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Figure S1: Setup and procedure for stepwise vaporization experiments.
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Figure S2: Setup for column experiments.

GC-
IRMS/MS




6 6
s 1 e A = B
o i o
- -
x 4 *
S {y=-142x-013 3 .1
2 z:y S %] y=-127x+0.18
- -
+ ] +
[2=] w
R . = ]
g 07y=02ex-007 P S {y=026x+004 L
0 3
o - (=] E
- J - 1
+ +
w 2]
= 05%c = ©5%C
= ] *5%C = *5°C
A Pt
4 3 2 1 0 -4 3 2 1 0
InF InF
6 6
§ ] C § i D
% 4] % 4]
= - . = a7
3 oeﬂ;c| g | :6130
S 5 4y=-043x+007 *5%c 2 5 4y=-0.36x+0.04 8°C
+ 1 + 1
s, . e
2 °] 2 °]
e | e ly=o71x-001
~ ly=o78x+006 - ]
+ | + |
s 2] =3 27
ek Mk
£ £
L A ———— B e L L B H S B A B L B o B A B T B
4 3 2 1 0 -3 25 2 15 1 0.5 0
InF InF
6 6
S ] E| g ] F
o - o <
S ] g ]
x 4 > 4
s °57c s
1 13 S 1 y=-138x+002
‘(:u_ . * 5130 e 5 4 ¥
+ 1= -0.05x + 0.08 +
=) )
= y I Y I L - o = ]
5 01 o3 —+= S o0
o 1 =3 -
2 S 1 y=007x-008
+ +
2 2
& " {y=037x-0.11 g 05¥C
£ ] £ *5"
-4 T T T T -4 T T T —TT
-4 -3 2 -1 0 -4 -3 2 - 0
InF InF

Figure S3: Rayleigh plots for replicate experiments of continuous vaporization (A & B), stepwise
vaporization (C & D), air-water partitioning (E) and diffusion-controlled vaporization in a sand-
filled column (F). Error bars represent standard deviation.



1. Quantification of isotope fractionation during stepwise experiments

As the Rayleigh relationship can strictly only be applied to continuous processes, equations that
describe the isotope evolution during a stepwise partitioning process were derived. The equations were
used to quantify the enrichment factor and to evaluate if the data from the stepwise experiments can be
approximated by the Rayleigh equation.

For each equilibration step, the isotope ratios in the two phases are related by the following isotope
balance question:

S =5'C - fL +67Cy - (1- ) (equation S1)
with

e=6"Cy -5"CY (equation S2)
with

st isotope ratio in the liquid phase (water or NAPL) before equilibration
sy isotope ratio in the liquid phase (water or NAPL) after equilibration
5'Cy isotope ratio in the gas phase after equilibration

fL fraction of compound in the liquid phase

€ isotope enrichment factor for equilibrium partitioning

Inserting a rearranged form of equation S2 in equation S1 to substitute 613Cg and rearrangement leads
to:

ASTC, =5"CMM -5C) =5 (1- 1)) (equation S3)

In case of air-water partitioning, f_ is constant. Hence the shift in 8*3C is equal in each step and the shift
after n steps is given by:

AS™C] =n-AS"C_ =n-g-(1- 1)) (equation S4)

Whereby f, can be related to the measured concentration by:

1/n
f = [&j (equation S5)
Co
with
Cn Concentration in aqueous phase after n equilibration steps
Co Initial concentration in aqueous phase

In case of NAPL-vapor equilibration, f_ for step n is given by:

V, - p/RT

a-f)= (equation S6)

with
M,  mass of compound in the NAPL before the n" equilibration step.

n



With each step, 1-f increases since M, diminishes while all the other parameters remain constant.

Hence, the shift in §"3C increases in each step (i.e. is not constant as in case of air-water partitioning).
The shift after n steps is given by:

13~n p'V - 1 :
ASC = —— > —— (equation S7)
R-T n=1 M n
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Figure S4: Stepwise fractionation plots for stepwise vaporization (A, B and C) and stepwise air-
water partitioning (D and E). Error bars represent standard deviation.



Table S1 : Enrichment factor (&) values of carbon and chlorine for the stepwise vaporization and
air-water partitioning experiments using the stepwise calculation approach. The uncertainty was
calculated using the standard error of the slope for all measurements.

Expt.1 Expt. 2 Expt. 3 Mean values
Stepwise e +0.74%o (£0.02%0) +0.73%o (£0.03%0) +0.65%o (£0.03%0) +0.71%o (0.03%o)
vaporization €a -0.40%o (£0.02%0) -0.40%o (£0.02%0) -0.32%o (+0.03%0) -0.37%o (£0.02%)
Air-water ec +0.43%o (£0.05%0) +0.41%o (+0.03%o) +0.42%o (£0.04%0)
partitioning ga -0.05%o (£0.05%0) -0.09%o (+0.04%o) -0.07%o (:0.05%o)

Table S2 : Comparison between the carbon and chlorine enrichment factors (&) of the classical
Rayleigh and stepwise approach for the stepwise vaporization and air-water partitioning
experiments. The uncertainty was calculated using the standard error of the slope for all
measurements.

Rayleigh data Stepwise data
evaluation evaluation
Stepwise €c +0.75%o0 (+£0.04%o0) +0.71%o (£0.03%0)
vaporization ec -0.39%o (£0.03%0) -0.37%o (£0.02%o)
Air-water gc +0.38%o (+£0.04%0) +0.42%0 (+0.04%o)

partitioning et -0.06%o (£0.05%0) -0.07%o (+0.05%0)

For stepwise vaporization (Figure S4A, B&C) and air-water partitioning experiments (Figure S4D&E)
the isotopic values plotted vs. the fraction of compound in the liquid phase follow a linear trend. The
enrichment factors were calculated using equations S4 to S7 (Table S1). There is no significant
difference in the isotope enrichment factors between the two approaches (Table S2). The good
agreement between the two approaches is due to the elevated number of equilibration steps used in the
experiments. Therefore, data were plotted according to the classical Rayleigh approach in the
manuscript.



2. Isotope and isotopologue fractionation during vaporization and diffusion

Since the heavy isotope of chlorine is present at a high abundance, several isotopologues of
polychlorinated hydrocarbons occur at relevant concentrations. These isotopologues will show different
concentration trends during fractionating physico-chemical and reactive processes. However, analytical
methods based on GC-gMS and GC-IRMS will usually only measure the abundance of selected
fragment and molecular ions. This raises the questions whether isotope ratios and isotope fractionation
factors can be quantified from such partial information. For reactive processes, it has been demonstrated
that isotope fractionation is proportional to isotopologue fractionation and hence isotope ratios can
confidently be derived from fragment and/or molecular ion ratios [1]. However for physico-chemical
processes, such a derivation is lacking so far. The main goal of this section is to demonstrate how
isotope and isotopologue fractionation are related during diffusion-controlled vaporization as
investigated in the column study. To reach this aim, it is first evaluated how isotopologue fractionation
during diffusion-controlled vaporization can be expressed in terms of isotopologue fractionation during
NAPL-vapor equilibration and diffusion. Then it is evaluated how isotopologue ratios evolve during
these processes individually before finally developing relationships that relate isotope to isotopologue
fractionation and provide the basis to quantify fractionation factors.

For these derivations, it is assumed that equilibrium conditions are established at the NAPL-vapor
interface for all isotopologues and that the vaporization rate is diffusion controlled, in analogy to
numerous studies on vaporization of water [2, 3]. This assumption is consistent with field and modeling
studies [4] on passive NAPL vaporization in porous media that indicate the establishment of a NAPL-
vapor equilibrium in the source zone due to the relatively slow transport of gaseous compounds away
from the source zone. The mathematical derivation is carried out for the limiting case where
vaporization is sufficiently slow that no isotopologue fractionation occurs in the NAPL phase, an
assumption that will be discussed in more detail in section 3 below. Hence kinetic isotopologue
fractionation only occurs due to gas phase diffusion.

Notation

Mooo/ Mooz /Moz1 /M 111 Amount of isotopologue with zero/one/two/three *'Cl in NAPL
Xooo! Xoo1 Xor /X111 Mole fraction in NAPL of isotopologue with zero/one/two/three *'Cl
Pooo/ Poor /P11 /P11 Vapor pressure of isotopologue with zero/one/twol/three *'Cl

Dooo/ Doo1 /Do11 /D111 Diffusion coefficient of isotopologue with zero/one/two/three *'Cl
Cooo/ Coor /Co11/C111 Concentration of isotopologue with zero/one/two/three *’Cl in source
A Cross-section of column

L Length of column

T Tortuosity

T Temperature

R Gas constant

2.1 Isotopologue fractionation during diffusion-controlled vaporization
According to Fick’s first law, the mass flux of an isotopologue across the 1D column is given by:

dMooo _ 4. .. Dygo - Cooo

dt
(equation S8)
dMm C
d;>01 =—A-1- Dy - 201
(equation S9)



Assuming that a NAPL-vapor equilibrium is established at the source, the gas phase concentration at the
source can be expressed using Raoult’s law, which leads to:

dlVlooo Xooo ) I:)ooo MOOO/ZMi 'Pooo
— 00 — _A.7-Dyyy - —0__00 — _A.7.Dyyy -
dt R-T-L R-T-L (equation S10)
. Moo/ D> M;-P,
dM g1 =—A-7-Dyy, - X001 * Poos =—A-7-Dyy, - 001 z 001
at R-T-L R-T-L (equation S11)

Division of S9 by S8 leads to:
dM001 D001 ) M001 ) P001

= (equation S12)
dMm 000 Dooo ‘M 000 ° I:)ooo
Separation of variables leads to:
dM o1 _ dM 600 Doos - Foox (equation S13)

M 001 M 000 Dooo ' Pooo

Integration of equation S13 from t=0 to t=t leads to:

M . M .
220t _ Dot Foor 1y Mooos (equation S14)
M 001,0 DOOO : POOO M 000,0
or
M M ot .
oLt =( 000 ] (equation S15)
M 001,0 M 000,0
. Doo1 - P, .
with a gy =%= Aegm - ADifi (equation S16)
000 " "000

Division of both sides by Moo /Mooo,0 leads to
agf -1
M 001,t / M 000,t — ( M 000,t ]
M 001,0 / M 000,0 M 000,0
or

(equation S17)

ITL

agg -1
R M
000/001,t :( 000,t J (equation S18)

ROOO/OOl,O M 000,0

where
Rooo/001 t Isotopologue ratio at time t

Ro000/001,0 Initial isotopologue ratio

Analogous equations hold also for other isotopologue ratios. Hence the isotopologue evolution is
controlled by a combination on isotopologue fractionation due to NAPL-vapor equilibration and
diffusion.

2.2. Isotopologue fractionation during NAPL-vapor equilibration and diffusion.

In order to relate isotopologue fractionation to isotope fractionation, it has to be known how ratios
between different isotopologue pairs evolve. For vaporization, such relationships can be developed
based on the rule of the geometric mean (RGM) for thermodynamic isotope fractionation as developed



by Bigeleisen [5]. The rule basically states that the effect of adding another heavy isotope is additive
and independent of how many heavy isotopes are already in the molecule. The RGM has frequently
been applied for vapor pressure calculations. Assuming ideal mixing, the vapor pressure of different
isotopologues can be related by:

Pav v, =Pey " Py (equation S19)

n-z z

Where Y’ is a light and Y a heavy isotope, n the total number of element Y in the molecule and z the
number of heavy isotope of Y in the molecule.

Using TCE as an example
Poor’ = Pooo” * Puar’ (equation S20)

Dividing by Pggo> leads to

3 2 1
P0013 _ Poo ‘5111 (equation S21)
POOO POOO
or
(h s_ P (equation S22)
POOO POOO

Using this rule we can express the vapor pressure of “mixed isotopolgues based on the vapor pressure of
“pure” isotopologues as follows:

23 p V2 (equation S23)
213 (equation S24)

I3001 = I3000

1/3

I3011 = I:)ooo : I:’111

Based on these equations we now express vapor pressure ratios of pairs of isotopologues with one heavy
isotope difference:

2/3 s [p T8
Poor _ Pooo™ " "Fs ™ _| P (equation S25)
Pooo Pooo | Pooo |
13 23 [ M3
Por _ Pooo "™ _| A (equation S26)
Por P P | Pooo |
5 5 b T
wo_ hu | (equation S27)
Pouw  Poo P  Pooo
Or
Por _ Pos _ P (equation S28)

I:)OOO POOl I:>Oll

In other words, if the RGM applies, isotopologue fractionation during NAPL-vapor equilibration is
identical for all isotopologue pairs.

For gas phase diffusion, the ratio of diffusion coefficients between two isotopologues is given by:

m _ Dot _ \/ (MWoo; + MW 4ir) - MWooo (equation S29)

Apiff =
Dooo | (MWggo + MW ) - MWqoq



with
MW ooomoor011/121 1S molecular weight of isotopologue with zero/one/two/three heavy isotopes
MW i is the molecular weight of air

Since the molecular weight of TCE is high compared to the differences in weight between heavy and
light chlorine isotope, the mass ratio of all isotopologue pairs differing by one heavy isotope is similar
(i.e. 132/130 is similar to 134/132 to 136/134). As the result, the ratio in diffusion factor is similar in
good approximation:

D D D .
apf =—2b x U 5 1l (equation S30)
D000 DOOl DOll

In other words, also for diffusion, isotopologue fractionation is identical in good approximation for all
isotopologue pairs.

2.3. Relationship between isotope and isotopologue fractionation during diffusion-controlled
vaporization

In the following isotope fractionation is related to isotopologue fractionation for diffusion-controlled
vaporization.

Based on equation S29 and S30 above, the effective isotopologue fractionation factor is the same for all
isotopologue pairs.

am_ _ D001 ! P001 _ D011 ’ I3011 _ D111 ) P111 (equation 831)
Eff — = =
Dooo ' I:)ooo D001 : I3001 D011 ) Pon

The isotopologue evolution for compounds with zero and one heavy isotopes is given by:

a,gfL -1
M 001t / M 000,t M 000,t
M 001,0 / M 000,0 M 000,0

(equation S32)

For isotopologues with one more heavy isotope each, the following equation is obtained:

ITL

agg -1
Mgy /M M !
011,t 001,t — { 001t J (equation 833)
M 011,0 / M 001,0 M 001,0
Inserting equation S15 into equation S33 leads to:
a B (ot -1) agi -1
M 011t /M 001,t — { M 000,t J ~ [ M 000,t ] (equation 834)
M 011,0 / M 001,0 M 000,0 M 000,0

The approximation is associated with only a small error as alpha deviates from one only by a few

permille in maximum. Combinining equation S33 and S34 leads to:
M 001,t / M 000t M 011t / M 001,t

M 001,0 IM 000,0 M 011,0 IM 001,0

(equation S35)

10



Rearrangement of equation S35 and expressing the isotopologue concentrations at time zero in terms of

isotope abundances leads to:

MOOl,t / I\/IOOO,t — IleOl,O / I\/IOOO,O — 3 f352 ) 1:37/ 1:353

M 011t / MOOl,t MOll,O / M 001,0 3 f35 : f372 /3 f352 : 1:37
or

M 001t — 3 . M 011t

M 000,t M 001,t

=3 (equation S36)

(equation S37)

And analoguously for isotopologues with one additional heavy isotopes:
M 011t / IleOl,t _ M 011,0 / M 001,0 3 f35 ) f372 /3 f352 i f37

= = - —r=3 (equation S38)
Mlll,t /M 011t Mlll,O / M 011,0 f37 /3 f35 : f37
Or
M M
it _ g, Lt (equation S39)

M 001,t M 011t

and inserting equation S39 into S37 leads to:
M M 111t

001t
—=9.

M 000,t M 011t

(equation S40)

Equation S36 and S38 illustrate that also during diffusion-controlled vaporization, isotopologues
fractionate proportionally. However, in contrast to a reactive processes the proportionality is only
approximate. Experimental data confirm that these relationships indeed apply (Fig. 3 of manuscript).

The isotope ratio can be related to isopologue ratios as follows:

YCl - Mgy +2- Mo +3 My Mg /Mogge +2-Mggy /Mggg +3-Myyy /Mgy,

*cl M ornt 2 Mooy +3- Mg, M1z / Mogor +2 Mgy / Mg, +3
_ M gore / Mogor +2- (Moggae / Moy )(Mgors I Mggg ) +3+ (Mygge I Migis ) (Mg / Mgy )(Mggr / Mg,
(M1t /Mooy, )(M ooyt / Moo ) +2- Mgy / Moo +3 (equation 841)

_ Moore / Mogor +2/3- (Mg lMooo,t)2 +1/9- (Mo, / Mooo,t)3
1/3- (Mg, /Mooo,t)2 +2-Mgoy /Moo +3
1/3'(M001,t / Mooo,t) : [3+ 2'(M001,t /MOOO,t) +1/3'(M001,t / Mooo,t)z]
= > 21/3'(M001,t/M000,t)
1/3-(Mggye I Mggo)” +2- Mgy /Mg, +3

And by inserting equations S37 and S40 into equation S41.:
el _ 1. MOOl,t _ M ot _ g, Mlll,t (equation 842)

35C| 3 M 000,t M 001t M 011t

Hence also for a diffusion controlled system, the isotope ratio evolves parallel to the isotopologue ratio.
It is thus admissible to derive isotope ratios from isotopologue ratios even if not all isotopologues are
measured. Furthermore, fractionation factors can be quantified from either isotopologue or isotope ratios
and identical values are expected.

11



3. Isotopologue fractionation in the liquid phase

The occurrence of isotopologue fractionation in the liquid phase can be evaluate by the advective-
diffusive isotopic model developed by He and Smith [3] adapted to the situation where a NAPL
vaporizes through a porous media to a gas phase in which the concentration of the vaporizing compound
is close to zero (h=0 in He and Smith model). During slow evaporation, the diffusion of isopologues in
the liquid side boundary layer is sufficiently fast to prevent differences in isotopologue ratios between
the surface and the bulk liquid. In contrast, during faster vaporization, light isotopologues become
depleted in the surface layer, which leads to a reduction of the effective fractionation factor for
vaporization. The speed to vaporization relative to the thickness of the boundary layer can be
characterized using a dimensionless number N according to [3]:

N:u-Ll
D

(equation S43)
L
Where u is the vaporization rate from an open surface (m/s), L, the thickness of the liquid boundary
layer (m) and D the diffusion coefficient of the compound in the liquid phase (m?s). The effective
fractionation factor is given by [3]:
_ Qg * Apife

eXp(=N) — gy - oy - (€XP(=N) —1)
For N -> -o0 (very slow vaporization), ag; approaches ag,,ay corresponding to equation S16 while
for the case N -> +oo (very fast vaporization), o, approaches 1 i.e. no fractionation occurs during
vaporization. In Figure S5, it is illustrated how &, varies as a function of N. As N increases, the
effective chlorine isotope enrichment factor decreases towards 0, while the value for carbon changes
very little as it is already close to zero for a small N.

(equation S44)

Ay

0.5

O
o1

1
=

=
o

Chlorine
————— Carbon

Effective isotope enrichment factor (%o)

-2 | | | |
-3 -2 -1 0 1

log(N)
Figure S5. Evolution of the effective isotope enrichment factor as a function of dimensionless
parameter N.
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