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A B S T R A C T

A combination of Itrax micro-X-ray fluorescence core scanning (μXRF-CS) and freeze coring can facilitate the
development of high-resolution (e.g. sub-decadal) paleoclimate records in lacustrine systems where low sedi-
mentation rates and poorly consolidated “colloidal soup” at the sediment/water interface prevents retrieval and
Itrax-μXRF-CS analysis of undisturbed cores using conventional gravity corers. The iBox-FC containment vessel
described and tested here delays thawing of highly perishable freeze cores for up to two hours, providing
adequate time to carry out high-resolution Itrax-μXRF-CS analysis. The iBox-FC is comprised of an open-topped
Styrofoam box divided into chambers using high-density polyethylene (HDPE) that are filled with freeze pack
gel. When the vessel is frozen, core slabs up to 13 cm long may be positioned into a central chamber and then
scanned following normal Itrax-μXRF-CS methodology. To test the reliability of μXRF-CS analysis obtained from
frozen sediments, a freeze core recovered from Control Lake, Northwest Territories, Canada, was sub-sectioned
and analyzed using μXRF-CS and then subsampled for ICP-MS following near-total acid digestion. Comparison of
μXRF-CS and ICP-MS results showed strong correlations (R2 > 0.8) for six of nine elements calibrated, and
moderate correlations (R2 > 0.3) for the remaining three. Additive log-ratio transformation of data minimized
specimen, matrix and edge effects associated with the high porewater contents of the freeze cores and slight
melting of the sediment during analysis. These analytical effects had more impact on the lower concentration
elements (As, Zn, Ni, Cu) than the higher concentration elements (Ti, K, Mn, Fe, Ca).

1. Introduction

High-resolution paleoclimate and paleoenvironmental reconstruc-
tions can be used to study decadal to sub-decadal climate oscillation or
discriminate signals of anthropogenic impacts or contamination from
the baseline natural variability, which characterizes lacustrine en-
vironmental systems (e.g. Andrade et al., 2010; Cobelo-Garcia and
Prego, 2003; Gammon et al., 2017; Macumber et al., 2018; Roulet et al.,
2000). It is difficult to carry out high-resolution paleoclimate or an-
thropogenic impact studies in lacustrine systems that exhibit low se-
dimentation rates due to difficulty attaining minimum sample weights
required for conventional geochemical analysis. Recent advances in
analytical techniques, notably the development of high-resolution
micro-X-ray fluorescence core-scanners (μXRF-CS), has drastically re-
duced the cost, volume of material, and time required for analysis of
sediment. Geochemical data can be generated for sediment cores at sub-

mm scale through the use of μXRF-CS, and thus permits study of pa-
leoclimate and anthropogenic impacts at a temporal resolution relevant
to land use decision makers and planners.

Sediment near the surface-water interface is poorly consolidated in
many lacustrine environments. When using conventional gravity
coring, material in the upper few centimetres of the core may be
homogenized due to its soupy nature if the core is not kept perfectly still
during transport and subsequent sub-sampling. Furthermore, this
poorly consolidated material may not be cohesive enough for μXRF-CS,
creating difficulty when attempting to analyze the environmentally
critical uppermost part of gravity cores. Freeze coring freezes sediments
in situ to the outside of a hollow metal rectangular prism filled with a
slurry of dry ice and ethanol (Fig. 1A and B; Shapiro, 1958; Lotter et al.,
1997). Freeze coring offers the advantages of preserving the strati-
graphy of the sediment-water interface by reducing the risk of homo-
genization during coring (Fig. 1C). Because of this, freeze coring is ideal
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for examining sedimentary records where material near the sediment-
water interface is of particular interest.

Combining μXRF-CS with freeze-coring methods could provide
high-resolution data within the upper part of sedimentary records,
enabling researchers to better examine recent anthropogenic influences
on lacustrine systems, study Holocene climate cycles, and bridge the
gap between the observed and inferred paleoclimate records (Wittkop
et al., 2009; Rydberg et al., 2010; Upiter et al., 2014; Macumber et al.,
2018). As of yet, analyzing freeze cores with μXRF-CS has not been
attempted due to the logistical difficulties in maintaining freeze core
integrity during analysis, which takes place at room temperature for up
to 7 h per metre, assuming 0.1 mm resolution and 25 s exposure time
per measured interval. This paper describes the construction and ap-
plication of methods for analyzing freeze cores using the Itrax-μXRF-CS,
and provides an example of the analysis and successful calibration of
freeze core data using a freeze core recovered from Control Lake, the
Northwest Territories (NT), Canada.

2. Construction of the ice-box

In order to maintain the integrity of freeze core slabs during Itrax-
μXRF-CS scanning, the sediment must remain frozen. To this end, a

small ice Box Freeze Core Holder, henceforth the iBox-FC, was designed
to keep cores cold for the duration of analysis (Fig. 2). The iBox-FC
consists of an open-topped Styrofoam box separated into chambers by
high-density polyethylene (HDPE) sheets that are filled with freeze pack
gel (e.g. hydroxyethyl cellulose (Cellusize), sodium polyacrylate, or
vinyl-coated silica gel). Freeze core slabs placed within the central
chamber of the iBox-FC show minimal melting (∼1mm of surface
melted) after two hours at room temperature, enough time to scan a
12.5 cm core at 1mm resolution using a 25 s exposure time per mea-
sured interval. Detailed dimensions and instructions for construction of
the iBox-FC follow.

Water can cause significant damage to the Itrax core scanner so it is
integral to ensure the iBox-FC is constructed water tight. The open-
topped insulating box is made using 1.3 cm (1/2”) thick Styrofoam wall
insulation. Two longitudinal Styrofoam walls 23 cm long by 3.7 cm
high, and two lateral Styrofoam walls 8.4 cm long by 3.7 cm high are
affixed to a Styrofoam base 11 cm wide, 23 cm long, and 1.3 cm thick
using polyurethane glue (Fig. 2A and B). These vessel dimensions place
the core surface at an ideal height for the Itrax μXRF detector when the
box is placed on the tracks of an Itrax-μXRF-CS at the lowest setting
(Fig. 2C). To ensure no liquid leaks out of the box, the joints of the
insulating box are sealed with silicon, and a cling film lining adhered to

Fig. 1. (A) Cross section of freeze core in sediment. (B) Freeze core recovered from Control Lake, NWT, Canada, and (C) the preserved sediment-water interface of a
freeze core retrieved from Control Lake [2 column; online color only]. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 2. (A) Cross section (top) and aerial view (bottom) of iBox-FC. Blue fill represents Styrofoam insulation, hatched areas indicate areas filled with freeze pack gel.
(B) Exploded view of different pieces of the iBox-FC including the insulating box, the HDPE sheets used to divide the insulating box into 9 chambers, the lid enclosing
the freeze pack gel, and the polystyrene box holding a freeze core slab. (C) A fully assembled iBox-FC loaded into the Itrax-μXRF-CS and ready for analysis [2 column;
online color only]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the inside of the box, again using silicon. Once the glue holding to-
gether the insulating box dries, the outside of the box is wrapped in
duct tape to further minimize the risk of leaks.

Once assembled, the insulating box is divided into chambers using
thin HDPE sheets that will be filled subsequently with freeze-pack gel
(Fig. 2). Although HDPE is not a good conductor of heat, use of other
materials may cause contamination (e.g. metal), or are difficult to work
with and more expensive (e.g. glass, other plastics). To increase the
transfer of cold directly to the core, thin HDPE are used. Two-mm-thick
HDPE is a good compromise between facilitating heat transfer and re-
maining robust enough to maintain its shape when the freeze pack gel
expands. Four rectangles of HDPE, two longitudinal rectangles 20.4 cm
long by 3.5 cm high and two latitudinal rectangles 8.4 cm wide by
3.5 cm high that are connected using halved cross lap slot joints, divide
the inner chamber of the insulating box into 9 chambers as illustrated in
Fig. 2B. Once pieced together this frame is placed in the insulating box,
which is now divided into nine separate chambers. The outer chambers
are then filled with freeze pack gel. The gel should reach as close as
possible to level with the top of the internal chambers without going
over. The central chamber should be half filled with enough freeze pack
gel to ensure that the core slab surface will be level, or just emerging
above the outer chambers of the insulating box.

An HDPE lid covers all chambers except the central opening to
minimize possibility of freeze pack gel falling out of the iBox-FC. The lid
is shaped like a hollow rectangle 20.4 cm long by 8.4 cm wide with the
cut out centre of the lid being 13.7 cm long by 4.4 cm wide (Fig. 2B).
The central cut-out from the HDPE is used in the central chamber to
separate freeze core material from the freeze pack gel.

It is recommended that the freeze core subsample to be scanned be
placed in a separate container sized to fit within the central chamber of
the iBox-FC (Fig. 2B). This facilitates easy removal of freeze core ma-
terial from the iBox-FC after scanning, and protects the subsample from
possible contamination from the freeze pack gel or the HDPE walls of
the inner chamber. The dimensions of the iBox-FC were designed to fit
polypropylene boxes purchased from US Plastics Corp. (20 dram flextop
box, product #201214) with outer dimensions of 13.4 cm long, 4.1 cm
wide and 1.8 cm tall.

3. Preparation of freeze cores

In March 2016, a 103 cm long freeze core (CON01-1FRF1) was re-
covered from Control Lake, NT, Canada (64.07771° N, −111.13493° W;
Fig. 3). Control Lake is a 5m deep lake with roughly oval shape located
∼220 km NW of Yellowknife and just north of the latitudinal treeline in
subarctic Canada. Control Lake served as a control site for an en-
vironmental study carried out to evaluate the environmental impact of
seepage from tailings from the nearby historical Tundra-Salmita gold
mine. Control Lake is hydrologically isolated from the flow path that
travels from the tailings pond through several small lakes and ponds
before connecting to the larger Courageous Lake to the north. In April
2017, CON01-1FRF1 was subsectioned into nine freeze core slabs and
transported to McMaster University, Hamilton, ON, Canada, for ana-
lysis using Itrax-μXRF-CS.

Freeze cores collected were up to 13 cm wide with a maximum
length of 2m. To obtain subsample slabs sized for use with the iBox-FC,
freeze cores were longitudinally and latitudinally sub-sectioned using a
hacksaw and a ripsaw. Hacksaws were used for making latitudinal cuts
as they minimize loss of material and ripsaws were used for long-
itudinal cuts as quickly slices through the frozen mud. For the iBox-FC
vessel described here, core slabs were cut to ∼12.5 cm long and
∼3.6 cm wide, which is slightly smaller than the internal dimensions of
the inset box. Care should be taken during sectioning to avoid cracking
the sediment to minimize analytical problems that may result in invalid
data (Fig. 4). The iBox-FC should be completely frozen before core
placement to avoid melting. Ceramic knives may be used to avoid
contamination if the purpose of the research is trace element analysis.

Between cuts, slicing implements need to be thoroughly cleaned to
minimize possible contamination issues.

For Itrax-μXRF-CS analysis, core slab surfaces need to be made as
level as possible to minimize issues caused by surface roughness or
analysis of uneven surfaces. HDPE shims were used to level the core
slabs prior to analysis, but should be avoided if possible as they reduce
the contact of the freeze core slab with the underlying freeze-pack gel.
A cleaned glass microscope slide can be used to scrape the surface of the
core smooth. A cleaned glass microscope slide was used to scrape the
surface laterally across the face of the slab to smooth the surface for
analysis.

Fig. 3. Map showing the location of CON01-1FRF1 in Control Lake and nearby
Tundra Salmita Mine; Inset shows location of Control Lake in NWT, Canada [1
column; online color only]. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Comparison of CON01-1FRF1 Section 1 core image to various para-
meters of practical use to determine start and end point of a core section. The
light grey area denotes a cracked portion of the core that resulted in unusable
data. The dashed black lines indicate the core depths shown in Fig. 5. [1
column; online color only]. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

B.R.B. Gregory, et al. Quaternary International 514 (2019) 76–84

78



4. Recommended procedures during analysis

In preparation for analysis, an iBox-FC with contained freeze core
slab was removed from the freezer and a 4 μm Ultralene® plastic film
(SPEX Centriprep) was affixed to the surface to retain sediment
moisture during scanning. To ensure that the film adhered to the core,
the surface of the freeze core slab was slightly melted by leaving the
freeze core slab at room temperature for roughly half an hour, but a
heat gun may also be used. Initial tests were conducted in the summer
months at the McMaster University facility, but high air humidity
caused droplets of water to form on the Ultralene® plastic film. When
freeze cores were reanalyzed during the subsequent winter in low-hu-
midity conditions, little condensation was observed on the core surface.
As condensation on the surface of the Ultralene can impact the quality
of results, it is recommended that freeze core analysis with Itrax-μXRF-
CS be conducted under low humidity conditions; analyses presented
here were analyzed during periods of low humidity during November
2016.

Depending on the thickness of the freeze core slab and the ambient
temperature, freeze core slabs remained cohesive for at least 2 h. We
did not conduct radiographic imaging due to time constraints relating
to melting of the core slab. For a 12.5 cm core, it was possible to scan a
core segment at 1mm resolution for 25 s per interval without sediment
melting.

CON01-1FRF1 sections one through eight (S1-S8) were analyzed
using a Mo-anode at 1mm resolution, 25 s exposure time, and current
and voltage of 22mA and 25 kV, respectively. Freeze core slabs were
analyzed in triplicate, first forward (top-bottom), and then twice in
reverse (bottom-top), once at 1mm resolution and again at 5mm re-
solution. The two reverse scans were only conducted on part of the core
to provide triplicate analyses. Core slabs were returned to the freezer
and allowed to re-freeze between the first scan and the second/third
scan. There was no need to return the iBox-FC to the freezer between
the second and third scans as the scans collectively took less than 2 h.

In order to maintain optimal μXRF-CS counts between analysis of
each core section, either the XRF parameters can be adjusted to main-
tain constant total counts per second between freeze core sections, or
XRF parameters can be kept constant across all core sections. Subtle
differences in freeze core slab height relative to the X-ray source be-
tween difference iBox-FC runs may influence absolute elemental counts
due to X-ray attenuation (Verma, 2007), resulting in shifts in the ab-
solute elemental counts between core sections. It is therefore re-
commended that XRF parameters be adjusted for each core section to
maintain constant counts.

5. Post-analysis data assessment

Analysis of our iBox-FC μXRF-CS results show that minor edge ef-
fects regularly occur through the lowermost ∼5mm of slabs analyzed
(Fig. 5). These irregularities take the form of an increase in incoherent
X-ray scatter peaks, which is concurrent with a decrease in total counts
per second (kcps) and concentration of abundant elements (Fe in
Control Lake core; Fig. 5B). Although the decrease in incoherent and
coherent scatter may represent an increase in lighter elements (Boyle
et al., 2015; Duvauchelle et al., 1999), there was no visible change in
sedimentology in our testing to suggest that the results may have been
caused by an increase in organic matter or water content in the core
slab. The higher X-ray scatter peaks may have been due to an increase
in the thickness of a layer of water between the core surface and Ul-
tralene film that formed as the core surface slowly melted. If this was
the cause, it is expected that there would have been a gradual increase
in X-ray scatter during scanning, which was not observed (Fig. 5A and
B). Furthermore, the effect was also observed across multiple cores of
varying length, suggesting that this phenomenon was not due to the
melting of core material (Fig. 5A). An increase in the distance between
core surface and detector, possibly due to formation of a fine layer of

condensation, is another possible explanation for a decrease in observed
kcps. This option was rejected as examination of the Ar record showed
no apparent increase coeval with abrupt increase in X-ray scatter
(Fig. 5B). It is possible that a change in sample geometry through the
lowermost few mm of the core slab caused by preferential melting of
the edges of the core during slicing, cleaning, and handling influenced
the detected μXRF-CS signal. The Itrax-uXRF-CS is configured under the
assumption that samples are positioned at 90° to the X-ray source and
the XRF detector 45° to the sample surface (Fig. 6A and B). The trailing
edge of the freeze core slabs, due to melting during handling, has a
slight curvature that changes the assumed sample geometry (Fig. 6C).
Shifts in the angle at which incident X-rays strike a sample surface alters
the intensity of detected X-radiation (Bonizzoni et al., 2014; Geil and
Thorne, 2014). This change in intensity would cause a shift in the re-
lative concentrations of elements, biasing estimates of relative ele-
mental change in sediment core samples near the edge of the core.

To test if changes in sample geometry influenced XRF measure-
ments, freeze cores were scanned (top-down), then rotated 180° and
scanned a second time (bottom-up). Incoherent and coherent X-ray
scatter in the bottom-up analysis showed an inverse trend to that ob-
served when freeze core slabs were scanned top-down: a sharp decrease
in incoherent and coherent X-ray scatter (Fig. 5C). The inverse trend
was also observed in Fe concentrations, with a continual increasing
trend observed in the bottom-up reverse-scanned core coeval with a
sharp decrease in the top-down-scanned core segment (Fig. 5C). There
was no apparent influence of edge effects in elemental log-ratios, in-
dicating that transformation using elemental log-ratios minimizes the
observed edge effects.

6. Application of the equipment

Results from Itrax-μXRF-CS were imported into the ItraXelerate
software following the recommendations of Weltje et al. (2015). Fol-
lowing the Itrax-μXRF-CS analysis, the freeze core slabs were re-
cleaned, and twenty-nine 1 cm long sub-samples were selected for ICP-
MS analysis using the results from ItraXelerate calibration analysis as a
guideline. Six samples were analyzed in triplicate to provide a measure
of absolute geochemical error. Due to the limited material remaining
from the freeze core slab, three 1-cm subsamples were combined, al-
lowed to melt, and then homogenized for triplicate analysis of samples.
Freeze core subsamples were then submitted to Acme Bureau Veritas,
Vancouver, BC, Canada, for ICP-MS analysis. A near total, four-acid
digestion was used prior to analysis. Values less than the detection limit
in the ICP-MS dataset were converted to 0 values. The standard de-
viation for elements in the ICP-MS dataset was calculated using the
following equation (after McCurdy and Garrett, 2016)

= = x µ
N

( )
3

i ijn jn1
3 2

where x represents replicate measurement i of element j in triplicate set
n, μ represents the mean concentration of element j in a replicate set n,
and N equals the total number of triplicate sets measured. Because data
cannot be loaded into ItraXelerate without SiO values, and because MA-
ICP-MS cannot detect silicon, a value of 1 ppm Si was added in order to
load the ICP-MS dataset.

To test the influence of edge effects on the ability of Itrax-μXRF-CS
to recreate actual geochemical values, two Itrax-μXRF-CS datasets were
prepared for calibration. The first, or “original”, dataset represented the
entirety of data collect from analysis of freeze core slabs. For the
second, or “trimmed”, dataset, analysis results for the lowermost 5mm
from all core scans was removed to eliminate any influence from edge
effects. Both datasets were calibrated using the multivariate log-ratio
calibration (MLC) method using ItraXelerate software (Weltje et al.,
2015). The default sample tolerance in the ItraXelerate software was set
to 10mm. As the triplicate ICP-MS values were comprised of 3 cm of
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sediment, and because the mean sample depth was used to represent
depth of geochemical samples, the sample tolerance was increased to
15mm before calibration was attempted. According to Weltje et al.
(2015), the optimal number of elements used for calibration should be
roughly one third of the number of unique samples analyzed with
conventional geochemistry. Thus, nine elements were selected for ca-
libration: As, Ca, Cu, Fe, K, Mn, Ni, Ti, and Zn. Calcium, Fe, Mn, K, and
Ti were selected as they are commonly used as proxies for sedimenta-
tion, redox state, or productivity in paleolimnological analysis (Davies
et al., 2015), and therefore are likely to be used in lake studies con-
ducted using freeze cores. The remaining four elements (As, Cu, Ni, Zn)
were selected as they have a relatively high detection limit for Itrax-
μXRF-CS analysis using an Mo-anode, however, these elements were
present in lower concentration in our freeze core. The lower con-
centration of these elements may reduce precision and accuracy of their

detection us Itrax-μXRF-CS (Brown, 2015; Cuven et al., 2015; Hunt
et al., 2015), but they were included as they are important for our other
research in Control Lake. Relationships between observed and pre-
dicted values were measured by a goodness-of-fit R2 value (Table 1). As
the calibrated output from ItraXelerate assumed that all calibrated
elements sum to unity, and because the nine elements calibrated
comprise, on average 8.51% (σ=2.5%, n=41)of the total sample
based on ICP-MS results, calibrated results output from the ItraXelerate
were converted to proportions of this average percentage.

The edge effects that occur in the last 5mm of core sections affect all
elements included in analysis, not just select abundant elements. Using
elemental ratios may thus minimize the influence of these edge effects
assuming elements suffer from these edge effects to a similar degree
(Fig. 5). Elemental ratios are commonly used μXRF-CS research as they
can mitigate specimen and matrix effects for similar reasons. However,

Fig. 5. (A) The final 60mm of several core sections from CON01-1FRF1 showing an abrupt increase in incoherent x-ray scatter in the lower 5mm of μXRF-CS core
scanning. (B) Comparison of the influence of edge effects as indicated by incoherent scatter to shifts in Fe concentration, Ar concentration, and the surface of the
freeze core sample for the last 60mm of CON01-1FRF1 Section 1. (C) Comparison of Incoherent scatter, Fe (kcps) and ln(Fe/Ti) in the last 60mm of cores scanned
forwards (turquoise line) and in reverse (yellow line) [2 column; online color only]. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 6. (A) Schematic diagram of analysis area of
Itrax-μXRF-CS showing geometry of X-ray source,
incident X-radiation, flat beam X-ray focusing wave-
guide, XRF detector arranged at 45° to the sample
surface, the iBox-FC with freeze core inside it, and
the direction of core movement through the analysis
area. (B) The standard sample geometry assumed for
all Itrax-μXRF-CS analysis showing the incident x-ray
(blue), the detected XRF signal (green) and the
sample surface (black). θ1 represents the angle that
the incident X-ray strikes the sample surface (90°)
and θ2 the angle of the detector XRF signal relative to
the sample surface (45°). (C) Problematic sample
geometry hypothesized to be the source of edge ef-
fects showing the incident (blue line) and detected X-
rays (green line) relative to the sample surface (black
line). In this example, the incident x-radiation strikes
the sample surface at closer to 45° (θ1), while the
detected X-rays are closer to 90° relative to the
sample surface (θ2). (For interpretation of the refer-
ences to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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elemental ratios are asymmetrical; conclusions made based on a given
elemental ratio (e.g. x x/1 2 ) cannot necessarily be equated to the in-
verted ratio (e.g. x x/2 1). This issue can be solved through the use of log-
ratios (Aitchison, 1982). We therefore used an additive log-ratio (alr) to
transform data using the following equation after Aitchison, 1986 and
van den Boogaart and Tolosana-Delgado, 2013:

=alr x x
x

( ) lni
i

D

where xi represents a given element within the calibrated dataset, and
xD represents the denominator element selected from said dataset to
which every other element is ratio-ed. For our data, we selected Ti as it
is not sensitive to redox changes, was well detected in our analysis, and
is commonly used in lacustrine studies using μXRF-CS (Davies et al.,
2015).

6.1. Comparison of the original and trimmed datasets

For both the original and trimmed datasets, R2 values showed strong
relationships between observed and predicted results (R2 > 0.81) for
six of the nine elements calibrated (Ca, Cu, Fe, K, Mn, Ti; Table 1).
Arsenic, Ni and Zn exhibit relatively low R2 values (< 0.52) in both
original and trimmed datasets. The R2 values for both original and
untrimmed dataset were within 0.1 point of each other, with the ex-
ception of As that increases from R2=0.36 to R2=0.41 from the
original to the trimmed dataset, respectively. This similarity is expected
as removal of the last 5mm represented a loss of only 4% of the dataset,
making both original and trimmed datasets very similar. Comparison of
the Itrax-μXRF-CS results with ICP-MS results for both the original and
trimmed datasets showed little difference, and the agreement between
μXRF-CS and ICP-MS results appeared to increase in both cases through
use of alr-transformation (Fig. 7). These results suggest that inclusion of
data obtained from intervals of core segments subtly influenced by edge
effects does not impact calibration to a large degree, and the alr-
transformed dataset can be reliably use for interpretation of μXRF-CS
results and calibration.

6.2. Comparison of original dataset to ICP-MS data

The Itrax-μXRF-CS results show strong correlations (R2 > 0.81) for
Ca, Cu, Fe, K, Mn, and Ti (Table 1, Fig. 8). These strong correlations are
likely due to the high concentration of these elements in sediment, and
their high detectability with Itrax-μXRF-CS (Table 1). The strong cor-
relation between μXRF-CS and ICP-MS results indicates that μXRF-CS
data provides an accurate representation of geochemical trends in the

freeze core for these elements.
Arsenic, Ni, and Zn showed weaker correlations, with R2 values of

0.36, 0.52 and 0.51 respectively (Table 1, Fig. 8). The poor correlation
of As may have been caused by volatilization of As during multi-acid
digestion of sediment prior to ICP-MS analysis (Parsons et al., 2012).
The combination of geochemical error due to As volatilization in the
ICP-MS dataset, and possible attenuation of the μXRF-CS signal asso-
ciated with high water content and organic matter in the freeze core
likely resulted in weaker correlations. Nickel and Zn results, however,
are comparable to Cu in terms of atomic size, mass, and detection limits
with Itrax-μXRF-CS (< 10 ppm), yet had lower R2 values than Cu. Both
Ni and Zn had relatively low concentrations in the ICP-MS dataset
(xN̄i= 47 ppm, σNi= 8.7 ppm; xZ̄n= 91 ppm, σZn= 13 ppm; n=41),
which may be the cause for weaker correlations as lower concentration
elements may show poorer precision in μXRF-CS analysis (Brown, 2015;
Cuven et al., 2015; Hunt et al., 2015). However, Cu had a stronger
correlation (R2= 0.82) in spite of similarly low concentration
(xC̄u= 66 ppm, σCu= 5.2 ppm, n=41). Sixteen percent of Zn mea-
surements were below detection, possibly explaining the poor correla-
tions, yet, there were no non-detect values in the Ni data, and less than
1% non-detect values for Cu data. Copper concentration determined by
ICP-MS has a lower relative standard error (3%) in comparison to Ni
(10.5%) and Zn (∼6%). Nickel and Zn show weak to moderate positive
correlations (Pearson's rNi= 0.41, rZn= 0.33) to the ratio of in-
coherent/coherent X-ray scatter, whereas Cu shows a weak negative
correlation (Pearson's rCu=−0.41). It is possible scatter or absorption
effects were influencing μXRF-CS detection of Zn and Ni to a greater
degree than Cu. However, as signal attenuation preferentially affects
elements with weaker fluorescent energies (Kido et al., 2006), and as
fluorescence energies are related to the atomic mass of elements, it is
expected that Cu, Zn and Ni should all be affected similarly due to the
similarity of their atomic mass. The weak positive correlations observed
between X-ray scatter and Ni and Zn may be due to environmental
variability rather than signal attenuation as the incoherent/coherent
scatter ratio is related to the proportion of water or organic content in
core (Boyle et al., 2015; Löwemark et al., 2011). Differences in the
analytical procedure may also contribute to poorer correlations since
ICP-MS uses a large sample volume (∼3 cm3) in comparison to the
volume of sediment analyzed with μXRF-CS that is, depending on the
critical depth for a given element and the length of the interval ana-
lyzed, generally less than 1mm3. The large sample volume provides a
better average composition while μXRF-CS maybe detecting subtle
sample heterogeneities. This effect would be expected to have a greater
negative influence on the lower concentration elements.

Comparison of predicted absolute elemental concentrations from
ICP-MS results to μXRF-CS trends showed moderate correspondence for
elements with weak or high R2 values (Fig. 9). The ICP-MS results
followed trends similar to that provided by the μXRF-CS data, although
in several cases the μXRF-CS data did not fall within two standard de-
viations of the ICP-MS results. Transforming data using additive log-
ratios greatly increased the correspondence between the two geo-
chemical methods. For the alr-transformed data, most ICP-MS results
fell within 2 standard deviations of the 10-point running mean of the
μXRF-CS data. Considering μXRF-CS and ICP-MS data are compositional
in nature, the observed deviations of ICP-MS from non-transformed
μXRF-CS data may not be due to issue with calibration, but rather due
to closure effects.

To provide a more quantitative measure of the success of elemental
normalization in improving the fit of the two datasets, the difference
between a 10-point running mean of μXRF-CS and ICP-MS data was
calculated, than converted into absolute relative differences based on
the mean of μXRF-CS concentrations (Fig. 9, Table 2). For all elements,
the mean difference between μXRF-CS and ICP-MS data was greater in
the raw μXRF-CS than the alr-transformed μXRF-CS results. Further-
more, raw μXRF-CS tended to have much higher maximum relative
differences than did alr-transformed μXRF-CS. This shows that analysis

Table 1
Comparison of R2 predicted Itrax-μXRF-CS results using a multivariate log-ratio
calibration to ICP-MS results using the original dataset and a dataset with va-
lues influenced by edge effects removed (trimmed dataset). Also shown are the
detection limits taken from Qspec software developed by Cox Analytical
Solutions and mean elemental concentrations derived from ICP-MS results. [1
column].

Element Goodness-of-fit R2 Detection Limit
(ppm)

Mean Elemental
Concentration

Trimmed
dataset

Original
dataset

As 0.36 0.41 5 75 ppm
Ca 0.95 0.95 23 0.72%
Cu 0.82 0.81 6 66 ppm
Fe 0.95 0.95 7 6.6%
K 0.95 0.94 36 1.0%
Mn 0.9 0.91 8 220 ppm
Ni 0.52 0.53 6 47 ppm
Ti 0.95 0.94 13 0.11%
Zn 0.51 0.53 6 91 ppm
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Fig. 7. Comparison of Itrax-μXRF-CS data (light
green line) to ICP-MS data (orange circles) for raw Fe
and ln(Fe/Ti) for CON01-1FRF1-S1 to S8. Graphs in
the left column where created using the original da-
taset and the graphs in the right column where cre-
ated using a dataset with all points influenced by
edge effects removed. The dark green line represents
a 10-point moving average of Itrax-μXRF-CS data.
Orange error bars represent two standard deviations
of ICP-MS data. The grey bars indicate where data in
the original dataset was removed for the trimmed
dataset due to edge effects. [2 column; only color
only]. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)

Fig. 8. Output from ItraXelerate multivariate log-ratio calibration of Itrax-μXRF-CS data using ICP-MS data from CON01-1FRF1-S1 to S8. Graphs represent the ability
of Itrax-μXRF-CS concentrations predicted using MLC (y-axis) to recreate ICP-MS results (x-axis). Orange dots represent datapoints that may have been influenced by
edge effects. [2 column; only color only]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

B.R.B. Gregory, et al. Quaternary International 514 (2019) 76–84

82



of freeze cores accurately recreated geochemical trends in Control Lake
freeze cores and that edge effects can be minimized through use of
additive log-ratios, even for elements with poorer correlations.

7. Conclusions

The iBox-FC containment vessel delays thawing of frozen sediments
for up to two hours, adequate time to carry out high resolution Itrax-
μXRF-CS analysis. Calibration of μXRF-CS values to absolute con-
centrations based on multi-acid ICP-MS results using the MLC method
provides accurate results, with most correlations showing R2 > 0.81.
The predicted μXRF-CS trends showed moderate agreement with ICP-
MS results when using raw elemental counts; alr-transformation of

μXRF-CS data improved the concordance between results obtained
using the two geochemical methods. This confirms that μXRF-CS ana-
lysis of freeze cores using the above methodology is able to accurately
measure geochemical variations in sediment. Transformation of data
using elemental log-ratios is therefore recommended before inter-
pretation of results. This transformation minimizes specimen, matrix
and edge effects which are prominent issues when analyzing freeze
cores which inherently have high porewater content. Even with appli-
cation of alr-transformation, caution and independent assessment of
lower concentration elements is recommended. Despite these limita-
tions, the analytical efficiency of Itrax-μXRF-CS and the high resolution
capabilities of the instrument provide significant advantages for the
study of recent environmental records in freeze cores, and the iBox-FC

Fig. 9. (A) Comparison of Itrax-μXRF-CS data (light
green) to ICP-MS results (orange circles) from
CON01-1FRF1-S1 to S8. The dark green line re-
presents a 10-point running mean of Itrax-μXRF-CS
results. Orange error bars represent two standard
deviations about ICP-MS results. Arsenic and Cu,
both elements with lower abundance in Control Lake
sediments, but with high detectability with Itrax-
μXRF-CS are shown for comparison. The left column
shows raw Itrax-μXRF-CS and the right column Itrax-
μXRF-CS data that has been normalized to Ti. (B)
Boxplots represent the difference between ICP-MS
data and the 10-point running mean of Itrax-μXRF-CS
in % relative to the mean elemental concentration
derived from ICP-MS results. [2 column; online color
only]. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Summary statistics displaying the mean, median, 1st and 3rd quartiles (Q1 and Q3) and maximum and minimum differences for the absolute difference between ICP-
MS and the 10-point running mean of Itrax-μXRF-CS for all nine elements calibrated using the MLC. Values displayed are in percent relative to the mean con-
centration of elements based on ICP-MS data. Shown are both raw Itrax-μXRF-CS and alr-transformed μXRF-CS data.

Fealr Fe Cualr Cu Nialr Ni Kalr K Asalr As Caalr Ca Mnalr Mn Znalr Zn Ti

Min 0.29 0.25 0.02 1.59 1.01 1.39 0.32 0.80 0.20 0.49 0.23 0.19 0.07 0.13 1.46 0.15 1.90
Q1 5.49 2.79 2.53 6.46 5.50 7.87 2.58 8.59 7.90 5.54 2.55 9.80 3.92 6.71 7.08 4.02 10.1
Median 12.0 8.79 9.33 10.1 8.83 15.4 3.83 19.1 17.0 12.8 4.39 15.4 6.10 12.0 12.3 9.90 16.8
Mean 15.0 14.0 10.1 16.0 13.7 18.2 5.39 22.0 16.6 18.6 5.87 19.0 8.48 16.4 12.2 16.0 24.1
Q3 19.4 14.3 16.3 24.7 16.1 25.6 7.99 26.6 22.4 25.0 8.85 23.4 11.3 23.0 16.8 21.7 30.0
Max 66.2 132 28.0 49.4 60.0 69.9 13.9 88.4 42.7 129 15.5 74.7 25.5 53.8 35.4 66.5 105
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allows these capabilities to be used.
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