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Summary and Conclusions

This study investigates pesticide vulnerability of groundwater in glacial clayey till due to subsoil
preferential flow (from approximately 1 m depth below ground surface) in a high and low-
ground agricultural landscape near Havdrup, Sjaelland.

The investigation adds to a series of previous studies across Denmark (including the prede-
cessor PESTPORE project by Jgrgensen et al. 2017) in which groundwater flow in fractures
and root channels were investigated as separate flow paths. These studies suggests that po-
tentially very deep root channels, presumably from pre-historic trees, greatly dominate prefer-
ential flow and control pesticide vulnerability in surficial aquitards, while the influence of frac-
tures as flow paths was minor or absent because they were largely closed from shallow
depths. This challenges the recognized perception among groundwater scientists that rapid
flow in fractures determines pesticide vulnerability of groundwater in the glacial till aquifers un-
derneath the tills.

In this study, we explored the new findings by using a field-scale approach to investigate the
natural groundwater vulnerability in the moraine landscape. This integrates multi-disciplinary
studies, which include geological and hydrogeological mapping, flow and dye-tracer field ex-
periments, geochemical and mineralogical analyzes, X-ray tomography, radiocarbon dating
and stable isotopes, eDNA and aDNA sequencing and groundwater modeling.

The investigation provides three major results:

- Fossil roots and root channels from widespread pre-historic native forest were found
locally to more than 6 m depth and were shown to control rapid preferential flow and
pesticide vulnerability of shallow-groundwater.

- Fractures were largely closed below 1-2 m depth, unless they were enlarged by root
channels inside the fractures.

- Underneath maximum rooting depths the dominant role to flow and pesticide
vulnerability was not fractures, but embedded sand layers, sand lenses, sand pock-
ets and other sedimentary heterogeneity in the tills.

Conceptual diagram showing subsoil macropore flow paths (blue) in glacial clayey till.
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Fractures, relic root channels and sand lenses

In the high-ground site of the study (Sallgv, 42-45 MSL), we carried out three 4-6 m deep ex-
cavations in which the clayey tills were oxidized and intensively weathered to > 8 m depth and
contained high frequencies of naturally stained, prominent fractures and deep relic
macropores from roots. The root channels were found locally throughout the depth of the ex-
cavated profiles.

Field mapping and X-ray tomography revealed that the subsoil root channels and isolated
voids in the tills had diameters between 1-10 mm, which were overall decreasing with depth
below the soil surface. In the upper 3-3.5 m, the fractures and root channels had grey rims
(grey fractures) due to reductive dissolution of Fe/Mn-oxides (A in block diagram), and below
this depth they were reddish (red fractures) due to reprecipitation of the dissolved Fe/Mn-ox-
ides leached from above (C and D in block diagram). This vertical sequence resembles the
typical appearance of fractures, which are found widespread in clayey tills. The root channel
macropores occurred locally to at least 6 m depth, however, were masked by occurring mainly
inside the fractures, in which they formed dense patterns of macropore flow channels (see
block diagram). The observed depths of the root channels in the high-ground site (ca. 3 hec-
tares) followed, to some degree, the maximum seasonal decline of the groundwater table in
the clay, which varied between 1.5 and > 8 m depth across the site. This behavior of the root
channels corroborates observations in the previous PESTPORE study (Jgrgensen et al. 2017)
and descriptions in the literature.

The Fe/Mn-oxide staining and filling of fractures were observed locally to more than 8 m in till
samples from wells next to the excavations. The time required to precipitate the observed
amount of Fe/Mn-oxides in the fractures and root channels was estimated to more than 2,000
years, based on geochemical mass balance calculations and Fe- concentrations in the infiltra-
tion. This dated the root channels inside the fractures to be likely many thousand years old.

Another three excavations were carried out in the low-ground Bulbro site (ca. 1.5 hectare area,
25-28 MSL), in which the grey and red staining of the fractures occurred to only 1.5-2 m depth
due to permanent high groundwater table. Those were the only visible fracture type, while
deep non-visible tectonic fractures (“ghost-fractures”) were identified from the shapes and pat-
terns of deep fossil roots that penetrated along those fractures (E in block diagram).

The fossil tree-roots and related relic root channels had diameters from 1 to 18 mm and were
found abundantly across the entire Bulbro site locally to 3.2 m depth. In a previous study they
were found to 5 m depth at Marebaek about 1.5 km further south in the low ground area. In
both of the low-ground sites, the channels penetrated several meters below the groundwater
table into unweathered (grey) till, in which they connected with randomly embedded sand
lenses or sand layers of various thickness and spatial orientation. Those layers and sand
pockets (together hereafter referred to as sand lenses) together with other sedimenary hetero-
geneity were abundant in the tills across the entire high and low-ground study area and were
intercepted by the root channels and fractures both in the high and low-ground excavations.

Thus, while the depth of the root channels in the high-ground to some degree followed the cur-
rent maximum seasonal decline of the ground water table, this was not the case in the low-
ground, where the ancient roots consistently targeted saturated sand lenses underneath the
groundwater table. This difference was suggested by the aDNA analyses to be due to the tree
species, which had dominated pre-historically in the respective landscape positions.

Origin of fossil roots and relic root channels

Radiocarbon dating and aDNA sequencing of the fossil roots in the low-ground revealed that
they dated 2,900 to 7,200 years BP and originated from Alnus glutinosa (Common alder, in
Danish “Rgdel”). The main habitat of A. glutinosa is low-ground moist locations, but it occurs in
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both low and high-ground landscapes. It was one of the four most abundant trees in the native
forest, which covered most of Denmark during mid-Holocene climatic optimum from roughly
7,000 to 3,000 years BP. A. glutinosa possess an extensive root system of both surface and
deep branches (which was confirmed by the study) and is the only tree species in Denmark to
have roots significantly below-groundwater tables. As already mentioned, in the Bulbro site the
fossil roots and open channels extended several meters below-groundwater tables to 2.5-3.2
m depth, and similar root channels, presumably also from A. glutinosa, occurred several m be-
low the groundwater table in the Marebaek site, both places in unoxidized tills.

We found no recognizable fossil roots in the high-ground Sallgv-site, which was presumably
due to the deep intensive weathering and oxidation (governed by the high elevation in the
landscape) combined with probably early clearing of the pre-historic forest. However, we found
aDNA from the Salix subgroup Chamaetia/Vetrix (Willow family) in Fe/Mn filled root channels
and adjacent matrix in reduced pockets of the clayey till in 5-6 m depth. The S. chamae-
tia/vetrix subgroup includes the species Salix caprea (Seljepil), Salix cinerea (Grapil) and Salix
myrsinifolia (Sort pil) together with shrubs from colder climates, which could not be distin-
guished due to small differences in the genome and age-related extensive damage of the
DNA. The 3 species of willow tress pioneered the open landscape in early post glacial time
11,000-10,000 years BP. It was not possible to accurately radiocarbon date the Salix sp.
aDNA due to weathering and heterogeneity of the organic carbon in the soil materials. How-
ever, an origin of the aDNA and channels from the native forest was indicated by (i) complete
absence of recent radiocarbon in the root channel organo-mineral fillings, (ii) age-related ex-
treme damage of the identified Salix sp. aDNA and (iii) the estimated age of more than 2,000
years for the precipitated Fe/Mn-oxides in the channels.

Knowledge about rooting depths of trees in Danish soils is sparse beyond the current findings
of relic root channels in this and the previous related studies. It is, however, well known that
rooting is highly variable for different tree species and some have enormous plasticity in re-
sponse to environment and local hydrological conditions. Until more information becomes
available, local rooting depth to about 9 m depth are expected to be realistic, based on ran-
dom observations reported in the literature and the observed depth of the relic root channels in
the current study.

Hydrologic role of relic root channels, fractures, and sand lenses

We conducted a total of 12 dye tracer infiltration experiments in the excavations. In the high-
ground, the dye tracer infiltration revealed that potentially very rapid vertical preferential flow (>
20 m/day in the experiments) was controlled by worm burrows and root channels
(https://mst.dk/media/210348/pestpore2videol.mp4) in the upper 1.5 m and by the relic root
channels to 3-3.5 m depth. As mentioned, the majority of the root channels were concealed as
macropore flow paths inside grey fractures, which were only open flow channels in the upper
3.5 m of the till aquitard (https://mst.dk/media/210350/pestpore2video2.mp4). Below 3-3.5 m
depth, the root channels and fractures were clogged with the precipitated Fe/Mn-oxides (red
fractures), which made them both largely inactive as preferential flow paths. This created a
sharp hydrological barrier in the till, which reduced vertical hydraulic conductivity several or-
ders of magnitude and thereby created perched groundwater conditions in the till aquitard. The
integrity of the barrier was locally disrupted by the random sand lenses with excessive vertical
discharge. This caused shifting between perched and leaky aquitard condtions across the high
ground field with permanent high and local decline of the water tables in summer to more than
8 m depth. Consequently, the vertical groundwater recharge and supposedly groundwater vul-
nerability changed within short range across the field. Similar clogging of deep fractures and
root channels was shown to have developed in the other 9 sites that have been investigated in
the previous related studies, which suggests that similar local hydrological barriers may cause
reduced vertical flow and vulnerability in many clayey tills.
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In the low-ground Bulbro site, rapid preferential flow occurred widespread in the abundant root
channels and fossil roots. In the upper 1-1.5 m depth, the root channels sometimes occurred
inside grey fractures, while below this depth the root channels with active flow occurred mostly
in the solid matrix and had no internal precipitation of Fe/Mn oxides due to permanent shallow
groundwater tables. Due to the moister conditions, activation of the root channels as preferen-
tial flow paths was more likely to occur rain storms in summer than in the high-ground places
with deep groundwater tables where possible surplus of precipitation would become absorbed
by the less moist matrix. Consequently, pesticide groundwater risks due to rain storms in sum-
mer were likely higher in the low ground area.

As mentioned, underneath the visible fractures we also identified “ghost fractures”. We found
no evidence of active flow along the “ghost-fractures” in the dye tracer experiments in this or
the previous field studies. The deep root channels alone controlled flow through the till into lo-
cal sand lenses and layers several meters below the groundwater table, which was in agree-
ment with the previous nearby low-ground experiments in the Marebaek site, in which more
than 90 % of groundwater recharge and migration of mobile pesticides were controlled by
open root channels into a sand layer in 5-6 m depth. The lack of Fe/Mn clogging of the deep
root channels in both low-ground sites (as opposed to the observed clogging of root channels
in high-ground) suggested that ground water vulnerability due to deep root channel macropore
flow was generally higher in the low-ground than in high-ground. However, this apparent pat-
tern was contradicted by the previous high-ground PESTPORE study (Jgrgensen et al. 2017),
which exhibited rapid preferential flow and pesticide transport to similar depths through unre-
stricted root channels. This suggests that there is no simple correlation between the land-
scape elevation and occurrence of open or closed root channels, which is apparently con-
trolled by multiple factors that are currently unclear.

The observed occurrence of deep root channels from A. Glutinosa and Salix sp. that origi-
nated from the ancient native forest, suggest that similar deep macropore root channel sys-
tems occur widely in moraine landscapes. This was supported by the series of previous re-
lated studies, in which rapid preferential flow and pesticide migration in deep residual root
channels were abundant. Consequently, particularly groundwater risks to pesticide pollution
may be anticipated in areas where the thickness of clay layers above aquifers is smaller than
the ancient rooting depths.

The brilliant blue (BB) infiltration experiments revealed that deep fractures, which were not en-
larged by internal root channels, had very small hydraulic apertures (< 10 ym). Those aper-
tures were in the same range as the apertures, which has been determined for fractures with-
out root channels inside in the previous 9 clayey till sites mentioned above. This provides
growing evidence that fractures below maximum depth of historical rooting from trees, contrib-
utes only marginally to bulk flow in the tills in comparison with heterogeneities of the clay ma-
trix and embedded sand lenses.

We tested this evidence by using the aperture data determined for the fractures without inter-
nal root channels (apertures = 5-14 ym) to re-evaluate older studies in which fractures were
concluded, on the basis of indirect hydrogeological observations, to be major flow paths in un-
weathered clayey till aquitards. The re-evaluation indicated that the small fracture apertures
would only account for a minor portion of the hydraulic conductivities (from 10 - 10-°m/s) in
the aquitards. This disagree with the perception that fractures are causing the observed sev-
eral orders of magnitude higher hydraulic conductivities of the bulk aquitards than that of the
unfractured clay matrix material of the aquitards. Instead, the result suggests that embedded
sand lenses and other common geological heterogeneities in the tills were most likely the ma-
jor control of flow in the aquitards.

10 The Danish Environmental Protection Agency / PESTPORE2



Groundwater vulnerability

We evaluated the vulnerability of groundwater to mobile non-degradable pesticides under-
neath clayey till aquitards by model simulation of pesticide fluxes into the groundwater (pesti-
cide mass/m?/year) under water saturated conditions. The models were rigorously calibrated
to simulate the observed pesticide transport in field and lab experiments with natural fractures
and root channel macropores from this and the previous series of related studies, including the
“Clayfrac” study by Aamand et al. (in prep. 2020). The simulations showed that the greatest
pesticide vulnerability of groundwater occurred underneath till aquitards with fully penetrating
root channels, while for aquitards thicker than rooting depths, the vulnerability was greatest
underneath those with the highest vertical hydraulic conductivity. In those tills with a hydraulic
conductivity above 10-8 m/s, the influence of pesticide transport in the fractures (assuming the
small fractures without internal root channels) was negligible because the pesticide flux from
the fractures were obliterated by the pesticide fluxes from other flow paths required to simulate
the high hydraulic conductivities of those tills. As previously mentioned, within the upper 1-8 m
depth of the tills with unsaturated conditions, the study suggests that pesticide vulnerability by
activation of the root channels as macropore flow paths by rain storms in summer would likely
be higher in the low-ground due to moister clay matrix near the soil surface than in the high-
ground.

Perspectives

The study emphasizes that flow and pesticide migration in the clayey tills is very hetero-
genous, random and variable within the scale of individual farmed fields in the landscape. In
the current study area, the lithological heterogeneity was high, despite the fact that the domi-
nant till type was lodgement till, which is considered the least heterogenous of common till
types in Denmark. This implies that groundwater underneath clayey tills should in general be
considered vulnerable to pesticide pollution. Thus, leached pesticides from topsoils, which are
not strongly adsorbed and very slowly degraded in the subsoil environment, should be ex-
pected to eventually migrate with the groundwater flow into underlying aquifers (except in ar-
eas with upward groundwater flow).

The study implies that particular high vulnerability will occur in areas with the following subsoil
characteristics or combination of characteristics:

- Areas with clay thicknesses of less than approximately 10 m. These layers are shallower
than the expected maximum depths of root channels. Actual maximum depths of the relic root
channels in landscapes are unknown, and it is unclear under which conditions the channels
are closed or remain open as active deep flow paths. Further research is needed in order to
clarify this.

- Low-ground areas near well-heads with intensive water abstraction. These are indicated to
have abundant deep root channels from ancient forest that may provide rapid flow and pesti-
cide transport directly into the anaerobic groundwater zone. Moreover, pesticide risk and vul-
nerability due to root channel macropore flow being activated by rain storms in summer is en-
hanced due to typically higher soil moisture content above groundwater tables than in many
high-ground sites. The groundwater vulnerability is suggested to be further enhanced by in-
tense water abstraction from underlying aquifers. Further research is required to investigate
the importance of these aspects to the groundwater vulnerability.

- Areas with high vertical hydraulic conductivity and/or recharge in the tills underneath maxi-

mum current and historical rooting depths. Modeling studies indicate that groundwater vulner-
ability (expressed as pesticide fluxes into aquifers) will vary orders of magnitude as a function
of the distribution of aquifer recharge and redox conditions as a consequence of flow in verti-
cally connected sand layers or vertical fractures, even if the aquitard thickness in catchments
is relatively constant (Blessent et al., 2014; Cherry et al. 2006; Jgrgensen et al., 2004c). This

The Danish Environmental Protection Agency / PESTPORE2
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vulnerability is anticipated to further increase in areas where hydraulic pressure heads in un-
derlying aquifers have been lowered significantly by intensive water abstraction. Hence, differ-
ences in aquitard thickness and amount of groundwater recharge in combination are sug-
gested to represent useful key parameters for pointing out areas with overall contrasting
groundwater vulnerability. This approach has been utilized with promising results in previous
studies (Jargensen et al. 2003b; Miljgstyrelsen, 2002, 2005.

The distribution of aquitard thickness and aquifer recharge has been mapped in many clayey
till areas in the national groundwater mapping using geological/geophysical mapping and
catchment water balance modeling (Miljgstyrelsen 2020). The investigation suggests that
these existing data may be utilized or further improved to point out overall clayey till areas with
particular aquifer vulnerability to pesticide pollution. Such an approach will be limited by the
absence of information on the very local scale variability of aquitard hydraulic conductivity and
vulnerability shown in the current study. There are currently no large-scale field methods or
maps available to identify such places. More research and development are required in order
to provide this.
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Sammenfatning og konklusion

Dette projekt omhandler grundvandsstrgmning i makroporer og spreekker i moreeneler under
ca. 1 mu.t og betydningen af disse for grundvandets sarbarheden over for pesticidforurening.
Projekteret er udfert ved Roskilde i et hhv. topografisk hgjt- og lavtliggende bundmoraeneland-
skab med landbrugsdrift. Betegnelsen "lavtliggende” ("low-ground” i rapporten) daekker topo-
grafisk lavtliggende landskab i bred forstand i forhold til det omkringliggende landskab og der-
med ikke kun egentlige lavbundsjorde. Projektet fgjer sig til en raekke tidligere undersggelser
inklusiv projektet PESTPORE (Jgrgensen et al. 2017), hvor spreekker og rodkanaler i morae-
neler er undersggt som seerskilte stramningsveje i lerlagene. Disse undersggelser har vist, at
relikte rodkanaler kan g& ned til mindst 5-6 mu.t. og fungere som praeferentielle stremnings-
veje bl.a. for hurtig pesticidnedsivning, mens spraekker fra 1-2 mu.t. i de undersggte morsener
kun har haft ringe eller ingen betydning fordi de var tilnaermelsesvis lukkede.

Dette seetter spgrgsmalstegn ved den udbredte opfattelse, at stremning i spreekker er den af-
gerende hydrologiske faktor for sarbarheden af grundvand under moraeneler, hvorfor der nae-
sten udelukkende har vaeret fokus pa disse i hydrogeologisk forskning og udpegning af grund-
vandssarbarhed i moraeneler. | dette projekt er de nye resultater undersggt neermere i et mo-
reenelandskab vha. en multidisiplineer tiilgang med geologisk og hydrogeologisk kortlaegning,
flow- og tracerforsgg, geokemiske og mineralogiske analyser, rgntgentomografi, kulstof-14-
datering og stabile isotoper, eDNA- og aDNA-sekventering og grundvandsmodellering.

Undersggelsen har givet fglgende tre hovedresultater:

- Rodkanaler fra forhistorisk skov kontrollerede hurtig praeferentiel stremning og pe-
sticidsarbarhed af grundvandet ned til mindst 3-6 mu.t.

- Spraekker lukkede til med dybden i takt med stigende jordtryk, og at de rodkanaler,
der fandtes i spraekkerne, forsvandt eller var tilstoppet med Fe/Mn udfaeldninger.
Under den maximale roddybde havde spraekkerne ringe eller ingen betydning for
grundvandsstreamningen og pesticidudvaskningen i sammenligning med andre
strgmningsveje i moraeneleren.

- Undersggelsen indikerer, at de vigtigste stramningsveje til det dybere grundvand
under rodkanalerne ikke er spraekker, men indlejrede sandlinser, sandlag, sandlom-
mer og andre typer sedimentaer heterogenitet i moraenerne.

Konceptuelt diagram der viser hurtige makropore stremningsveje (bld) i morzeneler.
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Spreekker, relikte rodkanaler of sandlinser

Pa undersggelsens topografisk hgjt beliggende omrade (Sallgv i 42-45 moh) udfertes tre 4-6
m dybe udgravninger fordelt pa ca. 3 ha. | alle udgravningerne var moraeneleren oxideret og
intensivt forvitret og havde hgj frekvens af dybe tektoniske spraekker og makroporer efter orme
og dybe rgdder (bioporer). Hyppigheden af spreekkerne og bioporene svarede til den generelle
forekomst i moraeneler (se blokdiagram).

Bioporene havde diametre fra 1-10 mm i gverste 1-1.5 m
(https://mst.dk/media/210347/pestpore2video3.mp4) og faldt herunder til 1-2 mm for de dybe
rodkanaler. | de gverste 3-3.5 m havde spraekkerne og rodkanalerne gra rande, som var dan-
net ved reduktiv oplgsning (pseudogley-proces) af lerets indhold af sekundeere Fe/Mn-oxider
("A” i blokdiagram). Under de gra spraekker var spraekkerne og rodkanalerne rustfarvede (rade
spreekker) og helt eller delvist udfyldte med genudfeeldede Fe/Mn-oxider fra de gra spreekker
ovenover i profilen ("C” og "D” i blokdiagram). De fleste rodkanaler var ikke umiddelbart syn-
lige, fordi de fandtes inde i spreekkerne, hvori de dannede teette menstre af stramningsaktive
makroporer i de gra spraekker, mens de var naesten lukkede i de rede spraekker pga. Fe/Mn
udfeeldningerne (blokdiagram). Ud fra geokemiske massebalanceberegning af omfordeling af
Fe langs spreekker og rodkanaler samt grundvandets indhold af totalt Fe (jern) blev det esti-
meret, at opbygningen af Fe-indholdet i de rade spreekker og rodkanaler har taget mere end
2.000 ar, der saledes indikerer en minimumsalder af de udfyldte rodkanaler i spreekkerne.

Dybden af rodkanalerne varierede fra 3 mu.t. til > 6 mu.t. (max. dybde af udgravningerne) i ud-
gravningerne. Endvidere blev der i boringer udfert ved siden af udgravningerne observeret
rustfarvede spreekker og dermed potentielt rodkanaler lokalt ned til mindst 8 mu.t. Dybden af
rodkanalerne fulgte til en vis grad arsvariationen af grundvandsspejlets dybde i moraenen (1.5
m til > 8 mu.t. pa udgravningstederne). Da grundvandsspejlets dybde var styret af grund-
vandsinfiltrationen i moraenen (dvs. den vertikale hydrauliske ledningsevne), faldt de starste
roddybder sammen den starste lokal grundvandsdannelse og grundvandssarbarhed, som igen
var kontrolleret af tilstedeveerelsen af vandfgrende sandlinser, sandlag og sandlommer (heref-
ter kaldet sandlinser) samt texturel grovere lermatrix i moraenen. De indlejrede sandlinser fore-
kom hyppigt og tilfeeldigt fordelt i moraenen i hele projektomradet og var stedvis skratstillede
pga. glacialtektoniske forstyrrelser.

Der blev udfart yderligere 3 udgravninger pa projektets topografisk lavtliggende Bulbro-lokali-
tet pa et ca. 1.5 ha stort omrade beliggende 25-28 moh. Pga. relativt stabilt hajtliggende
grundvand i dette omrade var synlige tektoniske spraekker kun udviklet ned til 1.5-2 mu.t., som
overfladiske gra og rustfarvede spraekker. Herunder forekom der ikke synlige spreekker, men
der blev indentificeret sakaldte usynlige "sp@gelsesspraekker”, ud fra mgnstret og formen af
fossile redder, der var treengt ned langs disse i moraene ("E” i blokdiagram).

De fossile redder og rodkanaler havde meget hgj frekvens, men heterogen fordeling pa Bul-
bro-lokaliteten med diametre op til 2 cm i de gverste 1.8-2 mu.t. Herfra udgik tyndere dybe
r@dder og rodkanaler lokalt til 3.2 mu.t. med diameter pa 1-4 mm. Tilsvarende rodkanaler ned
til 5 mu.t. er fundet tidligere ved Marebaek ca. 1.5 km lzengere mod syd i samme lavtliggende
omrade.

Mens dybden af rodkanalerne som naevnt overvejende fulgte det dybeste sasonbetingede
grundvandsspejl pa den hgjtliggende Sallgv lokalitet, var dette ikke tilfaeldet i det lavtliggende
omrade med Bulbro- og Marebaek- lokaliteterne. Pa begge de sidstnaevnte var rodkanalerne
treengt 1-2 meter ned under det lavtliggende grundvandsspejl og dannede hydraulisk kontakt
til lokale sandlinser i det underliggende gra lavpermeable moraeneler med primeert anaerobe
forhold (blokdiagram). Undersggelsens kulstof-14 og aDNA bestemmelser af redderne og ka-
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nalerne indikerer, at forskellen i rodnedtreengningen under grundvandspejlet mellem det topo-
grafisk hgjt- og lavtliggende omrade kan relateres til treearternes habitatomrader i det forhisto-
riske landskab (se nedenfor).

Oprindelse og forekomst af fossile rgdder og rodkanaler

Kulstof-14-dateringen og aDNA-sekventeringen af de fossile redder fra de 3 udgravninger Bul-
bro-lokaliteten viste, at de var 2.900 til 7.200 ar gamle og alle stammede fra Radel (Alnus glu-
tinosa). Radel har et omfattende rodsystem af bade overfladenzere og dybe radder (hvilket
blev bekreeftet af undersggelsen) og er den eneste traeart i Danmark med ra@dder, der vokser
under grundvandsspejlet, hvilket svarer til den fundne forekomst flere meter under grund-
vandsspejlet i Bulbro og Marebaek. Radel var blandt de mest udbredte treearter i egeblan-
dingsskoven, der har daekket det meste af Danmark for 7.000 til 3.000 ar siden. Hovedhabita-
ten for Ragdel er fugtige, og dermed seerligt lavtliggende omrader, men Radel forekom ogsa pa
hgijtliggende omrader med udbredte vandlidende forhold fer kunstig draening. Dermed ma re-
likte rodkanaler efter Rgdel forventes generelt udbredt i moraeneler i hele Danmark, men saer-
ligt i lavtliggende landskabsomrader.

Vi fandt ingen fossile redder bevaret pa Sallgv-lokaliteten og intet aDNA fra planter i den oxi-
derede zone af moraenen. Dette skyldtes antageligt den intensive forvitring og oxidation som
falge af den hgje landskabsbeliggenhed samt formentlig tidlig rydning af den oprindelige skov i
omradet. Vi fandt dog aDNA fra Salix-familien Chamaetia/Vetrix (Piletree familien) i forbindelse
med rodkanaler i lommer af reduceret moraeneler i 5-6 mu.t. S. chamaetia/vetrix inkluderer ar-
terne Seljepil (S. caprea), Grapil (S. cinerea) og Sortpil (S. myrsinifolia) sammen med arter af
pilekrat fra koldere klimaer. Disse kunne ikke skelnes pa grund af sméa forskelle i genomet og
udtalte aldersrelaterede skader pa DNA'et. De tre piletree-arter bredte sig i det abne landskab
efter istiden allerede for 11.000-10.000 &r siden. Det var ikke muligt ngjagtigt at datere fun-
dene af Salix sp. aDNA’ et pa grund af forvitringen og heterogenitet af det organiske kulstof i
moraenematerialet, men der blev indikeret en meget gammel oprindelse af rodkanalerne ud fra
(i) fraveer af ungt kulstof-14, (ii) estimerede alder pa over 2.000 ar af Fe/Mn udfyldningerne i
rodkanalerne samt (iii), ekstrem beskadigelse af DNA’ et pga. aldersbetinget nedbrydning.

Ud over de aktuelle fund af fossile redder og relikte rodkanaler til 5-6 mu.t. er viden om rod-
dybder fra treeer generel og, i dansk jord i saerdeleshed, meget sparsom og usikker. Undersga-
gelser af treeers rodnet har tidligere primeert haft fokus pa rgdderne i den gverste ca. 0.5 m.
Nyere unders@gelser viser, at traergdder kan gé meget dybere, end man hidtil har troet, og der
er eksempler pa meget dybe redder hos traearter besleegtet med de danske, herunder Eg og
EIm. Den foreliggende viden viser, at treeers roddybde er meget variabel afhaengig af traeart,
og at rodsystemer har ekstrem tilpasningsevne i forhold til jordmiljg og lokal hydrologiske for-
hold. | canadiske undersggelser har man tilfeeldige fund af levende redder i moraeneler ned fil
9 mu.t. Indtil der fremkommer mere information om roddybder for danske forhold, ma tilsva-
rende roddybder forventes realistiske i Dansk moraeneler.

Grundvandsstremning i rodkanaler, spreekker og sandlinser

Vi udfgrte samlet 12 infiltrationsforsgg med farvetraceren "Brilliant Blue” i udgravningerne. |
bade det hgjt-og lavtliggende omrade blev der malt meget hurtig preeferentiel stramning (ha-
stigheder > 20 m/dag) i rodkanalerne i spraekkerne og rodkanaler der fandtes i matrixen ned til
3-3,5 mu.t. ("B” i blokdiagram og https://mst.dk/media/210349/pestpore2video4.mp4). Dette
svarer til tidligere laboratorieforseg med spraekker fra 8 andre moraenelokaliteter, der havde
hydrauliske spraekkeaperturer pa 40 - > 100 uym pga. interne rodkanaler i spreekkerne og der-
med et stort potentiale for meget hurtig stremning og transport af mobile pesticider.

Omvendt blev der i infiltrationsfors@gene bestemt meget sma spreekkeaperturer pa 3-6 um for
de dybere rgde spraekker udfyldt med Fe/Mn-oxider uden rodkanaler, og 10 ym for spraekker
med rodkanaler helt eller delvis var udfyldt med Fe/Mn-oxider. Disse aperturer svarer til de
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aperturer der blev malt for spraekker uden rodkanaler pa de naevnte 9 andre lokaliteter. Da
streamningen i spreekkerne afhaenger af spraekkeaperturen i 3. potens, betyder de sméa apertu-
rer, at der er meget lille stramning i spraekkerne uden indhold af rodkanaler og et tilsvarende
lille potentiale for stramning og pesticidtransport pga. spraekker under max. roddybde.

For yderligere at teste denne evidens anvendte vi de sma spraekkeaperturer for spreekkerne
uden indhold af rodkanaler (spraekkeaperturer = 5-14 um) til at revurdere zeldre undersagel-
ser, hvor hgje hydrauliske ledningsevner (Ksat = 10-8- 10-5 m/s) i uforvitrede moraenelag, er
tolket som veaerende resultat af spraekkestremning. Beregninger med de nye spreekkedata vi-
ste at disse kun kunne forklare en lille del af stramningen i lerlagene. Dette modsiger, at de
observerede hgje hydrauliske ledningsevner skulle veere forarsaget af spraekkestremning. |
stedet er det formentlig indlejrede sandlinser og anden sedimentaer heterogenitet i moraene-
materialet, der er den primaere arsag til hgje hydrauliske ledningsevner (dvs. Ksat > 108 m/s) i
lerlagene, nar de findes under maximal roddybde. Betydningen af disse grovere indslag som
stramningsveje stottes af flere nye og aldre undersggelser.

P& den hgijtliggende Sallgv lokalitet bevirkede udfyldningen af de rade spraekker med Fe/Mn-
oxider og deraf fglgende sma spraekkeaperturer (3-10 ym), at der omkring 3-3.5 mu.t. skete et
brat fald pa flere stgrrelsesordner af moraenelagets hydrauliske ledningsevne til de samme
vaerdier som det uspreekkede ler. Dette fald skabte en hydrologisk barriere, som dannede lo-
kale haengende grundvandsspejl gverst i moreenen, hvorfra der var minimal nedsivning til un-
derliggende grundvand. Dette kom til udtryk ved, at der var et meget begraenset fald i grund-
vandsspejlet fra vinter- til sommersaeson. Den hydrologiske barriere var afbrudt af afstramning
i tilfeeldige skrastillede sandlinser, som ved en af udgravningerne bevirkede mere end 8 m af-
saenkning af grundvandsspejlet i Igbet af sommersaesonen. Malingerne viser dermed, at den
vertikale afstramning gennem moraenen (og dermed sarbarheden) varierede betydeligt over
korte afstande pa det undersggte markareal, hvilket ogsa er pavist i tidligere undersggelser
bl.a. pa den naerliggende Marebaek lokalitet.

Mens rodkanalernes dybde i nogen grad fulgte grundvandsspejlet maximale dybde i moraenen
pa Sallgv lokaliteten, fortsatte de fossile rodkanaler fra Elletraeerne som abne makroporer un-
der grundvandspeijlet pa lavtliggende Bulbro, hvor der skete meget hurtig stremning direkte
ned i lokale sandlinser til 1-2 meter under grundvandsspejlet.

Vi fandt ingen tegn pa stremning i de dybere spogelsesspraekker, hvilket er i overensstem-
melse med tidligere tracerforsgg i Flakkebjerg (PESTPORE projektet) og Marebaek, hvor til-
svarende sp@gelsesspraekker ogsa blev identificeret uden tegn pa aktiv stramning.

Grundvandsséarbarhed over for pesticider

Vi evaluerede grundvandets sarbarhed overfor mobile pesticider, der ikke nedbrydes under
gverste meter i det geologiske profil, ved at modelsimulere pesticidfluxen gennem et vand-
maettet heterogent lerlag indeholdende spraekker med og uden indhold af rodkanaler. Model-
lerne blev sat op med de hydrauliske data for spraekker og lermatrix i denne og raekken af tidli-
gere undersggelser, hvor der foreligger samtidige malinger af pesticidtransport og direkte
streamningsbestemmelser i spraekker og bioporer. Herved blev modellerne kalibreret, sa de be-
regnede den konkret méalte sammenhaeng mellem stremning og pesticidtransport i disse un-
dersggelser og eksperimenter.

Modelsimuleringerne viste, at grundvandets sarbarhed over for pesticiderne (udtryk som ster-
relsen af pesticidmassen, der transporteres ned i grundvandet i yg/m?/ar) var markant sterst
under lerlag med fuld gennemtraengning af rodkanaler. Under rodkanalerne var grundvandsar-
barheden starst i lerlag med de hgjeste Ksat vaerdier (hydraulisk ledningsevne). | disse lerlag
var indflydelsen af pesticidtransporten i spreekkerne (spraekker uden indhold af rodkanaler)
uden betydning, hvis lerlagets Ksat vaerdi var over ca. 108 m/s, fordi pesticidbidraget fra
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spraekkerne blev overskygget af pesticidbidraget (ug/m?/ar) igennem de andre strgmningsveje,
dvs. i indlejrede sandlinser og texturel heterogen lermatrix. Tidligere forskning har vist, at pe-
sticidtransport i forstneevnte i nogle tilfaelde kan have lige sa stor effekt pa pesticidsarbarhe-
den som strgmning i store abne spraekker.

Endeligt betyder typisk hgjere jordfugtighed i sommersaesonen pa lavtliggende end hgijtlig-
gende terraen, at der pa farstnaevnte antageligt ofte er starre risiko for aktivering af makropore-
strgmning i topjord og umaettet zone og dermed pesticidudvaskning i forbindelse med kraftige
regnbyger og ekstremregn om sommeren.

Perspektiver

Undersggelsen understreger, at muligheden for pesticidtransport ned i grundvandet er yderst
heterogent og tilfaeldigt fordelt selv inden for den enkelte mark i landskabet, selvom moraenen
bestar af bundmoraene, der regnes for en af de mindst sedimentaert heterogene blandt de al-
mindelige danske moreenetyper. Dette betyder, at grundvandsressourcen under moraeneler
generelt ma betragtes som sarbar over for pesticidforurening i den forstand, at pesticider, der
udvaskes fra topjorden og ikke bindes eller nedbrydes i den underliggende moraene, med ti-
den vil transporteres med grundvandets strgmning til underliggende grundvandsmagasiner
(bortset fra i omrader med opadrettet grundvandstremning).

Undersggelsen peger pa, at der vil vaere seerlig stor sarbarhed (potentiale for saerlig stor mas-
seflux af pesticider til grundvandsmagasiner under lerlagene) i omrader med folgende egen-
skaber eller kombination af egenskaber i moraenerne under topjorden:

- Omrader med lertykkelser der er mindre end ca.10 m. Disse lag er tyndere end den forven-
tede maksimale dybde af bevarede rodkanaler fra forhistorisk skov. Den maksimale dybde af
de relikte rodkanaler og dennes fordeling i landskabet er ukendt, og det er uklart, under hvilke
forhold rodkanalerne er lukkede eller bevaret som abne dybe streamningsveje. Yderligere
forskning er ngdvendig for at kunne afklare dette.

- Lavtliggende omrader sezerligt neer stgrre kildepladser med intensiv grundvandindvinding. De
lavtliggende omrader har med overvejende sandsynlighed en udbredt forekomst af rodkanaler
fra bl.a. forhistoriske Elletraeer (Rgdel), der kan danne dybe abne rodkanaler med potentielt
hurtig streamning og pesticidtransport til under grundvandsspejlet. Desuden vil der antageligt
mange steder vaere en forgget pesticidudvaskningsrisko pa grund af makroporestremning i
umeettet zone i sommersaesonen, der i hgjere grad end i hgjtliggende terraen aktiveres af
regnbyger og ekstremregn. Det antages, at nedadrettet stramning, og dermed sarbarheden,
endvidere kan forsteerkes af intens vandindvinding af underliggende grundvand. Yderligere
forskning vil veere pakreevet for at undersege betydningen af disse sarbarhedsaspekter, og om
de er tilstraekkeligt repraesenteret i varslingen af pesticidudvaskning.

- Omrader med hgj vertikal hydraulisk ledningsevne og/eller stor grundvandsdannelse i lerlag
under maksimal historisk roddybde. Modelstudier baseret pa felt- og laboratorieforsgg har vist,
at grundvandssarbarheden (udtrykt som den vertikale pesticidflux til grundvandsmagasiner)
varierer flere stgrrelsesordener som funktion af grundvandsdannelsens starrelse og redoxfor-
hold ved stremning i forbundne sandlinser og/eller spraekker (Blessent et al., 2014; Cherry et
al., 2006; Jegrgensen et al., 2004c). Disse viser dermed, at forskelle i lerlagstykkelser og star-
relsen af grundvandsdannelse i kombination vil veere nyttige nagleparametre til udpegning af
kontrasterende grundvandssarbarhed. Dette approach er anvendt med lovende resultater i tid-
ligere undersggelser af grundvandssarbarhed under morseneler (Jgrgensen et al., 2003b; Mil-
jostyrelsen 2002, 2005) og understettes yderligere af dokumentationen i den naervaerende un-
dersggelse.
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Fordelingen af lerlagstykkelser og grundvandsdannelse i grundvandsmagasiner er kortlagt i
mange moraenelersomrader i den nationale grundvandskortlaegning ved hjeelp af geolo-
gisk/geofysisk kortlaegning og vandbalancemodellering (Miljgstyrelsen, 2020). Disse data vil
formentlig kunne udnyttes eller udbygges yderligere til en overordnet udpegning af moreene-
lersomrader med seerligt sarbart grundvand over for pesticidforurening. En sadan tilgang vil
veere begraenset af manglende data om sarbarhedens variation inden for markskala, der er
vist at veere betydelig i den aktuelle undersggelse. Mere forskning og udvikling er pakraevet for
at kunne opskalere kortleegningen af denne lokal sarbarhed til oplandsskala.
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1. Introduction

Groundwater in Denmark has become widely polluted with residues of pesticides and biocides,
which deteriorates drinking water resources. This is a general problem across Denmark, how-
ever, is particularly widespread in aquifers underneath geological layers of glacial clayey till
(so-called aquitards) in which approximately 30% of water abstraction wells are polluted
(GEUS, 2019). Some of the pesticides and biocides are leached from farmland, others origi-
nate from urban and industrial areas.

It is well documented that pesticide leaching from farmland can occur rapidly along large bio-
genic macropores, such as worm burrows and root channels in the clayey soils (e.g., Jensen
et al., 1999; Hansen et al., 2012a,b; Petersen et al., 2013; Jargensen et al., 2017). Rosenbom
(2005) and Jargensen et al. (2017) showed that surficial worm burrows and root channels may
connect with underlying fractures, which are widely recognized as major preferential flow paths
in clayey till subsoils. The fractures occur abundantly as surficial bleached (grey) and deeper
Fe/Mn-oxide stained (red) structures to about 10 m depth and occasionally more in the tills.
Jorgensen and Fredericia (1992), and Jgrgensen et al. (2004a,b, 2017) showed that the
bleaching of the grey surficial fractures was determined by degradation of root residuals and
associated with root channels inside the fractures. Moreover, non-visible fractures (so-called
ghost fractures) were suggested to provide widely spaced active preferential flow paths, which
may control groundwater vulnerability to even greater depth (Cherry, 1989; Harrison et al.,
1992; Cherry et al. 2006).

The recognition of fractures as major flow paths in the glacial tills was established 3-4 decades
ago from field studies using indirect hydrogeological observations such as hydraulic head re-
sponses to pumping and deep migration of bomb tritium in aquitards. Those were supported
by observations of widespread prominent fractures and water dripping from fractures in exca-
vations (e.g., Cherry, 1989; Fredericia, 1990; Jergensen, 1990; Ruland et al., 1991; Jgrgen-
sen and Fredericia, 1992; Cherry et al., 2006). Based on those observations it was concluded
that fractures were the most likely explanation to common occurrences of several orders of
magnitude higher hydraulic conductivities of the till aquitards than of the unfractured diamicton
clay material of the aquitards (e.g., Cherry et al., 2006). Beside the fractures, subsoil relic root
channels together with sand layers, sand lenses, micro sand layers, and sand pockets (here-
after collectively termed sand lenses) were also observed in the tills in many of the original
studies (e.g., Cherry et al., 1989; Ruland et al., 1991), however, those were not considered to
be of significant importance as flow paths below the upper few meters of the aquitards (e.g.,
Cherry et al., 1989; McKay and Fredericia, 1995).

Following those studies, McKay et al. (1993a,b, 1999); Sidle et al. (1998); and Harrar et al.
(2007) carried out various field hydraulic and tracer infiltration experiments. In all of those ex-
periments they observed rapid preferential transport of the tracers in the subsoil, which was
attributed to flow in fractures. However, the flow paths in the tills were not investigated with
dye tracers, and consequently, the actual type of preferential flow paths, including possible
flow in root channels along fractures, were not documented. Additional field experiments by
Rosenbom et al. (2008) used infiltration of dye tracers to documented rapid preferential flow
along deep fractures, however, the possible influence of root channels as flow paths inside the
fractures below soil depths, was not investigated.

In order to quantify and study the flow processes in the tills in greater detail, Jergensen et al.
(1993, 1998, 2019) developed the LUC method (large undisturbed column method). By this
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method flow and transport of contaminants in fractures and macropores can be investigated
directly under well-defined experimental conditions that includes effective soil stress.

The LUC studies questioned fractures being the major flow paths in the tills as they are sup-
posed to be, based on the early field studies. Instead, the LUC studies revealed that excessive
flow in the fractures was controlled by root channels located inside the fractures, while the
fractures themselves were nearly or entirely closed from shallow depth in the investigated tills
that included 10 sites across Denmark (e.g., Jargensen et al., 2002a, 2004a,b; Butzbach,
2007: Jgrgensen et al., 2016a; Aamand et in prep., 2020.; Jgrgensen et al. in prep., 2020).

The LUC results were supported by field studies in which subsoil flow paths including root
channels inside fractures were investigated by infiltration of dye tracers followed by excavation
of the experimental fields and the inside of the fractures (e.g., Jergensen et al., 2002a, and the
previous PESTPORE study by Jgrgensen et al., 2017). By combining LUC with dye tracer
techniques in the field experiments by Jgrgensen et al. (2002a), it was estimated that 91% of
total vertical groundwater flow through the clayey till aquitard into a local aquifer in 5-6 m
depth was controlled by relic root channels (presumable from trees) localized inside fractures
that connected with the aquifer (Figure 1). Flow and pesticide transport in the abundant promi-
nent fractures without root channel inside, however, were nearly closed, had no connected ap-
erture channels, and played a very minor role to the observed bulk flow and pesticide transport
in the experiment.

FIGURE 1. Groundwater flow and recharge through glacial till into a local sand aquifer in
Marebaek near the current study sites (Figure 2). The diagram to the right shows the distribu-
tion of total vertical flow (ground water recharge) into the aquifer as percentages between frac-
tures, fossil root channels along fractures and clay matrix in the glacial till (from Jargensen et
al., 1998a, 2002a).

Consistent results with those experiments were obtained in the PESTPORE study by Jargen-
sen et al. (2017) in which an experimental arable field was sprayed with various pesticides and
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infiltration was monitored over 18 months before a dye tracer was infiltrated, and the experi-
mental field was excavated. In this study, rapid preferential flow and migration of mobile pesti-
cides in the clayey till occurred within few hours to few days along relic root channels extend-
ing to 4-6 m depth, when the experimental field was exposed to heavy rain in autumn after
spraying. Also, in this study, groundwater flow, dye tracer, and pesticide transport were absent
in the deep fractures without distinct root channels inside.

As mentioned, the occurrence of relic root channels, presumably from trees, in subsoil glacial
tills is well known (e.g., Cherry, 1989; Ruland et al., 1991; Jgrgensen and Fredericia, 1992;
McKay and Fredericia, 1995; Klint and Gravesen, 1999; Cherry et al., 2006). Specific
knowledge about deep rooting of trees is, however, sparse and uncertain due to small atten-
tion having been paid to the deep portion of tree root systems in past research (Canadell et
al., 1996). Rooting is, however, known to be highly variable for different tree species, some of
which have great ability to adapt to local environment and hydrological conditions, which fur-
ther complicates collecting representative data (e.g., Fan et al., 2017; Xi et al., 2018). Jackson
et al. (1999) recorded ecosystem rooting to greater depth than 5 m for at least six tree species,
and to 22 m for Texas live Oak (Q. fusiformis) in limestones caves in Texas, US. Among the
few random observations of deep roots in glacial tills, Ruland et al. (1991) reported live roots in
9 m depth in a Canadian till. Similar rooting depths may be expected possibly also in Danish
glacial tills based on the previous finding of residual root channels to more than 5-6 m depth in
the studies of e.g., Jargensen et al. (2002a,b, 2017).

The Danish Environmental Protection Agency / PESTPORE2 21



Objectives and hypothesis

In this study we explore the new findings by taking a multidisciplinary approach to natural
groundwater vulnerability in the till landscape, which include geological and hydrogeological
mapping, flow and dye-tracer field experiments, geochemical and mineralogical analyzes, X-
ray tomography, radiocarbon dating and stable isotopes, eDNA and aDNA sequencing and
groundwater modeling.

The overall objective of the study is to improve documentation of subsoil root channels and
their role as ground water flow paths relative to other flow paths in high and low-ground agri-
cultural landscapes. Specific objectives are to:

1.

Investigate the occurrence and characterize worm burrows, root channels and frac-
tures by field and laboratory methods (field mapping, X-ray tomography (XRT) and
geochemical/mineralogical analyses).

Investigate water flow in various subsoil root channels and fracture types using dye
tracer infiltration experiments. Special attention is given to the possibility of water flow
in non-visible vertical extensions of chemically stained fractures (ghost fractures).
Determine the age and origin of worm burrows and deep root channels using C,
8'3C, eDNA and aDNA methods.

Investigate the influence of weathering/chemical diagenetic processes on flow capac-
ity in deep root channels and fractures.

Evaluate flow and pesticide transport by using numerical modeling based on the pro-
ject data and data from LUC experiments.

Hypotheses of the study are:

1.

Subsoil root channels in the glacial tills originate mainly from pre-historic forest and
may therefore be expected to occur widely in moraine landscapes.

Root channels dominate deep (> 3-6 m) preferential flow in naturally well drained ar-
eas (high-ground), while they are absent or very shallow features in originally moist
areas (low-ground) that are now well drained arable land.

Ground water is more vulnerable in high-ground terrains than in low-ground due to
the deeper relic root channels from prehistoric forest.

Fractures without root channels inside are, in general, minor contributors to ground-
water flow in the subsoil of the glacial tills below the upper 1-2 m in the landscape.
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Study area

Figure 2a shows the study sites and study area which is dominated by low-ground moraine
plain to the south (near to the town of Havdrup), and high-ground moraine hills to the north.
The study sites of the investigation are the Sallgv and Bulbro sites, while the Marebeek site
has previously been investigated by Jargensen (1990); Jergensen and Fredericia (1992);
Jorgensen and Spliid (1998a,c); Hildebrandt (2000); Rivad et al. (2001); Jergensen et al,
(2002a,b, 2003a, 2004c); Stenemo et al. 2005; Regionernes Videnscenter (2008). The Sallav
and Bulbro sites have not previously been investigated.

The surface geology and landscape in the area are dominated by basal moraines (mainly
lodgement till). Figure 2b shows a geological cross-section of the main aquifer of Paleocene
and Danien limestones, which are overlain by Quaternary glacial deposits of clayey till and lo-
cal sand layers. In wells near the current Sallgv and Bulbro study sites, the thickness of the
glacial layers above the main aquifer is 14-18 m and locally less. The origin of the lower clayey
till units in the profile is uncertain and may be from pre-Weichsel glaciations, while the till unit
(TC) directly underneath the SC sand layer is from the late Weichsel main ice advance (23-20
kyr BP). Above the SC sand, the tills are from the young Baltic ice advances (17-19 kyr BP),
(Jorgensen and Fredericia, 1992; Hildebrandt, 2000; GEUS, 2005). Between deposition of the
TC and TD ice advances, the land surface was exposed in a subaerial period with tundra,
which caused local weathering and oxidation of the top in the TC unit. The deposition of the
SC sand occurred in front of the advancing TD Baltic glacier at the end of this period (Hilde-
brandt 2000), which also created the glacial pavement with rocks and boulders in the transi-
tion. The SC sand layer is found locally in most of the Havdrup area and have been used to-
gether with the glacial pavement to make the correlations shown in the cross section. Lenses
and layers of sand and gravel are abundant embedded features with variable extension and
orientations in and across the till units.

Since early the 1950s, the hydrogeology, water tables and vertical hydraulic gradients in the
study area has been significantly influenced by water abstraction from the nearby well-field of
Thorsbro waterworks (Figure 2). Groundwater abstraction in the early years from 1951 was 3
million m3/year until 1972 and thereafter decreased to approximately half of the original
amount. The current permission is 2.5 million m3/year (Solrad kommune, 2016). The abstrac-
tion has lowered the pressure head in the main aquifer with up to 7 m in the study area
(Krger A/S, 1989). Thereby, the water tables and pressure heads in the glacial layers above
the main aquifer have been influenced, however to the authors best knowledge, there is no
historical record available to quantify this. Significant influence, however, is suggested by re-
ported drying out of steams and local farmers shallow wells, the latter in which the water dis-
appeared within few weeks after the water abstraction was initiated in 1951 (personal commu-
nication in 1987 by farmer Henry Jessen, Marebzaek site).
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FIGURE 2. Location of the study sites Sallgv and Bulbro and the previous Marebeek site in the
Havdrup area. (A) The blue line shows the groundwater catchment of the Havdrup water ab-
straction well field (2.5 mill. m3/yr in 2002) (belonging to Thorsbro water work) (Solrad kom-
mune, 2016). The surface geology and landscape are dominated by basal moraines (lodge-
ment till). The landscape consists of hills (45-50 m above sea level) in the high-ground and
plains (20-27 m above sea level) in the low-ground. (B) Geological cross section from the
Marebaek site to the Sallgv site showing till units representing different ice advances during ice
ages; TA and TB: are possibly from older ice ages, TC: Late Weichsel main advance (23-20
kyr BP), TD: Young Baltic advance (19 kyr BP), Young Baltic re-advance (18-17 kyr BP).
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2. Materials and Methods

2.1 Study sites, excavations and monitoring wells

Figure 3 shows the EM38 survey at the Sallgv and Bulbro sites used for guiding where to the
place the excavations of the study. Before final excavation, hand-auguring was carried out to
ensured that representative clayey till profiles would be presented. Three excavations (E1-3)
were established in the Sallgv high-ground site, and three were established (E4-6) in the low-
ground Bulbro site. Nests of monitoring wells were established 10-15 m from each excavation,
with screens in 1-3 m depth and in 6-8 m depth. The monitoring wells were carried out by 6”
dry auguring, except for the shallow wells by E1 and E3, which were established by 3” hand-
auguring. Soil samples were collected every 0.5 m and from layers in between during augur-
ing. The screens were packed with sand and sealed with bentonite to 1 m depth below the soil
surface. Description of bore profiles, well screens and soil mechanical properties obtained
from the wells are shown in Appendix 1.

FIGURE 3. E38 map with location of excavations (E1-E6) and monitoring wells. The EM38
map shows the electric conductivity and, hence, clay content in the upper approximately 1 m
of the soil. Conductivity = 19-22 mS/m equals ca. 12% clay.
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@@ 0.2 x0.5m columns for XRT
O 0.5 x 0.5 m columns (LUC)

- Dye tracer experiment (0.8 x 1.2 m)
- Dye tracer experiment (1.1 x 6 m)

FIGURE 4. Plan view of excavations and dye tracer infiltration experiments. The dye tracer ex-
periments used Brilliant Blue dye tracer (BB). Non-invasive macropore studies were carried
out with CT-scanning of intact samples (XRT). Hydraulic and pesticide transport experiments
were carried out with Large Undisturbed Columns (LUC) in the “Clayfrac” project by Aamand
et al. in prep. (2020).

Figure 4 shows a plan view of the excavations (E in the following) with indicated locations of
Brilliant Blue (BB) dye tracer experiments, sampling of intact cores for X-ray tomography
(XRT) and large undisturbed columns for LUC experiments (large undisturbed columns), the
latter being used for hydraulic and pesticide transport experiments in the “Clayfrac” project
(Aamand et al. in prep., 2020).
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Figure 5 shows the excavation of E2 with preparation for Brilliant Blue (BB) dye tracer experi-
ments in the bottom. As mentioned, this excavation was shared with the “Clayfrac” project, in
which soil samples for pesticide determinations and large undisturbed columns (LUC in Figure
5) for hydraulic and pesticide transport experiments were collected (Aamand et al. in prep.,
2020).

FIGURE 5. High-ground excavation E2 in Sallgv. Ongoing preparation of the dye infiltration
experimental fields BB5 and BB6 in the bottom of the excavation (5.2 m depth).

2.2 Geological description and mapping of biopores and
fractures
Geological layers and boundaries in the excavations were recorded and described in horizon-
tal and vertical profiles. Frequencies and diameters of biopores together with live roots con-
tained in the biopores were counted manually in 1-2 m? horizontal fields in 0.1, 0.5 and 1 m
depth and in the surfaces of the dye tracer experiments. Furthermore, fracture frequencies and
biopore patterns were inspected and mapped on 2-70 m? horizontal surfaces in the grey and
red fracture vertical zones of the excavations in order to establish representative dye tracer ex-
periments and provide fracture frequencies for Fe/Mn-oxide mass balance calculations (sec-
tion 2.3) and hydraulic calculations (section 3.5.3). Dip and strike of fractures were measured
with compass and GEOid iPhone app or manually with a geologist compass. The fracture
measurements were plotted in stereographic projections. Further details about applied meth-
ods for the mapping of the fractures and biopores are described by Jargensen et al. (2017).
Texture, porosity and hydraulic conductivity of the clayey till matrix were determined with 70
mm intact cores. Those were collected as sub-samples from the large intact columns (LUC) in
E2 and shared with the “Clayfrac” project, Aamand et al. in prep. (2020), Table 1. The intact
core hydraulic measurements were carried out by an external laboratory (consulting company
GEO) in triaxial permeameter cells.
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TABLE 1. Saturated hydraulic conductivity (Ksat), porosity and texture of unfractured 70 mm
intact clayey till cores collected from excavation E2.

Excavation Depth, m Hydraulic con- | Porosity Texture %

(Till unit and ductivity, Clay Silt Sand Gravel
matrix weath- Ksat, m/s 0.001- >0.002-0.06 >0.06-2 | >2mm
ering) 0.002 mm mm mm

E2 (Till-TD 2.8-2.9 3.2E-9 0,30 15 35 46 4
oxidized)

E2 (Till-TD 3.4-3.9 2.5E-9 0,30 17 31 42 10
oxidized)

E2 (Til TD 4.4-49 2.8E-9 0,27 17 32 49 2
oxidized)

E2 (Till TD 5.45-5.5 1.7E-9 0,23 19 33 46 2
reduced)

E2 (Tl TC 5.8-5.9 4.9E-9 0,21 16 29 52 3
oxidized)

E2 (Tl TC 5.8-5.9 2.3E-8 0,31 13 32 43 12
oxidized)

2.3 Geochemistry

Fe-oxide in soil and water samples by CBD method

Samples for chemical analysis across fractures were collected from the Sallgv E2 excavation
as blocks of approx. 15x15 cm and brought to the lab wrapped in foil to avoid disrupton of the
structure during transport. In the lab, fractures were located precisely and dimensions of the
grey fracture and the red Fe-oxide rim were measured. The blocks were carefully opened in
the fracture, leaving two halves with a grey fracture face (Westergaard and Hansen, 1997).
The grey material was carefully scratched from the fracture face with a sharp scalpel, and ma-
terial from both halves was combined. After all grey material was sampled, the red Fe-oxide
rim material was collected in the same way and combined from both sides of the fracture.
From the fractures with red infilling, the infilling was scarped out. Finally, material was sampled
from the matrix in the center between fractures. Fractures were sampled from soil depth 1.5 m,
3.0 m and 3.7 m, and several blocks and fractures was combined for each depth. Samples
were carefully ground in an agate mortar with a pestle of polyoxymethylene and ready for ex-
traction for chemical analysis.

For extraction, 0.10 g ground soil sample was weighed into a 15 ml vial and mixed with 4.0 mL
of 0.3 M Na-citrate and 0.5 mL 1 M NaHCOs3 at pH 8. The vial was placed in a waterbath at 70
°C and after addition of 0.1 g Na-dithionite extracted for 10 minutes. The citrate-bicarbonate
extraction was repeated twice and all three fractions combined (Mehra and Jackson, 1960).
The extracts were diluted 10 x with 3.5% HNOs3 to avoid complexation and stored cold until de-
termination by ICP-OES. The stock solution CPI international (P/N 4400-132565) is a mixture
of elements in concentration ratios relevant for soil, and water analysis was used for external
calibration curve for the following elements: Al, B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Ni,
P, Pb, V, Zn. The results are shown in Appendix 2, Table A2.1.

Total Fe in pore water

Water samples were collected every week from the E2 wells in the period 20. October 2017 to
24. April 2018 for analyses of total Fe. Before sampling, the wells were pumped dry. Water
samples were hereafter collected from ground water that recharged into the wells. Content of
Fe in the water samples was determined by Atomic Absorption Spectrometry (AAS). The re-
sults are shown in Appendix 2, Table A2.2).
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Dissolution of Fe-oxides before eDNA extraction

The efficiency of DTT (Dithiothreitol) (Cleland’s reagent) to dissolve Fe-oxides in the Fe-oxide
rim during the eDNA extraction was tested for 0.03 g (amount in the standard method for
eDNA extraction in section 2.7) and 0.1 g DTT addition instead of dithionate in the CBD
method. The results were compared with Fe extracted by the CBD method to test the effi-
ciency of opening the Fe-oxide structure that might protect captured eDNA and aDNA inside
Fe-oxides from being extracted.

2.4 Dye tracer experiments and hydraulic measurements
Preparation and Installations

A total of 12 Brilliant Blue FCF (E-133; Cl 42090, Flury and Flihler (1995)) dye tracer infiltra-
tion experiments (BB experiments) were carried out between 1-6 m depth in the till profiles.
Applied concentration, amount and time length of BB infiltration together with overall experi-
mental conditions are shown in Table 2. Locations of the experiments in excavations E1-E5
are shown in Figure 4. Figure 5 and Figure 6 show the preparation of the of the 6x1 m dye
tracer experimental fields. These were excavated and leveled by using a fabricated steel
frame on which the excavator could move back and forth and excavate a 20 cm deep trench
within the frame without disturbing the surface of the experimental fields (Figure 6A and B).
The final levelling of the bottom in the trench was carried out by using a sharpened excavator
shovel to removed smearing and closing of fractures and macropores (Figure 6B). To remove
any smearing left by the excavator shovel, the clay was thereafter chipped of with knifes along
the fractures (Figure 6C) and vacuumed. Hereby groves along the fractures were created,
which were filled with coarse filter sand (Figure 6D). Following this, the surface was covered
with stainless steel mesh (1 mm mesh size), which was covered with a 2-4 cm layer of gravel
(Figure 6E). In order to obtain free downward drainage of the infiltrated dye tracer solution, a
drain tube with a diameter of 160 mmm was established 1-2 m underneath the experimental
surfaces (Figure 6F). The technique used for establishing the drain was utilizing a specialized
cutting reamer developed in the predecessor PESTPORE study (Jgrgensen et al., 2017) to re-
moved smearing from the borehole wall, which has been shown to prevent outflow from
macropores into borings and drain tubes (D Astrous et al., 1989). The method and devices are
described in detail by Jgrgensen et al. (2017). The 1 m? dye tracer experiments shown in Fig-
ure 4 were prepared with the same procedures and installations as in the large experiments,
however, by using hand tools.
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TABLE 2. Specifications of Brilliant Blue (BB) infiltration experiments.

ment, days

Excavation 1 2 2 2 2 2 2 3 3 4 5 5

. BB BB |BB |BB (BB |BB |BB |BB |BB |BB |BB |[BB
Experiment

0 1 2 3 4 5 6 7 8 9 10 |11

Are?Of'zB"nf"trat'on 1 los [1 |1 |1 |66 |66 |66 |66 |1 |1 |1
basin, m
Depth of BB-infiltration
basin (bottom) below 50 (11 (11 |24 |24 |52 |52 |205(31 |1 06 [0.6
soil surface, m
BB ponding ininfiltra- | o 15 1o 15 (2 |10 |10 [10 |10 |4 |8 |8
tion basins, cm
Depth of drain tube be-
epinorarainibebe-| 1,4 |18 |40 (40 |- |- |38 [38 [3 |3 |3
low soil surface, m
Depth of GW table be-
low bottom of BB-ba- 30 (69 |69 |56 |56 |3 3 2 1 0.7 |1 1
sin, m
BB dye concentration, 5 5 5 5 9 5 5 5 5 5 5 5
mg/L
Length of BB-experi- g0 |45 |10 |10 |50 |15 [15 |12 |10 |004|10 |10
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FIGURE 6. Preparation of BB5 and BB6 dye tracer experimental fields in excavation E2, which
was shared between PESTPORE2 and the “Clayfrac” project. (A) Installation of steel frame
from which the excavator could excavate the experimental field without disturbing the surface
(see figure 5). (B) Final levelling of the experimental surface using a sharpened shovel to mini-
mize smearing and thereby avoid closing of fractures and macropores. (6C) “Chipping” of clay
along fractures with knives to remove any remaining smearing. (D9) Covering the experi-
mental surfaces with stainless steel mesh and 2-4 cm gravel. (E) Cover of experimental field
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about to be established over BB6 experimental field with Brilliant Blue dye tracer. (F) Drain
tube installed 1-2 m below experimental fields.

Due to appearance of rock boulders in infiltration fields BBO, BB5 and BB6, the installation of
drain tubes had to be omitted in these experiments. In BB5S and BB6, the groundwater table
was more than 1 m below the infiltration surfaces. In order to avoid filling up dead-end
macropores with water that would potentially drain off very slowly and thereby prevent infiltra-
tion of the dye, the BB5 and BB6 fields were not water saturated before the dye infiltration and
infiltration measurements. Hence the macropores were unsaturated at the start of dye infiltra-
tion, which may have retarded the initial infiltration. The BB5 and BB6 infiltration experiments
were covered with plastic tarpaulins, and infiltration rates were determined from the daily drop
in water table in the infiltration trenches (Thalund-Hansen, 2018). Evaporation determined in
trays with water placed underneath basin covers was subtracted. The BB6 cover turned out
not to be water tight against heavy rain, which occurred during the period of measurement.
Consequently, infiltration was only estimated for the BB5 experiment. Due to possible effects
from the initially unsaturated condition of macropores, the measurements of infiltration rates
obtained from the first 2 days were omitted from flow rate calculations. When the BB5 and BB6
experiments were excavated after the dye infiltration, it was revealed that the BB5 and BB6
experimental fields were naturally drained by inclining sand layers occurring 0.3-1 m below the
infiltration fields (Figure 19). In the BBO experiment, the till was naturally water saturated in the
top (till TD) by perched water table and shifted to unsaturated condition in the underlying till
TC (see section 3.1).

In the remaining dye tracer infiltration experiments (BB1, BB2, BB3, BB4, BB7, BBS, BB9,
BB10, BB11), drain tubes were installed 1-2 m below the infiltration fields, and they were water
saturated for 1-3 days before application of the dye tracer solution. After BB had been infil-
trated, the infiltration experiments were excavated, and dyed flow paths were mapped on
transparent plastic sheets and photo documented. Samples were collected from the dyed and
non-dyed flow paths and macropores for radiocarbon dating, C-isotopes and aDNA analyses.
XRT and LUC columns were collected from the BB experiential fields or immediately adjacent
to them (Figure 4).

Fracture aperture estimation

The aperture of fractures in the dye tracer experiments were estimated by numerical modeling
of the observed maximum depths of BB infiltration in fractures by Thalund-Hansen (2018).
This novel approach utilized that the applied BB concentrations in the experiments were 2g/L
(Table 2), while the lowest visible BB concentrations in fractures were 20 mg/L. The fracture
apertures were then determined as the simulated aperture value for which the simulated depth
of the BB concentration = 20 mg/L was equal to the visually observed maximum depth of BB in
the fracture. Retardation of the BB by adsorption (R=3) was determined from combined bro-
mide and BB transport data obtained from LUC experiments with similar clayey till to the till in
the current study site (Urup, 2001). Figure 7 shows the simulated BB infiltration depths in frac-
tures as a function of the hydraulic gradient, time length of infiltration and fracture aperture.
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Simulated infiltration depth

Simulated infiltration denth

FIGURE 7. Model simulations of Brilliant blue infiltration depths as a function of the fracture
aperture (Ap) for water saturated fractures with free drainage of flow into drains or natural
sand layers underneath the infiltration fields. Infiltration depths are shown as a function of (A)
fracture aperture, different hydraulic gradients (dH/dx) and length of infiltration time. (B) Con-
tinuous, discontinuous and unconnected fractures for three fracture apertures in 15 days and
dH/dx =1 (from Thalund-Hansen, 2018).

Figure 7 shows that the simulated BB infiltration depth varied most strongly as a function of the
fracture aperture, while the hydraulic gradient had a smaller impact on infiltration depth (and,

hence calculated apertures). The difference is due to the fact that the hydraulic gradient is first
order variable of flow, while the flow scales with the aperture cubed (Snow, 1968; Witherspoon
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et al., 1980), which means that the aperture has strong impact on visible BB infiltration depth.

This makes the approach highly sensitive to the aperture and consequently provides reasona-
ble accurate estimates of aperture values when based om direct observation of the BB tracer.
Further details of the modeling are given by Thalund-Hansen (2018).

2.5 X-ray tomography (XRT)
Two types of intact soil samples were collected for XRT soil columns and soils blocks (Table
3). The soil samples were transported from Denmark to France (INRAE, Orléans) by a car with
air suspension to assure minimum disturbance and then kept in a cold chamber (4°C) to pre-

serve them from degradation.

Image acquisition by X-ray computed tomography

X-ray imaging was performed at the CIRE platform by INRA in France (INRAE Val de Loire,
Nouzilly, UMR PRC). We used a medical X-ray tomograph (Siemens Somatom Definition AS)
operating at an energy level of 200 kV and a current of 140 mA. The advantage of such a
scanner is that large samples can be imaged, and image acquisition is fast (less than one mi-
nute). The resolution of the obtain image depends on the diameter of the sample (Table 3).
Images are delivered in 16-bits, but converted to 8-bits for analyse.

TABLE 3. List of samples and corresponding images acquired by CT-SCAN

Sample description

Excavation and
Brilliant Blue infil-
tration (BB)

Image acquisition

Image resolution (mm)

Column 1 (1.10-1.60 m). Yel- | E2, high-ground, Whole column x=y=0.430
lowish brown oxidized till BB1 z=0.1
with grey fractures.
Column 2 (2.40-2.90 m) Yel- | E2, high-ground, Whole column x=y=0.430
lowish brown oxidized till BB3 z=0.1
with red fractures
Block 1 (3.00-3.50 m). Yel- E2, high-ground, Whole block x=y=0.977
lowish brown oxidized till BB6 z=041
with red fractures Square zoom 1 x=y=0.451
z=0.2
Square zoom 2 x=y =0.146
z=0.6
Block 2 (4.00-4.50 m). Yel- E2, high-ground, Whole block x=y=0.977
lowish brown oxidized till BB6 z=0.1
with red fractures Square zoom 1 x=y =0.367
z=0.6
Square zoom 2 x=y =0.146
z=0.6
Column 3 (2.30—2.80 m). E3, high-ground, Whole column x=y =0.369
Yellowish brown oxidized till BB7 z=0.6
with grey fractures
2 square zooms x=y=0.176
z=0.6
Column 4 (1.80 — 2.30 m). E5, low-ground, Whole column x=y =0.369
Grey reduced till without visi- | BB10 z=0.1
ble fractures
Square zoom x=y=0.176
z=0.1
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Image analysis for columns

Preprocessing Image segmentation Structure analysis
Original . o o :
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: . . - Pores
Region of interest Postprocessing description
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(optional)
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FIGURE 8. Workflow diagram for columns’ image processing (adapted from Schluter et al.,
2014).

Images acquired from the column soil samples were analysed following the workflow of Figure

8:

Preprocessing: preparation of the image for analysis.

e “Hard” filter: in this project, the images were delivered by the CIRE platform after applying an
iterative reconstruction algorithm released by Siemens and named SAFIRE (Sinogram Af-
firmed Iterative Reconstruction)(Ghetti et al., 2013). Two different filters were applied sepa-
rately, a soft filter (131s) and a hard filter (I70h), with noise reduction as the main purpose.
Only the images that experienced the hard filter were used for further analysis.

o Region of interest selection (ROI): this step allows removing all the elements of the image

we do not want to include in the analysis (PVC cylinder, extremities of the soil samples dis-

turbed during sampling). This step was achieved using the ImageJ free software (Schneider

et al., 2012; Rueden et al., 2017).

Isotropic voxels: the images delivered by the CIRE platform do not have isotropic voxels, i.e.

voxels have different resolution in the x, y and z directions. However, some of the algorithms

used for image analysis required images with isotropic voxels. A transformation was then
applied to rescale the images along the z-axis so the voxels’ depth was the same as the
voxels’ width. This step was achieved using ImagedJ (Make Isotropic plugin, https://im-
agej.nih.gov/ij/plugins/make-isotropic/index.html).

Image segmentation: conversion of the grey image to a binary image that allows making the
distinction between two phases, i.e. the soil matrix and the pore network. Images were seg-
mented using the Indicator Kriging method, based on auto threshold determination by the
Schliiter-Weller-Vogel method (Oh & Lindquist, 1999; Schluter et al., 2010; Houston et al.,
2013). Indicator Kriging is part of locally adaptive segmentation methods, which account for
some kind of neighbourhood statistic for class assignment in order to smooth object bounda-
ries, avoid noise objects or compensate for local intensity changes. Indicator Kriging was suc-
cessfully applied to porous media images in previous studies.

Postprocessing: due to sampling and/or transportation, some soil samples show artefacts
that did not reflect the real soil structure. For example, one soil column showed fractures that
were clearly related to sampling. These artefacts were removed from the segmented image to
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avoid biased analysis of the soil structure, e.g., porosity overestimation. This step was
achieved using ImageJ.

Structure analysis: different quantitative descriptors of soil structure were calculated.

o Porosity estimation. This step was achieved using ImageJ.

o Minkowski functionnals that provide information on the size of pores and aggregates, the
pore surface area and the pore topology having the potential to be linked to physical proper-
ties. Indicators are calculated: porosity, surface density, mean curvature and Euler number.
In particular, the Euler number informs about the connectivity of the pore space (a negative
Euler number indicates a connected pore network). It can be calculated by taking into ac-
count only the voxels connected by the faces (Euler6) or the voxels connected by the faces
and by the corners (Euler26). Surface density and mean curvature give an idea of the com-
plexity of the pore network. This step was achieved using the Quantim toolbox (Vogel, 2008;
https://www.ufz.de/index.php?en=39198).

o Cluster labelling, allowing the identification and the description of each pore seen as an in-
dependent group of connected voxels. This step was achieved using the BonedJ plugin
(Doube et al., 2010; http://bonej.org/) through ImageJ.

e Pore network analyse. Percolation of the pore network, connectivity of the to the top part of
the soil sample and critical pore diameter was analysed using SoilJ (Koestel, 2018;
https://github.com/johnkoestel/soilj) run under Fiji (Schindelin et al., 2012).

¢ Pore network tortuosity was estimated using the Tortuosity plug-in (Roque & Costa, 2020).

e For each sample, some individual pores were extracted to allow a more precise description.
Pore length and diameter were achieved using ImageJ in combination with Smartroot (Lobet
et al., 2011; https://smartroot.github.io/) run under Fiji.

Image analysis for the blocks

Preprocessing Image segmentation Structure analysis
Original : : .
Toom — ot Wt fher | o M| |- oty
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_ ; l - Cluster labelling
Region of interest Thresholds - Pores
(ROI) selection Determination description

(Schliter et al.
2014)

1
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HEE -
.

Isotropic voxels

o segmentation
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[
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[

FIGURE 9. Workflow diagram for blocks’ image processing (adapted from Schluter et al.,
2014).

Images acquired from the block soil samples presented less porosity. They were then ana-
lysed following another workflow (Figure 9):
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-Preprocessing: preparation of the image for analysis.

o “Hard” filter: in this project, the images were delivered by the CIRE platform after applying an
iterative reconstruction algorithm released by Siemens and named SAFIRE (Sinogram Af-
firmed Iterative Reconstruction)(Ghetti et al., 2013). Two different filters were applied sepa-
rately, a soft filter (131s) and a hard filter (I70h), with noise reduction as main purpose. Only
the images that experienced the hard filter were used for further analysis.

* Region of interest selection (ROI): this step allows removing all the elements of the image
we do not want to include in the analysis (PVC cylinder, extremities of the soil samples dis-
turbed during sampling...). This step was achieved using the ImageJ free software (Schnei-
der et al., 2012; Rueden et al., 2017).

o Isotropic voxels: the images delivered by the CIRE platform do not have isotropic voxels, i.e.

voxels have different resolution in the x, y and z directions. However, some of the algorithms

used for image analysis required images with isotropic voxels. A transformation was then
applied to rescale the images along the z-axis so the voxels’ depth is the same as the
voxels’ width. This step was achieved using ImageJ (Make Isotropic plugin, https://im-
agej.nih.gov/ij/plugins/make-isotropic/index.html).

Denoising: a non-local means filter (NL) was applied. It is a linear filter, i.e. the grey value at

the current location is the average of grey values at other locations. According to Schulter et

al. (2014), this filter sufficiently denoises along edges while smoothing across the edges is
inhibited. As a consequence, an additional treatment of rugged surfaces after edge en-
hancement is not necessary. This step was achieved using the Non Local Means Denoise
tool with Fiji (https://imagej.net/Non_Local_Means_Denoise).

Edge enhancement: this step is important if image edges do not show a crisp intensity step,

but rather a gradual intensity change spanning several voxels. A standard method to

sharpen the image, i.e. to enhance the intensity gradient locally, is unsharp masking. Un-
sharp masking will also enhance noise, so the image should be denoised first. This step was
achieved using Fiji.

-Image segmentation:

¢ ROI dilation (method adapted from (Schiuter et al., 2014)): Some images exhibit unimodal
histograms due to very imbalanced class proportions, i.e., a very small volume fraction of a
certain phase and a very large volume fraction of the background. A balanced frequency
distribution can be obtained with a new, semiautomatic algorithm: (i) pick a threshold manu-
ally that detects the class with lowest volume fraction as the region of interest (ROI) and bi-
narize the image. (ii) Dilate the thus obtained mask. (iii) Multiply the original image with the
mask in order to compute the ROI histogram. (iv) If it is not yet clearly bimodal (multimodal),
return to step (ii). This step was achieved using Imaged. Three dilation loops were applied.

e Threshold determination: global thresholding was performed following Schluter et al. (2014).
In this approach, classes are assigned to voxels by histogram evaluation only. Five thresh-
old detection methods were used: Maximum Variance, Minimum Error, Maximum Entropy,
Fuzzy C-means and Shape. These methods allow multiphase segmentation. The obtained
thresholds from were outlier-corrected averaged to determine the final threshold used for im-
age segmentation.

-Structure analysis: different quantitative descriptors of soil structure were calculated.

¢ Porosity estimation. This step was achieved using ImageJ.

¢ Minkowski functionnals that provide information on the size of pores and aggregates, the
pore surface area and the pore topology having the potential to be linked to physical proper-
ties. In particular, the Euler number informs about the connectivity of the pore space. This
step was achieved using the Quantim toolbox (Vogel, 2008; https://www.ufz.de/in-
dex.php?en=39198).

¢ Cluster labelling, allowing the identification and the description of each pore seen as an in-
dependent group of connected voxels. This step was achieved using the BoneJ plugin
(Doube et al., 2010; http://bonej.org/) through Imaged.

¢ Pore network analysis. Percolation of the pore network, connectivity of the top part of the
soil sample and critical pore diameter was analysed using Soild (Koestel, 2018;
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https://github.com/johnkoestel/soilj) run under Fiji (Schindelin et al., 2012). Pore network tor-
tuosity was estimated using the Tortuosity plug-in (Roque & Costa, 2020).

o For each sample, some individual pores were extracted to allow a more precise description.
Pore length and diameter were achieved using ImagedJ in combination with Smartroot (Lobet
et al., 2011; https://smartroot.github.io/) run under Fiji. The diameters were in general esti-
mated as the diameter of the greatest sphere that fits within the structure. It is thus an ap-
proximation for the pores which are not cylindrical.

2.6 14C dating and C-isotopes

The 'C dating and C-isotope analysis were carried out in parallel samples with the aDNA
analysies (Appendix 3). From bulk samples of clayey till, the carbonate content was removed
using 1M HCI. Subsequently, humic acids were dissolved with 0.5M NaOH. This was repeated
until no colouring of the supernatant occurred, and the supernatant for each was collected.
From the supernatant, the humic acid (HA) fraction was precipitated using 1M HCI rinsed with
MilliQ water and freeze dried. The sediments, the humin fraction leftover from the HA extrac-
tion, was treated with 1M HCI, rinsed with MilliQ water and freeze dried. Plant macrofossil
samples (roots) were pre-treated with acid-base-acid to remove carbonate and humic acids,
rinsed with MilliQ water and freeze dried. All samples were then transferred to evacuated glass
vials containing CuO for combustion to COz2, which were subsequently reduced using Hz to
graphite. The graphite was then used for *C analysis at the 1MV Tandetron accelerator at the
Department of Physics, Aarhus University (Olsen et al., 2017).

14C analysis of Fe/Mn-oxide concretions and infillings from fractures by ramped pyroxidation
samples was determined by Ramped Pyroxidation at Queen’s University Belfast (QUB) in col-
laboration with Gerard Barrett and Evelyn Keaveney (Keaveney et al 2020). The samples
were placed in a pre-baked quartz tube and heated incrementally to 600 °C, at 3-4 °C per mi-
nute, in a furnace with a continuous flow of Ultra-high purity He (35 ml/minute). Pyroxidation
products flowed into a second furnace where they were oxidised by a continuous stream of Ul-
tra-high purity Oz (3 ml/minute hand a Cu/Ni/Pt wire catalyst. A Sable Systems CA-10 infra-
red CO2 detector was used to quantify the CO2 evolved during the Pyroxidation process.
Peaks of CO2 produced were identified by this detector and selected fractions of CO2 were cry-
ogenically collected for "#C analysis and transferred for graphitisation (Vogel et al., 1987) un-
der vacuum to a connected H2 graphite line.

All “C dates are reported as uncalibrated'C ages BP normalized to —25%. according to inter-
national convention using online "3C/'2C ratios (Stuiver and Polach, 1977), where BP is before
present and present is defined as 1950CE.

The '“C ages are calibrated to calendar years using the calibration curve IntCal13 (Reimer et
al., 2013) and are reported as calibrated ages calBP. The online calibration program OxCal is
used for calibrating the '“C ages into calendar years (Bronk Ramsey, 2009).

Due to small sample sizes, FTIR or IRMS analyses are only performed on selected samples.
Stable 5'3C isotopes were measured using a continuous-flow IsoPrime IRMS coupled to an
ElementarPyroCube elemental analyser at the Aarhus AMS Centre (AARAMS), Aarhus Uni-
versity, Denmark. An in-house standard Gel-A was used as primary standard, yielding +0.2%o
for carbon analysis. Further, secondary in-house and international standards were used to
check the normalization to the VPDB scale. FTIR spectra were obtained using an Agilent
Technologies Cary 630 ATR-FTIR instrument. Scans were performed in the range from 4000—
650 cm™" with a resolution of 2 cm™.

Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis is used to identify chemical properties and functional groups of organic materi-
als. Here, FTIR was applied to identify possible traces of Brilliant Blue in samples from the dye
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tracer experiments used for radiocarbon dating. Because Brilliant Blue is an organic dye
(C37H34N2Na209S3), samples for radiocarbon analysis may be contaminated (see Figure
10). The 14C age of Brilliant Blue is 17345151 14C years BP. Brilliant Blue FTIR analysis
shows peaks at 1570, 1382, 1327, 1156, 1030, 911, 611 cm-1. These lines are shown in the
FTIR spectra of raw sediments, the humic and humin fraction (Figure 11). Only for the raw
sediments are there indications of a possible Brilliant Blue contamination around 1350 cm-1.
For humic and humin fractions, no FTIR peaks associated with Brilliant Blue can be observed.
This suggests that if Brilliant Blue is present, this will be in very dilute concentrations and
hence have little influence of 14C ages determined.

FIGURE 10. Mass balance calculations of the effect of Brilliant Blue contamination on samples
for '4C analysis with different ages. The contamination age is calculated as the true '“C age
minus '“C age of the contaminated Brilliant Blue sample. If the Brilliant Blue contamination is
lower than 1%, then the '“C age error is less than 50 '“C years.
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FIGURE 11. FTIR analysis of the sedimentary humic and humin fractions. The top panel
shows the FTIR spectra of Brilliant Blue. The Brilliant Blue FTIR peaks are hardly visible in the
raw sediment samples, and for pre-treated sample fractions the Brilliant Blue peaks are not
visible, suggesting the Brilliant Blue contamination to be low.

2.7 eDNA

Screening of earthworm DNA in soil from burrow linings
Environmental DNA, eDNA, is a complex mixture of genomic DNA from many different organ-
isms found in an environmental sample typically soil and water samples. eDNA is used to
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identify the organisms in the sample and assign a taxonomic name. All eDNA work was car-
ried out at the Department of Bioscience, Aarhus University. Soil samples were collected from
earthworm burrow lining and infillings and other material from biopores in fractures and refer-
ence matrix soil in E2 (see Table 4). We used the DNeasy PowerMax Soil Kit (QIAGEN) to ob-
tain total environmental DNA (eDNA) from the soil samples. Three primer sets targeting three
close regions of the mitochondrial 16S region were selected for amplification of these three
earthworm DNA markers (Figure 12) (Bienert et al., 2012; Jackson et al., 2017). If the longest
sequence of 383 bp addressed by the ewA/ewE primer would not amplify, we have included
an additional PCR ewB/ewC in our final assessment of earthworm soil eDNA to detect short-
chained eDNA of =30 bp occurring due to degradation and/or low concentration of long
undegraded DNA templates.

FIGURE 12. A map of the 16s mtDNA region from Bienert et al. (2012), including the long 16S
earthworm barcode (ewA/ewE) and the two shorter minibarcodes of 30 and 70 bp. The
ewA/ewE primers were used in our study for a medium length barcode and ewB/ewC for the
short metabarcode. The primer sections are the shaded areas.

Negative controls (Table 4) were created from quarts sand ignited at 550 °C. They were inter-
spersed between processing of real samples created from the PP2-1 soil block (EW05 and
EWO06) (Figure 13) and PP2-21 (EW-22 and EW23) soil collected from the ploughing layer.
Soil DNA isolation kit: Qiagen DNeasy® PowerMax® Soil Kit

Accuprime™ SuperMix I, ThermoFischer

5x HOT FIREPol® EvaGreen® qPCR Supermix

Fine sand

>N =

in silico testing of earthworm primers

An in silico test was run using FastPCR software (Kalendar et al., 2017) with the primers for
the long and the short metabarcodes, i.e. to assess the coverage of earthworms by the
ewA/ewE and ewB/ewC primer sets obtained from Bienert et al. (2012). The FastPCR in silico
run confirmed that both the long amplicons produced by ewA/ewF (428 bp excl. primers) and
ewA/ewE (342 excl. primers) cover all common earthworms. Thus, the earthworm species in-
habiting the Sallgv field (Table 4) are all detectable by these primers. Moreover, NCBI primer
BLAST (Ye et al., 2012), www.ncbi.nIm.nih.gov/tools/primer-blast/, was also used to assess
the specificity, and it was concluded that ewA/ewE should be selected for gPCR, as this primer
set was more specific for Clitellata, targeting both Lumbricidae and Enchytraeidae, while
ewA/ewF created more taxonomically broad coverage addressing Metazoa.
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TABLE 4. Sample information and concentration of DNA extracts.

PP2-1 2.8 EWO01 8.303 Matrix soil 5 Too low

PP2-1 28 EW02  |0.123 |Fn Z"Ct”re porefin-5 1 0.26 63
PP2-1 2.8 EW03  [0.199 Pseudogley 30 uL Too low

PP2-1 28 EW04 0.074 Fracture 30 uL 0.13 53
PP2-1 2.8 EWO05 5.687 PP2-1 Neg. 5 Too low

PP2-1 2.8 EWO06 8.406 PP2-1 Neg. 5 Too low

Blanks EWO07 2.147 Blank 5 Too low

Blanks EWO08 3.439 Blank 5 Too low

PP2-10 1.1-1.2 EWQ09 9.897 Infilling 5 3.14 1,586
PP2-11 1.1-1.2 EW10 9.254 Infilling 5 3.98 2,150
PP2-12 1.1-1.2 EW11 9.454 Infilling 5 3.05 1,613
PP2-13 1.2 EW12 9.258 Infilling 5 0.449 242
PP2-14 1.2 EW13 9.44 Matrix soil 5 0.277 147
PP2-15 1.2 EW14 9.468 Burrow lining 5 3.67 1,938
PP2-16 1.2 EW15 10.168 Matrix soil 5 0.4 197
PP2-17 1.2 EW16 10.08 Burrow lining 5 0.703 349
PP2-18 1.2-1.30 EW17 0.067 Burrow lining 30 uL 2.89 1,294
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EW22 9.034 PP2-21 Neg 5 Too low
EW23 9.592 PP2-21 Neg 5 Too low
PP2-1 2.8 EW24 10.083 Matrix soil 5 Too low
extraction nega-
EW25 0 V0109 5 Too low
extraction nega-
EW2 Too |
6 0 tiv0105 ° coow
Negative . . -
Matrix soil Burrow lining and others
Control




FIGURE 13. Soil lump PP2-1 of about 10 kg dug out from excavation E2 at 2.8 m depth. The
grey colour is pseudogley covering an exposed fracture with clear casts of = 0.5 mm wide, and
broad, 3 mm wide, root biopores with organo-mineral fillings.

Sample collection and DNA extraction

Four subsamples were collected from topsoil lump PP2-21 and five subsamples from lump
PP2-1 (Figure 13) following our protocol on how to handle soil samples while avoiding contam-
ination. Four types of material were identified and sampled from PP2-1 (Figure 14): 1. Matrix
soil the large bulk part of the till; 2. Light grey fracture lining of the opened fracture; 3.
Pseudogley just underneath the fracture surface; 4. Fracture pore lining.

FIGURE 14. Sampling of the fracture/biopore lining and fracture surface of PP2-1 and three
types of material sampled from the block and fracture.

For negative controls, we prepared fine sand by ignition at 550 °C for 2 h in in crucibles cov-
ered by tin foil, which was when the sand entered into the first procedure step of soil sample
handling for DNA extraction. These negative control samples were handled in parallel to the
true samples according to the protocol to avoid contamination, ensuring that the contamination
risks of the negative controls were identical to the real samples. For positive controls, we used
an identical volume compared to the other soil extracts of earthworm tissue DNA extracts,
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which were used as positive controls for the earthworm DNA template PCR reactions. Soil
DNA was extracted by the DNeasy® PowerMax® DNA isolation kit according to the manufac-
turer's instruction of the PowerMax DNA isolation kit (QIAGEN, 2016). The DNA concentration
was determined with a Qubit 3.0 fluorometer (Thermo Fisher).

Gradient PCR

To optimize the annealing temperature of the PCR with the 16S earthworm marker primer
sets, we performed a gradient PCR with the following temperatures for both the soil DNA and
earthworm tissue DNA templates with the three primer sets: ewA/ewE (342 bp, 56°C),
ewD/ewE (75 bp, 62°C), ewB/ewC (30 bp, 61°C), covering the Tm ranges of either 52 - 64 °C
or 54 - 64 °C (Table 5 and Table 6).

TABLE 5. PCR mix and programme for the gradient PCR.

Stock Conc. Volume 95°C 12 min

H20 5 38x 95°C 30 sec
AccuPrime Su- Tm 30 sec

Mix I 1x 12
periviix 72°C | 1 min
Primer F 10 mM 1.25 72°C 7 min
Primer R 10 mM 1.25
BSA 10 mg mL- 0.5
DNA 1-10ng L' |5

TABLE 6. Sample types for DNA templates and primer sets for the gradient PCR running with
Tm from 52 to 64 °C.

Primer DNA template material

ewA/ewE

ewB/ewC Earthworm tissue DNA

ewD/ewE

ewA/ewE

ewB/ewC Soil DNA from topsoil / EW18"

ewD/ewE

The annealing temperature ranged from 52 °C to 64 °C. The pure earthworm tissue DNA could
not be amplified by those primer sets due to the high DNA concentration, Figure 15. Regard-
ing primer set ewA/ewE, the annealing temperature was between 58°C - 61°C, which requires
further gradient PCR to test the accurate annealing temperature. An annealing temperature
lower than 58 °C gives unspecific amplification. The primer set ewD/ewE had an annealing
temperature around 60 °C. However, it is better to do further gradient PCR to verify it as well,
as the range between 58 - 61 °C is too big. From the gel image (Figure 15), it is difficult to in-
terpret anything for the primer set ewB/ewC. The annealing temperature for this primer set

' See TABLE 4

44 The Danish Environmental Protection Agency / PESTPORE2



may be higher than 61 °C, as the annealing temperature lower than 61 °C produces unspecific
amplification.

FIGURE 15. Gel showing the PCR products from the earthworm tissue DNA and soil DNA of
the temperature gradient created from the three primer sets with approximate DNA string
length, bp, including the primer sections: ewA/ewE, 383, ewB/ewC, 68, ewD/ewE, 113, with
target regions of length 342, 30 and 75 bp.

gPCR of a short and along metabarcode

DNA templates from 26 DNA extracts (Table 24) were subject to two gPCR analyses accord-
ing to the PCR mix and PCR programme shown in Table 7. The selected primer sets and tar-
get bp length were ewA/ewE (342 bp) and ewB/ewC (30 bp).

The amplification was performed under thermal cycler conditions displayed in Table 7 in a 25
uL system. The gPCR assays were performed in BioRad CFX Connect™ Real-Time PCR De-
tection System.

We did not include replicates in the gPCR assay because some samples only had 30 yL DNA

extracts, which is not enough to do replication, and the assays aimed for a screening for the
presence of earthworm DNA fragments.
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TABLE 7. PCR mix and programme for the qPCR.

5x HOT FIREPoI® 5uL 1x
EvaGreen® gPCR Denaturation 95°C 12 min
Supermix
Forward primer 10 uM | 1.25 uL | 0.5 uM 50x | Denaturation 95°C 30 sec
Reverse primer 10 1.25uL [ 0.5puM Annealing Tm 30 sec
UM 56 °C

ewA/ewE
BSA 10 mg mL" BIO- | 1.5 uL 59 °C
RON GmbH, Lud- cwB/ewC
wigshafen, Germany
Water 11 uL Extension 72°C 1 min
DNA template 5uL 1-10 ng pL- Final exten- 72°C 7 min

1 sion

2.8 aDNA

Definition of aDNA

“Ancient DNA (aDNA) is DNA isolated from ancient specimens. Due to degradation processes
(including cross-linking, deamination and fragmentation) ancient DNA is more degraded in
comparison with contemporary genetic material” (Wikipedia).

Sample preparation and DNA extraction

The aDNA analyses were carried out in parallell samples with the *C and C-isotope analysis
(Appendix 3). All aDNA work was carried out at dedicated aDNA laboratory facilities at the
Section for GeoGenetics, Globe institute, University of Copenhagen. Samples were delivered
in tubes or plastic boxes and brought to our clean lab facilities, while avoiding contamination.
See sample list in Appendix 3, Table A3.1 and Table A3.2.

Prior to use and between samples, all materials and working spaces were cleaned with 5%
bleach and 70 % EtOH, DNA AWAY™ (Thermo Scientific) and/or UV irradiation.

Up to 200 mg of material was taken from fossil root samples, using sterile scalpels and twee-
zers, followed by grinding in sterile mortars. For root macropores, soil matrix and Fe-oxide
samples up to 500 mg were used for extraction. Macropore linings were carefully scraped off
with a sterile scalpel, avoiding the surrounding soil matrix, followed by chopping in aluminium
foil or grinding in @ mortar to comminute the sample. The same procedure was used for soil
matrix samples.

For Fe/Mn-oxide fillings and concretion samples, 500 mg was scraped off using sterile scal-
pels and was grinded in an agate mortar until pulverized to help release of any captured DNA
inside the concretions Fe/Mn-oxides.

For some samples (Table A4.1), G2 DNA/RNA Enhancer tubes (Ampligon PCR Enzymes &
Reagents, 1.4 mm beads) were used to increase extraction yield. Two of these samples were
extracted twice, one with and one without the use of G2 DNA/RNA Enhancer tubes, for com-
parison of DNA yield. This showed that the G2 enhancer was improving the yield with a factor
of 8-22.
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Digestion and extraction were carried out as described in Wagner et al. 2018 with minor modi-
fications. All samples were digested in duplicates in 1500 pL lysis buffer. To minimize the pro-
portion of modern DNA, root samples were digested for 1 hour, the digestion buffer was then
discarded and 1500 L fresh lysis buffer was added. Extraction was modified for some sam-
ples (indicated in Table A4.1) with addition of 2 volumes phenol/chloroform/isoamyl alcohol
(25:24:1) added instead of separate phenol and chloroform. These samples were then incu-
bated for 10 min at room temperature followed by centrifugation at 4800 g for 10 min. Dupli-
cates were combined on Amicon Ultra 4 centrifugal filters (30 kDa MWCO) (see Wagner et al.,
2018). For every 6 samples, a negative control was included for the extraction step.

Post-extraction DNA concentration was estimated on a Qubit 4 Fluorometer (ThermoFisher
Scientific) set at High Sensitivity with 1 pL input (Table A4.1).

An inhibitor removal clean-up step was applied for a subset of samples (Table A4.1). This was
done using 5 x PB-buffer (MinElute, Qiagen) to 20 yL DNA extract followed by spinning
through a Monarch filter tube at 8000 x g for 1 min. Then, 500 pL Inhibitor Removal Buffer
from the High pure viral Nucleic Acid large volume kit (Roche) was added to the filter and spun
through at 8000 x g for 1 min. 2 rounds of washing was done with 500 yL Wash buffer (MinE-
lute, Qiagen) and spin-down at 8000 x g and a final centrifugation step at 14000 x g for 2 min
to dry the filters. After moving filters to new collective tubes, samples were eluted in 30 yL EBT
buffer (Qiagen EB-buffer + 0.05 % Tween 20), incubated for 37°C for 15 min and centrifuged
for 2 min at 14000 x g.

Library preparation and sequencing

Double-stranded DNA libraries were built following the procedure of the BEST protocol in
Carge et al. (2018) with a final elution volume of 30 uL. Between 7.5 and 32 pL of DNA extract
were used as input (> 0.05 — 221.9 ng). Two negative controls were included in the library
build.

To determine the optimal number of cycles for the following index PCR (See below), quantita-
tive PCR (gPCR), was performed using an MxPro 3000 gPCR (Agilent Technologies) on the
purified libraries in 20 pL reaction mix (1 pL purified library, 10 puL 2 x concentrate Roche
LC480 Master Mix (LightCycler® 480 High Resolution Melting Master, Roche), 10 uM of each
of forward and revers adaptor targeted primers, and 7 uL Molecular Biology H20 (Lonza™ Ac-
cugene™ Molecular Biology Water). The thermal settings consisted of an initial denaturation
step at 95 °C for 10 min, followed by 35 cycles of 30 sec. denaturation at 95°C, 30 sec. an-
nealing at 55°C, and 30 sec elongation at 72°C. This was followed by 1 min. at 95 °C, 30 sec.
at 55 °C and 30 sec. at 95 °C with slow ramp to generate a dissociation curve.

Libraries were double indexed and amplified in a 25 yL PCR reaction consisting of 10.5 uL pu-
rified library, 12 pyL of KAPA HiFi HotStart Uracil+ ReadyMix (2X) and 1 pL of 10 yM forward
and reverse primers both with a 6 nucleotide index tag, unique for each sample. Thermal con-
ditions were as follows: 45 sec. at 98 °C for initial denaturation followed by a number of cycles
of 15 sec at 98 °C (as determined by gPCR with a maximum of 20 cycles, see Table A3.1), 30
sec. at 65 °C, 30 sec at 72 °C and a final 1 min. at 72 °C. Three negative controls were in-
cluded in the index PCR.

The amplified libraries were purified using SPRI beads with a sample to bead ratio of 1:6 and
a final elution in 35 yL EB-buffer (Qiagen). DNA concentration was estimated on a Qubit 4 Flu-
orometer as described above followed by further quantification and size estimation on a 2100
BioAnalyzer (Agilent) using the High sensitivity approach.
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DNA Sequencing platform

The indexed DNA libraries were pooled in equimolar concentrations in three pools and shot-
gun sequenced on one lane each on the lllumina Hiseq4000 platform (lllumina®), 80 bp, SR
mode. The sequencing was carried out at the Danish National High-Throughput Sequencing
Centre, Copenhagen, Denmark.

Data filtering

Adapter sequences were trimmed and paired-end reads were merged using AdapterRemoval
(v. 2.3.0)%. Using the same program, sequences shorter than 25 bp were discarded and am-
biguous bases trimmed at the 5'/3’ termini. For metagenomic analyses of plant DNA in the se-
quencing data, singleton sequences were filtered further with sga preprocess set to filter out
low complexity reads with a dust threshold higher than 1.0. This step was implemented to en-
sure that low complexity DNA in the samples would not result in false positive assignments to
species with high contents of simple repeats in the database.

Metagenomic analyses were carried out as described in Seersholm et al. (2016)3. Briefly,
reads preprocessed by sga were mapped against the NCBI refseq database of full plastid ge-
nomes (ftp://ftp.ncbi.nim.nih.gov/refseq/release/plastid/) using bowtie2* set to report up to 500
hits per sequence read. Resulting sam files were then parsed using the getLCA script
(https://github.com/frederikseersholm/getLCA), which assigns each read to the taxonomic
node of the lowest common ancestor(s) of the best hits to the database.

Phylogenetic analyses and damage patterns

Mapping to the reference chloroplast genome of Alnus glutinosa (GenBank acc. no.
NC_039930) was carried out using Bowtie2, and analyses of ancient DNA damage patterns
were accomplished with mapDamage (Ginolhac et al. 2011). Ancient DNA fragments show
characteristic DNA damage patterns where particular nucleotid bases are being substituted or
transformed towards the ends of the fragment and the extent of such substitutions indicate
that the DNA is ancient and not modern precent day DNA. For phylogenetic analyses, mapped
reads were sorted (samtools sort) and used to generate consensus sequences (angsd -do-
fasta 2). Next, consensus sequences in which over 85% of bases could be called were
merged with all reference A. chloroplast genomes from the NCBI refseq database of full plastid
genomes and with the reference genome for Betula pubescens, which was included as an out-
group. The resulting fasta file was aligned using mafft (v7.392), and phylogenetic analyses
were carried out using MrBayes (v3.2.7a) with a GTR+G substitution model. For each

tree, four runs of four MCMC chains were run for 1,000,000 iterations sampling every 1,000
generations. Majority rule consensus trees were constructed using a burnin of 25% (sumt Con-
type = Allcompat relburnin =yes burninfrac = 0.25) and visualized with FigTree (1.4.2).

Phylogenetic analyses of ribosomal RNA were carried out as described for full chloroplast ge-
nomes above, mapping to the ribosomal RNA gene for A. glutinosa subsp. glutinosa
(MF136526). Resulting rRNA sequences were mapped to other A. rRNA sequences from
Gryta et al. (2017)8 and to an rRNA sequence of Malaisia scandens (MH135781), which was
included as an outgroup. In the study fields, there was wheat by E1-E3 in 2017 and 2018. In
2018, there was rape (vinterraps) by E4-E6 and before that wheat.

2.9 Numerical modeling

Numerical modeling of 1D groundwater flow and pesticide migration along fractures and bio-
pores was carried out with the Daisy model (Hansen et al., 2012b). In Daisy, there are two dif-
ferent ways of modelling preferential flow in fractures or macropores, namely “secondary do-
main” and “biopores”. Furthermore, it is possible to model the fractures as a porous medium in
a fully discretized way using Daisy in two dimensions.
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Overall, the soil is divided into three domains:
1. Primary domain: Matrix, flow is modeled by Richards equation
2. Secondary domain: Small fractures and fractures. Transport is divided with the matrix
based on hydraulic conductivity.
3. Tertiary domain: Biopores such as wormholes or old root-channels. Water is moved
from high potential to low potential.

Secondary domain model

The secondary domain model corresponds to what is often termed a dual-porosity model or
dual-permeability. The column is divided into a primary fraction, representing the matrix, and a
secondary fraction, representing the fracture as illustrated in Figure 16.

Matrix Fracture
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FIGURE 16. Schematic of a one-dimensional dual-porosity model. Horizontal arrows represent
mass transfer between primary and secondary domain. Vertical arrow represents water flow.

The model first calculates the flow of water and subsequently the transport of chemical. For
the flow of water, the fractures are accounted for by adjusting the hydraulic conductivity and
subsequently using the normal 1-dimensional Darcy-equation. The hydraulic conductivity can
be adjusted in three ways:

1. By giving the matrix a special hydraulic conductivity - saturation model that accounts for the
fracture

2. By setting the conductivity of the factures in the “secondary domain pressure”

3. Or by calculating it using the cubic law-equation, in which case the fracture aperture and the
density of the fractures must be provided. It is assumed that fractures are parallel and in one
direction:

K fracture —

pwg(2b)? p
124,

Where Kracture is the fracture hydraulic conductivity, pw is the density of water, g is the gravita-
tional acceleration, 2b is the fracture aperture, pw is the viscosity of water and d is the density
of the fractures (inverse of distance between fractures) (Snow, 1968).

In the latter two cases, the models use the maximum of the hydraulic conductivities for either
the fracture or the matrix. It could be argued that a more precise way would be to calculate a
resulting hydraulic permeability by weighing with the cross-sectional area of the matrix and
fracture, respectively. However, the difference in hydraulic conductivities between the two do-
mains is typically orders of magnitude.
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To account for unsaturated conditions, the fracture hydraulic conductivity will be zero if the
pressure does not exceed a certain limit. When the hydraulic conductivity is provided directly,
the pressure limit should also be provided. If the aperture is provided, the pressure limit will be
calculated from the equation:

20y
limit — pngb
where g,,is the surface tension of water, pw is the density of water, g is the gravitational accel-
eration and 2b is the aperture. The equation is based on the assumption of parallel plates.

In the matrix, transport occurs via advection-dispersion. In the fracture, only advection is con-
sidered. Since water flow is only calculated for a single domain (a single hydraulic conductiv-
ity), this water flow must subsequently be distributed on the two domains to model the
transport. The model does this by comparing the hydraulic conductivity at the pressure limit of
the fracture with the actual hydraulic conductivity. When the actual hydraulic conductivity is the
maximum of the fracture or the matrix hydraulic conductivity, the distribution between matrix
and fracture is described by the following equations:

q — min <1 Kmatrix (hlimit) ) q
iy = ) total
matrix max(Kmatrix (h), Kfracture) o

Afracture = Qtotal — 9matrix

This will be inconsistent when the hydraulic conductivity of the matrix is close to or larger than
the hydraulic conductivity of the fracture. Because the flow is distributed on both domains, but
not directly calculated, the model can be considered a hybrid between a dual-porosity and
dual-permeability model.
Mass transfer between the secondary and primary domain is determined by the linear equa-
tion:

F = a(cp - cs)

Where F is the flux between the primary and secondary domain, « is a mass transfer coeffi-
cient, ¢p and cs are the concentrations in the primary and secondary domain.

Several processes and effects are lumped into the mass transfer coefficient and should there-
fore not be seen as a physical parameter that can be measured independently, but rather as a
case-specific calibration parameter. In most cases, the mass transfer will be dominated by dif-
fusion, however, the coefficient should also take into account that the primary domain is one
single element and not discretized. Consequently, a free water diffusion coefficient cannot be
applied directly and, furthermore, the resulting mass transfer coefficient will be flow rate de-
pendent.
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Tertiary model (biopores)

In the tertiary domain model or the “Biopore”-model, water is allowed to bypass the matrix by
moving directly from one matrix element to another, based on pressure differences when they
are connected by a biopore (Figure 17). It is assumed that the hydraulic conductivity of the bi-
opore is so large that there will be no pressure loss in the biopore. The actual pressure in the
biopore is calculated from the height of water in the biopore. The flow in the biopore will be lim-
ited either by how fast the water can flow out of the matrix at the top or how fast water can flow
into the matrix at the bottom. Water can also flow from the bottom to the top.

FIGURE 17. Schematic of the “Biopore” model. Arrows represent water flow.

Since the biopore model was developed to model flow in the top soil, it has the limitation that
the maximum pressure is equal to the pressure of the corresponding height of a water column.
Consequently, one should be careful when using the model for biopores that are not open to
the atmosphere. Calibration and evaluation of the model are shown in Appendix 4.
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3. Results

3.1 Geology and Groundwater
Figure 18 show the location of excavations and monitoring wells in high-ground (Sallgv) and
low-ground (Bulbro) study sites, and a North-South geological cross section (A-A") through the

sites.
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FIGURE 18. Location of excavations/monitoring wells (A) and geological profile (B) of project
areas Sallgv (high-ground) and Bulbro (low-ground).
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In both sites the till layer was dominated by basal moraines (lodgement till). Overall, the till
layer was more intensively weathered and oxidized to much greater depth (> 8m) in the high-
ground than in the low-ground (< 2 m). The tills exhibited low consolidation in the upper 1-2 m
due to weathering, desiccation, biological processes, and local occurrence of ablation till. Be-
low approximately 3 m depth they were generally well-consolidated and dense (Appendix 1).
Maximum elevation of the landscape is 42-45 MSL and 25-28 MSL, respectively, for the high
and low-ground study sites. The low-ground site is part of the large moraine plain continuing to
the south, which includes Havdrup town and the previously investigated Marebaek site (Figure
2). The high-ground is part of a hilly moraine landscape continuing to the north. The geological
section A-A” shows that the surface of the limestone main aquifer in the area largely follows
the landscape and is overlain by approximately 14-18 m oxidized and reduced glacial clayey
till in the study area. However, large local variation in thickness and composition of the glacial
layer, and depth to the limestone aquifer was shown in nearby wells.

FIGURE 19. Vertical profile in 4.5-6 m depth in excavation E2. Boundary between oxidized
(weathered) brown till unit TC (main ice advance in late Weichsel) and overlying pocket of re-
duced (unweathered) grey till unit TD (Baltic ice advance) (see Figure 2). The two units are
separated by the thin SC sand layer (magnified in insert) and marked with dashed line (yard
stick is 1.4 m high). The saturated hydraulic conductivity of the clay matix varied with more
than 1 order of mangnitude indicating ocurrence of significant heterogenous flow in till matrix.
See Figure 18B for explanation of stratigraphic units.

Figure 20 show the geological profiles in the 6 excavations of the study, which were lodge-
ment clayey till, except for excavation 6, which was dominated by meltwater and drift deposits.
The high-ground geological profiles (E1-3) were intensively weathered and oxidized locally to
more than 8 m depth and dominated by prominent deep vertical and sub-vertical fractures and
relic root channes. The profiles had pockets of unweathered reduced till from approximately 3-
5 m depth (Figure 19). The saturated hydraulic conductivity of intact cores from the till matrix
without fractures or biopores (Table 1) showed differences from 1.7*10° m/s (54 mm/yr) in the
reduced pockets to 4.9-23*10° m/s (155-725 mm/yr) in the oxidized till, which suggest that sig-
nificant differences of flow in the till was controlled by textural heterogeneity of the matrix. Ad-
ditionally, sand lenses were common random embedded features in the till sequence, which
added further complexity and potential for heterogenous flow. In the low ground, old tree roots
and root residual were found along relic root channels to 3.2 m depth. Those are termed
paleo-roots or fossil roots in the following.
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Figure 21 and Figure 23 show the water tables and hydraulic heads in the monitoring wells (lo-
cated 10-15 m away from the excavations). In the high-ground there were strong downward
hydraulic gradients (Figure 21) and significant difference in seasonally water table fluctuation
between the wells; in Well 2 the decline of the water table in summer was > 8 m, while it was
only 1-3 m in Well 1 and Well 3. Figure 22 interprets the water tables and hydraulic heads ob-
served in the high-ground wells as representing perched water table conditions in E1 and E3,
while the water table in E2 drains off to the underlying aquitard. This suggests that the vertical
hydraulic conductivity of the clayey till, and hence, groundwater recharge and vulnerability was
higher in the E2 site than in the E1 and ES sites.
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FIGURE 20. Excavations in high and low-ground study sites showing geologic profile, frac-
tures, solitary paleo roots and root channels, live roots and water table fluctuations (WT).
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FIGURE 21. Weekly measurements of hydraulic heads and water tables (upper screens) in
the high-ground monitoring wells 1 -3. Notice dry lower screens in well 1 and 3 showing
perched water tables in till. The wells were located 10-15 m from the excavations.
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FIGURE 22. Conceptual hydrogeological cross sections representing the observed water ta-
bles and pressure heads in the high-ground wells (Wikipedia). (A) Seasonally fluctuating water
table in leaky aquitard draining of into underlying aquitard and aquifer (in E2). (B) perched wa-
ter table with underlying unsaturated zone in aquitard (in E1 and E3).

By contrast, the low-ground excavations in the Bulbro site were dominated by unweathered
grey clay from about 1.6-1.8 m depth, which corroborates with the permanent high groundwa-
ter tables in this site, Figure 23. Both the water tables and hydraulic heads were governed by
the proximity to the hill slope with mainly upward flow controlled by the higher hydraulic heads
and groundwater tables in the hill (high-ground area).

The moist conditions had facilitated accumulation of a thicker (and significantly older, see sec-
tion 3.6) topsoil layer than in the high-ground and visible fractures occurred only to about 2 m
depth and were less stained by Fe/Mn-oxides than in the high-ground. Seasonal shift between
upward and downward flow was observed in Well 4, while Well 5 had permanent upward flow.
Notice also, that the water table in the shallow screen in 1.5 m depth in Well 5 was lower than
in the deep screen, which is likely due to tile draining and natural discharge along the abun-
dant sand lenses into the stream by the foot of the hill (Figure 18). By comparison, about 1.5
km further south in the low-ground Marebeek site (Figure 2), groundwater flow was controlled
mainly by downward gradients, and the seasonal water table fluctuations were 1-3 m (Jgrgen-
sen and Spliid,1998c; Rivad et al., 2001).

Due to the general moist conditions in the low-ground sites as opposed to the Sallgv high-
ground site, more frequent activation of the root channels as preferential flow paths was likely
to occur in the unsaturated zone during summer, than in the high-ground sites with deep sea-
sonal groundwater tables above which any possible surplus of precipitation from e.g., summer
rain storms would become absorbed by the less moist matrix to a higher degree (e.g., Jergen-
sen et al., 1999; Haria et al., 2003; Hansen et al.,2012b).

In both the high and low ground, there was an abundant occurrence of embedded sand layers
and lenses with variable size and extension in the tills. The role of such sand layers as flow
paths between surficial and deeper ground water was indicated by prominent Fe/Mn-oxide
precipitation in some of the inclining sand layers. It is likely that downward flow has been in-
creased by the intense water abstraction from the nearby Thorsbro water wells (Figure 2),
which has lowered hydraulic heads in the main aquifer by up to 5-7 m (Krtiger A/S, 1989).
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FIGURE 23. Weekly measurements of hydraulic heads and water tables (upper screens) in
the low-ground monitoring wells 4 and 5. Notice dominance of upward flow from lower to upper
screens and pressure head above the ground surface for the lower screen in well 5. The wells
were established 10-15 m from the excavations. Legend in Figure 21.

3.2 Fracture and biopores

In the high-ground excavations, the weathering and downward flow had developed prominent
chemical staining of fractures, which were observed locally to more than 8 m depth in monitor-
ing well 2. In contrast, under the unweathered and reducing conditions from shallow depth in
the low-ground, fractures were only chemical stained in the upper 1.5-2 m deep.

Figure 24 shows open desiccation fractures in the high-ground E2 profile, which transformed
vertically to a grey fracture just below the depth of till drains (1.2 m depth). This profile was
also found in the other high-ground excavations. Surficial desiccation fractures followed a pol-
ygon pattern with random strike directions to 1.5-2 m depth, while the fractures below were
mainly of tectonic origin with directions governed by the depositing glaciers movements (Fig-
ure 25). This distribution of fractures resembles previous descriptions from tills by e.g. Jargen-
sen and Fredericia (1992); Klint and Gravesen (1999); Rosenbom et al. (2005, 2008); Jargen-
sen et al. (2017); Klint et al. (2013); GEUS (2014).
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FIGURE 24. Transition from open brown fractures in the soil to grey fractures in the subsoil
environment (high-ground excavation 2). The transition was located immediately below tile
drain depth. The grey staining of fractures continued to 2-3.5 m depth.
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FIGURE 25. Appearance of Fe/Mn-oxide stained and infilled tectonic fractures (red fractures)
in the high-ground excavations. (A) Red fractures on horizontal surface in yellowish brown oxi-
dized till in 3.5 m depth. (B) Red fractures on horizontal surface in grey reduced till in 5 m
depth.

In the upper approximately 1-3.5 m of the till profiles, the tectonic fractures were dominated by
greyish rims (grey fractures), which were consistently associated with roots and root casts in-
side the fractures, Figure 26 and Figure 27. Similar grey fracture rims are developed in the up-
per 2-4 m in most clayey tills and indicates that root channels or casts are occurring inside the
fractures. In a transition zone from 2-3.5 m depth, the grey fractures changed to reddish frac-
tures (red fractures) as the result of oxidation of the fracture rims and infilling of the fractures
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with secondary Fe/Mn oxides (Figure 25 and Figure 27). Channels after roots were also ob-
served locally inside the red fractures, however, these appeared to be filled or partially filled
with Fe/Mn oxides like the fractures (Figure 28).

0.25m

FIGURE 26. Grey fractures and associated root casts in the high-ground glacial till. (A) Hori-
zonal surface with grey tectonic fractures, 2 m depth in excavation 2. (B) Vertical profile with
grey fractures, 1.2-2 m depth in excavation 2. (C and D) Examples of root casts inside vertical
fractures, 2-2.8 depth in E2 and E3, respectively.
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FIGURE 27. Exposed inside of vertical fracture (scale 0.5 m across photo) showing the transi-
tion from grey to red fracture staining (2.8-3 m depth in excavation 2). Magnification (x3 in
frame) shows details of grey and red redistribution of secondary Fe/Mn-minerals developed
around a root-cast by pseudogleying (described further by e.g. Jargensen and Fredericia 1992
and Jgrgensen et al. 2017).
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FIGURE 28. Channels inside red fractures (photos 15 cm across). (A) Vertical fracture on hori-
zontal surface in reduced till with partially Fe/Mn-oxide infilled channels. (B) Exposed surface
of fracture wall with root channel segments (arrows) infilled with Fe/Mn-oxide precipitate in 5-
5.2 m depth. Origin of the channels from ancient willow tress/scrub was suggested from find-
ings of aDNA inside and along the channels (section 3.6.3).

Fracture frequency

Figure 29 shows the overall distribution of fractures on excavated horizontal surfaces in the
high-ground excavations. The fracture intersections with the horizontal surface (geological
strike) were consistently NW-SE and NE-SW as conjugating sets of fractures. The movement
of glaciers that formed the fractures is parallel to the bisector between the two strike direction,
which suggests an SE direction of the advancing ice of the deposition. This direction was fur-
ther supported by fabric analyses of stones in the E2 profile carried out by Aamand et al. (in
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prep. 2020), which support an origin of the tills from young Baltic ice advances. Moreover, Fig-
ure 31 shows fracture spacings recorded in the high and low-ground excavations. Those re-

veals that the tills in the high-ground were intensively fractured, while visible fractures only oc-
curred in the upper approximately 1.5-2 m depth in the low-ground. In the previous low-ground
study site of Marebaek, 1.5 km further to the south from the hill slope (Figure 2) fracturing simi-
lar to the fracturing in the high-ground was observed to 5-6 m depth (Jgrgensen et al., 2004c).

FIGURE 29. Fracture frequencies and spacings measured in excavations E1-E5.

64 The Danish Environmental Protection Agency / PESTPORE2



Biopore frequencies

Figure 30 and Figure 31 show the frequency and diameter of biopores in excavations 1-5 and
additionally the frequency of root casts along fractures in excavations 1-3. In general, there
was a high frequency of solitary biopores in the upper meter dominated by small biopores (< 4
mm) mainly from roots. The frequency had a local minimum in 0.1 m depth (plow layer), which
was due to mechanical soil treatment, while a larger number of biopores were preserved im-
mediately below plowing depth (see also Jgrgensen et al. 2017).
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Excavation 1

Excavation 2

Excavation 3

FIGURE 30. Geological profiles, biopore density and pores size distribution versus depth in
the high-ground excavations.
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Excavation 4

Excavation 5

FIGURE 31. Geological profiles, biopore density and pore size distribution versus depth in the
low-ground excavations.

The frequency of biopores > 4mm was similar in the high- and low-ground, however, the larg-
est earthworm burrows (6-10 mm) were few or absent in the low-ground (cumulative frequency
of diameters in Figure 31). The lack of the largest worm burrows was most pronounced in ex-
cavation 5, where the groundwater table is highest and ground water pressure head is above
the soil surface in winter. This suggests that the moist conditions in the low-ground are, or
have been, unfavorable for large anecic earthworms such as L.terrestris/herculeus and
A.longa.

The maximum depth of biopores in the high-ground excavations was 2.5 to > 5-6 m and were
to some degree folllowing the maximum depth of seasonal groundwater table in the tills (Fig-
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ure 21). The maijority of the biopores were concealed as macropore channels inside the frac-
tures and could not be observed by eye below 2.5-3 m depth because the biopores and frac-
tures were filled with Fe/Mn-oxides (next section). The biopores/root channels were, however,
identified by XRT CT-analyses of the intact till blocks collected from the profile (Figure 69 to
Figure 73).

3.3 Geochemistry and redistribution of Fe/Mn-oxides

Figure 32 shows the vertical succession of fracture staining from bleached fractures (surficial
grey fractures) to Fe/Mn-oxide stained fractures (deep red fractures) in the high-ground exca-
vation E2. The succession from grey to red fractures was in agreement with the conceptual
geological model shown in Figure 2. This assumes reductive dissolution of the Fe/Mn-oxides
by pseudogleying processes in the grey fractures (Figure 32A and B) and redistribution of the
Fe and Mn into the oxidized fracture rims along the grey fractures and deeper in the geological
profile by infiltration into the red fractures (Figure 32 A-C) (e.g., Jargensen and Fredericia,
1992; Westergaard et al., 1997; Jgrgensen et al., 2017).

FIGURE 32. Vertical succession of geochemical staining and filling of the fractures investi-
gated in geochemical and XRD analyzes in Excavation 2. (A) Bleached fractures in 1.7 m
depth, (B) Fracture with bleached and Fe/oxide enriched rims in 3.0 m depth. (C) Fe/Mn-oxide
filled fracture in 3.7 m depth.

Figure 33 shows concentrations of selected chemical elements in profiles across the fractures,
fracture rims, and into the matrix in the vertical succession shown in Figure 32 and Appendix 2
(Table A2.1).
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FIGURE 33. Concentration of selected major elements in the fractures, fracture rims and adja-
cent clay matrix shown in Figure 32.

The observed variation across the fractures is most distinct for Fe associated with the deple-
tion in the bleached material in 1.5 and 3.0 m and accumulation in the Fe-oxide rim in 3.0 m
compared to the matrix. In 3.7 m, the Fe-oxides were accumulated inside the narrow fracture
with the same content as in the Fe-oxide rim in 3.0 m, and no bleached material was found.
The content of Al and Zn followed the same distribution pattern as Fe, but with smaller differ-
ences between depletion and accummulation. For Mn and Ni, some depletion was deter-
mined in the bleached material in 1.5 and 3.0 m, but only accumulation at the fracture face in
3.7 m. For Mg, the accummulation in 3.7 m was distinct, whereas Ca and Cr show little redis-
tribution. The Ca accummulation in the bleached zone in 1.5 and 3.0 m most likely originates
from liming of the agricultural field which showed accummulation at the fracture surfaces at all
three soil depths.
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Mass balance and time scale of Fe-oxide redistribution

Figure 34 shows the concentrations for Fe and Mn combined with the widths of rims and fill-
ings along the the vertical sequence of grey fractures and red fractures in Figure 32 and Fig-
ure 33. Assuming downward vertical transport and re-precipitation of Fe/Mn in the geological
profile (described by Jgrgensen and Fredericia, 1992, and Jergensen et al., 2017) the mass-
balance was estimated between depleted Fe from grey fractures (upper 3 m) and accumulated
Fe in the red fractures (3-8 m depth) based on the total mass of Fe in the fracture rims and fill-
ings (Figure 34).

FIGURE 34. Concentration of Fe/Mn-oxides in rims along grey fractures (1.5 and 3 m depth)
and fillings in red fractures (3.7 m depth).

Table 8 shows the mass balance estimate and the key-measures that it was based on. The
estimate shows that Fe mass acummulated as filling in the red fractures correspeonds to 49%
of the mass depleted from the grey fractures above. Hence, the estimate suggests that 51% of
the Fe has been lost from the profile, which may be due to removal with interflow and flow into
underlying ground water. Furthermore, Table 8 shows the minimum time estimated for accu-
mulation of the Fe filling in the red fractures. The estimate was based on the measured maxi-
mum Fe concentrations in water samples from monitoring wells 1 and 2 (Appendix 2, Table
A2.2), which were assumed to percolate the fractures with the maximum recharge (300
mm/yr). The minimum time required to build up the Fe-filling using this estimate was 2 to 21
kyr, which suggests that the fractures and root channels inside were likely at least several
thousands years old. The same distribution of Fe/Mn-oxide concentrations as in Figure 34
along the fractures was shown in the previous Marebeek site by Jargensen (1990).

The estimate was intented to indicate the span of time required for the observed redistributing

the secondary Fe/Mn-oxides rather than provide accurate dating, which was not posssible due
to significant variability of the parameters used for the estimation (e.g. Fe-concentrations in the
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groundwater, variability of thichness of rims and fillings, etc). The rate of Fe-redistribution has
most likely been decreasing over time, as the most reactive Fe-minerals have been degraded
by weathering first and left behind the less reactive minerals, which define the current Fe-con-
centrations in the pore-water. Therefore, the estimate more likley indicate the time required if
new channels were formed from live forest until the Fe/Mn fillings would be reestablished after
a deforestation. However, despite uncertainties, the estimates support the geological interpe-
tation that the fillings in red fractures and root channels are probably ancient features, which
likely back-dates the Fe/Mn filled root channels to pre-historic time and hence with possible
origin from the ancient forest covering most of Denmark.

TABLE 8. Estimated Fe-mass balance and time range for development of Fe/Mn-oxide fillings
in red fractures in E2. Values used for estimation of the time required for building up the red
fracture fillings are shown in bold.

Key-values of estimation Min Max
Total depth of soil column in calculation (m) 8 8
Frequency of fractures in geological profile (m™') (Figure 0,07 4
30)

Width of Fe/Mn-oxide rims along grey fractures (1-3 m 0.01 0.04
depth) (m)

Width of Fe/Mn-oxide fill in red fractures (3-8 m depth) (m) | 0.0025 0.0025
CBD-Fe in fracture rims and fracture fill (mg/kg) (Figure 34) | 2347 13583
Depletion of Fe mass along grey fractures in 1-3 m depth 1070 1070
(g/m?)

Accumulation of Fe mass in red fractures in 3-8 m depth 525 525
(g/m®)

Total Fe in percolating porewater 1-3 m depth, Well 3.1 0.002 15
(mgll)

Total Fe in percolating porewater 3-8 m depth, Well 3.2 0,0002 0.2
(mglL)

Net recharge (percolation), (m¥m?) 0.05 0.3
RESULTS

Mass-balance of Fe redistribution between grey and red 545 545
fractures (above and below 3 m depth) (g/m?)

Fe lost with interflow and into deeper groundwater (%) 51 51
Estimated min. time for accumulation of Fe-oxides in red 2,306 — 21,089 years
fractures (3-8 m depth)

Jogrgensen and Fredericia, 1992; Ernstsen, 1998; Jagrgensen et al., 2017 have described the
distribution and chemical weathering of clay minerals along fractures in clayey till profiles.
From those studies, it may be inferred that the orginal Fe source in the Fe-oxides were iron-
rich chlorite minerals in the till, which caused the yellowish brown color of the oxidized till when
weathered. This is corroberating with studies of similar tills by e.g. Quingly and Ogunbadejo
(1976) and Cherry (1989). After and alongside with the weathering of the ch