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Organic pollution

/. A ¢ ’ l \ r _7 i 2y ]

source: André Kiinzelmann/UFZ

Widespread organic pollution in aquifers (“legacy
contaminants”, e.g., benzene, chloroethenes) and
catchments (“micropollutants”, e.g., pesticides)

Common issues:
« identify emission sources
« provide evidence and quantification of transformation
« identify transformation pathway

e ——



Key questions

Wi h

How to extract this information?
« compound-specific isotope analysis (CSIA)
* mathematical and hydrological isotope models
ﬁHELMHOLTZ

ZENTRUM FUR
UMWELTFORSCHUNG
UFZ ;

e ——



1.1) CSIA FOR ORGANIC POLLUTANTS
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Dilution vs. degradation of organic contaminants

y

12C (98.9%)

Lower concentration,
but equal isotope
ratio

Dilution

Organic contaminant (like BTEX, PCE, MTBE)

13C
Reaction product:

lower ratio, becomes
depleted in 3C

Biodegradation

Contaminant:
higher ratio, P

. HELMHOLTZ
becomes enriched il

. UMWELTFORSCHUNG
in 3C UFZ




The Rayleigh equation

Degradation 2C-contaminant: ~ =k, [2C]
Degradation *C-contaminant: £C_ &, 15C]
dt

Integration leads to [?ayleigh equation: R, = Rof(“‘l) '

13C
Isotope ratio: | K = 137

C
Fraction remaining: | f = =+
Co o
(Kinetic) isotopic fractionation factor: | ¢ = k_L =1
(Kinetic) isotopic enrichment factor: | &[%o] = a — 1 [ #eLMwoLrz
UMWELTFORSCHUNG

UFZ
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Advantages of CSIA: degradation

Evidence and quantification of degradation because
» degradation alters isotopic composition
e dilution has no impact

 physical processes (sorption, dispersion...): generally
limited impact on isotopic composition

Reaction product:
lower ratio, becomes
depleted in *C

Biodegradation

Contaminant:
higher ratio,
becomes enriched
in 13C
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Advantages of CSIA: sources

Source fingerprinting: isotopic composition can depend on
manufacturer or source of raw material

Fieldstar Aatrex

Blade . .
o s @ @ @D |Herbicides

Fertilizer (Skitmore, 1997)

(Drimmie and

Michigan & Appalachian
Formation Waters Frape, 1990)
Product name Active ingredient
Water Softener Salts (Rosen, 1999)
Aatrex Nine-O  Atrazine
Sewage Sludge (Skitmore, 1997) S.l_ril-:cr C Inp}'j':il!d. flumetsulam, 2.4-D
Fieldstar Clopyralid, flumetsutlam
Bladex Nine-T  Cyanazine
Road Salts (Rosen, 1999) Lorox DF Linuron
} Lambton & Sarnia
(Desaulniers et al., 1986) Regional Groundwaters
Chlorinated Solvents — TCA
(van Warmerdam et al., 1995) TCE
rFrr-r>-rr-r-r-r-rrrrrprt 1t
-6 -5 4 -3 -2 -1 0 1 2 3 4 5 6 f
S37Cl1 %o (SMOC) 7 HELMHOLTZ
ZENTRUM FUR
UMWELTFORSCHUNG
UFZ

source: Annable (2007)



Advantages of CSIA: sources

Source apportionment: what is the contribution of each
source to the sample mixture?

mixing line
PORBRRI, X R —_————— —
® | 2 ®
source A sample source B
] ] L] ] ] >I
-40 -35 -30 -25 -20 -15

013C [%o]

isotope mixing model:
f 5136_5- _ 513CB
AT S13, _ 513

51 CA 6 CB ﬁHELMHOLTZ

ZENTRUM FUR
UMWELTFORSCHUNG
UFZ
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1.2) DUAL-ELEMENT ISOTOPE DATA
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813C (%o)

source: Bosch (2015)

Source identification with 2D isotope data

20+
22
24}
-26 L
28+
-30+

=321

main source: coal combustion at low

PAHSs in forest soils

Il PHEN+ANTH
[ FLU+PYR

¢ .

Iow T coal

llquld fuel
high-T coal

] BaA+CHRY biomass

[] BbF+BjF+BKF

] BeP+BaP

B (cdP+BghiP

-250 -200 -150 -100 -50
8%H (%o)

temperatures

isotopic composition of 2nd element [%o]

source mixing in 2D

isotopic composition of 1st element [%o]



Differentiation between transformation pathways
with 2D isotope data

herbicide isoproturon

90 , | C-H bond cleavage during -

] | side chain oxidation RN v,
80 - ' N N
1 Mucor sp. strain Gr22 \ 7/, / Y AN
L P - v o !
604 . Phoma cf. eupyrena Gr61 “
50 1 Mortierella sp. strain Gr4 .
z - ! Hydrolysis of the
T 40 1 urea group
3 J
q -
30+
20 Arthrobacter globiformis D47
10 4 ) s 0—~-, &
E e = R 2 i
0 . i |
4 4~ abiotic hydrolysis pH 7
I i3 ]

32 -30 28 26 24 22 20 -18 -16 -4 goyrce: Penning (2010)
813C (%)

—> hydroxylation vs. hydrolysis




2) FIELD CSIA DATA OF ORGANIC
GROUNDWATER POLLUTANTS
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Calculating degradation in the field

AR

benzene m
i

\,_m
b

16-26

713
G0-58
53-74
7 713 3

\
mg L!
B- M 1
17

685

. 5

v 8, + 1000
€1ap - I(f) = 1000 - In 5, + 1000

)-a

source: Braeckevelt (2012)

Groundwatar flow * »"Eimundwat&r flow 1&*
Rt = Rof(“_l) extent of degradation
|

B[%]= (1-£)-100

E1ab,1 = -3.6%o0 (sulfate reducing )
E1ap.2 = -2.0%0 (Methanogenic)




CSIA in the field: heterogeneous systems

Calculate extent of degradation (1-f) from field CSIA data

Epap==2%0

x=0 x=L

2 C,=0
V1 »dg—rm

complete degradation

T

homogeneous flow with 50 %
degradation

C,=%C,
A6=0

micro-heterogeneous flow with complete
degradation within segregated elements
yielding 50% overall degradation

no degradation
source: Kopinke (2005) ES&T

b

Clobearveg = ¥4 Co- (0 + Yo+ %+ 1)
= %G,

Ad,

observed =

(0" +%-1.39+%-0+1-0)/

(D + ?/,’z +ﬁ
= 0.3475 %o

L =

CL cotcutateg = 1-000347501-00241-1.002)) C

xcalculal-ed =016 < ansenmd =0.50 ] ‘

—> underestimation of biodegradation

0LTZ
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CSIA in the field: heterogeneous systems

Calculate the isotopic enrichment factor (g) from field CSIA data

x=0

S
I
vy ™

Clobeorveg = ¥4 Co- (0 + %o+ % + 1)
= %G,

complete degradation
A8,

observed =
(0-,00"+%-1.39+%-0+1-0)/
0+%+%+1)

= 0.3475 %o

__ A ] 10003475 _[ " i ]
fl.&‘ld ln(f) . ln(O_S) e . 00

[ (c:]ab='2%0

Field-data derived enrichment factors
- underestimation of ¢
- overestimation of degradation

homogeneous flow with 50 %
degradation

A46=0

micro-heterogeneous flow with complete
degradation within segregated elements
yielding 50% overall degradation

R A S A S A

gegradaation

%%%W\WN%WW%‘N\%W‘N\%‘Wﬁ

S

-

source: Kopinke (2005) ES&T




3) COMBINED SOURCE APPORTIONMENT
AND DEGRADATION QUANTIFICATION
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.37
& ClI

10 1 degradation LA

Mixing and degradation

CSIA applied either for degradation quantification or source

apportionment

- What if isotopic composition changes due to source

mixing and degradation?

10 4

synthetic
1 perchlorate
S %Q_;_» o

. . A
Y I _-=7 “sample
< -"""
‘h.-i “g

Lol & .f;._%mi:-:ing

S Atacama
perchlorate

20

=» Can we develop a CSIA-based

model for combined
quantification of degradation
and source apportionment?
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SISS model: approach

Mathematical model for two mixing sources and degradation via
one reaction pathway
- the Stable Isotope Sources and Sinks Model

degradation
(sink)

source
A

remaining
fraction

mixing,
no degradation

sink >
(degradation)

mixture

mixing,
no degradation

source B:

degradation remaining O3 Cs. 5 Hg )
(sink) fraction 0 5 10 15
52 C [%eo]

source: Lutz (2014a)

e ——

source
B




SISS model: mixing followed by degradation

1. calculate mixing line (green)

2. set up equation for degradation trajectory (red)

3. calculate intersection point

4. calculate source contributions and extent of degradation

source A: (617C,, 5° H,) /

10 |- -
sample:
(6™ Cq, 5% He)
S -
. L iel3 .2
mixture: (577 Cy,y, 8° Hy )
source B:
0 113 2 7
(83 Cy, 8% Hy)
| 1

0 5 10 15
5% C [%eo]

source: Lutz (2014a)

52 H [%o]

traditional isotope - Sa3 Gomeas 312G
. . . A =
mixing model: §13C, — 613C,

from Rayleigh equation:

B[%] = (1 — fzeq) - 100

1000/
, §13Cs 4+ 1000 <] -~
§13Cy; + 1000




SISS model: unequivocal source partitioning

natural perchlorate
(source A)
| l

|
10 |-
synthetic
perchlorate
_ (source B)
=] -
g oop 7
(@]
=~
"
L=}
_10 -
-20 .
-30 =20

source: Lutz (2014a)

=10 0
5% 0 [%eo]

10

20

Relative source contributions defined by 2D-isotope signature

SOUrce 1 degradation
A (sink)

mixing,
no degradation

sink
(degradation)

mixture

mixing,
no degradation

source
B degradation
(sink)

—> It is possible to divide the 2D-isotope plot into areas of certain

source contributions




SISS model: field application

source source
areaB areaA
w1
013C and 02H ~ : ' we * Wi _ 17
of benzene N A o Ll r et _
Ba - B T Rt clayey,
. ' silty
?_ S 1 [
sand
modified from S T = P
- s g_ s il .:::_f'_,'_-::..f:‘.___. ,'.':.1 ki ¥ ngNe
Van Keer et al. (2012) A ™ o
m-b:;s 2 - [ clay
groundwatar fiow
400 m
Wx: Monitoring well I Filter BB contaminant plume

application of mixing model

sulphate-reducing conditions methanogenic conditions

deg‘re::lealzitoonf [%] %‘:gfg‘; deg':::lz't‘itoonf [%] cm:st;:)rl.‘:t;o: “\ ¢ H= 79%0 and € C=_3 .6%o0
W9F2 3.2-3.3 0.37 36-38 0.36 ( sul P hate reducin g )
W13F2 7173 0.57 8.1-8.4 0.54
|:> W15F2 4.0-6.9 0.04 46135 0.02
W18F2 20.1-82.8 0.05 n.d. n.d. EH=_60%0 and o=~ 1.9%o0
W18F3 9.7-15.6 0.09 11.1-28.1 0.06 (meth anogen iC)

W18F4 15.7-26.2 0.13) \ 17.8-54.7 0.07 J
2 conservative estimate (scenario 1)

b maximum estimate LutZ (2014b)
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4) ISOTOPE MODELLING FOR DIFFUSE
ORGANIC POLLUTANTS
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Modelling of CSIA data

» |[F-RTMs (isotope fractionation reactive transport models) for
groundwater systems
—>analyse isotope ratios in contaminant plumes
—>test performance of Rayleigh equation in open systems

Toluene < 10" 3'°C Toluene

10 awlo T
335) A

Depth (m asl)
Depth (m asl)

325

source: Prommer (2009)
* Novelty: simulation for diffuse pollutants
- include groundwater, unsaturated zone and surface runoff

24
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Diffuse pollutants on catchment scale

» challenges:
« extrapolating from lab to field conditions
* low environmental concentrations

—> hydrological models help explore the use of CSIA for diffuse
organic contaminants

storm event

ataleticGearadetion water table prior
subsurface to storm event

storm flow

anaerobic @

biodegradation source: modified from
Burt and Pinay (2005)




4.1) VIRTUAL EXPERIMENTS FOR A
HILLSLOPE
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Example I: hillslope model

Can CSIA be used in river monitoring to analyse diffuse pesticide
pollution?

- performance of “virtual experiments” with flow and solute
transport model (HydroGeoSphere)

Ll T

—_
[ ]

7 [subsoil \ - 15
- Anaerobic degradation in f\erob_ilc degradationin |-
L= subsoil and bedrock — opsoi N .
: \ — o hillslope
5 ~ bedrock - outlet
] e
0 -
|
0 I "
- oy 1é0 L
- X 200

(k'gﬁ‘ @ 88 (%0) &gy (%o) \5H /ec

aerobic (topsoil) 5 -5 —10 2
anaerobic 0.2 1 —90 20

(subsoil and bedrock)




Hillslope model: results

«ncpesicse | decreasing concentrations with
04 increasing depth and distance from
0.3
o1 the source
0.05

(-]
2 -~
=
(=3
o

150 200

* isotope enrichment with growing
e distance from the emission source

=27
@:ﬁfﬁ’ * enrichment > analytical uncertainty

-28.5
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Hillslope model: results

underestimation by Rayleigh equation

theta [%]
20

e comparison to modelled
concentrations of conservative
solute

-

extreme rainfall event

CONCENLTBLON At puthet
(=]
F -
.
=
z % =S 3
mass flux at eutlet [kaid]

» isotope ratios drop to the source
values > emission via surface

'“ runoff
TR » use in source identification
E-—m
ﬁHELMHOLTz
29 ZENTRUM FUR
source: Lutz (2013) UMWELTFORSCHUNG

i
_3'3-3 2.9 .o 1 0.2 3 104 0.5
Eirmee [d]
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Insights from the virtual experiments

« magnitude of enrichment >> analytical uncertainties - can
be detected by CSIA

* CSIA can be used for detection of pesticide transport via
surface runoff

« good accuracy of Rayleigh equation approach

~" I | I 4 £\
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4.2) FIELD CSIA DATA FROM AN
AGRICULTURAL CATCHMENT
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Catchment-scale modelling of pesticide CSIA

What does CSIA tell us about pesticide transport and degradation?

‘ concentration + carbon CSIA of S-metolachlor during a érowinr%J season

collaboration with G. Imfeld, O.
Elsayed, M. Lefrancq, S. Payraudeau
(University of Strasbourg)

Drain
outlet

@ Drain outlet Land use I Dirt road

® Rain gauge [ Com B Grass road
4 Tipping bucket I Sugar beet M Asphalt road
O Flow measurement devices [ | Wheat Il Hedge
[ catchment [ IFallow land [ Ditch

[ Grass strips == \/egetal barrier

- source: Lutz (2017) 32
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Field CSIA data — catchment scale

S-metolachlor

—
Y
—

-
E 87
E ]
n © __._I.._.l...._ul.-h.ljh.u.
b) —
‘U‘) 2 ]
d —]
g o - \_I_M_ IL
© —~ g- -
| Plot
[=2] o —
O D@ ]
5 : -
'C*E Q -Applicatipn 2 e
T 4 .
3 & L
5
O o 4 - g
T | T T | T | !
@ — g :
g Catchment o
(o] N
2 8- ;
o
L2 o
Y
c
8 <1
c
[
\ - o
[
€)™ — < 5
. Drain
2 oA
=
R
8 7
T
Q ~— -
o
c
o
O o 4
T T | T T | T T |
Mar May Jul Sep Nov
—e— Concentration ® ;%

Concentrations:

source: Lutz (2017) UFZ

Highest outlet concentrations after
extreme rainfall event in May

CSIA:

evidence of degradation: 2.5%o
enrichment vs. 0.5%o0 analytical
uncertainty

challenge of low environmental
concentrations for CSIA

degradation at catchment outlet via
Rayleigh equation: 94.1%
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Conceptual hydrological model
using travel time distributions

P pesticide f
input  ET ‘v 7 ‘r ” ET

eroded
pesticide

k
fi
kinetics

D ——
y' VR |}

overland flow

»  stream
[C]&5'°C




Model results: concentrations and &13C of S-met

_—
1]
—

Rainfall
[mmd™]

S-metolachlor

§ appicaton] | | « calibrated against discharge,

o gt Lsiufuad kit sl (4l bd, | concentrations and CSIA in

multiple runs (grey area)

30

(b)

20

Discharge [Ls I]
ﬁ\
[ ] [ ]

underestimation of peaks

K mobilisation of sorbed and
— ; S ——— thus non-degraded pesticide
/r: gz & s \ in the source zone following
-0 2 TN rainfall
5 | « calibrated €:=-1.13%o0 (best fit)
(d) . ' ' ' | | and €:=-0.910.3%0 (mean)

3'3C [%d]
30 -20
| | |

! I I I | | |
\ Jan Mar May Jul Sep MNov y ﬁ HELMHOLTZ

ZENTRUM FUR
= = measured — best fit 5 to 95-percentile UMWELTFORSCHUNG

source: Lutz (2017) |urz
e E——




Model results: mass balance

() - . S-metolachlor
a_‘; & applicationl ll L.
S « pesticide mass balance (study
® _ 4 period):
73 ® e I R __I,i\/*’kl * degradation: 74.7+9.5%
© . 3 * transport to river: 4.6+5.3%
82 .1 T - pesticide retention: 20.7+8.2%
& T | | | | | I :
@ - 2 « degradation at catchment outlet
£ g3 via Rayleigh equation: 94:1%
fr . . : degradation \
E o | —— source zone; best fit
g “ el e source: Lutz
2 8 = 51 95 percentle ransport zone (2017)
(f) & - transport
T v — erosion; best fit
8 ¥ = overland flow; best fit
2 o | - discharge; best fit | i It
8 - — = total: best fit . Deaticide
= = 5to 95-percentile erosion S | R
= = 5 to 95-percentile overland flow
\ o = 5to 95-percentile discharge

Jan Mar May Jul Sep MNov Jan




Monitoring and modelling: feedbacks

benefits of modelling

e mass balance: extent of degradation, transport, retention

« calibration of enrichment factor

 testing of alternative model setups (no erosion, first-order
Kinetics everywhere etc.)

(@) =
I 2
®
g .
g °
o
tc] = =
2 @
5 o
: d
B
= -
8 %
(d) -
£ 8
[C]&5™C °
C:1 o B
8 -
' ! : v IOLTZ
Jan Mar May Jul Sep Mov Jan QUM FUR
e — " swespecens] LTFORSCHUNG
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For you to take home

Field CSIA data |
Evidence and quantification of degradation (Rayleigh)
Source delineation for local pollution

%o ellin

Low-cost complementary approach
Mass-balance based quantification of degradation
Simulation of scenarios and virtual experiments

-> Field CSIA data and modelling can inform each other
‘Outlook

Advances in analytical methods to allow for higher resolution in
CSIA data of diffuse organic pollutants

__
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