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vi. Abstract and keywords: Tephra shards for electron probe microanalysis are most efficiently extracted from peat using acid digestion, which removes organic material that hinders density separation methods. However, strong acids are known to alter glass chemical compositions, and several studies have examined how acid digestion affects rhyolitic volcanic glass. The focus on rhyolitic tephra in these studies leaves considerable uncertainty, as the dissolution rates of natural glasses (including tephra) are determined by the chemical composition and surface area to volume ratio, both of which vary in tephra deposits. Here, we use duplicate samples of basaltic, trachydacitic and rhyolitic tephra to examine physical and geochemical alteration following acid digestion. Scanning electron microscope imagery reveals no discernible degradation of glass surfaces, and electron probe microanalysis results from duplicate samples are statistically indistinguishable. These findings suggest the acid digestion protocol for organic peats does not significantly alter glass geochemistry regardless of shard morphologies or geochemical compositions.
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vii. Main Text:
Introduction
Peatlands provide excellent settings for the application of tephrochronology, a powerful chronological tool which uses volcanic ash beds (tephras) and cryptotephra deposits (non-visible volcanic ash) as stratigraphic markers to link sediment sequences (Lowe et al., 2011). This approach relies heavily on the high-precision geochemical characterisation of volcanic glass, in order to ‘fingerprint’ tephras by ratios of elements (Lowe et al., 2017). The compositional differences between tephra deposits may be subtle (e.g. Kuehn et al., 2009; Preece et al., 2014), and therefore it is essential that the geochemical composition of glass shards remain unaltered during laboratory extraction processes for these analyses. 
The geochemical composition of volcanic glass is typically measured using electron probe microanalysis (EPMA) or laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS). Tephra shards for theses analyses are extracted from peat and lake sediments using density separation (Turney, 1998) or acid digestion (Persson, 1966; Dugmore et al., 1995), as high temperatures (>350 °C) risk altering the geochemical composition of the glass (Pilcher and Hall, 1992; van den Bogaard & Schmincke, 2002). Acid digestion provides an efficient means of extracting glass shards from organic peat, and it has been widely used in the development of regional tephrostratigraphies (Pilcher et al., 1995; Plunkett et al., 2004). However, this method uses strong acids (sulphuric and nitric) which have the potential to cause ionic exchange of cations, and the formation of a leached Si gel at the glass surface (Pollard and Heron, 1996). Density separation does not risk geochemical alteration of the glass, but commonly achieves lower shard recovery rates from peat, as shards can become trapped within the macrofossil-rich solution during floatation or lost during repeated decanting steps. This problem is particularly acute in distal settings where cryptotephra deposits may be formed of a few tens of shards, often with highly vesicular, buoyant, morphologies (e.g. Pyne-O’Donnell et al., 2012; Mackay et al., 2016).
The protocol for the extraction of tephra from peat (Dugmore et al., 1995) should not require the prolonged exposure (>3 hrs) of samples to acid, and importantly does not include the use of strong alkalis which cause network dissolution in glasses (Blockley et al., 2005). Therefore, there may be a lower risk of geochemical alteration during this extraction than exists for the acid digestion of minerogenic lake sediments. The effects of the peat acid digestion protocol on the geochemical composition of volcanic glass have been examined before (e.g. Dugmore et al., 1992; Roland et al., 2015; Watson et al., 2016). However, these studies have almost exclusively focused on Icelandic rhyolitic tephras. This restricted sample group leaves considerable uncertainty, since the dissolution rates of natural glasses (including tephra) are determined by the chemical composition of the glass, and may be modified by surface area (Paul, 1977; Jantzen and Plodinec, 1984; Jantzen, 1992; Techer et al., 2001; Wolff-Boenisch et al., 2004; Conradt, 2008). In particular, SiO2 and Al2O3 content determine the chemical durability of glasses, and therefore their resistance to acid solutions. The rhyolitic tephras that have previously been used to test the effects of the acid digestion protocol include high SiO2 values (>69%), and so have a high predicted chemical durability. However, tephrostratigraphies may include tephra (and cryptotephra) deposits from a range of volcanic sources (Mackay et al., 2016; Plunkett and Pilcher, 2018) with differing geochemical compositions and shard morphologies (Newton et al., 2007; Bronk Ramsey et al., 2014). These diverse tephra deposits are likely to have variable resistance to the acid solutions used in the acid digestion protocol. Therefore, further tests are needed to ensure the acid digestion protocol does not affect the glass geochemical composition of tephra deposits composed of shards with low chemical durability and/or high surface-volume ratios.
Here, we use electron probe microanalysis (EPMA) and scanning electron microscope (SEM) imagery to test for geochemical and physical alteration in duplicate tephra samples following acid digestion extraction. We use control and test samples from three widespread tephra isochrons with contrasting glass geochemical compositions, shard sizes and morphologies: the (1) White River Ash eastern lobe (WRAe), the Changbaishan (Baitoushan) ‘Millennium’ tephra (B-Tm), and the Saksunarvatn ash (Fig 1.). Together these case study tephra deposits provide new tests of the effects of acid digestion on tephras with low chemical durability and/or high surface-volume ratios.
Methods
Predicted chemical durability and morphological descriptions 
The theoretical chemical durability of each case study tephra was quantified using the empirical approaches applied by Pollard et al. (2003) (Fig. 2). These include calculations of the molar ratio of silicon to oxygen (Si:O) (Pollard and Heron, 1996), and number of non-bridging oxygen atoms (NBO) per silicon tetrahedral (White and Minser, 1984), for each tephra deposit. Complete equations are shown in supplementary information (Appendix B). 
Shard morphological descriptions were based on long axis measurements, which were taken from 100 glass shards for each sample. These samples were extracted from the host material using ashing (Pilcher and Hall, 1992) and sieving (at 15 µm), as they were not analysed for their geochemical composition. 
Tephra extraction procedures
Acid digestion (Dugmore et al., 1995): samples were placed in 50 mL of concentrated (98 %) H2SO4, thoroughly mixed, and left to settle for 30 minutes. Three mL of concentrated HNO3 was then added to the solution, which was left for 15 minutes while the reaction subsided. This process was repeated twice more, until no further reaction took place. The samples were then boiled until the solution turned a translucent pale yellow colour, which was diluted with 100 mL of distilled water and left for one hour. Finally, samples were decanted into 1500 mL of distilled water to remove excess acid, and sieved at 15 µm. To assess the effects of acid digestion on differing shard sizes, samples from the B-Tm tephra and Saksunarvatn Ash were sieved at 15 µm and 63 µm following acid digestion. These large (> 63 µm) and small (15-63 µm) fractions were mounted separately for electron probe microanalysis.
Density separation (Eden et al., 1996; Turney, 1998; Blockley et al., 2005): samples were subjected to stepped floatation using sodium polytungstate (Na6(H2W12O40).H2O) at  2.0 g/cm3 and 2.5 g/cm3. In order to separate the glass shards from organic matter the 2.0 g/cm3 float was retained in the test tube and carefully stirred between additional centrifuge runs (e.g. Blockley et al., 2015; Roland et al., 2015). This process was repeated five times to maximise shard recovery.
Electron probe microanalysis
Glass shards were analysed by electron probe microanalysis (EPMA), with wavelength dispersive spectrometry, on a Cameca SX100 electron probe micro-analyser at the Tephra Analytical Unit, University of Edinburgh. Shards were mounted in epoxy resin stubs and polished to expose the internal glass surface, before carbon coating (Hall and Hayward, 2014). A suite of 11 elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, Cl) were measured using 3 µm and 5 µm beam diameters, with a 10 KeV accelerating voltage, and 5 nA current (Hayward, 2012). Three secondary standards of known composition were run alongside case study samples to check for instrumental drift: i) Lipari rhyolitic obsidian, ii) Old Crow tephra and iii) BHVO-2g basalt (Kuehn et al., 2011). Results are presented as normalised weight percent (wt %) oxides for geochemical composition bi-plots. Raw major-minor oxide data and associated standard measurements are reported in supplementary information (Appendix A: Tables S1 and S2).
Case study tephra deposits: morphologies and chemical durability

Three Holocene tephra deposits with differing predicted chemical durability (Fig. 2), and shard morphologies (Table 1) were selected as case studies to test the effects of acid digestion on volcanic glass geochemistry: the Changbaishan ‘Millennium’ tephra (B-Tm), from Utasi Bog, Japan (42°38’00.32”N, 140°18’26.79”E; Hughes et al., 2013), the Saksunarvatn ash from Havnardalsmyren, Faroe Islands (62°00'57.5"N, 6°51'17.0"W; Wastegård et al., 2018), and the White River Ash eastern lobe (WRAe), from Pound Cove Bog (53°35’44″W, 49°9’59″N; Blundell et al., 2018) and Baby Pond Bog (47°25'16.1"N, 53°32'47.2"W; this study), Newfoundland. These case studies are representative of the range of tephra deposits commonly used to construct peatland tephrostratigraphies (Lawson et al., 2012), and include both visible tephra beds and ultra-distal cryptotephra.   
Results and Discussion
Geochemical outliers
Analyses with analytical totals of <94% were removed from data sets (B-Tm acid >63 µm, n=1; WRAe acid, n=5; WRAe float, n=2) used for bivariate plots and principle component analysis (PCA), although the majority of these became consistent with remaining data set after normalisation (Table S1). While analyses with analytical totals as low 90% may be acceptable in some tephra deposits (Pearce et al., 2008), we use 94% as a cut-off point as it represents an approximate 5% departure from the average analytical totals of the case study tephra deposits (97.5-99%). The majority of these analyses are from WRAe samples, and are likely due to the small shard sizes (x̅ 42 µm) and highly vesicular shard morphologies. Seven outlier analyses were also removed from the B-Tm float population because of extremes in the glass major-minor element compositions, which are likely due to partial analysis of mineral inclusions during EPMA. Outlying data points are present in all data sets; however, with the exception of B-Tm float, the number of these outliers is consistent between duplicate samples, and there are no observable differences in analytical totals (Appendix A: Table S1). 
Data interpretation
Bivariate plots of major-minor element glass compositions show no observable difference between duplicate samples extracted using either acid digestion or density separation (Fig. 3a,b,c; Fig. S1). To test for any statistical differences between these samples the datasets were compared using principle component analysis (PCA) (Fig. 2d,e,f) and similarity coefficients (SC; Borchardt et al., 1972) (Appendix A: Table S3). The use of multi-variate statistics have been advocated (in addition to bivariate plots) as a means of discriminating between tephra deposits (Gonzalez et al., 1999; Pollard et al., 2006; Pouget et al., 2014), and can be rapidly run using freely available software (e.g. VEGAN, Oksanen et al., 2013; as used here). The results from these analyses show there is no statistical difference between duplicate datasets, and outliers identified using bivariate plots are also identified as outliers by PCA (Fig. 3; Table S3). These results suggest that the acids used during the digestion protocol are not sufficiently aggressive to alter the geochemical composition of glass shards to a degree that is recordable during EPMA.
During the early stages of glass dissolution the outer surface of the glass is degraded (Jantzen et al., 2010) and gel layer formation, re-crystallisation of leached material and pitting corrosion can be observed on the glass surface (e.g. Blockley et al., 2005). Visual inspection of tephra shards from this study using a high-power microscope, and SEM imagery revealed no discernible damage to outer surfaces of the volcanic glass extracted using either acid digestion or density separation (e.g. Fig. 4). Absence of these features in any of the case study samples suggests the extraction methods used here were unable to cause degradation of the glass surfaces.
Conclusions

This study found duplicate samples of tephra deposits, with differing predicted chemical durability and shard morphologies, were geochemically indistinguishable following either acid digestion or density separation shard extraction methods. Furthermore, visual inspection of the glass surface revealed no evidence of glass degradation. These findings suggest that the acid solutions used during the extraction of tephra from peat are not sufficiently aggressive to significantly alter glass major-minor element geochemistry to a degree that is recordable during EPMA. Therefore, acid digestion can be safely applied in distal settings where cryptotephra deposits are composed of small highly-vesicular glass shards, or in regions where tephra deposits include low silica geochemical compositions.
Abbreviations.
EPMA, electron probe microanalysis; LA-ICP-MS, laser ablation inductively coupled plasma-mass spectrometry; SEM, scanning electron microscope; PCA, principle component analysis; SC, similarity coefficients.
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ix. Tables:
	Tephra
	Source 
Volcano
	Age (b2k)
	Reference(s)
	Geochemical composition
	x̅
	σ
	Max
	Min
	Shard type

	B-Tm
	Changbaishan
	1055±4
	Sun et al. (2014)
	Rhyolitic-Trachydacite
	77
	31
	183
	28
	Cuspate
/platy

	WRAe
	Mt Bona-Churchill
	1147±1
	Coulter et al. (2012) 
Jensen et al. (2014)
	Rhyolitic
	42
41
	15
10
	93
73
	15
18
	Vesicular/foamy

	Saksunarvatn Ash
	Grímsvötn
	10,347±89
	Rasmussen et al. (2006)
	Basaltic
	75
	41
	238
	25
	Blocky/ cuspate


Table 1: Details of each case study tephra including shard population statistics. Descriptions include: dominant shard morphology (shard type), minimum (Min), maximum (Max) and mean (x̅) long axis length (µm), as well as standard deviation (σ).
x. Figure Legends:
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Figure 1: Study site(s) (circles) and source volcano (triangles) for each case study tephra (B-Tm tephra from Utasai Bog; WRAe from Pound Cove Bog and Baby Pond Bog; Saksunarvatn ash from Havnardalsmyren.
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Figure 2: Plot of NBO and Si:O values from the case study tephra deposits. The arrow shows the direction of decreasing chemical durability. Glass major-minor element (wt%) data used to generate Figure 2  includes: (B-Tm) this study; Hughes et al. (2013); McLean et al. (2016); (WRAe), Pyne-O’Donnell et al. (2012); Jensen et al. (2014); Davies et al. (2016); (Saksunarvatn ash) Wastegård et al. (2018). Figure 2 is available in colour at wileyonlinelibrary.com.
[image: ]
Figure 3:  (a,b,c) Bivariate plots of selected major oxide totals (wt%) from case study tephras and comparative published values (B-Tm, Hughes et al., 2013; McLean et al., 2016, Saksunarvatn ash, Wastegård et al., 2018, WRAe, Pyne-O’Donnell et al., 2012; Jensen et al., 2014; Davies et al., 2016). (d,e,f) Scores for principal components analysis. Figure 3 is available in colour at wileyonlinelibrary.com.
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Figure 4: Microscope imagery and SEM images from duplicate samples of the Saksunarvatn ash. Figure 4 is available in colour at wileyonlinelibrary.com.
xi. Appendices:
Supporting information
Supporting information can be found with online version of this article:
Appendix A
Table S1. Major-minor oxide compositions (wt%) of individual glass shards from case study tephra deposits.
Table S2. Secondary standards dataset.
Table S3. Similarity coefficients of case study tephra deposits.
Appendix B. 
Table S4. Equations and methodology used to predict the chemical durability of tephras.
Figure S1. Additional major-minor element bivariate plots.
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(a) Saksunarvatn ash - float extraction

(c) Saksunarvatn ash —:at extraction (d) Saksunarvatn ash - acid diéestion





