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Abstract
From the mid-1800s to the late 1960s, conservation by alum salts (KAl(SO4)2·12H2O—potassium aluminium sulphate), using various recipes, was a common method to prevent shrinkage and to strengthen waterlogged archaeological wooden objects. This method was mainly used in Scandinavia. The alum method appears to have also been applied to highly degraded archaeological waterlogged wood in other countries, for example in the U.S and Germany. Today, many of the archaeological wooden objects treated with alum show extreme deterioration and very low pH, which are attributed to the effects of the alum-treatment. This study investigated the extent of the current levels of chemical degradation in wooden objects conserved with alum salts at different points in time (1880s, 1930s and 1905–13) in order to understand their current condition and whether extent of degradation was in any way related to time of treatment, in an attempt to understand the rate of degradation. It was also an opportunity to compare the chemical state of preservation of alum-treated wood from different collections, as only the Oseberg collection has been intensively studied in this way up until now. Samples from historical wooden objects from the following collections were investigated and compared: the Dejbjerg collection (National Museum of Denmark in Copenhagen); the Oseberg collection (Museum of Cultural History, Oslo, Norway); the Glimmingehus collection (Swedish History Museum, Sweden). Analyses of lignocellulosic polymers and of inorganic compounds were undertaken to evaluate the chemical preservation of the wooden objects. The investigations were performed using a multi-analytical approach which consisted of: pH measurements, analytical pyrolysis (Py-GC/MS), X-ray diffraction (XRD) and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM–EDS). It was possible to link the extent of degradation with time, on a general level but we found a great variability in the state of preservation of the wood also within the same collection. It is clear, however that alum-treated wood is more degraded than archaeological wood not treated with alum.
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Abbreviations
	Alum
	Aluminium potassium sulphate

	Alunite
	KAl3(SO4)2(OH)6

	AMDIS
	Automated Mass Spectral Deconvolution and Identification System

	Gypsum
	CaSO4·2H2O

	H/L
	Values of holocellulose versus lignin ratio

	K-alum
	KAl(SO4)2·12H2O

	Mercallite
	KHSO4

	NH4-alum
	NH4Al(SO4)2·12H2O

	PEG 2000
	Polyethylene glycol 2000 with Molar Mass 1800.00 g/mol

	Py-GC/MS
	Analytical pyrolysis coupled with gas chromatography and mass spectrometry

	SEM–EDS
	Scanning electron microscopy with energy-dispersive X-ray spectroscopy

	Syngenite
	K2Ca(SO4)2·H2O

	XRD
	X-ray diffraction




Introduction
From the mid-1800s until the 1950s, and in some cases up to the 1960s, aluminium potassium sulphate (alum) was routinely used for the conservation of waterlogged wooden objects of an archaeological and historical value. In the 1960s it was eventually replaced with polyethylene glycol (PEG), as PEG-treated wood was less brittle. The alum conservation method was simultaneously developed in Denmark and Germany in the 1850s and in 1861 both methods were published [1, 2]. It was one of the first methods used for the conservation of highly deteriorated waterlogged wood artefacts.
The alum treatment method consisted of immersing waterlogged wooden fragments into a concentrated solution of alum at 90 °C from 2 to 24 h or more [3]. The solution penetrated the porous structure of the wooden objects and replaced the water. With cooling after impregnation, the alum crystallized, absorbing some of the water as crystallization water. The treatment penetrated the outermost 5 mm surface of the wood across the grain and about 5 cm along the grain, with the result of reducing shrinkage during drying. Wood deeper below the surface did not contain as much alum and had developed many voids during treatment, likely caused by osmotic shock due to the high concentrations used in the impregnation baths. The method resulted in wood which was very brittle.
To reduce brittleness, earlier versions of the method included the application of linseed oil to surfaces after alum impregnation [3, 4]. After 1911, glycerol was added to the treatment bath, first implemented by George Rosenberg at the National Museum of Denmark [5]. The addition of this highly hygroscopic compound made the wood extremely vulnerable to fluctuations in ambient humidity [6]. Irrespective of when the treatment was carried out, other materials that were commonly applied to wooden objects after the alum treatment included melted beeswax, shellac or nitrocellulose varnishes [7].
Today many of the wooden objects treated with alum show extreme deterioration due to very low pH (below 2) which are attributed to the effects of the alum-treatment itself [8, 9]. The method causes the release of sulphuric acid during the heating phase, according to the following reaction [10]:[image: $$3{\text{KAl}}({\text{SO}}_{4} )_{2} + 12{\text{H}}_{2} {\text{O }} \to {\text{ KAl}}_{3} ({\text{SO}}_{4} )_{2} ({\text{OH}})_{6} \downarrow \, + \, 2{\text{K}}^{ + } ({\text{aq}}) \, + 4{\text{SO}}_{4}^{2 - } ({\text{aq}}) + 6{\text{H}}_{3} {\text{O}}^{ + } ({\text{aq}})$$]

 (1)



The current level of deterioration observed in alum-treated wood is likely related to both acid hydrolysis and the catalytic activity of aluminum ions in aqueous solution in the presence of sulphuric acid. Studies of the hydrolysis of polysaccharides through the use of dilute sulphuric acid have been reported in the literature, however the described experiments were carried out at higher temperatures (170–190 °C) [11] than those applied during the treatment with alum (90 °C). Aluminum salts (aluminum chlorate, aluminum sulphate) have been reported to catalyze the degradation processes of polysaccharides at high temperatures [12–14]. The use of strong acid (such as sulphuric acid or other strong acid with pH below 2) in the presence of a metal salt (as aluminium sulphate, aluminium chloride or other) to catalyze the hydrolysis of hemicelluloses and cellulose in lignocellulosics to glucose, was reported in the literature as a procedure at an industrial level, where strong acid helps to lower the hydrolytic activation energy of cellulose (i.e. temperature) [15]. Potassium alum has been recently applied as a double catalyst to convert simple sugars to hydroxymethylfurfural, via dehydration and isomerization [16]. Other works have found evidence of aluminum-catalysed hydrolysis of cellulose in paper treated with aluminum salts [17–19].
Similar chemical reactions to those described above from the literature likely occurred in the archaeological wood during alum treatment. Furthermore, the sulphuric acid generated through heating was also likely absorbed by the wood and has stayed within it ever since. In the Oseberg wood, recent analyses have shown that cellulose and hemicellulose are highly depolymerized and that lignin is oxidized [8].
In Scandinavia, wooden objects recovered before the 1950s or even 1960s were very likely treated with alum salts if they were highly degraded during burial. Such objects probably number into the thousands. To date, most of the information about chemical degradation of alum-treated wood comes from studies performed on the Oseberg collection [3, 8–10, 20].
The aim of this study was to investigate the extent of chemical degradation in alum-treated wooden objects from two additional collections in order to broaden our insight into degradation patterns in this material, and to identify the range of potential additives that may not have been mentioned in original treatment records.
Samples were collected from objects taken from three Scandinavian collections: the Dejbjerg collection, treated in the late 1880s (National Museum of Denmark in Copenhagen), the Oseberg collection, treated in the early 1900s (Museum of Cultural History, Oslo, Norway) and the Glimmingehus collection, treated in the 1930s (Swedish History Museum, Lund).
We were also interested if extent of chemical degradation could be related to time of treatment, in order estimate the remaining lifetime of the alum-treated Oseberg collection. To preserve it for future generations, we are currently planning preservation strategies. Achieving a better understanding of the approximate remaining lifetime of an alum-treated collection would indicate whether immediate measures, such as retreatment, were required—with all the risks of damage involved—or whether we could devote more time to research potential preventive conservation measures or refine existing retreatment methods in order to reduce risks of potential damage. We are aware that estimations of remaining lifetime is a complex undertaking, which is not well suited on small numbers of samples, as in the case here, but we nonetheless had this in mind during this study.
This work represents the first chemically-based comparison of three different sets of archaeological wooden objects treated with alum. The same multi-analytical protocol and instrumentation were used for all samples, which included pH measurements, analyses by analytical pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC/MS), X-ray diffraction (XRD) and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM–EDS). Analytical pyrolysis was applied to assess the state of preservation of the main wood components as well as to identify organic additives used during or after treatment with alum, as original treatment reports are not always complete. Inorganic components of analyzed material were investigated by XRD and SEM–EDS.
We expect that the knowledge acquired during this work will broaden our understanding of alum-treated wood as a material, which in turn will allow us to develop appropriate strategies for their long-term preservation, be it through retreatment or by other means.
Materials and methods
Materials
The archaeological wood fragments from the three museum collections were treated with alum salt at different times: the Dejbjerg collection (1883), the Oseberg collection (1905–13) and the Glimmingehus collection (1936). The analysed samples are listed in Table 1 and objects are shown in Additional file 2: Figures S1–S18. Two Danish samples were taken from just below the surface and from the core (D-D1626 and D-E1622). Archival material (treatment records) informed about whether additional conservation materials had been used during or after treatment. For instance, two of the samples from the Norwegian collection were taken from wooden fragments known to be coated with linseed oil after alum treatment (N-207). Norwegian samples N-250-K and N-250-F were sampled from regions below the surface to avoid linseed oil. For some objects from the Swedish collection, museum documents registered the addition of glycerol in the alum bath, post-treatment with linseed oil, and for two of them even re-treatment with polyethylenglycol (PEG) in the 2000s, as described in Table 1.Table 1Sample names, treatment, additives listed in treatment records and surface pH values


	Collection
	Sample
	Wood typec
	Sampled area
	Treatment/additives noted in laboratory reports
	pHa

	Dejbjerg, (D) treated in 1883, National Museum of Denmark, Copenhagen (Denmark)
	D-A1624
	Diffuse porous HW
	Outer
	Alum
	3.0

	D-B1624
	Ring porous HW
	Outer
	Alum
	2.0

	D-C1628
	Diffuse porous HW
	Outer
	Alum
	3.0

	D-D1626-A
	Ring porous HW
	Inner core
	Alum
	3.5

	D-D1626-B
	Ring porous HW
	Outer
	Alum
	3.5

	D-E1622-A
	Ring porous HW
	Inner core
	Alum
	3.5

	D-E1622-B
	Ring porous HW
	Outer
	Alum
	4.0

	D-F1629
	Diffuse porous
	Outer
	Alum
	3.5

	Oseberg (N) treated between 1904 and 1913 Museum of Cultural History, Oslo (Norway)
	N-187D
	HW
	Dark part
	Alum
	1.5

	N-187L
	HW
	Light part
	Alum
	1.5

	N-207-A
	Diffuse porous HW
	Inner core
	Alum, linseed oil
	2.5

	N-207-B
	Diffuse porous HW
	Outer
	Alum, linseed oil
	2.5

	N-250F
	Diffuse porous HW
	Middle
	Alum
	1.5

	N-250K
	Diffuse porous HW
	Inner alum-poor
	Alum
	2.5

	Glimmingehus (S) treated in 1936 Swedish History Museum, (Sweden)
	S-5T
	HW
	Outer
	Alum, linseed oil
	3.0

	S-125h
	HW
	Outer
	Alum, retreated with PEGb
	4.5

	S-125k
	HW
	Outer
	Alum
	3.5

	S-346
	HW
	Outer
	Alum, glycerol, linseed oil retreated with PEGb
	4.5

	S-346d
	SW
	Outer
	Alum
	2.5

	S-346e
	SW
	Outer
	Alum
	2.5

	S-383
	HW
	Outer
	Alum, linseed oil, glycerol
	1.5

	S-383c
	HW
	Outer
	Alum, linseed oil, glycerol
	1.5

	Reference archaeological
	Head post N-124
	Maple
	Inner core
	Untreated
	–

	Finest sled pull N-17
	Maple
	Inner core
	Untreated
	–

	Arch pine
	Pine
	Inner core
	Untreated
	–

	Reference fresh undegraded
	Ref. maple
	Maple
	 	Untreated
	–

	Ref. birch
	Birch
	 	Untreated
	–

	Ref. pine
	Pine
	 	Untreated
	–


aSurface pH measurements were taken directly on object surfaces by applying damp pH strips. pH of reference sound maple is 5.5. pH for samples head post N-124 and finest sled pull N-17 was not measured
bSamples were re-treated with PEG 2000 between 2005 and 2009
cThe wood genus is included only when it is confirmed by light microscopy. Hard wood is abbreviated as HW. Softwood is abbreviated as SW



As reference samples, both fresh undegraded and untreated archaeological wood samples were used. Fresh undegraded wood references included one softwood (ref pine) and two diffuse porous hardwoods (ref. maple, ref. birch). The untreated archaeological softwood reference sample is a medieval pine wood (arch pine) recently excavated from Medieval Oslo in 2018, donated from NIKU (Norsk institutt for kulturminneforskning). This wood was received in the waterlogged state and then freeze dried. Among the Oseberg finds, only the poorly preserved woods were treated with alum. However untreated archaeological reference samples were nonetheless possible to obtain from two objects in the Oseberg collection, an animal head post (C55000/124-1904.138) and sled pull (C55000/17-1903.19), see Table 1. These objects were recovered in a poor state of preservation in 1904, but did not undergo alum treatment due to their extremely fine surface carvings as it was known that the alum method caused fine details to be blurred [21]. They were stored in water until an appropriate treatment was found. The sled pull was treated in the 1950s using tertiary butanol followed by freeze drying [22]. In this method, the tertiary butanol sublimates, leaving behind an unconsolidated wood structure. This object was coated with an acrylic resin, which did not penetrate deeply into the wood. The sample (N-17) originates from a flake of wood dislodged from the inner parts of the object, and as such did not contain the acrylic material used on the surface. The animal head post remained untreated as it had been damaged when its water tank leaked during the 1940s. After drying it was placed into storage. Although it was used to test surface coatings in the 1950s, the sample analysed here (N-124) originated from the inner part of the object.
We are aware that different wood genera have different resistance to degradation but in the case of wood coming from different museum collections, it is not always possible to identify wood genus, as sample size is restricted. The available information is often limited to whether the material is a softwood or hardwood type. Hardwoods are described according to the distribution pattern of vessel elements (ring porous or diffuse porous).
The samples investigated are described in Table 1, which includes details about the treatment from archival documents and the pH values determined by applying damp pH strips to object surfaces.
Apparatus
The investigations were performed using a multianalytical approach involving pH measurements, analytical pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC/MS), X-ray diffraction (XRD) and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM–EDS).
Py-GC/MS
Analytical pyrolysis coupled with gas chromatography and mass spectrometry was used and the instrumental conditions are described in [20, 23]. Approximately 100 µg of each sample, previously ground in a ball mill (Pulverisette 23, Fritsch GmbH, Germany) if necessary, was placed into a stainless steel cup with 2.0 μL of the derivatizing agent hexamethyldisilazane (HMDS) and placed in the micro-furnace at 550 °C of the type Multi-Shot Pyrolyzer EGA/Py-3030D (Frontier Lab) coupled with a 6890 gas chromatograph (Agilent Technologies, USA) and with an Agilent 5973 Mass Selective Detector operating in electron impact mode (EI) at 70 eV.
The pyrolysis products were identified using the Wiley and NIST libraries and the literature [24–26]. Automated Mass Spectral Deconvolution and Identification System software (AMDIS) [27] was used to integrate the pyrolytic peaks derived from the lignin and holocellulose wood components. Semi-quantitative calculations were performed as described by Tamburini [28]. The normalized values of the areas of the chromatographic peaks corresponding to 79 known pyrolysis products derived from holocellulose (i.e. combined cellulose and hemicellulose) and lignin (Table 2) were subjected to semi-quantitative calculation. To estimate the extent of wood degradation, the relative amounts of wood pyrolysis products were used to calculate (a) the relative content of wood components, holocellulose and lignin, (b) the pyrolytic H/L index (the ratio between the holocellulose (H) and lignin (L) content based on Py-GC/MS chromatographic areas) [29, 30]; and (c) the distribution of lignin and holocellulose pyrolysis products divided into categories based on their chemical structure as described in [28] and shown in Table 2.Table 2Holocellulose and lignin pyrolysis products by category


	 Pyrolysis products from wood
	Category

	Holocellulose pyrolysis productsa

	2-Hydroxymethylfuran (TMS), 3-hydroxymethylfuran (TMS), 2-furancarboxylic acid (TMS), 2,3-dihydrofuran-2,3-diol (2TMS), 2-furyl-hydroxymethylketone (TMS), 5-hydroxymethyl-2-furaldehyde (TMS)
	Furans

	1-Hydroxy-1-cyclopenten-3-one (TMS), 2-hydroxy-1-cyclopenten-3-one (TMS), Z- and E-2,3-dihydroxy-cyclopent-2-enone (TMS), 2-hydroxymethyl-3-methy-2-cyclopentenone (TMS), 1-hydroxy-2-methyl-1-cyclopenten-3-one (TMS), 1-methy-2-hydroxy-1-cyclopenten-3-one (TMS), 2-methyl-3-hydroxymethyl-2-cyclopentenone (TMS), Z- and E-2,3-dihydroxy-cyclopent-2-enone (2TMS), 3-hydroxy-2-hydroxymethyl-2-cyclopentenone (2TMS), 3-hydroxy-2-(hydroxymethyl) cyclopenta-2,4-dienone (2TMS)
	Cyclopentenones

	3-Hydroxy-(2H)-pyran-2-one (TMS), 3-hydroxy-(4H)-pyran-4-one (TMS), 5-hydroxy-2H-pyran-4(3H)-one (TMS), 3-hydroxy-6-methyl-(2H)-pyran-2-one (TMS), 2-methyl-3-hydroxy-(4H)-pyran-4-one (TMS), 2-hydroxymethyl-2,3-dihydropyran-4-one (TMS), 3,5-dihydroxy-2-methyl-(4H)-pyran-4-one (2TMS), 2-hydroxymethyl-5-hydroxy-2,3-dihydro-(4H)-pyran-4-one (2TMS), 2,3,5-trihydroxy-4H-pyran-4-one (3TMS)
	Pyranones

	1,2,3-Trihydroxybenzene (3TMS), 1,2,4-trihydroxybenzene (3TMS), 1,2-dihydroxybenzene (2TMS), 1,4-dihydroxybenzene (2TMS)
	Hydroxybenzenes

	1,4-Anydro-d-galactopyranose (3TMS), 1,6-anydro-beta-d-glucopyranose (3TMS), 1,4-anhydro-d-glucopyranose (3TMS), 1,6-anydro-beta-d-glucofuranose (3TMS)
	Anhydrosugars

	Lignin pyrolysis productsa

	4-Methylcatechol (2TMS), 3-methoxy-1,2-benzenediol (2TMS), 5-propyl-3-methoxy-1,2-benzenediol (2TMS), trihydroxy cinnamic alcohol (3TMS), 3,4-dihydroxy cinnamyl alcohol (3TMS), 2-methoxy-3,4-dihydroxy cinnamic alcohol (3TMS)
	Demeyhylated

	Coumaryl alcohol (2 TMS), Z and E coniferyl alcohol (2 TMS), Z and E sinapyl alcohol (TMS)
	Monomers

	o-, m-, p-Cresol (TMS), phenol (TMS), guaiacol (TMS), vinyl phenol (TMS), 4-methylguaiacol (TMS), 4-ethylguaiacol (TMS), syringol (TMS), 4-vinylguaiacol (TMS), 4-ethylcatechol (2TMS), 4-methylsyringol (TMS), 4-ethylsyringol (TMS), 4-vinylsyringol (TMS)
	Short chain

	 Eugenol (TMS), vanillyl alcohol (2 TMS), propenyl-syringol (TMS), vanillylpropanol (2TMS), syringylpropanol (2TMS)
	Long chain

	p-Hydroxy benzaldehyde (TMS), vanillin (TMS), acetovanillone (TMS), syringaldehyde (TMS), acetosyringone (TMS), coniferylaldehyde (TMS), sinapylaldehyde (TMS), benzoic acid TMS, 4-hydroxy benzoic acid (2TMS), 3-hydroxy-4-methoxybenzenepropanoic acid (2TMS), vanillic acid (2TMS), syringic acid (2TMS), coumaryl acid (2TMS), 3,4-dihydroxy-5-methoxy benzoic acid (3TMS)
	Oxidised


aThe number of trimethylsilyl groups (TMS) attached to the pyrolysis products is given in parentheses



Since sampling from archaeological wood is highly restricted, the relative standard deviation of the measurements was calculated only on samples from fresh undegraded wood samples. The relative standard deviation obtained is 8% which is in accordance with the literature [24–26, 28].
The results obtained for alum-treated archaeological wood samples were compared with each other and with both sound woods and untreated archaeological wood references.
Analytical pyrolysis cannot distinguish pyrolysis products from cellulose and hemicelluloses, as the thermal degradation process forms the same pyrolysis products from the two types of polymers. This means that the method applied in this study cannot reveal the details of the chemical changes observed specifically in cellulose and hemicelluloses but rather refers to the chemical changes occurring in the overall polysaccharide fraction (holocellulose).
XRD
Analyses were performed using a PANalytical Empyrean Series 2 diffractometer with radiation CuKα = 1.54 Å, operating at 45 kV, 40 mA, 2θ range 8–70°, step size 0.03°, time per step ranging between 997 and 4997 s, equipped with a PIXcel1D (Medipix3) detector. Samples were ground into a fine powder, and the powder spread to cover a 1.5 cm diameter sample holder. The HighScore Plus suite was used for data analyses [31]. Measurements were performed using a reflection-transmission spinner and a zero background sample holder. Crystalline phases were identified using the ICDD-2016 database.
SEM–EDS
Powdered samples were placed directly onto carbon tape and analyses were performed using a FEI Quanta 450 Scanning Electron Microscope coupled with an Oxford X-MaxN 50 mm2 detector, using the low vacuum mode to avoid charging and a voltage of 20 kV. The other parameters (spot size, pressure, and working distance) were modified depending on the sample.
Results and discussion
pH and inorganic content
Table 1 presents the values obtained from pH measurements. The lowest pH values were observed in the Norwegian (N-187 and N-250F) and Swedish (S-383) samples, although all alum-treated samples gave lower pH values than that measured for sound maple (pH 5.5). We are uncertain as to the reasons for the measured variability in the different objects sampled, where pH readings vary from pH 0–1 to 3.5–4. Variability may be partially related to presence of surface coatings such as linseed oil. Generally, pH measurement is carried out non-destructively using dampened pH strips pressed to the surface of the object. If the object is coated with linseed oil, surface pH readings likely do not dissolve the acidic species in the wood, but rather only alum salts concentrated on the surface. Recent experiences with reconservation of test fragments from Oseberg have shown that alum can be removed even in objects with linseed oil (not published), which supports this hypothesis. The pH of an alum solution lies somewhere between 3.5 and 4, indicating that pH readings in this range may be due to dissolved alum salt, and not the wood. Indeed, if the inner wood is exposed through a recent break, pH readings from such regions can be lower than that measured on the linseed oil-coated surface. There may also be other reasons for the observed variability in pH readings, but we have so far not managed to determine the cause. This is discussed in greater detail in Braovac et al. [3].
Analyses by XRD and SEM–EDS were performed to characterize the inorganic components and therefore the state of the alum salt. There was not enough material for XRD analyses of the untreated Oseberg samples (N-17 and N-124). The wood components in such samples are often observable in the XRD pattern as amorphous baseline humps, as has been previously observed in XRD patterns of alum treated wood [9]. This can be seen in the XRD patterns shown in Figs. 1 and 2. In some cases, such as for N-250K in Fig. 2, a few minor peaks in the XRD pattern could not be attributed to known reference materials. We note here that XRD could only be used to identify crystalline inorganic compounds present in a high enough relative abundance that their patterns were distinguishable from those of other compounds. The inorganic compounds unambiguously detected by XRD are summarized in Table 3. SEM–EDS confirmed the presence of the corresponding inorganic elements. In alum treatments, potassium alum (K-alum, KAl(SO4)2·12H2O) was usually used. However in some cases in the Oseberg collection, the use of ammonium alum (NH4-alum, NH4Al(SO4)2·12H2O) in alum treatment mixtures has been inferred due to its presence in many objects [20], although its use was not documented at the time of treatment. The presence of K-alum as the major inorganic component in Glimmingehus, Dejbjerg and most Oseberg objects was confirmed by XRD (Figs. 1, 2) and by SEM–EDS (Fig. 3) analyses. Although the presence of ammonium alum in smaller amounts is not precluded by these results, it was only observed in object N-207 from the Oseberg collection, in which it was the major alum component [20, 32]. In the PEG-re-treated samples S-125h and S-346, the XRD patterns confirm that alum was removed during re-treatment.[image: ../images/40494_2021_517_Fig1_HTML.png]
Fig. 1X-ray diffraction pattern from sample N-187D (red), compared with KHSO4 (blue) and potassium alum (grey) references

[image: ../images/40494_2021_517_Fig2_HTML.png]
Fig. 2X-ray diffraction pattern from sample N-250K (red) compared with alunite (KAl3(SO4)2(OH)6, blue) and K-alum (grey) references

Table 3Inorganic compounds detected by XRD in the samples


	Collection
	Sample
	Major compounds
	Minor compounds

	Dejbjerg
	D-A1624
	K-alum
	Alunite, gypsum

	D-B1624
	K-alum
	Syngenite

	D-C1628
	K-alum
	Syngenite

	D-D1626-A
	K-alum
	Syngenite

	D-D1626-B
	K-alum
	 
	D-E1622-A
	K-alum
	Gypsum

	D-E1622-B
	K-alum
	 
	D-F1629
	K-alum
	 
	Oseberg
	N-187D
	K-alum, Mercallite
	 
	N-187L
	K-alum
	Mercallite

	N-207-A
	NH4-alum
	 
	N-207-B
	NH4-alum
	 
	N-250F
	K-alum
	 
	N-250K
	K-alum, alunite
	 
	Glimmingehus
	S-5T
	K-alum
	 
	S-125ha
	 	Alunite

	S-125k
	K-alum
	Alunite

	S-346a
	 	 
	S-346d
	K-alum, alunite
	Syngenite

	S-346e
	K-alum
	Alunite, syngenite

	S-383
	K-alum
	Mercallite

	S-383c
	K-alum
	Mercallite


‘Major’ and ‘Minor’ refer to the intensity of crystalline peaks in the XRD patterns, which only reflects their relative abundance, and does not reflect the abundance of these compounds relative to the wood material or other amorphous components. ‘Major’ patterns showed intense, clearly defined peaks, such as those seen in Figs. 1 and 2. ‘Minor’ patterns generally appeared as small peaks that were difficult to distinguish from the baseline, relative to the more intense ‘major’ pattern, but could be unambiguously identified as the assigned compound using the software and were consistent with elemental compositions observed by SEM–EDS. Chemical formulae for minerals: K-alum = KAl(SO4)2·12H2O; NH4-alum = NH4Al(SO4)2·12H2O; alunite = KAl3(SO4)2(OH)6; gypsum = CaSO4·2H2O; syngenite = K2Ca(SO4)2·H2O; mercallite = KHSO4
aSamples re-treated with PEG 2000 between 2005 and 2009


[image: ../images/40494_2021_517_Fig3_HTML.png]
Fig. 3SEM–EDS elemental maps of S, K, Al and Ca from sample D-C1628 showing the presence of K-alum as a major inorganic component and supporting the presence of the minor potassium calcium sulphate mineral syngenite


Evidence of alum transformation was observed in the form of mercallite (KHSO4) in the XRD patterns of samples S-383, S-383c, N-187D (Fig. 1) and N-187L. These samples were also amongst the most acidic, measuring pH 1.5. Mercallite has previously been identified in other Oseberg samples with a very low pH (≤ 2) [9]. This compound is considered to be a result of the crystallisation of the by-products of the ions formed in decomposition of alum shown in Eq. (1), i.e. crystallisation of potassium and sulfate ions in the presence of acid. As the formation of mercallite is pH dependent (pKa of HSO4− is ca. 2), its presence could be due to very extreme acidity in some wood samples. This acidic salt has also been observed to be unstable under normal museum climate conditions, which could potentially reduce the stability of alum, as it can react with it [33]. Mercallite was not detected in other samples with pH ≤ 2, D-B1624 and N-250F. In a previous study, we noted that in the presence of other inorganic ions, such as iron, potassium and sulphate ions may preferentially form mixed sulphate compounds with these ions [34]. We have also observed in previous studies that mercallite is highly hygroscopic, unstable to temperature and humidity fluctuations, and migrates readily within wood [33]. In the case of 250F, although the sample did not contain any detectable amounts of crystalline iron compounds, the sample was taken from a small fragment that had come away from a corroding iron rod, and samples taken from other parts of this fragment contained potassium iron sulphate compounds, as observed in a previous study [34]. The lack of mercallite in this case may therefore be due to migration of potassium and sulphate ions and formation of potassium iron sulphates as a more stable crystalline product under these conditions. In the case of D-B1624, the lack of mercallite is perhaps due to its slightly higher pH, or the presence of a certain concentration of calcium ions changing the chemical environment such that potassium and sulphate ions preferentially form syngenite with calcium instead.
Another product formed during heating of alum in solution, alunite (KAl3(SO4)2(OH)6), was identified in several samples. This compound precipitates from hot aqueous alum solutions, as shown in Eq. (1), and it has also been observed previously in Oseberg artefacts [34], believed to have settled on the surface of wood fragments during treatment. The samples in which alunite was identified in the present study were all surface samples, except for N-250K (Fig. 2) and D-A1624. However, sample N-250K was taken from an area along a break, which was probably the site of a pre-existing inner crack, and we can speculate that alunite precipitated from the hot alum solution that filled the void during alum treatment. Since alunite is insoluble in water, it remained in the PEG-retreated sample S-125h even after alum removal, reflecting that it is relatively stable during re-treatment. In sample D-1624, alunite was found in the collapsed core, and likely entered from solution during the alum treatment. The apparent stability of alunite and lack of evidence of migration into the wood suggests that this material is not concerning for the state of preservation of the objects.
Some minor calcium-containing compounds were also observed in several samples from the Djebjerg and Glimmingehus collections in the form of gypsum (CaSO4·2H2O) and syngenite (K2Ca(SO4)2·H2O), supported by SEM–EDS (Fig. 3). Gypsum is a common, naturally-occurring mineral, which has also been previously observed in the Oseberg collection [34], and believed to have been deposited during burial. Syngenite presumably results from its reaction with alum or its decomposition products. The presence of gypsum and syngenite in some objects but not others is presumably related to differences in abundance of gypsum or other calcium sources in their burial environments.
Analysis of organic materials
The degradation state of wood polymers, polysaccharides and lignin, in the archaeological samples was assessed on the basis of their pyrolytic profiles obtained by Py-GC/MS and semi-quantitative calculations. Figure 4 presents the pyrograms obtained for samples of alum treated wood from the three collections (Fig. 4a–c) and for the sample from untreated Oseberg wood fragment N-124 (Fig. 4d). In addition to the wood pyrolysis products, the organic additives applied during or after alum treatment also produced characteristic pyrolysis products which were identified [20, 35] and are listed in Table 4.[image: ../images/40494_2021_517_Fig4_HTML.png]
Fig. 4Chromatographic profiles obtained by Py-GC/MS for selected samples from a the Danish Dejbjerg collection (sample D-A1624), b the Norwegian Oseberg collection (sample N-207-A), c Swedish Glimmingehus collection (sample S-125k) and d) untreated Oseberg collection (sample N-124), where: H holocellulose, L (lignin, either S or G), S (syringyl lignin) and G (G-guaiacyl), LO linseed oil, GL glycerol pyrolysis products

Table 4Additives used during or/and after alum treatment determined by Py-GC/MS


	Collection
	Sample
	Linseed oil
	Glycerol
	PEG

	Dejbjerg
	D-A1624
	−
	−
	−

	D-B1624
	−
	−
	−

	D-C1628
	−
	−
	−

	D-D1626-A
	−
	−
	−

	D-D1626-B
	−
	−
	−

	D-E1622-A
	−
	−
	−

	D-E1622-B
	−
	−
	−

	D-F1629
	−
	−
	−

	Oseberg
	N-187d
	+*
	−
	−

	N-187l
	+*
	−
	−

	N-207A
	+
	−
	−

	N-207B
	+
	−
	−

	N-250F
	−
	−
	−

	N-250K
	−
	−
	−

	Glimmingehus
	S-5T
	+
	+*
	−

	S-125ha
	+*
	+*
	+

	S-125k
	+*
	+*
	−

	S-346a
	+
	−
	+

	S-346d
	+*
	+*
	−

	S-346e
	+*
	+*
	−

	S-383
	+
	+
	−

	S-383c
	 + 
	+
	−


An asterisk (*) indicates deviation from the information obtained from treatment records, which is presented in Table 1
aSamples re-treated with PEG 2000 between 2005 and 2009. Glycerol was found in retreated S-125h likely because it was not completely washed out (some objects were packed in foam during desalination)



Organic additives: linseed oil, glycerol, polyethylene glycol
The use of linseed oil was highlighted by the presence of linear saturated fatty acids in the pyrolysis profile: myristic (tetradecanoic) acid, palmitic (hexadecanoic) acid, stearic (octadecanoic) acid and oleic ((9Z)-octadec-9-enoic) acid. The most abundant were the α,ω-dicarboxylic acids with respectively 8, 9 and 10 carbon atoms suberic, azelaic and sebacic acids. Of these, azelaic was the most abundant. The peak identified as glycerol in some pyrolytic profiles of the Swedish samples can derive from the use of glycerol during the original treatment. However, glycerol may also be produced by triglyceride degradation of linseed oil in the wood structure (Fig. 4b, sample N-207-A).
No organic additives were observed in the Danish samples (Fig. 4a), confirming the information received about this object from treatment reports. The pyrolytic profiles of the samples from the Dejbjerg collection showed only pyrolysis products derived from the wood polymers, lignin and holocellulose. In the Norwegian Oseberg collection linseed oil was positively identified in samples N-207-A (Fig. 4b) and N-207-B, which was in accordance with the available documentation, and in samples from fragment N-187 (N-187D, N-187L), where the use of linseed oil was not documented in treatment reports. The Swedish samples from the Glimmingehus collection, treated in 1936, were rich in linseed oil, but a very high content of glycerol was also observed (Fig. 4b). This is in line with the documents that reported the common use of glycerol in alum treatment after 1911 [5, 36]. In Swedish samples re-treated with polyethylene glycol (PEG 2000) between 2005 and 2009 (S-125h and S-346), the peaks from PEG were also identified by Py-GC/MS.
These results either confirmed the presence of additives—such as linseed oil, glycerol and PEG—which also had been documented in treatment reports or identified additives which were not originally noted in original reports. Differences between archival information and actual presence as confirmed by Py-GC/MS are indicated by an asterisk in Table 4. Identifying such compounds is important as they are now a part of the object and will have to be considered if for example reconservation will be undertaken. Such compounds may also provide insight into degradation pathways if they themselves are degraded.
Wood polymers
Semi-quantitative calculations on peak areas derived from lignin and holocellulose pyrolysis products (Table 2) were performed as described in [28]. Table 5 presents the pyrolytic composition of analysed wood samples expressed as relative percentages of holocellulose and lignin pyrolysis products.Table 5Pyrolytic composition of wooden samples expressed as a relative percentage of total pyrolysis products derived from H-holocellulose and L-Lignin. The H/L ratios are also shown


	Reference fresh and archaeological untreated

	Sample
	Ref. pine
	Ref. maple
	Ref. birch
	Arch pine
	Head post N-124
	Sled pull N-17
	 	 
	H
	60.7
	59.9
	78.5
	49.9
	22.9
	35.7
	 	 
	L
	39.3
	40.1
	21.5
	50.1
	77.1
	64.3
	 	 
	H/L
	1.5
	1.5
	3.7
	1.0
	0.30
	0.56
	 	 

	Dejbjerg, Danish

	Sample
	D-A1624
	D-B1624
	D-C1628
	D-D1626-A core
	D-D1626-B surf
	D-E1622-A core
	D-E1622-B surf
	D-F1629

	H
	23.1
	11.5
	27.2
	17.0
	11.5
	9.3
	12.5
	18.7

	L
	76.9
	88.5
	72.8
	83.0
	88.5
	90.7
	87.5
	81.3

	H/L
	0.30
	0.13
	0.37
	0.21
	0.13
	0.10
	0.15
	0.23


	Oseberg, Norwegian

	Sample
	N-187D
	N-187L
	N-207-A core
	N-207-B surf
	N-250F
	N-250K
	 	 
	H
	2.5
	2.0
	8.9
	16.9
	43.3
	41.0
	 	 
	L
	97.5
	98.0
	91.1
	83.1
	56.7
	59.0
	 	 
	H/L
	0.03
	0.02
	0.10
	0.20
	0.76
	0.70
	 	 

	Glimmingehus, Swedish

	Sample
	S-5T
	S-125h retreated
	S-125k
	S-346 retreated
	S-346d
	S-346e
	S-383
	S-383c

	H
	87.8
	53.2
	85.5
	80.2
	46.5
	40.2
	36.4
	23.4

	L
	12.2
	46.8
	14.5
	19.8
	53.5
	59.8
	63.6
	76.6

	H/L
	7.2
	1.2
	5.9
	4.2
	0.9
	0.7
	0.6
	0.3




Comparing fresh wood samples (ref. in Table 5) and archaeological untreated recently excavated (arch pine) with the untreated, naturally aged archaeological samples (head post N-124 and finest sled pull N-17), remarkable reductions in the relative polysaccharide contents are observed. This is attributable to the anaerobic degradation of polysaccharides in the burial environment as well as to the long period these objects were stored in water (ca. 35 years for N-124 and ca. 50 years for N-17), which usually causes not only decay of the polysaccharides but also their leaching during storage in water [23]. In fact, a decrease in holocellulose content by 46% is observed for the head post (sample N-124) and by 72% for the sled pull (sample N-17) when compared to the archaeological recently excavated waterlogged wood sample (arch pine).
Almost all alum-treated wood samples showed significantly lower carbohydrate contents than fresh reference woods or recently excavated archaeological wood (arch pine), giving low values of holocellulose versus lignin ratios (H/L) (Table 5). Extremely poor wood condition, with low H/L values, was observed for almost all the samples from Danish and Norwegian collections, except for samples from fragment N-250 (N-250F, N-250K). Samples from object N-250 appeared to be the best preserved in the Norwegian collection, with H/L about 0.7. Sample N-250K was taken deep within the wood at a new break. Here alum was less abundant, and this region may also have absorbed less sulfate ions than surface samples. Samples from object N-187 (N-187D, N-187L), were the worst preserved in the Oseberg collection, as only traces of polysaccharides were detected, resulting in very low H/L ratios (Table 5). In these cases, the samples mainly consisted of lignin. N-187 was very acidic (pH 1.5), where mercallite (KHSO4), an unstable acidic salt, was also identified, which may have contributed to its present degraded state.
Samples with the highest polysaccharide content belonged to the Swedish collection, which was treated most recently, in 1936, although they too showed varied relative abundances. These objects were treated with both alum and glycerol, and then coated with linseed oil. Two objects were recently retreated with PEG 2000 (S-125h, S-346). The lowest H/L ratios (lowest content of polysaccharides) in the Swedish collection were observed in samples taken from fragment 383 (S-383 and S-383c). As for the N-187 samples, this might be related to the fact that these samples were the most acidic of the Swedish collection (pH = 1.5) and contained mercallite. As mentioned above, the reasons for variable pH are still uncertain.
These samples illustrate the typical variability in state of preservation in alum-treated woods previously observed in the Oseberg collection, which we tried to investigate by singling out different parameters, such as pH and reactive ion content contained in different samples [8]. However, we believe it involves a complexity which is difficult to relate to a single factor. We believe a combination of factors such as the original condition of the wood prior to treatment, amount of reactive metal ions absorbed by the wood, differences in alum treatment recipes and impregnation times, wood type, and storage conditions all may play a role in determining current state of preservation of wood polymers.
Here it is necessary to add a comment on the H/L ratio. Generally, H/L in wood indicates the relationship between holocellulose and lignin and allows the comparison of woods of various species. When applied to archaeological wood, it usually reflects preferential relative loss of one wood component (holocellulose or lignin) with respect to the other. In the case of archaeological wood, the loss of polysaccharides usually is much greater than that of lignin. However, this index does not consider chemical changes that occur in the individual components of the wood. For this reason, information on specific chemical changes occurring in wood components can only be obtained by examining the molecular profile of the pyrolysis products of lignin and holocellulose.

                              Chemical changes in the polysaccharide fraction of alum treated woods
                           
Although only found in low amounts in most of the analysed samples, the preservation state of the residual carbohydrates was assessed by examining the relative abundances of their pyrolysis products. Holocellulose pyrolysis products formed during thermal degradation were classified into five categories: cyclopentenones, furans, pyranones hydroxybenzenes and anhydrosugars, according to [37–39]. The sum of the peak areas assigned to each category (Table 2), expressed as a percentage of the total abundance of holocellulose pyrolysis products, is shown in Fig. 5a and values are shown in Additional file 1: Table S1. In reference samples from fresh woods (ref. pine, ref. maple, ref. birch), recently excavated archaeological pine wood (arch pine) and untreated naturally aged archaeological woods from the Oseberg collection (head post N-124 and finest sled pull N-17), the main pyrolysis products of holocellulose belong to the “cyclopentenones” group [28] which is the most abundant category of holocellulose pyrolysis products.[image: ../images/40494_2021_517_Fig5_HTML.png]
Fig. 5Percentage distribution of a holocellulose and b lignin pyrolysis product categories in each sample; where the prefix D—Danish Dejbjerg, N—Norwegian Oseberg and S—Swedish Glimmingehus collection


In many of the alum-treated wood samples analysed here, we observed, as expected, higher relative abundances of anhydrosugars and a lower relative abundance of cyclopentenones relative to fresh or untreated archaeological woods, even those which were naturally aged (N-124, N-17).
Previous studies have shown that chemical alteration of polysaccharides results in a lower relative abundance of the cyclopentenones group and a higher relative abundance of anhydrosugars, compared to undegraded wood [40, 41].
Deviations from this trend were observed for two samples from the Swedish collection (S-125h and S-346), which had been re-treated with polyethylene glycol (PEG 2000). The first step in re-treatment with PEG involves immersing the fragments in water to remove alum salts and acidic degradation products. Thus, accumulated degradation products from polysaccharides and lignin formed after the alum treatment were presumably washed away during this process. This accounts for the differences in the relative levels of pyrolysis products from holocellulose found in these samples.
The remaining alum treated archaeological wood samples, except those from fragment N-187, showed similar polysaccharide distributions to each other, characteristic of degraded archaeological alum treated woods, with high abundances of anhydrosugars ranging from about 60% (samples D-A1624, N-250K, S-346d, S-346e) in the better preserved samples to 80% and more for the strongly degraded ones (samples D-D1626-B, D-E1622-B, D-F1629, N-250F, S-5T, S-125k, S-383, S-383c). However, despite appearing to be the least degraded based on H/L ratios, the Swedish samples had the most altered polysaccharide polymers, and two of them had the highest percentage of anhydrosugars of all the analyzed samples. Samples S-5T and S-125k showed very high H/L ratios (7.2 and 5.9 respectively), which may erroneously indicate a good state of preservation of polysaccharides and a strong degradation of lignin. However, these high H/L ratios are rather due to the very high percentages of anhydrosugars in these samples (89.8% and 90.8%, respectively), which indicate strong depolymerisation of the holocellulose fraction. It is unclear why these two samples had such high relative abundances of anhydrosugars, but as mentioned above, it may be related to several factors about which we do not have information.

                              Chemical changes in the lignin polymer
                           
Chemical changes in the lignin polymer were evaluated from the lignin pyrolysis product distribution profiles, shown in Fig. 5b, categorised as monomers, short chain, long chain, demethylated and oxidised (Table 2). Differences between archaeological alum-treated woods and references from both fresh (ref. pine, maple and birch) and untreated recently excavated archaeological pine wood were observed to a certain degree, indicating alterations in the lignin polymer caused by alum treatment. The lignin profiles for the untreated archaeological woods from the Oseberg collection (N-124, N-17) differ from the recently excavated archaeological wood (arch pine), mainly in oxidized pyrolysis products, most likely due to the natural aging of these fragments.
Generally, waterlogged archaeological wood mainly undergoes polysaccharide decay by erosion bacteria in anaerobic environments. The lignin polymer in untreated archaeological waterlogged wood remains almost unaltered (arch pine, Fig. 5b, Additional file 1: Table S2), with only some minor changes [28] compared to undegraded fresh wood. The chemical differences observed between the recently excavated pine wood and the alum-treated archaeological wood samples indicate that a different decay process has likely occurred in the alum treated woods, based on acid hydrolysis and oxidation.
The most evident degradation process observed in the alum-treated wood samples is oxidation of the lignin, which is highlighted by the high relative abundance of lignin pyrolysis products with carbonyl and carboxyl moieties (the ‘oxidized’ group was calculated as the sum of pyrolysis products with carbonyl and carboxyl functionalities, (Fig. 5b, Additional file 1: Table S2) [20, 25, 42]. Such abundance of lignin oxidation products is uncommon in archaeological wood from anaerobic environments as shown in the archaeological pine sample (arch pine). As mentioned above, the high abundance of oxidised pyrolysis products in the untreated archaeological wood samples from the Oseberg collection N-124 and N-17 relative to the other untreated woods is likely attributable to natural aging since their excavation in 1904. In these samples, most of the oxidized products have carbonyl functionalities rather than carboxyl, whereas lignin pyrolysis products with carboxyl groups dominate the oxidized fraction in alum-treated woods from Oseberg (Additional file 1: Table S2).
Some alum treated wood samples present high or very high abundances of products with carbonyl and carboxyl functionalities (Additional file 1: Table S2), indicating lignin oxidation. In particular, Norwegian alum treated N-187D and N-187L, had highest relative amounts of oxidised lignin pyrolysis products of all samples. The majority of the samples from the Swedish collection (S-5T, S-125h, S-125k, S-346) contained low abundances of carbonyl and acidic pyrolysis products. The low abundances of oxidized lignin pyrolysis products in samples S-125h and S-346 may be due to their recent retreatment with PEG where degradation products from both polysaccharides and lignin were likely leached out during immersion in water. As for samples S-5T, S-125k, both collected from the outer part of the wooden objects, the low oxidation level of lignin may be due to the presence of linseed oil, which may undergo preferential oxidation, effectively reducing the oxidative degradation of lignin, as was observed in previous analyses of samples from the same object as N-207, where oxidation at the linseed-oil-rich surface was lower than in regions with less linseed oil deeper inside the wood [20]. Although N-187 also had linseed oil, there was very little and may be one of the reasons the degradation was greater in this sample.
The monomer group is the most abundant category in reference woods (between 31 and 48% for sound woods and about 38% for recently excavated archaeological pine (arch pine) as well as in many of the alum-treated wood samples, except for N-187 and S-346 (retreated) (Fig. 5b, Additional file 1: Table S2) which showed very low relative abundances of monomers. Lower abundances of monomers indicate that structural changes have occurred in the lignin polymer. In the case of S-346, some water-soluble lignin fragments may have leached out during retreatment, indicating a precarious lignin structure already before re-treatment. The same phenomenon was observed during classical wet analysis, which consist in the determination of the quantity of wood components (holocellulose, cellulose, lignin) by isolating, purifying, and quantifying the wood constituents by weight [29, 43], for example using TAPPI methods [44, 45] and chlorite methods proposed by Wise et al. [46] applied to waterlogged wood [47].
Most of the alum treated samples had higher relative abundances of “short chain” pyrolysis products compared to untreated ones (arch pine, N-124 and N-17), again pointing to alteration of the lignin polymer (depolymerisation) in almost all alum treated woods. A different trend is observed in sample S-346 (retreated), where degradation products of lower molecular weight are likely removed during retreatment. Also, samples N-187L and N-187D present a different profile. These woods have much higher relative abundances of “carboxyl’’ lignin pyrolysis products (Additional file 1: Table S2), indicating extreme depolymerization.
Demethylation is known to occur in degradation pathways initiated by fungi or bacteria. This phenomenon was only seen in a few analysed samples, where high relative abundances of demethylated pyrolysis products were observed. In sound woods, demethylated pyrolysis products range from 5 to 15% of total lignin. Samples N-250F (Oseberg collection) and S-346 (Glimmingehus collection) contained between 21 and 24% demethylated lignin pyrolysis products, relative to total lignin. The other alum treated wood samples showed markedly lower contents of demethylated units (ca. 5% of total lignin content), similar to those found in untreated archaeological woods (N-124 and N-17). Demethylation results in lignin units with hydroxyl groups which are more reactive, and thus susceptible to further reactions, as discussed by van Bergen et al. [48]. This may explain the lower content of demethylated products in samples which show greater lignin degradation than in N-250F, based on carboxyl-lignin relative abundance. However, the lignin in N-250K, which has low amounts of demethylated units compared to N-250F, also has low relative abundances of carboxyl units, indicating a better state of preservation than in N-250F. The better state of preservation of N-250K could be due to the fact that it was taken deep within the wood at a new break, where alum was less abundant than in other samples, as noted above. It is also possible that iron ions, which were not quantified in this study, may play a role in demethylation rate. N-250F was taken from a fragment which contained an iron rod. Although no iron compounds were detected in this sample, it is very likely that small amounts of iron are present, which may affect the local wood chemistry differently than in N-250K. In the case of S-346, which was recently retreated, the high demethylation may indicate that lignin here is still actively degrading, even after retreatment, for reasons which will require further work.
Conclusions
A multi-analytical approach was applied to study wooden archaeological artefacts from three different Scandinavian collections that had been treated with alum at different points in time. The objects from the Danish collection, Dejbjerg, were treated the earliest, in 1883. Next was the Oseberg collection which was treated between 1905 and 1913. The Glimmingehus artefacts were treated with alum in 1936. Both the Norwegian and Swedish collections had additional compounds applied either during (glycerol) or after treatment (linseed oil). Both linseed oil and glycerol were contained in all the Glimmingehus samples. The presence of linseed oil was observed by Py-GC/MS in both N-187 and N-207 fragments. Linseed oil may reduce oxidation of wood saturated with it. In the case of N-187, the linseed oil was not detectable visually, only by Py-GC/MS, so it may not have offered protection. The presence of additives is important to confirm by analysis, as the original treatment records are not always accurate. This is important because additives may influence state of preservation (as with linseed oil) or it may interfere with a planned retreatment.
All alum-containing samples were found to have been treated with mostly K-alum, except for the N-207 samples, which were shown to have been treated with primarily ammonium alum. Treatment records did not indicate that the Oseberg collection was treated with ammonium alum. Both K-alum and NH4-alum have similar physical properties, and older sources mention that K-alum was often sold mixed with NH4-alum. We tried to see whether the type of alum affected state of preservation, which could partially explain the observed variability of preservation of the Oseberg collection but we could not find differences [32].
Surface pH measurements revealed very acidic values of 1.5–2.5 in many of the analysed objects, in some cases 3.0–3.5. We have had difficulty linking state of degradation to pH. However, in cases where the unstable acidic salt mercallite (KHSO4) was also identified as a product of alum decomposition in samples with pH 1.5 (N-187D, N-187L, S-383, S-383c), presumably formed from excess absorbed sulfates, as a result of very extreme acidity. In such cases, there may have been lack of cations which bind with acidic sulfates (such as Ca) which may remove it from further reactions through the formation of other salts, such as syngenite. Another material resulting from the alum treatment is alunite (KAl3(SO4)2(OH)6), which precipitates from hot alum solutions during treatment and therefore was often found only on samples taken from outer parts of objects. Alunite was still present even after re-treatment with PEG 2000. Minor calcium compounds were also observed in several samples by XRD and SEM–EDS, presumably having been deposited during burial and, in some cases, formed through reactions with alum and/or its decomposition products.
Analytical pyrolysis allowed not only to identify the organic conservation materials used during and after the alum treatment, but also provided an evaluation of the state of degradation of the archaeological alum treated woods. The wooden objects belonging to the Norwegian (Oseberg) and Danish (Dejbjerg) collections, were the most degraded in terms of polysaccharides (i.e. very low H/L ratios). On the other hand, polysaccharides were still present but mostly degraded and depolymerized in the the Swedish (Glimmingehus collection) samples. Although they showed fairly high H/L ratios, the very high percentage of anhydrosugars observed demonstrates a strong depolymerisation of the holocellulose fraction.
The Glimmingehus collection was treated later than the collections from Denmark and Norway, however degradation appeared to be influenced not only by age, but also by the storage conditions and by the presence of additives such as glycerol, which is highly hygroscopic and could have increased the moisture uptake of the Glimmingehus samples. Increased humidity can cause an increase in the catalytic activity of the acidic compounds [49] present in the wood and cause further decay. The presence of linseed oil, however, can play a protective role in the alum treated woods [20]. In fact, most fragments containing linseed oil on their surfaces appeared better preserved than those without, with the exception of N-187 samples.
Regarding the lignin fraction, the fragment N-187 from the Oseberg collection (Norwegian) appeared to be strongly oxidized, with very high relative abundances of carboxyl functionalities.
High levels of lignin oxidation were however also found in some samples from the Danish and Swedish collections, but here oxidized lignin was mainly found as carbonyl functionalities. Thus, oxidation of lignin is not always caused by the alum treatment, but it can also be due to other factors such as the burial environment, natural aging after recovery (as illustrated in N-124 and N-17), or initial preservation condition (which is an unknown here), as well as the presence of surface treatments (like linseed oil).
Alum treatment may cause also lignin depolymerization as illustrated by the high percentage of short chain lignin pyrolysis products.
In the samples from Glimmingehus (Sweden) that were re-treated with PEG between 2005 and 2009, the pyrolysis product profiles for both holocellulose and lignin fractions differed from those from the same object that had not been re-treated. This is likely due to a partial leaching of the degradation products formed since the alum treatment in the 1930s, which occurred in the desalination phase of the retreatment.
This study highlights that the time elapsed since the conservation treatment with alum can play an important role in the extent of degradation observed today: the objects treated earlier in time were found to be in a worse condition than those treated later on, as in the case of Danish Dejbjerg and Norwegian Oseberg collections. However, the analysis of the more recently treated samples from Sweden showed that time is not the only factor involved in defining the extent of degradation. Here, we observed that objects containing glycerol were in a very poor condition, shown by their high levels of depolymerisation of both holocellulose and lignin. Therefore, in addition to the number of years since the alum-treatment, other factors which can potentially influence the extent of degradation observed today include the original condition of the wood prior to treatment, differences in alum treatment recipes and impregnation times, wood type, and storage conditions.
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