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Content
Part 1:

. Glacial aquitards: What are they and why should we care?
. Geological characterization of glacial aquitards

. Fractures, deep tree roots and root macropores

. Historical interpretations of flow and transport in glacial tills

based on traditional indirect hydraulic techniques

. State-of-art quantitative determination of flow and transport

In fractures and root-macropores

. Identification of groundwater vulnurability by multidisciplinary

approach.



Glacial aquitards in millions of km?

Heterogeneous, low-permeability deposits that share similar
lithological and overall hydrogeological characteristics across large
distances and continents.

Vast areas occupied by indigenous forests in past Holocene time.
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Moraines of glacial till: clayey till, sandy till
(i.e., glacial aquitards)

JYLLAND: STADIAL, MAIN (NE ) ADVANCE Clayey till form aquitards and is

27 . M-FRs MID JYLLAND-FRANKFURT PHASE ' often the only natural protection of
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- STOREBALTPHASE underlying aquifers
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Integrity of glacial tills compromised
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Total sale pesticides (tons a.i.)
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Referencer: Danmarks Statistik — Statistikbanken (2017), Miljgstyrelsen (2004), (2007),
(2010), (2012), (2013), (2014a), (2016) og (2017a)




Persistent mobile organic compounds (PMOC)
Forever-chemicals

Biocide metabolite DMS from
agriculture and urban areas
(paint and building materials)
found in more than
30% of wells




PFAS
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® Mnre end etler 190,303 gt
® Oww0Tugt
© Uden fund

PFAS from diverse industrial

products
In groundwater

PFAS i regnen

PFAS koncentrationer i regnvand
opsamlet fem forskellige steder i
Danmark malt i nanogram pr. liter.
Liseleje

o

Valby

L

Lyngby

Gransevaerdl for drikkevand

PFAS found in surface
water, groundwater,
and rain

Drinking water standard
based on toxicological
criteria = 0,002 pg/L

Helbredseffekter af PFAS

PFAS-stoffer kan vaere
sundhedsskadelige og medfere:

*Forgget risiko for nyrekraeft og
testikelkreeft

*Nedsat vaccineeffekt hos bern
*Forhgjede kolesteroltal
*Forandringer i leverenzymer
*Mindre fald i fedselsvaegt

*@get risiko for hajt blodtryk hos
gravide

Kilde: CDC
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Glacial till types
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More than 5 major ice-advances have occured across
Denmark in the last ice-age (Weichsel ice-age)
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A poly morphological landform approach
for hydrogeological applications in
heterogeneous glacial sediments

Knud Erik S. Klint, Bertel Nilsson, Lars
Troldborg & Peter Roll Jakobsen
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Fig. 2 Principal diagram of the relative geological heterogeneity
of different till types (see Table 1) as a result of combined
sedimentary and glaciotectonic heterogeneity

2 Glacial
@ landforms

Fig. 1 Scale hicrarchy and classification of land systems, landforms and sediment types in glacial deposits. The ut::mm lines between

glacial landforms and sedi
indicates the importance ot:I“

t types represent which till types are represented in the individual glacial landforms the line thickness

¢ sediment types in the individual landforms

Distribution of different till types
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Fig. 4 Poly morphological map of Zealand and surrounding islands. PM units: M undolating nll plain, O bummocky morsine, § outwash

plain, R marginal moraine, X basement limestone, L basement marine clay




The force of the ice-cap glaciers has created extreme geological
heterogeneity in glacial tills.....

(S.A.S. Pedersen 2006)




Heterogenity of glacial tills
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Fig. D1:3. Flage-opskydmning i den starkt deformerede contrale del af Bovbjerg profilet. 1 det nedre stokvaerk ses stejlt nord-
heeldende overskydninger, langs Ieilke moreneler fra Sanle samt den nederste del af lagfidgen fra Weichsee! ev skudt ap. Det
avre sfokiverk beshie af en diskordant bank af moraneler fra Weichsel. Efter Pederseén m. f1. (1988),



Heterogenity of glacial tills
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Heterogenity of glacial tills
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Cross-section through Valby
Bakke in Copenhagen
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Heterogenity of glacial tills




Heterogeneity of glacial till




Heterogenity of glacial tills
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Fractures is a common feature for most
glacial till types across the continents
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Fig. D1:3. Flage-opskydmning i den starkt deformerede contrale del af Bovbjerg profilet. 1 det nedre stokvaerk ses stejlt nord-
haldende overskydninger, langs hvilke moraeneler fro Sanle samt den nederste del af lagfalgen fra Weichee! er skudt ap. Dt
avre stokiverk beshile af en diskordant baenk af moreneler fra Weichsel. Efter Pederseén me. f1. (1988)




Glacial tills are typically intensively fractured
(dessiccation, glacial tectonic forces, uplift etc.)

(Photo GEUSJS




Root casts/macropores are widespread features on
fracture surfaces




All together
- a nightmare of complexity and chaos




In the past 3-4 decades focus in hydrogeological
research has been on the hydraulic role of fractures

D Fracture Spacing (m)
0 0 1 2

O LUC tests
O In-situ tests
Bulbro
—Farre
—Grundfer
——Flakkebjergl
—Flakkebjerg2
——Havdrup
—Hinnerup
—Holbask
—Ringe
—Sallpv
——Skaelskgrl
Skaelsker2

Canadian professor J. A. a
, Cherry introduced fractures
" as key-hydrological features .
“ in glacial aquitards

Depth (mbgs)




Saturated flow in fractures

-==--0m
Layer 1
c---2m
Layer 2
-==-3m

Layer 3

Layers =
(Not to scale)
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Continuous Parallel Plate Fracture q
Constant Aperture

2b

zzbg.ﬁ.'
q =(2b) B

(Snow 1968)



Flow along fractures

No reliable in-situ or lab methods were
available to directly determine flow in
fractures

Investigators used indirect techniques and
interpretation to evaluate hydrogeological
role of fractures




Evidence for widespread occurrence of deep pathways
for rapid water movement attributed to flow in fractures
(Canada)

The Role of Aquitards in

PUmping Test: Rapid response in some aquitard
Groundwater Flow Systems |

piezometers proves fully penetrating fractures

4
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flowpath ol 7
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30 SAND Aquifer
Drawdown
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10 — 20 m deep hydraulic active zone in glacial
aquitards attributed to fractures (Canada)

Hydraulic Conductivity, K (m/s)
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(Ferris et al.2020)



Similar observations in Denmark attributed
to flow in fractures
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Root macropores/imprints are widespread inside
fractures

Canadian test pit

Test Pit Beside Root Imprints on
Disposal Area Gray Fracture Surface




Root macropores/imprints are widespread inside
fractures

Canadian test pit

Test Pit Beside Root Imprints on
Disposal Area Gray Fracture Surface

NB: Quantitative studies of
flow in deep natural
fractures and root
macropores have not been
possible due to lacking
techniques for
representation of in-situ
soil-stress in laboratory




Narrow focus on fractures

Root casts/macropores
(primarily located within the
fractures) have been considered
of minor importance and have
been disregarded




Reseach gap about the fundamental mechanisms of
groundwater vulnerability

NB: Uncertainty about biological
versus geological mechanisms
controlling groundwater vulnerability

to surface pollution




Techniques to distinguish flow in fractures and root

macropores inside fractures

Jgrgensen et al.
(1993, 2019)

Ouf et al.
(2025)
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Mainly clayey till
[] Mainly sandy till

== < Glacial maximum

A LUC laboratory tests
A In-situ field tests
¥ Observations of tree-roots

:_-___: aDNA and radiocarbon

LUC laboratory tests

In-situ field tests




Multidisciplinary approach

We used:

» ancient DNA (aDNA),

* radiometric dating,

« X-ray imaging,

« geochemistry,

» glacial geology

» flow and transport experiments
« mathematical modeling

to identify and evaluate the hydrological impact of
root macropores introduced by reforestation on
groundwater vulnerability




Why address root macropores:

Tree roots can penetrate much deeper than previously
assumed (and much deeper than most agricultural crops)

abandoned deep root macropores are found widespread
in glacial aquitards and similar fine-grained aquitards

roots from trees and shrubs can increase infiltration in
soils

reforesting is declared global UN strategy for mitigating
global warming.



Data are sparse on the maximum depth of tree roots

Statistics biased by shallow excavations and difficult acces

Typical
excavation
2 mbgs
E
¥
[N
L)
©
=
g 8
£
-
£
Very rare
exca%ation =
9 mbgs
M (Canadell et al. 1994)




Tree roots and tree-root behavior

s~

Extreme plasticity within and between tree species

Can sense gravity, gradients of moisture, and nutrients - and manage growth accordingly
Can sense fractures to ease penetration in dense geological materials

Can take on different shapes as respons to subsoil conditions and environment.




Tree roots in glacial aquitards

—

Can sense and prefer to grow along fractures and pre-exsisting root-holes
Can take different shapes to opimize water-uptake (e.g. root dimorphism)
Can grow several meters per year.

w N




”Pull and push” by water tables (hydrotrophism)

Root systems from trees can grow several meters per year
as repose to WTD.
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Water table (WT) depths controls:

* Precipitation

« Topography

» Aquitard leakage into aquifers

* Pumping in aquifers (drinking-water abstraction). Can increase
rooting depth as a positive feed-back mechanism.



Recorded maximum depths of tree
roots in glacial aquitards are random
and difficult to obtain:

9 mbgs (Ruland et al. 1991)
10 mbgs (Yocum 1937)
15-20 mbgs (McMahoon 2001)

* Missing roots in widely
spaced fractures

* Missing roots controlled by
random deep WT's

* Destruction of fracture
pathways




Observations of tree roots in landslides

Once in every 100 year storm flod event

Sea cliffs

(Dr.dk 20. Oct. 23)
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Occurrence and depths of root macropores in fractures

a

-
L
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Tree rooting depths controlled by tree species
2 and water table depth




Rooting of Stem Oak (10-14 years in age)

(most abundant tree species in Danish reforestation projects)

coarse roots dividing
into bundles of fine roots

development of root
dimorphism to optimized
water up-take




Sea Cliffs
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fine roots from stem
oak to more than 10 m
depth




Occurrence and depths of root macropores in fractures

Deep relic root macropores were found in all study sites
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Research questions

* Origin, extent, and depths of roots and root macropores
in fractures

* Role of flow in fractures versus in root macropores
along fractures

» Hydraulic role of deep root macropores at geographical
scale
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Absence of forest vegetation
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* Dense root macropore system across sites are from indigenous stone-age

forests
« Show long-term persistence and widespread occurrence of ancient relic

root macropores mixed with modern root macropores



Identification of flow system pattern using
dye tracer infiltration

Dye tracer flow in tree root macropores along exposed fracture
surfaces

LUC laboratory tests In-situ field tests

Pressure
cell

Flexible = Stainless
membrane ) steel
Y e
0 Effluent







Summary of active flow paths

» Dyed relic root macropores provided rapid connected major flow paths in
all study sites sometimes throughout the vadose zone and 1 - 2 m into
water-saturated zone.

* Dyed root macropores interconnected with water-bearing coarse-grained
lithological heterogeneities, some of which provided aquitard leakage
into underlying aquifers.

» Fractures per se (i.e., without root macropores inside) were consistently
occluded or formed very narrow flow paths from approximately 1 - 2
mbgs at the study sites.



Quantification of flow in fractures and relic root

Next-level techniques developed
and applied in Denmark

1 Mainly clayey till
[] Mainly sandy till

== & Glacial maximum

A LUC hydraulic tests

A In-situ hydraulic tests

¥ Recording of tree roots

macropores

LUC hydraulic tests

In-situ hydraulic tests

in landslides
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Uranine

and Uranine

[3.5-4]

- gom - - Fracture spacings, 28 (m)
Integrated quantification of flow with e w
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12 study sites across Denmark H
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experiments limestone aquifer Holbzk (A) this study |3 LUC Bentazone, MCPA, | Hummocky till
[1.5-1.8] and (44, 46) experiments | tebuconazole, above marginal till
Farre (A) this study and |4 LUC PFAS (PFBA), Basal till above bromide, BB [=3]
(38-40) experiments | Mecoprop (MCPP), | sandy aquifer [> 4]
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Techniques developed to distinguish flow and
transport in fractures and root macropores

LUC lab. Tests (Jorgensen et al. 1993,2019)
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In-situ field tests (Ouf et al. 2025)
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Depth (mbgs)

1 - 3 orders of magnitude higher K-values for
sy TFA@Ctures with root macropores inside than without
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1 - 3 orders of magnitude higher water-fluxes in fractures with
open root macropores inside than in fractures without

B Effective Fracture Aperture, 2b, (Lm)
0 20 40 60 80 100 120 140 160 180

Fractures with Absence of Open
Relic Root Macropores b ——

Fractures with Open Relig
Root Macropores

Cubic law for flow (q)
in fractures

2b '
=(2b)’ - 12;51

Results show:

1. Consistent small apertures
0-10 um for fractures

2. About 10 times larger
apertures for fractures with
root macropores



Fractures without root macropores inside occlude below
water table depths in aquitards

Elevation Relative to max. WT depth (m)

O = N W b& 0 O N
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Observations in Denmark attributed to flow
in fractures
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Cumulative frequency (%)

Fractures insufficient to explain high in-situ K values
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Lithological heterogeneity in aquitards plays a larger role
to flow than previously assumed
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Conclusions

Part 1:

Depths of roots and relic root macropores span from 1 - 2 mbgs to potentially more than 10
mbgs (deep rooted tree species, such as Stem Oak in locations with deep water tables).

Open root macropores from trees are major controls of groundwater flow and contaminant
transport in the vadose zone.

Flow in fractures with no relic root macropores inside is marginal below 1-2 mbgs in the
vadose zone and negligible below aquitard water tables (saturated zone).

Coarse-grained lithological heterogeneities (matrix texture, sand lenses, and sand windows)
represent major pathways of flow and transport into aquifers beneath current and historical
rooting depths in aquitards.
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Content
Part 2:

1. Solute contaminant behavior in glacial aquitards
2. Contaminant fluxes in fractures versus root macropores

3. Cause-effect relationship between aquitard glacial
geology and aquifer contamination

4. Accelleration of aquifer pollution by reforestation of
agricultural land with legacy soil contamination



Fracture spacings, 28 (m)
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Integrated contaminant transport in ..
hydraulic tests
. £
12 study sites across Denmark s
3
Study site, land use, Number and | Contaminant and Type of glacial till
and source of data type of tracer flow-through | [transition from B LUC hydrastc tests @ Field hydeana tests
A = Arable land, F = hydraulic in experiments oxidized to Bl
Forest/Orchard, O = experiments unoxidized till, Malshy coyey B & Lavpa colom enpariments [IUC) 9 teeest ol et
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Bulbro (A) this study 3 field Brilliant Blue (BB) | Basal till above Hinnerup (F) 2LUC Nitrate, bromide, BB | Basal till above
and (6) infiltration dye tracer Paleocene clay and (27.42.45) experiments sandy aquifer [2.8]
experiments limestone aquifer Holbzk (A) this study |3 LUC Bentazone, MCPA, | Hummocky till
[1.5-1.8] and (44, 46) experiments | tebuconazole, above marginal till
Farre (A) this study and |4 LUC PFAS (PFBA), Basal till above bromide, BB [=3]
(38-40) experiments | Mecoprop (MCPP), | sandy aquifer [> 4]
orthophosphate, BB Ringe (O) 2LUC Creosotes (DNAPL | Basal till above
Flakkebjergl (A) this | 3 LUC Ni, Zn, Cd, Cu, Pb, | Basal till over sandy (47-48) B | 2 coiutes), nitraie  { sandy aquifer [>4]
study and (41) experiments | bromide, BB aquifer [ 4.5] romide, BB
Flakkebjerg2 (A) this | 5 Field Glyphosate, AMPA, | Melt-out sandy till Sallov (A) this study snd [EEEEEEEEIN Beniszone, MCPA, | Basal and teimiriel
> : (44, 50) field tebuconazole, till above Paleocene
study and (25) infiltration MCPP, MCPA, above lodgement : : ; SR
: A infiltration bromide, BB clay and limestone
experiments | bentazon, clayey till above T ifer [3 — 8]
endimethalin, sand aquifer [3.8] . Sxpesiments aquiter §
pe zamid q Skzlskorl (F) this study | 4 LUC DNAPL creosote, Basal till above
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(27,42) experiments | Nitrate, bromide and sar}d?/ aquifer (only microspheres, BB
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study and (43,44 ) field prochloraz, sandy aquifer [2.5-3] study and (52, 53) experiments | MCPA, 2.4D freshwater layers on
infiltration metsulfuron-methyl, simazine, atrazine, top of basal till above
experiments | bromide, BB and terbuthylazine, BB | sandy aquifer
Uranine and Uranine [3.5-4]



Integrated contaminant transport in

hydraulic tests

12 study sites across Denmark

Study site, land use,

Number and

Contaminant and

Type of glacial till

Fracture spacings, 2B (m)
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Normalized conc. (C/CO0)

Integrated quantification of flow and

contaminant behavior in LUC
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Integrated model studies of LUC experiments

Dynamic assessment of model-transport parameters
Testing of model descriptions under time variable flow (i.e. different

groundwater recharge rates)
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Pesticide field experiments

Testing of consistency between LUC and field model
parameters and pesticide migration
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Modeling of DMS (PMOC) into aquifers

Biocide metabolite DMS from
agriculture and urban areas
(paint and building materials)
found in more than
30% of wells




Assement of aquifer vulnerability to "Persistent Mobile Organic Contaminants
(PMOC) ex. DMS, PFAS (PFBA), DPC, BAM
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Ks clay matrix domain values describe different degrees of geological
heterogenity in the bulk aquiatrd
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Distribution of different till types

A poly morphological landform approach
for hydrogeological applications in
heterogeneous glacial sediments
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Groundwater protection by glacial till type (tendency only)

Increasing glaciotectonic deformation (dislocation
and folding of layers) and lithological
heterogeneity in the following order of till types:

* glaciolacustrine till
 lodgement till, hummocky till/flow tills
 terminal tills/push moraines (least protection).
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Danish goverment has decided that 250,000 hectars of
mainly agricultural land shall be reforested

Groundwater pollution by reforestation land with legacy soil

pollution??
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Model-scenario with groundwater pollution by
reforestation of Sallgv site with legacy DMS soil pollution
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Model-scenario to assess groundwater pollution with
legacy DMS soil pollution by reforestation of Sallgv site
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Reforestation of Sallgv site with legacy DMS soil pollution
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Reforestation of Sallgv site with legacy DMS soil pollution

a b c
Fracture apertures: Afforestation/
in b: 6-12 pm; in €:12 pm A reforestation

(fracture) 81-123 um
(root channel)

0 20 40 60 80 100 120
&~

Soil

-
100 Ii 1 1 1 II i 1 )
! | ©
% N 5 2
° . g
1 o S
19 E S
80 b = g
75%percentlle _ | = 5
< &
g7 § 4%
i Cl
& S 1
5 60 °
3
2 o
g o
@ 50 o
2
E (o]
3 o
E 40 2,5E-01
3 -] _ e DMS source
o = =& infiltration®
30 " = 2,0E-01 A \
= \
° 5 1,56-01 \
20 : © \
o O FrstEEwWihND)| NPOR |- S————  _EU drinking- _
open root macro- | & & \ water standard
- o pores g \
© o Fractures with 8 5,0E-02 ~ \
o root macropores y 12um_ 6pm
0 0,0E+00 -—Frmmmn——»‘mm

0,01 0,1 1 10 100
Time (years)



Reforestation of Sallgv site with legacy DMS soil pollution
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Announcement by Danish goverment of reforestation to
protect drinking water aquifer against pollution
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Conclusions
Part 2:

Deep of root macropores, thickness of aquitard, and lithological heterogeneity
are major hydrogeological controls of aquitard leakage and vulnerability of
underlaying groundwater.

Targeted regulation and remediation of surface pollution in areas with aquitard
thickness less than rooting depths and leaky aquitards has potential to keep
pesticide concentrations in water supply wells below drinking water standards.

Groundwater protection need to consider groundwater risk by introducing new
deep root macropores from reforestation in areas with residual soil-pollution
and abstraction of groundwater for water supply.



