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Abstract

Due to frequent volcanic activity and erosion of dryland soils, magnified by land use after human settlement (c. 870 AD),

peatlands in Iceland receive regular additions of mineral aeolian deposits (tephra and eroded material). Hence, their soils

may develop not only histic, but also andic characteristics. Yet, mineral aeolian deposition as an environmental determinant

of peatlands in Iceland is still poorly understood, not least with regard to the peatlands carbon (C) stores. This study

advances our understanding of the impact of tephra deposition on Histosols by elucidating interactions between histic and

andic soil properties and their relation with C structure. We compare Histosols from three Icelandic peatlands of different

degree of exposure to aeolian deposition by evaluating datasets of their C structure derived by 13C NMR spectroscopy, andic

soil properties based on selective extractions of Al, Fe and Si, and decomposition proxies C/N, δ13C and δ15N. By applying

multivariate statistical methods, we are able to present several important patterns. Soil organic matter of Histosols with andic

properties is less decomposed than that of Histosols without notable andic properties. The interaction of andic and histic

soil properties seems to impact their C structure by facilitating the formation of organo-mineral complexes, which particularly

hamper the decomposition of chemically more labile C groups. Tephra layers appear to serve as protective barriers. The

interaction of andic and histic soil properties and the protective role of major tephra deposits, may enable an unusual potential

for long-term C stabilization in a natural peatland environment.
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Abstract 14 

Due to frequent volcanic activity and erosion of dryland soils, magnified by land use after human 15 

settlement (c. 870 AD), peatlands in Iceland receive regular additions of mineral aeolian deposits 16 

(tephra and eroded material). Hence, their soils may develop not only histic, but also andic 17 

characteristics. Yet, mineral aeolian deposition as an environmental determinant of peatlands in 18 

Iceland is still poorly understood, not least with regard to the peatlands carbon (C) stores. This 19 

study advances our understanding of the impact of tephra deposition on Histosols by elucidating 20 

interactions between histic and andic soil properties and their relation with C structure. We 21 

compare Histosols from three Icelandic peatlands of different degree of exposure to aeolian 22 

deposition by evaluating datasets of their C structure derived by 
13

C NMR spectroscopy, andic 23 

soil properties based on selective extractions of Al, Fe and Si, and decomposition proxies C/N, 24 

δ
13

C and δ
15

N. By applying multivariate statistical methods, we are able to present several 25 

important patterns. Soil organic matter of Histosols with andic properties is less decomposed 26 

than that of Histosols without notable andic properties. The interaction of andic and histic soil 27 

properties seems to impact their C structure by facilitating the formation of organo-mineral 28 

complexes, which particularly hamper the decomposition of chemically more labile C groups. 29 

Tephra layers appear to serve as protective barriers. The interaction of andic and histic soil 30 

properties and the protective role of major tephra deposits, may enable an unusual potential for 31 

long-term C stabilization in a natural peatland environment. 32 

1 Introduction 33 

1.1 Role of peatlands in the global C cycle 34 

Most estimates of total soil organic carbon (SOC) in the worlds soils range between 1400-1600 35 

Pg within the upper 1 m of soil only (Batjes, 1996, 2016; Schlesinger, 1977). Hence, SOC 36 

amounts to at least twice the amount of carbon (C) in the atmosphere (Lehmann & Kleber, 37 

2015). Its distribution is far from even, but SOC increases towards the high northern latitudes 38 

(e.g. Batjes, 2016). Peatlands possess a disproportionate ability to store C. Despite covering only 39 

about 3% of terrestrial surface, their organic soils store a great part of SOC worldwide. Yu et al. 40 

(2010) estimate that peatlands accumulated approximately 612 Pg of C during the Holocene, 41 

while the bulk of this C (c. 547 Pg) is stored in boreal and subarctic peatlands. The great C 42 

storage capacity of peatlands and its implications for the global C cycle is of growing research 43 

interest (e.g. Loisel et al., 2014; Nichols & Peteet, 2019; Page et al., 2011; Yu et al., 2010), not 44 

least its fate under increasing land use pressure and climate change. Our study augments the 45 

existing pool of research by focusing on relatively poorly investigated peatlands in Iceland, 46 

which are representative of peatlands of volcanic regions.  47 

1.2 The Icelandic wetland soil environment 48 

The surface cover of Histosols in Iceland is surprisingly small considering its high latitude 49 

(between c. 63 °N and 66 °N), high precipitation, and the total extent of wetlands in the country 50 

which is estimated to be 7.800 km
2
 (Ottósson et al., 2016) to 9.000 km

2
 (Arnalds et al., 2016), 51 

around 7.8% - 9% of the island. Located in an active volcanic environment, the soils of the 52 

Icelandic wetlands comprise a wide range of mineral and organic content (Arnalds, 2004; 53 

Bonatotzky et al., 2019; Möckel et al., 2017) and exhibit a mixture of histic, andic and vitric 54 

properties (Bonatotzky et al., 2019). What properties dominate depends mainly on location of the 55 

wetlands with respect to the major aeolian source areas. Only about 1.2 % of the surface soil 56 
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cover in Iceland meets the ≥ 20% C criterion of Histosols required by the Icelandic soil 57 

classification system (Arnalds, 2004; Arnalds & Óskarsson, 2009) and that of the WRB (IUSS 58 

Working Group WRB, 2015). The soils that do fulfill the ≥ 20% criterion for Histosols rarely 59 

reach the average of 46% C (e.g. Arnalds et al., 2016; Bonatotzky et al., 2019; Möckel et al., 60 

2017) reported for northern peatlands by Loisel et al. (2014). The subsurface distribution of 61 

Histosols is certainly greater than 1.2 %. More C rich subsoil layers are frequently found below 62 

more mineral surface soil layers of wetlands in Iceland (Arnalds, 2015; Gísladóttir et al., 2011; 63 

Gísladóttir et al., 2010; Möckel et al., 2017), owing to more stable conditions for soil formation 64 

before the onset of anthropogenic influence c. 870 AD. So called Histic Andosols comprise 65 

approximately 5.5% of surface soils in Iceland, which contain between 12 and 20% C (Arnalds, 66 

2004). While the andic dominance of these soils places them in the major soil group of Andosols 67 

as defined by the Icelandic classification system (Arnalds, 2004; Arnalds & Óskarsson, 2009), 68 

they do bear strong histic properties, e.g. only partly decomposed fibric organic material, high C 69 

content, and low bulk densities (Arnalds, 2004, 2015). The precise timing of the turning point 70 

between stable Histosol formation and more mineral soil layers within soils of mires varies 71 

geographically. Generally, it is associated with increased aeolian material being deposited into 72 

the mires from severely eroded drylands, facilitated by a potent combination of vegetation 73 

destruction, livestock grazing, deteriorating climatic conditions, and volcanic activity (Dugmore 74 

et al., 2009; Gísladóttir et al., 2011; Gísladóttir et al., 2010).  75 

1.3 The influence of andic properties on C in mires  76 

Mineral soils of volcanic regions, Andosols, also possess great potential to store C (Kögel-77 

Knabner & Amelung, 2021; Takahashi & Dahlgren, 2016; Wada, 1985), which is related to the 78 

mineral constituents of these soils. The main parent material is volcanic ejecta, which exerts an 79 

unusually strong impact on soil forming processes (Nanzyo et al., 1993). The weathering of this 80 

material leads to abundant precipitation of Al, Fe and Si and to the preferential formation of 81 

short-range ordered (SRO) minerals like allophane and, (to a lesser extent) imogolite, the 82 

formation of Fe-hydroxides (i.e. ferrihydrite), as well as the development of Al/Fe - humus 83 

complexes (Bonatotzky et al., 2021; Shoji et al., 1993; Wada, 1989). The effect of SRO minerals, 84 

ferrihydrite and other active forms of Al and Fe on C accumulation has been under investigation 85 

for several decades. Al and Fe are known to stimulate C accumulation by forming bonds with 86 

humus resulting in Al/Fe-humus complexes and organo-mineral complexes facilitated by SRO 87 

minerals and ferrihydrite (Asano & Wagai, 2014; Bonatotzky et al., 2021; Inagaki et al., 2020; 88 

Wada, 1989). The positive feedback between allophane and C accumulation has limitations, 89 

though. Soil organic matter (SOM) is recognized to hinder allophane formation (Nanzyo et al., 90 

1993; Wada, 1989) due to the preferential complexation of Al with humus and the consequent 91 

unavailability of Al for allophane formation in SOM rich soils (Dahlgren et al., 1993; Nanzyo et 92 

al., 1993). Rendering phosphorus unavailable for plants is another consequence of the high 93 

content of active Al and Fe (Nanzyo et al., 1993) through the formation of Al/Fe – phosphate 94 

compounds.  95 

 Soils of Icelandic mires are arguably important terrestrial C stores, not least in light of 96 

comparatively high bulk densities, even within the most organic ones (e.g. Arnalds, 2004; 97 

Bonatotzky et al., 2019; Gísladóttir et al., 2011; Loisel et al., 2014; Möckel et al., 2017). Yet, 98 

research on the interactions between histic and andic soil properties and their impact on C 99 

dynamics is still in its infancy. Particularly, questions remain if the mineralogical environment of 100 

these soils impacts the stability of their SOC. The simultaneous occurrence of active volcanism 101 
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and peatlands is not as rare as this sparse research implies (Payne & Blackford, 2008). Besides 102 

Iceland, it may be found in regions as diverse as the tropical and subtropical Andes, Japan, 103 

Indonesia, New Zealand, Alaska, Western Canada, Kamchatka and Patagonia (Ayres et al., 2006; 104 

Buytaert et al., 2007; Chimner & Karberg, 2008; Hotes et al., 2006; Payne & Blackford, 2008; 105 

Ratcliffe et al., 2020; Yu, 2006). In order to understand C cycling in the peatlands of these 106 

regions, and associated C cycle-climate feedbacks, it is necessary to disentangle the interplay 107 

between andic and histic soil properties. Buytaert et al. (2007) found a strong indication that Al-108 

humus complexes in organic soils in Ecuador play a role in C accumulation. But the majority of 109 

studies on C dynamics of volcanically affected peatlands does not encompass an investigation of 110 

andic properties (e.g. Chimner & Karberg, 2008; Hribljan et al., 2016; Ratcliffe et al., 2020). 111 

Furthermore, questions on the potential interaction between andic soil properties and the 112 

chemical composition of C in Histosols as derived, for example, by 
13

C NMR spectroscopy have 113 

only rarely been addressed (Matus et al., 2014). A recent study by Möckel et al. (2021) provides 114 

evidence for the impact of major tephra layers on C mineralization of Icelandic Histosols and its 115 

temperature sensitivity without inducing a major shift in 
13

C NMR spectra. This indicates that 116 

the stability of SOC of Histosols in volcanic regions is not only governed by the chemical 117 

structure of the SOC and hydrology (e.g. Kögel-Knabner & Amelung, 2021), but also by other 118 

factors of the soil environment, not least soil mineral constituents and tephra deposits.  119 

1.4 Research aim and objectives 120 

It is essential to disentangle interactions between histic and andic soil properties to understand C 121 

storage in peatlands of volcanic regions. The immense potential of intact peatlands to act as a net 122 

C sink (Gorham, 1991; Yu et al., 2010) goes hand in hand with the threat of disturbed peatlands 123 

being a net source of atmospheric C (Leifeld et al., 2019). This is exemplified by the emission 124 

trends of greenhouse gases in Iceland, where net emissions between 1990-2018 are estimated to 125 

be highest from the Land use, land-use change, and forestry sector (LULUCF). Most of this 126 

emission is ascribed to the drainage of organic wetland soils (The Environment Agency of 127 

Iceland, 2020). The aim of this study was to advance understanding of the impact of tephra 128 

deposition on soil development in peatlands with a focus on interactions between histic and andic 129 

properties and their impact on SOC characteristics. To achieve this aim, the study was based on 130 

the following objectives: 131 

a) To determine the development of the structure of SOC throughout profiles of Histosols 132 

from three Icelandic peatlands. The peatlands vary in proximity to source areas of aeolian 133 

material. We apply robust PCA and cluster analysis of 
13

C NMR spectra, with a particular 134 

focus on potential variations around two tephra deposits, Hekla 4 and Hekla 3.  135 

b) To evaluate the development of andic properties in Histosols from three Icelandic 136 

peatlands. Here, we apply a variety of variables based on selective extractions of Al, Fe 137 

and Si with ammonium oxalate and sodium pyrophosphate. The multivariate data are 138 

statistically evaluated by robust PCA and cluster analysis.  139 

c) To evaluate if there is a relationship between i) C structure and andic properties and ii) a 140 

set of variables, that we refer to here as decomposition proxies (stable isotope ratios δ
13

C 141 

and δ
15

N, C/N ratio) and andic soil properties. We apply redundancy analysis (RDA) to 142 

evaluate if there is a causal relationship between these properties.  143 
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2 Methods 144 

2.1 Research area and sampling approach 145 

The research area is in Austur Húnavatnssýsla in northwest Iceland (Figure 1a). Soil samples 146 

were collected from three peatlands along a north-south transect from the coast (Torfdalsmýri), 147 

via the lowlands (Tindar) to the highland fringe (Hrafnabjörg). The peatlands differ in their 148 

distance from the major source areas of aeolian material (sparsely vegetated areas in the interior 149 

of the country and the active volcanic zones). At each peatland, one soil profile was excavated 150 

(Figure 1b). Exact site selection within peatlands was based on unpublished vegetation analysis 151 

by the authors, which was conducted at nine quadrats (0.25 m
2
) within each peatland along three 152 

parallel transects from the margin to the center of each peatland (Figure 1c). For the research 153 

presented in this paper, one of the nine sampling points was chosen in each peatland based on 154 

two criteria: it should be located in the middle of the peatland ecosystem, and it must contain 155 

well preserved tephra deposits from the Hekla 3 and Hekla 4 eruptions (described in the next 156 

subchapter). The following sampling points were chosen: 1c at Torfdalsmýri, 1b at Tindar and 1c 157 

at Hrafnabjörg (compare Figure 1c). Pooled bulk soil samples were collected at 10 cm intervals 158 

down to a depth of 20 cm below the Hekla 4 tephra layer (Figure 1b). Above and below the 159 

Hekla 3 and Hekla 4 tephra layers, the sampling interval was reduced to 2 x 5 cm (see 160 

Bonatotzky et al., 2019, 2021). For the determination of dry bulk density (DBD) samples of a 161 

predefined volume were cut out from each layer. All soil samples were subsequently stored at 162 

4°C. 163 

 Weather observations are available from the following weather stations: Hraun á Skaga 164 

(1956 – 2015) for Torfdalsmýri, Blönduós (1949 – 2001) for Tindar and Blönduós and Kolka 165 

(1994 –2015) for Hrafnabjörg (Figure 1a; IMO, n.d.-a, n.d.-b). Mean annual temperatures range 166 

from 0.7 °C in the highlands to c. 3 °C in the lowlands and unsheltered coastal areas. Average 167 

summer tritherm temperatures are 7.8 °C and 7.9 °C in the highlands and unsheltered coastal 168 

areas, and 9.1 °C at more sheltered sites in the lowlands. The annual precipitation of c. 400-500 169 

mm yr
-1

 is comparatively low, but generally slightly greater in areas close to the sea than the 170 

highlands. Average wind speeds range between 3.8 m s
-1

 and 7.4 m s
-1

, with greatest wind speeds 171 

at the highlands and lowest in sheltered lowlands.  172 
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 173 
Figure 1. a) The main map shows the research area in Austur Húnavatnssýsla, northwest 174 

Iceland, and the location of the three peatland sites Torfdalsmýri, Tindar and Hrafnabjörg, and 175 

the weather stations Kolka, Blönduós and Hraun á Skaga. The map insets show the location of 176 

the research area in Iceland and Hekla 4 and Hekla 3 isopachs (adapted from G. Larsen & 177 

Thorarinsson, 1977). b) Soil cores from each peatland. Elevation increases from north to south, 178 

toward the interior highlands. White layers represent tephra deposits within the soil column. Blue 179 

layers reflect pre Hekla 4 soil layers. Soils formed between the eruptions of Hekla 4 and Hekla 3 180 

are depicted in red and post Hekla 3 layers in green. Darker colors reflect increased influence of 181 

aeolian material in the form of either volcanic ejecta (i.e. tephra) or aeolian material from 182 

sparsely vegetated or barren areas. The tephra deposit from an eruption of the volcano Hekla in 183 

1104 AD (G. Larsen & Thorarinsson, 1977) is also shown. This eruption occurred c. 230 years 184 

after the settlement of Iceland, and may therefore serve as an approximate demarcation line 185 

between prehistorical and historical soil formation. Numbers beside depth intervals resemble the 186 

numbering system used for annotation of soil samples throughout the system. The numbers are 187 

arbitrary. c) Site selection at each peatland was based on unpublished vegetation analysis by the 188 

authors.  189 

2.2 Two late Holocene volcanic eruptions – Hekla 4 and Hekla 3 190 

The volcanic eruptions of Hekla 4 (c. 4.35 ka BP; Dugmore et al., 1995) and Hekla 3 (c. 3.06 ka 191 

BP; Dugmore et al., 1995) are among the most voluminous silicic Holocene eruptions in Iceland, 192 

with an estimated 9 km
3 

and 12 km
3
 of tephra ejected, respectively (G. Larsen & Thorarinsson, 193 

1977). While the volcano Hekla is located in South Iceland, the tephra of the two eruptions was 194 

spread over great parts of Iceland (compare isopachs in Figure 1a), mainly towards the north and 195 
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northeast as indicated by stratigraphic evidence. The average thickness of the compacted tephra 196 

deposits in the research area of this study is about 2 - 6 cm (G. Larsen & Thorarinsson, 1977) for 197 

both tephra layers, but Hekla 4 tephra deposits may even be thicker (Eddudóttir et al., 2017). The 198 

thicknesses of the tephra deposits were probably not necessarily lethal for the higher vegetation 199 

of the mire, but might have been so for bryophytes (e.g. Antos & Zobel, 1986). Also, they might 200 

at least have put pressure on some vascular plants and induced a shift in dominant species (Hotes 201 

et al., 2006). Moreover, initial thicknesses might have been greater and were probably later 202 

altered by redistribution by wind and water (Eddudóttir et al., 2020; Möckel et al., 2021) and 203 

compaction. Despite palaeoenvironmental evidence of relatively stable ecosystems with a fair 204 

resilience towards tephra deposits before the onset of anthropogenic influence in northwest 205 

Iceland, signs of adverse impact by tephra have frequently been reported. In particular, 206 

ecosystems in the climatically harsh highland environment were likely more sensitive towards 207 

vegetation and soil deterioration induced by large tephra deposits (Eddudóttir et al., 2017; 208 

Möckel et al., 2017; Tinganelli et al., 2018). 209 

2.3 Laboratory analyses 210 

2.3.1 Solid state 
13

C NMR spectroscopy  211 

Solid state 
13

C NMR spectroscopy was used to determine the structure of soil organic C that 212 

contributes to the characteristics of SOM and decomposition processes (Kögel-Knabner, 1997). 213 

A cross-polaristion magic angle spinning technique (CPMAS) with a Bruker DSX 200 214 

spectrometer (Billerica/USA) was applied with a proton resonance frequency of 50.32 MHz and 215 

a spinning speed of 6.8 kHz. To circumvent spin modulation during the Hartmann-Hahn contact, 216 

a ramped 
1
H-pulse was used during a contact time of 1 ms. Pulse delays of 0.8 s were used for all 217 

samples and between 2,736 and 11,325 scans were accumulated per measurement. A line 218 

broadening of 25 Hz was applied. The 
13

C chemical shifts were calibrated relative to 219 

tetramethylsilane that was equalized to 0 ppm.  220 

 Integration was based on Knicker et al. (2005). The signal intensity was integrated into 221 

six chemical shift regions in order to determine the relative share of the different C compounds: 222 

220–160 ppm (carboxyl/carbonyl/amide C), 160–140 ppm (O/C-aryl C), 140–110 ppm (C/H-aryl 223 

C), 110–60 ppm (O/N-alkyl C), 60–45 ppm (O/N-alkyl C) and 45–0 ppm (alkyl C). Additionally, 224 

signal intensities for 70–75 ppm (O-alkyl C of carbohydrates) and 52–57 ppm (methoxyl C of 225 

lignin) were determined in order to calculate the (70–75)/(52–57) ratio, which Bonanomi et al. 226 

(2013) observed to correlate positively with decay rates. As a proxy for decomposition, we 227 

calculated the alkyl C to O/N-alkyl C (A:O/N) ratio, with higher ratios indicating a more 228 

advanced decomposition (Baldock et al., 1997). 229 

2.3.2 DBD, SOM, %C and %N, stable isotope ratios δ
13

C and δ
15

N  230 

The DBD was determined by mass loss after drying of a known soil volume and SOM was 231 

measured by loss on ignition at 550 °C (Heiri et al., 2001). Determination of total carbon (%C) 232 

and nitrogen (%N) by dry combustion (Soil Survey Staff, 2014b) and of the stable isotope ratios 233 

δ
13

C, δ
15

N was conducted by the Cornell Isotope Laboratory in the USA. Due to the absence of 234 

carbonate minerals in Icelandic soils, SOC is equivalent to %C (Bonatotzky et al., 2021; 235 

Mankasingh & Gísladóttir, 2019; Vilmundardóttir et al., 2014). Natural δ
13

C and δ
15

N in 236 

Histosols provide information on the degradation and the hydrology of peatlands (Alewell et al., 237 

2011; Krüger et al., 2014). An increase of δ
13

C and δ
15

N with depth indicates aerobic 238 
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decomposition of SOM and a higher state of degradation. Stable or decreasing δ
13

C and stable 239 

δ
15

N values indicate anaerobic decomposition. 240 

2.3.3 Phosphate retention and pH in DiH2O and NaF 241 

Phosphate retention as a diagnostic criterion of andic soil properties (≥ 85%; IUSS Working 242 

Group WRB, 2015) was measured by spectrophotometrical absorbance at 466 nm after color 243 

reaction with nitric vanadomolybdate acid reagent (Blakemore et al., 1987). The pH in 1N NaF 244 

solution (pHNaF) was determined following Blakemore et al. (1987) and Soil Survey Staff 245 

(2014b). While pHNaF is not a diagnostic criterion of andic properties (Childs, 1985; IUSS 246 

Working Group WRB, 2015), it is routinely used as an indicator of amorphous material, 247 

common in soils of volcanic regions. High abundance of amorphous material results in pHNaF ≥ 248 

9.4. Soil acidity (pHH2O) was measured in deionised water (DiH2O), using a soil:water ratio of 249 

1:10 (Blakemore et al., 1987; Rayment & Lyons, 2011). This unusually small ratio is mainly 250 

used for organic soils such as Histosols.  251 

2.3.4 Selective dissolution of Al, Fe and Si 252 

Extraction of Al, Fe and Si with ammonium oxalate (0.2 M, pH 3.0), was carried out with a 253 

SampleTek mechanical vacuum extractor as described in Soil Survey Staff (2014b; method 254 

4G2). The Al, Fe and Si thus extracted (Alo, Feo, Sio) is indicative of the active forms of Al and 255 

Fe of organic complexes and of non-crystalline hydrous oxides of Fe and Al, allophane, and 256 

amorphous aluminosilicates (Nanzyo et al., 1993; Wada, 1989). The sum of Alo + ½Feo was 257 

calculated, which is a diagnostic criterion of andic soil properties (≥ 2%; IUSS Working Group 258 

WRB, 2015). Ferrihydrite was estimated as %ferrihydrite = %Feo x 1.7 (Childs, 1985). Sodium 259 

pyrophosphate was used to extract the part of active Fe and Al (Fep, Alp), which is associated 260 

with organic compounds (Al/Fe-humus complexes; Soil Survey Staff, 2014b; method 4G3). 261 

Allophane or allophane-like constituents were estimated by the equation proposed by Mizota and 262 

van Reeuwijk (1989), based on Parfitt and Wilson (1985). While Mizota and van Reeuwijk 263 

(1989) recommend to use only Al/Si ratios (derived from (Alo-Alp)/Sio) between 1.0 and 2.5 for 264 

the calculation of allophane, we also use Al/Si ratios < 1, which may occur in allophane (Parfitt 265 

& Kimble, 1989). 266 

2.4 Statistical evaluations 267 

In order to disentangle the development of the C structure through time, the data set of the six 268 
13

C NMR chemical shift regions and the A:O/N and (70–75)/(52–57) ratio was investigated by 269 

robust PCA and hierarchical clustering. Robust PCA was chosen due to several multivariate 270 

outliers (R package robCompositions, function outCoDa; de Sousa et al., 2020; Filzmoser & 271 

Hron, 2008; Filzmoser et al., 2018). The robust PCA was conducted by the function pcaCoDa 272 

from the R package robCompositions (Filzmoser et al., 2009; Filzmoser et al., 2018). This 273 

function opens compositional data such as those derived from 
13

C NMR by isometric logratio 274 

transformation (ilr) and back-transforms the loadings and scores into centred logratio (clr) space 275 

to facilitate graphical illustration and interpretation of the results.  276 

 The clustering tendency of the ilr transformed 
13

C NMR data set (see van den Boogaart & 277 

Tolosana-Delgado, 2013; van den Boogaart et al., 2020) was investigated by the hopkins statistic 278 

and a dissimilarity matrix (R packages factoextra and clustertend; Kassambara, 2017; 279 

Kassambara & Mundt, 2020; YiLan & RuTong, 2015). The clustering approach was chosen 280 

based on comparison of internal measures and stability measures of hierarchical, k-means and 281 



manuscript submitted to Global Biogeochemical Cycles 

 

pam clustering (see Kassambara, 2017). The optimal number of clusters was determined by 282 

comparison of the elbow, silhouette and gap statistic method and by assessing the goodness of 283 

different clustering approaches by silhouette width plots (R-packages factoextra and NbClust; 284 

Charrad et al., 2014; Kassambara, 2017; Kassambara & Mundt, 2020). Consequently, 285 

hierarchical clustering with two clusters was conducted using Ward’s minimum variance method 286 

and manhattan distance, which is less sensitive to outliers than Euclidean distance (R package 287 

factoextra, function eclust; Kassambara, 2017).  288 

 Similarly, robust PCA and cluster analysis was conducted in order to evaluate the 289 

variability of andic soil properties. Compositional variables based on selective extractions were 290 

used, and arcsine transformed P-retention as external variable (see Kynčlová et al., 2016). 291 

 In order to investigate the impact of variations in andic soil properties on variations in C 292 

structure, redundancy analysis (RDA; R package vegan; Oksanen et al., 2019) was conducted. P-293 

retention and Alo+1/2Feo were omitted due to low loadings of these variables in the robust PCA. 294 

The matrices of response variables and explanatory variables were transformed to the ilr space 295 

for performance of RDA and the results back transformed to the clr space for ease of 296 

interpretation (R package compositions; van den Boogaart & Tolosana-Delgado, 2013; van den 297 

Boogaart et al., 2020).  298 

 The impact of andic properties and C structure on decomposition proxies (C/N, δ
13

C, 299 

δ
15

N) was also investigated by RDA. Only the explanatory data matrices (andic soil properties 300 

and C structure) were transformed to the ilr space while the response variable matrix 301 

(decomposition proxies) was normalized prior to performance of RDA. All statistical analyses 302 

were carried out using the software R, version 4.0.2. 303 

3 Results 304 

3.1 Hekla 3 and Hekla 4 tephra deposits 305 

The Hekla 3 and Hekla 4 tephra formed well-defined strata (Figure 1b), with Hekla 4 tephra 306 

thicknesses of 9 cm at Torfdalsmýri, 7 cm at Tindar and 3 cm at Hrafnabjörg, and Hekla 3 tephra 307 

thicknesses of < 0.5 cm at Torfdalsmýri, 2 cm at Tindar and 2 cm at Hrafnabjörg. Hekla 4 tephra 308 

deposits at Torfdalsmýri and Tindar are thicker than isopachs would indicate (2 cm and 4 cm, 309 

respectively; Figure 1a; G. Larsen & Thorarinsson, 1977), but thinner than isopachs would 310 

suggest at Hrafnabjörg (4-6 cm). Hekla 3 tephra layers are all thinner than isopachs for the area 311 

indicate (2 cm at Torfdalsmýri, between 2-4 cm at Tindar and Hrafnabjörg). Where tephra 312 

deposits are thinner than expected, this might be a result of post-eruption redistribution by wind 313 

rather than reflecting initial thicknesses.  314 

3.2 Variation in C structure derived by robust PCA and cluster analysis. 315 

Changes in C structure are discernible around the Hekla 4 tephra deposits (Figure 2). At 316 

Torfdalsmýri, these changes are subtle and characterized by a gradual increase of the A:O/N 317 

ratio towards younger soil layers, facilitated by an increase in alkyl C and a decrease in O/N 318 

alkyl C. At Tindar and Hrafnabjörg, the changes are more pronounced and characterized by a 319 

decrease in the (70-75)/(52-57) ratio, an increase in alkyl C and a decrease in O/N alkyl C (110-320 

60 ppm). These changes are supported by the robust PCA (Figure 3a) and the cluster analysis 321 

(Figure 3b). The C structure at Tindar and Hrafnabjörg is similar, but they both differ from 322 

Torfdalsmýri with the exception of samples 1, 2 and 10. Cluster one (green) is comprised of all 323 

samples from Tindar and Hrafnabjörg and samples 1, 2 and 10 from Torfdalsmýri, whereas 324 
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cluster two (red) is exclusively composed of the remaining samples from Torfdalsmýri (for 325 

goodness of clustering, compare silhouette width plot in Figure 3c).  326 

 There are several noteworthy sub-clusters (Figure 3b), which are reflected by the robust 327 

PCA (Figure 3a): At Tindar, all soil layers between Hekla 4 and Hekla 3 (numbers 20-24) form 328 

one obvious sub-cluster. Clearly, there is a shift in C structure after the eruption of Hekla 4. At 329 

Hrafnabjörg, the layers formed between Hekla 4 and Hekla 3 (numbers 38-42) do not form as 330 

clear a sub-cluster, but the sub-cluster also includes several soil layers formed after Hekla 3 331 

(numbers 34, 35, 37). Nevertheless, a shift in C structure after the eruption of Hekla 4 is 332 

discernible there too. At Hrafnabjörg and Tindar, the soil layers below Hekla 4 reveal a similar C 333 

structure as upper soil layers, namely samples 11-14 (0-40 cm depth) at Tindar and sample 28 (0-334 

10 cm depth) at Hrafnabjörg.  335 
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 336 
Figure 2. 

13
C NMR spectra of the three peatlands, including A:O/N and (70-75)/(52-57) ratios. 337 

Soil layers formed before Hekla 4 are colored in blue, soils formed between Hekla 4 and Hekla 3 338 

are depicted in red and soils formed after Hekla 3 in green. Darker colors reflect increased 339 

influence of aeolian material in the form of either volcanic ejecta (i.e. tephra) or aeolian material 340 

from sparsely vegetated or barren areas. Stacked bar charts in the right bottom show the relative 341 
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share of the chemical shift regions. For numbers of soil samples used in the bar chart refer the 342 

Figure 1b.  343 

 344 
Figure 3. a) Biplot showing loadings of variables and scores of observations of the robust PCA 345 

on the 
13

C NMR data. Observations of different sample sites are depicted by shapes and colors 346 

(Torfdalsmýri: green triangle, Tindar: orange square, Hrafnabjörg: blue circle). b) Dendrogram 347 

based on hierarchical clustering, using manhattan distance and Wards criterion (see Kassambara, 348 

2017) and number of clusters k=2. Cluster one (green) contains all samples from Tindar and 349 

Hrafnabjörg and samples 1,2 and 10 from Torfdalsmýri, cluster two (red) is exclusively 350 

comprised of samples from Torfdalsmýri. c) Silhouette width plot for hierarchical clustering. 351 

Average silhouette width = 0.5 (red broken line); Dunn index = 0.298. For position of numbering 352 

within soil profiles, refer to Figure 1b.  353 

3.3 Total %C and %N, C/N, SOM and DBD 354 

Total %C and %N content at Tindar and Hrafnabjörg is highest between tephra layers, apart from 355 

one outlier at each site (Figure 4). This is accompanied by high SOM levels at Tindar, but 356 

comparatively lower SOM levels at Hrafnabjörg. At Torfdalsmýri, the same variables 357 

conspicuously decrease between tephra layers. The DBD is overall low until shortly after Hekla 358 

3 at Tindar and Hrafnabjörg, but experiences a peak between tephra deposits at Torfdalsmýri. 359 

The C/N ratio is very stable throughout the soil profile at Torfdalsmýri, but at Tindar and 360 

Hrafnabjörg it increases with depth and is noticeably higher below Hekla 4 than above.  361 
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 362 
Figure 4. Results of complementary soil properties used in this study at the coastal peatland 363 

Torfdalsmýri (a), the lowland Tindar (b) and the highland fringe Hrafnabjörg (c). DBD is 364 

presented as g cm
-3

, SOM, C and N are in %, C/N as molar ratio and δ
13

C and δ
15

N are presented 365 

in ‰. Vertical red lines represent the following threshold: C ≥ 20% as diagnostic criterion of 366 

Histosols. Shaded grey bars resemble the tephra deposits Hekla 3 and Hekla 4.  367 

3.4 Variation in andic soil properties determined by robust PCA and cluster analysis. 368 

The andic soil properties draw a more diffuse pattern than the C structure (Figure 5). Yet, some 369 

changes, that seem to be related to the occurrence of the tephra layers can be discerned at Tindar 370 

and Hrafnabjörg. There, the soils are comparatively allophanic, accompanied by low Alp/Alo 371 

ratios and high Alo and Alo+1/2Feo values, which frequently fulfill the ≥ 2% diagnostic threshold 372 

of andic soil properties (IUSS Working Group WRB, 2015). Between Hekla 3 and Hekla 4 373 

tephra deposits, the opposite is true. While pHNaF rarely exceeds the ≥ 9.4 threshold, it is 374 

particularly low between tephra layers at Tindar and Hrafnabjörg. Contents of Feo, Fep and 375 

ferrihydrite are most pronounced at Hrafnabjörg, with highest abundances recorded above the 376 

Hekla 3 tephra deposit.  377 

 This pattern is supported by the robust PCA (Figure 6a) and the cluster analysis (Figure 378 

6b). Some grouping according to peatlands is discernible, but there is also considerable overlap 379 
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between sites. Within-site variability is lowest at Torfdalsmýri. For some samples, the allocation 380 

to clusters is diffuse (compare silhouette width plot in Figure 6c). Cluster one (green) contains 381 

samples from all three sites, whereas cluster two (red) contains samples from Tindar and 382 

Hrafnabjörg only. There is a clear demarcation of the soil layers formed between Hekla 4 and 383 

Hekla 3 at Tindar and Hrafnabjörg (Figure 6a and b). Samples 20-23 (Tindar) and 38-42 384 

(Hrafnabjörg) form a clear sub-cluster each.  385 

 386 

Figure 5. Properties used to reflect andic soil properties in this study: Results of selective 387 

dissolution analyses and properties related to amorphous material, and pHNaF  and P-retention at 388 

the coastal peatland Torfdalsmýri (a), the lowland Tindar (b) and the highland fringe Hrafnabjörg 389 

(c). Alo, Sio, Feo, Alp, Sip, Fep, and Alo+1/2Feo are presented as g kgsoil
-1

. Allophane, ferrihydrite 390 

and P-retention are presented in %. Vertical red lines represent the following thresholds: Alp/Alo 391 

= 0.5 as demarcation of allophanic and non-allophanic Andosols (0.1-<0.5 => allophanic 392 

Andosols; 0.5-1.0 => nonallophanic Andosols), Alo+1/2Feo ≥ 2 as diagnostic criterion of andic 393 

soil properties, P-retention ≥ 85% as diagnostic criterion for andic soil properties and pHNaF ≥ 9.4 394 

indicating high abundance of amorphous material. Shaded grey bars resemble the tephra deposits 395 

Hekla 3 and Hekla 4. 396 
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 397 

Figure 6. a) Biplot showing loadings of variables and scores of observations of the robust PCA 398 

of the compositional andic data, including one external non-compositional variable (arcsine 399 

transformed P-retention). Observations of different sample sites are depicted by shapes and 400 

colours (Torfdalsmýri: green triangle, Tindar: orange square, Hrafnabjörg: blue circle). b) 401 

Dendrogram based on hierarchical clustering, using manhattan distance and Wards criterion (see 402 

Kassambara, 2017) and number of clusters k=2. Cluster one (green) is comprised of samples 403 

from all three sample sites, cluster two (red) is comprised of samples from Tindar and 404 

Hrafnabjörg only. c) Silhouette width plot for hierarchical clustering. Average silhouette width = 405 

0.43 (red broken line); Dunn index = 0.221. Observations with a silhouette width close to zero 406 

indicate proximity to neighbouring clusters. For position of numbers within soil profiles, refer to 407 

Figure 1b.  408 

 409 

3.5 Impact of andic soil properties on variations in C structure by RDA 410 

A moderate share of the variation of C structure is constrained by andic soil properties 411 

(unadjusted r
2
=0.41, adjusted r

2
=0.29), and c. 95% of the constrained variation are contained 412 

within the first two dimensions of the RDA (Figure 7a). Only the effect of the first dimension 413 

proved statistically significant (p = .003). Therefore, the effect of Alp, which contributes mostly 414 

to dimension 2, can be neglected. The content of Alo, Alp/Alo and Fep/Feo seem to be positively 415 

related to alkyl C and the A:O/N ratio, while their impact on other C groups is little or negative. 416 

Fep, Sio and allophane seems strongly negatively correlated with alkyl C and A:O/N ratio. 417 

Content of Fep is positively related to O/N alkyl C (110-60 ppm) and (70-75)/(52-57) ratio. 418 

Allophane and Sio are positively related to carboxyl/carbonyl/amide C and H/C aryl C.  419 

3.6 Impact of C structure on decomposition proxies (C/N, δ
13

C, δ
15

N) by RDA 420 

A moderate share of the variation of the decomposition proxies C/N, δ
13

C and δ
15

N is 421 

constrained by C structure (unadjusted r
2
 = 0.54, adjusted r

2
=0.45), and nearly 98% of the 422 
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constrained variance are contained within the first two dimensions of the RDA (Figure 7b), both 423 

proving significant (p = .001). The C/N ratio appears positively related to the (70-75)/(52-57) 424 

ratio and O/N alkyl C (110-60 ppm), but negatively to carboxyl/carbonyl/amide C, A:O/N and 425 

alkyl C. On the other hand carboxyl/carbonyl/amide C, A:O/N and alkyl C is positively related to 426 

δ
15

N, but negatively to δ
13

C. The C groups of C/H aryl C and O/C aryl C, in turn, are positively 427 

related to δ
13

C and negatively to δ
15

N.  428 

 429 
Figure 7. a) Biplot of RDA between C structure (response variables) and andic properties 430 

(explanatory variables). Response and explanatory data matrices were transformed to the ilr 431 

space prior to performance of RDA, while the results were back transformed to the clr space for 432 

ease of graphical illustration and interpretation (van den Boogaart & Tolosana-Delgado, 2013; 433 

van den Boogaart et al., 2020). Scaling = type 2. b) Biplot of RDA between C/N, δ
13

C and δ
15

N 434 

(response variables) and C structure (explanatory variables). Explanatory data matrices were 435 

transformed to the ilr space prior to performance of RDA, while the resulting loadings were back 436 

transformed to the clr space. Response variables were normalized. Scaling = type 2. 437 

3.7 Impact of andic soil properties on decomposition proxies by RDA 438 

The direct impact of andic soil properties on the decomposition proxies C/N, δ13C and δ15N proved marginal 439 

(unadjusted r2 = 0.15, adjusted r2 = 0.01) and not significant (pmodel = .553).  440 

4 Discussion 441 

4.1 Soil classification 442 

All three pedons define as Dystric Histosols (IUSS Working Group WRB, 2015), though several 443 

layers at Tindar and Hrafnabjörg define as Histic Andosols according to Soil Taxonomy (Soil 444 

Survey Staff, 2015).  445 

4.2 Development of C and its structure is impacted by tephra layers 446 

Based upon the relatively lower C content of Histosols in Iceland in comparison to other Nordic 447 

peatlands (Loisel et al., 2014), it might seem obvious to conclude that the C storage capacity of 448 
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peatlands in Iceland is lesser, and to link this to inputs of mineral material. The results of our 449 

study prove such conclusions hasty. Increased input of mineral aeolian material may indeed lead 450 

to decreased relative C content, but soil accumulation rates and/or DBD are often also notably 451 

increased at sites where this is the case (e.g. Gísladóttir et al., 2010; Möckel et al., 2017). 452 

Moreover, relative C content is not necessarily reduced at sites that are more exposed to aeolian 453 

deposition, as the peatlands of our study show. Tindar and Hrafnabjörg, which are closer to 454 

source areas of aeolian material, contain on average slightly greater %C than Torfdalsmýri. 455 

Moreover, the soil accumulation at these two sites is obviously greater than at Torfdalsmýri. 456 

There, c. 0.5 m of soil has accumulated since the eruption of Hekla 4 (Figure 1b), whereas at 457 

Tindar and Hrafnabjörg, more than 1 m of soil has accumulated during the same time span. 458 

Hence, relative C content alone is a poor indicator of the C storage capacity of peatlands in 459 

Iceland.  460 

 Therefore, we determined the development of C structure of the three peatlands through 461 

time (Figure 2) and detected variations that seem to be governed by the occurrence of tephra and 462 

other aeolian deposits. Two characteristics are the most conspicuous: a shift in C structure 463 

around the Hekla 4 tephra deposit, and the formation of a subcluster of soil layers formed 464 

between Hekla 3 and Hekla 4 at Hrafnabjörg and Tindar (Figure 3a and b).  465 

 Through the greater part of the profiles, decomposition unsurprisingly increases with 466 

depth (see Malmer & Holm, 1984; Tfaily et al., 2014), with more recalcitrant C forms increasing 467 

in quantities towards deeper layers (e.g. Leifeld et al., 2012; Tfaily et al., 2014). This is indicated 468 

by a relative accumulation of alkyl C, a depletion of O/N alkyl C (particularly 110-60 ppm), and, 469 

hence, by increasing A:O/N ratios (Baldock et al., 1997; Möckel et al., 2021; Preston et al., 470 

1989), and by overall decreasing (70-75)/(52-55) ratios (Bonanomi et al., 2013; Möckel et al., 471 

2021). Beneath the Hekla 4 tephra deposits, this development is interrupted or even reversed 472 

(Figure 2). Particularly at Hrafnabjörg and Tindar, lower A:O/N ratios, facilitated by a relative 473 

decrease of the more recalcitrant alkyl C and accumulation of the more labile O/N alkyl C, 474 

resemble much younger and less decomposed soil layers, i.e. the upper 0-10 cm at Hrafnabjörg 475 

(sample 28) and the upper 0-40 cm at Tindar (samples 11-14; Figure 3a and b). Though this 476 

pattern of first increasing signs of decomposition with depth, and then signs of decreasing 477 

decomposition towards even greater depths, is consistent with findings of previous studies (e.g. 478 

Möckel et al., 2021; Preston et al., 1987), it is conspicuous that this change coincides with the 479 

Hekla 4 tephra layer at Hrafnabjörg and Tindar. Here, other factors than stage of decomposition 480 

may contribute to the observed variations in C structure and the stability of the stored C, e.g. the 481 

characteristics of the local vegetation serving as parent material of the Histosols. Vegetation 482 

characteristics, in turn, are subject to changes induced by environmental disturbances such 483 

climate change (e.g. Leifeld et al., 2012) and/or major tephra deposits following volcanic 484 

eruptions (Blackford et al., 2014; Eddudóttir et al., 2017, 2020). The change in C structure after 485 

the Hekla 4 event might be an indicator of peatland vegetation less resilient to tephra deposition 486 

of moderate extent as e.g. observed by Hotes et al. (2006). At least moderate changes in 487 

vegetation composition might have been induced (Eddudóttir et al., 2017, 2020; Eddudóttir et al., 488 

2016). Also, the Hekla 4 tephra deposits serve as a stratigraphic boundary of an episode of 489 

cooling climate (Eddudóttir et al., 2016; Geirsdóttir et al., 2013; D. J. Larsen et al., 2012). 490 

 Despite the lack of a similar shift in C structure after the Hekla 3 event, this tephra 491 

deposit also serves as a demarcation line at Hrafnabjörg and Tindar. The soil layers between the 492 

two tephra layers stand out from the others with regard to other soil properties than C structure. 493 

Total %C and %N are clearly increased (Figure 4). The soil layers above Hekla 3 are indicative 494 
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of increased environmental instability as indicated by greater variations in SOM and DBD, 495 

overall decreased SOM, %C and % N, and increased DBD. This conforms to observations on 496 

lake sediments by Eddudóttir et al. (2020) and Tinganelli et al. (2018) and may be ascribed to 497 

increased disturbances by reworked tephra and climate cooling (e.g. Geirsdóttir et al., 2013; 498 

Mayewski et al., 2004).  499 

4.3 Andic soil properties indicate stable conditions between tephra layers 500 

At Torfdalsmýri, no distinct pattern of andic soil properties could be detected (Figure 5). 501 

Generally, andic properties are only weakly developed there. At Hrafnabjörg and Tindar, the 502 

differentiation of the soil layers between Hekla 4 and Hekla 3 from the other soil layers is even 503 

clearer than based on changes in SOM properties (Figure 6a and b). Contrary to what might be 504 

expected from soil layers confined by two prominent tephra deposits, their andic properties are 505 

the least developed; Alo+1/2Feo is far below the diagnostic threshold of 2% (IUSS Working 506 

Group WRB, 2015; Soil Survey Staff, 2014a), allophane, Alo and Sio content and pHNaF is low. 507 

Possibly, the increased %C between the tephra deposits hampers the formation of allophane by 508 

complexation of Al with humus (Dahlgren et al., 1993; Nanzyo et al., 1993; Wada, 1989). Yet, 509 

%C content is also relatively high in the other layers at Hrafnabjörg and Tindar, often coincident 510 

with high allophane content (see Bonatotzky et al., 2019). The pHH2O of the soils also fails to 511 

serve as an explanation. Allophane formation is favored by high pH and impeded by pH < 5 512 

(Matus et al., 2014; Shoji et al., 1993; Wada, 1989). Indeed, the pH of the soils between tephra 513 

layers at Tindar and Hrafnabjörg is exclusively ≤ 5. But this applies to several other soil layers 514 

with considerably higher allophane content too (compare Figure 4 and Figure 5).  515 

 Another interesting feature is the obvious increase in andic soil properties above Hekla 3. 516 

The increase of ferrihydrite content with decreasing soil depth at all sites, but particularly at 517 

Hrafnabjörg, is likely associated with enhanced input of inorganic material in a frequently 518 

disturbed environment as early as two millennia before the settlement in c. 870 AD (Eddudóttir 519 

et al., 2020; Möckel et al., 2017) and higher redox potentials in surface soils than subsoils 520 

(Chesworth et al., 2006; Vaughan et al., 2009). Eventually, the ecosystems´ ability to return to 521 

equilibrium was lost after the onset of anthropogenic influence (e.g. Dugmore et al., 2009; 522 

Eddudóttir et al., 2020). The consequent increased input of mineral material, of predominantly 523 

basaltic origin (Arnalds et al., 2001), is a likely premise for increased allophane and ferrihydrite 524 

formation (Dahlgren et al., 1993), accompanied by more frequent oxygenation following water 525 

saturation fluctuations, which facilitates ferrihydrite formation (Chesworth et al., 2006; Vaughan 526 

et al., 2009).  527 

 These findings also correspond to a palaeoenvironmental study on lake sediments close to 528 

our research area by Eddudóttir et al. (2020). There, a stable depositional environment between 529 

Hekla 4 and Hekla 3 tephra layers is demonstrated, followed by a decrease in stability after the 530 

deposition of Hekla 3 tephra, which also coincided with climate cooling in the northern 531 

hemisphere (e.g. Geirsdóttir et al., 2013; D. J. Larsen et al., 2012; Mayewski et al., 2004). 532 

4.4 Impact of tephra deposits and andic soil properties on C structure 533 

It is clear that an inherent characteristic of Histosols is their great potential to accumulate and 534 

store C, facilitated by anaerobic conditions, and enhanced by a cool climate in regions at 535 

northern latitudes such as Iceland. The impact of tephra deposits and andic soil properties on C 536 

dynamics of Histosols has hitherto gained only little attention. Hence, it is interesting that there 537 

is a clear positive relationship between alkyl C and A:O/N on the one hand and Alp/Alo, and Alp 538 
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on the other hand (Figure 7a) in the soils of this study. This indicates enhanced formation of 539 

metal-humus complexation with increasing decomposition (Takahashi & Dahlgren, 2016) by 540 

preferential formation of Al-humus complexes with aliphatic C groups. This is contrary to 541 

several previous studies on non-histic soil types. Barbera et al. (2008), for instance, detected little 542 

interaction between poorly-crystalline Al and alkyl C in soils developed on basaltic material in 543 

Italy. Instead, a preferential formation of metal-humus complexes with carboxylic functional 544 

groups is frequently suggested (e.g. Dahlgren et al., 1993; Kögel-Knabner & Amelung, 2021; 545 

Kögel-Knabner & Kleber, 2011; Takahashi & Dahlgren, 2016). Allophane and Sio is positively 546 

related to carboxyl/carbonyl/amide C and H/C aryl C, supporting, a preferential accumulation of 547 

carboxyl C and phenolic C in the presence of allophane (see Kögel-Knabner & Amelung, 2021). 548 

The positive relation of Fep and ferrihydrite predominantly with O/N alkyl C of 110-60 ppm 549 

indicates a preferential complexation of active Fe with O/N alkyl C, which is in agreement with 550 

previous studies (e.g. Miltner & Zech, 1998; Schöning et al., 2005). This, in turn, would support 551 

the hypothesis that stabilization of C is related to its association with mineral soil components 552 

rather than its chemical recalcitrance (e.g. Kögel-Knabner & Kleber, 2011), which is also 553 

interesting in light of previous studies at the same peatlands (see Möckel et al., 2021). There, C 554 

stability as indicated by soil C respiration was greater at Hrafnabjörg than Tindar despite even 555 

slightly higher content of carbohydrates at Hrafnabjörg. Indeed, content of active Fe and of 556 

carbohydrates (ppm 110-60) in this study is also highest throughout the pedon of Hrafnabjörg 557 

(Figure 2 and Figure 5). This clearly indicates, that stability of SOC in Histosols of volcanic 558 

regions is not only governed by the chemical structure of the SOC and hydrology, but also by the 559 

mineralogical environment of the soils.  560 

 In summary, the relation between andic properties and C types indicates that alkyl and 561 

O/N alkyl C are the major groups in organo-mineral associations of the Histosols in this study 562 

(Figure 7a), similar as detected for various mineral soils (Kögel-Knabner et al., 2008). This gives 563 

rise to questions about the fate of these organo-mineral associations under changing climatic 564 

conditions, which may both impact soil temperature and aeration and, hence, soil redox 565 

conditions (Knorr, 2013; Vaughan et al., 2009). Knorr (2013), for instance, observed a positive 566 

relation between transport of dissolved organic carbon from riparian wetlands and dissolved 567 

ferrous iron (Fe
2+

), while temperature increases are known to enhance reducing conditions in 568 

soils, i.e. to accelerate the reduction of ferric iron (Fe
3+

) such as in ferrihydrite to the more 569 

soluble Fe
2+

 (Vaughan et al., 2009).  570 

 The relative similarity of the C structure of soil layers below Hekla 4 and upper soil 571 

layers at Hrafnabjörg and Tindar owing to an apparent dominance of O/N alkyl C over alkyl C, is 572 

another indicator that the chemical structure of the SOC is not the sole driver of its stability 573 

(Ahrens et al., 2015; Fontaine et al., 2007; Kögel-Knabner & Kleber, 2011; Marschner et al., 574 

2008; Miltner & Zech, 1998). Likely, the deposit of the Hekla 4 tephra, served as a barrier (see 575 

De Vleeschouwer et al., 2008) towards the input of fresh organic material in the years after the 576 

eruption and still serve as a barrier towards input of dissolved organic carbon from upper soil 577 

layers, thereby hampering microbial activity. During field work, it could indeed be observed at 578 

Hrafnabjörg and Tindar, that the compacted Hekla 4 tephra deposits serve as aquifers of limited 579 

permeability. At Torfdalsmýri, there is no obvious similarity in C structure between the topsoil 580 

and below Hekla 4 subsoil layers. Yet, the tephra layer seems to contribute to protective 581 

mechanisms against decomposition as reflected by substantially decreased A:O/N ratios below 582 

the tephra deposit (Figure 2).  583 
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4.5 Decomposition is affected by andic soil properties despite insignificance of RDA 584 

Despite the statistical insignificance of the RDA between andic soil properties and the 585 

decomposition proxies C/N, δ
13

C and δ
15

N, care should be taken to conclude that andic soil 586 

properties do not impact decomposition. Instead, their effect is probably indirect through its 587 

influence on C structure discussed above (Figure 7a). 588 

 The negative relation between δ
13

C on the one hand and A:O/N ratio and alkyl C on the 589 

other hand is in agreement with common observations that recalcitrant forms of C, which are 590 

depleted in 
13

C, become enriched as decomposition proceeds (e.g. Alewell et al., 2011). The 591 

relatively uniform δ
13

C depth pattern at Tindar and Hrafnabjörg as opposed to a declining depth 592 

pattern at Torfdalsmýri is resembled by their 
13

C NMR spectra, but at Tindar and Hrafnabjörg, 593 

the C composition is indicative of slower decomposition than at Torfdalsmýri (Figure 2 and 594 

Figure 3a; Alewell et al., 2011; Krüger et al., 2014). The positive relation between δ
15

N on the 595 

one hand and A:O/N ratio and alkyl C on the other hand conforms to previous evidence of higher 596 

δ
15

N characteristic of more degraded peatlands (Drollinger et al., 2019). Hence, the 597 

comparatively high δ
15

N are, again, supportive of more advanced decomposition at 598 

Torfdalsmýri. Unexpectedly, we observed no correlation between δ
15

N and C/N ratios, which is 599 

contrary to observations of previous studies (e.g. Drollinger et al., 2019), and supporting 600 

previous evidence of the limitations of C/N ratios as a proxy for decomposition (see Bonanomi et 601 

al., 2013; Bonanomi et al., 2019; Möckel et al., 2017).  602 

5 Conclusions 603 

The aim of this study was to advance understanding of the impact of tephra deposition on soil 604 

development in peatlands with a focus on interactions between histic and andic soil properties 605 

and their impact on C dynamics. Based on multivariate analysis of data sets of C structure, andic 606 

soil properties and decomposition proxies, we can draw the following conclusions:  607 

 Relative C contents are insufficient to i) estimate the C storage capacity of peatlands 608 

exposed to frequent deposits of volcanic origin and ii) to estimate the amount of 609 

greenhouse gasses emitted from these peatlands upon disturbance. This is indicated by 610 

profound differences in soil accumulation rates and C structure in peatlands of different 611 

degree of exposition to aeolian material in Iceland, accompanied by conspicuous 612 

differences in C structure and andic soil properties. 613 

 Andic soil properties impact the C structure of Histosols of volcanic regions, and hence 614 

their C storage capacity. The interaction of andic and histic soil properties leads to the 615 

formation of organo-mineral complexes, which particularly hamper the decomposition of 616 

chemically more labile C groups. Hence, SOM of Histosols of peatlands, where the 617 

formation of andic properties are facilitated by mineral deposits of volcanic origin, is less 618 

decomposed (or deteriorated) than the SOM of peatlands without notable andic soil 619 

properties.  620 

 Thick and compacted tephra layers have the potential to serve as protective barriers. 621 

Thus, they hamper microbial activity and decomposition of SOM; in the short-term by 622 

preventing the input of fresh organic material in the years after a tephra deposition into 623 

deeper soil layers, and in the long term by serving as a barrier towards input of dissolved 624 

organic carbon from upper soil layers. Consequently, when protected by major tephra 625 

layers, subsoils in peatlands of volcanic regions may resemble younger surface soils.  626 
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 While the interaction of andic and histic soil properties, accompanied by the protective 627 

role of major tephra deposits, appears to enable an unusual potential for long-term C 628 

stabilization in a natural peatland environment, these comparatively undecomposed 629 

organic soils may be an even greater source of atmospheric C upon disturbance than 630 

anticipated based upon %C only. 631 

 632 

Acknowledgments, and Data 633 

For this research, Susanne C. Möckel received funding from the Icelandic Research Fund of The 634 

Icelandic Centre for Research (Doctoral Student Grant No. 184778-051) and the Landsvirkjun 635 

Energy Research Fund (DOK-06-2017). Guðrún Gísladóttir and Egill Erlendsson received 636 

funding from the Icelandic Research Fund of The Icelandic Centre for Research (grant No. 637 

141842-051), the Landsvirkjun Energy Research Fund (No. NÝR-08-2018 and NÝR-33-2019), 638 

the University of Iceland Research Fund. The data, on which this research is based, are included 639 

within the paper and associated supplementary files. We would like to thank Theresa Bonatotzky 640 

for assistance with field work and Franziska Fella and Isabel Prater for assistance with the NMR 641 

measurements. The Blönduvirkjun hydropower plant kindly hosted us during fieldwork. Scott 642 

John Riddell is thanked for proofreading the manuscript. 643 

References 644 

Ahrens, B., Braakhekke, M. C., Guggenberger, G., Schrumpf, M., & Reichstein, M. (2015). 645 

Contribution of sorption, DOC transport and microbial interactions to the 
14

C age of a 646 

soil organic carbon profile: Insights from a calibrated process model. Soil Biology and 647 

Biochemistry, 88, 390-402. https://doi.org/10.1016/j.soilbio.2015.06.008 648 

Alewell, C., Giesler, R., Klaminder, J., Leifeld, J., & Rollog, M. (2011). Stable carbon isotopes 649 

as indicators for environmental change in palsa peats. Biogeosciences, 8(7), 1769-1778. 650 

https://doi.org/10.5194/bg-8-1769-2011 651 

Antos, J. A., & Zobel, D. B. (1986). Recovery of forest understories buried by tephra from 652 

Mount St. Helens. Vegetatio, 64(2), 103-111. https://doi.org/10.1007/BF00044786 653 

Arnalds, Ó. (2004). Volcanic soils of Iceland. CATENA, 56(1), 3-20. 654 

https://doi.org/10.1016/j.catena.2003.10.002 655 

Arnalds, Ó. (2015). The Soils of Iceland. Netherlands: Springer. https://doi.org/10.1007/978-94-656 

017-9621-7 657 

Arnalds, Ó., Gudmundsson, J., Oskarsson, H., Brink, S. H., & Gisladottir, F. O. (2016). Icelandic 658 

Inland Wetlands: Characteristics and Extent of Draining. Wetlands, 36(4), 759-769. 659 

https://doi.org/10.1007/s13157-016-0784-1 660 

Arnalds, Ó., & Óskarsson, H. (2009). Íslenskt jarðvegskort. Náttúrufræðingurinn, 78(3-4), 107-661 

121.  662 

Arnalds, Ó., Þórarinsdóttir, E. F., Metúsalemsson, S., Jónsson, Á., Grétarsson, E., & Árnason, A. 663 

(2001). Soil Erosion in Iceland. Iceland: Soil Conservation Service and the Agricultural 664 

Research Institute of Iceland.  665 

Asano, M., & Wagai, R. (2014). Evidence of aggregate hierarchy at micro- to submicron scales 666 

in an allophanic Andisol. Geoderma, 216, 62-74. 667 

https://doi.org/10.1016/j.geoderma.2013.10.005 668 



manuscript submitted to Global Biogeochemical Cycles 

 

Ayres, E., van der Wal, R., Sommerkorn, M., & Bardgett, R. D. (2006). Direct uptake of soil 669 

nitrogen by mosses. Biology Letters, 2(2), 286-288. 670 

https://doi.org/10.1098/rsbl.2006.0455 671 

Baldock, J. A., Oades, J. M., Nelson, P. N., Skene, T. M., Golchin, A., & Clarke, P. (1997). 672 

Assessing the extent of decomposition of natural organic materials using solid-state 
13

C 673 

NMR spectroscopy. Soil Research, 35(5), 1061-1084. https://doi.org/10.1071/S97004 674 

Barbera, V., Raimondi, S., Egli, M., & Plötze, M. (2008). The influence of weathering processes 675 

on labile and stable organic matter in Mediterranean volcanic soils. Geoderma, 143(1), 676 

191-205. https://doi.org/10.1016/j.geoderma.2007.11.002 677 

Batjes, N. H. (1996). Total carbon and nitrogen in the soils of the world. European Journal of 678 

Soil Science, 47(2), 151-163. https://doi.org/10.1111/j.1365-2389.1996.tb01386.x 679 

Batjes, N. H. (2016). Harmonized soil property values for broad-scale modelling (WISE30sec) 680 

with estimates of global soil carbon stocks. Geoderma, 269, 61-68. 681 

https://doi.org/10.1016/j.geoderma.2016.01.034 682 

Blackford, J. J., Payne, R. J., Heggen, M. P., de la Riva Caballero, A., & van der Plicht, J. 683 

(2014). Age and impacts of the caldera-forming Aniakchak II eruption in western Alaska. 684 

Quaternary Research, 82(1), 85-95. https://doi.org/10.1016/j.yqres.2014.04.013 685 

Blakemore, L. C., Searle, P. L., & Daly, B. K. (1987). Methods for Chemical Analysis of Soils. 686 

Lower Hutt, NZ: NZ Soil Bureau, Department of Scientific and Industrial Research.  687 

Bonanomi, G., Incerti, G., Giannino, F., Mingo, A., Lanzotti, V., & Mazzoleni, S. (2013). Litter 688 

quality assessed by solid state 
13

C NMR spectroscopy predicts decay rate better than C/N 689 

and Lignin/N ratios. Soil Biology and Biochemistry, 56, 40-48. 690 

https://doi.org/10.1016/j.soilbio.2012.03.003 691 

Bonanomi, G., Sarker, T. C., Zotti, M., Cesarano, G., Allevato, E., & Mazzoleni, S. (2019). 692 

Predicting nitrogen mineralization from organic amendments: beyond C/N ratio by 
13

C-693 

CPMAS NMR approach. Plant and Soil, 441(1), 129-146. 694 

https://doi.org/10.1007/s11104-019-04099-6s 695 

Bonatotzky, T., Ottner, F., Erlendsson, E., & Gísladóttir, G. (2019). The weathering of volcanic 696 

tephra and how they impact histosol development. An example from South East Iceland. 697 

CATENA, 172, 634-646. https://doi.org/10.1016/j.catena.2018.09.022 698 

Bonatotzky, T., Ottner, F., Erlendsson, E., & Gísladóttir, G. (2021). Weathering of tephra and the 699 

formation of pedogenic minerals in young Andosols, South East Iceland. CATENA, 198, 700 

105030. https://doi.org/10.1016/j.catena.2020.105030 701 

Buytaert, W., Deckers, J., & Wyseure, G. (2007). Regional variability of volcanic ash soils in 702 

south Ecuador: The relation with parent material, climate and land use. CATENA, 70(2), 703 

143-154. https://doi.org/10.1016/j.catena.2006.08.003 704 

Charrad, M., Ghazzali, N., Boiteau, V., & Niknafs, A. (2014). NbClust: An R Package for 705 

Determining the Relevant Number of Clusters in a Data Set. Journal of Statistical 706 

Software, 61(6), 1-36. http://dx.doi.org/10.18637/jss.v061.i06. 707 

Chesworth, W., Cortizas, A. M., & García-Rodeja, E. (2006). Chapter 8: The redox–pH 708 

approach to the geochemistry of the Earth's land surface, with application to peatlands. In 709 

I. P. Martini, A. Martínez Cortizas, & W. Chesworth (Eds.), Peatlands - Evolution and 710 

Records of Environmental and Climate Changes. Developments in Earth Surface 711 

Processes (Vol. 9, pp. 175-195). Netherlands: Elsevier. https://doi.org/10.1016/S0928-712 

2025(06)09008-0 713 



manuscript submitted to Global Biogeochemical Cycles 

 

Childs, C. W. (1985). Towards understanding soil mineralogy II. Notes on ferrihydrite. N.Z. Soil 714 

Bureau Laboratory Report CM7. Lower Hutt, New Zealand: N.Z. Soil Bureau.  715 

Chimner, R. A., & Karberg, J. M. (2008). Long-term carbon accumulation in two tropical 716 

mountain peatlands, Andes Mountains, Ecuador. Mires and Peat, 3, 1-10.  717 

Dahlgren, R., Shoji, S., & Nanzyo, M. (1993). Chapter 5: Mineralogical Characteristics of 718 

Volcanic Ash Soils. In S. Shoji, M. Nanzyo, & R. Dahlgren (Eds.), Volcanic Ash Soils - 719 

Genesis, Properties and Utilization. Developments in Soil Science (Vol. 21, pp. 101-143). 720 

Amsterdam, London, New York, Tokyo: Elsevier Science. 721 

https://doi.org/10.1016/S0166-2481(08)70266-6 722 

de Sousa, J., Hron, K., Fačevicová, K., & Filzmoser, P. (2020). Robust principal component 723 

analysis for compositional tables. Journal of Applied Statistics, 1-20. 724 

https://doi.org/10.1080/02664763.2020.1722078 725 

De Vleeschouwer, F., Van Vliët Lanoé, B., & Fagel, N. (2008). Long term mobilisation of 726 

chemical elements in tephra-rich peat (NE Iceland). Applied Geochemistry, 23(12), 3819-727 

3839. https://doi.org/10.1016/j.apgeochem.2008.10.006 728 

Drollinger, S., Kuzyakov, Y., & Glatzel, S. (2019). Effects of peat decomposition on δ
13

C and 729 

δ
15

N depth profiles of Alpine bogs. CATENA, 178, 1-10. 730 

https://doi.org/10.1016/j.catena.2019.02.027 731 

Dugmore, A. J., Cook, G. T., Shore, J. S., Newton, A. J., Edwards, K. J., & Larsen, G. (1995). 732 

Radiocarbon Dating Tephra Layers in Britain and Iceland. Radiocarbon, 37(2), 379-388. 733 

https://doi.org/10.1017/S003382220003085X 734 

Dugmore, A. J., Gisladóttir, G., Simpson, I. A., & Newton, A. (2009). Conceptual Models of 735 

1200 Years of Icelandic Soil Erosion Reconstructed Using Tephrochronology. Journal of 736 

the North Atlantic, 2, 1-18. https://doi.org/10.3721/037.002.0103 737 

Eddudóttir, S. D., Erlendsson, E., & Gísladóttir, G. (2017). Effects of the Hekla 4 tephra on 738 

vegetation in Northwest Iceland. Vegetation History and Archaeobotany, 26(4), 389-402. 739 

https://doi.org/10.1007/s00334-017-0603-5 740 

Eddudóttir, S. D., Erlendsson, E., & Gísladóttir, G. (2020). Landscape change in the Icelandic 741 

highland: A long-term record of the impacts of land use, climate and volcanism. 742 

Quaternary Science Reviews, 240, 106363. 743 

https://doi.org/10.1016/j.quascirev.2020.106363 744 

Eddudóttir, S. D., Erlendsson, E., Tinganelli, L., & Gísladóttir, G. (2016). Climate change and 745 

human impact in a sensitive ecosystem: the Holocene environment of the Northwest 746 

Icelandic highland margin. Boreas, 45(4), 715-728. https://doi.org/10.1111/bor.12184 747 

Filzmoser, P., & Hron, K. (2008). Outlier Detection for Compositional Data Using Robust 748 

Methods. Mathematical Geosciences, 40(3), 233-248. https://doi.org/10.1007/s11004-749 

007-9141-5 750 

Filzmoser, P., Hron, K., & Reimann, C. (2009). Principal component analysis for compositional 751 

data with outliers. Environmetrics, 20(6), 621-632. https://doi.org/10.1002/env.966 752 

Filzmoser, P., Hron, K., & Templ, M. (2018). Applied Compositional Data Analysis: With 753 

Worked Examples in R. Cham, Switzerland Springer International Publishing.  754 

Fontaine, S., Barot, S., Barré, P., Bdioui, N., Mary, B., & Rumpel, C. (2007). Stability of organic 755 

carbon in deep soil layers controlled by fresh carbon supply. Nature, 450(7167), 277-280. 756 

https://doi.org/10.1038/nature06275 757 

Geirsdóttir, Á., Miller, G. H., Larsen, D. J., & Ólafsdóttir, S. (2013). Abrupt Holocene climate 758 

transitions in the northern North Atlantic region recorded by synchronized lacustrine 759 



manuscript submitted to Global Biogeochemical Cycles 

 

records in Iceland. Quaternary Science Reviews, 70, 48-62. 760 

https://doi.org/10.1016/j.quascirev.2013.03.010 761 

Gísladóttir, G., Erlendsson, E., & Lal, R. (2011). Soil evidence for historical human-induced land 762 

degradation in West Iceland. Applied Geochemistry, 26, S28-S31. 763 

https://doi.org/10.1016/j.apgeochem.2011.03.021 764 

Gísladóttir, G., Erlendsson, E., Lal, R., & Bigham, J. (2010). Erosional effects on terrestrial 765 

resources over the last millennium in Reykjanes, southwest Iceland. Quaternary 766 

Research, 73(1), 20-32. https://doi.org/10.1016/j.yqres.2009.09.007 767 

Gorham, E. (1991). Northern Peatlands: Role in the Carbon Cycle and Probable Responses to 768 

Climatic Warming. Ecological Applications, 1(2), 182-195. 769 

https://doi.org/10.2307/1941811 770 

Heiri, O., Lotter, A. F., & Lemcke, G. (2001). Loss on ignition as a method for estimating 771 

organic and carbonate content in sediments: reproducibility and comparability of results. 772 

Journal of Paleolimnology, 25(1), 101-110. https://doi.org/10.1023/A:1008119611481 773 

Hotes, S., Poschlod, P., & Takahashi, H. (2006). Effects of volcanic activity on mire 774 

development: case studies from Hokkaido, northern Japan. The Holocene, 16(4), 561-775 

573. https://doi.org/10.1191/0959683606hl952rp 776 

Hribljan, J. A., Suárez, E., Heckman, K. A., Lilleskov, E. A., & Chimner, R. A. (2016). Peatland 777 

carbon stocks and accumulation rates in the Ecuadorian páramo. Wetlands Ecology and 778 

Management, 24(2), 113-127. https://doi.org/10.1007/s11273-016-9482-2 779 

IMO. (n.d.-a). Ársmeðaltöl/Annual data. from Icelandic Met Office 780 

https://www.vedur.is/Medaltalstoflur-txt/Arsgildi.html 781 

IMO. (n.d.-b). Mánaðarmeðaltöl/Monthly data. from Icelandic Met Office 782 

https://www.vedur.is/Medaltalstoflur-txt/Manadargildi.html 783 

Inagaki, T. M., Possinger, A. R., Grant, K. E., Schweizer, S. A., Mueller, C. W., Derry, L. A., et 784 

al. (2020). Subsoil organo-mineral associations under contrasting climate conditions. 785 

Geochimica et Cosmochimica Acta, 270, 244-263. 786 

https://doi.org/10.1016/j.gca.2019.11.030 787 

IUSS Working Group WRB. (2015). World Reference Base for Soil Resources 2014, update 788 

2015. International soil classification system for naming soils and creating legends for 789 

soil maps. World Soil Resources Reports No. 106. FAO, Rome. 790 

Kassambara, A. (2017).  Practical Guide To Cluster Analysis in R - Unsupervised Machine 791 

Learning. Retrieved from http://www.sthda.com/english/articles/25-clusteranalysis-in-r-792 

practical-guide/  793 

Kassambara, A., & Mundt, F. (2020). factoextra: Extract and Visualize the Results of 794 

Multivariate Data Analyses. R package version 1.0.7. Retrieved from https://CRAN.R-795 

project.org/package=factoextra  796 

Knicker, H., Totsche, K. U., Almendros, G., & González-Vila, F. J. (2005). Condensation degree 797 

of burnt peat and plant residues and the reliability of solid-state VACP MAS 
13

C NMR 798 

spectra obtained from pyrogenic humic material. Organic Geochemistry, 36(10), 1359-799 

1377. https://doi.org/10.1016/j.orggeochem.2005.06.006 800 

Knorr, K. H. (2013). DOC-dynamics in a small headwater catchment as driven by redox 801 

fluctuations and hydrological flow paths – are DOC exports mediated by iron 802 

reduction/oxidation cycles? Biogeosciences, 10(2), 891-904. https://doi.org/10.5194/bg-803 

10-891-2013 804 



manuscript submitted to Global Biogeochemical Cycles 

 

Krüger, J. P., Leifeld, J., & Alewell, C. (2014). Degradation changes stable carbon isotope depth 805 

profiles in palsa peatlands. Biogeosciences, 11(12), 3369-3380. 806 

https://doi.org/10.5194/bg-11-3369-2014 807 

Kynčlová, P., Filzmoser, P., & Hron, K. (2016). Compositional biplots including external non-808 

compositional variables. Statistics, 50(5), 1132-1148. 809 

https://doi.org/10.1080/02331888.2015.1135155 810 

Kögel-Knabner, I. (1997). 
13

C and 
15

N NMR spectroscopy as a tool in soil organic matter 811 

studies. Geoderma, 80(3), 243-270. https://doi.org/10.1016/S0016-7061(97)00055-4 812 

Kögel-Knabner, I., & Amelung, W. (2021). Soil organic matter in major pedogenic soil groups. 813 

Geoderma, 384, 114785. https://doi.org/10.1016/j.geoderma.2020.114785 814 

Kögel-Knabner, I., Guggenberger, G., Kleber, M., Kandeler, E., Kalbitz, K., Scheu, S., et al. 815 

(2008). Organo-mineral associations in temperate soils: Integrating biology, mineralogy, 816 

and organic matter chemistry. Journal of Plant Nutrition and Soil Science, 171(1), 61-82. 817 

https://doi.org/10.1002/jpln.200700048 818 

Kögel-Knabner, I., & Kleber, M. (2011). Mineralogical, Physicochemical, and Microbiological 819 

Controls on Soil Organic Matter Stabilization and Turnover. In P. M. Huang, Y. Li, & M. 820 

E. Sumner (Eds.), Handbook of Soil Sciences - Resource Management and 821 

Environmental Impacts. Boca Raton: CRC Press. https://doi.org/10.1201/b11268 822 

Larsen, D. J., Miller, G. H., Geirsdóttir, Á., & Ólafsdóttir, S. (2012). Non-linear Holocene 823 

climate evolution in the North Atlantic: a high-resolution, multi-proxy record of glacier 824 

activity and environmental change from Hvítárvatn, central Iceland. Quaternary Science 825 

Reviews, 39, 14-25. https://doi.org/10.1016/j.quascirev.2012.02.006 826 

Larsen, G., & Thorarinsson, S. (1977). H4 and other acid Hekla tephra layers. Jökull, 27, 28-47.  827 

Lehmann, J., & Kleber, M. (2015). The contentious nature of soil organic matter. Nature, 828 

528(7580), 60-68. https://doi.org/10.1038/nature16069 829 

Leifeld, J., Steffens, M., & Galego-Sala, A. (2012). Sensitivity of peatland carbon loss to organic 830 

matter quality. Geophysical Research Letters, 39(14). 831 

https://doi.org/10.1029/2012GL051856 832 

Leifeld, J., Wüst-Galley, C., & Page, S. (2019). Intact and managed peatland soils as a source 833 

and sink of GHGs from 1850 to 2100. Nature Climate Change, 1-3. 834 

https://doi.org/10.1038/s41558-019-0615-5 835 

Loisel, J., Yu, Z., Beilman, D. W., Camill, P., Alm, J., Amesbury, M. J., et al. (2014). A database 836 

and synthesis of northern peatland soil properties and Holocene carbon and nitrogen 837 

accumulation. The Holocene, 24(9), 1028-1042. 838 

https://doi.org/10.1177/0959683614538073 839 

Malmer, N., & Holm, E. (1984). Variation in the C/N-Quotient of Peat in Relation to 840 

Decomposition Rate and Age Determination with 
210

Pb. Oikos, 43(2), 171-182. 841 

https://doi.org/10.2307/3544766 842 

Mankasingh, U., & Gísladóttir, G. (2019). Early indicators of soil formation in the Icelandic sub-843 

arctic highlands. Geoderma, 337, 152-163. 844 

https://doi.org/10.1016/j.geoderma.2018.09.002 845 

Marschner, B., Brodowski, S., Dreves, A., Gleixner, G., Gude, A., Grootes, P. M., et al. (2008). 846 

How relevant is recalcitrance for the stabilization of organic matter in soils? Journal of 847 

Plant Nutrition and Soil Science, 171(1), 91-110. https://doi.org/10.1002/jpln.200700049 848 



manuscript submitted to Global Biogeochemical Cycles 

 

Matus, F., Rumpel, C., Neculman, R., Panichini, M., & Mora, M. L. (2014). Soil carbon storage 849 

and stabilisation in andic soils: A review. CATENA, 120, 102-110. 850 

https://doi.org/10.1016/j.catena.2014.04.008 851 

Mayewski, P. A., Rohling, E. E., Curt Stager, J., Karlén, W., Maasch, K. A., David Meeker, L., 852 

et al. (2004). Holocene climate variability. Quaternary Research, 62(3), 243-255. 853 

https://doi.org/10.1016/j.yqres.2004.07.001 854 

Miltner, A., & Zech, W. (1998). Carbohydrate decomposition in beech litter as influenced by 855 

aluminium, iron and manganese oxides. Soil Biology and Biochemistry, 30(1), 1-7. 856 

https://doi.org/10.1016/S0038-0717(97)00092-8 857 

Mizota, C., & van Reeuwijk, L. P. (1989). Clay Mineralogy and Chemistry of Soils Formed in 858 

Volcanic Material in Diverse Climatic Regions. Soil Monograph 2. Wageningen: ISRIC.  859 

Möckel, S. C., Erlendsson, E., & Gísladóttir, G. (2017). Holocene environmental change and 860 

development of the nutrient budget of histosols in North Iceland. Plant and Soil, 418(1), 861 

437-457. https://doi.org/10.1007/s11104-017-3305-y 862 

Möckel, S. C., Erlendsson, E., Prater, I., & Gísladóttir, G. (2021). Tephra deposits and carbon 863 

dynamics in peatlands of a volcanic region: Lessons from the Hekla 4 eruption. Land 864 

Degradation & Development, 32(2), 654-669. https://doi.org/10.1002/ldr.3733 865 

Nanzyo, M., Dahlgren, R., & Shoji, S. (1993). Chapter 6: Chemical characteristics of volcanic 866 

ash soils. In S. Shoji, M. Nanzyo, & R. A. Dahlgren (Eds.), Volcanic Ash Soils - Genesis, 867 

Properties and Utilization. Developments in Soil Science (Vol. 21). Amsterdam, London, 868 

New York, Tokyo: Elsevier Science.  869 

Nichols, J. E., & Peteet, D. M. (2019). Rapid expansion of northern peatlands and doubled 870 

estimate of carbon storage. Nature Geoscience, 12(11), 917-921. 871 

https://doi.org/10.1038/s41561-019-0454-z 872 

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al. (2019). 873 

Package ‘vegan’: Community Ecology Package. Retrieved from https://cran.r-874 

project.org/web/packages/vegan/vegan.pdf  875 

Ottósson, J. G., Sveinsdóttir, A., & Harðardóttir, M. (2016). Vistgerðir á Íslandi. Fjölrit 876 

Náttúrufræðistofnunar nr. 54. 877 

Page, S. E., Rieley, J. O., & Banks, C. J. (2011). Global and regional importance of the tropical 878 

peatland carbon pool. Global Change Biology, 17(2), 798-818. 879 

https://doi.org/10.1111/j.1365-2486.2010.02279.x 880 

Parfitt, R. L., & Kimble, J. M. (1989). Conditions for Formation of Allophane in Soils. Soil 881 

Science Society of America Journal, 53(3), 971-977. 882 

https://doi.org/10.2136/sssaj1989.03615995005300030057x 883 

Parfitt, R. L., & Wilson, A. D. (1985). Estimation of allophane and halloysite in three sequences 884 

of volcanic soils, New Zealand. Volcanic Soils Catena Supplement, 7, 1-8.  885 

Payne, R., & Blackford, J. (2008). Distal volcanic impacts on peatlands: palaeoecological 886 

evidence from Alaska. Quaternary Science Reviews, 27(21), 2012-2030. 887 

https://doi.org/10.1016/j.quascirev.2008.08.002 888 

Preston, C. M., Axelson, D. E., Lévesque, M., Mathur, S. P., Dinel, H., & Dudley, R. L. (1989). 889 

Carbon-13 NMR and chemical characterization of particle-size separates of peats 890 

differing in degree of decomposition. Organic Geochemistry, 14(4), 393-403. 891 

https://doi.org/10.1016/0146-6380(89)90005-3 892 

Preston, C. M., Shipitalo, S. E., Dudley, R. L., Fyfe, C. A., Mathur, S. P., & Levesque, M. 893 

(1987). Comparison of 
13

C CPMAS NMR and chemical techniques for measuring the 894 



manuscript submitted to Global Biogeochemical Cycles 

 

degree of decomposition in virgin and cultivated peat profiles. Canadian Journal of Soil 895 

Science, 67(1), 187-198. https://doi.org/10.4141/cjss87-016 896 

Ratcliffe, J. L., Lowe, D. J., Schipper, L. A., Gehrels, M. J., French, A. D., & Campbell, D. I. 897 

(2020). Rapid carbon accumulation in a peatland following Late Holocene tephra 898 

deposition, New Zealand. Quaternary Science Reviews, 246, 106505. 899 

https://doi.org/10.1016/j.quascirev.2020.106505 900 

Rayment, G. E., & Lyons, D. J. (2011). Soil Chemical Methods - Australasia. Australia: CSIRO 901 

Publishing.  902 

Schlesinger, W. H. (1977). Carbon Balance in Terrestrial Detritus. Annual Review of Ecology 903 

and Systematics, 8(1), 51-81. https://doi.org/10.1146/annurev.es.08.110177.000411 904 

Schöning, I., Knicker, H., & Kögel-Knabner, I. (2005). Intimate association between O/N-alkyl 905 

carbon and iron oxides in clay fractions of forest soils. Organic Geochemistry, 36(10), 906 

1378-1390. https://doi.org/10.1016/j.orggeochem.2005.06.005 907 

Shoji, S., Dahlgren, R., & Nanzyo, M. (1993). Chapter 3: Genesis of Volcanic Ash Soils. In S. 908 

Shoji, M. Nanzyo, & R. Dahlgren (Eds.), Volcanic Ash Soils - Genesis, Properties and 909 

Utilization. Developments in Soil Science (Vol. 21). Amsterdam, London, New York, 910 

Tokyo: Elsevier Science. https://doi.org/10.1016/S0166-2481(08)70264-2 911 

Soil Survey Staff. (2014a). Keys to Soil Taxonomy (12 ed.). Washington, DC: United States 912 

Department of Agriculture, Natural Resources Conservation Service.  913 

Soil Survey Staff. (2014b). Soil Survey laboratory Methods manual: soil Survey investigations 914 

Report no. 42, version 5.0. U.S. Department of Agriculture, Natural Resources 915 

Conservation Service. 916 

Soil Survey Staff. (2015). Illustrated guide to soil taxonomy. Lincoln, Nebraska: U.S. 917 

Department of Agriculture, Natural Resources Conservation Service, National Soil 918 

Survey Center.  919 

Takahashi, T., & Dahlgren, R. A. (2016). Nature, properties and function of aluminum–humus 920 

complexes in volcanic soils. Geoderma, 263, 110-121. 921 

https://doi.org/10.1016/j.geoderma.2015.08.032 922 

Tfaily, M. M., Cooper, W. T., Kostka, J. E., Chanton, P. R., Schadt, C. W., Hanson, P. J., et al. 923 

(2014). Organic matter transformation in the peat column at Marcell Experimental Forest: 924 

Humification and vertical stratification. Journal of Geophysical Research: 925 

Biogeosciences, 119(4), 661-675. https://doi.org/10.1002/2013JG002492 926 

The Environment Agency of Iceland. (2020). National Inventory Report- Emissions of 927 

greenhouse gases in Iceland from 1990 to 2018. Submitted under the United Nations 928 

Framework Convention on Climate Change and the Kyoto Protocol. Retrieved from 929 

http://umhverfisstofnun.is/library/Skrar/loft/NIR/NIR%202020.pdf 930 

Tinganelli, L., Erlendsson, E., Eddudóttir, S. D., & Gísladóttir, G. (2018). Impacts of climate, 931 

tephra and land use upon Holocene landscape stability in Northwest Iceland. 932 

Geomorphology, 322, 117-131. https://doi.org/10.1016/j.geomorph.2018.08.025 933 

van den Boogaart, K. G., & Tolosana-Delgado, R. (2013). Analyzing Compositional Data with R. 934 

Berlin, Heidelberg: Springer.  935 

van den Boogaart, K. G., Tolosana-Delgado, R., & Bren, M. (2020). Compositions: 936 

Compositional Data Analysis. R package version 2.0-0. Retrieved from https://CRAN.R-937 

project.org/package=compositions  938 



manuscript submitted to Global Biogeochemical Cycles 

 

Vaughan, K. L., Rabenhorst, M. C., & Needelman, B. A. (2009). Saturation and Temperature 939 

Effects on the Development of Reducing Conditions in Soils. Soil Science Society of 940 

America Journal, 73(2), 663-667. https://doi.org/10.2136/sssaj2007.0346 941 

Vilmundardóttir, O. K., Gísladóttir, G., & Lal, R. (2014). Early stage development of selected 942 

soil properties along the proglacial moraines of Skaftafellsjökull glacier, SE-Iceland. 943 

CATENA, 121, 142-150. https://doi.org/10.1016/j.catena.2014.04.020 944 

Wada, K. (1985). The Distinctive Properties of Andosols. In B. A. Stewart (Ed.), Advances in 945 

Soil Science (Vol. 2, pp. 173-229). New York, NY: Springer. https://doi.org/10.1007/978-946 

1-4612-5088-3_4 947 

Wada, K. (1989). Allophane and imogolite. In J. B. Dixon & S. B. Weed (Eds.), Minerals in Soil 948 

Environment. SSSA Book Series 1 (pp. 1051-1087). Madison, Wisconsin, USA: Soil 949 

Science Society of America. https://doi.org/10.2136/sssabookser1.2ed.c21 950 

YiLan, L., & RuTong, Y. (2015). clustertend: Check the Clustering Tendency. R package 951 

version 1.4. Retrieved from https://CRAN.R-project.org/package=clustertend.  952 

Yu, Z. (2006). Holocene Carbon Accumulation of Fen Peatlands in Boreal Western Canada: A 953 

Complex Ecosystem Response to Climate Variation and Disturbance. Ecosystems, 9(8), 954 

1278-1288. https://doi.org/10.1007/s10021-006-0174-2 955 

Yu, Z., Loisel, J., Brosseau, D. P., Beilman, D. W., & Hunt, S. J. (2010). Global peatland 956 

dynamics since the Last Glacial Maximum. Geophysical Research Letters, 37(13). 957 

https://doi.org/10.1029/2010GL043584 958 

 959 


