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Content 

Part 1:

1. Glacial aquitards: What are they and why should we care? 
2. Geological characterization of glacial aquitards 
3. Fractures, deep tree roots and root macropores
4. Historical interpretations of flow and transport in glacial tills 

based on traditional indirect hydraulic techniques
5. State-of-art quantitative determination of flow and transport 

in fractures and root-macropores
6. Identification of groundwater vulnurability by multidisciplinary

approach.



Glacial aquitards in millions of km2

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.

Denmark

(Adapted from Ferris et al. 2020)



Moraines of glacial till: clayey till, sandy till 
(i.e., glacial aquitards)



Integrity of glacial tills compromised





Persistent mobile organic compounds (PMOC)
Forever-chemicals



PFAS



Geology
& 

Hydrogeology
of glacial till landscapes



Glacial till types



More than 5 major ice-advances have occured across 
Denmark in the last ice-age (Weichsel ice-age)

Vertical succession 
of glacial till units 

(TA-TE) 
each typically less 

than 5 m thick 

(Jørgensen et al. 2004)

Aquitard

Aquifer





Movement of ice sheet/glacier



Bovbjerg

Heterogenity of glacial tills



Bovbjerg

Last ice age

Melt water sand

Heterogenity of glacial tills



Bovbjerg

Last ice age

Melt water sand

Trust fault with sheared 
thin sand layers

Sheared thin sand layers

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

Valby

Younger basal moraine

Older terminal 
moraine

(Milthers 1922)



Trust fault with micro sand-layer

Heterogenity of glacial tills



Heterogeneity of glacial till

Trust fault with micro sand-layer



Micro sand-layer (Fe/Mn-oxides
preciptitated from aerobic water

flow) 

Heterogenity of glacial tills



Bovbjerg

Fractures 

Fractures 

Fractures is a common feature for most 
glacial till types across the continents



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



Root casts/macropores are widespread features on 
fracture surfaces

2.5-2.8  m depth 4  m depth

5.2 m depth



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

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



Saturated flow in fractures 

q
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(Snow 1968)
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Flow along fractures

Investigators used indirect techniques and 
interpretation to evaluate hydrogeological

role of fractures 

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

fractures



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

(Canada)

(Cherry 2012)



10 – 20 m deep hydraulic active zone in glacial 
aquitards attributed to fractures (Canada)

(Ferris et al.2020)



Matrix Bulk aquitards
Gap

Similar observations in Denmark attributed
to flow in fractures



Canadian test pit 

Root macropores/imprints are widespread inside
fractures



Canadian test pit 

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

Root macropores/imprints are widespread inside
fractures



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

Jørgensen et al. 
(1993, 2019)

Ouf et al. 
(2025)



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

Multidisciplinary approach



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



1. Extreme plasticity within and between tree species
2. Can sense gravity, gradients of moisture, and nutrients - and manage growth accordingly
3. Can sense fractures to ease penetration in dense geological materials
4. Can take on different shapes as respons to subsoil conditions and environment. 

Tree roots and tree-root behavior



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

Tree roots in glacial aquitards



”Pull and push” by water tables (hydrotrophism) 

(Yocum 1937 & Fan et al. 2017)

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. 

Root systems from trees can grow several meters per year 
as repose to WTD. 



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



Tree rooting depths controlled by tree species 
and water table depth

Occurrence and depths of root macropores in fractures



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



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



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



Salløv-Bulbro hill-slope Absence of forest vegetation 
for more than 1,000 years



Salløv-Bulbro hill-slope Absence of forest vegetation 
for more than 1,000 years



Salløv-Bulbro hill-slope Absence of forest vegetation 
for more than 1,000 years



• 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 

Salløv- Bulbro hill-slope Absence of forest vegetation 
for more than 1,000 years



Dye tracer flow in tree root macropores along exposed fracture 
surfaces 

Identification of flow system pattern using 
dye tracer infiltration 





• 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.

Summary of active flow paths



Next-level techniques developed
and applied in Denmark

Quantification of flow in fractures and relic root 
macropores





Techniques developed to distinguish flow and 
transport in fractures and root macropores 

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



1 - 3 orders of magnitude higher K-values for 
fractures with root macropores inside than without

Intact cores of matrix 
hydraulic tests



1 - 3 orders of magnitude higher water-fluxes in fractures with 
open root macropores inside than in fractures without

Cubic law for flow (q) 
in fractures 

Results show:

1. Consistent small apertures
0-10 µm 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

Fractures with 
root macropores

Fractures with 
root macropores

Equivalent with 
15-20 m depth



Matrix Bulk aquitards
Gap

Observations in Denmark attributed to flow 
in fractures



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



Conclusions

Part 1:

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).

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

3. 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). 

4. 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



Integrated contaminant transport in 
hydraulic tests



Integrated contaminant transport in 
hydraulic tests









Modeling of DMS (PMOC) into aquifers













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). 

Groundwater protection by glacial till type (tendency only)  



”Translated” to different aquitard leakage in schematic
watershed



Groundwater pollution by reforestation land with legacy soil
pollution?? 

Danish goverment has decided that 250,000 hectars of 
mainly agricultural land shall be reforested



Havdrup site
(appel tree orchard)Havdrup site

DMS 
contaminated

strawberry fields

Model-scenario with groundwater pollution by 
reforestation of Salløv site with legacy DMS soil pollution 

Total area has been agricultural
land for more than 1,000 years 

with absence of forest vegetation 



Havdrup site
(appel tree orchard)Havdrup site

DMS 
contaminated

strawberry fields

Model-scenario to assess groundwater pollution with 
legacy DMS soil pollution by reforestation of Salløv site

Catchment area has been
agricultural land for more than

1,000 years with absence of forest
vegetation 



Reforestation of Salløv site with legacy DMS soil pollution 



Reforestation of Salløv site with legacy DMS soil pollution 



Reforestation of Salløv site with legacy DMS soil pollution 



Announcement by Danish goverment of reforestation to 
protect drinking water aquifer against pollution

Map showing agricultural fields fertilized with
biosolids from waste water (multiple pollutants)

Randers 
waterwork

Randers 
waterwork



Conclusions
Part 2:

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

2. 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.

3. 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.


