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Abstract: The paleoclimatic and paleoenvironmental changes inferred from shifts in lake sediment
geochemistry require reliable, efficient and cost-effective methods of analysis. The available geochemi-
cal techniques, however, suggest that different analytical approaches can influence data interpretation.
X-ray fluorescence core scanner analyses (XRF-CS), field portable X-ray fluorescence (FPXRF) and
inductively coupled plasma optical emission spectrometry (ICP-OES) were concurrently applied to
provide a multi-method geochemical appraisal of a 6000-year-long karstic sediment record (Lake
Ighiel, Romania). The comparison between techniques was based on a set of elements that are widely
employed in environmental reconstructions (Ti, K, Fe, Ca). Descriptive and statistical approaches
were used to assess the advantages and disadvantages of each method and assess their optimal
use in karstic environments. Our data display similar downcore patterns, with strong to moderate
correlations between the datasets. The discrepancies observed between method-specific downcore
multi element behaviour are related to the preparation steps and sampling. To best capture the
complexity of past environmental changes in karstic settings, a combination of quantitative and
qualitative geochemical methods would be the most appropriate approach to reliable data acquisition
and subsequent paleoenvironmental interpretation of lake sediment data.

Keywords: paleolimnology; geochemistry; clastic sediments; data treatment; SE Europe

1. Introduction

Lake sediments are among the most valuable records when unravelling local to re-
gional environmental changes over time [1-3]. Karstic lakes are distributed worldwide,
and their closed basins and direct connection with aquifers make the system very sensitive
to changes in hydrological balances, expressed as fluctuations in lake level, changes in
water chemistry and aquatic communities. Karstic lake sequences provide a large variety
of depositional environments and sediment facies, but the strong connection with their
aquifer can make sediment interpretation rather complex. Therefore, there are knowledge
gaps in how to treat and interpret these data.

In recent decades, a proliferation in the availability of quantitative and qualitative
geochemical analyses has resulted in a range of high-resolution research studies aiming to
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better understand long- and short-term lacustrine changes in relation to climate variability
and human impacts. These studies focused on a variety of topics such as past climate
variability [4], land-use changes [5,6], catchment dynamics, sediment delivery and lake
responses [7-12], identifying rapid depositional events [13] and assessing the rate and
amplitude of anthropogenic impacts [14-17].

From such studies, it is apparent that the reconstruction methods employed depend
on the type of sediment, the scientific questions to be addressed and the available re-
sources. Each method has its own advantages and disadvantages. For example, the
standard chemical treatment procedures employed in inductively coupled plasma optical
emission spectrometry (ICP-OES) used to determine sediment chemical composition are
time-consuming and costly but can deliver accurate quantitative data [18]. However, more
recent developments in geochemical techniques have opened up new opportunities, which
facilitate the rapid, high-resolution, continuous screening of sediment cores without the
need for sub-sampling. Among these, the most widely used are X-ray fluorescence core
scanners (XRF-CS).

XRF-CS (Avaatech and ITRAX) is an automated, non-destructive and high-resolution
technique, which acquires continuous, semi-quantitative, multi-element geochemical data
(major and minor elements) with a measurement resolution of 100 um [19]. When com-
pared to spectrometric methods, which involve discrete sampling, XRF-CS offers lower
analytical costs and faster, high-resolution data acquisition [19-23]. Therefore, XRF-CS has
been widely used in paleoclimate and paleoenvironmental research as well as in pollution
studies and environmental remediation [24,25]. This type of analysis is especially useful
when working with continuous, long sedimentary records characterized by low accumula-
tion rates, as it provides fast and low-cost semi-quantitative measurements enabling the
estimation of relative elemental change [19,26]. However, one disadvantage of analyzing
fresh sediment cores, compared to digestion-based procedures, are the matrix effects. These
include grain-size heterogeneity, cracks and irregular core surfaces, variations in porosity
and moisture, carbonate and organic contents, which can result in signal fluctuations and
may impact the quality of results [25,27-30]. Furthermore, instrument settings, such as the
data acquisition time, can be another potential variable that may influence the results [31].
Another potential disadvantage is that XRF core scanning only penetrates the near-surface
of the sediment; thus, the chemical composition of the bulk of the sediment column may
not be fully assessed [23]. To evaluate the potential influence of these factors on XRF-CS
results, a comparison to quantitative analysis is usually required [26,32,33].

The field portable X-ray fluorescence (FPXRF) analyzer was initially designated as a
portable instrument to determine the concentration of metals and metalloid of soils in a
variety of contexts. In laboratory conditions, FPXREF is also used to screen lake sediments,
but is also applied to pressed pellets. The main disadvantage of this technique is its lower
detection limit and data resolution compared to XRE-CS and ICP-OES [34].

ICP-OES is a conventional, well-established technique, whereby discrete samples are
analyzed after acid digestion. This approach allows for the acquisition of absolute element
values at very low detection limits [35]. The main advantage of these methods is that
they provide absolute chemical concentrations with high precision [18]. However, there
are some limitations: as the nature of data recovery depends upon the digestion protocol,
the dissolution procedure and, therefore, the analysis are relatively expensive. Element
recovery based on this method can be restricted; Si, a major constituent of sediments and
an important paleoerosion [24] and paleoproductivity proxy [36], is lost when samples
are dissolved in hydrofluoric acid. As such, ICP-OES analyses are best applied to specific
samples for which absolute chemical concentrations are required, but caution should be
taken regarding the influence of the digestion protocol employed.

The aforementioned XRF-based techniques are now part of a routine analytical geo-
chemistry toolbox and, since the introduction of XRF-CS, numerous studies have discussed
the advantages and pitfalls of these techniques in comparison to spectrometry methods
applied to a range of natural archives, e.g., marine [37] and lacustrine sediments [38],
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speleothems [39] and peat records [25,26,40]. In addition, there have been several at-
tempts to calibrate the most recent XRF scanning methods against more conventional
analytical techniques (i.e., ICP) and to convert semi-quantitative data (XRF-based) into
quantitative data. The results have highlighted complications related to sediment type
and protocol steps, and the need for study/sample-specific data preparation to ensure
reproducibility between techniques [25,38]. However, there are still gaps in the knowl-
edge and more detailed information is needed to test the performance and suitability of
these techniques on karstic lake sediments and the implications for the use of such data in
paleoenvironmental reconstructions.

This paper compares the results of geochemical measurements applied to sediment
samples from karst Lake Ighiel, in the Romanian Carpathians (SE Europe), which enable
a comparison of the three geochemical methods applied—XREF-CS (ITRAX), FPXRF and
ICP-OES. Although comparisons between different methods, e.g., bulk and high-resolution
point analyses, e.g., [25,26,38,40], were carried out previously, none of them specifically
explored the relationship between XRF-CS, FPXRF and ICP-OES data obtained from a
karstic sediment record. To ensure high data reproducibility, the analysis focused on
assessing the patterns in a set of lithogenic indicators, Ti, K, Ca, Fe. These elements are
commonly used as paleoenvironmental proxies and have the potential to disentangle the
past and recent hydroclimate variability from the land-use changes that controlled the
input of sediment into Lake Ighiel [5,41]. This paper assessed the strengths and weaknesses
of more recent and conventional techniques applied to a single lake sediment record and
evaluated the suitability of a selected set of elements in respect to a given method and their
potential use as paleoclimatic and paleoenvironmental proxies.

2. Materials and Methods
2.1. Study Area and Lake Sediment Record

Lake Ighiel is a karst lake located in the Apuseni Mountains (Romania) at 924 m above
sea level (Figure 1). It has a small catchment area that comprises Jurassic limestones, but the
southern inflow to the lake drains an area of Mesozoic molasse and volcanic rocks (diabase).
Over time, changes in vegetation cover and the development of erosional features have
occurred within the catchment; a detailed description is provided in References [5,41].
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Figure 1. The location of karstic Lake Ighiel in Romania and Europe (left panel), and a digital
elevation model of the catchment and surroundings (right panel).
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Sediment cores from Lake Ighiel were retrieved using a modified piston corer in 2013.
A 553-cm-long composite profile was established based on the correlation (stratigraphy
and magnetic susceptibility) of short-gravity and long-piston cores [41]. The sedimentary
profile consists of four lithological units (I-IV): Unit I is composed of grey—-brown clays and
clayey silts, whereas Units II, IIl and IV consist of brown-grey laminated clays, brown-red
layered and light-brown clays, respectively [41]. Millimeter-thick layers of coarse organic
detritus are frequent in Unit III. An age-depth model based on 22 radiocarbon ages was
established using the Bayesian age modelling software Bacon [42] and OxCal [43]. This
indicates that the composite profile covers the last 6000 years of sedimentation; see details
in Reference [41].

2.2. Interpretation of Major Elements Found in Lake Ighiel Sediments

Ti and K are conservative, geochemically stable elements that are mainly found in
weathering-resistant silicates and can be used as proxies for detrital load or physical
erosion [44-48]. For Lake Ighiel, Ti and K were used as indicators of catchment dynamics,
with their variability in the sediment column mainly controlled by runoff and changes in
soil erosion. Their patterns appear to align with the forcing effects of past climate variability
and, in the most recent 150 years, to reflect human-induced landscape changes enhancing
soil erosion [5,41].

Fe, as a trace metal, is redox-sensitive and has received much attention in environ-
mental research [49]. Although Fe can be mobilized by shifts in the redox state, it can
also be a tracer for terrigenous input to the lake, delivery from sewage treatment and
even tephra [24,49-51]. Considering that present paper is not focused on reconstructing
palaeoredox changes, the Fe curve is only shown here to illustrate the variability of Fe over
time and discuss the differences between the methods used to determine it.

In lake sediments, Ca can have a detrital origin, as it is a major bedrock component,
but can also reflect a biogenic output through the precipitation of authigenic carbonate
minerals driven by lake internal biogeochemical activity [45]. In Lake Ighiel, the Ca curve
was interpreted in accordance with other proxies (i.e., organic matter content) and thin-
section analysis for insights on the sediment composition; see details in Reference [41]. In
the lower part of the profile, in Unit I, Il and IV, covering the time interval from 6030 to
2500 cal yr BP, and 1250 cal yr BP to the present, the Ca curve depicts changes in catchment
erosion and carbonates supplied from the limestone bedrock. In the laminated Unit III
spanning from 2500 to 1500 cal yr BP, the Ca curve mainly seems to reflect lake-internal
biogeochemical variability [41].

2.3. Geochemical Analyses

Three different methods, XRF-CS (ITRAX), FPXRE, and ICP-OES, were applied con-
currently to better understand Lake Ighiel’s 6000-year long paleoenvironmental and geo-
chemical record. XRF-CS was performed on the fresh sediment of intact core sections,
whereas the other two approaches (FPXRF and ICP-OES) were carried out on dried and
homogenized discrete samples (Table 1).

Table 1. Characteristics of the analytical techniques used (FPXRF, ICP-OES, XRF-CS), including the
pre-analytical steps, resolution of analysis, the time required to prepare and analyze samples, type of
results and advantages versus disadvantages. LOD stands for limits of detection.

FPXRF ICP-OES XRF-CS
Pre-treatment steps Samp'lmg', drying, ‘ Sampling, homggenlzatlon, Core su'rface 'clea'nmg,
homogenization, packing digestion covering with film
Highest resolution ~0.5-1 cm ~0.5-1 cm >0.1 mm
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Table 1. Cont.

FPXRF ICP-OES XRF-CS
Dry overnight, followed by
Preparation time per samples ~10-15 min 2 h per batch in a microwave, ~30 min/100 cm

(excluding drying time) or a couple of days, if

digesting bench-top

Analysis time per sample

1 sample/240 s Multiple days Position/15 s

Type of results

Qualitative Quantitative Qualitative

Low cost, less preparation Quantitative results, High-resolution,

Advantages steps, homogenised homogenised high-speed /rapid analysis,
sediments, rapid analysis sediments, low LOD non-destructive
Disadvantages Destructive, high LOD Destructive, laborious, High costs, not homogenised,

low speed high LOD

2.3.1. XRF Core Scanning (XRF-CS)

The surface of split (along the long axis), fresh sediment cores was cleaned and covered
with 2-um film to avoid contaminating the sensor and to reduce sediment desiccation
during measurement. To ensure reliable readings, the film was carefully positioned to
avoid air bubbles and wrinkles. The cores were scanned (Figure 2) using the XRF element
core scanning method (XRF-CS) at the laboratory of the GFZ in Potsdam, Germany. Cr
and Mo tubes were used to acquire data on light elements [44]. Analyses were made with
a 15 s exposure time, 40 kV tube voltage, 40 mA tube current and a step size of 1 mm.
Replicate measurements were performed to statistically evaluate the results and estimate
the confidence limit for the intensities of the elements measured [23]. However, given the
very high-resolution of XRF-CS, the non-averaged data are also presented here to assess
the long-term high-resolution patterns. The raw data are expressed as peak area.

ICP-OES (1cm?)

FPXRF (1cm®)

Figure 2. The sampling scheme for the methodological technique used in this study.
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2.3.2. Field Portable XRF Measurements (FPXRF)

The Lake Ighiel sediment record was subsampled at 10-cm resolution (Figure 2)
(55 samples in total) for further sample-based geochemical analysis using a Niton XL3t
GOLDD X-Ray Fluorescence analyzer (FPXRF) mounted in a shield and performed at the
University of Salford, UK. After measuring the wet weight, each 1 cm® sample was oven-
dried at ~40 °C, ground to fine powder to homogenize the sample and carefully pressed
into plastic cups above a 6-pum-thick polyester film, forming a measurement window. Each
plastic cup was placed in the FPXRF laboratory stand and analyzed under main and low
filters, each for 240 s [30]. The certified reference material (CRM) used was NCS DC73308
(Chinese stream sediment) as it has comparable elemental concentrations and a similar
matrix to our lake sediment core. Results were acquired including the two-sigma error
for each reading, which represents two standard deviations from the mean. For elements
included in the study, the relative percent difference (RPD) between the concentration of
the reference material and the concentration measured by FPXRF was less than 10%. The
FPXRF data are expressed as Element/pug~!.

2.3.3. ICP-OES Analyses

Samples (1 cm?), each comprising one linear cm depth interval, were collected at 10-cm
spacing along the sediment profile, dried and homogenized (Figure 2). Sample dissolution
was performed using a mixed-acid (HNO3;-HCI-HF), microwave-assisted approach. Digests
were spiked with 1 ppm of internal standard (Sc) before analysis on a Perkin Elmer Optima
8000 ICP-OES system at the Northumbria University, UK. Two CRMs were digested and
analyzed alongside the samples; Montana 2711 soil and IAEA-SL-1 Lake Sediment, with all
analyses falling within 10% of expected recoveries. Method and instrument blanks were
also run to assess for contamination and were found to contain negligible amounts of each
element of interest. The data are expressed as ppm.

2.4. Data Processing

To assess the behavior of each element in relation to the method applied, the dataset
was statistically treated. To evaluate the performance of each method and to investigate the
correlation and similarities—dissimilarities between datasets, Pearson correlation coefficient
(r) was applied. The strength of the correlation was assessed as: low for r < 0.3, moderate
for 0.3 <r < 0.6 and strong for r > 0.6.

Descriptive statistics were used to evaluate data distribution (a normal distribution is
defined when skewness equals/is close to 0 and kurtosis is close to 3), assess the overall
changes with similarities and differences of the dataset. Box plots were used to interrogate
the differences and similarities between geochemical outputs and evaluate, how element
recovery depends on and/or behaves in terms of the method used, with a close look at
the overall data variability and values (median, extreme values, outliers). To avoid the
comparison of depth-based variables in absolute values and possible issues that might arise
when comparing different units, the Z-score standardization was used to bring the data to
the same unit.

3. Results

Intervals with higher values (Tixgrr.cs > 10,000 peak area; Tigpxgrr > 2000 ug g~ 1;
Tijcp-ops > 1000 ppm) are depicted by all methods in the lower part of the profile, below
400 cm depth (within Unit I) and in the uppermost 150 cm depth (Unit IV), which is
characterized by a more dynamic pattern in sediment geochemical composition (Figure 3).
However, distinct short-term peaks in Ti are clearly visible in the non-averaged Tixrr.cs
curve, which are not captured by the coarser resolution of Tigp.xgr and Tijcp-ogs.
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Figure 3. Lithology of the Lake Ighiel record covering the last 6000 years and geochemical results
from each analytical technique. The non-averaged data for XRF-CS are plotted with lighter colors
under the point-line curves that show averaged values.

A rather stable pattern in K, mirrored in the results from all the methods, is visible
between 500 cm and 140 cm depth (Unit I, II, III). Values are more dynamic for the last
140 cm (Unit IV) with marked peaks and dips (Figure 3). The highest concentration values
for K (39,746 ppm) were registered by ICP-OES, which depicts relatively constant values
with a peak at around 100 cm depth (Figure 3).

The Fe pattern depicted by all three methods is similar; low values (Fexgrr.cs < 40,000
peak area, Feppxrrp < 30,000 pg g’l, Fercp-ors < 25,000 ppm) characterise the interval below
400 cm depth (Unit I). An increasing trend is visible between 400 cm and 150 cm (Unit
III-11), followed by rapid changes between 150 cm and 0 cm depth (Unit IV) (Figure 3).
Fexrr-cs also varies, and subtle shifts are evident in the non-averaged, high-resolution
results (Figure 3).

The results from all methods show a similar pattern for Ca, with increasing values
until 400 cm (Unit I), followed by a decreasing trend until 150 cm (Unit II and III), then
sharp dips and peaks between 150 cm and 0 cm (Unit IV) (Figure 3).

The Pearson correlation coefficient (r) for the raw dataset shows strong correlations
between XRF-CS and FPXRF for Ti (r = 0.60, p < 0.0001), Fe (r = 0.68, p < 0.0001) and Ca
(r=0.68, p <0.0001) (Table 2; Figure 4) and a moderate correlation for K (r = 0.45, p < 0.0001).
For most of the elements, XRF-CS displays moderate to low correlations with ICP-OES.
FPXRF shows strong correlation with ICP-OES for K (r = 0.60, p < 0.0001), moderate
correlations for Fe (r = 0.40, p < 0.003) and Ca (r = 0.30, p < 0.028) and a low correlation for
Ti (r = 0.18, p < 0.185) (Table 2; Figure 4).
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Table 2. Pearson correlation coefficients r for the raw dataset. Strong and statistically significant
correlations (p < 0.001) are marked in bold and with a star (*), whereas moderate correlations are
marked in italics and with two stars (**).

FPXRF  p-Value ICP-OES  p-Value ICP-OES  p-Value
o T 0.60 * <0.001 0.26 0.057 . O 0.18 0.185
¢ K 045 <0.001 0.37 ** 0.006 2 K 0.60 * <0.001
& Fe  0.68* <0.001 0.17 0.222 & Fe 0.40 ** 0.003
<  Ca  068* <0.001 0.26 0.061 Ca 0.30 ** 0.028
r = 0.60% p < 0.001 r=0.45", p < 0.001 r=0.68% p < 0.001 r=0.68% p <0.001
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Figure 4. Correlations between different methods with the regression line shown with a grey line
and the 95% confidence interval represented by the grey shadow. Statistically significant correlations
(p < 0.001) are marked in bold and with a star (*), whereas the moderate correlations are marked in
italics and with two stars (**).

To minimize the noise and reduce the closed-sum effect, data normalisation is recom-
mended, especially for highly organic sediments, although, in the case of Lake Ighiel, the
sediments are very clastic [41]. It must be stated that the closed-sum effect is related to
the impact that the high organic carbon content has on the overall counts. High organic
content leads to a dilution of the overall signal (as O and C cannot be measured on XRF),
which means, for core scanning, where the results are not calibrated, a drop in a certain
element can be the result of high organic content, rather than an actual decrease. For
FPXRF and ICP-OES, the results are calibrated to external standards, and the variable
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impacts of overall intensity can be ignored. Following general recommendations from the
literature, a log-transformation was performed [23] (Table 3). A slight improvement in
Pearson’s r values was only observed for Ca, most likely because this element showed a
log-normal distribution.

Table 3. Pearson correlations for log-transformed XRF-CS and raw FP-XRF and ICP-OES. Strong and
statistically significant correlations (p < 0.001) are marked in bold and with a star (*), whereas the
moderate correlations are marked in italics and with two stars (**).

FPXRF p-Value ICP-OES  p-Value ICP-OES  p-Value
g m 0.14 0.316 —0.24 0079 T 018 0.185
OuE K 0.23 0.091 0.33 ** 0.016 & K 060* <0.001
EL/; 2 % Fe  050*  <0.001 0.22 0119 & Fe 040* 0.003
£ Ca  075%  <0.001 0.30 ** 0.031 Ca 0.30* 0.028

A comparison of analytical techniques showed that the element mean, and maximum
values recovered by the three methods were very close, with exception of Tixrp.cs, which
was higher compared with the other two methods (Table 4).

Table 4. The results of descriptive statistics for each analytical technique and element used in this
study. They include mean, maximum, median, kurtosis, skewness and number of samples (N). The
analysis was performed on the raw dataset.

Descriptive Statistics

Element Method Mean Maximum Minimum Median Kurtosis Skewness N
XRF-CS 9722 17,087 6356 9380 2.8 1.15 55

Ti FPXRF 2353 4319 1698 2293 4.5 1.6 55
ICP-OES 1253 2340 1288 —0.007 -0.3 53

XRF-CS 18,152 25,969 10,894 17,960 —04 0.2 55

K FPXRF 20,671 24,736 16,617 20,894 0.3 -0.3 55
ICP-OES 22,980 39,746 6135 23,686 2.6 -0.3 53

XRF-CS 43,838 64,224 27,455 42,145 —-0.79 0.31 55

Fe FPXRF 38,212 57,370 21,466 39,963 —0.49 —0.03 55
ICP-OES 27,889 38,537 28,497 44 -1.8 53

XRF-CS 131,072 237,772 50,711 122,396 0.02 0.43 55

Ca FPXRF 105,790 149,785 32,201 106,312 0.5 —0.64 55
ICP-OES 10,370 177,280 8640 115,080 —0.02 —0.78 53

Overall, the boxplots (Figure 5) show that, for specific elements and methods, the
data share the same stratigraphic pattern, varying across the same range of minimum
and maximum values. However, some differences were observed for some methods for
which median, extreme values and outliers are different. Across the methods, Ti shows
median values, which are only slightly different, with Tixgrp.cs and Tijcp-ops sharing a
similar median value. However, Tijcp.ops display the greatest range of values. Tixrr.cs
and Tippxrr have negative and positive outliers with a wider distribution and scattered
data. K analysed with XRF-CS shows a similar median value to K analysed with FPXRF,
but Kxgrp-cs displays a greater range. Kicp.ogs is less dispersed, but outliers are present.
Fexrrp.cs shows widely scattered data, whereas Fexrp.cs and Fejcp.ogs share the same
median values and only Fejcp.ogs shows outliers (Figure 5). Caxgrp.cs displays widely
scattered data, whereas Caxgp.cs and Cajcp.ogs have a similar median, but both show
negative and positive outliers. More attention should be paid to elements and methods,
e.g., Tiicp-ors, Fercp-ors, Caicp-ogs, for which the data show important outliers and a higher
variability (larger boxes and longer whiskers), denoting scattered data. It is interesting that
these elements are also the ones that do not mimic the trend of the raw data (Figure 3).
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Figure 5. Box plots of Z-score transformed values for Ti, K, Fe, Ca elements measured with XRF-CS,
FPXREF, ICP-OES. The interquartile range (IQR) is delineated by the coloured box where the top
represents the top of the upper, third quartile (75%) and the bottom represents the bottom of the
lower, first quartile (25%). The black lines within the boxes correspond to mean values, the middle
white squares represent the median values, the whiskers connect the maximum and minimum values
(extend to 1.5 times the IQR), whereas the dots outside the whiskers represent outliers.

4. Discussion
4.1. Implications of Analytical Method Choice and Impediments to Proxy Interpretation

The present comparison between different analytical techniques shows that, overall,
the investigated elements follow a similar pattern downcore, especially over specific inter-
vals, with most of them showing strong to moderate correlations (Table 2). This section
discusses how the preparation steps, technical settings of each technique employed, the
sediment composition and/or type of sediment sample might influence the geochemical
results and inferred environmental reconstruction from a karstic lake.

4.2. Preparation Steps

XRF-CS provides a detailed view of the chemical composition of the scanned sediment,
but this is hampered by background noise and is highly sensitive to organic matter content,
which can mask the lithogenic fraction [31,52]. Additionally, XRE-CS scans fresh sediments,
whereas FPXRE, in this case, was employed on dried, ground and homogenized samples;
thus, matrix effects in the latter analysis are limited. It is well documented that high-
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amplitude changes in porosity, granulometry and moisture can influence the x-ray-based
results of the analyzed core [53-55], and care must be taken in the overall data interpretation.
However, our results show strong and significant correlations between XRF-CS and FPXREF,
suggesting that matrix effects might impact the method-specific element recovery in a
similar manner.

In the case of ICP-OES analysis, although it provides absolute values, the quality of
the recovered data can be influenced by the digestion method, matrix effects and spectral
interferences [56]. As such, the sequence and combination of chemical treatments such
as HNO3-HCI-HF/HCIO4 and the digestion time play a major role in the recovery of
specific elements and can lead to incomplete recovery. For Lake Ighiel, some elements
analyzed by ICP-OES show a relatively higher variability (Ti), extreme values and outliers
(K, Fe, Ca) (Figure 3). The recovery of these elements could be influenced by the protocol
used to extract them. For example, the recovery of some elements, which have an affinity
with aluminosilicates, is highly dependent on the digestion of this matrix. The complete
digestion of Ti or K, a major component of the aluminosilicate matrix, is difficult to assure
and, thus, the full recovery of elements that are trapped in such a matrix, is uncertain.

4.3. Method Efficiency and Optimal Use

In the case study discussed here, the comparison of several analytical techniques
that are concomitantly applied to karstic Lake Ighiel’s clayey sediments reveals that the
method choice will impact the usefulness of the data and, therefore, proxy applicability
and inference potential. Given the significant time and costs of laboratory analyses, our
assessment highlights some important considerations in planning sediment geochemical
analyses (Figure 6). Therefore, the use of XRF-CS is recommended in laminated sediments,
as this instrument is capable of providing further insight into the nature of the laminations,
while homogenous sediments could be analysed with lower-resolution instruments (FPXRE,
ICP-OES).

Sediment core

[Resolution & type of studyj

Exploratory
(cm)

Sediment type

Lithogenic
elements

(Legend +High —Low _~ Moderate)

Figure 6. A scheme for choosing the most suitable analytical technique for paleoclimatic and/or
paleoenvironmental studies based on lake sediment cores with respect to the type of study and
resolution, type of sediments and efforts (preparation) costs and limits of detection (LOD).
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XRF-CS appeared to be most suitable method for acquiring the fine-resolution data
needed to characterize climatic and environmental changes over the past 6000 years, as
recorded by the Lake Ighiel sediment archive (Figure 3). If the XRF-CS data were averaged
or performed at a lower resolution, the paleoclimatic and paleoenvironmental reconstruc-
tion based on lithogenic elements would lose short-term (decadal to centennial) phases with
important variability [41]. XRF-CS is much faster than spectrometric analysis [37]. Its ad-
vantages include time-efficiency, high-resolution data acquisition and the non-destructive
nature of these measurements. However, this method has relatively high analytical costs.
Nevertheless, with the increased availability of core scanners, it might be expected that, in
the near future, such analyses will be commonly available.

The FPXREF results show that this analytical technique is more suitable for relatively
rapid data acquisition, especially when qualitative, coarse-resolution data are sufficient.
The technique provides a rapid overview of the sediment geochemical composition at Lake
Ighiel and captured the main changes along the profile. FPXRF is a relatively inexpensive
technique that can be used as a precursor step to more costly analyses and the prioritization
of analysis for the intervals of greatest interest; for example, where elemental data show
prominent geochemical changes. One of the downsides of the FPXRF used in the lab is
that it runs on bulk samples, which require (semi)destructive preparation steps such as sub
sampling, drying and grinding.

For Lake Ighiel, XRF-CS provides high-resolution data acquisition, whereas FPXRF
provides a rapid assessment of geochemical composition while ICP-OES provides quanti-
tative estimates. The digestion-based technique ICP-OES returned more variable results
compared to XRF-CS and FPXRF (Figure 3). The main pitfalls of these techniques in terms
of cost efficiency are represented by the time needed for multiple preparation-steps, the
destruction of the sample and the greater logistic and human resource requirements. One
of the greatest advantages of using these analytical techniques is the absolute precision of
the obtained results, which seem to be more applicable to studies demanding quantitative
results, e.g., targeting pollution reconstruction [57,58].

4.4. A Case Study of the Lake Ighiel Paleorecord Based on Multiple Geochemical Datasets

The information gathered by the geochemical methods and supported by other analy-
ses, including thin-sections and rock magnetics on the 6-m-long sediment record, yielded
the identification of the main processes that have controlled karstic lake hydrology and
sedimentation over time. The first sedimentological phase (Unit I; Figure 3), which spanned
between 6030 and 4200 cal yr BP, is characterized by higher values of terrigenous elements
such as Ti and K, the deposition of sand layers and slightly lower carbonate content. These
elements indicate a high detrital input and low lacustrine productivity, reflecting the en-
hanced surface runoff and sediment transport processes into Lake Ighiel. This was likely
caused by enhanced rainfall, as was observed in other records from Central Eastern (CE)
Europe and the NE Mediterranean, showing a strong connectivity between catchment-
lake dynamics and changes in atmospheric circulation at that time. The stratigraphic
variability of elements in Unit I is rather low, and they show a similar pattern across the
tested methods. Therefore, it seems that, regardless of the approach used in this case, the
interpretation of the environmental changes would remain the same. Between 4200 and
2500 cal yr BP (Unit II; Figure 3), the terrigenous input progressively declined (Kxrr.cs
and Ca of all methods; Figure 3), accompanied by a slight increase in the fine sediment
fractions (Tixrp-cs), suggesting a more stable catchment and a decline in erosional activity.
During this interval, a series of multi-century detrital events were identified, which are
in agreement with records from central Europe that show increased flood activity, but
contrast with the NE Mediterranean, where drier conditions are inferred. The contrasting
conditions from different parts of Europe suggest a strong NW-SE hydro-climatic gradient.
The identification of these events would not have been possible if a geochemical screening
method other than XRF-CS had been applied.
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Unit III, spanning 2500 and 1250 cal yr BP, covers the interval from the Iron Age to the
Migration Period. During this time, intensive agriculture developed in the vicinity of the
study area related mainly to the Dacian-Roman Period. One would expect an increase in
terrigenous elements in the sediments, as intensified grazing, pasturing, and cultivation
usually leads to increased erosion [9,58,59]. Indeed, after an initial decrease in Ti and K, a
sudden increase is observed at around 2000 cal yr BP. Although this pattern was captured
by every method, ICP-OES shows the highest amplitude changes. The most recent period
(Unit 1IV), covering the time from 1250 cal yr BP to the present, shows a more variable and
complex pattern in Lake Ighiel’s sedimentation, with a general decrease in terrigenous
input. There was, however, a distinct event of increased Ti and K values related to the
6-cm-thick turbidite deposited around 150 cal yr BP. This layer was evident during a visual
examination of the core, but it would be missed if interpretation relied solely on IPC-
OES, which showed no such changes at that time. The hydrology of the lake was further
influenced by increasing human pressure reported from the lakes worldwide [10] and
regionally reported climatic events, dry spells [60]. Increasing Ca readings obtained from
XRE-CS and FPXRF could be related to the increased calcite precipitation caused by lake
trophic status changes, affected by combined human activity in the catchment and global
temperature increase. In Lake Ighiel, variations in sediment’s Ca content could be also
related to an increased delivery of dissolved bicarbonates from the catchment limestones,
but as erosion decreased, both factors should be considered. Neither of these processes,
however, is reflected by the ICP-OES results.

Our case study of Lake Ighiel illustrates that the reliability of the method used de-
pends on understanding the factors that can affect the geochemical composition of the
sediments. In most cases, paleoclimatic and sedimentological assessments based on XRF-CS
measurements would lead to reasonable interpretations, but the response to some events
could have been obscured due to the limitations of the method. It has also been confirmed
that FPXRF can lead to similar conclusions as XRF-CS, but the high-resolution approach
required for a detailed study would be time-consuming and limited by sampling resolution.
ICP-OES showed distinct peaks, whereas other methods did not show any relevant changes.
However, the high cost of the analysis and time needed for running samples would not
allow for dense sampling in most studies. Building on these results, this paper proposes a
schematic overview that could be helpful for choosing the most suitable analytic technique
for paleostudies (Figure 6).

The example of Lake Ighiel’s paleorecord shows the potential of high-resolution
XRF-CS method for acquiring a detailed paleoenvironmental reconstruction from karstic
sediments. However, the reliability of this tool is case-specific and depends on a deep
understanding of the possible factors that might affect the sediment geochemical composi-
tion and its connection to climatic and environmental processes. With the increasing use
of these high-resolution methods [61,62], more work is needed to test its performance on
different sedimentary records and narrow the apparent knowledge gaps in data treatment
and paleoenvironmental interpretation.

5. Conclusions

Lake Ighiel archives 6000 years of sedimentation, and hence records a range of pale-
olimnological and/or environmental/climatic conditions that have influenced the previous
deposition of sediments and its geochemical characteristics. In this study, we tested three
geochemical measurement approaches (XRF-CS, FPXRF, ICP-OES) applied to a set of
lithogenic elements (Ti, K, Ca, Fe) to assess method-specific element recovery for achieving
similar or complementary environmental reconstructions. Our results show a similar down-
core pattern, independent of the method applied; however, using the lower-resolution data
resulting from FPXRF and ICP-OES could affect the paleoenvironmental interpretation
as a result of their slightly different geochemical profiles, which may obscure the core’s
reconstruction potential. Strong to moderate correlations were found between the data from
multiple methods, especially between the XRE-CS and FPXREF results, and also between
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the FPXRF and ICP-OES datasets. This comparison highlights that the method choice
should reflect the initial research questions. Based on this assessment, the advantages and
disadvantages of each method and recommendations for their optimal use are summarized
here: (i) the XRF-CS method should be used when high-resolution data are required. The
method is rapid and non-destructive, but analytical costs are substantial; (ii) the FPXRF
method provides fast data acquisition and allows for the rapid assessment of variability in
sediment composition under laboratory conditions. The method is relatively cheap, but one
disadvantage is the preparation time and higher lower detection limits; (iii) the ICP-OES
method provides comparable results to FPXRF, providing quantitative estimates with a
limited influence of physical sediment features. However, the method is expensive and
time-consuming.
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