 

r2≥50%), and weak association (r2<50%).  
                                                           
2 From Acme Laboratories, Certificate of Analysis, VAN15000115, by ACME Laboratories, 2015, Acme Laboratories: 
Acme Laboratories Vancouver. Copyright 2015 by Natural Resources Canada. Reprinted with permission. 
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Delta pXRF comparison to lithium borate fusion.  The concentrations of 32 elements 

present in the 20 sediment samples were determined using the lithium borate fusion laboratory 

method.  Eleven of these elements could also be determined using the Delta pXRF.  Of these 11 

elements, a total of six elements, including vanadium, cobalt, copper, thorium, rubidium, and 

strontium, were above the limits of detection of the Delta pXRF in all 20 samples.  As a result of 

their detection levels, these six elements were suitable for comparison between the Delta pXRF 

and the lithium borate fusion.  

Figure 4 compares the geochemical data of the 20 till samples acquired using the Delta 

pXRF with the geochemical data acquired through the lithium borate fusion laboratory method 

for select elements using scatter diagrams and least squares regression, with slope (m) and y-

intercept (b), as well as the coefficient of determination (r2).  Figures for all six elements can be 

found in Appendix F.   
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Figure 4.  Selected scatter diagrams for rubidium, strontium, cobalt, and thorium with pXRF 

determined concentrations on the y-axis and lithium borate fusion determined concentrations on 

the x-axis.  The dotted red line represents a perfect theoretical regression line with a slope (m) 

equal to 1.  The solid blue line represents the least squeares linear regression line.  

The statistics for all six elements are further summarized in Table 5.  A perfect match 

between the pXRF and the lithium borate fusion data would present itself as a line with a slope 

of one (m = 1; red dotted lines on Figure 4) and an intercept of zero (b = 0).   Elements with a 

slope close to this ideal line (0.85<m<1.15) include vanadium, cobalt, copper, rubidium, and 

strontium and indicate that the Delta pXRF factory calibration is comparable to the lithium 

borate fusion laboratory method.  Of the six elements compared, vanadium, copper, rubidium 

and strontium showed very strong linear association with r2 values of ≥85% (an r2 of 100% 

indicates a perfect fit); cobalt showed strong linear association; and thorium showed weak linear 
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association.  The very strong linear associations for vanadium, copper, rubidium, and strontium 

indicate that the least squares regression line is a good approximation of the linear association 

between the pXRF and lithium borate fusion data for these elements.  The strong linear 

association for cobalt indicates a higher degree of variation in the linear association than those 

elements with an r2 of ≥85%, while the weak linear association for thorium indicates a very high 

degree of variation in the linear association between the thorium pXRF and lithium borate fusion 

data.  

Table 5.  Comparison of Geochemistry for the Delta pXRF and Lithium Borate Fusion. 

Elements Delta pXRF Lithium borate fusion Goodness of fit Regression line 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

r² (%) Attribute Slope 
(m) 

Y-
intercept 

(b) 
Vanadium 
(V) 

20 70.47 27.61 39.33 139.5 20 80.3 31.14 39 161 92.43 Very 
Strong 

0.8525 2.02 

Cobalt 
(Co) 

20 7.387 2.265 4 12.1 20 8.54 2.134 4.6 13.5 75.66 Strong 0.923 -0.5 

Copper 
(Cu) 

20 23.58 5.62 15.77 37.05 20 21.52 6.27 12.52 37.6 91.87 Very 
Strong 

0.8586 5.1 

Thorium 
(Th) 

20 57.83 8.23 37.67 71.5 20 7.56 1.27 5.7 9.8 30.29 weak 3.57 30.85 

Rubidium 
(Rb) 

20 68.17 13.42 50.13 101.8 20 62.24 12.54 46.2 94.5 98.64 Very 
strong 

1.0635 1.97 

Strontium 
(Sr) 

20 105.7 10.38 83.43 122.6 20 106.9 10.81 85.8 124.3 87.55 Very 
strong 

0.8983 9.67 

 an = number of times element was detected (counts) 

Delta pXRF comparison to four-acid digestion.  The concentrations of 60 elements 

present in each of the 20 sediment samples were determined by Acme using the four-acid 

digestion method.  Twenty-seven of these elements could also be determined using the Delta 

pXRF.  Of these 27 elements, a total of 15 elements, including potassium, calcium, titanium, 

vanadium, chromium, manganese, iron, cobalt, copper, zinc, arsenic, lead, thorium, rubidium, 

and strontium, were above the limits of detection of the Delta pXRF in all 20 samples, while 

sulfur was above the limits of detection in 13 of the samples.  As a result of their detection 
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levels, the 16 elements (including sulfur) were suitable for comparison between the Delta pXRF 

and four-acid digestion.  

Figure 5 compares the geochemical data acquired using the Delta pXRF with the 

geochemical data acquired through the four-acid digestion laboratory method for select elements 

using scatter diagrams and least squares regression, with slope (m) and Y-intercept (b), as well as 

the coefficient of determination (r2).  Figures for all 16 elements can be found in Appendix G.

 

Figure 5.  Selected scatter diagrams for titanium, thorium, zinc, and cobalt with pXRF 

determined concentrations on the y-axis and four-acid digestion determined concentrations on 

the x-axis.  The dotted red line represents a perfect theoretical regression line with a slope (m) 

equal to 1.  The solid blue line represents the least squeares linear regression line. 

The statistics for all 16 elements are further summarized in Table 6.  Elements with a 

slope close to the ideal line (0.85<m<1.15) include vanadium, manganese, iron, zinc, and arsenic 

and indicate that the two methods achieve comparable results for these elements.  These 

4000350030002500200015001000

5000

4000

3000

2000

1000

Four-acid digestion (ppm)

pX
RF

 m
ea

n 
(p

pm
)

Titanium (Ti)

y = -862 + 1.4981x

R-sq = 94.13%     

20151050

80

70

60

50

40

30

20

10

0

Four-acid digestion (ppm)

pX
RF

 m
ea

n 
(p

pm
)

Thorium (Th)

y = 14.0 + 5.14x

    R-sq = 46.89%     

140120100806040200

100

75

50

25

0

Four-acid digestion (ppm)

pX
RF

 m
ea

n 
(p

pm
)

Zinc (Zn)

y = -13.56 + 0.8888x

  R-sq = 99.32%     

1614121086420

14

12

10

8

6

4

2

0

Four-acid digestion (ppm)

pX
RF

 m
ea

n 
(p

pm
)

y = -0.86 + 0.840x

 R-sq = 68.58%     

Cobalt (Co)



PORTABLE XRF SPECTROMETRY OF GLACIAL SEDIMENTS  43 

elements, along with calcium, sulfur, titanium, chromium, copper, lead, and rubidium, showed 

very strong linear association with r2 values of ≥85%; cobalt showed moderate linear association; 

and potassium and thorium showed weak linear association.  The very strong associations for 

vanadium, manganese, iron, zinc, arsenic, sulfur, calcium, titanium, chromium, copper, lead and 

rubidium indicate that the least squares regression line is a good approximation of the linear 

association between the pXRF and four-acid digestion data for these elements, while the 

moderate and weak associations for cobalt, potassium, and thorium indicate a high to very high 

degree of variation in the linear association between the pXRF and four-acid digestion data for 

these elements.   
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Table 6.  Comparison of Geochemistry for the Delta pXRF and Four-acid Digestion. 

Elements Delta pXRF Four-acid digestion Goodness of fit Regression line 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

r² (%) Attribute Slope 
(m) 

Y-
intercept 

Potassium  
(K) 

20 22686 3787 15427 30321 20 1990 478 900 2600 37.6 Weak 
 

4.86 13015 

Calcium 
(Ca) 

20 92978 50432 3205 16411
7 

20 71460 36340 2900 11970
0 

99.51 Very 
strong 

1.3844 -5950 

Sulfur (S) 13 1980 1631 <LO
D 

5861 14 1243 1344 <LO
D 

4600 99.09 Very 
strong 

1.1795 438 

Titanium 
(Ti) 

20 2967 894 1504 4497 20 2556 579 1380 3640 94.13 Very 
strong 

1.4981 -862 

Vanadium 
(V) 

20 70.47 27.61 39.33 139.5 20 71.9 25.07 32 138 89.47 Very 
strong 

1.0419 -4.44 

Chromium 
(Cr) 

20 50.7 21.03 21.67 99 20 40.35 15.38 19 80 92.29 Very 
strong 

1.314 -2.32 

Manganese 
(Mn) 

20 359.8 118.4 211 672.3 20 379.3 124.2 204 739 96.45 Very 
strong 

0.9363 4.7 

Iron (Fe) 20 20371 6157 10580 33042 20 21750 5650 12200 33000 99.08 Very 
strong 

1.0846 -3219 

Cobalt 
(Co) 

20 7.387 2.265 4 12.1 20 9.81 2.232 5 14.9 68.58 Moderat
e 

0.84 -0.86 

Copper 
(Cu) 

20 23.58 5.62 15.77 37.05 20 19.42 6.88 9.17 37.66 91.3 Very 
strong 

0.7807 8.41 

Zinc (Zn) 20 37.85 24.31 11.2 97.33 20 57.84 27.25 28 127.9 99.32 Very 
strong 

0.8888 -13.56 

Arsenic 
(As) 

20 8.024 2.88 3.633 14.15 20 7.235 2.687 3.4 12.1 90.73 Very 
strong 

1.0211 0.636 

Lead (Pb) 20 12.65
5 

2.142 9.467 16.76
7 

20 14.63
2 

2.551 11.27 20.44 87.44 Very 
strong 

0.7849 1.17 

Thorium 
(Th) 

20 57.83 8.23 37.67 71.5 20 8.515 1.097 7 11.1 46.89 Weak 5.14 14 

Rubidium 
(Rb) 

20 68.17 13.42 50.13 101.7
7 

20 62.12 9.51 47.9 84.1 94.06 Very 
strong 

1.3696 -16.91 

Strontium 
(Sr) 

20 105.6
9 

10.38 83.43 122.6
3 

20 106 10.91 83 128 94.15 Very 
strong 

0.9273 7.78 

an = number of times element was detected (counts) 

Delta pXRF comparison to aqua regia.  The concentrations of 65 elements present in 

the 20 sediment samples were determined using the aqua regia laboratory method.  Twenty-

seven of these elements could also be determined using the Delta pXRF.  Of these 27 elements, a 

total of 13 elements, including potassium, calcium, titanium, vanadium, chromium, manganese, 
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iron, cobalt, arsenic, lead, thorium, rubidium, and zirconium, were above the limits of detection 

of the Delta pXRF in all 20 samples.  As a result of their detection levels, these 13 elements were 

suitable for comparison between the Delta pXRF and the aqua regia digestion.  

Figure 6 compares the geochemical data acquired using the Delta pXRF with the 

geochemical data acquired through the aqua regia laboratory method for select elements using 

scatter diagrams and least squares regression, with slope (m) and Y-intercept (b), as well as the 

coefficient of determination (r2).  Figures for all 13 elements can be found in Appendix H.  

 

Figure 6.  Selected scatter diagrams for manganese, iron, cobalt, and zirconium with pXRF 

determined concentrations on the y-axis and four-acid digestion determined concentrations on 

the x-axis.  The dotted red line represents a perfect theoretical regression line with a slope (m) 

equal to 1.  The solid blue line represents the least squeares linear regression line. 
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The statistics for all 13 elements are further summarized in Table 7.  Elements with a 

slope close to the ideal line (0.85<m<1.15) include manganese, cobalt, and arsenic and indicate 

that the two methods achieve comparable results.  Of the 13 elements compared, calcium, 

titanium, manganese, iron, and arsenic showed very strong linear association with r2 values of 

≥85%; potassium, chromium, cobalt, and lead showed strong linear association; vanadium 

showed moderate linear association; and thorium, rubidium, zirconium showed weak linear 

association.  The very strong linear associations for calcium, titanium, manganese, iron, and 

arsenic indicate that the least squares regression line is a good approximation of the linear 

association between the pXRF and aqua regia data for these elements.  The strong linear 

association for potassium, chromium, cobalt, and lead indicates a higher degree of variation in 

the linear association than those elements with an r2 of ≥85%, while the moderate and weak 

linear associations for vanadium, thorium, rubidium, and zirconium indicate a high to very high 

degree of variation in the linear association between the pXRF and aqua regia data for these 

elements.   
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Table 7.  Comparison of Geochemistry for the Delta pXRF and Aqua Regia Method. 

Element Delta pXRF Aqua regia Goodness of fit  Regression Line 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

na Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

r² (%) Attribute Slope 
(m) 

Y-
intercept 

Potassium  
(K) 

20 22686 3787 15427 30321 20 17895 2258 15200 23300 75.03 Strong 1.453 -3309 

Calcium 
(Ca) 

20 92978 50432 3205 16411
7 

20 67155 34088 2100 10800 99.27 Very 
strong 

1.4741 -6012 

Titanium 
(Ti) 

20 2967 894 1504 4497 20 176.5 103.9 30 400 94.13 Very 
strong 

1.4981 -862 

Vanadium 
(V) 

20 70.47 27.61 39.33 139.5 20 32.65 7.57 17 45 60.7 Moderat
e 

2.842 -22.3 

Chromium 
(Cr) 

20 50.7 21.03 21.67 99 20 18.21
5 

4.27 10.5 26 75.44 Strong 4.279 -27.2 

Manganese 
(Mn) 

20 359.8 118.4 211 672.3 20 334.9 119.7 172 661 97.99 Very 
strong 

0.9794 31.8 

Iron (Fe) 20 20371 6157 10580 33042 20 1802 546 880 2830 97.41 Very 
strong 

11.123 332 

Cobalt 
(Co) 

20 7.387 2.265 4 12.1 20 8.04 2.373 3.8 14.2 79.6 Strong 0.852 0.54 

Arsenic 
(As) 

20 8.024 2.88 3.633 14.15 20 6.3 2.805 2.3 12.9 98.03 Very 
strong 

1.0167 1.619 

Lead (Pb) 20 12.65
5 

2.142 9.467 16.76
7 

20 9.784 2.819 5.4 15.36 82.31 Strong 0.6893 5.911 

Thorium 
(Th) 

20 57.83 8.23 37.67 71.5 20 4.145 0.982 1.4 6 8.72 Weak 2.48 47.56 

Rubidium 
(Rb) 

20 68.17 13.42 50.13 101.7
7 

20 13.79
5 

2.285 9.9 18.3 21.62 Weak 2.73 30.5 

Zirconium 
(Zr) 

20 357.7 125.3 191.3 587.7 20 6.935 3.761 1.4 13.8 0.78 Weak 2.94 378.1 

an = number of times element was detected (counts) 

Discussion 

Instrument Blanks 

Analysis of the Teflon blank with the Delta pXRF revealed concentrations for five 

elements; three of these elements had means that were below the device’s LOD while two had 

means that were at least two-times the manufacturer’s LOD.  The presence of these elements 

during the analysis of the Teflon blank does suggest that contamination may have been present 

on or in the device and, therefore, warrants concern that the results for these elements may have 
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been compromised in the second part of the results.  Contamination in blanks is not uncommon 

and can be verified by running a second blank of the same type (Hall et al., 2011).  If 

contamination is present in one blank but not in a second blank of the same type, then it can be 

surmised that the element(s) of concern are indeed a contamination in the blank and not in or on 

the pXRF device (Hall et al., 2011).  Therefore, it would have been desirable to run a second 

Teflon (and indeed SiO2) blank during this experiment.  However, the absence of detection of 

any elements in the SiO2 blank does suggest that those elements detected during analysis of the 

Teflon blank were contaminants in the blank rather than in or on the device itself.  

Standard Reference Materials   

The results comparing the pXRF data with the certified standards demonstrated that, in 

general, the Delta pXRF is accurate and precise for most elements across the soil matrices found 

in SRM 2710a and SRM 2711a when used in soil mode with a dwell time of 60 seconds per 

beam.  All elements were accurate in SRM 2710a, with the exception of phosphorous, vanadium, 

chromium, cobalt, zirconium, cadmium, tungsten, and thorium (see Table 3 and Appendix E); 

and all elements were accurate in SRM 2711a, with the exception of antimony, thorium, and 

uranium (see Table 4 and Appendix E).  Of the five elements that were above detection limits 

and were present in SRM 2711a (vanadium, chromium, cobalt, cadmium, and thorium), four of 

these elements (all but thorium) were found to be accurate in 2711a, but were found to be 

inaccurate, along with thorium, in SRM 2710a.  This demonstrates the strong influence that the 

sample matrix has on the accuracy of the Delta pXRF.  A more robust assessment of accuracy for 

the Delta pXRF would have been to measure a suite of certified samples with matrices similar to 

the study materials; in this manner, elements that were inaccurately measured by the pXRF 

device in a standard could be more reliably correlated with inaccurate results for a sample with a 
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similar matrix to the standard.  This information would be useful for identifying soil matrices 

that affect the accuracy of the Delta pXRF and for correlating these soil matrices with 

discrepancies between the pXRF and laboratory results.  However, given the variability in the 

geochemistry of the samples analyzed in this study, as well as the availability and cost of 

certified standards, acquiring a suite of representative standards would have added enormously to 

the cost and preparation time of this study.  

Another important point is the influence that the LOD can have on the pXRF detector’s 

accuracy.  In this study, the certified value for many of the inaccurate elements, including cobalt, 

cadmium (which was only detected twice out of the five measurements), and thorium in SRM 

2710a, and thorium and uranium (which was only detected once out of the five measurements) in 

SRM 2711a, were near or below the manufacturer’s recommended LOD.  Subsequently, these 

elements were more susceptible to matrix effects since their concentrations were already at the 

limit of the Delta pXRF’s detection capacity (Hall et al., 2011).  Significantly, Hall et al. (2011) 

concluded in their study that the sample matrix can dramatically affect the LOD for pXRF 

devices and the manufacturer’s LOD should only be considered an ideal.  In that study, Hall et 

al. (2011) recommended that the pXRF device’s LOD should be determined as three times the 

standard deviation as calculated through replicate analyses of the certified standards.  Hall et al. 

(2011) completed 10 replicate analyses to calculate their standard deviation and subsequent 

limits of detection.  Time restraints in this study dictated that only five replicate analyses could 

be completed.  For future studies, it should be recommended that the pXRF device’s LOD for the 

analysis of certified standards be established using the methodology prescribed in Hall et al. 

(2011).  In this manner, the operator would have an improved understanding of the resolution of 

the pXRF device when applied to different matrices.  This methodology could also be applied to 
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calculating the LOD of the Delta pXRF for the study materials; although ten replicate analyses 

would be an onerous step to complete if using the Delta pXRF in the field.  Regardless, operators 

should be mindful that accuracy of the Delta pXRF appears to be compromised for elements that 

are present in concentrations at or near the device’s LOD.  

The Delta pXRF was precise for all elements across SRM 2710a and nearly all elements 

across SRM 2711a.  For those elements that were measured imprecisely in SRM 2711a, 

including sulphur, chlorine, and mercury, RSDs were only marginally above the US EPA 

recommended RSD threshold of 20%.  This shows that precision of the Delta pXRF is less 

influenced by the sample matrix than accuracy is and that, in general, the RRU Delta pXRF 

appears to be mostly precise in its measurements.  Because sulphur, chlorine, and mercury were 

not suitable for comparison between the pXRF results and the three laboratory methods in the 

second stage of the experiment (since they were either not analyzed in the laboratory packages or 

not present in the samples), the imprecise results do not have serious implications for the second 

part of the results.  

Comparison of Delta pXRF to Laboratory Data 

Overall, the comparison of the geochemical results of the 20 till samples between the 

Delta pXRF and the three conventional laboratory methods through least squares regression and 

the coefficient of determination (r2) demonstrated that the lithium borate fusion and four-acid 

digestion provided results that were closest to the RRU Delta pXRF’s results.  Theoretically this 

makes sense since the Delta pXRF is designed to give total element concentrations, as is the 

lithium borate fusion method, while the four-acid digestion method is designed to give near-total.  

The aqua regia method only provides partial digestion and therefore partial element 

concentrations.  A summary of elements that are comparable, comparable with recalibration, and 
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not suitable for comparison with recalibration between the Delta pXRF and the three 

conventional laboratory methods is provided in Table 8.  Each comparison is discussed in further 

detail below.  

Table 8.  Suitability of the Delta pXRF in lieu of Select Laboratory Methods for Select Elements 

Element Comparable Comparable with recalibration Not suitable 

Lithium 
borate 
Fusion 

Four-
acid 
digestion 

Aqua 
regia 

Lithium 
borate 
Fusion 

Four-
acid 
digestion 

Aqua 
regia 

Lithium 
borate 
Fusion 

Four-
acid 
digestion 

Aqua 
regia 

Potassium         X X 

Calcium     X X    

Sulfur     X     

Titanium     X X    

Vanadium X X       X 

Chromium  X       X 

Manganese  X X       

Iron  X    X    

Cobalt X*  X*     X  

Nickel          

Copper X    X     

Zinc  X        

Arsenic  X X       

Lead     X X    

Thorium       X X X 

Rubidium X    X    X 

Strontium X X        

Zirconium         X 
* Removal of outlier at Site 2 (sample 2014-08-10-1), would likely make this element comparable or comparable 
with recalibration.  

Delta pXRF comparison to lithium borate fusion.  Based on the results of the least 

squares regression and coefficient of determination (r2) analyses, results for the Delta pXRF and 

lithium borate fusion laboratory were comparable for all elements in the comparison, with the 

exception of cobalt and especially thorium.  Inspection of cobalt’s scatter plot shows a moderate 

outlier for sample 2014-08-10-1, collected at Site number 2, which, if removed, would increase 
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the r2 value for cobalt, suggesting suitability for recalibration.  Assuming that the outlier is not a 

result of error with the laboratory method, the cause of the outlier is likely matrix effects but 

could also be spectral overlap or a combination of the two.  The Delta pXRF results for cobalt 

did exhibit highly inaccurate results for SRM 2710a, but not for 2711a, which does suggest 

cobalt is susceptible to influence by the composition of the sample matrix.  Having a greater 

range of standards with matrices similar to the study materials could have helped identify which 

matrix compositions tend to influence inaccuracies in cobalt when analyzed with the RRU Delta 

pXRF.  As for thorium, none of the results suggest that it is suitable for comparison to the 

lithium borate fusion method.  This is supported by thorium’s high inaccuracy when analyzed by 

the Delta pXRF in SRM 2710a and SRM 2711a.  A summary of elements that are comparable, 

comparable with recalibration, and not suitable for comparison with recalibration, between the 

Delta pXRF and lithium borate fusion laboratory method is provided in Table 8.  

Delta pXRF comparison to four-acid digestion.  Based on the results of the least 

squares regression and coefficient of determination (r2) analyses, the Delta pXRF provides 

comparable results to the four-acid digestion laboratory method for all elements, with the 

exception of cobalt, potassium, and thorium.  Many of the elements deemed comparable would 

require recalibration as their slopes are outside the range of 0.85<m<1.15 (e.g., calcium, sulfur, 

and titanium).  Once again, inspection of cobalt’s scatter plot reveals an outlier for sample 2014-

08-10-1, collected at Site number 2, which, if removed would improve the r2 value.  The fact that 

this is the same outlier as identified during the comparison between the Delta pXRF and the 

lithium borate fusion method supports the theory that the outlier is a problem with the accuracy 

of the RRU Delta pXRF (e.g., matrix effects or spectral overlap) and not the laboratory method.  

In general, the low r2 value indicates high variability in the data, suggesting that cobalt is not a 
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strong candidate for recalibration.  None of the results for potassium or thorium suggest that they 

are comparable to the four-acid digestion laboratory method.  

For those data sets with high r2 values but showing considerable deviation from the ideal 

regression line (e.g., calcium, sulfur, etc.), recalibration (correction) factors can be derived by 

inverting a linear regression equation (Eq. 3) (Simandl, Paradis et al., 2014).  Those elements 

with low r2 values (potassium, cobalt, and thorium) exhibit a high degree of variation in the 

linear association between the pXRF and four-acid digestion data and are, therefore, not suitable 

for recalibration.  A summary of elements that are comparable, comparable with recalibration, 

and not suitable for comparison with recalibration between the Delta pXRF and four-acid 

digestion laboratory method, are provided in Table 8. 

Delta pXRF comparison to aqua regia.  Based on the results of the least squares 

regression and coefficient of determination (r2) analyses, the Delta pXRF provides comparable 

results to the aqua regia laboratory method for manganese and arsenic, but not for cobalt, 

chromium, potassium, and lead and especially not for vanadium, thorium, rubidium, and 

zirconium.  Elements, whose slopes are outside the range of 0.85<m<1.15 but that are deemed 

comparable if recalibrated are calcium, titanium and iron.  Once again, cobalt exhibits the same 

outlier for sample 2014-08-10-1, collected at Site number 2, which was identified in both the 

lithium borate fusion and four-acid digestion comparisons; removal of this outlier would improve 

its r2 value and likely make cobalt suitable for recalibration.  The low r2 values for chromium, 

lead, and potassium, and the even lower r2 values for vanadium, thorium, rubidium, and 

zirconium indicate that these elements are not strong candidates for recalibration.  In general, the 

element concentrations determined through the aqua regia laboratory method were lower than 
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those determined by the Delta pXRF.  These results are expected given that aqua regia is a partial 

digestion, whereas the Delta pXRF is designed to give total elemental concentrations.  

For those data sets with high r2 values but showing considerable deviation from the ideal 

regression line (calcium, titanium, and iron), recalibration (correction) factors can be derived by 

inverting the linear regression equation (Eq. 3) (Simandl, Paradis et al., 2014).  The seven 

elements with low r2 (e.g. potassium, vanadium, and chromium etc.) values exhibit a higher 

degree of variation in the linear association between the pXRF and aqua regia digestion data and 

are, therefore, not suitable for recalibration.  A summary of elements that are comparable, 

comparable with recalibration, and not suitable for comparison with recalibration between the 

Delta pXRF and four-acid digestion laboratory method, are provided in Table 8. 

Implications of Till Geochemistry for Study Region 

The till geochemistry used in this study, acquired through three laboratory digestion 

methods and pXRF spectrometry, could be used by scientists to resolve various questions, 

including  the age, size, flow direction, provenance, and extent of Late Wisconsin glaciation for 

the Western Arctic study region.  One example of how this could be done, is by correlating the 

geochemistry of the till samples with likely or possible sources, and also correlating the 

geochemistry of the till samples with each other.  Information derived from these correlations 

could indicate where the tills were transported from, thus providing an insight into glacial 

provenance, and whether tills found in separate areas have similar geochemical signatures, thus 

providing an insight into flow direction (S. Dallimore, personal communication, August 14, 

2014).  Some of these questions are being investigated by the GSC-P, with the aid of further 

geological information derived from the 2014 GSC-P Western Arctic field program, including 

grain size analyses and clay mineralogy analyses of the till samples.   
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Applicability of the Delta pXRF for Environmental and Exploration Geochemistry, 

including Recommended Best Practices 

 If its limitations are thoroughly understood, the RRU Delta pXRF has the potential to be 

a useful tool for guiding cost-effective environmental and exploration geochemistry field 

programs focused on determining the geochemistry of glacial sediments, including tills and 

diamictons.  These limitations include those raised and confirmed by this study, along with those 

previously discussed in the literature: the importance of proper media preparation, including 

sieving and drying of the sample prior to analysis (e.g., Hall et al., 2011; Plourde et al., 2013; 

Tjallingii et al., 2007); composition of the sample matrix (Hall et al., 2011; Potts & Webb, 

1992); and componentry and set-up of the individual pXRF device (Hall et al., 2011; Potts & 

Webb, 1992).   

The importance of proper media preparation advocates for the processing of sediments in 

the field prior to analysis, a step that might be perceived as onerous and impractical since sieving 

and drying equipment are not often readily available.  However, Plourde et al. (2013) did 

successfully process sediments in the field and, in doing so, demonstrated that with careful 

planning this can be achieved.  Nonetheless, the processing of sediments is time consuming and, 

therefore, reduces some of the pXRF’s apparent advantage for immediate in situ results.  

This study confirms the strong influence that the sample matrix can have on the accuracy 

of pXRF results for select elements.  The influence of matrix effects on certain elements is an 

important consideration when interpreting pXRF data.  This study demonstrates that some 

elements are more robust to matrix effects than others and it is, therefore, recommended that 

future operators who intend to use the RRU Delta pXRF for the analysis of glacial tills and 

diamictons have a sound understanding of the influence that matrix effects can have on their 
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target elements (see, for example, Hall et al., 2011; Hall et al., 2012; Knight et al., 2013; Potts & 

Webb, 1992).   

However, the influence of matrix effects can be effectively managed with one, or a 

combination, of the following three operating protocols: (1) the use of standards with matrices 

similar to the expected target samples’ matrices in order to identify which elements will likely be 

susceptible to matrix effects in the target samples; (2) the use of certified representative samples 

(or at least samples in which the operator can be confident of the results) similar to the expected 

target samples in order to construct recalibration curves (see Eq. 3) that can be inputted into the 

pXRF spectrometer prior to entering the field in order to diminish the influence of matrix effects 

on pXRF data acquired in the field; and (3) the acquisition of laboratory data for a representative 

portion of the field samples so that field data acquired using the pXRF can be post-processed 

with recalibration curves (see Eq. 3) constructed with pXRF vs laboratory data.   

From a practical standpoint, the first two of these operating protocols requires that the 

operator have a good understanding of the composition of the expected samples which is, of 

course, not always practical and also demands more time for field preparation.  Of consideration 

for future till studies conducted in the Canadian Western Arctic, utilizing pXRF spectrometry, 

are the lithium borate fusion and four-acid digestion results used in this study.  These results, 

along with the sediment samples stored at the GSC-P, could be used as standards to assess 

inconsistencies in pXRF results, including accuracy and precision, or as standards for the 

purpose of constructing recalibration curves prior to entering the field. These results can be 

found in Appendix E.  The third operating protocol does limit the operator’s access to reliable 

data in the field and, therefore, diminishes the advantage that immediate in situ field results 

bring.  In addition, the third operating protocol would require selection of appropriate laboratory 



PORTABLE XRF SPECTROMETRY OF GLACIAL SEDIMENTS  57 

techniques in order to construct accurate post-field recalibration curves.  The results of this study 

support the theory that a total or near-total digestion would be the most suitable conventional 

laboratory method to construct accurate recalibration curves for the purpose of post-field 

recalibration of pXRF data.   

The limitations of the componentry and set-up of the Delta pXRF are well understood 

and are discussed in the introduction and methods sections of this thesis, as well as in other 

literature (see for example, Hall et al., 2011; Hall et al., 2012; Knight, et al., 2013; Morris, 2009; 

Potts & Webb, 1992).  Future researchers and/or operators should refer to this thesis, as well as 

the broader literature, to understand the best set-up of the RRU Delta pXRF and what its inherent 

limitations are.  To aid future reasearchers and/or operators using the Delta pXRF for till studies, 

a summary of best practices at the time of writing, including important references, are 

summarized in Figure 7.  

Delta pXRF device set-up 
• For most till studies, soil mode, using Compton normalization, will be the most applicable 

since target element concentrations will likely be <1%.  However, mining mode, may also be 
suitable if target element concentrations are expected to be >1%. 

• For soil mode, 3-beam mode (beam 1 = 40kV, beam 2 = 40kV, beam 3 = 15kV) is 
recommended with a dwell time of 60 seconds per beam (Hall et al., 2011; Knight et al., 
2013). 

Sample collection 
• The operator will need at least 10 grams of sample post sieving and drying for sampling using 

pXRF cups or similar container.   
 

Sample preparation 
• Depending on the accuracy required, and the target elements/compounds, samples should be 

dried and sieved to at least ≤2.0 mm (e.g., Hall, Buchar, & Bonham-Carter, 2011; Plourde et 
al., 2013) but likely the best results will be achieved at ≤0.063 mm (R. Knight, personal 
communication, December 12, 2014).   

• Use cups with a thin 4 µm Prolene® film to separate the sample from the pXRF window (see 
Hall et al., (2011) for the influence of different films on pXRF results).  Cups should have a 
mouth greater in diameter than the pXRF window and be at least 15 mm deep.   
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Instrument performance 
• The Delta pXRF should be turned on 15 minutes prior to analysis in order to reach optimal 

temperature  (Environmental Protection Agency, 2007). 
• Ensure to calibrate the Delta pXRF using the calibration coin when prompted by the software. 
• At least two blanks of the same type should be used (either Teflon or SiO2) and measured 

regularly to ensure the device and work space are not contaminated (Hall et al., 2011).  The 
pXRF window should be cleaned using isopropyl alcohol and a kim® wipe to ensure the 
device’s window is clean (R. Knight & B. Kjarsgaard, personal communication, December 
12, 2014).  

• If possible, try to use a suite of standards with matrices similar to the samples.  Of course this 
is not always practicable.  See the discussion above (in this section) for further information on 
the use of standards to account for matrix effects.  Hall et al. (2011) recommended using at 
least five standards.  Ideally the user will want to know what sample matrices are most likely 
to influence their target elements. 

• Ideally the Delta pXRF’s LOD should be determined as three times the standard deviation as 
calculated through ten replicate analyses of standards similar to the samples.  This way, the 
researcher and/or operator will have a better understanding when the device is operating 
within its optimal accuracy (Hall et al., 2011). 

• Instrument performance for geological studies has traditionally been assessed using the RSD 
for precision, which according to the US EPA (2007) should be ≤20%, and accuracy (RPD), 
which Hu et al. (2014) advise should be within ±20% of the certified value.  Further 
guidelines for assessing accuracy and precision are found in this study as well as Hall et al. 
(2011), Hu et al. (2014), and the US EPA (2007).   
 

Recalibration  
• Recalibration can be completed pre-sampling or post-sampling.  If completed pre-sampling, 

the RRU Delta pXRF software needs to be updated to include empirical calibration (Innov-X 
Systems, 2010, p. 85).  If completed post sampling, it is recommended that the equation found 
in this study (Eq. 3), which is taken from the methodology described in Simandl & Fajber et 
al. (2014), is used. 

Figure 7.  Summary of best practices for pXRF spectrometry as applied to till studies. 

Finally, this study indicates that many elements analyzed by the Delta pXRF provide 

comparable results to conventional laboratory methods regardless of the sample matrix (see 

Table 8).  For operators interested in simply identifying the presence or absence of these 

elements (e.g., an environmental scientist trying to determine if a site is contaminated with a 
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certain element(s), including  chromium, copper, or cadmium), then the Delta pXRF is a useful 

tool that provides immediate results at a much lower cost than conventional laboratory methods.   

Conclusion  

This study assessed the performance of the RRU Delta pXRF, specifically its accuracy 

and precision, when used in soil mode with a dwell time of 60 seconds per beam, by measuring 

the two certified reference standards SRM 2710a and 2711a.  The Delta pXRF was deemed to be 

precise for 29 elements that it could measure in SRM 2710a, and 23 of the 26 elements that it 

could measure in SRM 2711a.  The Delta pXRF was deemed to be accurate for 14 of the 22 

elements that were suitable for assessing accuracy in SRM 2710a, and 17 of the 20 elements that 

were suitable for assessing accuracy in SRM 2711a.  Significantly, accuracy of the Delta pXRF 

was shown to be inconsistent between the two certified standards (i.e., some elements were 

accurate in SRM 2710a, but not in SRM 2711a), demonstrating the influence that the sample 

matrix can have on the accuracy of the Delta pXRF.  

 This study also assessed how the results of the RRU Delta pXRF compared to three 

conventional laboratory methods (lithium borate fusion, four-acid digestion, and aqua regia) 

when used to measure glacial tills and diamictons collected from the Canadian Western Arctic.  

The comparison between the RRU Delta pXRF and the three conventional laboratory approaches 

demonstrated, through least squares regression and the coefficient of determination (r2), that the 

RRU Delta pXRF provides results that are most similar to those of the lithium borate fusion, 

followed by the four-acid digestion, followed by the aqua regia method.  Many of the elements 

analyzed by the RRU Delta pXRF that differed significantly from the conventional laboratory 

results were shown to be suitable for recalibration.  
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 Overall, if its limitations are thoroughly understood, the RRU Delta pXRF offers 

potential as a useful tool for guiding cost-effective environmental and exploration geochemistry 

field programs focused on determining the geochemistry of glacial sediments, including tills and 

diamictons.  These limitations are prescribed by media preparation techniques, the sample 

matrix, device set-up, and inherent limitations in the Delta pXRF’s componentry.  Many of these 

limitations can be overcome with careful planning and field preparation, but this may not always 

be practicable.  It is recommended that future operators of the RRU Delta pXRF thoroughly 

understand these limitations prior to using the RRU Delta pXRF, and use some of the best 

practices described in this study to better understand their device.  
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Section 1: Introduction and Overview 

1.1: Introduction 

The PGC core-logging facility is home to two Geotek Multi Sensor Core Logger (MSCL) 

machines, the MSCL-S and the MSCL-XZ. The MSCL-S, which measures gamma density, core 

thickness, p-wave velocity, and low-resolution magnetic susceptibility, is designed to log whole 

cores under 158 cm long. The MSCL-XZ, which includes colour spectrophotometer, X-ray 

fluorescence, and high–resolution magnetic susceptibility, and imaging functions, is designed to 

log split cores and freeze cores. Core logging protocol for cores logged in the PGC core logging 

facility involves labelling the cores, logging them on the MSCL-S, splitting the cores, imaging 

the cores with the high-resolution scanner, and then logging them on the MSCL-XZ. This 

manual breaks the core logging protocol down from start to finish and complements the 

information in the Geotek MSCL manual. 

1.2: General Workflow  

1. Locate and label all sections of all cores to be logged from a particular cruise.  

2. Fill out an MSCL core logging catalogue spreadsheet (I:\Labwork \CoreLogging\Core 

Logging Catalogue) with the STN numbers, section numbers, and section letters for all 

cores to be logged.  

3. Remove cores from cooler and allow to equilibrate to room temperature 

4. Create file for cruise in the I:drive (\\55-sid-pgc7\paleomag). 

5. Run cores through the MSCL-S (whole core logger). Fill in the date next to each section 

on the core logging catalogue spreadsheet under the MSCL-S column as it is logged. 

Export raw and processed ASCII files to the I:drive for each STN as it is completed and 

date the spreadsheet under the exported column. 

6. Split the cores and mark the edges of the core liner at every 10cm increment with a 

Sharpie. 

7. Image the cores using the Imaging function of the MSCL-XZ immediately after splitting 

in order to capture the freshest coloration. Date the spreadsheet as each section is imaged. 

All Images will be saved to the I:drive. 

8. Batch rulerize the images and prepare RGB report using Image Tools once all sections of 

a particular core are imaged. Date the Core Logging Catalogue spreadsheet. 
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9. Log the cores using the high-resolution magnetic susceptibility, XRF and colour 

spectrophotometer sensors on the MSCL-XZ.  XRF and spectrophotometer  readings are 

only taken every 7cm for time efficiency. Date the spreadsheet for each section as it is 

logged and save all files to the I:drive.  

10. Export an ASCII file of the XZ data to the I:drive once all sections of a particular core are 

logged. Date the Core Logging Catalogue spreadsheet. 

11. It is important to ensure that all logging activities performed in a day are recorded (by 

date) on the electronic core logging catalogue spreadsheet. This spreadsheet creates an 

electronic database for all core logging performed at the PGC core logging facility to 

date.  

1.3: Numbering, Depth Conventions, and Labelling 

As all of the sections of a particular core (STN) are logged in a “continuous” manner, a 

continuous numbering convention must be followed. A core with 

adjacent sections should be numbered beginning with the section 

closest to the surface as section #1 and should be numbered 

increasingly with depth. Following the GSC convention during 

coring, each section also has two letters corresponding to the cuts, with 

the letter “A” corresponding to the deepest point in the core.  In order 

for a core to be logged with the MSCL:  

1. Ensure that no one section exceeds a length of 158 cm. If a 

section does exceed this length, cut the section, labeling the 

half closer to the surface with a “prime”.  

2. Number the sections, beginning with the section closest to 

the surface as section #1. 

3. Find the top of the sediment, as seen through the plastic liner, in the first section. Fit the 

first section with (an) incremented ruler sticker(s) so that the entire span of sediment is 

overlain with sticker. Label the sticker, beginning with “0 cm” at the very top. Label 

every 10 cm increment until you reach the end of the core liner. Cut the sticker at the end 

of the core liner. Note: All subsequent depth measurements will refer to the tape 

ruler (Corelogging, imaging, barrel sheet descriptions and sampling).  

B

B

C
C

D

SURFACE

A

2 

3 

1 
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4. In a spot near the middle of the core, label the core with the year, cruise, STN #, and 

section letters and numbers on either side of the sticker so that each half of the core will 

be labeled when it is split. 

 

 

 

 

 

 

 

 

 

5. Find the beginning of the 

core liner in the next 

section and stick on the 

ruler sticker. Number the 

section so that you continue 

onwards from the depth of 

the previous section (for 

example, if the first section 

ended at 152 cm, begin labeling the second section at 152 cm). Begin labeling subsequent 

sections on a ruler increment such that all ten cm increment marks will fall on factors of 

10.  

6. Repeat steps 4 and 5 until all sections are numbered and labeled. 

1.4: Data Storage, Processing Data and File Extensions 

All data that is collected on the MSCL-S and the MSCL-XZ equipment should be stored on the 

I:drive (paleomag group) under I:\Labwork\ CoreLogging \cruise folder\STN folder. Before 

any cores from a new cruise can be logged, a folder for the cruise must be created in the 

CoreLogging folder. The naming convention used for the folders will be: YEAR###PGC (e.g. 

2007002PGC). A folder for the STN will automatically be created inside the cruise folder by 

the MSCL-S software when the core is set up for logging. The data from the MSCL-S will be 
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stored inside the STN folder. Subsequent data from the MSCL-XZ for a particular core will be 

saved in sub-folders (described below) inside the STN folder. 

1.4.1: MSCL-S 

 The MSCL- S will automatically produce a data file with the extension .dat as a 

core is logged. This binary file type can only be read by the Geotek 7.9 software. 

To export the data as an ASCII file, open the .dat file in the Geotek software by 

clicking on “View old data” and then go to file  create ASCII file. This will 

create an ASCII file of the raw data with the extension .raw.  

 .raw files contain the raw data streams obtained by the MSCL-S, including 

attenuated gamma counts (cps), magnetic susceptibility (SI x 10
-5

), temperature 

(°C), p-wave travel time (μsec), and core thickness deviation from the reference 

core thickness (mm). The core depths in the raw data files are those that were 

recorded by the MSCL, rather than the depths inputted to the control panel.  

 When in the raw data screen, click “Options”  “Process Data” in order to view 

and save the processed data. 

 Processed data files, which have the extension .out, include the data that is 

calculated from the raw data using calibration constants that must be calculated 

for each sensor and entered into the processing panel. This data includes gamma 

density (g/cc), P-wave amplitude, P-wave velocity (m/s), core thickness (cm), 

magnetic susceptibility (SI), and fractional porosity.  

 Cores with different diameters will need different calibration constants to be 

calculated and entered into the processing panel. Once the calibration constants 

for each core type are calculated, they can be saved and simply loaded into the 

processing panel in the future. The protocol for calculation of the calibration 

constants for each sensor can be found in section 2.1 – Calibration and Setup. 

 The processing panel is opened by clicking Options Processing Panel while 

viewing processed data in the MSCL 7.9 software. 
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 In the processing panel, use the drop-down menu on the right hand side to choose 

the sensor for which you would like to enter the calibration parameters.  

 Once all parameters are entered for a particular core type, they may be saved by 

clicking “save parameters”. The set of parameters should be named with the core 

type and date and saved in the “Data Processing Parameters” folder inside the 

“Corelogging” folder in the I:drive.  

 Once parameters have been saved, they may be loaded again for the same type of 

core in the future by clicking “load parameters” in the processing panel. Always 

remember to click “update graphs” after new parameters have been loaded. 

 Once the data for a particular core is processed and the correct parameters have 

been loaded, an ASCII file of the processed data can be created by clicking file  

create ASCII file.  

MSCL-S file extension summary table 

.dat A binary data file that can only be opened by the Geotek software 

.raw An ASCII text file of the raw data. Can be opened in a word pad or exported 

into excel or other graphing programs 

.out An ASCII, comma delimited text file of the processed data. Can be opened in a 

word pad or imported into excel or other graphing programs 

.cal  
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.old If a core is re-logged and all or part of the core is written over, this file 

contains the original data from the first time that the core was logged 

.sbd This file contains a record of depth changes made. The starting depth of each 

core will be suggested by the MSCL based on the length of core that it has 

measured. When setting up each section for logging, the top depth of each 

section based on the ruler sticker should be entered into this field instead of the 

suggested top depth. 

 

1.4.2: MSCL-XZ 

 The MSCL-XZ automatically saves data collected as an .xml file to the directory chosen at 

the setup of each core. The directory chosen for each core should be the folder named after 

the cruise and STN of the core, which will have been created when the core was logged on 

the MSCL-S. When the data is saved, a sub-folder containing the XZ data file or the image 

files will be created inside the STN folder. 

 The file name (core ID) for image files taken with the MSCL XZ should take the following 

convention: YEAR###PGC_STN####_I. The directory chosen should be the STN folder. 

This will create a folder holding all of the images of a particular core inside of the STN 

folder. The image files inside this folder will have the names IM001, IM002, IM003 etc, 

with the numbers corresponding to their section. 

 The file name (core ID) for a pass taken on the MSCL_XZ should then take the following 

convention: YEAR###PGC_STN####_XZ  (if all sensors are used) or 

CRUISEPGC_STN0000_MS or _XRF or_ CS, depending on which sensors are used 

during the pass. For example, if you are logging magnetic susceptibility in a single pass, 

the Core ID should be CRUISEPGC_STN000_MS. If you then log using the XRF and the 

color spectrophotometer, the core ID should be something like: 

2007002PGC_STN0015_XRF. This will create a folder containing the XZ data inside the 

STN folder. 

 All runs with the MSCL-XZ store data in .xml format; therefore, the instruments used are 

distinguished with the naming conventions outlined above. 
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 To export the data for analysis, go to FileExport ASCII file while viewing raw data in 

the MSCL XYZ 3.3 program and save the .csv file to the shared I:drive inside the XZ 

folder. 

 

 

MSCL-XZ file extension summary table 

.tif This file holds the original, non-rulerized image 

.rgb A record of the colours measured down central pixels 

.ico Thumbprint image file 

_R.ico Rulerized thumbprint image 

_R.jpg Rulerized .jpg image 

_R.xml Rulerized image metadata 

.xml This file type is automatically created for all data collected and is the file type 

that is read by the MSCL XYZ 3.3 software. An .xml file will be created 

whenever an image is created as it will hold the metadata for the image. An 

.xml file will also be created whenever a core is logged using any of the other 
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sensors and will contain all raw data. It can be edited in a notepad ++ xml 

editor. 

.csv This is the extension for the comma delimited ASCII files created by the 

MSCL XYZ 3.3 software. These files can be viewed in a notepad or imported 

into other graphing software 

.bk A backup of the .xml file 

.bmp A bit map image file created when a screen dump (print screen) was performed 

to capture a graph created by the MSCL software. 

1.5. Forced Shutdown and Emergency Stop 

In the unfortunate case of a computer crash, both the MSCL-S and MSCL-XZ can be manually 

shutdown. The shutdown button for both computers can be found at the base of their computer 

boxes, behind the aluminum door. By depressing the shutdown button for approximately five 

seconds (until the green and orange lights have turned off) the computer will turn off. Press this 

button again for one to two seconds to turn the computer back on. The green and orange lights 

should turn back on.  

 

 

 

 

 

 

 

 

Each MSCL machine is also equipped with a prominent red emergency stop button. Use this in 

the case of an emergency to stop the motors (note that the emergency stop button stops the 

motors only and not the computers). To release the emergency stop button turn it clockwise, 

roughly 90 degrees, until it pops back out. You will need to do this when you want to continue 

using the machine. 
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The location of the emergency stop for the MSCL_S is shown on the image to the left and the 

location of the emergency stop for the MSCL_XZ is shown on the image to the right.   

    

 

 

 

 

 

 

 
 

Section 2: MSCL-S (Whole Core Logger) Operation 

2.1: Calibration and Setup 

2.1.1: Mechanical Configuration and Motor Control (Geotek Manual Section 
4) 

The MSCL-S uses a belt-drive pusher system whereby the core sits on a boat and is pushed 

through the sensors in set increments. The reference point of the track is very important as it 

defines the positions of all of the sensor systems. On the MSCL-S track, there are two reference 

positions that should be checked before a core is logged to ensure that the data is collected 

properly. The first is position 158cm (left picture) on the track, which is marked with blue tape 

and should be flush with the back of the pusher when it is in its “home” position, and the second 

is the zero position, which is located directly between the p-wave transducers (right picture). 
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Re-setting the reference point  

It is important to note that the pusher should always be at 158cm when it is aligned with the blue 

tape (marked 158cm) at the start of the track or, alternatively, 0 cm when it is aligned with P 

wave transducers. The user should check this by moving the boat to the start of the track (marked 

as 158cm) before logging each section. If the boat was not put back to the 0 cm mark at the end 

of the last core, it will be in the wrong position. If this is the case, it will need to be adjusted to 

ensure the depth recordings are accurate. To do this, in the process of logging a new core, use the 

“Logger Control Panel” to align the boat with either the P-wave transducers or the 158cm mark 

at the start of the track. Then click on “Advanced”, in the “Advanced Options” window click on 

  

“Set Pusher Position”. Set the pusher position to the appropriate position (0 or 158 cm) then click 

“OK” and “Close Advanced Panel”. Continue with the logging set-up as usual.  
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2.1.2: Gamma Density (Geotek Manual Section 5) 

One way to determine the density of a material is to measure the number of transmitted gamma 

photons that pass through the core unattenuated (given as counts per second (CPS)). The source 

of gamma rays used by the MSCL-S is Caesium-137. Caesium-137 is a radioactive isotope of 

caesium and, as such, exposure to this source or the gamma beam emitted by it may lead to an 

increased risk of cancer. It is imperative that while using the MSCL-S, NO PART OF YOUR 

BODY is to be exposed to the thin ray of gamma particles that are emitted from the Caesium -

137 across the track to the detector on the other side. Take extra care when adjusting the 

aperture. Do not pass your hand in front of the small hole that emits the gamma rays! 

 

 

 

 

 

 

 

 

 

 

 

Calculating the calibration constant  

 The calibration of the gamma density involves determining the number of transmitted 

gamma photons that can pass through a material with known density, at known 

thicknesses.  

 The calibration requires the use 

of a core liner, filled with 

distilled water and a piece of 

cylindrical aluminum with 

staggered diameters. For the 

most common cores housed here 

at GSC-P (which are piston 

cores) there is such a calibration piece housed in the lab. The staggered diameters of the 

Danger 

zone 
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aluminum within the core liner are 65, 55, 45, 35 and 25mm. The internal diameter of the 

core liner is 67mm and the thickness of the liner itself is 5mm, totalling a diameter of 

72mm. 

 

Two separate calibrations are required for the 2.5mm and 5.0mm aperture.  

The steps for the calibration are: 

1. Log the calibration piece at 1cm intervals using either 2.5mm or 5.0mm aperture 

depending on the one you wish to use for future logging. The aperture that you use to log 

will be the aperture you 

are calibrating for. Also 

use the other settings 

that you would 

normally use (e.g. H.V. 

and E) except for the 

count time, which 

should be at least five 

seconds.  

2. After logging, on the 

MSCL Geotek logging 

screen, the raw data for 

the gamma density 

(given as CPS) will be 

staggered (or stepped) – 

see picture to the right. 

Each of these steps 

corresponds to each of 

the diameters of the 

aluminum (e.g. 65, 55, 

45, 35 and 25mm). 

Hover the mouse arrow 

over the center of each 
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of these steps to estimate the average CPS for each Al diameter. When you hover your 

mouse over the graph, the parameter value will read in the bottom right hand corner of 

the screen. Record this number and take its natural log (ln).  

 

3. Plot the natural log (ln) of the CPS for each Al diameter against the average density * 

thickness for each Al diameter.  

 To calculate average density for each Al diameter: 

ρav = (di/D)*ρAl + (D-di)/D*ρwater  

di = thickness of Al (cm) 

D = total thickness (cm) (e.g. 6.7cm) 

ρAl = density of Al (2.695g/cm
3
) 

ρwater = 1.0g/cm
3
 (# Note: This value is subject to temperature. However, 

practically speaking the difference has little effect.) 

 Thickness refers to total thickness of the water and Al and is in cm (e.g. for a 

standard piston core it equals 6.7cm). The resulting graph should be linear. 

Record the 2
nd

 order coefficients.  

 

 

 Coefficients: 

b[0] 10.0962788118 

b[1] -0.0705617396 

b[2] 1.2217670775e-4 
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 Plot col (C) = f (col (E)) 

File Name: I:\Labwork\CoreLogging\Peak Checks\Scintillation Counter Energy Response 2011-09-22 

 

4. Enter the 2
nd

 order coefficients into the Geotek processing panel under gamma density. 

To do this, click “options” “processing panel” when viewing processed data and then 

use the drop down menu on the right to select Gamma Density. Enter the coefficients 

(Ax² +Bx + C) into the A, B, and C boxes. 

 

 

 

 

 

 

 

 

 

 

 

5. Repeat these steps for the other aperture. #Note: the average density (ρav) for each Al 

thickness will not change.  

 

The above calibration was performed for the 5.0mm aperture in September, 2011, for standard 

PGC piston cores, 72mm in diameter (67mm inside, 5mm liner). The calibration constants 

obtained were the following: 

A = 1.221767e-4 

B= -7.056174e-2 

C= 10.096279   Note: C= ln (unimpeded beam) = ln (~24 000)  

 

65 7235 8.887 2.644 17.7148 

55 8048 8.993 2.386 15.9862 

45 9099 9.116 2.137 14.3179 

35 10151 9.225 1.884 12.6228 
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The above calibration was performed for the 2.5mm aperture in November, 2011, for standard 

PGC piston cores, 72mm in diameter (67mm inside, 5mm liner). The calibration constants 

obtained were the following: 

A = -0.5674 

B = 6.1534 

C = 96.432 

Adjusting the Energy Setting for the Scintillation Counter 

The energy setting (E), or threshold, of the multi channel analyzer should always be adjusted to 

allow measurements of the complete 662 MeV peak while avoiding the low energy Compton 

plateau. When logging cores, the “Int” (Integration) setting should also be used, not the “Diff” 

(differential). This is because the “Int” setting captures all counts above the trough energy which 

means that the scintillation counter will not be affected by minor shifts in the peak energy. 

Significant drift in the peak energy has been noted and should be monitored to ensure the 

accuracy of the scintillation counter.  
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In order to see if the peak energy has shifted, adjust the Delta E dial on the MSCL computer box 

to a low value (usually 2), and change the “Int” setting to “Diff”. Do not change H.V. from its 

normal setting. A count time of 5 seconds is usually used. Then, change E to 0 and record the 

counts for increasing E intervals (e.g. counts for E settings of 0, 20, 40, 60 etc.) by pressing the 
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“Reset & Start” button. E intervals should be reduced to 1 or 2 when near the peak energy. This 

will ensure that the exact location (E value) of the peak energy will be found. In order to speed 

this process up, simply start at the E setting where the previous peak was recorded, and move the 

E dial up or down to see whether the peak has shifted up or down. If the peak has shifted, adjust 

the E value to be 80% of the E value where the max counts where recorded. The E dial is located 

on the MSCL-S computer box and is the 

middle dial in the picture below. Delta E 

is the right dial and H.V. is the left dial. 

The Int/Diff switch is located just below 

these dials on the right. 

 

 

 

 

It is also a good idea to record if the peak has shifted along with any additional comments. This 

information can be added to the spreadsheet located under I:drive\Labwork\Corelogging\Peak 

Checks. Once finished, don’t forget to adjust the settings (count time, “Diff“ “Int”) back to 

their original setting before logging! Also, for some unknown reason the peak energy for the 

2.5mm and 5.0mm aperture is different. The difference is usually around an E value of 10. The 

adjustment of E should be changed accordingly for each aperture.   

2.1.3: Temperature (Geotek Manual Section 13) 

The temperature probe connected to the MSCL-S is meant to test the temperature of each core in 

order to calculate an accurate P-wave velocity, as this velocity varies by about 3 m/s per degree 

Celsius. This can be done by inserting the probe into the end of one of the sections of each core 

and entering the measured temperature into the p-wave processing panel (options  processing 

panel P-wave velocity).  

Calibration 

In order to test the temperature probe, insert it into a water bath or a beaker of water of which the 

temperature is known and use the test panel in the utilities software (MSCL Utilities icon on 
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desktop  window test panel  temperature to check the accuracy of the reading. If the 

reading is incorrect, take the following steps to calibrate the thermometer: 

1. Open the temperature test panel in the utilities software. Set a water bath to a temperature 

of 30 degrees C and insert the temperature probe. Wait for the temperature in the test 

panel and its corresponding AD reading to stabilize and record the AD reading.  

2. Lower the water bath temperature to 25 degrees C and record the AD reading, do this for 

every five-degree increment until you reach 5 degrees C. 

3. Plot a graph of temperature vs. AD with temperature on the y-axis and AD on the x-axis. 

This line should be linear and will have the equation: Temp = St (AD) + Ot 

Where: 

St = Scale 

Ot = Offsets 

4. Record the Slope of the line (St) and the y-intercept (Ot). 

5. Enter the scale and offsets values into the temperature setup panel. To do this, open the 

MSCLs 7.9 software, and click “Settings”. Expand the NRCan menu along the left hand 

side by clicking the “+” and then select “Temperature”.  
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2.1.4: P-wave velocity (Geotek Manual Section 6) 

This sensor measures the velocity at which a P-wave propagates through the sediment. This 

velocity depends on the density, incompressibility, and rigidity of the sediment. It is calculated 

from the distance travelled by the pulse and the travel time.  

Calculating the Calibration Offset 

 Because we are interested in the P-wave travel time through the sediments only, an offset 

constant must be calculated in order to calibrate for all additional time delays, including 

the pulse travel time through the liner and transducer faces and other systematic delays.  

 The P-wave velocity through the sediments is given by: 

VP= X/TT  

Where: 

X = the measured thickness of the sediment only (not including the core liner) 

TT = the travel time of the pulse through the sediment 

The total measured travel time (TOT) through the sediment and liner is given by: 

TOT = TT + PTO 

Where: 

PTO = The P-wave travel time offset, accounting for all additional time delays 

 

The PTO is the calibration constant that must be calculated and entered into the P-wave velocity 

processing panel. In order to determine the PTO: 

1. Cut piece of core liner that is roughly 30cm long and is of the same type and 

manufacturer of the batch of cores being logged. Fill the liner will distilled water and cap. 

For standard PGC core purposes (72mm diameter plastic liner), a calibration core has 

been created that contains both an aluminum calibration piece – for gamma density 

calibration - and a space filled with only distilled water for calibration of the PTO.  

2. Place the calibration core on the track between the P-wave transducers. Using the test 

panel, record the total P-wave travel time through the core (TOT). Access the  p-wave 

velocity test panel by opening Utilities 7.9 and then click “Window” “Test Panel”  

“P-wave velocity” 

3. Record the following:  

T = water temperature 
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D = distance between the transducers 

W = The total liner wall thickness  

 

4. Look up the velocity (Vt) of distilled water at the given temperature from a standard 

reference or from Figure 6-4 on pg. 6-6 of the Geotek MSCL Manual.  

5. Calculate PTO from the following equation:          

PTO = TOT – (D - W)/ Vt 

6. Enter the PTO in the P-wave velocity processing panel by clicking options  process 

data  options  processing panel. 

7. Salinity, Temperature, and Depth correction to the P-wave velocity can also be made by 

entering these parameters in the processing panel before processing the data for each 

core. The temperature of each core can be measured with the temperature probe attached 

to the MSCL-S. 

 

The above calibration was performed for standard PGC piston cores in Nov, 2011. These 

cores have a 67mm internal diameter and a total wall thickness of 5mm (W), equaling a 

72mm distance between the P-wave transducers (D). Using these parameters and a measured 

temperature of 25.5°C, the PTO was calculated to be 8.5 μsec. 

2.1.5: Magnetic susceptibility (Geotek Manual Section 7) 

 Variation in the climate, as well as the frequency and severity of seismic events, is 

associated with different weathering and erosional processes, as well as various transport 

and depositional conditions over time. As such, the composition of sediments in a core 

sample can vary in their content of magnetic minerals. Magnetic susceptibility is a tool 

that can be used to quantify this variability and help identify any anomalous 

stratifications (visual or not) in the depositional record for a given environment. Minerals 

such as pyrite, magnetite and haematite will produce more positive magnetic readings 

(that is, the magnetic field is strengthened by their presence), whereas minerals such as 

quartz and feldspar produce more negative magnetic readings (that is, the magnetic field 

is weakened by their presence). Organic materials dilute the magnetic susceptibility.  
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 The MSCL-S uses an 11cm loop sensor to record magnetic susceptibility. It is important 

to note that the core length resolution of the magnetic susceptibility is the same as the 

loop diameter  

 The magnetic susceptibility on the MSCL-S does not require calibration. Note however 

that it is highly temperature dependant (and so it is important that the core is at ambient 

temperature) and all measurements are referenced to the resonant frequency of the coil 

when the core is 10cm outside the coil. 

2.2: Workflow Outlines 

2.2.1: Workflow for logging a new core with the MSCL-S (whole core logger) 

 

1. Locate all sections of core and remove sections being logged from cold room. Cores must 

be out of cooler for ~ 3hours to equilibrate to room temperature before being logged by 

the MSCL-S. Plan to allow about 45 minutes for each section to be logged so that you 

know how many sections to remove from the cooler for the length of time that you are 

working with.  

2. Label cores (see numbering and depth conventions) and place on core shelf with the 

higher depths (lower numbers) pointing toward the door ( see “way up” sign) 

3. If this is the first time a core from a particular cruise is being logged, create a new file for 

the cruise in which the core came from in: My Computer\ I:\ Labwork\Corelogging. This 

is where all MSCL-S and MSCL-XZ data for all cores from 

the cruise will be saved. 

4. Open the aperture on the gamma ray source to its 5.0mm 

position (the dial should be horizontal). The key for the 

aperture is labeled as the “R” key and should is kept in the 

drawer labeled “R” in the paleomag lab. When one is using 

this key, it should always be kept on their person so that it 

is not accidentally locked inside of the core logging lab, 

the door of which is always kept locked. The key for the lab 

is also on the “R” keychain. Note: Only operators trained by the site radiation safety 

officer may set up and use the Cs137 gamma ray source. 
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5. Open the MSCL 7.9 icon and click “Log New Core”. 

6. Find the file for the cruise previously created in the I:drive in the dropdown menu on the 

left side of the window and click it open so that it is highlighted. Name the core in the box 

on the right.  This will create a file 

for the core station inside of the 

cruise folder.  Most cores will be 

named as: 

YEAR###PGC_STN####(i.e. 

2007007PGC_STN0007). Click 

“OK”. 

7. Choose parameters for logging, 

including section number, sample 

interval, and core depth of the 

beginning of the section (for the first section, starting depth should be 0.00). Ensure that 

all sensors you wish to operate are set to “on” and that gamma count time in the 

configuration panel (normally 2 seconds) matches the count time on the dial on the 

gamma counter.  Magnetic susceptibility should be set to zero 10cm before the start of the 

core. Click “OK” when 

ready. 

8. Position the reference core 

thickness piece (a short 

section of empty core liner 

found beside the MSCL-

S) between the p-wave 

transducers so that the 

black lines on the core 

liner are parallel to the 

track. Click “OK” on the 

dialogue box. Press “Cntrl 

S” so that you can 

manually move the boat. 
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The “Logger Control Panel” will appear.  

 

 

 

 

 

 

9. Drag the pusher box on the logger control panel all the way to the right and wait a few 

moments. This will cause the pusher to move back to its 158 cm “home” position. Ensure 

that the logger control panel reads that the pusher position is 158 cm and that the actual 

pusher lines up with the 158 cm mark. If the pusher does not line up or the screen reads a 

different position, you will have to re-set the reference point (see 2.1.1).  

10. Measure the length of the core with the ruler stick (be sure to measure from zero) and drag 

the boat on the screen so that it is at a position about 1.5 cm further than the measured 

length of the core. For example, if the core is about 119 cm long, move the pusher to the 

120 cm position on the logger control panel. Nudge the core with the arrows to move 

2mm at a time to line up the zero mark on the core liner with the lines in the center of the 

p-wave transducers. The core can also be moved by double clicking “pusher position” on 

the logger control panel. A window  will pop up and you may enter how many cm you 

would like the pusher to move to either the left (- cm) or to the right (+ cm) 

Note: As the top of the core travels through the p-wave transducers, try to hold them apart to 

allow for easier entry of the core (being careful not to expose your hands to the gamma rays!). 

This puts less strain on the track and the nylon screws holding it together. 
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11. When the zero is lined up, click “OK”. The configuration panel will come up one more 

time. When you are sure that everything is set the way you want it, click “OK” to begin 

logging.  

12. Spray the core-liner with the water bottle on both sides to create contact with the p-wave 

transducers (this step is unnecessary if P-wave velocity is not being measured). 

13. When the section is finished logging, remove the section and drag the boat to 158cm on 

the Logger Control Panel. Wait for it to move back. Place the next section on the boat 

with the top of the section pointing away from the door (see way up sign). 

14. Measure the section and move the pusher so that the beginning of the section lines up with 

the lines on the p-wave transducers. Click “Continue”.  

15. In the configuration panel, make sure that the core depth reads the actual depth of the top 

of the core that is on the label. Check the logging parameters. Nothing should have 

changed aside from the section number and core depth. Click “OK”. 

16.  Repeat steps 9-11 until all sections of a core are logged. Click “end logging”.  

17. Click file at the top of the raw data view and then “export ASCII file” choose the directory 

for the cruise and station in the I:drive and click save. This file will have the suffix .raw 

18. Click “options” and select “process data”. Ensure that the correct processing parameters 

(calibration constants) are loaded (see 1.3.1). In the processed data view, export an ASCII 

the same way as above (note that the depth changes that were manually modified in the 

“Setup” window while logging will automatically be accounted for in the processed data). 

This file will have the suffix .out 
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2.2.2: Workflow for Re-logging a whole core  

This tool will be used if a mistake was made when logging a core and all or part of a core needs 

to be re-logged or if part of a core was logged and logging must be continued starting with a 

section in the middle of the core. Note: When you begin re-logging a core from a certain 

section, data for all subsequent sections will be erased, and will therefore need to be re-

logged as well. 

1. Click the MSCL 7.9 icon. Click “Re-log old core”. 

2. Select the data file for the core you wish to re-log. Click OK. In the re-logging summary 

window, input the section and depth at which you wish to begin re-logging (keeping in 

mind that all data below this point will be deleted and so will need to be re-logged). The 

depth that you enter is the depth in the section and not the depth in the entire core. It is a 

good idea to begin re-logging at the beginning of a section rather than the middle.   Click 

“Relog Core” when you are ready.  

3. Line up the depth at which you chose to begin re-logging with the lines on the p-wave 

transducers. Click “Continue”.  

4.   Ensure the logging parameters in the Configuration Panel are correct and click “OK” to 

begin logging. 

2.2.3: Split Core Logging on the MSCL_S 

It is also possible to log split cores on the MSCL_S in order to determine their densities using 

gamma ray attenuation and\or their magnetic properties by using magnetic susceptibility (note 

that magnetic susceptibility values for split cores will be approximately half of those for whole 

cores). Unfortunately, P-wave velocity cannot be measured on split cores. In order to determine 

the gamma density of a split core it will need to be raised by approximately 1cm so the gamma 

beam intersects with the core. There is a split core liner with foam spaces in the core-logging 

room designed for this purpose.  
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Section 3: MSCL-XZ (Split Core Logger) Operation 

3.1: Calibration and Setup 

3.1.1: Mechanical Configuration and Motor Control (Geotek Manual Section 
4) 

Re-zeroing the motors 

The motors on the MSCL –XZ should always be re-zeroed before beginning a new core, if the 

emergency stop is used, or if the motors have been moved manually. In order to do this: 

1. Open the MSCL XYZ 3.3 software. Click on the “Log New Core” button. 

2. Ensure that the Z apparatus is not touching its limit switch 

3. On the MSCL XZ computer box, flip the track control switch to “auto” and the X/Y 

switch to the “X” setting. 

 

 

4. Move the X apparatus in the backward direction using the dial on the computer box so 

that it runs into its limit switch at the end of the track and stops. Reverse the direction of 

the apparatus and move it in the forward direction just a tiny bit, so that it is no longer 

touching the limit switch. 

5. Flip the X/Y switch to the “Z” setting and repeat the above step for the Z apparatus. It is 

very important that the sensor caddy does not come in contact with its limit switches 

at the same time, as this would cause the entire machine to freeze. 

6. When both the X and the Z positions are close to but not touching their respective limit 

switch, click on “Rezero Motors” in the Position Control window, and click “OK” to re-

zero the motors. 
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7. Read this only if you have done the terrible deed of locking the motor. Unscrew the 

X-position limit switch to disengage it. Then move the Z-position up. Then replace the X-

limit switch and test it.  

Registering the Tray 

1. Open the MSCL XYZ 3.3 software.  

2. Click on Setup  Register The Tray. 

3. Following the prompts in the pop-up dialogue box, re-zero the motors as outlined in the 

above section. 

4. Remove the magnetic susceptibility sensor from its cradle and set it aside in the XRF 

cradle.  

5. Flip the black laser calibration piece underneath the magnetic 

susceptibility sensor cradle so that the full, round, black 

portion is in the path of the laser. Click the “Laser Setup” 

button on the Position Control window (above). Click “OK”. 

6. Click on the black box (the sensor array rectangle) on the top 

left of the Position Control window, and drag it to the top of 

the track, even if it looks as though there is no space to drag 

it. This will move the laser to the point where the lines 

intersect on the core stop (the backwards K). Use the arrows 

to move the laser precisely to this point if it is not close 

enough. 

7. Click the “Register Tray” button on the Position Control 

Window once again. Click “OK”. 

3.1.2: Imaging (Geotek Manual Section 16) 

Basic Imaging Set-up 

In order for the camera on the MSCL-XZ to take effective images, the focus, the colour balance 

and the aperture must be correctly adjusted. Before completing the set up of the focus, colour 

balance and aperture, take the following steps: 

1. Remove the lens cap.  
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2.  Place the Image spacer on the elevated core track so that it is flush with the core stop. 

The image spacer measures 10.7cm and the camera is offset from the other sensors by 

14.5cm, this leaves a 3.8cm offset that must be entered into the MSCL settings. This is 

done by opening the imaging software and then clicking settings  camera and then 

entering 3.8 cm in the camera offset box. This only needs to be done once and will not 

change unless changed manually. 

3.   Place the core on the track so that its top is flush with the image spacer 

4. Mark every 10cm increment on the edge of the core liner 

closest to you with a  sharpie marker  

 

 

5. Open 

the 

Imaging 3.4 software. Click “acquire image”. Drag the 

camera box on the left of the Camera Control window down 

the track so that the camera is over top of sediment. 

 

Aperture 

The aperture dial is located on the camera (as part of the lens unit) and ranges in f-stop values 

from 2.8 to 32. The aperture controls the amount of light that reaches the image sensor. In 

particular, the lower the f-stop value, the greater the amount of light that is allowed through, but 

the shorter the field of view (i.e. the focus sensitivity. When imaging standard piston cores, the 

aperture chosen is usually 16. In order to set the aperture, follow these steps: 

1. Open “Imaging”, click on “Setup” and then click on “Set Aperture” 
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2. Ensure that the f-stop value in the “Set Aperture” window is the same as that on the 

camera. Click “Save”.  

 

Focus 

The focus dial is located on the camera (at the bottom of the lens unit). In order to adjust the 

focus, follow these steps: 

1. Open “Imaging”, click on “Setup” and then click on “Set Focus” 

2. Move the lens focussing ring so that the sharpness of the lines on the screen is 

maximized. In lay terms, the more thin coloured lines running vertically down the screen, 

the better the focus. The “Set Focus” window is another guide that can be used to ensure 

the focus is correct – in general, when adjusting the focus, the higher the number in the 

“Set Focus” window, the better the focus. The image below to the left is focused whereas 

the image to its right is unfocused. When satisfied, click “Save”. 

 

 

Colour Balance 

The colour balance is used to ensure that the image pixels are scaled to be the same as the 

lightest components of the core (the whitest) and the darkest componets of the core (the 

blackest). The colour balance window is also a useful guide when adjusting the light height.  

In order to adjust the colour balance, follow these steps: 

1. Open “Imaging”, click on “Setup” and then click on “Colour Balance”. 
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2. Ensure that the aperture value in the “Colour Balance High Calibration” window is the 

same as the aperture set under the aperture settings (see above). 

3. Place the calibration card (located on top of the MSCL_XZ computer box in the lab) on 

top of the core (so that it is at roughly the same height as the sediment). The card should 

be as far back (to the right) of the camera as possible while still being captured by the 

camera. This is because the camera will move forward over the image as part of the 

calibration. The colour of the calibration card should be roughly the same as the lightest 

components contained in the sediments that are going to be imaged. Usually, the grey 

side is used. Do not 

scratch the calibration 

card or allow it to 

become dirty, otherwise 

its utility for calibration will be lost. For this reason the clean side of the calibration card 

should always be placed facing against the clean side of the zip-lock bag in which it 

resides. Click “Save”.  

4. Wait until the camera has finished moving and the “Colour Balance Low Calibration” 

window appears. Put the lens cap on and click “Save”.  

5. After completing the 

colour balance 

calibration re-check 

the focus.  

 

Adjusting the Light 

Sometimes after completing the basic image set-up (including the colour 

calibration) the images are too bright or too dark. A simple way to fix this 

problem is to adjust the height of the light. Simply put, if the images are 

too bright, try moving the light up; if the images are too dark, try moving 

the light down. If the light can’t be moved down enough to make the image 

bright enough, you will probably need to lower the f-stop value (increase 

the light reaching the image sensor). Remember to re-check and, if 

necessary, re-adjust the focus after changing the height of the light. 
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Similarly, if the aperture is changed, ensure that the aperture setting is the same for the aperture, 

colour balance and focus settings along with the manual setting on the camera.  

 

Adjusting the Resolution of the image 

Occasionally the user may wish to increase or decrease the resolution (or pixels per cm (ppcms)) 

of the images they are taking. Increasing the resolution may be important if the user is 

particularly interested in zooming in on very fine details in the core. Alternatively, the user may 

wish to decrease the resolution if they are not interested in the finer details of the core or they are 

trying to minimize the time required to image a core. It is important to note that the camera scans 

2000 pixels across so each resolution will, therefore, correspond to a different scanning width. 

The 100μm resolution will scan a 20cm width (100μm * 2000 pixels), the 50μm resolution will 

scan a 10cm width (50μm * 2000 pixels) and the 25μm resolution will scan a 5cm width (25μm * 

2000 pixels). For most piston cores analysed at GSC-P, a 50μm cross-core and down-core 

resolution is used. This resolution provides excellent detail without significantly slowing the 

scanning speed of the camera. 

 

Resolution Width of Image 

25μm 5cm 

50μm 10cm 

100μm 20cm 

 

In order to adjust the resolution, follow these steps: 

1. Open the Imaging 3.4 icon on the desktop, then click on “Setup”  “Advanced Setup”. 

2. Click on “Downcore Resolution” and adjust the resolution to the desired setting (25μm 

provides the highest resolution while 100μm provides the lowest) then click “OK”. Note: 

The 25μm and 50μm resolution require the use of the 105mm lens whereas the 100μm 

resolution requires the use of the 50mm lens. The lenses can be found in the far right 

hand cupboard underneath the MSCL-XZ.  

3. Once back in the “Advanced Setup” window click on “Crosscore Resolution”.  

4. Place an object of known width (e.g. a ruler) under the camera and line up the yellow 

lines with the lines of the ruler. Then put this distance into the “Known Distance” space 
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on the “Crosscore Resolution” window. You will notice that when you do this the 

resolution in the “Crosscore Resolution” window will change.  

 

 
5. The next step is to match the resolution in the “Crosscore Resolution” window with the 

resolution that was chosen for the downcore resolution. To do this you will need to adjust 

the height of the camera. If the resolution is being increased (more ppcms), then the 

camera is lowered and if the resolution is being decreased (less ppcms), then the camera 

is raised. After moving the camera you will need to repeat step 4 until the resolution in 

the “Crosscore” resolution window matches the downcore resolution. This is often a 

tedious process and can require much trial and error. The recommended camera height 

above the surface of the sediment for each resolution is given in the table below.  
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Resolution Recommended Camera Height Above 

Surface of Sediment (Aperture = 16).  

25μm 33.0cm 

50μm 51.5cm 

100μ 43.0cm 

 

6. After adjusting the resolution, complete all the steps for the basic camera set-up. The user 

will almost always have to adjust the light height as well.  

 

Common Problems: 

 Sometimes when the camera height is changed the user will no longer be able to see the 

object of known width. To solve this problem, adjust the focus. 

 At high resolution (25μm), the image if often too bright. To solve this problem, the 

light should be raised to within one or two cm below the camera lens.  

 At low resolution (100μm), the image if often too dark. To solve this problem, the light 

should be lowered to within one or two cm above the sediment.  

 

Convergence: 

If images taken on the MSCL-XZ appear to have non-convergent pixels (that is, the red, green 

and blue pixels do not overlap) then the convergence will need to be adjusted. For more 

information on how to adjust convergence, refer to Geotek’s MSCL user’s manual.  

3.1.3: Magnetic Susceptibility (Geotek Manual Section 7) 

In order to reduce temperature dependence, the magnetic susceptibility sensor should be set to 

automatically zero itself before each measurement is taken. This is step is outlined in the MSCL-

XZ workflow and no further setup is required. Magnetic Susceptibility test measurements may 

be taken by opening the MSCL XYZ 3.3 software, and clicking “Setup”  “Sensor Setup” 

“Magnetic Susceptibility”. Note: The core is elevated on w wooden track to distance the core 

from the electrically conductive core truck. This modification makes it possible to make useful 

measurements on cores with magnetic susceptibility below 10
-5

 SI.  
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3.1.4: X-Ray Fluorescence (Geotek Manual Section 10) 

Note: NRCAN and Health Canada radiation policy requires XRF operator certification for 

the operation of the XRF sensor. Certified XRF operators at PGC include: Randy Enkin, 

Audrey Dallimore and Kim Conway. Michelle Côté is the site radiation safety officer. 

Every time the XRF sensor is used to log a new core section, it must be set up and calibrated as 

follows: 

1. Close ALL programs running, particularly the GEOTEK MSCL or Imaging programs.  

2. Remove the XRF sensor from its box in the middle cupboard underneath the MSCL-XZ 

and place it in the cradle between the magnetic susceptibility and colour 

spectrophotometer sensors.  

3. Press the power button of the XRF unit on. On the touch screen, tap on “continue, 

“continue” and “start”. Wait for the signal connection window pops up and reads that the 

XRF is connected before opening any programs 

4. Open the Geotek MSCL XYZ 3.3 program. 

5. Click on “Setup”   “Sensor Setup”  “XRF Setup” 

6. On the position control screen, click on “move to”  “XRF standardize 

7. Click “Standardize” on the XRF controller screen. Click “OK”. 

8. Click “move to”  “Home” on the position control screen. The XRF is now ready for 

use. 

3.1.5: Colour Spectrophotometer (Geotek Manual Section 9) 

Every time the Spectrophotometer sensor is used to log a new core , a series of calibrations must 

be performed as following: 

1. Open the MSCL 3.3 xyz software. Click “Setup”  “Sensor 

Setup” “Spectrophotometer Setup” 

2. Select the MAV 8mm aperture at the top of the 

Spectrophotometer Setup window (right) 

3. Click on click the “Calibration” button on the 

Spectrophotometer Setup pop-up window. 

4. Ensure that there spectrophotometer is in a high position 

for the zero calibration, with nothing in its path of light. Click 
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“OK” to perform the calibration. 

5. Place the white calibration plate under the spectrophotometer, lining up the back of the 

spectrophotometer inside the back of the plate first. press “OK” again to perform the white 

calibration and “OK” again once it is finished. The spectrophotometer will now be ready to use. 

3.2 Workflow Outlines 

3.2.1: Workflow for imaging a core with the MSCL-XZ 

The imaging of a core must be performed separately from the operation of all of the other 

sensors on the MSCL-XZ. In general core-logging workflow, the imaging pass will be performed 

immediately after the core is split, followed by the logging of the core using all the other sensors 

on the MSCL-XZ  

1. Place the Image spacer on the elevated core track so that it is flush with the core stop.  

Place the core on the track so that its top is flush with the image spacer. 

 

 

 

 

 

 

2. Mark every 10cm 

increment on the 

edge of the core 

liner closest to you 

with a  sharpie 

marker  

3. Open the Imaging 3.4 software. Click “acquire image”. Drag the camera box on the left 

of the Camera Control window down the track so that the camera is over top of sediment. 

4. Set up the camera as outlined in section 3.1.2. 
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5. Click back to the main menu and click “Aquire Image” 

again. Click and drag the “New” icon in the Camera Control 

window into the empty track space on the left of the window. 

6. Browse the directory to select the file named after the STN 

of the core inside of the cruise folder.  

7. Enter the Core ID as YEARCRUISEPGC_STN000_I. be sure to enter the EXACT 

SAME directory and Core ID for all sections of a particular core. 

8. Select the proper section number.  

9. Measure the length of the core and add a few cm to this number to enter into the “Section 

Length” field. 

10. For the first section of a core, if the top of the sediment does not start at the top of the 

core liner, measure the gap between the beginning of the sediment (or the beginning of 

the ruler sticker) and the core stop and enter it into the field “Core Depth (m)” as a 

negative depth (e.g. if the sediments start 47cm from the top of the core, enter -0.47 as 

the core depth. This ensures that when the image is rulerized, the zero depth will be at the 

top of the sediment instead of at the top of the core liner. When you measure this negative 

depth, record it in the lab book for each section for later quality checking. 

11. For subsequent sections of a core, input the depth at the beginning of the section in the 

“Core Depth” field. Be sure to account for any space between the core stop and the top of 
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the core liner, as there is usually a 0.5-2cm gap caused by the core cap. Minus the length 

of this space from the depth at the top of the core and enter this number in the “Core 

Depth” box so that the correct depth with line up with the beginning of the core liner in 

the rulerized image. Record this number in the lab book so that it may be checked later 

on. 

12. Also record the depth intervals of any gaps ≥1cm both in the ‘Comments’ field, and in 

the lab book.  

For highly compacted archaeological or other land cores with section depths 

referenced to datum elevations instead of life-sized core depths (with depths 

constrained by some other means such as trenching), or any other type of core 

with individual sections collected and extracted in an iterative, piece-wise 

fashion: Since different strata may be variably affected by compaction, it may be 

best to assign a zero depth to the top of the sediment for each section of a core. 

The top gap of multi-section cores should not be preserved in this type of core 

since it is an artifact of the coring method. The composite depths can be assigned 

by the researcher later, once the effect of compaction in each of the materials is 

more fully understood from examination of the physical properties data. It is best 

to seek input on this matter from the individual researcher for this type of core. 

13. Click “Add” and then “Begin Scan”. 

14. While the scanner is imaging, go into Image Tools and open the folder containing the 

section that was last scanned.  

15. Check the depth of the top of the previous section (“Core Depth (m)”) against the values 

recorded for that section in the lab book (for sections with gaps). Check all other 

metadata (such as Section Number and Core ID). 

16. If there is an error, find the associated metadata (*.xml) file in Windows Explorer, right-

click and select “Open in Notepad++”. Do not use regular Notepad, as it is more 

difficult to edit *.xml files. Correct  the error (please note: “Physical Top” is the field in 

the .xml file which corresponds to the information you entered in “Core Depth(m)”; 

however the number in the .xml file has converted that number into centimetres, so it 

should be 100 times the number you entered in the dialog, which was in metres). Save 
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the file under the same name. Alternatively, this can be done at a later stage when 

rulerizing the images in Image Tools. See below, step 18. 

17. Once scan is finished, repeat with the next section. 

18. Once all of the sections of a particular core have been scanned, batch rulerize the images 

and create RGB files using the Imaging Tools software as follows: 

a) Open the Image tools 3.1 software. Click the “Browse” button in the top left hand 

corner and find the “I” folder containing all of the images of the core you are 

logging. Open the folder. If there is an error with the core depth (labelled as “Top 

(m)” in Image Tools) then right click on the erroneous figure and select “Adjust 

Depths”. 

 

 

 

 

 

 

 

 

 

 

 

 In the 

“Adjust 

Core Depths” window that appears select the column that you wish to edit and select 

“manual edit” on the right hand side of the window. Then manually edit the erroneous 

figure and click “OK”. 
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b) Click “Batch Process and Export” along the right hand menu. 

c) In the Batch Process Summary window, click “Add Current Folder” and then 

click “Edit Task”.  

 

d) In The Task Setup screen make sure that “Stage2Ruler” is selected from the 

dropdown panel under “Name:” in the “Tasks” section. Also ensure that “Single 
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Image Task” is selected in the Task Type Section. #Note: You can concaternate 

all sections (have all images connected end-to-end) into one JPEG file by 

selecting “Group Task” and ticking the box “Concaternate all sections”. 

Unfortunately this process usually results in a ruler that does not match the depths 

recorded on the incremented ruler sticker. 

e) Under the RGB tab check the box next to “Create RGB Report. The output file 

extension should be labelled as “RGB” and the sample interval should be 0.01cm.  

 

f) Under the “Add Ruler” tab click “Edit” and ensure that the Name Setting is 

“default” and that the Rotate Final Image field is set to +90. 

g) Under the Format tab, ensure that the quality is set at 80% and the JPEG box is 

ticked. 

h) Under the file name tab, ensure that the suffix is _R and the prefix core ID box is 

ticked. 

i)  Click “Load Task” and then close the “Task Setup” window.  

j) Click “Start” in the “Batch Process Summary” window.  
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k) Wait for the rulerization to finish before closing the Batch Process Summary 

Screen. The Messages box will read “Complete”. 

l) When prompted to Refresh, click “OK” 

19. Go to the file location in Image Tools and double click the rulerized images (_R suffix) to 

view them. Make sure that the 10cm increments on the ruler approximately line up with 

the lines that you drew with the sharpie. If these points do not line up, you have made a 

mistake in entering the section top depth or have not accounted for a gap between the top 

of the core liner and the core stop. Determine what your mistake was by looking at the 

image and edit the section top in the associated .xml file in Notepad ++. Re-rulerize the 

image. 

 

3.2.2: Workflow for logging a core with the magnetic susceptibility, colour 
spectrophotometer, and x-ray fluorescence sensors of the MSCL-XZ 

 

After imaging, the core sections should usually be logged with all of other sensors of the MSCL-

XZ in a single pass. This will be performed as follows: 

1. Ensure that there is a file created for the cruise and STN being logged in the I:drive (This 

should have been created previously if the core was logged in the MSCL-S as a whole 

core). 

2. Place the core on the elevated wooden track, with the lower numbers to your left (see 

“Way Up” sign on the wall) so that the top of the section is as flush as possible with the 

core stop. 

3. Ensure that there is nothing in the way of the MSCL 

motors or in the path of the apparatus. The motors are 

strong enough to break bones and will not stop for 

anything. 

4. Open the MSCL XYZ 3.3 software. Click “Setup”.  

5. Set up the XRF and Spectrophotometer sensors as outlined 

in sections 3.1.4 and 3.1.5.  

6. click “Back” to get to the main menu and then click “Log 

New Core”. 
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7. Zero the motors (see 3.1.1) and ensure that the tray is registered properly (the laser is at 

the tip of the arrow on the core stop). 

8. On the position control menu ( pictured right), click and drag the “New” icon into the 

track area on the left. This will cause a new section window to pop up (pictured below). 

9. Click the “Core ID:” button in the top left-hand corner of the New Section  window (left). 

10. In the New Data window (below) browse 

the directory and choose the folder named 

after the STN of the core (inside the cruise 

folder). In the core ID box, use the 

following naming convention: 

YEARCRUISEPGC_STN0000_XZ. If 

you are running only one or two of the 

MSCL-XZ sensors in a special pass, 

replace XZ in the Core ID with the 

abbreviation(s) of the sensor(s) being used 

(MS, CS, XRF), separated by an underscore. Generally, all three sensors will be operated 

at the same time during a single pass of the core, as long as the magnetic susceptibility is 

above 25E-5. 

11. Once the core ID has been entered and the proper directory chosen, click “OK”. It is 

VERY IMPORTANT that at this point, if you are beginning the first section of a core, 

that the prompt tells you that you are creating a new core, and that if you are logging a 

subsequent core section, the prompt tells you that it is loading a previous core.   
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12.  If you are logging a subsequent section of a core, you need to MAKE SURE that the 

Core ID and directory are IDENTICAL to the sections before it, so that the data for a 

particular core will all be recorded in the same file. If you are logging a subsequent 

section and are prompted that a new core is being created, you have made an error in the 

Core ID or directory and you must go back and enter it properly. Click “OK” once you 

obtain the correct prompt. 

13. In the New Section Window (pictured on previous page), input all section parameters 

14.  Input the section number 

15.  Measure the section with the tape measure and add roughly 5 cm to the length measured 

to input for the section length so that data is taken for the entire core. 

16. Input the depth at the top of the core, but account for any space between the top of the 

ruler sticker and the core stop which is often caused by the core cap. You must subtract 

this space, which is usually ~0.5-2 cm from the depth written at the top of the core for 

input into the “Core Depth at section top” box.  

17. Input 1cm for the sample interval, unless otherwise desired by the scientist 

18. If you are using the XRF or the colour spectrophotometer, check the “variable sampling” 

box and then click on the “Setup” button beside it. This will bring up the Variable 

Sampling window 
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19. Click the circle that says “Select where NOT to sample” and then in the “Multiple of SI” 

column, input the interval you wish space your XRF and spectrophotometer 

measurements. Generally, this will be 7cm. The XRF and colour spectrophotometer are 

14 cm apart, so by measuring each every 7cm, they measure at the same time. Magnetic 

susceptibility measurements should be taken every cm. Click “OK” 

20. The magnetic susceptibility sample time should be set to 1s unless susceptibilities below 

10^-4 SI are expected. Using a sample time of 10s will greatly increase logging time. 

Choose SI units (which are 10^-5 SI) and select “Zero every reading” and “1” for the 

Zero settings.  

21. Ensure that all sensors being used are checked as “On” and that the circles beside the 

XRF and the Spectrophotometer are green (meaning connected) if you are using these 

sensors. If one or both of these circles is red, you must go back and re-setup the 

instrument.  

21. Check both “Reflected Spectra” and “Munsell” if using the spectrophotometer and check 

“Save Spectrum” if using the XRF. 

22. Once everything in the “New Section” Window is filled out properly. Click “OK” and 

then click “Begin Log” on the Position Control window. 

23. Ensure that you stay outside of the green line on the floor while the XRF is in operation.  

24. When all sections of a core have been logged, you may export an ASCII file of the data 

by clicking “File””Create ASCII file” when viewing the data in the MSCL XYZ 3.3 

program. Save this file in the same folder as the original xml data. 
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Appendix B: Description of Laboratory Methods  
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LF100, LF200, LF300 

 

Package Description Lithogeochemical Whole Rock Fusion 

Sample Digestion Lithium metaborate/tetraborate fusion 

Instrumentation Method ICP-ES (LF300, LF200), ICP-MS (LF200, LF100) 

Legacy Code 4A, 4B and 4A4B 

Applicability Non-mineralized Rock and Drill Core 

 

METHOD DESCRIPTION 

 

Prepared sample is mixed with LiBO2/Li2B4O7 flux.  Crucibles are fused in a furnace. The cooled bead is dissolved 

in ACS grade nitric acid and analyzed by ICP and/or ICP-MS. Loss on ignition (LOI) is determined by igniting a 

sample split then measuring the weight loss.  Total Carbon and Sulphur may be included and is determined by 

the Leco method (TC003).  The LF202 package includes an additional 14 elements from an aqua regia digestion 

AQ200 to provide Au and volatile elements which do not report as part of the LF200 package. 

 

Element LF300/LF200 
Detection 

Upper Limit 

SiO2 0.01 % 100 % 

Al2O3 0.01 % 100 % 

Fe2O3 0.04 % 100 % 

CaO 0.01 % 100 % 

MgO 0.01 % 100 % 

Na2O 0.01 % 100 % 

K2O 0.04 % 100 % 

MnO 0.01 % 100 % 

TiO2 0.01 % 100 % 

P2O5 0.01 % 100 % 

Cr2O3 0.002% 100 % 

Ba 5 ppm 5 % 

LOI 0.1 % 100% 

LF300-EXT 

Ce 30 ppm 50000 ppm 

Co 20 ppm 10000 ppm 

Cu 5 ppm 10000 ppm 

Zn 5 ppm 10000 ppm 
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LF100/LF200 Elements by ICPMS  
 

Element Detection 
Limit 

Upper Limit 

Be 1 ppm 10000 ppm 

Ce 0.1 ppm 50000 ppm 

Co 0.2 ppm 10000 ppm 

Cs 0.1 ppm 10000 ppm 

Dy 0.05 ppm 10000 ppm 

Er 0.03 ppm 10000 ppm 

Eu 0.02 ppm 10000 ppm 

Ga 0.5 ppm 10000 ppm 

Gd 0.05 ppm 10000 ppm 

Hf 0.1 ppm 10000 ppm 

Ho 0.02 ppm 10000 ppm 

La 0.1 ppm 50000 ppm 

Lu 0.01 ppm 10000 ppm 

Nb 0.1 ppm 50000 ppm 

Nd 0.3 ppm 10000 ppm 

Ni 20 ppm 10000 ppm 

Pr 0.02 ppm 10000 ppm 

Rb 0.1 ppm 10000 ppm 

Sc 1 ppm 10000 ppm 

Sm 0.05 ppm 10000 ppm 

Sn 1 ppm 10000 ppm 

Sr 0.5 ppm 50000 ppm 

Ta 0.1 ppm 50000 ppm 

Tb 0.01 ppm 10000 ppm 

Th 0.2 ppm 10000 ppm 

  Tm 0.01 ppm 10000 ppm 

U 0.1 ppm 10000 ppm 

V 8 ppm 10000 ppm 

W 0.5 ppm 10000 ppm 

Y 0.1 ppm 50000 ppm 

Yb 0.05 ppm 10000 ppm 

Zr 0.1 ppm 50000 ppm 

 

AQ200 Add on Elements for LF202 

 

Element Detection 
Limit 

Upper Limit 

Ag 0.1 ppm 100 ppm 

As 0.5 ppm 10000 ppm 

Au 0.5 ppb 100000 ppb 

Bi 0.1 ppm 2000 ppm 

Cd 0.1 ppm 2000 ppm 

Cu 0.1 ppm 10000 ppm 

Hg 0.01 ppm 50 ppm 

Mo 0.1 ppm 2000 ppm 

Ni 0.1 ppm 10000 ppm 

Pb 0.1 ppm 10000 ppm 

Sb 0.1 ppm 2000 ppm 

Se 0.5 ppm 100 ppm 

Tl 0.1 ppm 1000 ppm 

Zn 1 ppm 10000 ppm 
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MA250 

Package Description Ultratrace Geochemical Four-Acid Digestion 

Sample Digestion HF-HNO3-HClO4 acid digestion 

Instrumentation Method ICP-ES & ICP-MS 

Legacy Code 1T 

Applicability Sediment, Soil, Non-mineralized Rock and Drill Core 

 

METHOD DESCRIPTION: 

Prepared sample is digested to complete dryness with an acid solution of (2:2:1:1) H2O-HF-HClO4-HNO3.  50% 

HCl is added to the residue and heated using a mixing hot block.  After cooling the solutions are transferred to 

test-tubes and brought to volume using dilute HCl.  Sample splits of 0.25g are analyzed. 

 
Element MA250  

Detection 

Upper  

Limit 

 Element Detection 

Limit 

Upper 

Limit 

 Element Detection 

Limit 

Upper 

Limit 

Ag 20 ppb 200 ppm  K 0.02% 10 %  Ta* 0.1 ppm 2000 ppm 

Al* 0.02% 20 %  La 0.1 ppm 2000 ppm  Tb 0.1 ppm 2000 ppm 

As† 0.2 ppm 10000 ppm  Li 0.1 ppm 2000 ppm  Te 0.05 ppm 1000 ppm 

Au† 0.1 ppm 200 ppm  Lu 0.1 ppm 2000 ppm  Th 0.1 ppm 4000 ppm 

Ba* 1 ppm 10000 ppm  Mg* 0.02% 30 %  Ti 0.001% 10 % 

Be* 1 ppm 1000 ppm  Mn* 2 ppm 10000 ppm  Tl 0.05 ppm 10000 ppm 

Bi 0.04 ppm 4000 ppm  Mo 0.05 ppm 4000 ppm  Tm 0.1 ppm 2000 ppm 

Ca 0.02% 40 %  Na 0.002% 10 %  U 0.1 ppm 4000 ppm 

Cd 0.02 ppm 4000 ppm  Nb 0.04 ppm 2000 ppm  V 1 ppm 10000 ppm 

Ce 0.02 ppm 2000 ppm  Nd 0.1 ppm 2000 ppm  W* 0.1 ppm 200 ppm 

Co 0.2 ppm 4000 ppm  Ni 0.1 ppm 10000 ppm  Y 0.1 ppm 2000 ppm 

Cr 1 ppm 10000 ppm  P 0.001% 5 %  Yb 0.1 ppm 2000 ppm 

Cs 0.1 ppm 2000 ppm  Pb 0.02 ppm 10000 ppm  Zn 0.2 ppm 10000 ppm 

Cu 0.02 ppm 10000 ppm  Pr 0.1 ppm 2000 ppm  Zr* 0.2 ppm 2000 ppm 

Dy 0.1 ppm 2000 ppm  Re 0.002 ppm 100 ppm     

Er 0.1 ppm 2000 ppm  Rb 0.1 ppm 2000 ppm     

Eu 0.1 ppm 2000 ppm  S* 0.04% 10 %     

Fe* 0.02% 60 %  Sb† 0.02 ppm 4000 ppm     

Ga 0.02 ppm 100 ppm  Sc 0.1 ppm 200 ppm     

Gd 0.1 ppm 2000 ppm  Se 0.3 ppm 1000 ppm     

Hf* 0.02 ppm 1000 ppm  Sm 0.1 ppm 2000 ppm     

In 0.01 ppm 1000 ppm  Sn* 0.1 ppm 2000 ppm     

Ho 0.1 ppm 2000 ppm  Sr 1 ppm 10000 ppm     

 

Limitations: *This digestion is only partial for some Cr and Ba minerals and some oxides of Al, Hf, Mn, Sn, Ta and Zr. 

†Volatilization may occur during fuming resulting in some loss of As, Sb and Au  
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AQ250 

Package Description  Ultra Trace Geochemical aqua regia digestion 

Sample Digestion  HNO3‐HCl acid digestion 

Instrumentation Method  ICP‐ES  and  ICP‐MS 

Legacy Code  1F 

Applicability  Sediment, Soil, Non‐mineralized Rock and Drill Core 

 

METHOD DESCRIPTION: 
 

Prepared sample is digested with a modified Aqua Regia solution of equal parts concentrated HCl, HNO3 and DI 

H2O for one hour in a heating block or hot water bath.  Sample is made up to volume with dilute HCl.  Sample 

splits of 0.5g, 15g or 30g can be analyzed. 

Lead  isotope Add On  (+ISO)   Pb204, Pb206, Pb207, Pb208 are suitable  for geochemical exploration of U and other 

commodities where  gross differences  in natural  to  radiogenic Pb  ratios,  is  a benefit.  Isotope  values  can be 

reported in both concentrations and intensities.  Sample splits of 0.5g, 15g or 30g can be analyzed.  

 
Element  AQ250  

Detection 
Upper  
Limit 

  Element Detection
Limit 

Upper
Limit 

Element Detection 
Limit 

Upper 
Limit 

Ag  2 ppb  100 ppm    Sb 0.02 ppm 2000 ppm Y* 0.01 ppm  2000 ppm

Al*  0.01%  10%    Sc 0.1 ppm 100 ppm Zr* 0.1 ppm  2000 ppm

As  0.1 ppm  10000 ppm    Se 0.1 ppm 100 ppm REE Add On

Au  0.2 ppb  100 ppm    Sr* 0.5 ppm 10000 ppm Pr 0.02 ppm  2000 ppm

B*^  20 ppm  2000 ppm    Te 0.02 ppm 1000 ppm Nd 0.02 ppm  2000 ppm

Ba*  0.5 ppm  10000 ppm    Th* 0.1 ppm 2000 ppm Sm 0.02 ppm  10000 ppm

Bi  0.02 ppm  2000 ppm    Ti* 0.001% 5% Eu 0.02 ppm  10000 ppm

Ca*  0.01%  40%    Tl 0.02 ppm 1000 ppm Gd 0.02 ppm  10000 ppm

Cd  0.01 ppm  2000 ppm    U* 0.05 ppm 2000 ppm Tb 0.02 ppm  10000 ppm

Co  0.1 ppm  2000 ppm    V* 2 ppm 10000 ppm Dy 0.02 ppm  10000 ppm

Cr*  0.5 ppm  10000 ppm    W* 0.05 ppm 100 ppm Ho 0.02 ppm  10000 ppm

Cu  0.01 ppm  10000 ppm    Zn 0.1 ppm 10000 ppm Er 0.02 ppm  10000 ppm

Fe*  0.01%  40%    Extended Package Tm 0.02 ppm  10000 ppm

Ga*  0.1 ppm  1000 ppm    Be* 0.1 ppm 1000 ppm Yb 0.02 ppm  10000 ppm

Hg  5 ppb  50 ppm    Ce* 0.1 ppm 2000 ppm Lu 0.02 ppm  10000 ppm

K*  0.01%  10%    Cs* 0.02 ppm 2000 ppm Lead Isotopes 

La*  0.5 ppm  10000 ppm    Ge* 0.1 ppm 100 ppm Pb204 0.01 ppm  10000 ppm

Mg*  0.01%  30%    Hf* 0.02 ppm 1000 ppm Pb206 0.01 ppm  10000 ppm

Mn*  1 ppm  10000 ppm    In 0.02 ppm 1000 ppm Pb207 0.01 ppm  10000 ppm

Mo  0.01 ppm  2000 ppm    Li* 0.1 ppm 2000 ppm Pb208 0.01 ppm  10000 ppm

Na*  0.001%  5%    Nb* 0.02 ppm 2000 ppm PGM Add on  

Ni  0.1 ppm  10000 ppm    Rb* 0.1 ppm 2000 ppm Pt* 2 ppb  100 ppm

P*  0.001%  5%    Re 1 ppb 1000 ppb Pd* 10 ppb  100 ppm

Pb  0.01 ppm  10000 ppm    Sn* 0.1 ppm 100 ppm  

S  0.02%  10%    Ta* 0.05 ppm 2000 ppm  

 
* Solubility of some elements will be limited by mineral species present. ^Detection limit = 1 ppm for 15g / 30g analysis. 
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Appendix C: Sediment Sample Location Details 
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Sediment Sample Location Details 

Site 
Number Sample ID Latitude Longtitude 

~Elevation 
(m) Locality  

1 2014/08/07-1 69.57815 -138.94235 48.0 Hershel Island 
2 2014-08-10-1 68.88257 -127.03313 220.0 Rendezvous Lake (mainland) 
3 2014-08-10-2 69.76020 -134.37473 8.0 Pullen Island 
4 2014/08/10-3 69.57820 -126.70068 - Horton River (mainland) 
5 2014/08/12-2 69.77630 -116.75127 - Wollaston Penin, Victoria Island 

6 2014/08/12-4 70.69003 -116.54287 - 
Diamond Jenness Peninsular, Victoria 
Island 

7 2014/08/13-1 71.06167 -117.51275 301.9 
Diamond Jenness Peninsular, Victoria 
Island 

8 2014/08/13-2 71.74820 -118.31725 116.0 
Prince Albert Peninsular, Victoria 
Island 

9 2014/08/13-3 72.82335 -118.48428 134.4 Eastern Banks Island 
10 2014/08/13-5 73.81282 -117.17095 288.0 Northeastern Banks Island 
11 2014/08/13-6 73.76590 -116.20717 218.9 Northeastern Banks Island 
12 2014/08/13-7 73.62362 -115.56205 10.0 Northeastern Banks Island 
13 2014/08/14-2 72.22780 -119.84860 - Morgan Bluffs, Eastern Banks Island 

13 
2014/08/14-2 
XRF 72.22780 -119.84860 25.0 Morgan Bluffs, Eastern Banks Island 

13 
2014/08/14-3 
XRF 72.22780 -119.84860 30.0 Morgan Bluffs, Eastern Banks Island 

13 2014-08/14-5 72.22780 -119.84860 14.0 Morgan Bluffs, Eastern Banks Island 

14 2014/08/14-3 71.55225 -120.49702 41.5 
Alexander Milne Pt (Coal mine bluff), 
Southeast Banks Island 

15 
2014/08/14-4 
Middle 71.23700 -122.34902 16.0 

Nelson River Bluff, Southeastern 
Banks Island 

15 
2014/08/14-4 
Upper 71.23700 -122.34902 36.0 

Nelson River Bluff, Southeastern 
Banks Island 

16 2014/08/15-1 71.96793 -125.59527 - 
Duck Hawk Bluffs, Southwestern 
Banks Island 
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Appendix D: Analysis of SRM 2710a and SRM 2711a with a Delta pXRF 
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Analysis of SRM 2710a with a Delta pXRF 

Element 

Delta pXRF 
LOD 
(approx.) 

Certified Value 
NIST 2710a 
(ppm) 

Delta pXRF 
Accuracy 
RPD (%) n 

Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

Precision 
RSD (%) 

Phosphorous (P) <1% in Air 
1.05E+03 (0.105 

± 0.004%) 4 3055 472.7 2597 3569 15.47 191 

Sulfur (S) <200 ppm - 5 19221 304.04 19014 19757 1.5818 - 

Chlorine (Cl) <200 ppm - 5 779 116 661 967 14.9 - 

Potassium (K) <50 ppm 
2.17E+04 (2.17 ± 

0.13%) 5 25636 457.99 25229 26334 1.7865 18 

Calcium (Ca) <1% in Air 
9.64E+03 (0.964 

± 0.045%) 5 9700 97.58 9527 9758 1.006 1 

Titanium (Ti) <5 ppm 
3.11E+03 (0.311 

± 0.007%) 5 3481 35.21 3440 3527 1.011 12 

Vanadium (V) <5 ppm 82 ± 9 ppm 5 113 6.53 106 122 5.79 38 

Chromium (Cr) <5 ppm 23 ± 6 5 46 4.6 41 51 9.95 102 

Manganese (Mn) <5 ppm 2140 ± 60 5 2227 32.96 2195 2282 1.480 4 

Iron (Fe) <5 ppm 
4.32E+04 (4.32 ± 

0.08%) 5 50087 638.44 49382 50886 1.2747 16 

Iron oxide (FeO) Unknown - 5 64436 820.77 63529 65463 1.2738 - 

Cobalt (Co) <10 ppm 5.99 ± 0.14 5 15.7 0.694 15.1 16.7 4.43 162 

Nickel (Ni) <10 ppm 8 ± 1 0 <LOD <LOD <LOD <LOD <LOD <LOD 

Copper (Cu) <10 ppm 3420 ± 50 5 3525 52.61 3463 3595 1.492 3 

Zinc (Zn) <5 ppm 4180 ± 20 5 4309 54.64 4236 4363 1.268 3 

Arsenic (As) <5 ppm 1540 ± 10 5 1640 24.97 1616 1673 1.523 6 

Selenium (Se) <5 ppm 1 0 <LOD <LOD <LOD <LOD <LOD - 

Rubidium (Rb) <5 ppm 1.52 ± 0.02 5 119 1.46 117 120.2 1.23 2 

Strontium (Sr) <5 ppm 9.11 ± 0.3 5 265 4.04 260 271 1.52 4 

Zirconium (Zr) <5 ppm 255 ± 7 5 322 3.91 319 328 1.21 61 
Molybdenum 
(Mo) <5 ppm - 5 8.6 0.59 7.8 9.2 6.8 - 

Silver (Ag) <10 ppm 40 5 42 1.9 40 45 4.5 5 

Cadmium (Cd) <20 ppm 12.3 ± 0.3 2 17 2.1 15 18 13 34 

Tin (Sn) <5 ppm - 4 26 4.9 21 30 19 - 

Antimony (Sb) <10 ppm 52.5 ± 1.6 5 52 3.1 48 55 6.0 -1 

Tungsten (W) <20 ppm 190 5 284 18.1 263 302 6.4 49 

Mercury (Hg) <5 ppm 9.88 ± 0.21 0 <LOD <LOD <LOD <LOD <LOD - 

Lead (Pb) <5 ppm 
5.52E+05 (0.552 

± 0.003%) 5 5621 48.81 5574 5696 0.87 2 

Bismuth (Bi) <5 ppm - 5 79 4.2 76 86 5.2 - 
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Element 

Delta pXRF 
LOD 
(approx.) 

Certified Value 
NIST 2710a 
(ppm) 

Delta pXRF 
Accuracy 
RPD (%) n 

Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

Precision 
RSD (%) 

Thorium (Th) <5 ppm 1.52 ± 0.02 5 117 14.0 101 132 12.0 7571 

Uranium (U) <5 ppm 9.11 ± 0.3 5 10 0.53 9.8 11 5.1 14 

 

Analysis of SRM 2711a with a Delta pXRF 

 
Element 

Delta pXRF 
LOD 

(approx.) 

Certified Value 
NIST 2711a 

(ppm) 

Delta pXRF 
Accuracy 
RPD (%) n 

Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

Precision 
RSD (%) 

Phosphorous (P) <1% in Air 
842 (0.0842 ± 

0.0011%) 5 <LOD <LOD <LOD <LOD <LOD <LOD 

Sulfur (S) <200 ppm - 5 1899 442.3 1487 2583 23.29 - 

Chlorine (Cl) <200 ppm - 5 261.6 55.19 203 331 21.10 - 

Potassium (K) <50 ppm 
2.53E+04 ppm 
(2.53 ± 0.1%) 5 24491 467.45 23973 24973 1.9087 -3 

Calcium (Ca) <1% in Air 
2.42E+04 ppm 
(2.42 ± 0.06%) 5 24192 502.26 23549 24761 2.0762 0 

Titanium (Ti) <5 ppm 
3.17E+03 ppm 

(0.317 ± 0.008%) 5 2952 57.28 2884 3012 1.941 -7 

Vanadium (V) <5 ppm 80.7 ± 5.7 5 88 2.2 84 89 2.5 9 

Chromium (Cr) <5 ppm 52.3 ± 2.9 5 56 1.6 54 58 2.8 7 

Manganese (Mn) <5 ppm 675 ± 18 5 611 15.0 593 626 2.46 -10 

Iron (Fe) <5 ppm 
2.82E+04 (2.82 ± 

0.04%) 5 24381 574.83 23705 24979 2.3577 -14 

Iron oxide (FeO) Unknown - 5 31366 739.51 30496 32135 2.3577 - 

Cobalt (Co) <10 ppm 9.89 ± 0.18 5 9.0 0.6 8.3 9.8 7.1 -9 

Nickel (Ni) <10 ppm 21.7 ± 0.7 5 <LOD <LOD <LOD <LOD <LOD <LOD 

Copper (Cu) <10 ppm 140 ± 2 5 126 2.30 123 129 1.83 -10 

Zinc (Zn) <5 ppm 414 ± 11 5 355 7.83 348 366 2.20 -14 

Arsenic (As) <5 ppm 107 ± 5 5 128 1.67 125 129 1.31 19 

Selenium (Se) <5 ppm 2 1 2.3 NA 2.3 2.3 NA 15 

Rubidium (Rb) <5 ppm 120 ± 3 5 121.2 2.254 118.2 123.8 1.860 1 

Strontium (Sr) <5 ppm 242 ± 10 5 231 2.97 228 236 1.28 -4 

Zirconium (Zr) <5 ppm - 5 433 2.49 431 437 0.575 - 
Molybdenum 
(Mo) <5 ppm - 0 <LOD <LOD <LOD <LOD <LOD <LOD 
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Element 

Delta pXRF 
LOD 

(approx.) 

Certified Value 
NIST 2711a 

(ppm) 

Delta pXRF 
Accuracy 
RPD (%) n 

Mean 
(ppm) 

SD 
(ppm) 

Min 
(ppm) 

Max 
(ppm) 

Precision 
RSD (%) 

Silver (Ag) <10 ppm 6 0 <LOD <LOD <LOD <LOD <LOD <LOD 

Cadmium (Cd) <20 ppm 54.1 ± 0.5 5 54 3.7 49 59 6.8 1 

Tin (Sn) <5 ppm - 0 <LOD <LOD <LOD <LOD <LOD - 

Antimony (Sb) <10 ppm 23.8 ± 1.4 4 35 5.3 30 42 15 46 

Tungsten (W) <20 ppm - 0 <LOD <LOD <LOD <LOD <LOD - 

Mercury (Hg) <5 ppm 7.42 ± 0.18 5 8.9 2.0 5.8 11 22 20 

Lead (Pb) <5 ppm 
1.40E+03 (0.140 

± 0.0001%) 5 1379 22.88 1357 1410 1.660 -2 

Bismuth (Bi) <5 ppm - 0 <LOD <LOD <LOD <LOD <LOD - 

Thorium (Th) <5 ppm 3 5 101 7.4 90 108 7.4 3253 

Uranium (U) <5 ppm 3.01 ± 0.12 1 4.7 NA 4.7 4.7 NA 56 
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Appendix E: Complete Acme Laboratory Digestion Results  
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Appendix F: Scatter Diagrams and Least Squares Regression for the Delta pXRF vs 

Lithium Borate Fusion 
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Scatter diagrams and least squares regression for the Delta pXRF vs lithium borate fusion 
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Appendix G: Scatter Diagrams and Least Squares Regression for the Delta pXRF vs Four-

acid Digestion 
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Scatter diagrams and least squares regression for the Delta pXRF vs four-acid digestion 
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Appendix H: Scatter Diagrams and Least Squares Regression for the Delta pXRF vs Aqua 

Regia 
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Scatter diagrams and least squares regression for the Delta pXRF vs aqua regia 
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