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Semi-kvantitative data

Avancerede undersggelsesmetoder anvendes | stigende grad
ifm. forureningsundersggelser

* Geofysik, Direct-push sonderinger (Geoprobe), droner ...

* Hgjt-oplgseligt ‘blgde’ data > semi-kvantitativt
* Etsupplement

Sveert at korrelere til ‘almindelige’ parametre
* Heterogen geologi
* Detektionsgreenser
* Temperatur
* Kalibrering af sensorer
* Baggrundsstgj
e Osw

Anvendes typisk kvalitativt

* Konceptuel model og guide pragvetagning

Et uforlgst potentiale — Data ‘strander’




Forureningsflux — Transektmetoden

C: Forureningskoncentration
A: Areal
q: Darcy flux

e Masse pr. tid (fX. kg/ér) i: Index som beskriver the i*® delareal

 Ettransekt opdelesi‘kasser’dertilegnes hhv. C,iogK
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Direct-push: MiHPT

44 —
* Membrane Interface Probe (MIP) with
Hydraulic Profiling Tool (HPT)
* Direct push sondering =2 kontinuerte
data, maling in-situ 1*
* MIP: Hvor og hvor meget forurening — B
« Samt hvor er den ikke ]
* Relativrespons pa koncentration
* HPT tryk: Det ngdvendige tryk for at *] percenies
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Direct-push: MiHPT

Maengden, kvaliteten og oplgsningen
af data stiger

Udnytte dette systematisk vha. mere
avancerede metoder
 Eksempelvis geostatistik
Integrere semi-kvantitative data

direkte i ‘almindelige’
forureningsundersggelser

* Interpolation af forureningsfane
eller grundvandsstrgmning
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Direct-push: LL-MiHPT

* MIP/MIHPT > kontinuerte malinger

* LL-MIP (low level) » maling ~ hver 0,3 m

* LL-MIP-systemet har en gget fglsomhed (10-50 gange) i forhold til

standard MIP-system

* Koncentrationer pa lavt pg/L niveau kan observeres
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Lokaliteten — Handveerkervaenget

* Klorerede oplgsningsmidler fra
diverse industri siden 1960°erne

* Kilden er afgreenset pba. jordpraever,
poreluft og grundvandsanalyser

* Primeert TCE (>1500 pg/L)
* Gradient 2.8%o

e Fluxtransekt ca. 40 m nedstramns

Scale

@ Direct-Push

=== Transect

A\ Borehole - - - Building — Source

\ GW flow direction

-=== [sopotential lines

Stort tak til Bettina Olsen fra DMR for hjeelp med felt og data!




Lokaliteten — Handveerkervaenget

* Klorerede oplgsningsmidler fra
diverse industri siden 1960°erne

* Kilden er afgreenset pba. jordpraever,
poreluft og grundvandsanalyser

* Primeert TCE (>1500 pg/L)
e Gradient 2.8%o
e Fluxtransekt ca. 40 m nedstrgmns

 Kompleks geologi og skranende
terreen

* Vanskeligt feltarbejde!




Lokaliteten — Handvaerkervaenget

Transektet
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Lokaliteten — XSD udslag
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Lokaliteten — Forureningsfluxen

* Fanerne er ikke afgreensede

* Lille dataset fanger ikke fanens centrum

Small Dataset

CMD = 331 + 114 [165-603] glyr
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Metoden — Og hvorfor geostatistik?

* OBS: Direkte korrelation var jo ikke muligt
* Etskridttilbage — konservativt

* XSD signaler konverteres til en tilstedeveerelses/fraveers-indikator
* Fjerner baggrundsstgj
» Stoler ikke pa starrelsen af udslaget, men derimod om hvorvidt forurening er tilstede

JA/NEJ

XSD Colored by Indicator
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Metoden — Og hvorfor geostatistik?

* OBS: Direkte korrelation var jo ikke muligt
* Etskridttilbage — konservativt

* XSD signaler konverteres til en tilstedeveerelses/fraveers-indikator
* Fjerner baggrundsstgj
» Stoler ikke pa starrelsen af udslaget, men derimod om hvorvidt forurening er tilstede
* Variogram: Et geostatistisk veerktgj > sandsynligheden for JA/NEJ veek fra sonderinger

JA/NEJ Rumlig sammenhang

XSD Colored by Indicator

: : : R : Gl * Experimental (transformed isotropic)
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Metoden — Og hvorfor geostatistik?

* OBS: Direkte korrelation var jo ikke muligt
* Etskridttilbage — konservativt

* XSD signaler konverteres til en tilstedeveerelses/fraveers-indikator
* Fjerner baggrundsstgj
» Stoler ikke pa starrelsen af udslaget, men derimod om hvorvidt forurening er tilstede
* Variogram: Et geostatistisk veerktgj > sandsynligheden for JA/NEJ veek fra sonderinger

Indicator kriging
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Resultater — XSD

‘Traditionel’ fane overlappes med
sandsynlighed > en ‘maskering’

Ingen blagd data > interpoleret
fane fastholdes

Lighed ml. fane og XSD
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Resultater — XSD

* ‘Traditionel’ fane overlappes med
sandsynlighed > en ‘maskering’

* |Ingen blgd data > interpoleret
fane fastholdes

* Lighed ml. fane og XSD

* Fanen afgraenses og fluxen
reduceres

 Mere detaljeret
forureningsbillede

* @geromrader med lave
koncentrationer (<10 pg/L)

* Reducerer ikke konfidensinterval
e Usikkerhed styret af kilden!

z [m]

z [m]

44

Small Dataset

CMD = 331 + 114 [165-603] glyr

44

42

40

eee oo eI XT]

38

z[m]

0000 000000000000 00 NTINIINY)

36

34

0000 000000000000 0000000

32
0 10

Censored CMD = 272 + 93 [135-496] g/yr

y [m]

10

0000000000000 000000000000 000 NI}

Oeee

Large Dataset

CMD = 430 + 73 [310-600] glyr

0.75

0.5

U0 00 000000000000000000

0.25

XSD
e Detect
o Non-detect

0
40 50

Censored CMD = 372 + 60 [271-510] g/yr

y [m]

0.75

1 P(y,2)




Resultater - HPT

» Virker ogsa pa HPT og K

 Det meget grove K-felt fra slugtest kan
overlappes med den relative
indikation af permeabiliteten givet
HPT modtrykket

—— HPT pressure i
- Well screen
Push-probe

T T

0 10 20 30 40 50
y [m]



Resultater - HPT

» Virker ogsa pa HPT og K

 Det meget grove K-felt fra slugtest kan
overlappes med den relative
indikation af permeabiliteten givet
HPT modtrykket

* Menien meget hgjoplasning

* Fanger lav-permeable zoner som der
ikke ses fra slugtests

18
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Semi-kvantitativ data kan
udnyttes bedre

* Interpoleret fane forbedres ved at kombinere
traditionelle grundvandspragver med hgjoplaselige,
semikvantitative LL-MiHPT data

e Data drevet

 Udnytter rumlig information fra ‘blgd’ data uden
at overfortolke

* Integreret direkte i optegning af fane

* Fokus her: forbedre fane og reducere flux
» Overfarbar til andre data og formal

» Testet og udviklet pa en ‘rigtig’ lokalitet

» Styrke konceptuel model og risikovurdering

19




Geostatistisk metode
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Valg af parametre til geostatistisk model
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Research Article

Temporal Evolution of Contaminant Mass
Discharge: Effect of Source Remediation at
Contaminated Sites

g ol :;ms e Improve Contaminant Delineation and Mass

E Region S T e S
Heyia— e v e Semi-Quantitative Direct-Push Data Can
% The James e e e e T e

Institute T e P e L Discharge in Groundwater

wating remeclial efoctiveness, and optimizing sampling trategics

by Anton Ballingtoft = , Mads Troidborg © , Charlotte Riis™ , Nina Tuxen and Pou! L. Bjerg by Anton Ballingtoft' 2, Wolfgang Nowak3, Poul L. Bjerg'®, Gro Lilbak®, Anders G. Christensen®, and

Mads Troldborg®
1. tntroduction hiornsted slvnts s song the mos omnpresnt and persten
subsurtace contaminsats in the world (Steslzian ot , bt also
Abstract . . . X X Contaeninsted sites originating from former bistoel industril ¢+ contaminaats aich as per and polyflboroalkyl substances (FEAS) are
Contaminant mass discharge (CMD) i a key metic for evaluating remeliation perfarmance at contaminated sites posing @ risk to grund- es pose 2 sk t0 the environment and human health worldwide.  becoming an increasing concern in sail and groundwater (Sims 1 3 Abstract

wates. This study assesses temparal CMD trends and associated uncertainties using 3 geostatistical appreach at & chlcvinated selvent contami-
nated site following source zone remediation, supported by two decadss of groundwater muonitaring data. The site serves 25 3 case to defive
leamings ani forlong-term manitoring at CMD approach. A significant recuction in mean CMD i b
was observed from 2009 to 2023, 82% when dataset of traditional 9 and 73% when from five. Em"’ -

Reliable mapping and delineation of contaminant plumes and accurate estimation of contaminant mass discharge (M) are
critical for groundwater risk assessment and planning of remedial actions at contaminated sites. However, traditional interpolation
T e— methods are often challenged by low-density sampling resulting in improper plume del . This study introduces a probabilistic

igh-resolution malevel samplers, reiacing CMD uncertainty from CV ~45 to 308 to ~15 to 4D%, The timing and magnitude of CMD deciine
aligned with expected plume transport and reflected combined remediation effects. A temporary vinyl chiaride CMD increase in 2015-2016
suggested enfianced dechiarination. highlighting the need to monitar both parent degradation products.

the value of CMD uncertainty quantification in Jong-tesm monitoring, enbling robust interpretation of remediation effects, temporal trends,
and risk. While the reduced dataset captured overall pattems, high-resolution data yielded lower uncertainty and clearer insights into plume
dmarmics. A tered moitoring approach—combining lution sampling with perioic high-resolution campaigns—is recom-
mended. Consistent manitoring of flaw and attenuation processes downgradient can further improve CMD quantifications without excessive
resource demand. Overall, this study shows. that lung-term, consistent monitoring supports reliable evaluation of source zone remediation and
interpretation of CMD response in downgradient groundwater

Introduction ing chlorinated ethencs (Cai et al. 2012; Kinarson 2017 Bal-
barini ¢l al. 2018; Byllinglofl el al. 2025a, 2025b), PFAS
(Adamson et al. 2020; Quinnan et al. 2021, and pesticides
(Frederiksen et al. 2023).

The temporal evolution of proundwater CMD-—and its
relationship with source mass reduction—has been explored

Poinl source conlaminalion from indusirial activities
poses & risk to proundwaler resources and dowastream
foceptoes worldwide. One important metric for groundwatee
management is contaminant mass discharge (CMD), defined
as the Lotal conlaminant mass per unil lime passing through B it !
& downgradien, wranseet. perpendicular 0 the conmi- 7 several studics. Brooks ct al. (2018) combined long-ierm
nant plume (ITRC 2010; Kinarson 2017 Horst et al 2021),  Moaiering dats with spaially disuribuicd CMI measure-
M i increasingly used 1 monor the ellictivoncss of Mt oblained al distinct poiats in lime to cstimate source
remediation efforts at coataminaicd sites (Horst ctal, 2017, $Uength functions over lime. Fjondbige et al. (012b) uscd
Haluska ot al, 2019: Thalund-Hansen o al. 2003 and has  ‘eTporal CMD measurcments 1o cvaluaic the performance

of a source zone remediation, capluring both initial reduc-
tions and rebound effects. Farlier studics have shown that
_— the relationship between source mass depletion and CMD) is
At nienen: e derm M) it s st ebuen 0416 molinear and can be described using source strength
o Tunctions (Falla et al. 2005; Basu el al. 2008; ippo and
Brusscau 2008). They highlight how mass removal may not
y resul in proportional CMID reductions. Simi-
larly, Brusseau el al. (2011, 2013) and Malthieu el al. (2014)
characerted and inked emporal eads n CMI o souree
Thi s 30 open access anich under the terms of the Creative mass removal, emphasizing (he importance of continuous
‘Commons Attribution-NonCommercial-NoDerivs License, moniloring for understanding contaminant behavior over
‘which permits use and distribution in any medium, provided Gme. These sludies highlighl the importance of CMIY in
the original work is prapery dted,the use s non-commercial informing. remediation straicgics and asscssing the loag-
and no matifcatians oc adaptations ore made term efTectivencss of this (Truex el al. 2017).

been applied across a wide range of contaminants, includ-

© 2026 The Autharfsl. Groundwater
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Quantification of contaminant mass discharge and uncertainties: Method and challenges in

censoring method that enhances geostatistical interpolation by incorporating comparably cheap, high-resolution, but semi-
quantitative data collected from direct push-probes in the subsurface. The method converts halogen-specific detector signals into
binary presence-absence indicators, which are interpolated using indicator kriging to generate a probability field of contaminant
distribution. The probability field is then used to censor a spatial concentration field derived from traditional groundwater sampling,
retaining interpolated concentration values only in areas where contamination s likely. We apply the method to 2 site contaminated
with chlorinated solvents using two datasets with different sampling densities. Results show that, using our new method, plume
fringes became more clearly defined and the total area with low concentrations (< 101 L™") increased by 41-853. CMD estimates

duced by 13-18%, while rel remained largely unchanged. The method integrates seamlessly with traditional

application at contaminated sites. Journal of Contaminant Hydrology, 268, 104453.

https://doi.org/10.1016/j.jconhyd.2024.104453

Kode til fluxberegning

Bollingtoft, A., Troldborg, M., Riis, C., Tuxen, N., & Bjerg, P. L. (2026). Temporal Evolution of
Contaminant Mass Discharge: Effect of Source Remediation at Contaminated Sites.

Groundwater Monitoring and Remediation. https://doi.org/10.1111/gwmr.70043

20

Code for Contaminant Mass Discharge Quantification and Uncertainty Estimation in Groundwater

Software posted on 2025-08-18, 13:14 authored by Anton Bo Balkoglof!

‘This software analyses the spatial variability of multilevel concentration data from a transect located downstream of
contaminated site,

“This is version 1.0 of the software.

Ituses a geostatistical framework ta estimate the contaminant mass discharge (CMD) and its uncertainty. The method is
in detail in Balli 1. (2025) and is & continuation of the work originally published by

p
Troldborg et al. (2012).

The method combines:
« An analytical trend model (Domenico & Palciauskas, 1962) to estimate the mean concentration fleld and generate
‘concentration residuals which are then ransformed used Bax-Cox transformation
« Bayesian model parameter calibration using Markov-Chain-Monte-Cario (MCMC) is used to determine the best fit of
vatiogram. transformation and analytical trend mode! parameters
« These residuals are then used for spatial simulation via kriging and condaional simulation

The code s modular and designed for g With subsur; data

USAGE METRICS
25 10
vews owniaads cistions

B 1s supplement to
Quaniification of contaminant mass H] roe
and uncenain “a;g“ hallenges

contaminated sites

DTU Data

Bollingtoft, A. (2025). Code for Contaminant Mass Discharge Quantification and Uncertainty
Estimation in Groundwater (Version 1.0). Technical University of Denmark. Software.

https://doi.org/10.11583/DTU.29891264

interpalation methods and our censoring workflow can b appied to other forms ofdiect-push data (eg, relative permeabiiy). As
ol

such, the framework offers a useful method for incorporating

and CMD estimation at contaminated sites.

Introduction

Contaminant mass discharge (CMD), the mass of con-
taminant passing through a control plane per unit time,
is increasingly neoognized as a key metric in groundwa-

Horst et al. 2021; Quinnan et al. 2021). By integrating

with flow, CMD
provides a complementary metric that reflects the actual
load on water bodies from contaminated sites. While
cleanup standards are typically based on con-

ter risk site
(e.g., ITRC 2010; Koch and Nowak 2015; Anderson 2021;
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centration thresholds, CMD offers additional insight into
risk to downgradient receptors such as drinking water
wells and surface waters (Balbarini et al. 2018; Frederik-
sen et al. 2023) and supports the evaluation of remediation
performance (Fjordbgge et al. 2012; Mateas et al. 2017;
Thalund-Hansen et al. 2023). CMD from contaminant
plumes is typically estimated by interpolating multilevel
measurements of concentration (C) and hydraulic con-
ductivity (K) across a control plane. The |merpc]atmn
is ly done using a

approach, where the domain is subdivided into areas
around each sampling point (ITRC 2010). While straight-
forward, this method can overextend local measurements
and offers limited spatial resolution when sample density
is low, potentially allowing isolated values to influence
disproportionately large areas. Especially in large plume
andfor heterogeneous aquifers, sparse or uneven sampling
can introduce significant uncertainty in CMD estimates
(Troldborg et al. 2012; Kitanidis 2015, 2017; Balbarini

Groundwater 1

Bollingtoft, A., Nowak, W., Bjerg, P. L., Lilbzek, G., Christensen, A. G., & Troldborg, M. (2025). Semi-
Quantitative Direct-Push Data Can Improve Contaminant Delineation and Mass Discharge in

Groundwater. Groundwater. https://doi.org/10.1111/gwat.70034
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