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Drinking water resource protection

» Water Safety Plan (pavidson et al., 2005; WHO 2004)
« Hazard Identification, Risk Control, Monitoring

* Deterministic time-related wellhead delineation (Frind et al., 2006)

How safe is my well production? ®
How likely it is to impact us? How much mass?
! How long is my well contaminated?

| What are the costs to enhance resillience?
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Fundamental basis for risk-informed decisions

Intrinsic well vulnerability criteria (WVC) (Frind et al., 2006):
1) Time of peak arrival: t,e,
2) Max. concentration: €,
3) Time to react: t_; (threshold level )

4) Exposure time: t,,, c(H)
Cpeak- ..................... P | mO " Strength
? -~ time
- : ~ duration
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Arrival time, impact, ...
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"8 An Imperfect world — epistemic uncertainty

Error sources
« Natural variability (e.g., geologic windows, fault zones, ...)
« Data (e.g., parameterization (upscaling), measurement error, ...)
 Models (e.g., ideal world, model and data scale, boundary conditions, ...)

Risk assessment = Uncertainty quantification

= ? How safe is the well production?
e | How likely itis to impact the well?
~  Costs regarding increased well safety?

Probabilistic Well Vulnerability Criteria

= (PWVC) (Enzenhofer et al., 2012)
N photo: Dave Thomson
) 'D.O —
S 10| p us IMVUL 2012, Paris, France, 9™ - 12 July 2012 4/16 SimTech
%e° Cluster of mlenc;



9P 1ehlinis-1unsSASoJpAyY MMM

Reasons not to perform uncertainty quantification

 Practicioners still refrain
« High computation times (Renard, 2007)

* Time intensive computer code development (Renard, 2007)

« Decisions are binary (Pappenberger and Beven, 2006)
« High reliability levels are high mitigation costs

WHPZ - Reliability

&

Computational Time
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"8 Goal

Probabilistic risk management tool for actively managed
well catchments

» mass flux-based PWVC (peak arrival time)

s
2 » easy to use (known software) at low computational costs
S

S » risk-informed decisions in wellhead delineation (reliability)
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= Nine step concept

= Burgberg Test Case
Management
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Burgberg Test Case

Schwabisch

Location — Swabian Alb (Germany)
« Quaternary gravel channels
« Upper Jurassic karst aquifer
* Inner protection zone area A® = 1.06 km?
+ Mean Recharge ¢, = 10.5 /(s km?)

* Puming rate Q, =300 I/s
é
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"8 Model Implementation (ang & Justiz, 2009)

* Modflow (Harbaugh et al., 2000 and ModPath with Random Walk
« 3 model layers

« Zonation-based

« 150.192 elements (Ax = Ay = 12.5m — 100m)

= : L
é « SimulationtimeT,,, =30a
=r + Uncertain parameters
=
oM | I [taert  Jiaern  Jiajerm [Pdftype |
» Porosity ) [%] 8 —23 2 —30 2 —30 uniform
g Dispersivity (1% [m] 20 — 500 20 — 500 20 — 500 uniform
o ary [m] 1 —25 1 —25 1 —25 ary = a; /20
c Conductivity K [m/s] 4-1073 1-10°5—-1-103 1-107¢ —=5-10°3 Post-calibration
)
3
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Decision theoretic risk management framework

e NUPUS
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@ MODFL Madel Setup
(Zonatioh / Pilpt Points)
® Mod1l Cali

(PES

@ Post-Calibra

Conditional Flow Simulatio
(MODFLOW)

Backward Particle Tracking
Random Walk (MODPATH)

Monte Carlo
Simulation

@

Post-Processing for Decay /

| Sorption /Extended Release
Probabilistic Welll Vul]erability Criteria R —
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Calibration step g |
T : ¥ol .
« Model conditioning (e.qg., EnKF, Bayesian GLUE) {g @
(®) Probabilistic Wl Vulfjerability Criteria
» Post-calibration matrix (PEST) (Fienen, 2009) ®
-1
— (c=1L1TR-17) — _ T T
Copla = (Cpp"'] R ]) = Cpp — Cpp) ('Cpp' ) JCpp
« Calculation by hand: ;
- Sensitivity matrix (Jacobian) ]=a—pf
* Measurement error matrix R l
* Pre-calibration matrix Cpp
« Conditioned parameter set for flow simulation
p =P + chol(Cppja)er
°32e° .o Nnu Pus IMVUL 2012, Paris, France, 9™ - 12 July 2012 10/16 SimTech_ i
Cluster of Excellence



0.0 -
S 10| Pu S IMVUL 2012, Paris, France, 9 - 12t July 2012 11/16 SimTech
o0 I N —
L

a

MODFLOW Madel Setup

(Zonatioh / Pilpt Points)
odg

Intrinsic & specific transport simulation

Backward Particle Tracking
Random Walk (MODPATH)

Post-Processing for Decay /

« Conditioned steady-state head fields e. i3
+ ModPath extended with Particle Tracking Random Walk @ =
Xp(t + At) = X, (6) + (v(Xp,t) + V- D(X,, t) ) At + B(X,, t) - £(O)VAL
) Reve rse approaCh —=— Concentration with n=15.160.284 particles
« Inverse Gaussian Distribution Tommmemm—

Concentration [g/]
[N)
o

g
c(t) = f(t;u,A) = exp{—/l(t H } ; t>0

2mt3 2t g
« 1St order degradation — T e

» Retardation effects (sorption, natural attenuation potential)
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- @ MODFLOW Madel Setup
(Zonatioh / Pilpt Points)
@ Model Cali%ration

Result: Probabilistic wellhead delineation ;e

Backward Particle Tracking
Random Walk (MODPATH)

Conditional Flow Simulatio ’

(MODFLOW) '
Monte Carlo
- - WeIIV®uInerabiIity Criteria ost-| roces@ngfcr Decay/
« 1000 Monte Carlo realizations — gty
Probabilistic W+I VuIlIerabiIity Criteria

« Computation time: 5hrs (36cores) -
« Developed on: Intel Core2Duo, 2.26Ghz,4GB RAM (10min)

 Peak arrival time:
tpeak,A - 151 d

HUrbER\

— 0
Ptpeak<tcrit = 21% (
urgberg
« Current safety level: i |

B / rivers
B / inner well-head|protection zone
|
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MODFLOW Madel Setup
n / Pilot Points)

| Califration

On the way to risk-informed decisions |

Backward Particle Tracking
Random Walk (MODPATH)

. . @ ” B imulation
« How safe is my well production? ? »
--/ Probabilistic Well Vulnerability Criteria
. What is the confidence in arrival time? @ [ © e
« What are the costs to enhance resillience?

Option: (I1) Option: (lIT)

000veES
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No additional costs Some additional costs

0008865
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MODFLOW Madel Setup
(Zonatioh / Pilot Points)

lodgl Calibiration

On the way to risk-informed decisions Il

Backward Particle Tracking
Random Walk (MODPATH)

« Choice of safety margin 3

> 'ost-
Sorption /Extended Release
Probabilistic w4|| Vu|1erabi|ity Criteria
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"8 Summary

Probabilistic Risk management tool for actively managed
well catchments for practioners

» PWVC are easy to implement

- » computational costs are acceptable

» risk-informed decisions are available

» higher reliability at acceptable costs
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