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Low-concentration insoluble microparticles that are preserved in ice cores offer valuable information for reconstructing past environmental changes. However, their low concentrations and limited sample availability present challenges for extraction and recovery while ensuring representativeness of results. The analysis of ice cores using continuous flow analysis systems generates large volumes of excess meltwater as a by-product with the potential to improve the acquisition of targeted low-concentration insoluble microparticle samples. Here, we present Antarctic ice core diatom records, representative of targeted low-concentration insoluble microparticle records, recovered from excess meltwater generated from a continuous flow analysis system. We analyse these records to evaluate the feasibility of using this excess meltwater to generate replicable and representative results. Our results demonstrate that diatom records obtained from a continuous flow analysis system exhibit high recovery percentages and replicability, with minor quantifiable loss and memory effects in the system. Our multi-outlet sampling assessment highlights that the waste lines of the continuous flow analysis system are an optimal source for sampling excess meltwater. Additionally, the analysis of diatom spatial distribution in filters suggest a lower threshold for applying analytical methods which assume targeted microparticles are homogeneously distributed. These results confirm that a continuous flow analysis system can be used to extract targeted low-concentration insoluble microparticles from ice core samples, yielding representative and reproducible results.
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1 INTRODUCTION


Ice cores provide exceptionally well-preserved information of Earth’s past climate (Alley, 2010). Insoluble microparticle (IMP) records preserved in ice cores contain valuable information about past environmental conditions (Delmonte et al., 2008). These microparticle archives have significantly contributed to our understanding of atmospheric and terrestrial variations over the past million years (Petit et al., 1990; Delmonte et al., 2008; Lambert et al., 2008; Delmonte et al., 2020; Laluraj et al., 2020; Fan et al., 2021; Verma et al., 2023) and have helped synchronize ice and marine records (Wolff et al., 2022; Weber et al., 2022). Among the microparticles preserved in ice, aeolian mineral dust is the most abundant. Other IMP, such as pollen grains, diatoms, cryptotephra, micrometeorites and pollutants, have been identified in ice cores and provide unique information to reconstruct past environmental variability.

Pollen grains found in ice cores have enabled the study of past regional vegetation and improved ice chronologies based on their seasonal deposition (Festi et al., 2021; Cui et al., 2022). Diatoms recovered from Antarctic Peninsula ice core samples demonstrate a strong correlation with winds, enabling the reconstruction of past atmospheric circulation variability (Allen et al., 2020; Tetzner et al., 2022a; Tetzner et al., 2022b). Cryptotephra shards isolated from ice core layers provide valuable tie-points to link oceanic, terrestrial and atmospheric records, and enable estimating the magnitude and frequency of past volcanic eruptions (Dunbar et al., 2017; Cook et al., 2018; Tetzner et al., 2021a). Micrometeorites, extraterrestrial dust particles (<2mm), extracted from ice samples can inform about the occurrence of historical meteor showers and, through their oxygen isotope analysis, reconstruct ancient upper atmosphere isotopic composition (Duprat et al., 2007; Pack et al., 2017; Fischer et al., 2021; Rojas et al., 2021). Additionally, anthropogenic pollutants, such as Spheroidal Carbonaceous Particles (SCPs), found in low concentrations in Antarctic ice core samples, indicate the onset of coal-powered energy industries in Australia and South America (Thomas et al., 2023a; Thomas et al., 2023b).

These IMP records have the potential to provide unique environmental information when sampled at seasonal-to-annual resolution. However, the low concentration of IMPs in ice layers [<300 counts L-1; orders of magnitude below aeolian mineral dust concentration (Chesler et al., 2022)], along with the frequently limited ice core sample volume, pose challenges in acquiring samples at equivalent temporal resolution, underscoring the need to maximise meltwater volumes to ensure representative results. Continuous Flow Analysis (CFA) systems offer a potential source of surplus ice core meltwater, presenting an opportunity to enhance the acquisition of low-concentration IMP samples.

Over the past few decades, the utilisation of CFA systems for the analysis of ice core samples has undergone extensive validation (Kaufmann et al., 2008; Bigler et al., 2011; Grieman et al., 2022). CFA systems are specifically designed to melt ice core samples and selectively extract the meltwater from the inner portion of the sample for impurity analyses (Grieman et al., 2022). The excess meltwater generated from the outer part of the sample is typically discarded due to concerns about potential contamination during ice processing and handling in the lab (Bigler et al., 2011). While this practice is applicable to most traditional ice core impurity analyses, the incorporation of low-concentration IMP in a clean lab environment is very unlikely, making low-concentration IPM less susceptible to contamination, therefore, allowing for the direct utilisation of this excess meltwater. Recent studies have explored the potential of using excess meltwater from CFA systems to conduct targeted chemical and microparticle analyses (Tetzner et al., 2021b; Paleari et al., 2022; Paleari et al., 2023).


Paleari et al. (2022) and Paleari et al. (2023) demonstrated the feasibility of employing CFA excess meltwater for conducting cosmogenic radionuclide (10Be) measurements, achieving reliable high-resolution and cost-efficient results without needing additional ice core samples. Tetzner et al. (2021b), in turn, explored the use of discretely melted ice and CFA excess meltwater to recover polystyrene particle standards (low-concentration IMP analogues) and developed a discrete and continuous method to extract, recover and analyse targeted low-concentration IMP present in ice cores. While analysing CFA excess meltwater samples, Tetzner et al. (2021b) found considerable microparticle losses inside the CFA system, tentatively attributed to polystyrene material failure under freezing conditions. While a method validation using genuine ice core IMP from discrete samples (melting isolated sections of the ice core) was presented in Tetzner et al. (2021b), a corresponding method validation for CFA-obtained samples was not provided, leaving the representativeness of the continuous sampling method for authentic IMP, unresolved. Furthermore, the lowest concentration samples used in the development of the method were found to exceed the concentrations obtained in genuine low-concentration IMP samples (Tetzner et al., 2022a), raising questions about the minimum threshold for reliable results from this excess-CFA method.

This study aims to validate a statistically representative standardised CFA method for the extraction, recovery, and analysis of low-concentration IMP preserved in ice cores. We assess the use of excess meltwater obtained from a CFA system to extract, recover, and analyse diatoms preserved in ice core layers, applying the method proposed by Tetzner et al. (2021b) and comparing the recovery with results from discrete samples of the same ice core sections. Diatoms are preserved in ice cores in low concentrations (∼<300 counts L-1), and in a wide range of sizes (∼1–100 μm) and morphologies, making them useful representatives of targeted low-concentration IMP preserved in the ice. Diatom counts, concentration, degree of preservation, size, and diversity are used to assess the representativeness of CFA samples compared to discrete samples. A replicate of each sample is incorporated to quantify the record and method variability. Additionally, the distribution of diatoms is evaluated to establish the lowest applicability threshold for the Tetzner et al. (2021b) method.




2 METHOD




2.1 Sample preparation


The method makes use of two types of ice cores; (1) Sections from a 1 m long fabricated ice core made from Milli-Q™ ultrapure water (18.2 MΩ cm; MQ), and (2) Sections from genuine Antarctic ice cores. A pre-assessment of targeted low-concentration IMP concentration using bulk samples from the genuine Antarctic ice core sections analysed on this study yield site-specific low concentrations (∼<20 counts L-1) of pollen, micrometeorites and cryptotephra, but a considerable number of diatoms (∼<100 counts L-1). Based on these results, this study uses diatoms as the primary low-concentration IMP to test the CFA system. From this point on, we use ‘diatoms’ to refer to the targeted IMP of this study and use IMP as a generic term to cover all components.



2.1.1 Ultrapure blanks


A 1-m long artificial ice core was made from MQ water to obtain laboratory blanks for this study. MQ water was poured inside a pre-cleaned, 1-m long polyethylene layflat bag, thermos-sealed on one side. After pouring the MQ water, the bag was sealed on its open side and left to freeze (−23°C) horizontally in a freezing chamber at the British Antarctic Survey (BAS). The resulting MQ ice core was removed from its bag and handled on top of surfaces covered with aluminium foil to ensure MQ ice remained clean throughout. The MQ ice core was cut using a bandsaw with a steel blade in the cold laboratory facilities at BAS, to produce ten, square base (3.4 × 3.4 cm), 10-cm long, MQ ice strips (MQ-ice blanks). One MQ-ice blank was set aside for the analysis of the bulk MQ used to prepare MQ-ice blanks (MQ-bulk). The MQ-bulk was analysed to assess the microparticle content of the MQ-ice blanks before they were exposed to environments where genuine ice core samples had been handled and processed. All the cold laboratory working surfaces were pre-cleaned using Isopropyl Alcohol (IPA) before ice blanks and samples were handled on top of them. A second MQ-ice blank was used to rub these pre-cleaned surfaces (MQ-bench) to assess the potential incorporation of insoluble microparticles from within the laboratory environment. The remaining eight MQ-ice blanks were used for melting in a Continuous Flow Analysis (CFA) system (See section 2.2).




2.1.2 Ice core samples


Two 1-m long (9.7 cm diameter) ice core sections from the Dyer Plateau ice core (70°40′16″S; 64°52′30″W; 2002 m a.s.l.) (Thompson et al., 1994), were analysed in this study. The two ice core sections, D80 and D85, correspond to ice from 79 to 80 and 84–85 m depth, representing the interval 1850–1854 CE and 1838–1841 CE, respectively. These sections were selected based on their favourable pre-assessment of diatom concentration using bulk samples [∼20-200 times lower than concentrations of 1350–13,500 (counts L-1) presented by Tetzner et al. (2021b)], an appropriate volume of ice available to obtain four replicate samples per ice core section, a high ice density (>0.85 g cm-3) ensuring large meltwater volume per sample, long continuous sections (>0.4 m) without breaks or cracks and favourable chronology supporting multiple annual cycles per meter of ice.

The ends of D80 and D85 cores were cleaned, and any sections of broken or cracked ice were removed, leaving two flat based ice cylinders of 40.3 cm (D80) and 64.4 cm (D85) long, roughly representing two and three annual cycles, respectively. Each cylinder was later cut into four, equally long, equal square base (3.4 × 3.4 cm) longitudinal sections (Supplementary Figure S1). All cuts were performed using a band-saw with steel blade in the cold laboratory facilities at BAS. All sides of the square-base longitudinal sections were cleaned using a ceramic knife to remove all external particles potentially incorporated while cutting or handling the ice. Two of the replicate longitudinal sections per core (D80-1 & D80-2; D85-1 & D85-2) were used to test the recovery of diatoms after passing through the CFA system (See section 2.2). The remaining two replicate longitudinal sections per core were processed as discrete samples and used as reference (D80-3, D80-4, D85-3, D85-4), to test the diatom original variability.





2.2 Laboratory experiment setup and sample analysis


Eight MQ-ice blanks (MQ1-MQ8) and the four CFA-ice core samples (D80-1, D80-2, D85-1, D85-2) were melted using a CFA system in the ice chemistry lab at BAS (Grieman et al., 2022), slightly modified for this experiment to only pump meltwater through one line of instruments connected in series (Figure 1A). The sampling strategy comprised four sample runs starting with a MQ-ice blank, followed by a CFA-ice core sample and finalised with a MQ-ice blank (Figure 2). Meltwater was sampled at each of the three steps of the run. This three-step sampling sequence per run was designed to rinse the CFA-lines before and after each CFA-ice core sample, aiming to isolate the diatom content from each CFA-ice core sample and assess potential ‘memory’ effects in the system. Ice was melted at a constant rate of 40 mm/min and split in the CFA melt plate into five identical 1.6-m long Perfluoroalkoxy alkanes (PFA) tubes (internal diameter: 1.58 mm). The melt plate design diverts ∼30–40% of the meltwater into a central “sample line” channel (SL), and the remaining ∼60–70% excess meltwater goes randomly into four “waste line” channels (WL) at the sides of the melt plate (Figure 1B). All meltwater was pumped using a Ismatec™ IPC digital peristaltic pump through Polyvinyl chloride (PVC) tubing (internal diameter: 2.54 mm) at 30 rpm. SL meltwater was then pumped through smaller diameter tubing (internal diameter: 1.52 mm) to a manifold, where it was diverted into two lines (Figure 1). One of those lines (D-C line) was connected to a second Ismatec™ IPC digital peristaltic pump (PVC tubing with internal diameter of 0.76 mm and pump speed 15 rpm), pumping meltwater from the manifold to three instruments connected in sequence; (1) a liquid electric conductivity Amber Science Dionex CDM-1 flow-through meter (See Figure 1: “Conductivity 1”), (2) a flow-through Klotz Abakus laser particle counter (See Figure 1: “Dust”) and (3) a liquid electric conductivity Amber Science Dionex CDM-1 flow-through meter (See Figure 1: “Conductivity 2”). The second line where SL meltwater was diverted was an open-split end draining over-flow meltwater from the manifold (OFL) (Figure 1A). All meltwater pumped through the CFA system was directly bottled into new, pre-cleaned, low-density polyethylene (LDPE; Nalgene™) bottles at the end of each line (WL, OFL & D-C). Sample collection bottles were changed after each of the three steps described in the sampling sequence (Figure 2), only once the ice was completely melted and the tubing was empty of meltwater. A total of 42 samples (WL, OFL, D-C for D80-1 (9 samples), D80-2 (9 samples), D85-1 (9 samples) and D85-2 (9 samples); reference samples for D80-3 (1 sample), D80-4 (1 sample), D85-3 (1 sample) and D85-4 (1 sample); MQ-bulk (1 sample) and MQ-bench (1 sample)) were filtered and analysed for their diatom content.
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FIGURE 1 | 
Schematic of the Continuous Flow Analysis (CFA) system in the ice chemistry lab at the British Antarctic Survey (BAS), restructured for this experiment [diagram modified from Grieman et al. (2022)]. (A) Diagram showing the instruments connected in the restructured BAS CFA setup presented in this study. Numeric labels in the diagram represent the volume of meltwater pumped through each line (mL per minute). (B) Diagram illustrating CFA melt head from top-view. WL = Sampling outlet from the CFA waste lines. OFL = Sampling outlet from the CFA overflow line. D-C= Sampling outlet from the CFA conductivity and microparticle instrument line. TAC = Total air content instrument. P1 and P2 = CFA peristaltic pumps. M = CFA Manifold. V2 and V5 = CFA valves.
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FIGURE 2 | 
Flowchart showing the sampling strategy followed on each of the four CFA runs conducted in this experiment (MQ1>D80-1>MQ2; MQ3>D80-2>MQ4; MQ5>D85-1>MQ6; MQ7>D85-2>MQ8).



MQ-bulk, MQ-bench and the four reference samples (D80-3, D80-4, D85-3 & D85-4), were directly bottled into new precleaned, low-density sealed LDPE Nalgene™ bottles and left to melt under controlled temperature conditions (+4°C) for analyses as discrete samples.

The analyses of diatoms in the discrete meltwater samples were conducted following the method and recommendations outlined in Tetzner et al. (2021b). The meltwater from each bottle was pumped through PVC tubing (internal diameter: 2.54 mm) using a Ismatec™ IPC digital peristaltic pump at 30 rpm, and filtered through a 13 mm diameter, 1.0 μm pore size Whatman™ Polycarbonate membrane filter, inside clean polypropylene Swinnnex™ filter holders. After filtering the meltwater contained in each bottle, sample bottles were rinsed with MQ water, and all rinsing water was then filtered through the corresponding sample filter. Filter holders were thoroughly rinsed with MQ water after every sample.

Following Tetzner et al. (2021b) method, all filters were mounted onto aluminium stubs for analyses on an automated Scanning Electron Microscope (SEM) at the Earth Sciences Department of the University of Cambridge. The entire filters were imaged on a Quanta-650F using Back Scattered Electrons (BSE) on a low-pressure mode. Each filter was imaged at ×800 magnification for diatom identification/classification, counting and morphometrics. The area of each 13 mm diameter filter was divided into four horizontal grids to analyse diatom spatial distribution. Given the circular shape of the filter, each of the two central grids (T1 and T2) account roughly for ∼33% of the filter area, whereas each of the two grids at the top and bottom of the filter (T3 and T4) account for ∼16.5% of the filter area (Supplementary Figure S2). Diatom spatial distribution on each filter is presented in three groups, each representing a third of the filter area (T1, T2 and T3+T4). Diatom spatial distribution results are reported as a percentage calculated from the counts per third of the filter area (T1, T2 and T3+T4), divided by the total number of counts in the filter. A percentual filter variability parameter was calculated to assess the distribution of diatoms in the filter. This parameter was calculated as the standard deviation of the percentual values obtained from each third (T1, T2 and T3+T4) per filter.

All diatoms were counted and broadly classified in groups based on shared morphology or features. The taxonomical identification of each diatom is beyond the scope of this study and unnecessary to evaluate the distribution and variability of diatoms within the ice and filters. Since fractured particles (e.g., diatoms) were observed in pre-assessed bulk samples and the possibility of this parameter to yield a useful comparison, diatoms were also classified as either whole or fragments. Morphometric values reported correspond to the length of the longest axis of each diatom particle. All values reported in this study are presented as the mean between the results obtained from replicate samples, accompanied by their percent error (Equation 1).
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3 RESULTS




3.1 Laboratory blanks


MQ-bulk and MQ-bench blanks were analysed for the presence of diatoms. The MQ-bulk sample presented only ∼10–50 amorphous insoluble aeolian mineral dust grains. The MQ-bench sample exhibited ∼100-1000 insoluble microparticles, mostly amorphous insoluble aeolian mineral dust grains and fibres, but no diatoms.




3.2 Reference diatom variability


Meltwater volume generated from the replicates of D80 and D85 reference samples were similar with a percentage error of less than 0.5% (Table 1).





TABLE 1 | 
Meltwater volume obtained from the discrete ice core reference samples and recovered from each CFA outlet. WL = Samples obtained from CFA waste lines. OFL = Samples obtained from CFA overflow line. D-C= Samples obtained from CFA dust particle counter/conductivity line. Total CFA = The combined contribution of WL, OFL and D-C.
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A total of 51 diatoms were found in D80 reference samples (D80-3 and D80-4), with a mean value of 25.5 ± 2.0% diatoms per sample (Table 2; Figure 3A). Both D80 reference samples presented similar diatom concentration values, with a mean of 76.9 ± 2.0% (diatoms L-1). Both D80 reference samples (D80-3 and D80-4) presented diatom records which were predominantly constituted by diatom fragments (70%–81%) with a minor presence of whole diatom valves (19%–30%). Overall, 26% of the diatoms (fragments & whole) in the D80 references samples were classified into six groups based on their features and morphology. (Figure 4A; Figure 5), with only groups D1 and D2 present in both D80-3 and D80-4 samples (Table 2). Diatom size statistics were similar in both D80-3 and D80-4 samples, with mean and median values being 9.5 ± 3.4% and 7.8 ± 3.2% (µm), respectively.





TABLE 2 | 
Summary of results from reference samples.
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FIGURE 3 | 
Discrete (REF) vs. Continuous Flow Analysis (CFA) results comparison. (A) Combined results obtained from the analysis of D80 ice core samples. (B) Combined results obtained from the analysis of D85 ice core samples. The black dashed line in each plot represents the magnitude of the REF sample on each parameter for comparison. WL = Samples obtained from CFA waste lines. OFL = Samples obtained from CFA Overflow line. D-C= Samples obtained from CFA conductivity/particle counter line. Total CFA = Combined contribution of WL, OFL and D-C.
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FIGURE 4 | 
Pie charts showing how the identified diatom groups are distributed in the various samples Pie chart wedges detached from the main pie in the three CFA charts represent the groups that were not identified in the REF samples. Pie charts are sorted by the ice core from which they were sampled and the sample method. (A) Diatom groups identified in D80 ice core samples. (B) Diatom groups identified in D85 ice core samples. REF = Reference (discrete) samples. WL = Samples obtained from CFA waste lines. OFL = Samples obtained from CFA Overflow line. Total CFA = The combined contribution of WL, OFL and D-C. n = number of diatoms included in the correspondent pie chart.
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FIGURE 5 | 
SEM micrographs presenting examples of each diatom group found in D80 and D85 samples. Bottom white bar on each micrograph represents a 10 µm scale bar.



A total of 79 diatoms were found in D85 reference samples, with a mean value of 39.5 ± 3.8% diatoms per sample (Table 2; Figure 3B). Diatom concentration presented comparable values with a mean of 72.3 ± 4.3% (diatoms L-1). Diatom records preserved in D85 reference samples were mainly comprised of diatom fragments (80%–84%) and the occasional presence of whole diatom valves (16%–20%). Overall, 28% of the diatoms found were classifiable. A total of 12 diatom groups were identified in D85 reference samples (Figure 4B; Figure 5), with only four found in both samples (Groups D2, D6, D7 and D8) (Table 2). Diatom size statistics were similar in both samples, with mean and median values of 8.7 ± 4.8% and 6.8 ± 3.7% (µm), respectively.




3.3 Sample recovery from CFA system


Meltwater volume recovered from CFA-ice core samples (D80-1, D80-2, D85-1 and D85-2) represented, on average, 97.5% ± 1.5% of the meltwater obtained from the corresponding reference samples (Table 1). The meltwater volume recovered from each of the three CFA-lines display a consistent pattern with mean partial contributions of 68%, 26.2% and 3.3% from WL, OF and D-C lines, respectively (Figure 3; Table 1).

Each of the eight MQ-ice blanks melted before and after a CFA-ice core samples were analysed for the presence of diatoms and no diatoms were found (Table 3).





TABLE 3 | 
Summary of results obtained from CFA-ice core samples. WL = Samples obtained from CFA waste lines. OFL = Samples obtained from CFA Overflow line. D-C= Samples obtained from CFA conductivity/particle counter line.
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A total of 52 diatoms were found on D80 CFA-ice core samples (Table 3), with a mean value of 26 ± 3.8% diatoms per sample and a mean recovery percentage of 100% ± 2.0% relative to the discrete reference sample (Figure 3A). Both D80 CFA-ice core samples presented similar diatom concentration values, with a mean of 79.2 ± 5.1% (diatoms L-1). D80 CFA-ice core samples were mostly comprised of diatom fragments (79%) with some whole diatom valves (21%). Among all diatoms found in D80 CFA samples, 25% were classifiable. Nine diatom groups were identified in D80 CFA-ice core samples (Figure 4A), with only two of them present in both samples (Group D2 and D5; Figure 5; Table 3). Diatom sizes ranged from 5 to 30 μm, with mean and median values of 8.9 ± 10.1% and 7.5 ± 0.0% (µm), respectively.

A total of 80 diatoms were found in D85 CFA-ice core samples (Table 3), with a mean value of 40 ± 5.0% diatoms per sample, yielding a mean recovery percentage of 101.3% ± 5.0% relative to the discrete reference sample (Figure 3B). Diatom concentration presented a mean value of 76.3 ± 6.2% (diatoms L-1). The D85 CFA-ice diatom record was mainly comprised of diatom fragments (78%) with a minor proportion of whole diatom valves (22%). Among all diatoms found in the D85 CFA samples, 28% were classifiable. A total of nine diatom groups were identified in D85 CFA-ice core samples (Figure 4B), with two groups identified in both samples (Group D5 and D6; Figure 5; Table 3). The diatom specimens ranged in sizes from 5 to 35 μm, with mean and median values of 9.6 ± 1.7% and 7.75 ± 9.7% (µm), respectively.

Results from D80 and D85 CFA-ice core sample subsets (WL, OFL, D-C line) show a strong dependence on the volume of meltwater filtered per sample (Supplementary Figure S3). The highest number of diatoms were consistently found on the WL filters, followed by the OFL filters. No diatoms were found on the D-C line filters (Table 3). The analysis of discrete reference and CFA-ice core samples for each sample set (D80 and D85), reveal a positive linear relationship between the volume of meltwater filtered and the number of diatoms found per sample (slope = 81.8, R
2 = 0.96; and slope = 69.9, R
2 = 0.98 for D80 and D85, respectively) (Supplementary Figure S3).

Diatom records recovered from the WL and OFL presented similar mean values to their corresponding reference samples but different levels of variability depending on the CFA line used (Figure 3). In D80, the diatom concentration was ∼15% higher in the WL compared to the reference sample. While the diatom concentration in the OFL was ∼14% lower than the reference sample. The fragment percentage exhibits greater variability in the OFL (78.5% ± 27.4%) than the WL (80.0% ± 0.0%). Diatom size statistics were different in both CFA outlets, with WL values (x̄ = 9.8 ± 2.55% µm) being similar to reference samples (x̄ = 9.5 ± 3.4% µm) and OFL values being slightly lower (x̄ = 8.0 ± 0.0% µm) (Figure 3A). As such, in most metrics WL samples are more comparable with the reference samples compared to the OFL (Figure 4A).

Similar results were obtained when comparing D85 WL against D85 OFL. In D85, WL and OFL diatom concentration values were 8% and 10% higher than the reference sample, respectively (Table 3). As seen in D80 samples, the percentage of fragments exhibits greater variability in the OFL (88.5% ± 13.0%) than the WL (76.7% ± 3.4%). D85 reference diatom diversity is better matched by D85 WL, than D85 OFL (Figure 4B). Diatom size statistics were similar in both CFA outlets but slightly higher than reference samples, with OFL values (x̄ = 9.5 ± 19.2% µm) being more similar to reference samples (x̄ = 8.7 ± 4.8% µm) than WL values (x̄ = 9.8 ± 6.2% µm) (Figure 3B).




3.4 Diatom distribution


The spatial distribution of the diatoms on each filter is evaluated based on the diatom percentage per transect (Table 4). The analysis of all REF, WL & OFL samples revealed two types of distribution; (1) uneven distribution with mean T1, T2 and T3+T4 transect values of 21.2% (±2.7%), 28.3% (±9.3%) and 50.2% (±9.4%), respectively, displayed by all OFL samples and (2) a more homogeneous distribution with T1, T2 and T3+T4 mean transect values of 34.1 (±2.0%), 32.7 (±1.4%) and 33.2 (±2.3%), respectively, exhibited in all REF and WL samples. The standard deviation of transect values per filter shows a similar pattern, with OFL values ranging from 19.3% to 24.7%, while REF and WL values ranged from 2.3% to 10.0% (Figure 6).





TABLE 4 | 
Spatial distribution of diatoms on each filter. Reported values represent the percentage per transect of the total diatoms found on each filter (See Supplementary Figure S2). Each column represents an area equivalent to ∼33% of the filter surface. WL = Samples obtained from CFA waste lines. OFL = Samples obtained from CFA Overflow line.
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FIGURE 6 | 
Percentage per transect standard deviation with increasing total diatom counts per filter. Red circles represent values obtained from OFL samples. Blue squares represent values obtained from reference samples. Yellow diamonds represent values from WL samples. The purple dashed line represents the transition from Uneven to homogeneous diatom distribution. REF = Reference samples. WL = Samples obtained from CFA waste lines. OFL = Samples obtained from CFA Overflow line.







4 DISCUSSION




4.1 Sample replicability


Our experimental setup was designed to test the replicability of recovering diatoms (as an example of low-concentration IMP) preserved in ice core samples. The absence of diatoms in laboratory blanks (MQ-bulk and MQ-bench) assure that all diatoms found in this experiment were sourced from the ice core samples. The diatom counts obtained from the discrete reference samples consistently presented low variability (Percent error <5%) (Section 3.2; Table 2), in line with a previous study showing diatom records preserved in ice cores can be replicated with high accuracy (<4.2% (Tetzner et al., 2021b)). The similar results and the low variability obtained from the diatom records preserved in reference samples confirm these samples are suitable to be used as reference values to assess the diatom (and therefore other IMP) recovery from a CFA system.

Similarly, the diatom records obtained from both D80 and D85 total CFA-ice core samples (combined WL & OFL) consistently presented low variability (<6.3%, excepting for D80 mean size value (10.1%) and D85 median size value (9.7%)) (Section 3.3; Table 3), comparable to values obtained from discrete samples (reference samples [<5.0%) and Tetzner et al. (2021b)]. These results indicate that analyses via the CFA system does not increase variability in the record, thus, providing evidence that records preserve their original variability even after samples have been pumped through a CFA system.




4.2 Diatom sample recovery


The analyses of diatom recovery onto filters presented comparable results, regardless of the method used to obtain each sample (discrete melt (reference samples) or CFA meltwater). The diatom record from the combined CFA-ice core samples presented high recovery rates and similar variability to reference samples (Table 2 and 3). These results suggest the CFA system does not modify the record. Despite the strong similarities between replicated samples, the diatom concentration was found to be slightly higher in CFA-samples (<4 diatoms L-1) compared with the discrete reference samples (Figure 3). These higher values can be explained by the slightly reduced meltwater volume recovered from the CFA system (between 96% and 99% of reference volume) (Table 1), therefore, directly increasing the diatom concentration. The consistency in meltwater volumes generated from reference samples imply all ice samples should have generated the same meltwater volume (Table 1). A possible explanation for the reduced meltwater of CFA-ice core samples (on average ∼12 mL) could be the combined effect of meltwater remnants in the CFA system and the occasional intake of meltwater through the melt stream debubbler (used to extract the gas volume from the melt stream; Figure 1A). Occasional meltwater remnants, evident as sparse drops along the walls of the wider peri-pump tubing and WL, were observed after pumping each sample through the CFA system. Both conditions likely contributed to the final, slightly reduced meltwater volume recovered from the CFA-system.

While retention of small volumes of meltwater in the CFA system could provide a source of particle loss and create a memory effect in the samples, the absence of diatoms on the MQ-ice blank filters before and after each sample shows there are no discernible losses from this lodging effect (Table 3). Reliable recovery of diatoms from the CFA is also supported by the positive linear relationship between the volume of meltwater filtered and the similar number of diatoms present in both CFA and reference samples (Supplementary Figure S3).

The marginally higher diatom concentration found in CFA-ice core samples can be explained by the slightly reduced meltwater volumes, caused by occasional diversion of small meltwater volumes into the debubbler and sparse meltwater retention in the CFA system. This minor decrease in meltwater volume from the CFA is consistent with a previous study testing the recovery of polystyrene microspheres on the BAS CFA system (Tetzner et al, 2021b), in which particle loss inside system (21.7% ± 10.2%) and a potential memory effect (<3%) was mostly attributed to polystyrene microparticle freezing within the CFA and disintegrating. Here we show that testing the recovery of diatoms as an example of real low-concentration IMP preserved in ice core samples, avoids complications from using synthetic particles as a proxy of IMP and thus provides a more realistic estimate of CFA low-concentration IMP particle recovery. The higher consistency and lower variability of our diatom recovery results from the CFA system further supports that this study yields more realistic results than previously presented by Tetzner et al. (2021b).




4.3 Sampling diatoms from CFA system


Our results confirm diatom records can be reliably obtained from a CFA system. Nevertheless, our results also show that, when sampling diatoms, samples with concentrations below 80 particles L-1 (previously reported values ranging from 0 to <3000 counts L-1 (Tetzner et al., 2022a)), the accuracy of diatom recovery from the CFA system is tightly dependent on the CFA line (WL, OFL or D-C lines) from which a sample was obtained and specifically the volume of meltwater obtained (Table 3; Figure 3). Diatom concentrations in D80 and D85 are too low to be represented in the small volume of meltwater (<18 mL) sampled through the D-C line (See section 4.2; Supplementary Figure S3). We highlight the deficiency of the D-C line to sample low-concentration IMP, unless particle concentrations or sample volume are at least an order of magnitude higher than the samples used in this experiment.

Concentrations of diatoms obtained from WL and OFL lines were similar, although OFL values presented greater variability (Section 3.3; Table 3). The higher variability evident in OFL samples can be partly explained by the smaller meltwater volume and limited number of diatoms recovered from that outlet, with the addition of a single diatom causing a disproportionately large effect in diatom concentrations. The greater uncertainty in the results obtained from the OFL line suggests that OFL results may need to be excluded unless considerably increasing meltwater volume per sample. Diatom concentrations obtained from WL presented low variability but were systematically higher than reference samples (between 8% and 15%) (Table 3). Although there is no obvious explanation for these elevated diatom concentrations, the low uncertainty (<4%) permits accurate correction of the WL concentration estimates. Altogether, a combination of WL and OFL provides an accurate representation of the reference samples. However, if a single CFA sample source is to be used to obtain reliable results, the WL is the best CFA outlet for obtaining representative results.




4.4 Diatom spatial distribution


Our experimental results show that diatoms recovered from CFA ice core samples are not always distributed homogeneously on filters (See section 3.4; Table 4). This finding contrasts with the results from using polystyrene microspheres on filters (Tetzner et al., 2021b), which were distributed homogeneously (±11.3%) on filters. This discrepancy is likely explained by the considerably different total number of particles per filter analysed in the two experiments. While Tetzner et al. (2021b) analysed samples with a minimum concentration of 1350 (counts L-1), this study analysed samples ranging 56-94 (counts L-1) (Table 2 and 3), with the lower numbers intending to challenge the limits of the predicted homogeneous distribution. Our results show that the diatom distribution is largely dependent on the number of diatoms on each filter (Figure 6) and a homogeneous distribution (of up to 10% variability per filter) is only established when the total number of diatoms in a 15-mm diameter filter is equal or above ∼20 (Figure 6). The shift to uneven distribution for counts below 20 provides a lower threshold for the optimized method proposed previously (Tetzner et al., 2021b), which works on the assumption of homogeneously distributed low-concentration IMP. Samples with less than 20 diatoms per 15-mm diameter filter (less than six diatoms per transect) presented a random distribution (of up to ±24.7% variability per filter), suggesting that the whole filter would need to be analysed to get representative results.





5 CONCLUSION


Targeted low-concentration insoluble microparticles (IMP) preserved in ice hold unique information for reconstructing past environmental changes. The extraction and recovery of targeted low-concentration IMP (diatoms) from ice core samples have been tested in an experimental setup using a Continuous Flow Analysis system (CFA). The experimental setup is highly consistent in extracting and recovering targeted low-concentration IMP from ice core meltwater, with negligible and quantifiable losses. The waste lines of the CFA system are suitable for sampling large volumes of excess meltwater with minimal biases. The low uncertainty, greater proportion of meltwater volume produced (68% of the total melt), together with the possibility of accurately correcting waste line estimates establish the waste lines as the best CFA outlet to obtain representative results of low-concentration IMP. Low-concentration IMP spatial distribution analyses show that the standard optimised method for analysing low-concentration IMP has a minimum threshold for its applicability, implying samples below this threshold require analysis of the entire sample to obtain representative results. Excess meltwater generated from melting ice core samples in a CFA system has been demonstrated to be a viable source of large meltwater volumes, the key to obtaining replicable and representative results when analysing low-concentration IMP preserved in ice. Future research should be focused on testing this experimental setup and applying it in the analysis of ice core samples enriched in other low-concentration IMP, underrepresented in the samples used in this study.
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Pre-sample rinse Ice core sample Post-sample rinse

Sample WL OFL D-C OFL WL OFL D-C

Diatom abundance (diatoms counts)

D80-1 0 0 0 20 5 0 0 0 0
D80-2 0 0 0 20 7 0 0 0 0
D85-1 0 0 0 29 13 0 0 0 0
D852 0 0 0 29 9 0 0 0 0

Diatom concentration (diatoms L%)

D80-1 0 0 0 86.78 5591 0 0 0 0
D80-2 0 0 0 90.42 7645 0 0 0 0
D85-1 0 0 0 79.75 94.18 0 0 0 0
D852 0 0 0 76.62 66.35 0 0 0 0

Diatom preservation (% of fragments)

D80-1 0 0 0 80 100 0 0 0 0
D80-2 0 0 0 80 57 0 0 0 0
D85-1 0 0 0 74 77 0 0 0 0
D852 0 0 0 79 100 0 0 0 0

Diatom preservation (% of whole valves)

D80-1 0 0 0 20 0 0 0 0 0
D80-2 0 0 0 20 43 0 0 0 0
D85-1 0 0 0 2 23 0 ‘ 0 0 0
D852 0 0 0 21 0 0 0 0 0

Diatom mean size (um)

D80-1 0 0 0 9.55 8.00 0 0 0 0
D80-2 0 0 0 10.05 8.00 0 0 0 0
D85-1 0 0 0 9.19 1131 0 0 0 0
D852 0 0 0 10.41 7.66 0 0 0 0

Diatom median size (um)

D80-1 0 0 0 85 70 0 0 0 0
D80-2 0 0 0 65 80 0 0 0 0
D85-1 0 0 0 7.0 100 0 0 0 0
D852 0 0 0 7.0 70 0 0 0 0

Diatom diversity (group name)

D80-1 0 0 0 D2, D6, D7, D17 Ds 0 0 0 0
D80-2 0 0 0 D1,D2, D18 D1, D5, D19, D20 0 0 0 0

D85-1 0 0 0 D2, D5, D6, D7, D21, D23 D7,D16 0 0 0 0

D85-2 0 0 0 D5, D6, D22 D5 0 0 0 0
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