N
N

N

HAL

open science

Long term mobilisation of chemical elements in
tephra-rich peat (NE Iceland)

Francois de Vleeschouwer, Brigitte van Vliet-Lanoé, Nathalie Fagel

» To cite this version:

Frangois de Vleeschouwer, Brigitte van Vliet-Lanoé, Nathalie Fagel. Long term mobilisation of chem-
ical elements in tephra-rich peat (NE Iceland). Applied Geochemistry, 2008, 23 (12), pp.3819-3839.

10.1016/j.apgeochem.2008.10.006 . insu-00338740

HAL Id: insu-00338740
https://insu.hal.science/insu-00338740
Submitted on 8 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://insu.hal.science/insu-00338740
https://hal.archives-ouvertes.fr

Published in: Applied Geochemistry (2008), voli&8,12, pp. 3819-3839
Status: Postprint (Author’s version)

Long term mobilisation of chemical elements in tepta-rich peat (NE
Iceland)

Francois De VleeschouweBrigitte Van Vliét LanoB*, Nathalie Fagél

2Unité de Recherche Argiles et Paléoclimats, Unit@ide Lieége, Allée du 6 Ao(t, B18, Sart Tilmad(BO Liege, Belgium
PUMR 8110 CNRS Processus et Bilans des Domainesn&éwiires, Université Sciences et des Technolatgesille, SN5, B-59655
Villeneuve d'Ascq cédex, France

Abstract

This paper presents geochemical profiles of a teplkaring minerotrophic peat column from NE-Iceland
obtained using various elemental analyses of thid pbase and the pore water. The influence of reegnain
size, thickness and composition of each tephrahenpeat geochemistry was investigated. Interpogtatare
supported by a statistical approach, in particlgr autocorrelation, and by microscopy observations.
Minerotrophic peat geochemistry may be stronglyethelent upon post-depositional mobilization and ibess
leaching of elements as demonstrated by Fe and tnetal concentration profiles. Chemical elemeants, more
specifically potentially harmful metals, can bevdlp leached out of volcanic falls during their wieating and
re-accumulate downwards. It is emphasised thatphraedeposit can act as an active geochemicalebarri
blocking downward elemental movements and leadinthé formation of enriched layers. In this stuthe
formation of poorly amorphous Fe phases above #da3 tephra is shown. These poorly crystallingpRases
scavenged Ni.

1. Introduction

Tephra is material ejected from a volcano to timeosphere (Lowe and Hunt, 2001). Tephra can haemgerof
grain sizes, from plurimetric blocks to fine micretric ash. The composition can vary between a¢[&i©,] >
60%) and basic (44% < [SiD< 52%). Basic tephras will be generally enrichied~e and Mg. When dealing
with aerial products resulting from magma projectim the atmosphere and rapid cooling, such as e.g.
ignimbrites or ash falls, acidic tephras will geair be characterized by white and translucentggsards (i.e.
pumice), whereas basic ones will be darker (i.erige). Due to their grain size, the intensity loé tvolcanic
explosion and the wind directions, tephra can hedported from very short to worldwide distancgsaf&s et
al., 1997). Volcanic deposits can strongly impa&et $urrounding environment (e.g. Holmes et al. 91S&adler
and Grattan, 1999; Schmincke et al., 1999) in tesfimmmediate floral and faunal destruction (e.gté$ et al.,
2004), and chemical changes (e.g. Haeckel et @01;2Flaathen and Gislason, 2007). Most of theistud
dealing with the impact of volcanic falls have feed upon short time scales. For example, Flaathen a
Gislason (2007) investigated the immediate impdidhe 1991 and 2000 Mount Hekla eruptions in teohs
major and selected trace element interaction betwedcanic ash and surface waters. Few studies Haat
with the long-term impact of tephras, especiallyptants and the organic environment. Research hligdet al.
(2004) on mire vegetation in Hokkaido, Japan, shibtimat the principal factors affecting mire vegetatand
chemistry were tephra thickness and grain sizeeratian tephra composition, pH or electrical cotigtity.
However, the mobilisation of metals from tephraeleydeposited in peatlands has not been extensitudyed,
especially on millennial timescales, despite tret fhat possible slow leaching of chemical elememay occur
in acidic environments such as peatlands (Gislasah Oelkers, 2003; Pollard et al., 2003). In thiglg, by
combining geochemical and micromorphological datdephra of different composition, grain size agd,at is
aimed to: (1) determine the principal factors affeg individual chemical behaviour, (2) identify gsible post-
depositional mobilization of chemical elements, (Bpict the possible particle-to-pore-water geodbaim
exchange, and mineral neo-formation, and (4) agkessifluence of each tephra on the peat geochienuser
a millennial time scale. In order to achieve thelsctives, results are presented from an Icelape#t column
containing several tephra deposits spanning a gekimd. The inorganic, major and trace elementdsén the
solid phase and extracted pore-waters were inastig This geochemical study is combined with nsicopy
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analyses.
2. Site location and description

The Vesturardalur valley is situated near Vopnadlijiy in NE Iceland. This region is mainly composdgeat-
and grasslands lying on glacial deposits. The tlésk of peat deposits in the Vesturardalur valiengliatively
shallow (max. 2 m). The position of Iceland on Mil-Atlantic Ridge and above a volcanic hotspotdeo
intense volcanic activity. Icelandic volcanic systehave emitted products from basic to acidic casitjpm
resulting from various magma processes. The prahdgphras found in the Vopnafjérdur area origidafir®m

the Hekla, Veidivotn and Oraefajokull volcanic st (e.g. Thorarinsson, 1958, 1967; Larsen and
Thorarinsson, 1977; Larsen et al., 1999, 2002;k&sdn et al., 2004). Peat- and wetlands have aem b
continuously affected during their growth by aeolgarticles coming from inland deserts.

As a great amount of material was needed for tioidys and as numerous tephra layers could makeairiyg
very difficult, it was decided to chose an outceom to take samples from it. The outcrop (ICE2) selscted
on the basis of its maximum thickness (ca. 1.20 The present day peat vegetation is composed ofeBos
(Aulacomnium palustje Sphagnunsp. Sphagnum tere$Sphagnum warnstorjii mostlyCyperaceaavith some
Eriophorum angustifoliunand E. scheuchzeriseveralCarex sp.,JuncaceagJuncus alpinoarticulatysJuncus
filiformis, Juncus bufoniys horsetail Hippuris vulgari9 and few Graminaceae (http:/
www.floraislands.is/engflora.htm). Given the vegeta dominance, the important continuous minerguin
from volcanism (see below) and the pH, this pedtlean be considered to be minerotrophic.

This region has a mean annual rainfall of ca. 8@ @&, with the lowest precipitation (30 mm/monthiridg
April and May and the maximum (ca. 100 mm/month}ween July and December. The mean annual
temperature of the area is@ with maxima (ca. 10 °C) during June and August] minima (ca. 0 °C) from
December to April. Soil temperature is however bigthan air temperature (ca. 5 °C in winter). Thatfand is
mostly rainwater fed. However, (sub-) surface rfimas observed within the top 10 cm of the outci®poradic
pore-water samples collected at various depthisarptofile and directly measured using pH papeeatd a pH
of ca.5.5. Although the hydrological status of iresent site was not investigated in detail, it barcompared
to Sub-arctic peatlands, in the absence of persiafithe combination of low water viscosity (duddw annual
temperature and snow melt) with the presence dirtejn the outcrop ensures that little vertical exment
occurs. Moreover, the parent material below the jpethe investigated area is a compact lodgenikiEig. 1),
which limits the vertical percolation loss and villerefore facilitate water saturation, as alsessted for most
Arctic peats by Woo and Young (2006). The snow caweNorthern Iceland is specifically unstable @lation
to brief warming periods related to cyclonic comtis and to wind remobilisation during cold evefustabatic
winds from the South). On N-W facing slopes, thiew cover is around 1 m thick (A. Gudmundsson, pers
com.), mostly insulating the ground from frost peaton. During the melting season (March to latg/)] the
lateral seepage of melt water from the overlyingvsipatches buffers the temperature close to 0 “thérpeat
superficial moss-root layer, except during occaali@unny days. As the ground below is warmer (&5 *C
MAGT), the spring inverted thermal gradient (ineettsuction) together with the low water viscositg.(1.798
centipoise at 0 °C; 1.5188 centipoise at 5 °C aB@77 centipoise at 10 °C) limits the efficiencypafssible
downward water movement. Due to these conditiceesjihg of the peat mass, even by lateral water mewe
is thus strongly limited. This was also supportgdhe limited water seepage from the deep horizoise peat
observed on the outcrop. Moreover the occurrenca odpillary barrier built by the contact betwebe H3
tephra and compacted peat (see Section 5.5) valhpte slow lateral water migration. Although watiew
rates were not measured, a maximum speed of laralightly oblique drainage of 0.25-1 ci/san be
estimated in superficial horizons from previous Iglited studies in other sites (Blodeau and Moof#)22
Daniels et al., 1977). However, the flow will b@wkr in deeper layers primarily because of peatification
and compaction, and to a lesser extent becausdookibg of tephra pores by bacterial gels and naher
neosynthesis.

3. Sampling and preparation
3.1. Cutting and sub-sampling

As peat which outcrops may be affected by air dionl, a ca. 70 cm-deep trench was dug and cleameda
peat column was cut into the peat face which wasmdirect contact with the air. The column wast& m in
height and recorded five main tephra layers. Mdhslivere cut using a stainless steel knife, wrappeudastic
film and PVC boxes (2& 10x 7 cm) and retrieved from the outcrop using a nyord. Two mm of external
peat were removed from every monolith prior to sabapling to avoid any contamination. Ten-cm-longlby
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cm-thick undisturbed slices were retrieved alorggditle of the box samples and were impregnatedrestin for
thin section preparation. The remaining box prsfiteere cut into 1 cm thick samples using plastitecs and
spatulas, which were cleaned using methanol andwat@r after each sample, to avoid cross-contanainati
Except those designed for impregnation, all sampie® processed in the same way: (1) pore-wateadidn
and analysis; (2) solid fraction analysis.

Fig. 1: Above: map of Vopnafjordur area where ICE 2 wasath Below: detail of ICE 2 outcrop showing a
grey gleyed ash (1), two white ashes (2 and whitewg, two oxidized black scoria layers (3 and #jve
cryptotephras (C1-C5) were also detected on thatiees (De Vleeschouwer et al., 2008).
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3.2. Pore-water extraction

Pore-water was collected from each sample (ca. §0eyrefrigerated ultra-centrifugation (15,000 rpt, °C)
in PE tubes. Between each sample, tubes were dessireg tap water followed by mQ water, and driéith vab
clean paper. The extracted water was then diréthsferred to 10 mL tubes and decanted. Two mlewseb-
sampled for anion analysis. Then, 5 mL were finalljp-sampled and acidified using HNO M for cation
analyses. Water samples were analysed within a weehkinimize possible chemical changes. This temimmi
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offered the highest efficiency of pore-water extiat, and was the least time consuming when deailiitly the
large number of samples. However, ultra-centrifimyatvas critical for PG and to a lesser extent for NO
species as extraction was achieved in the opensatmoe (Shotyk, 1993; Steinmann and Shotyk, 199%9.
extraction and cleaning processes were also driiicaZn contamination (J. Navez, pers. comm.). 0éal of
PO , NO;y and Zn are therefore at the very least semi-gadivié, but provided an effective guide for the
relative fluctuation of these elements. It may aés@lain why pore-water Zn and FOmeasurements are
frequently inaccurate.

3.3. Solid phase preparation and treatment

After pore-water extraction, the dried samples werashed manually using an agate mortar and then
mechanically in an agatejar pulverisette (400 rjprh, mean grain size70 um). About 1 g of each peat sample
was dried (105 °C, 12 h) and burned (550 °C, ®l@stimate the loss on ignition (LOI).

In order to provide a continuous visual controtlté sediment, undisturbed samples cut along thieegufile
were impregnated in order to consolidate them ptiorthe preparation of thin sections. The method of
impregnation is described in detail by Boés andeF&2005) and De Vleeschouwer et al. (2008). Thedsteps
are: (1) water removal (i.e. freeze-drying), (2¥imeimpregnation and (3) drying, sawing and thioties
preparation.

4. Analytical techniques
4.1. X-ray fluorescence of solid phase

For each sample, about 3.5 g of peat powder wasedeinto pellets at 200 kN/énAll the parts of the agate
mortars were cleaned using tap water, methanolna@dwater, and dried using pressurized air betweah e
sample. Pellets were analysed using a XRF specteorequipped with a Rh primary X-ray tube (ARL 94¥B,
URPGE, University of Liege) for the following elemts: Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, Rb, Sr, Min, Cu
and Pb.

Two different calibrations were used for the magod the trace metals, respectively. For trace siesaiveral
international reference samples with organic- amublenate silica-matrix were used to build up elemkent
calibration lines. These reference samples werks ¢@&B-1, NIST 1632b), lichen (BCR-482), pond sednts
(NIES-2), tea leaves (NIES-7), vehicle exhaustipaldtes (NIES-8) and marine sediments (JSD-2, 3SBGR
44). All reference samples were first analysedstomate the mean background on XRF analysis acdltulate
the mean detection limit (DL) for each element. i8wt reference samples and vehicle exhaust pestigkre
used to increase the range of values to high leskeklslements possibly encountered in recent pallygeat
layers. Statistics on reference samples are givéippendix A.

For major elements, tests using the same intemati@ference samples did not give accurate caidordines.
Two trend lines appeared for the organic and imumaeference samples, respectively, reflecting rimat
discrepancies between these two kinds of sedimAntslternative calibration line was thus built fgqy major
elements using commercial low concentration Sphagpeat spiked with ultrapure major elements. First,
order to quantify the major elemental content af tommercial peat, a peat internal standard (R&&
prepared and repeatedly measured as follows: (Bpeesentative amountZ00 g) of the commercial low
concentration Sphagnum peat was dried and homaggEn(2) five aliquots«1 g) of this peat internal standard
(PIS 1-5) were ashed, acid digested (HF + HN\g&bd analysed for major elements by ICP-AES @dsantage,
Thermo Jarrel Ash Co., MRAC Tervuren). Results egported in Appendix B. Then, in order to reach
maximum concentrations commonly encountered in jmeablcanic environments, a known amount of PI$ wa
mixed with a known amount of the major elementsgls oxides or carbonates (both ultrapure MercHity)ia

A part of this powder (PISAM 1, see Appendix B) wdisided and diluted by-1.5, 3, 6, 12 and 24 times
(PISAM 1, 2, 3, 4 and 5, respectively). For eaan@a (PISAM 0-5), two pellets were prepared and aliguot
was ashed, acid digested and measured by ICP-ASSID, content was estimated as: [% gi© 100 -3 [%
oxides] for both PIS and PISAM standards. ValueBI&AM 0-5 were used as internal reference valodsiid
major element calibration curves. Statistics onanajements are given in Appendix B.

4.2. Pore-water analysis

Cation concentrations in pore-water were measusetytHR-ICP-MS (Finnigan Element 2, MRAC, Tervuren)
for the following elements: Ti, Al, Fe, Mn, Mg, Cla, P, Sr, Ni, Zn, Cu and Pb. Calibrations wergenasing
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eight artificial solutions, three for major and divfor trace elements. In addition, an internatioreérence
sample (SLRS 4, riverine water) was used to assgs®ducibility and accuracy. Reproducibility vaduare
between 93% and 97%. Accuracy values are below fd%la, Mg, Al, Ca, V, Cr and Fe, and between 10%
and 20% for Cd, Pb, Mn, Co, Ni and Cu.

Anions were measured using ion chromatography (NEX DX100, DSTE-ULB) for Cl NOy, SO, PQ*
simultaneously on 500 IL samples. The retentioresiraf elution were Ck NO;y < PQ* < SQ? . Calibration
curves were built for each day of analysis usirtgieiel solutions (Merck quality). Reproducibilityalues are
above 98% for N@; PO and S@Q*, and between 55% and 70% for.@ccuracy values are below 10% for
NOj, PG and SG, and above 10% for Cl

4.3. Scanning electron microscope with energy dspe system (SEM-EDS)

A few polished impregnated samples were C coatedasralysed for major element content, without agy r
sampling. The EDS used was a Quanta 200 ESEM (UBII&) with a ROENTEC SDD xflash 3001 diode of 5
mn? and a working distance of 10 mm. Calibration wahieved using the ZAF protocol. Each elemental
spectrum is compared with a spectrum obtained wamigternal standard database (one spectrum @ereal).
The precision varies with respect to atomic mash applied voltage. Concentrations can be considerdit
guantitative using point analysis, with an averager of 0.2%. EDS analyses were mainly performedjlass
shards, scoria and alteration products. Resultsepi@ted in Table 1.

Table 1: EDS analyses performed on shards from H3 (white H&lb cm height), V-1477 (black scoria, 68.5 cm
height) and poorly crystalline Fe phases. REM stafat remarks (i.e. other particular elements desdy.
Concentrations in wt%.

Section number Sample type SiO, TiO, Al,0; FeO, MgO CaO Na0 K,O0 REM

ICE2 H3 Glass 70.58 0.34 15.955.47 0.37 2.79 239 211 -
Alterated glass 69.66 0.21 15.66 4.06 0.43 2.33 5.31 2.03 -
Cracked glass 70.42 0.34 1558 3.67 0.41 2.48 4.53 256
Cracked glass 74.02 0.27 15.032.51 0.28 1.67 3.82 240 -

ICE2 V-1477 Scoria 51.98 1.39 14.87 10.81 7.48 11.06 2.21 0.21 -
Scoria 50.64 3.33 14.3911.926.64 9.30 3.22 0.56 -
Alterated scoria 51.95 1.13 4.64 9.18 16.33 15.910.71 0.15 -

Poorly crystalline Fe phas High Fe 39.1 0.92 20.3 27.8 9.58 1.06 0.47 0.2 SOs; 0.59
Moderate Fe 446 7.26 329 121 0.75 1.78 0.59 - -
Low Fe 14.0 1.88 16.1 2.77 0.24 099 0.2 0.19 CO, 63.70

4.4. Autocorrelation

Autocorrelation is mainly used to discuss the iefloe of tephra falls on peat geochemistry. Numeautisors
have used statistics in geochemistry. However, cdreuld be taken when deducing interpretation from
autocorrelation as the clear limit between simpdeial relationship and real statistical correlat®nather vague

in Earth Sciences. The interpretation of the catieh significance is variable from one author tother (e.g.
Jin et al., 2006; Warren et al., 2006; Carboa .e28I05; Price et al., 2005; Weiss et al., 2002¢\@n within a
single article (e.g. Johnson et al., 2006; Todorevaal., 2005). "Strong" correlation is however getly
accepted onceis lower than - 0.8 or higher than 0.8.

Attention is also drawn to the fact that it is rm@cause the correlation coefficientis elevated, that one
parameter is responsible for the behaviour of arotBeveral parameters could also display the ssahaviour,

despite independent causes.

5. Results and discussion

The role of tephra on peat geochemistry will beulised with regard to: (1) the ability of tephrabtock and
retain chemical elements and (2) possible tephaahieg. The tephra parameters which have the gteate
influence on peat geochemistry will also be evadat
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5.1. Tephrostratigraphy

The stratigraphy of tephras in ICE2 was establiak®@dg previous tephrostratigraphical studies (eagsen and
Thorarinsson, 1977; Boygle, 1999; Larsen et al9912002; Lacasse, 2001; Wastegard, 2002; Eirikesanh,
2004; De Vleeschouwer et al., 2008). The tephrasiepdate back to 4 ka B.P. From the base toajhet the
ICE2 outcrop, the first grey gleyified ash layeig(Fl) is Hekla H4 tephra-@ ka B.P.), then in the middle part
of the outcrop, the Hekla H3 white ash layer ioorded ¢2.8 ka B.P.). Microscopy observation shows that thi
ash displays a particularly fine grain-size (5-20)jin the investigated outcrop. A second moderdiaky grain-
size (50-200 um) white ash (H-1158, A.D. 1158; Higarrowed) is also recorded in the ICE 2 outctdpcm
below the lowest of two sub-centimetre black sctaigers (grain size: 50-200 um), this latter beimgst likely
the Veidivdtn V-1477 A.D. tephra. This is confirmég SEM analyses on single glass shards (Fig. B¢ T
discrepancies between the analyses and the Veidfigid can be explained by the strong weatherihbasic
tephra which can make it difficult to achieve aetaranalyses. The uppermost black scoria tephedn(gize:
50-100 pm) is the Veidivotn V-1717 A.D. This tephsaalso commonly found in Icelandic lake and marin
sediments. Five additional cryptotephras labelletl-C-5 (De Vleeschouwer et al., 2008) were idestifby

inspection of the thin sections.

Fig. 2. Geochemical diagrams of Icelandic volcanic systesnsgle grain analyses of 17.5 cm depth (H3) and
68.5 cm depth (Veidivétn 1477 A.D.) samples. Hgpsesented in grey field, other tephra compositiata are
reported in white fields with corresponding names.
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Solid phase samples (Table 2) display rather hajhes of Al (median 3.4%), Ca (median 1.1%), Fedjam
2.0%) and Si (median 7.5%). These trends refleetninerogenic characteristics of the peat, whideikes

continuous inputs of volcanic dust.

Compositional variations occur between the tepleyaodits. For example, in H3, there are enrichmeh®& and
Al and depletion of Ca and Fe. Potassium displaysdoncentrations (<0.1%) except in and aroundHBesh,
where concentrations are significantly higher, hiag 0.4% (Fig. 3). Magnesium concentrations asblst
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around 0.4%, except in the two V-1477 and V-171@rise layers, where this element is slightly erggth
Manganese and Na are below the detection limipé&etsvely, 0.04% and 0.4%). Trace metals have naddir
high concentrations (median Cu = 4.7mg/kg, mediarr 1I83.5 mg/kg, median Zn = 51.8 mg/kg), except Pb,
which is always below the detection limit (i.e. mg/kg). Rubidium and Sr show a strong increasiénH3
tephra compared to the peat layersjust below andealt. Nickel and Zn also show an increase in eotration
above the H3 tephra deposit. Aluminium and Fe inepeater display low concentrations, with respeztiv
median values of 97 and 147 pg/kg, although rougiggking around the V-1477 and V-1717 scoria layer
(Table 3). Calcium, Na and Mg concentrations inepaater are much higher with median values of 17472,
and 9.2 mg/kg, respectively. Titaniginand Cy, roughly follow their respective solid phase pmfilbut
peakjust under the V-1477 scoria. Coppealso peaks under the V-1717 tephra. Stronjjudisplays a flat
profile, except in the uppermost parts where peaksir just under the V-1477 and V-1717 tephra digpos

5.3. Tephra leaching and metal release - a slovetiea

Observation of thin sections revealed alteratidmgiaround glass shards (see also De Vleeschouwa, e
2008). However, no significant elemental leachingsviound below the tephra layers, except slightHim
above V1477 and V1717 (Fig. 3). The mechanismsoresple for tephra leaching in waterlogged sediment
have been abundantly studied (e.g. Wolff-Boenischle 2004a,b; Pollard et al., 2003; Techer et 2001;
Oelkers, 2001; Thorseth et al., 1995; Hodder etl&891). Glass shard dissolution depends first upenglass
composition. Silica structures in basaltic glass Ess organized than in rhyolitic glass, leadiogvarious
dissolution rates. Wolff-Boenisch et al. (2004ajbiluced the relationship between the lifetime ofdmalized
1-mm-thick layer composed of 1-mm radius naturakglspheres and their silica content at far frouiligum
conditions. Such small tephras may take up to #Kally dissolve. Other parameters such as Eh-phtittions,
formation of alteration films at the surface of tilass shards (which prevent dissolution), anddvadtactivities
can also play a role. Among those, alteration filaneund grains play an important role in the blagkif
elemental diffusion from the glass shard to themsedt (Techer et al., 2001).

A rough calculation of the quantity of chemical cigs a tephra will release can be performed, hynasing the
difference between the metal concentration in frgitss shards (from the literature) and the acioetal
concentration in the tephra contained in the peainen normalized to the age of the tephra (seeeTld#l).
However, some elements such as Na have been leaché¢d below the detection limit, and leachingegatan
thus not be calculated. The calculated releaseofafe is the second most important (ca. 9 md &3 after Si
(ca. 47 mg kg a%). The following elements leached out are catiarshsas Ca (ca. 5 mg k@), K (ca. 1 mg
kg'a') and Mg (ca. 0.6 mg Kgg®). These values are much higher than the valugsdfty Wolff-Boenisch et
al. (2004a) who found respective release rates00®41 mg k a*, 0.024 mg kg a*, 0.019 mg kg a*and
0.003 mg kg a* for Fe, Ca, K and Mg, respectively (re-calculafedn Fig. 7 of Wolff-Boenisch et al., 2004a,
using a glass density of 2.42 g 2rand a Si@ content of 66% found in the outcrop at 16.5 cngh8i These
discrepancies are due to the fact that: (1) tepleposits were sampled together with the peat ahdh@
bacterial effect and protective films around thasglshards (which are expected to decrease tludutigs rates)
were not taken into account.

Table 2: Concentrations in peat solid phase samples of IGie& outcrop measured by XRF (URPGE, ULgQ).
DL: under the detection limit.

Height 0 o o o on Qi (0 C o CU Rb Sr Ni Zn
(cm) M%) Ca(%) Fe (%) K(%) Mg () Si(%) Ti(%) mqyg) (mgikg) (mg/kg) (mgrkg) (mg/kg)

0.5 241 113 116 DL 0.27 484 026 152 4.67 60.34 2466 17.61
15 212 109 115 DL 0.27 468 024 1.18 4.87 61.07 20.55 12.65
2.5 199 1.07 099 DL 0.26 450 024 DL 5.03 58.88 21.09 10.32
3.5 201 112 121 DL 0.27 488 024 1.09 4.46 56.97 21.35 11.53
4.5 191 111 137 DL 0.27 504 024 DL 4.77 5297 21.28 10.49
5.5 1.89 1.04 137 DL 0.25 480 DL DL 445  48.14 2297 11.51
6.5 203 102 151 DL 0.25 506 DL DL 4.29 4518 23.58 11.76
7.5 221 09 181 DL 0.23 526 DL DL 446  46.85 2544 1532
8.5 218 095 215 DL 0.23 488 DL 1.09 463 44.03 2725 22.34
9.5 231 097 222 DL 0.24 497 DL 1.12 3.81 43.77 25.81 25.53
105 213 097 239 DL 0.24 464 DL 1.62 5.82 4739 28.16 32.80
115 220 100 243 DL 025 469 DL 1.77 5.58 50.25 29.83 30.82
125 209 100 226 DL 0.25 448 DL 1.59 5.51 50.65 32.88 31.06
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135
145
155
16.5
175
185
195
20.5
21.5
22.5
23.5
24.5
25.5
26.5
27.5
28.5
29.5
325
33.5
34.5
35.5
36.5
37.5
39.0
40.5
41.5
42.5
43.5
445
455
46.5
47.5
48.5
495
50.5
51.5
52.5
53.5
54.5
55.5
56.5
57.5
58.5
59.5
60.5
61.5
62.5
63.5
64.5
65.5
66.5
69.5
70.5
71.5
72.5
73.5
74.5
75.5
76.5
77.5

2.24
3.24
3.44
3.85
4.04
3.79
4.01
3.44
3.11
2.77
251
271
2.17
2.33
2.61
3.32
3.36
4.04
4.17
4.20
3.94
4.23
4.23
3.95
3.13
3.13
3.94
3.75
3.35
3.21
3.16
3.14
3.45
3.71
3.66
3.86
4.29
4.49
4.85
4.28
4.19
4.07
3.66
4.08
3.48
3.65
4.26
4.32
3.68
2.63
3.08
3.97
3.24
3.53
3.45
3.02
291
2.94
3.27
3.86

0.93
0.70
0.64
0.57
0.56
0.58
0.59
0.73
0.90
0.90
1.00
1.02
1.05
0.96
0.95
0.98
0.98
1.00
1.07
1.10
1.09
1.14
1.18
1.18
1.13
1.03
1.25
1.21
1.10
1.10
1.09
1.00
1.10
1.25
1.26
1.23
1.24
1.22
1.18
1.08
0.97
0.72
0.72
1.11
0.98
0.90
0.97
1.04
0.97
1.02
1.32
1.58
1.32
1.31
1.37
1.24
1.25
1.28
1.36
1.34

1.89
1.40
1.22
1.22
1.30
1.41
1.49
1.81
2.17
2.27
2.36
2.67
2.69
2.89
2.82
2.07
2.00
151
1.43
1.37
1.27
1.36
1.40
1.44
1.56
1.52
1.85
1.90
1.88
1.98
2.32
2.29
2.12
1.73
1.58
1.45
1.54
1.55
1.59
1.99
2.62
2.86
2.59
2.56
2.30
2.60
1.90
1.79
2.83
4.20
2.65
2.05
2.17
2.09
2.24
2.56
2.48
2.44
2.35
2.59

0.09
0.28
0.33
0.39
0.41
0.36
0.37
0.25
0.15
0.08
0.04
DL

DL

DL

DL

DL

DL

0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.04
DL

0.04
0.04
DL

0.04
0.05
0.05
0.05
0.06
0.07
0.06
0.05
0.04
DL

0.04
0.08
0.09
0.06
0.07
0.08
0.08
0.06
0.06
0.07
0.06
0.07
0.07
0.07
0.06
0.06
0.07
0.07

0.22
0.17
0.15
0.13
0.13
0.14
0.15
0.20
0.24
0.24
0.25
0.27
0.24
0.24
0.26
0.29
0.29
0.30
0.34
0.36
0.35
0.34
0.37
0.37
0.31
0.31
0.39
0.39
0.32
0.34
0.35
0.28
0.34
0.43
0.41
0.40
0.41
0.41
0.39
0.35
0.38
0.30
0.27
0.37
0.32
0.28
0.32
0.35
0.31
0.28
0.49
0.69
0.42
0.46
0.46
0.41
0.38
0.40
0.46
0.51

5.55
9.71
10.70
12.13
12.51
11.21
11.80
8.95
7.38
6.19
5.07
5.18
3.43
4.06
4.69
5.68
5.51
591
6.22
6.28
6.42
7.00
7.08
6.96
6.18
5.66
6.99
7.55
8.08
9.48
9.47
9.30
8.78
8.27
8.38
8.15
8.42
8.19
8.24
8.71
11.21
12.17
12.04
11.07
9.79
9.12
9.27
9.25
8.03
7.53
8.56
8.99
6.95
7.83
7.65
7.75
7.43
6.72
7.29
8.27

DL

DL

DL

DL

DL

DL

DL

DL

DL

DL

DL

0.30
0.27
0.26
0.26
0.28
0.31
0.49
0.47
0.42
0.38
0.42
0.40
0.37
0.29
0.28
0.31
0.29
0.25
0.25
0.25
0.27
0.30
0.34
0.31
0.34
0.45
0.52
0.54
0.38
0.34
0.33
0.28
0.29
0.29
0.32
0.36
0.37
0.31
0.25
0.24
0.26
0.26
0.29
0.29
0.25
0.26
0.25
0.27
0.27

1.39
DL
DL
DL
DL
DL
DL
1.35
2.54
3.29
3.36
4.23
431
5.23
5.44
5.26
5.44
4.63
4.67
4.69
4.21
4.50
4.31
4.29
3.13
3.80
4.62
4.90
4.94
4.83
4.46
4.50
4.65
4.68
5.00
5.96
5.45
5.09
5.24
5.82
5.74
4.00
DL
DL
4.45
4.77
4.68
4.73
6.37
554
6.30
6.87
5.97
4.87
4.81
4.18
4.04
4.38
4.65
10.13

6.90
17.37
20.37
25.83
27.76
24.22
25.38
16.67
10.21
7.22
5.68
6.41
4.85
5.27
5.49
5.65
5.85
6.05
6.51
5.75
6.98
6.59
6.69
6.59
6.47
7.38
7.35
6.80
7.10
6.63
8.22
7.18
8.24
8.14
8.51
7.88
8.28
8.78
9.31
8.47
6.90
7.50
DL
DL
10.70
9.01
10.27
10.25
10.62
10.93
10.16
10.94
9.85
9.72
9.81
9.64
9.29
9.26
9.29
9.75

48.89
84.73
92.82
110.37
119.83
104.15
111.23
84.08
68.78
57.51
51.26
64.34
47.84
42.66
47.82
62.22
61.68
81.22
82.82
80.90
80.65
77.34
77.44
74.21
70.64
85.34
96.52
86.10
78.46
79.09
83.36
80.55
98.76
113.00
104.98
103.42
124.47
139.70
137.21
93.21
75.37
64.70
DL

DL
105.06
87.87
106.91
113.67
93.79
97.92
114.13
139.55
120.92
121.52
123.75
111.92
108.92
109.20
120.58
103.15

32.94
28.68
25.53
25.88
25.28
31.72
30.40
46.85
55.23
64.23
73.26
78.75
64.71
68.16
65.36
44.33
40.99
39.49
38.20
34.85
35.79
32.33
34.90
32.07
27.29
31.01
34.39
33.58
32.60
32.09
34.89
33.38
35.80
38.79
39.55
41.63
43.13
39.68
35.26
32.68
27.41
21.87
DL

DL

29.54
27.98
31.32
31.88
32.76
38.56
37.27
43.69
35.40
36.74
35.67
33.50
34.14
34.68
36.20
37.71

27.87
37.98
38.46
44.34
51.45
51.63
58.95
67.45
63.96
64.30
52.42
65.34
42.13
a47.77
53.37
43.83
39.84
45.54
40.29
39.43
41.64
42.61
47.09
47.98
50.73
58.58
62.87
60.95
56.16
49.39
53.29
54.60
58.21
62.06
58.25
56.47
70.44
79.28
81.48
51.96
50.07
50.33
DL

DL

53.77
67.48
81.81
82.23
80.36
63.64
57.90
62.14
53.10
57.40
56.48
52.53
46.94
47.37
52.99
69.59
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79.0 347 104 325 008 034 757 029 743 10.49 89.77 3524 75.52

5.4. Tephra leaching or simple mix - the case af%8land Veidivdtn tephras

Below H1158, Ca, Sr, Ni and K are correlated (AuperE). Nickel is also positively correlated witthzZ
Copper is positively correlated with Rb, Ni andatéesser extent, with Sr. A careful inspectionhifi sections
showed that the only feature causing this cormfatis a transition from a peat with its own cherhica
composition to H1158. The progressive mix of p#ticfrom the peat (enriched in Ti, Ca, Al, Sr ang)
H1158 (depleted in Ti, Ca, Al, Sr and Zn relatigetlhe peat) provokes simultaneous changes in thmichl
profiles. In comparison, Fe and Si concentratiomsrdase below the tephra and are strongly neggtivel
correlated with the other elements, as these twmehts are enriched in mineral phases from theraeph
Moreover, the maximum Ti concentration is in theatpbelow H1158. Titanium is generally considered
immobile in soil profiles, which would suggest thiaé peak in concentrations (i.e. Ti, Ca, Al, Sn) & not the
result of the leaching of elements from H1158. tmepwaters, two groups of elements are apparentor@n
hand, Al Few Tipw and to a lesser extent gGuare correlated positively. These are enrichediwitfil158,
suggesting partial cation leaching within the tephiowever, no post-depositional mobilisation canfdund.
This phenomenon is also found in Veidivdtn A.D. T4Elemental mapping of V1477 also shows leachiihg o
tephra and the formation of amorphous particlegkad in Fe and Al, compared to Si (Fig. 4).

5.5. Tephra as an active barrier - the case of efthra

The study site is a stratified peat deposit forrmeda gentle slope and the water flow is expectduktoblique.
Nevertheless, the presence of tephra layers wilinpte the specific surface of their vacuoles toabehas a
capillary barrier, impeding downward transmissidnaater, mostly by single capillary forces, and muating

water flow at its upper contact with the peat. Opaauoles in the tephra also play a role as a Bpewicrobial

biotope with very slow water exchange, facilitatihg weathering of basaltic grains. As no real flow exists

in a tephra layer, this pathway is slowly blockgdhacterial production, increasing the mechanio& of the
capillary barrier. For this reason the developmmbacterial gels with high exchange surface ontémhra
favours the adsorption of metallic cations. Undese conditions, weathering of volcanic dust intpper peat
and on the surface slope due to the productiorunfib acids and bacterial production will lead te tklease of
cations, especially Fe from basaltic glasses.

In the peat column shown here, Fe is often enricimle and below tephra layers (Fig. 3). This isi@darly
the case above H3 (between 24.5 and 27.5 cm heidgdpite Hekla H-3 being a low to moderate Fereeph
compared to basic tephra like Veidivotn. The inseen metal content can be estimated by compahiagretal
content in the peak (between 24.5 and 27.5 cm t)edgid its counterpart in the low concentrationtpedich is
assumed to represent the sediment which is ledseimded by metal accumulation. Such layers are doun
between 32.5 and 40.5 cm height, where most ofctiemical species analyzed display low values dr fla
profiles. Calculations show that the Fe contenensiched by 100%just above H3 (Table 4B), whileeoth
elements are depleted (enrichment factor <0%) splay no significant enrichment. Based on microscop
observation, the primary features found in thirtisecat around 25 cm height are oxyhydroxide padiég. 5).
Iron oxyhydroxides are highly mobile and commortdeas in organic sediments under slightly acidid §6)
conditions (Cornell et al., 1989), which are thepital minerotrophic peat water conditions. These
oxyhydroxides are commonly goethite in soils thavén restricted drainage and form orange to liglator
patches. Flaathen and Gislason (2007) also idedtifapid amorphous FeOOH saturation in surface revate
polluted by ash falls in Iceland. In addition aosiy link between Fe and LOI implies that the poariystalline
phase containing Fe could be partly organic. Irgarbxides form by Eh modification due to the congtion of
Fe(ll) chelates by bacteria and local pH increakesto the weathering of basaltic glass. Moredvecause of
the behaviour of the capillary barrier, the lowestimterface is aerated/oxidized. For this reasiom solubility

of Fe decreases in favour of more oxidized formsother explanation could be that organic matter (nucus
on cyanobacteria filaments) is adsorbing supeffiEi@ oxyhydroxide as observed by Soulier (1995)isTh
adsorption of poorly crystalline Fe phases was i@entified by Glasauer et al. (2002).

Nickel is also strongly enriched (91%), similardo (ca. 15%) and Cu (ca. 8%) to a lesser extertl€l4B). In
pore-water, the same enrichments in Fe and Nilserged. Correlation performed on 14 samples ablekéa
H3 reveals a strong link between Fe, Ni and losgoition (LOI) with r ranging from 0.85 between L@nd Ni
to 0.95 between Fe and Ni (Fig. 6, Table 1). Initamlt] a second cluster of elements (Al, Mg, Si, Kji Mg and
Sr) is recorded (see example of Si and Al in Fig.These two groups of elements are clearly depencie
sediment mineralogy. On the one hand, the siliceaase of the sediment is dominated by mineralsgansb
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shards found in siliceous tephras, while on theemthand, the clustering of Fe, Ni and LOI implide t
occurrence of a non-siliceous phase containing riee Mi, which has a link with organic matter. Theyhni
correlation coefficientr(= 0.95) between Fe and Ni is in good agreemerit thi¢ dissolved Fe migration from
the upper layers to above H3 (20-25 cm) where ltlaeked and precipitates. Indeed, H3 is a very pated
and very fine grained sized ash (5-20 um, see @estil), and could possibly be a physical baroedissolved
species migrating downwards through the water colufle high correlation coefficients found betwées,,
Caw, Mg, Mnp,, Tigw, and Nj,, above H3 support the hypothesis of a tephradrarfiherefore H3 not only
stops water percolation, but concentrates dissaements (Ca, Few Mgyw, Mny, Tipw, and to a lesser extent
Al,,) above the tephra. More specifically, Fe is blatkmtil its saturation, causing its precipitatiomdathe

subsequent adsorption of Ni onto freshly formedgesrly crystalline particles.

Fig. 3: Elemental profiles from ICE2. Concentrations arenig/kg for the solid phase and for anions in pore-
water, while in Ig/kg for cations in pore-water.aBk circles are peat samples while open triangles @ore

water samples.
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Table 3: Concentration of cations and anions in peat poréevaf ICE 2 peat outcrop measured by HR-ICP-
MS (MRAC, Tervuren) and Dionex 100 (ULB), respettivDL: under the detection limit. A dash mearst the

pore-water volume necessary for analyses was nairod.

Depth Al Ca Fe Mg Mn Na Ti Cd Cu Sr Pb Ni Zn cl NOs; SO~
(cm)  (Hg/kg) (g/kg) (ng/kg) (Hg/kg) (Markg) (Mglka) (Mg/kg) (Harkg) (Mglkg) (hg/kg) (Harkg) (Malkg) (Mg/kg) (Mg/kg) (Markg (uglkg)
0.5 146 18,883 172 10,033 2.252 14,823 38 0.050 2.414 44 0.958 1.240 5.13 14.45 25.07 42.15
15 208 19,232 251 9626 3.380 13,932 57 0.014 2.454 43 0.114 1.212 DL - - -

25 164 17,620 177 8779 3.006 13,888 43 0.014 2.348 40 0.084 1.096 DL 12.10 25.85 41.63
45 177 19,688 248 10,002 1.830 15,135 41 0.054 2.268 44 0.044 1.230 139.2 - - -

55 197 20,481 246 10,094 2.652 14,750 42 0.014 2.488 47 0.106 1.398 DL 11.88 30.12 39.76
6.5 150 20,628 190 10,361 2.300 15,244 29 0.054 2.122 48 0.110 1518 7.35 12.33 30.98 40.51
8.5 72 19,077 70 9570 1.024 14,439 9 0.028 2.538 43 0.626 2.060 37.5 10.84 29.27 36.03
95 69 19,460 87 9679 0.818 14,854 14 0.016 2.120 45 0.180 1.420 DL 12.13 30.47 41.68
105 56 20,353 95 10,509 1.312 14,900 8 0.012 2.244 47 0.776 1.656 DL 13.15 30.58 41.72
115 108 18,409 198 9027 2.498 13,689 20 0.012 2.474 42 0.180 1.682 DL 13.12 27.81 41.29
125 58 19,474 84 9988 1.096 14,231 8 DL 1906 44 0.604 1512 6.51 1296 26.98 40.78
135 78 17,873 151 9327 2.612 14,337 11 DL 2.062 39 0.122 1.758 DL 13.53 25.29 40.64
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145 55 17,575 75 8652 1.370 14,176 6 0.012 2.230 38 0.174 2396 DL 1418 21.96 39.27
155 75 19,185 124 9076 2.934 14,298 9 0.010 1.866 41 0.164 2.198 DL 13.52 22.71 40.37
16,5 123 17,780 223 8801 4.496 14,283 14 0.010 2.178 41 0.082 2.724 DL 13.00 19.57 36.80
175 125 17,351 214 8927 3.826 14,412 12 0.010 1.910 40 0.110 2.658 DL 15.08 20.61 41.40
185 115 16,534 233 8153 4.698 14,522 14 0.010 2.364 39 0.218 2.840 DL 15.39 20.34 41.21
195 158 16,839 294 8478 6.330 13,966 18 0.010 2.444 39 0.184 2928 6.56 14.80 19.13 40.53
205 134 18,832 221 9456 2.420 14,786 17 0.012 2.214 42 0.120 3.210 DL 16.95 22.85 55.13
215 112 18,661 235 9779 3.124 14,762 18 0.010 2.600 44 0.152 3.612 588 17.55 18.16 51.18
225 90 19,872 205 9978 2.770 14,237 17 0.020 2.664 43 0.130 3.528 DL 15.85 18.32 51.34
235 90 20,305 193 10,595 1.154 14,154 19 0.010 2.306 44 DL 3.784 DL 27.93 18.26 54.29
245 143 22,200 274 11,532 2.334 13,446 34 0.010 2.710 48 0.124 4.168 DL 14.65 16.82 54.82
255 115 22,290 405 11,813 6.652 14,245 34 0.012 3.178 49 0.196 2.686 5.08 15.12 17.95 60.57
26.5 183 23,453 686 12,694 8.888 13,733 38 DL 3.232 51 0.252 2592 DL 13.60 16.49 52.58
275 188 20,925 822 11,172 9.500 12,927 33 DL 3.592 44 0.188 2.716 DL 15.87 18.18 60.38
28,5 160 20,295 375 11,431 4.382 13,599 29 0.010 3.908 48 0.126 2.422 DL 15.86 17.65 59.06
295 142 18,226 231 9943 9.028 13,561 30 DL 4.008 43 1.036 2.120 DL 16.09 16.90 57.08
325 99 16,259 78 9049 0.580 12,257 28 0.032 3.378 36 0.018 1.498 DL 16.30 16.35 54.46
335 121 17,722 69 9343 1.932 12,884 30 0.042 4.154 37 0.336 1.748 17.03 15.30 17.25 50.01
345 104 16,679 58 8699 1.412 12,760 21 0.012 3.242 36 0.274 1.026 DL 16.48 22.50 50.54
355 114 16,820 69 9120 0.816 12,863 25 0.012 3.206 38 0.022 1.162 DL 22.83 23.36 52.91
365 91 17,475 49 9306 1.146 14,097 17 0.012 2.930 37 0.430 1.108 66.3 16.86 30.95 53.66
375 125 17,612 62 8488 1.138 13,798 24 0.010 2.802 38 0.192 0.854 14.7 16.07 31.78 52.61
39.0 111 18,677 60 9423 0.768 13,783 20 DL 2.830 41 0.024 1.160 7.98 14.43 22.88 47.28
40.5 111 16,090 115 8371 2.078 12,830 19 0.158 2.886 35 0.224 1.080 168 13.70 40.95 32.22
415 91 17,512 65 8918 1.702 13,151 15 0.022 2.896 37 1.318 1.014 17.30 14.47 30.45 37.94
425 129 20,438 83 10,278 1.808 14,683 18 0.018 3.924 46 0.256 1.076 6.29 21.53 31.53 48.52
435 93 15,042 61 7236 1.074 12,482 14 0.046 2.940 31 0.064 0.940 DL 13.12 35.69 30.94
445 91 16,495 65 8313 1.064 12,676 14 DL 3.068 36 0.104 1.076 75.63 9.27 2512 23.15
455 94 16,628 109 8580 2.906 12,976 14 DL 3.138 39 0.096 1.060 7.53 15.27 38.90 35.66
46.5 70 16,569 123 8123 1.560 13,519 11 0.022 3.084 38 0.048 1.016 8.54 14.56 33.26 37.59
475 83 14,853 217 6707 3.350 12,130 13 0.048 3.326 32 0.172 0.980 DL 11.17 30.90 28.28
485 88 14,440 227 6914 2.984 11,778 15 0.020 2.962 32 DL 0.904 DL 10.67 23.81 26.34
39.0 111 18,677 60 9423 0.768 13,783 20 DL 2.830 41 0.024 1.160 7.98 14.43 22.88 47.28
495 95 15,452 211 7309 1.652 12,331 20 DL 3.576 34 0.026 1.396 DL 11.48 21.95 28.30
50.5 109 15,028 138 6551 1.774 12,367 23 DL 3.926 34 DL 1496 17.41 11.77 21.39 29.66
51.5 100 13,073 107 6473 1.058 12,197 20 DL 3.674 30 0.084 1.234 11.03 11.72 25.34 29.88
525 93 17,130 48 8527 0.354 13,209 20 0.028 3.966 39 0.034 1576 14.29 12.03 27.72 33.10
535 80 18,190 43 8995 0.268 14,346 17 DL 3.842 38 DL 1.348 DL 13.35 32.36 33.06
545 57 17,482 22 8572 0.506 14,744 11 DL 3.852 38 0.048 0976 6.37 13.79 38.48 34.58
555 88 19,678 52 10,430 1.592 14,489 15 DL 3.744 43 0.212 0.944 DL 12.11 35.92 31.02
56.5 212 18,891 334 10,083 0.582 14,507 30 DL 4932 40 0.020 0.876 DL 14.59 47.44 36.31
575 394 17,701 658 9570 1.202 14,835 59 DL 6.190 37 0.014 0.966 5.40 16.07 60.80 39.54
58.5 448 18,806 868 9878 1.776 15,252 57 DL 5.884 39 0.036 0.984 40.89 15.13 73.54 35.96
5905 42 24,336 110 13,335 0.658 18,237 7 DL 4.662 55 DL 0.648 9.99 1534 1074 37.42
60.5 121 19,802 152 9496 0.680 16,717 18 0.024 7.276 44 DL 0.772 18.37 15.30 95.57 26.87
615 85 15,977 148 8642 0.878 14,799 15 DL 4.482 34 DL 0.596 DL 13.69 64.95 22.80
625 64 14,750 72 8027 0.972 15,175 10 DL 4.324 32 0.040 0.724 DL 14.38 51.00 20.57
635 78 14,996 147 8134 0.916 14,475 14 0.036 4.214 32 DL 0.916 10.27 1593 38.16 19.27
645 125 17,465 243 9191 1.624 16,547 22 0.014 8.412 40 DL 1.612 959 16.80 38.75 25.98
655 132 13,813 400 7361 1.642 14,116 22 DL 5.974 30 0.018 1.068 DL 15.08 26.99 16.62
66.5 151 29,056 405 15,763 2.780 30,083 25 DL 12.624 63 0.060 1.972 52.78 16.19 2191 16.56

69.5 52 13,206 75 7336 0.836 14,443 7 0.048 3.444 28 0.032 0.852 21.37 - - -

705 17 7528 39 4127 0934 7321 2 DL 1290 17 0.100 0.404 DL 17.08 64.21 10.83
715 86 12,960 184 6755 2.780 13,547 11 DL 3.702 28 0.246 1.034 DL 18.98 39.24 10.31
725 69 14,156 184 7137 2114 14,412 9 DL 2990 31 DL 2270 9.39 19.89 44.37 10.31
73.5 43 19,885 98 10,593 1.152 16,698 6 DL 2.220 44 0.012 0.824 1166 19.73 85.84 11.51
745 78 42,205 220 21,125 1.728 32,859 11 DL 4.664 92 DL 1772 DL 20.40 1024 11.55
755 18 12,689 46 6360 0.192 9422 2 DL 1.174 28 DL 0.440 DL 22.87 125.7 12.21
76.5 21 23,721 79 12,294 0.322 17,292 3 DL 2.242 53 DL 0.760 6.36 22.83 103.4 13.44
775 38 48,256 133 24,408 0.548 35,148 5 DL 4.036 107 DL 1496 DL 1996 131.7 9.71

Table 4: (A) Calculation of metal release rate by H3 duritigg past 4 ka. (B) Calculation of concentration
increase rates in the Fe peak above H3. See tegefails.

Al Fe K Mg Mn Ca Na Si Ti Cu Rb Sr Ni Zn

Mean concentration3.89 4.86 0.39 0.35 0.15 2.56 1.58 30.9 0.30 - - - - -

in fresh glass

Mean concentration3.85 1.22 0.39 0.13 DL 0.57 DL 12.1 DL DL 25.8 110.425.9 44.3
in outcrop (16.5 cm

height)

A. Release rate0.10 9.10 1.03 0.55 - 4.97 - 46.79- - - - -
mg/kglyr
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Mean concentration4.11 1.40 - 0.30 - 1.10 DL 6.35 0.41 4.41 6.55 79.0 34.9 44.1
in natural peat (24.5-
27.5 cm height)

Mean concentration2.47 2.8 0.05 0.3 1 435 0.27 4.77 5.38 47.8 66.8 50.6
in Fe peak (32.540.5

cm height)

B. Enrichment factor <O 100 - 0 - <0 - <0 <0 8.29 <0 <O 91.4 14.7
above H3

Fig. 4: EDS elemental mapping of Veidivotn A.D. 1477 tepséltawing compositional differences of glass
shards (light grey in backscattered electron imagel light green on the elemental mapping image) ted
poorly crystalline Fe phases (dark grey on backsrat electron image and blue on the elemental ingpp
image).

The behaviour of Ni seems dependent upon Fe and Alilve H3, there is a positive correlation betwéin

Fe and LOI, but also with Ni in pore water. Nigkeand Fg, are moreover negatively correlated with a range of
elements in the solid phase (i.e. Al, Ca, K, Mg, B, Sr). These latter elements are related tpat8cles,
which were scattered in the peat during burial siightly disturbed by vegetation growth. This dersivates
that Ni does not come from the dissolution of H3tipkes reworked just above the H3 layer. Ratheisit
suggested that Ni is transported by water, whialecglates through the peat and is consequently bbd&ly H3
and is possibly scavenged by Fe oxyhydroxide. #s$® in agreement with the positive correlatiobween Ni
and Cay, Fgu, Mgpw, Mn,,, Tiywand Sg, (Table 3). Below H3 (Table 2), Ni is again wellregdated with Fer(

= 0.8), but also with Znr(= 0.9). Though slightly enriched below H3, Ni &$ concentrated than above. This
feature leads to the hypothesis that Ni is moréyeadsorbed on Fe-phases when organic mattervisiviad.
This hypothesis is supported by previous studiekichv showed that Ni was mainly scavenged by Fe
oxyhydroxides (e.g. Xu et al., 2007; Gunsingerlgt2006; Sterckeman et al., 2006; Dries et al®2MHao et
al., 2005; Stipp et al., 2002; Li et al., 2000).cRegaal and Sparks (2002) noted that this phenomeras
enhanced by the presence of humic acids. Grybas €2007) also showed that Ni was adsorbed antier
precipitated on both Fe oxyhydroxides and orgaratten. Nickel scavenging by amorphous Fe (lll) esidvas
recently experimentally demonstrated to occur abpH(Xu et al., 2007).

EDS-SEM analyses of samples from the Fe rich lapewve H3 suggest various compositions (Table 1¢s&h
particles are composed mainly of Si, Fe and Alnlcontent is variable. Moreover, one of the analysarticles
has a low Fe content together with a low C conteagigesting the hypothesis that the behaviourseoérd
organic matter are linked. In thin section, a digoaious cryptotephra occurs at this level (26 eight, Fig. 1).
However the Mg concentration profile is not affectey the scoria, compared to Mg concentrationseidiétn
tephras. Likewise, Si displays lowest values (thas 4% at 26 cm height) of the profile, despite phesence of
sparse basic scoria. It is, therefore, assumedhisatliscontinuous cryptotephra does not playgaicant role
on the geochemistry of the peat samples.

Below H3 (0.5-13.5 cm), LOI shows no relationshiphwechemical elements, for both the particles drepore-
water (Table 2). Therefore organic matter does play a significant role in the control of Fe, Nidazn
behaviour. Silicon also does not show any relatignsvith the other elements. It displays a pooritpas
relationship with K { = 0.67), perhaps due to their association in ghasticles from H3. Calcium, Sr, Ti and
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Mg are correlated, but profiles show no variationconcentration. Calciugn, Mdow, N&w, Clw, St Nipw
display similar trends. Aluminiugg, My, Tipw, Few also show flat profiles, although with small poiatpoint
variation, but no significant relationship can twenped out.

Fig. 5: Fe oxihydroxide patches above H3. (A) General wlowing large Fe patches in an organic mass.
(B,C) Zoom views on large patches showing that ewenorganic mass is strongly oxidised. (D) SEM
backscattered electron view of a patch of Fe oxmmde showmg typical cracked structure.

%

I

5.6. Barrier efficiency

From the Fe vs. depth profile, it appears that Becentrations are equal above and below H3.lras,

however, less concentrated below H3 than aboveshaaivours the hypothesis of a semi-efficient warier

that allows partial percolation of water. The oceunce of Fe in poorly crystalline phases in the diacof H3

pumice proves that even if most of the water isaffely retained above H3, some may have pendtiaton

in poorly crystalline phases could thus precipitaithin the tephra, or just below, during the egrhase of this
process. Moreover, the permeability would limit fiisrcolation and facilitate (1) solution stagnationtephra
porosity, (2) amorphous clay neo-synthesis andbé8}erial activity. Indeed, the porosity createdhwytephra is
a confined space for bacterial growth fed by thérient release from tephra weathering (K, P) andthmsy
dissolved organics (i.e. fulvic acids) in percalgtiwater (Lehman et al., 2004). The developmeriaaterial
communities partially reduces the porosity and Ugudarms a protective thin film on particles orrfos real
oncolithes (see Figs. 3-5 in De Vleeschouwer eR8D8). This progressive reduction of porosityl winfine Fe
precipitation above the H3 tephra.

6. Conclusions

The geochemical investigation of an Icelandic geafile containing tephra suggests that the priaictephra
characteristics affecting the peat geochemistrytlagegrain size, thickness and, to a lesser exteattephra



Published in: Applied Geochemistry (2008), voli&8,12, pp. 3819-3839
Status: Postprint (Author’s version)

composition. A tephra having a sufficiently fineagr size (at least <20 um) and a sufficient thigsnat least
>1 cm) can act as a capillary barrier to water glaton and elemental diffusion, creating Fe-, alind Zn-)
enriched layers above. Furthermore, the confinettesm@t the surface of the porous tephra fragmemises
higher concentrations of iron and trace metals doumulate, allowing the formation of Fe-organic rireg
minerals. For example, in the investigated peatiroal the H3 tephra acts like a barrier, Fe prestie# in the
form of a Fe-amorphous phase above the tephra@naisges Ni. Conversely, the coarser but thinnamrées
encountered in the same outcrop do not act indheesvay as the H3 deposit. The tephra composidems to
play a role in terms of elemental leaching. Basjzhtas are more easily leached than acidic oneset#r, this
leaching can be slowed down by protective filmsrfed around grains. Therefore, the amount of elesnent
released from leaching is low compared to the catmaBons encountered in such mineral-rich peatreMo
research should be directed to other peat bogsicamy tephra deposits in order to precisely deiteenthe
minimum grain size/thickness ratio necessary tmfan active barrier.

Fig. 6: Example of significant correlation in samples abél&tephra.
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Appendix A
Certified and measured values used for trace eleXieR calibration. Concentrations in mg/kg. Accuescand

detection limits (DL) are also reported. Note thanerally, accuracy decreases with the decreasertfied
value concentrations. This feature is enhanced wig&ching the detection limit.

Recom Measured Error (%) Recom Measured Error (%)

Cu Pb
CLB1 Coal 10 35 248 51 9 76.5
1632b Coal - - - - - -
NIES2 Pond sediment 210 206 2.1 105 94.8 9.7
NIES7 Tea leaves - - - - - -
NIES8  Veh. part, exhaust 67 65.9 1.6 219 225.6 3.0
JSD-2 Sediment 1114 1115 0.04 151 147 2.6
JSD3 Sediment 426 419.1 1.6 82 79.8 2.7
SGR Sediment 66 52.2 20.9 38 36.2 4.7
BCR 482 Lichen - - - 40.9 45.4 11.0
BCR 100 Beach leaves - - - 16.3 18.2 11.7
Mean 5 6
Median 5 6

Rb Ni
CLB1 Coal 5.2 5.8 11.5 18 23.7 31.7
1632b Coal 5.05 5.4 6.9 6.1 9.4 54.1
NIES2 Pond sediment 42 39.6 5.7 40 37.2 7.0
NIES7 Tealeaves - - - 6.5 3.6 44.6
NIES8  Veh. part, exhaust 18.5 13.3 28.1
JSD-2 Sediment 27 25.9 4.1 94 93.5 0.5
JSD3 Sediment 285 287 0.7 19.6 25.3 29.1
SGR Sediment 83 76.2 8.2 29 25.8 11.0
BCR 482 Lichen - - - 2.47 1.9 23.1
BCR 100 beach leaves - - - - - -
Mean 6 19
Median 6 19

Sr Zn
CLB1 Coal - - - 48 73 52.1
1632b Coal - - - 11.89 20.5 72.4
NIES2 Pond sediment 110 109.4 0.5 343 323.9 5.6
NIES7 Tea leaves - - - 33 16 51.5
NIES8  Veh. part, exhaust 89 90.1 1.2 1040 1173.6 12.8
JSD-2 Sediment 202 228.8 13.3 2070 1992.8 3.7
JSD3 Sediment 60 57.6 4.0 139 123 11.5
SGR Sediment 420 403.2 4.0 74 54.9 25.8
BCR 482 Lichen - - - 100.6 128.7 27.9
BCR 100 beach leaves - - - - - -
Mean 5 20

Median 5 20
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Appendix B

Analyses and statistics of five peat aliquots (BI&), artificial mix (PISAM 0) and its progressigtdutions (PI-
SAM 1-5) measured by ICP-AES. Concentrations areergiin wt%. Mean, standard deviation and
reproducibility of PI-SAM samples are based onrsis. Medians are calculated from PISAM 1 to PISAM
PISAM 0 is not taken into account because it isusgd in calibration lines. PISAM 5 is not usedawese it is
too low. Values in bold were not taken into accdontthe calculation of median accuracy.

Al Ca Fe K Mg Mn Na Si Ti

Peat
PIS a 0.0464 0.5009 0.0493 0.0173 0.0478 0.0006 0.0102 0.0003 0.0029
PISb 0.0436 0.4687 0.0469 0.0162 0.0448 0.0006 0.0096 0.0007 0.0026
PISc 0.0462 0.5295 0.0496 0.0173 0.0481 0.0006 0.0103 0.0007 0.0029
PIS d 0.0440 0.4691 0.0503 0.0167 0.0456 0.0006 0.0099 - 0.0028
PIS e 0.0438 0.4777 0.0505 0.0167 0.0453 0.0006 0.0096 - 0.0029
Mean 0.0448 0.4892 0.0493 0.0168 0.0464 0.0006 0.0099 - 0.0028
Stdev 0.0014 0.0261 0.0014 0.0005 0.0015 0.0000 0.0003 - 0.0001
Reprod (%) 97 95 97 97 97 97 97 - 95

Artificial mix

Reference values
PISAM 0 6.172 1.819 8.668 0.342 0.622 0.047 2.189 19.002 0.526
PISAM 1 4896 1.291 5.384 0.520 0.396 0.032 1.510 12.666 0.363
PISAM 2 3.368 1.071 3.767 0.207 0.308 0.020 1.006 8.441 0.228
PISAM 3 2131 0.814 2.404 0.112 0.200 0.012 0.837 5.583 0.127
PISAM 4 1.434 0.724 1703 0.117 0.146 0.008 0.336 3.652 0.103
PISAM 5 0.670 0543 0.731 0.068 0.092 0.004 0.160 1.699 0.051

Mean concentration
PISAM 0 11.785 1.499 7.163 1.070 0.597 0.040 4.254 22560 0.444
PISAM 1 4979 1.455 5916 0.547 0.427 0.031 1571 12.904 0.385
PISAM 2 3.302 0958 4.332 0.286 0.268 0.018 0.815 8.043 0.291
PISAM 3 1.801 0.786 2942 0.081 0.185 0.011 0.289 5411 0.111
PISAM 4 1.371 0,577 1502 0.129 0.145 0.015 0.249 3.601 0.083
PISAM 5 1.202 0.800 0.105 0.115 0.122 +0.002 0.228 2.217 0.051

Standard deviation
PISAM 0 0.8581 0.2019 0.7346 0.0731 0.0357 0.0003 0.2946 1.6007 0.0273
PISAM 1 0.0298 0.0216 0.0539 0.0375 0.0032 0.0008 0.0137 0.0194 0.0080
PISAM 2 0.0187 0.0173 0.0751 0.0212 0.0020 0.0019 0.0282 0.0370 0.0034
PISAM 3 0.0250 0.0098 0.0304 0.0241 0.0008 0.0011 0.0122 0.0507 0.0047
PISAM 4 0.0139 0.0092 0.0494 0.0240 0.0002 0.0006 0.0127 0.0184 0.0022
PISAM 5 0.0057 0.0178 0.0130 0.0040 0.0008 0.0008 0.0040 0.0277 0.0025

Median (PISAM 1-4) 0.0219 0.0136 0.0517 0.0241 0.0014 0.0010 0.0132 0.0282 0.0041
Reproducibility

PISAM 0O 93 87 90 93 94 99 93 93 94
PISAM 1 99 99 99 93 99 97 99 100 98
PISAM 2 99 98 98 93 99 90 97 100 99
PISAM 3 99 99 99 70 100 90 96 99 96
PISAM 4 99 98 97 81 100 96 95 99 97
PISAM 5 100 98 88 97 99 142 98 99 95
Median (PISAM 1-4) 99 99 99 87 100 93 97 100 98
Accuracy
PISAM 0 91 18 17 213 4 14 94 19 16
PISAM 1 2 13 10 5 8 5 4 2 6
PISAM 2 2 11 15 38 13 8 19 5 28
PISAM 3 15 3 22 28 8 8 65 3 13
PISAM 4 4 20 12 11 1 83 26 1 20
PISAM 5 79 a7 86 68 33 155 43 30 1
Median (PISAM 1-4) 3 12 14 20 7 8 23 3 17
Mean DL
PISAM 1 0.9580 0.0434 0.1355 0.0322 0.1809 0.0412 1.3662 2.6116 0.5692
PISAM 2 0.7744 0.0449 0.1211 0.0344 0.1399 0.0432 1.0561 1.6954 0.4531

PISAM 3 0.6305 0.0471 0.1040 0.0367 0.1161 0.0391 0.8692 1.1785 0.2213
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PISAM 4 0.5765 0.0503 0.0867 0.0451 0.1054 0.0457 0.7949 0.8191 0.2288
PISAM 5 0.5613 0.0667 0.0755 0.0574 0.1049 0.0458 0.8326 0.5586 0.1701
Median (PISAM 1-4) 0.7025 0.0460 0.1126 0.0356 0.1280 0.0422 0.9627 1.4370 0.3410

Appendix C

Autocorrelation performed above H3 tephra (25.%4Mn height). Positive correlation >0.8 are in halegative
correlation r < 0.8 are in italics.

LOIL Al _Ca Fe K Mg S T Cu Rb S N Zn AL, Ca, Fe, Mg, Mn, Na, T Cu, Sr, Pb, N, Zn, Cl, NOs,

LOT 1
Al 0905 1

Ca 0465 0583 1

Fe 0857 -0931 0718 1

K 0730 0787 0833 0897 1

Mg -0.853 0924 0788 -0.921 0849 1

si -0938 0917 0709 -0917 0838 0938 1

Ti 0677 0879 0410 -0.789 0708 0709 0661 1

Cu 0184 -0216 0738 0519 0721 -0379 -0.374 -0183 1

Rb 0843 0791 0683 -0.860 0856 0839 0901 0591 0.500 1

Sr 0848 0952 0622 -0.978 0869 0889 0873 0.880 -0438 0810 1

Ni 0845 -0.837 0704 0951 -0.833 -0.856 -0.9I5 0611 0557 -0.830 -0.888 1

Zn 0138 -0.384 0061 0356 -0.040 -0.284 -0.116 -0.430 -0.142 0.043 -0.381 0246 1

AL, 0411 0649 0714 0793 -0.768 -0.636 -0.573 -0.684 0.668 0524 0769 0.731 0435 1

Ca,, 0832 -0817 -0526 0909 -0.809 -0.758 -0.809 -0.707 0.508 -0.764 -0.906 0906 0229|0724 1

Fepy 0692 -0.844 0739 0951 -0.830 -0.834 -0.797 -0.760 0.575 -0.737 -0.916 0910 0485|0895 0.841 1

Mg,, 0816 -0.819 -0693 0913 -0.880 -0.833 -0.846 0.692 0591 -0.800 -0.893 0904 0.146|0.737 0.962 0854 1

Mn,, 0678 -0.823 0754 0909 -0.915 -0.824 -0.804 -0767 0.639 0752 -0.906 0817 0205|0815 0.763 0.871 0787 1

Na,, 0408 -0291 0206 0309 -0296 -0.146 -0.186 -0.411 0.103 -0227 -0.425 0254 -0.078|0.101 0553 0165 0434 0272 1

Ti,, 0709 0710 -0.796 0830 -0.822 -0.80] -0.350 -0.450 0.614 0717 -0.740 0.8%0 0.071|0.733 0.782 0.770 0.820 0.775 0.087 1

Cu,, 0069 -0.094 -0682 0237 -0529 -0294 -0275 -0.020 0.649 0280 -0.131 0237 -0.374| 0409 0.147 0253 0299 0.420 0253 0.516 1

S, 0785 0782 -0.584 0861 -0.876 -0.747 -0.780 -0.730 0.565 0765 -0.876 0.828 0.089|0.711 0955 0.771 0961 0.763 0.573 0.767 0246 1

Pb, 0029 -0.048 0220 0.100 -0.321 -0.112 -0.075 -0.131 0.368 -0.130 -0.147 -0.022 -0.397] 0.107 -0.015 0011 0.020 0.461 0.232 0,092 0.430 0.075 1

M,, 0802 -0.826 -0.834 0923 -0.950 -0.897 -0.888 -0.664 0.644 -0.831 -0.867 0.893 0.131]0.757 0.849 0.867 0.919 0.870 0.230 0.881 0.547 0.857 0.162 1

Zn,, 0167 0002 0403 -0261 0429 0091 0257 -0.113 0738 0330 0.162 -0.443 0329|0321 -0.386 -0.260 -0.405 -0.259 -0.077 -0.530 -0.387 -0.437 0.031 0385 1

CI,, -0351 0389 0087 -039 0258 0370 0293 0309 0.016 0434 0408 -0.237 -0.396|-0.242 -0.371 -0.295 -0.285 -0.311 -0.245 0.194 0.023 -0.289 -0.134 -0.288 -0.283 1
NOs,, -0397 0267 0715 0478 0650 0437 0537 0034 -0.788 0559 0354 -0.600 0.299]-0.434 -0.508 -0.438 -0.609 -0.477 0.052 -0.744 -0.670 -0.557 -0.087 -0.681 0.844 0040 1
SO 0384 -0230 0.546 0476 -0.653 -0369 -0440 -0.128 0776 -0.508 -0.393 0.601 -0.260{0.384 0.516 0454 0.572 0469 0.293 0.568 0.424 0.573 0.127 0.608 -0.809 0255 -0.736

Appendix D

Autocorrelation performed below H3 tephra (0.5-18m% depth). Positive correlation >0.8 are in boldgative
correlationr < 0.8 are in italics.

LOI Al Ca_ Fe K Mg SI Ti_ Cu Rb St Ni_Zn Al, Ca, Fe, Mg, Mn, Na, Ti, Cu, Sr, Pb, Ni, Zn, CI,, NOy, SO,

Lol 1

Al 0534 1

Ca -0.008 -0302 1

Fe -0.037 0361 -0.786 1

K  -0.629 0231 -0.418 0.102 1

Mg 0012 -0275 0967 -0.656 -0.553 1

Si  -0.073 0.235 -0.364 0.020 0.667 -0.513 1

Ti -0.222 -0.156 0.888 -0.800 -0.207 0.844 0234 1

Cu -0.690 0.610 -0.174 0530 0.202 -0.080 -0.213 -0.118 1

Rb  -0.734 0.120 -0.354 0.320 0.718 -0.355 0.122 -0.184 0.480 1

Sr  -0454 -0.060 0.812 -0.716 -0.106 0.795 -0.369 0.900 0.091 0.063 1

Ni 0431 0451 -0.719 0.799 0.507 -0.684 0.158 -0.688 0.614 0.665 -0.466 1

Zn  -0.441 0517 -0.645 0.894 0.282 -0.534 -0.078 -0.608 0.784 0.576 -0.415 0.893 1
AL,
Cagy

20.011 -0.338 0468 -0.527 0.116 0.461 0243 0.372 -0.322 -0.099 0.381 0461 0451 1
0.179 -0.003 0.075 0.169 0.056 -0.023 -0.286 -0.153 0.168 0.206 -0.108 0.191 0.2750.658 1
Fe,, -0.130-0310 0.367 -0.367 0.036 0.374 -0.146 0.260 -0.202 0.101 0.307 -0.280 -0.278| 0.954 0.694 1
Mg,, -0214 0.025 0.070 0.166 0.078 -0.023 -0.272 -0.140 0.191 0.230 -0.092 0.210 0.289]|0.644 0998 0.681 1
Mn,, -0.381-0.142 0238 -0.364 0.225 0239 -0.178 0.234 -0.053 0.312 0.398 -0.141 -0.165| 0.867 0.662 0.896 0655 1
Na,, -0222 0.032 -0.073 0.152 0.103 -0.032 -0.247 0.126 0.169 0.228 -0.091 0.199 0.273|0.652 0.996 0.689 0.997 0.668 1
Ti,, -0.054-0291 0594 -0.650 -0.180 0.589 -0.281 0.543 -0.323 -0.161 0.552 -0.580 -0.542|0.970 0.521 0.892 0510 0.825 0517 1
Cu,, -0.234 0.030 0.014 0.092 0035 0.038 -0.320 -0.053 0.174 0.200 0.001 0.111 0.211]|0.718 0.966 0.739 0.961 0.739 0.968 0.598 1
Sty -0.166 0.010 -0.069 0.173 0.030 -0.014 -0.297 -0.157 0.170 0.183 -0.114 0.183 0.275]|0.654 0.999 0.686 0.997 0.652 0.994 0.517 0965 1
Pb,, -0.324 0.499 -0.047 0309 -0.142 -0.002 -0.354 -0.071 0.587 0.176 0.018 0389 0.508(-0.093 0.381 -0.129 0.417 -0.059 0.382 -0.117 0.369 0396 1
Ni,, -0.246 0.143 0387 0.450 0.236 -0.336 -0.133 -0.405 0.352 0.377 -0.341 0.476 0.519|0.368 0.899 0.449 0.898 0487 0.900 0.188 0.882 0.895 0443 1
Zn,, 0248 0371 0258 -0.126 -0.108 0.236 0.151 0.296 -0.328 -0.101 -0.002 -0.247 -0.266| 0.264 0.175 0.299 0.178 -0.034 0.192 0228 0.164 0.161 -0.099 0.095 1
Cr,, -0.288 0332 0359 0398 0.216 -0.353 -0.182 -0.469 0351 0.316 -0.303 0.565 0.555|0.086 0.621 0.133 0.630 0.304 0.636 -0.055 0.588 0.635 0.534 0.704 0382 1
NOs,, -0.086 0.224 -0.431 0450 0.110 -0.412 -0.205 -0.569 0.252 0.182 -0.455 0.498 0.515|0.086 0.639 0.110 0.637 0.243 0.642 -0.078 0.597 0.655 0.470 0.735 -0.356 0.968 1
SO, 0.220 0284 -0.373 0398 0.175 -0.363 -0.209 -0.487 0.299 0.265 0.337 0.527 0.528|0.097 0.628 0.132 0.632 0297 0.640 -0.047 0.594 0.643 0.491 0,705 -0.382 0.995 0984 1
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Appendix E

Autocorrelation performed below H1 158 tephra (488% cm depth). Positive correlation >0.8 are atdb
negative correlation< 0.8 are in italics.

Al Ca Fe K Mg Si_ T Cu Rb St N Zn Al Ca, Fe, Mg, Mn, Na, T, Cu, Sr,, Pb, Ni,, Zn, Clp, NOyp SO,

Al 1

Ca 0.166 1

Fe -0.168 -0.837 1

K 0488 0550 0578 1

Mg 0527 0826 -0.620 0.662 1

Si 0093 -0.752 0.846 -0.366 -0.402 1

Ti 0904 0318 -0.401 0.582 0.556 -0.111 1

Cu 0300 0.658 -0.438 0.149 0.634 -0.401 0330 1

Rb 0265 0.633 -0.485 0.178 0.590 -0.493 0.412 0.870 1

Sr 0462 0801 -0.722 0484 0.777 -0.592 0.673 0.768 0.883 1

Ni 0.122 0865 -0.703 0.296 0.716 -0.651 0.314 0.858 0.889 0.894 1

Zn 0388 0.720 -0.623 0.291 0.667 -0.613 0.575 0.783 0.909 0.953 0.867 1 l

Al,, 0070 -0.834 0.712 -0.303 -0.496 0.773 -0.178 -0.715 -0.738 -0.760 -0.866 -0.748| 1

Ca,, 0404 -0301 0268 0.172 -0.136 0.168 0.244 -0.220 -0.221 -0.184 -0.410 -0.150{0.341 1

Fe,, -0.069 -0.853 0.768 -0.347 -0.560 0.822 -0.261 -0.767 -0.755 -0.787 -0.865 -0.799] 0.956 0.182 1
Mg,, 0386 -0430 0.366 0.092 -0.225 0.280 0.185 -0.229 -0.284 -0.287 -0.492 -0.245| 0.446 0.966 0.278 1
Mn,, -0.722 -0.190 0.249 -0.367 -0.519 0.042 -0.657 -0.255 -0.192 -0.349 -0.140 -0.342[-0.043 -0.286 0.141 -0.306 1

Na,, 0569 -0.464 0381 0.163 -0.153 0.419 0.388 -0.326 -0.306 -0.244 -0.551 -0.231|0.557 0.876 0.405 0.887 -0431 1

Tip, 0.143 -0.768 0.635 -0.267 -0.381 0.755 -0.091 -0.626 -0.623 -0.645 -0.756 -0.652| 0.978 0.272 0.927 0.375 0.112 0508 1

Cu,, 0415 -0.674 0.597 -0.139 -0.216 0.776 0.166 -0.456 -0.482 -0.467 -0.660 -0.493| 0.904 0.439 0.825 0.512 -0.278 0.691 0933 1

Srpy 0319 -0.153 0.171 0.239 -0.048 0.095 0.181 -0.123 -0.128 -0.108 -0.268 -0.101{ 0.207 0.952 0.053 0.903 -0.202 0.787 0.144 0322 1

Pb,, -0.342 -0.076 -0.266 0.013 -0.306 -0.543 -0.219 -0.125 0.003 -0.065 -0.031 0.028|-0.148 0.164 -0.203 0.164 0.129 -0.032 -0.181 -0.292 0.140 1
Ni,, 0.178 0.568 -0.612 0.398 0.629 -0.277 0.333 0.212 0.274 0496 0509 0.338]-0.246 -0.226 -0.276 -0.323 -0.300 -0.270 -0.097 -0.064 -0.113 0.168 1
Zn,, -0.273 -0.193 -0.016 -0.369 -0.358 0.018 -0.298 -0.362 -0.421 -0.396 -0.329 -0.362]|0.212 0.033 0.161 0.062 -0.113 -0.002 0.160 0.046 0.023 0.072 0.054 1

CI,, 0136 -0.190 0.250 0,160 -0.052 0.091 -0.034 -0.262 -0.221 -0.211 -0.315 -0.133 0.353 0.644 0215 0.616 -0.027 0.638 0.290 0.367 0.687 0.171 -0.233 -0.237 1
NOy,. 0.173 -0.848 0.728 -0.201 -0.546 0.766 -0.046 -0.673 -0.723 -0.721 -0.901 -0.635| 0.887 0.495 0.831 0.599 -0.091 0.733 0.813 0.809 0.351 -0.114 -0.464 0.092 0.441 1
SO.",,. 0.171 -0.208 0.222 0.201 -0.045 0.081 0.036 -0.225 -0.152 -0.160 -0.272 -0.085] 0.333 0.662 0.187 0.640 -0.116 0.668 0.289 0.382 0.709 0.258 -0.181 -0.265 0.972 0433 1
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