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1 Comments

We thank the reviewers for their careful observations and important comments. We
agree that by providing a revised introduction and conclusion, adding a thorough dis-
cussion of all potential contributions to retardation of CS2, and addressing the technical
issues raised will improve the quality of our manuscript and hope to get an invitation to
do so.
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1.1 Rewriting the introduction and conclusions

In a revision, we will change the introduction to give a more compelling motivation for
our work in the context of vapor transport in the unsaturated zone, to clarify the refer-
ence to density-driven migration, and to underpin the need for the contaminant-specific
investigation of CS2. Changing the introduction and addressing the issues/questions
will provide a more accurate framing and will emphasize the scientifically important
aspects of our work (Review #1: comment a). The conclusions will be restructured fo-
cusing on the important findings of our work, the transport processes and retardation of
CS2. Minor conclusions such as the discussion of dispersion/dispersivity parameters
(Review #1: comment d) will be merged. Effects of density difference on retardation
(Review #2: comment 1) were not a goal of our experiments, which aimed at a clear
process differentiation between retardation and density-driven migration. Neverthe-
less, experiments were conducted with bottom-up as well as downward oriented flow
showing no impact on the retardation of CS2. Moreover, we will provide a better dis-
cussion (Review #1: comment f and g) regarding biodegradation of CS2 (conclusion
#6 ) with input from recent publications as well as our recommendation for soil-vapor
extraction (conclusion #7).

1.2 Discussion of potential contribution to retardation of CS2

From a scientific point of view the "retardation issue" is the most critical one (Review
#1: comment b and c, Review #2: comment 2). This refers to the "relatively unsup-
ported simplifying assumptions" that adsorption on the solid phase and at the air—water
interface may be neglected "because of its supposed similarity to CO2 with regard to
air—water partitioning and solubility". We have since carefully consulted publications on
the two neglected contributions to retardation. The findings and new insights regarding
conclusion #5 (Review #1: comment e) will be included in a revision of the manuscript:
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Sorption of a compound on the solid phase is governed by the partitioning co-
efficient Kp of that particular compound. The coefficient for CS2 can be estimated
with Kp = Koc x foc, where Koo (L kg™) is the soil organic carbon partitioning
coefficient and foc the fraction of organic carbon in the soil material. For CS2, the
coefficient Kp¢ is 45.7 L kg™ according to the Superfund Soil Screening Guidance,
US EPA (1996). Howard (1990) report that "Carbon disulfide in solution would there-
fore not be expected to adsorb significantly to soil" due to the relatively low Koc. In
our manuscript we introduced the two types of materials used, fine glass beads and
Geba fine sand, with a d50 of 162 and 140 um determined from particle-size anal-
ysis (Mastersizer 2000, Malvern Instruments Ltd. Worcestershire, United Kingdom).
The chemical composition of fine glass beads is given by the manufacturer (Sigmund
Lindner GmbH, SiLibeads Typ S 100..200 um) as SiO2 (72.5 %), Na20 (13 %), CaO
(9.1 %), MgO (4.2 %) , and Al203 (0.58 %) which is soda-lime glass. Geba fine sand
(Quarzsande GmbH, Geba weiss, 63..350 um) is composed of SiO2 (99.2 %), Fe203
(0.09 %), Al203 (1.85 %), and TiO2 (0.24 %), thus a pure quartz sand. Both materi-
als contain negligible fractions of organic carbon (fo¢) supporting our assumption that
sorption of CS2 on the solid phase in our experiments does not significantly contribute
to retardation and, hence, may be neglected.

Adsorption on the air-water interface in a partially water-saturated porous medium
depends on the air—water interfacial area A4 and the air—water partitioning coefficient
K4. Since we do not have the technical equipment to directly measure the air—water
interfacial area in our experiment columns, we used the correlation (Eq. 1) proposed by
AUTHOR (YEAR) to estimate it. This correlation is based on X-ray microtomography
measurements of glass beads and natural sands.

Ara = SA[(—0.9112) Sy + 0.9031] (1)

where SA is the geometric surface area according to the smooth-sphere assumption

(SAGBfine = 22.77 em™t and SAgep, = 24.32 em™1). Figure 1 shows the air-water

interfacial areas as a function of water saturation of our materials: fine glass beads
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Fig. 1. Calculated air-water interfacial area as a function of water saturation with correlation
proposed by AUTHOR (YEAR) for materials used in experiments.

(GBfine) and Geba fine sand. We estimated the air—water partitioning coefficient K4
of CS2 using the empirical correlation proposed by Valsaraj (1988). He found a corre-
lation (Eq. 2) between the interfacial-water partitioning constant Ky (Krw = KpKra)
and the octanol-water partitioning coefficient Kow .

Kiw =3 x 107" K358 2)

This correlation with log(Kow) = 2.00 (US EPA , 1996) and the dimensionless Henry
coefficient Ky = 1.04 (Lide , 1996) yielded the air—water partitioning coefficient of
CS2 K14 = 6.87 x 10~%cm . The contribution of dissolution into the bulk water and of
adsorption to the air—water interfacial to the theoretical retardation coefficient (Eq. 3)
can calculated using the following equation:

O KiaAra

Ry =1+ By =1
¢ =1+ Buw+ Bra ok ‘.
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Figure 2 shows the retardation coefficient with air—-water interfacial adsorption (green
line with triangles) and without adsorption (black line). Since the difference of esti-
mated A;4 between fine glass beads and Geba fine is marginal, only one theoretical
coefficient is plotted in Fig. 2. The ratio between the contributions from dissolution
Bw (gfﬁ) and from air—water interfacial adsorption 14 (ngij‘m) at S, = 0.162 yields
Bw/Bra = 513. While these calculations indicate that our assumption to neglect ad-
sorption on grains and air—water interface is correct, they cannot account for the devi-
ation between the retardation coefficient measured for Geba fine sand at .S,, = 0.162
and the corresponding theoretical value. Since dissolution, which is a function of the
Henry coefficient and assumes equilibrium, is already at its maximum and adsorption
on the grains may be neglected as discussed above, it is postulated that this increased
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Fig. 2. Updated graph of retardation coefficients including contribution of air—water interfacial
adsorption in theoretical retardation coefficient (green line with triangles).

Fig. 3. Initial water saturation profiles in fine glass beads and Geba fine sand.

retardation can only be caused by air—water interfacial adsorption. Possible reasons
for an underestimation of the adsorption to the air—water interface could be that the
inhomogeneous water saturation profile (see Fig. 3), the grain-size distribution, or an
underestimation of the specific surface of the Geba fine sand particles lead to an un-
derestimation of the interfacial area. Figure 4 and 5 suggest that the smooth-sphere
assumption holds for glass beads but not for Geba fine sand, thus the interfacial area
for Geba fine sand might have been significantly underestimated. Moreover, interfacial
areas measured with microtomography are significantly smaller than those measured
with gas phase tracer experiments (Brusseau , 2006; AUTHOR, YEAR). Costanza
(2000) observed the maximum interfacial area for water saturation in the range of 15 to
25 % of water saturation. They also reported the possibility of multilayer adsorption and
that the actual adsorption may be significantly underestimated when true A;4 values
are used.

Ascribing the observed discrepancy in Geba fine sand to air—water interfacial adsorp-
tion of CS2, an interfacial area of about A4 cue = 6553 cm ™! would be required to
obtain retardation factor of Rgere = 1.31 (Eq. 3). This is consistent with measured
interfacial areas from vapor-phase tracer experiments by Costanza (2000).

In conclusion, the contributions to the retardation based on the parameters, coeffi-
cients, and correlations introduced above have shown that for glass beads sorption on

Fig. 4. SEM pictures of fine glass beads.
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Fig. 5. SEM pictures of Geba fine sand.

the solid phase and on the air—water interfacial area does not significantly contribute to
retardation of CS2. An interfacial area of about two orders of magnitude higher would
be required to account for the discrepancy observed between the experimental and
theoretical coefficient in Geba fine sand. Such areas have been found in vapor-phase
tracer experiments but not with microtomography measurements, indicating that the
A4 values based on microtomography may not be applicable for the evaluation of re-
tardation on partially water-saturated Geba fine sand. Additional investigations with
selected partitioning tracers might yield a better understanding of the different contri-
bution of air—water interfacial adsorption to retardation in fine glass beads compared
to Geba fine sand. Nevertheless, we believe that the experiments shown and the (ad-
ditional) conclusions drawn are conclusive and will substantially strengthen conclusion
#5.
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2 Technical points/issues

Review #1:

. We use "irreducible saturation" for water and "residual saturation" for NAPLs. If

this is misleading we will replace the term by "residual saturation”.
The concept of filling the columns will be re-written to improve comprehensibility.
The flowchart of the experimental set-up will be simplified and corrected.

The choice fell on bottom-up flow due to technical reasons and since no effect of
downward oriented flow on retardation has been observed.

We will revise the discussion about water saturation and tensiometer measure-
ments. We do trust the measurements at steady state (equilibrium) to derive
water saturation profiles prior to the experiments but we are carefully about ten-
siometer measurements during ongoing vapor injection.

We will look into the experimental dispersivity values and their validity and signif-
icance.

We discussed the impacts of surface area on retardation in the detailed argu-
mentation above. Measurements of specific surface area with BET were below
the detection limit of our device.

Review #2:

R L o

. We will revise our statement.

Figure 1 will be simplified and corrected.
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We will carefully revise the manuscript to avoid redundancy

and grammatical errors.

Correct placement and definitions of mathematical symbols will be checked.
First paragraph of "Results and discussion” will be revised.

We will provide a more detailed description of Figure 9 and may simplify it.
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Fig. 6. Calculated air—water interfacial area as a function of water saturation with correlation
proposed by Costanza-Robinson (2008) for materials used in experiments.
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Fig. 7. Updated graph of retardation coefficients including contribution of air-water interfacial
adsorption in theoretical retardation coefficient (green line with triangles).
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Fig. 8. Initial water saturation profiles in fine glass beads and Geba fine sand.
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Fig. 9. SEM pictures of fine glass beads.
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Fig. 10. SEM pictures of Geba fine sand.
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