Interactive comment on “Preferential Flow Systems Amended
with Biogeochemical Components: Imaging of a Two-
Dimensional Study” by Ashley R. Pales et al.

B. Berkowitz (Editor)

brian.berkowitz@weizmann.ac.il Received and published: 18 October 2017

To the authors: Please note that the "SC1: Technical Review" by Maria | Dragila should be treated
as a formal solicited review, and so you are also requested to reply to this comment with a detailed
response letter, along with the other two formal reviews ("RC1, RC2"). Thank you.

Response: The authors thank Editor Brian Berkowitz for his comments. We have treated the “SC1:

Technical Review” by Maria 1. Dragila as a formal solicited review and provided a detailed
response letter, along with our replies to the other two formal reviews ("RC1, RC2").
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Interactive comment on “Preferential Flow Systems Amended
with Biogeochemical Components: Imaging of a Two-
Dimensional Study” by Ashley R. Pales et al.

Anonymous Referee #1
Received and published: 5 October 2017
OVERVIEW COMMENTS

This paper focuses on the influence of the soil rhizosphere’s plant exudates on soil wettability and
infiltration. Specifically, the authors study the spatial and temporal development of unstable flow leading
to preferential flow “fingering” and their relationship with those plant exudates and soil solution
components. The authors propose that these compounds are responsible for keeping the soil around the
roots moist by swelling and adsorbing water, and also to keep the contact between the roots and soil
particles. To study the effect on preferential flow, the authors employ a 2D tank filled with silica sand
equipped with a rainfall simulator on the top of the apparatus in order to create the necessary flow conditions
for the infiltration experiments. On the back of the experimental device, a light panel was place so the
development of such “fingers” could be track by the so-called light transmission method (LTM). They also
measured the contact angle and surface tension of the solutions in the soil by using a Kruss easy drop SAL.
To simulate plant exudates they selected sodium citrate and sodium oxalate, as soil com- ponents they used
Suwanee River Natural Organic matter (SRNOM) and tannic acid, and as a base solution NaCl+ a nutrient
solution. Through these series of experiments, they analyzed (i) the number of fingers formed, (ii) the
velocity of their propagation, and (iii) the vertical and horizontal water saturation profiles. This rich data
set is used to test main relationships among water chemistry, the porous media properties and the flow
dynamics of each individual solution and its effect on the soil infiltration process.

The manuscript is well posed and written and of interest to HESS readers. It is novel as it addresses an
important topic for which there is limited knowledge to date. The work is consequential; if plant roots
promote the creation of unstable soil water flow, many soil remediation applications will need to be
reassessed. Previous literature has theorized these effects but none (or at least none to this reviewer
knowledge) studied them experimentally. For instance, the work shows how the addition of surfactant
exudates into the soil can alter the solution chemistry enough to produce a change in behavior of the porous
media’s hydraulic properties, by exudates increase wettability and thus mobility of the soil solution in the
porous media. | suggest minor revisions listed below.

Response: The authors thank Referee #1 for reviewing our manuscript and for the comments about our
manuscript being “well posed and written and of interest to HESS readers” and “novel as it addresses an
important topic for which there is limited knowledge to date.” The authors also thank the referee for the
comments describing our research as: “The work is consequential; if plant roots promote the creation of
unstable soil water flow, many soil remediation applications will need to be reassessed. Previous literature
has theorized these effects but none (or at least none to this reviewer knowledge) studied them
experimentally.”

SPECIFIC COMMENTS

Ln 12: Possible typo: ‘though’ instead of ‘through’ Ln 16: Possible typo: ‘special’ instead of ‘spatial’



Response: The authors thank the reviewer for the comments. We corrected the text as suggested for Ln 12
and Ln 16.

Figures 5 and 6: Although the results are well presented in their corresponding tables, in the figures 5 and
6 it is very difficult to differentiate between the different components and their respective deviations.

Response: The authors thank the reviewer for the comments. We used colors to help to distinguish among
the different components and their respective deviations in these figures 5 and 6. We also used colors for
figures 7 and 8.
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Interactive comment on “Preferential Flow Systems Amended
with Biogeochemical Components: Imaging of a Two-
Dimensional Study” by Ashley R. Pales et al.

Anonymous Referee #2

Received and published: 17 October 2017

OVERVIEW COMMENTS

The manuscript presents experimental results of unstable flow patterns in sand boxes using a light
transmission technique that allows identifying differences in flow patterns caused by the composition of
the solution of the irrigation water. Plant exudates and soil solutions with different contact angles and
surface tensions were tested and related to the effects on the flow finger development. Results demonstrate
quite different patterns during the infiltration process. The test comparing various solution compositions is
new and the experiments are highly sophisticated and carefully carried out, especially the combination with
the light transmission method that allows determining local water contents is innovative. But the manuscript
could be better structured, shortened, and more focused on the analysis of these experiments.

Response: The authors thank Referee #2 for reviewing our manuscript and for the comments about our
research: “Results demonstrate quite different patterns during the infiltration process. The test comparing
various solution compositions is new and the experiments are highly sophisticated and carefully carried
out, especially the combination with the light transmission method that allows determining local water
contents is innovative.” We revised the text of the manuscript and followed the reviewer’s suggestions for
our manuscript to “be better structured, shortened, and more focused on the analysis of these experiments.”
We responded below to each of the reviewer’s comments and provided detailed information about the
revisions.

GENERAL COMMENTS

Claiming this manuscript to be on original research, my immediate impression was that authors should
come to the main points more quickly; many references are not further used for the idea and results of this
study. When continuing reading, the review part appears more and more excessive; in particular, the
multiple referencing is changing the appearance towards a review article in which authors are trying to
collect all relevant papers. Such an overview of the literature is quite nice and could be the basis for a
separate manuscript. And despite the large number, referencing is still limited, for example, PS5 L4: . .
.fronts has been studied primarily in two-dimensional tanks. . .”, recently also 3D patterns observed using
geo-electrical imaging (e.g., Ganz et al., VZJ 2014, doi:10.2136/vzj2013.04.0074).

Response: The authors thank the reviewer for the comments. We reduced the introduction and background
section of the manuscript as suggested. We added the reference suggested by the reviewer in order to add
information about three-dimensional systems (e.g., Ganz et al., VZJ 2014, doi:10.2136/vzj2013.04.0074).

Furthermore, the specific research hypotheses are not so explicitly stated in the introduction (more
indirectly somehow within the review), so that the idea of the experiments and reasons for doing it as it was
done remained unclear to me at the end of the introduction, where also the objectives were too general.
Clear objectives statements are then found in the discussion and again in the conclusions.



Response: The authors thank the reviewer for the comments. We revised the section related to the specific
research hypotheses and objectives to make them more explicit.

The methods are explained very detailed, for Tables and Figures, however, | found it very difficult to
understand without having the abbreviations explained in headers and captions (e.g., Suwanee River
Natural Organic Matter (SRNOM) acronym etc).

Response: The authors thank the reviewer for the comments. We described the abbreviations in headers
and captions of the tables and figures in greater detail, as suggested by the reviewer.

One methodological problem that was probably discussed in earlier papers on the technique (?) was unclear
to me. This is how to obtain repeatable uniformly compacted sand samples so that the packing effects are
not influencing the effects of the solution composition.

Response: The authors thank the reviewer for the comments. To achieve repeatable uniformly compacted
sand in the 2D tank, we used a packing device. We described the packing device in more detail in the
revised manuscript. A Y-shaped sand loader was used to pour the sand in the tank. The Y-shaped sand
loader, containing a piece of cloth, was taped above the tank. A sand volume corresponding to the volume
of two tanks was loaded into the sand loader. The cloth was then removed from the tank to create a uniform
packing of sand within the tank. The sand remaining in the loader and the loader were then removed. To
ensure a consistent density of sand in the tank, a plastic rod was used to tap the top edge of the tank to
“settle” the top sand layer.

The stated accuracy of bulk density value (1.5043) with 4 digits is quite ambitious. Wetting and especially
the partial wetting during the infiltration may change the arrangement of sand particles such that the pore
structure may not be always constant. Although results of all three replicate infiltration experiments are
provided, the question whether each of the finger pattern is characteristic for each solution and comparable
for the replicate is not clear to me. | like the detailed explanation of results but data analysis seems still a
bit limited.

Response: The authors thank the reviewer for the comments. We corrected the accuracy of bulk density
value. Following the suggestion of Referee #2 regarding the need for more data analysis and assessment
and comparison of the “finger pattern” for the different solutions, as well as the comments of reviewer Dr.
Maria Dragila, we revised the discussion section of our manuscript by including a quantitative analysis of
the finger pattern/geometry/dimension, i.e. finger width. We used the scaling theory of Miller and Miller
(1956), applied to finger width (Selker and Schroth, 1998). The results of this quantitative analysis are
presented in a table describing the hydrodynamic scaling of finger width measurements resulting from the
infiltration of solutions (i.e., control; citrate 0.1 mg/L, 500mg/L; oxalate 0.1 mg/L, 500 mg/L; tannic acid
0.1 mg/L, 500 mg/L, and organics 0.1 and 10 mg/L) in ASTM graded sand C778. Finger width were scaled
to density, gas-liquid interface tension, density and gas-liquid interface tension of pore water, and square
root of the cosine of the contact angle. We also scaled the finger width using the square root of the cosine
of the contact angle, as Culligan et al. (2005) showed that soil sorptivity is a function of the square root of
the cosine of the contact angle. This scaling approach allowed us to analyze the finger geometry and
determine the parameters of our systems (i.e., solution and interfacial properties) that most influence the
flow phenomena in porous media. As also suggested by Dr. Dragila, we used the Young-Laplace equation
which can be used to express capillary pressure at the pore scale as a function of surface tension and contact
angle (Lord et al., 1997). We made a graph of finger properties with capillary pressure as suggested by Dr.
Dragila.

Culligan, P. J., lvanov, V., Germaine, J. T.: Sorptivity and liquid infiltration into dry soil, Adv. Water
Resour. 28, 1010-1020. doi:10.1016/j.advwatres.2005.04.003, 2005.



Miller, E. E., Miller, R. D.: Physical theory for capillary flow phenomena, J. Appl. Phys.
d0i:10.1063/1.1722370, 1956.

Selker, J. S., Schroth, M. H.: Evaluation of hydrodynamic scaling in porous media using finger dimensions,
Water Resour. Res. 34, 1935-1940. doi:10.1029/98wr00625, 1998.

Lord, D. L., Demond, A. H., Salehzadeh, A., Hayes, K. I. M. F.: Influence of Organic Acid Solution
Chemistry on Subsurface Transport. 2. Capillary Pressure — Saturation, Environ. Sci. Technol. 31, 2052—
2058, 1997.

The hypotheses and how the results could be applied to soils remained unclear.

Response: The authors thank the reviewer for the comments. Regarding the comments of the reviewer on
“The hypotheses and how the results could be applied to soils remained unclear,” this is currently beyond
of the scope of this research. Although in the future we plan to investigate fingered flow in natural soils.

DETAILED COMMENTS

1. The abstract reads well, 1 only wondered if the conclusions here correspond to those in the conclusion
chapter.

Response: The authors thank the reviewer for the comments. We checked and revised the conclusions of
the abstract with the conclusions section of the manuscript to ensure their correspondence and modified
them as necessary.

2. Page 7, Lines 15-25: not necessary and unclear
Response: The authors thank the reviewer for the comments. We removed these lines.

3. Discussion: Starts with the objectives, first paragraph contains hypothesis and should appear as part of
the introduction. | was wondering how was equation 2 used?

Response: The authors thank the reviewer for the comments. We moved the first paragraph of the
discussion to the introduction section to make our objectives more explicit, as previously suggested by the
reviewer. Equation (2) is used to present the modeling equation to predict finger width and introduce the
topic of fingered flow. As mentioned above in the overview comments, a quantitative analysis of the
observed fingered flow results is presented in a table describing the hydrodynamic scaling of finger width
measurements resulting from the infiltration of solutions.

4. Page 17, Lines 22-30: This is more or less an introduction to the closer topic and the results seem to
confirm existing knowledge.

Response: The authors thank the reviewer for the comments. We moved the text of lines 22-30 to the
introduction section.

5. Page 19, Lines about 5-11: This is doubling introduction

Response: The authors thank the reviewer for the comments. We revised those lines to avoid doubling the
introduction, and some of the information in them will be moved to the introduction.

6. Conclusions chapter gives more a summary of results than conclusions.



Response: The authors thank the reviewer for his comments. We revised the conclusions section to be a
conclusion rather than a summary of the results.
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Interactive comment on “Preferential Flow Systems Amended
with Biogeochemical Components: Imaging of a Two-
Dimensional Study” by Ashley R. Pales et al.

M. I. Dragila
maria.dragila@oregonstate.edu Received and published: 28 August 2017

GENERAL COMMENTS

The work is very interesting, relevant, and contributes to our need for a more complete understanding of
how the complex soil physics and biochemistry of the soil zone impacts vadose zone processes. The
technical work appears to be very well performed and no concerns are raised. The comments below are all
associated with the communication of the work and how it fits into present day understanding and existing
literature. A few suggestions are made for additional calculations, figures and tables.

Response: The authors thank Dr. Maria Dragila for reviewing our manuscript and for her comments about
our research being “very interesting, relevant, and contributes to our need for a more complete
understanding of how the complex soil physics and biochemistry of the soil zone impacts vadose zone
processes” and that “The technical work appears to be very well performed and no concerns are raised.”
We followed the suggestions of the reviewer. Below we have responded to each of the comments of the
reviewer and provided detailed information about the revisions.

OVERVIEW COMMENTS

1. The paper could be shortened. The introduction and background is too extensive. Unless there is an intent
of making this paper a review paper on preferential flow, the introduction should be limited to a brief note
of the importance of preferential flow and then be focused on the specific background that is relevant to
this study, which is the effect of fluid properties on finger flow development, stability, and the presence of
different solutes in the rhizosphere.

Response: The authors thank the reviewer for the comments. We have reduced the introduction and
background section of the manuscript as suggested by the reviewer.

2. The Bond number is calculated but its relevance is never discussed in the Background or Discussion
sections.

Response: The authors thank the reviewer for the comments. We removed calculation related to Bond
number since we did not use it in our discussion.

3. There is too much emphasis on the statistics of the contact angle and surface tension. The number of
figures and the discussion can be reduced. This work is about how these two parameters affect finger flow
development, and does not an attempt to characterize the relationship between interfacial properties and
concentration for different solutions. The information on contact angle, surface tension, fluid densities,
Bond number, etc. can be captured in a table summarizing fluid properties (I realize that this is in separate
tables at present), eliminating the need for figures 6 and 8. The graphs showing time dependent values of
contact angle and surface tension are useful.

Response: The authors thank the reviewer for the comments. We respectfully disagree with the reviewer
concerning figures 6 and 8, as these figures provide percentage reductions of contact angle and surface



tension which we believe are valuable to show; thus we kept these figures. We kept the graphs showing
contact angle and surface tension versus time as suggested by the reviewer. We combined Table 3, Table
4, and data from Table 5 in a new table following the suggestion of the reviewer. We removed Table 5 and
Bond number calculations, and incorporated the average density values of Table 5 into a new table that
resulted from merging Table 3 and Table 4.

4.The discussion on finger geometry (or morphology), saturation overshoot, finger width and moisture
content distribution needs some improvement. For example, (A) Finger properties are compared to contact
angle values and solution concentrations, but a more complete analysis would be to compare finger
geometry to capillary pressure at the wetting front. This may solve the problem that tannic acid (whose
contact angle does not change with concentration) contradicts the apparent general result. (B) A graph of
finger properties with capillary pressure (using the Y oung-Laplace equation) which takes both contact angle
and surface tension into account would rapidly demonstrate in a visual fashion any trends seen.

Response: The authors thank the reviewer for the comments. Following the reviewer’s suggestion, we
revised the discussion section by including a quantitative analysis of the finger geometry/dimension, i.e.
finger width. We used the scaling theory of Miller and Miller (1956), applied to finger width (Selker and
Schroth, 1998). The results of this quantitative analysis are presented in a table describing the hydrodynamic
scaling of finger width measurements resulting from the infiltration of solutions (i.e., control; citrate 0.1
mg/L, 500mg/L; oxalate 0.1 mg/L, 500 mg/L; tannic acid 0.1 mg/L, 500 mg/L, and organics 0.1 and 10
mg/L) in ASTM graded sand C778. Finger width was scaled to density, gas-liquid interface tension, density
and gas-liquid interface tension of pore water, and square root of the cosine of the contact angle. We also
scaled finger width using the square root of the cosine of the contact angle, as Culligan et al. (2005) showed
that soil sorptivity is a function of the square root of the cosine of the contact angle. This scaling approach
allowed us to analyze the finger geometry and determine the parameters of our systems that most influence
the flow phenomena in porous media. As suggested by the reviewer, we also used the Young-Laplace
equation which can be used to express capillary pressure at the pore scale as a function of surface tension
and contact angle (Lord et al., 1997). We made a graph of finger properties with capillary pressure as
suggested by the reviewer.

Culligan, P. J., lvanov, V., Germaine, J. T.: Sorptivity and liquid infiltration into dry soil, Adv. Water
Resour. 28, 1010-1020. doi:10.1016/j.advwatres.2005.04.003, 2005.

Miller, E. E., Miller, R. D.: Physical theory for capillary flow phenomena, J. Appl. Phys.
doi:10.1063/1.1722370, 1956.

Selker, J. S., Schroth, M. H.: Evaluation of hydrodynamic scaling in porous media using finger dimensions,
Water Resour. Res. 34, 1935-1940. doi:10.1029/98wr00625, 1998.

Lord, D. L., Demond, A. H., Salehzadeh, A., Hayes, K. I. M. F.: Influence of Organic Acid Solution
Chemistry on Subsurface Transport. 2. Capillary Pressure — Saturation, Environ. Sci. Technol. 31, 2052—
2058, 1997.

5.The technical work, results and data are valuable but the discussion and conclusions are weak. Some of
the concepts associated with capillarity and sorptivity and missstated.

Response: The authors thank the reviewer for the comments. As described in section 4 above, we performed
two additional analyses of our data: hydrodynamic scaling of finger (i.e., finger width) was scaled to
density, gas-liquid interface tension, density and gas-liquid interface tension of pore water, and square root
of the cosine of the contact angle, and we used the Y oung-Laplace equation to express capillary pressure at
the pore scale as a function of surface tension and contact angle. The results of these two additional analyses



were added to the discussion section and the conclusion section. Thus, we strengthened those sections of
our manuscript as recommended by the reviewer. We also checked our manuscript to ensure that the
concepts associated with capillary and sorptivity were properly used, as recommended by the reviewer.

6. Equation 2 is noted in the Discussion section but not used in the work. Should this equation be moved to
the background section? Can it be used to compare observations with predictions?

Response: The authors thank the reviewer for the comments. Equations 1 and 2 are used to compute contact
angle and surface tension using the Kruss Easy Drop instrument. We believe that these equations should be
listed in the materials and methods section. Also, as previously suggested by the reviewer in section 4, we
used the Young-Laplace equation which can be used to express capillary pressure at the pore scale as a
function of surface tension and contact angle (Lord et al., 1997). Making a graph of finger properties with
capillary pressure, as suggested by the reviewer, allowed us to characterize the potential effects of the
different solutions.

Lord, D. L., Demond, A. H., Salehzadeh, A., Hayes, K. I. M. F.: Influence of Organic Acid Solution
Chemistry on Subsurface Transport. 2. Capillary Pressure — Saturation, Environ. Sci. Technol. 31, 2052—
2058, 1997.

7. Significant editorial work is necessary before it is ready for publication or public review. A few editorial
comments are noted below but the focus of this review is on the technical content.

Response: The authors thank the reviewer for the comments. We made the necessary editing of our
manuscript to ensure that it is ready for publication.

SPECIFIC COMMENTS
Abstract

1. Line 27. Should ‘processes’ be ‘properties’?

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

2. Line 28. Change to “ . . .the control with a contact angle of 64.5 deg, and a surface tension of 75.75 N/m.
..” There are three problems with the sentence as is: (1) You have not defined the symbol ‘theta’ as a
contact angle yet. (2) even if you had defined it, “64.5 ” is not traditionally how it is written but rather it is
written “ = 64.5”. Same changes required on line 29. (3) | thought surface tension units were N/m, not
Nm/m.

Response: The authors thank the reviewer for the comments. We corrected the text as suggested. We used
mN/m for the surface tension units.

3. Line 29: “changes” should be “differences”. The last sentence is not a complete sentence. Page 2

Response: The authors thank the reviewer for the comments. We corrected the text as suggested and revised
the abstract.

4. Line 7: change ‘element of” to ‘contributes to’



Response: The authors thank the reviewer for the comments. We respectfully disagree with the suggestion
and kept the sentence in its original form since the meaning would change if we altered the wording as
proposed.

5. Line 9: change ‘especially’ to ‘by controlling” and add ‘supporting prior to vegetation.
Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

6. Line 10: sentence starting with ’consequently’, needs to be move to the end of this paragraph. As is,
‘consequently’ is the incorrect word because the previous statement discusses the existence of water and
life at the land atmosphere interface, not groundwater issues. You need to add the logical linkage, that in
addition to controlling soil moisture and plant life, soil controls deep drainage of infiltrated water, its rate
and quality.

Response: The authors thank the reviewer for the comments. We modified the text to show a logical
linkage, using language similar to the suggested example: “that in addition to controlling soil moisture
and plant life, soil controls deep drainage of infiltrated water, its rate and quality.”

Page 3

1. Line 22: ‘without’ should be ‘with’

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.
2. Line 23: change ‘instance’ to ‘interaction’

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

3. Line 25:
4. The soil hydraulic properties (aka, permeability) and the moisture content are properties that ‘set the
conditions but the instability is caused by the interplay between the two forces, capillarity and gravity.

Response: The authors thank the reviewer for the comments (3 and 4). We corrected the text as suggested.
Page 4

5. Line 2: “thus” insinuates that the fact that there are two forces leads to instability. IN reality, both stable
and unstable regimes are affected by both gravity and capillary forces. It is when the forces are of nearly
equal but opposite in magnitude, that small irregularities, such as small heterogeneities (which are
inevitable, even in a practically homogeneous media) will lead to the condition where gravity dominates,
at that point the wetting front breakthrough will occur and a finger will begin to form. Re-reading the glass
papers may clarify this point. All instability conditions require a trigger to progress into the next favorable
stage.

Response: The authors thank the reviewer for the comments. We corrected the text following the comments
of the reviewer.

6. The next two paragraphs (starting with ‘The non-linearity’, and ‘In addition) are too extensive since this
paper does not discuss how any of the work will affect or change the present understanding of the
mathematical or numerical work. | think the authors could move directly from the points made in the first



paragraph of page 4, to the fact that change in contact angle will control capillarity and therefore the
propensity for instability. Then mention the relevant work associated with this issue, such as the repellency
work, etc.

Response: The authors thank the reviewer for the comments. We revised the text following the comments
of the reviewer and reduce the text of the two paragraphs (starting with ‘The non-linearity’, and ‘In
addition’).

Page 5.

7. The paragraph starting with ‘The vadose zone...” I do not think the vadose zone
needs to be defined here, again. The instability you are studying is occurring due to plant and soil solutes,
so the soil zone is what is relevant.

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.
Page 6

8. The paragraph starting with ‘The plant root. . .” is interesting by not relevant to this paper. The change
in repellency caused by the dehydration of the muscilage is a change in the properties of the solid, not the
solute. This paper focuses on the properties of solutes.

Response: The authors thank the reviewer for the comments. We respectfully disagree with the reviewer
comment and kept the paragraph in its original form. Plant root, rhizosphere, and rhizodeposits are elements
directly related to our study on flow in porous media (especially since we are studying the influence of plant
root exudates on the infiltration process) and therefore they clearly need to be a part of the introduction.
The description of previous research on plant root, rhizosphere, and rhizodeposits in the introduction is
needed, as in some of their findings it is stated the need of the development of imaging technologies to
understand the interactions among biological, chemical, and physical processes in the rhizosphere, and as
our study uses imaging technology to visualize and measure flow in porous media under the influence of
biogeochemical compounds found in the rhizosphere.

Page 7

9. The paragraph starting with “Indeed” is not necessary. While noting good examples of serious
groundwater contamination, these may not be relevant to development of unstable finger flow issues, nor
are these associated with plant exudates. In addition, the two examples given, while associated with
preferential flow, they are more closely related to fracture flow than unstable finger flow. More relevant to
finger flow instability through soil media are agricultural contaminants.

Response: The authors thank the reviewer for the comments. We removed this paragraph as suggested by
the reviewer.

Page 8
10. Line 10: regarding the word monitored. The dynamics were not monitored via surface tension or contact
angle. The dynamics were monitored via visualization. The fluid properties were quantified by measuring

contact angle and surface tension.

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.



11. Line 25: what is the relevance of a hydroponic system?

Response: The authors thank the reviewer for the comments. We corrected the text as suggested and
remove “hydroponic systems.”

12. Line 25: why was NaCI+HNS rather than DI water used as a control? Not suggesting its wrong, but
should explain the rationale.

Response: The authors thank the reviewer for the comments. We added information in the rationale to
clarify why NaCI+HNS rather DI water was used as a control. Basically, NaCI+HNS was used as a
control as these compounds are used to simulate the nutrients a plant needs to survive, and the simulated
compounds are present in the rhizosphere.

Page 11

13. Materials and methods: you state that statistics were performed on the contact angle and surface tension
measurements, but there was no mention of how many reps where done.

Response: The authors thank the reviewer for the comments. We corrected the text as suggested by
adding the related information.

14. Line 9-14: It is unclear to me how the calibration was performed. How did you measure the moisture
content for the different intensities? Or did you preset the moisture content and then measure the intensities?
Also, | did not understand the comment about the 80%.

Response: The authors thank the reviewer for the comments. We corrected the text by adding more
information and clarified the description related to calibration of the light transmission method for
determining degree of saturation in porous media. Also, we removed the comment about 80%.

15. Line 18: what does it mean that the 0% and 100% intensity values “were found”? Did you look for
locations where you had 100% and 0% and measure the moisture content there?

Response: The authors thank the reviewer for the comments. We clarified the text as suggested. Yes, we
did look at locations where we had 100% and 0% saturation.

16. Line 22: describe the packing device? Was the sand poured in? How did you avoid horizontal layering
of sand during packing?

Response: The authors thank the reviewer for the comments. We added a description of the packing
device. A Y-shaped sand loader containing a piece of cloth was taped above the tank and was used to
pour the sand into the tank. A sand volume corresponding to the volume of two tanks was loaded into the
sand loader. The cloth was then removed to create a uniform packing of sand within the tank. The sand
remaining in the loader and the loader were then removed. To ensure a consistent density of sand in the
tank, a plastic rod was used to tap the top edge of the tank to “settle” the top sand layer.

Page 12

17. Line 14: the “flow velocity” is the velocity of what? The fluid in the peristaltic pump line, or the raindrop
speed, or the surface area averaged input flux rate?

Response: The authors thank the reviewer for the comments. We clarified the text about the flow velocity.



18. Line 29: dynamic contact angle: the term "dynamic" contact angle is usually associated with the
dependence of the contact angle on interface velocity, or in a larger scale the wetting front velocity, but fig
5 it is graphed per unit time, so is this the time- dependent contact angle or the dynamic contact angle?

Response: The authors thank the reviewer for the comments. We corrected the text as suggested. It is the
time-dependent contact angle.

Page 13

19. Line 9: delete the extra “for”

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

20. You report contact angle values through time up to 90 seconds, and discuss in detail how much these
angles have changes over time. But, you do not discuss the significance of these changes to the dynamics

of the finger flow system.

Response: The authors thank the reviewer for the comments. This is an interesting comment and it may be
the subject of future research.

21. Line 19: is this “dynamic” or “time dependent”?

Response: The authors thank the reviewer for the comment. We corrected the text as suggested. It is the
time-dependent surface tension.

22. Line 22: add “over time” following the word ‘tension’

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

23. Line 23 and 24: the word “changes” should be “differences”

Response: The authors thank the reviewer for the comment. We corrected the text as suggested.

24. Line 26: delete the word ‘respectively’

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

25. Line 28: sentence needs clarifying that the ‘groups’ are of surface tension values. Page 14

Response: The authors thank the reviewer for the comments. We clarified the existing text: ”The statistical
analysis revealed two distinct groups; one consisting of the low concentration of oxalate and tannic acid
and the high concentration of citrate and SRNOM; and the other group consisting of the remainder, seen in

Figure 8” to clearly describe the other group.

26. Line 9-11: since none of your graphs or images use the terms “plant constituents” or “soil constituents”
you should either include their proper names in parenthesis to help the reader.

Response: The authors thank the reviewer for the comments. We clarified the text as suggested and
modified the text of figures and tables as necessary.



27. Lines 13-26: can this be put into a table format?

Response: The authors thank the reviewer for the comments. This text describes the key points of Table 3.
We added a reference to Table 3 at the beginning of the section for clarification. As mentioned previously,
we merged the Table 3 with Table 4 and Table 5.

Page 15

28. Liens 1-19: It may help to illustrate the differences if the data was grouped according to contact angle,
surface tension or Bond Number groups rather than chemistry, since it is those properties that should control
finger formation.

Response: The authors thank the reviewer for the comments. We respectfully disagree with the reviewer
comments about the “grouping” and kept this section in its original form to present the results according to
the types of biogeochemical compounds selected in our study which focuses especially on the various
biogeochemical compounds.

29. Line 21-31: can this information be displayed in graphical form? The changes in finger saturation cross-
section are interesting. Again, it would be interesting to see if there is a grouping according to chemistry
concentration, or interfacial properties.

Response: The authors thank the reviewer for the comments. We respectfully disagree with the reviewer
comments about displaying this information in a graphical form and kept this section in its original form.
The horizontal finger saturation profiles are available in Figures 11 and 12, and the percentages in the text
are derived from those profiles. We respectfully disagree with the reviewer comments about the “grouping”
and kept this section in its original form to present the results according to the types of biogeochemical
compounds selected in our study which focuses especially on the various biogeochemical compounds.

Page 16:

31. Line 27: you mention the intrinsic sorptivity but there is no linkage to the relevancy of this statement to
the work presented here. It is true that the intrinsic sorpitivity is independent of fluid properties because it
is a normalized property.

Response: The authors thank the reviewer for the comments. We removed this text.

32. What is the relevancy of Equation 2. It was not used in the work? It would be valuable to see how the
predictions based on this equation compare to the observations.

Response: The authors thank the reviewer for the comments. This equation is used to present the modeling
equation to predict finger width and to introduce the topic of discussion about fingered flow. As mentioned
earlier in section 4 of the overview comments of this document, a quantitative analysis of the observed
fingered flow results has been added and is presented in a table that describes the hydrodynamic scaling of
finger width measurements resulting from the infiltration of solutions.

Page 17

33. Top paragraph needs to be improved for clarity. The statement “reduction in sorptivity” and “decrease
in contact angle” suggests that it was reduced from some earlier value. But in truth the reason there is
overshoot is that the sorptivity at the front is lower than the hydraulic conductivity of the media above it.
At the wetting front the advancing contact angle is greater, and therefore the sum of capillary and



gravitational forces results in lower rate of forward motion. The pressure overshoot is simply associated
with hydraulic pressure of water building up above the (way too slow) wetting front. It is also very likely
that what is being seen at the front is the ‘dynamic contact angle” which is a contact angle that is even
greater than the static contact angle measured at 90 sec mark. The dynamic effect is caused by a competition
between inertia, motion below the interface, the flexibility of the interface and the movement (stickiness)
of the triple line. The contact angle changes in value with the speed of the wetting front. While it may be
valuable to measure the dynamic contact angle of these substances, it is not an easy measurement to take.
However, you may be able to obtain it from data you already have since there are a few theoretical
relationships that can approximate the value of the dynamic contact angle based on the Capillary Number,
the static contact angle and the velocity. There is a relationship between the Capillary Number and the Bond
Number.

Response: The authors thank the reviewer for the comments. We improved the paragraph for clarity as
suggested by the reviewer. As previously suggested by the reviewer, we also used the Young-Laplace
equation which can be used to express capillary pressure at the pore scale as a function of surface tension
and contact angle (Lord et al., 1997). We made a graph of finger properties with capillary pressure as
suggested by the reviewer.

Lord, D. L., Demond, A. H., Salehzadeh, A., Hayes, K. I. M. F.: Influence of Organic Acid Solution
Chemistry on Subsurface Transport. 2. Capillary Pressure — Saturation, Environ. Sci. Technol. 31, 2052—
2058, 1997.

34. Line 11: why would the contact angle be close to zero during the initial stages?

Response: The authors thank the reviewer for the comments. In the initial stages of the infiltration process,
the wetting front is wetting the sand porous media, making it quite wet or moist; therefore, the contact angle
is close to zero under these conditions. We revised the text to make it clearer.

35. Lines14-16: This sentence is confusing. The way it’s written, the first half appears to contradict the
second half.

Response: The authors thank the reviewer for the comments. We clarified the sentence.

Page 18

36. Line 1: use “differs” instead of “changes”

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.
37. Line 2: change “simulated . . ..concentrations” to “solution chemistry and concentration.”
Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

38. Line 4-5: The sentence is unclear. Also, you note a relationship between finger morphology and matric
potential of the media. Did you measure the matric potential?

Response: The authors thank the reviewer for the comments. We clarified the text as suggested.

39. First paragraph: There is quite a bit of repetition with two previous paragraphs where the overshoot
mechanisms are also described.



Response: The authors thank the reviewer for the comments. We respectfully disagree with the reviewer
comment about the repetition and kept this section in its original form. The two previous paragraphs
discussed the infiltration processes and this section discusses the redistribution processes.

40. Line 13: What is meant by “wettability changes in the flow patterns”, do you mean how the wettability
changes the flow pattern? Or that the wettability is changing within the flow pattern?

Response: The authors thank the reviewer for the comments. We revised the sentence to clarify the meaning
of “wettability changes in the flow patterns.”

41. Line 16: what is meant by “present themselves as” do you mean “result in” ?

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

42. Line 21, add “(except for Tannic acid)” following the word ‘angles’

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

43. Line 22: by ‘prevalent’ do you mean ‘greater’?

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

44. Line 22-24: | think that the comparison needs to be made between finger geometry and capillary
potential (using Young-Laplace eq), not individually with contact angle. The reason for this is that you will
note that tannic acid did not show a difference in contact angle between low and high concentrations, but it
did show a large difference in surface tension, and in finger geometry. The capillary pressure calculation
would capture that difference. This applies through line 27 in this paragraph.

Response: The authors thank the reviewer for the comments. As discussed in section 4 of the overview
comments, we used the Young-Laplace equation which can be used to express capillary pressure at the pore
scale as a function of surface tension and contact angle. We compared the measured finger geometry (width)
with the calculated capillary pressure using the Young-Laplace equation. Results of this analyses are
presented in a graph.

Page 19

45. Line 1: Describe the behavior observed by Bashir etc., so that the reader does not have to go to that
citation to understand what is being discussed.

Response: The authors thank the reviewer for the comments. We corrected the text as suggested by
describing in more detail the behavior observed in the studies of Bashir et al. (2011) and Henry and Smith
(2002).

46. Line 5: the media’s hydraulic properties do not change, it is the fluid’s properties that are changing.

Response: The authors thank the reviewer for the comments. We corrected the text following the comments
of the reviewer.

47. Line 12: 1 do not follow how the research presented in this paper is relevant to a discussion associated

with the apparent repellency effect of dry mucilage. The study is of a wetting experiment onto dry mineral
base (not organics), with a well saturated organic in solution.

10



Response: The authors thank the reviewer for the comments. This manuscript presents research related to
biogeochemical compounds, including the rhizodeposits (e.g., plant exudates). Mucilage is also a
rhizodeposit, and therefore we discuss some of our results using a comparison to the known effects of
mucilage.

48. Line 13-21: Section needs restructuring. What is being said is unclear. Wrong words are being modified,
and some of the thoughts are incomplete.

Response: The authors thank the reviewer for the comments. We corrected the text following the comments
of the reviewer by restructuring this section and improving its clarity.

49. Paragraph starting on line 23 needs sharpening. (A) Line 23-25: sentence needs restructuring. (B) Line
26: mucilage is a type of root exudate. (C)

Response: The authors thank the reviewer for the comments. We corrected the text following the comments
of the reviewer by restructuring this section and improving its clarity.

Line 27: what is

meant by “stabilizing”? mucilage does act as a glue, and it does create interstitial spaces but it also absorbs
water by osmotic processes.

Response: The authors thank the reviewer for the comments. We corrected the text following the
comments of the reviewer by clarifying the term “stabilizing” effect that we used to describe the
research findings of Walker et al. (2003).

Page 20

50. Line 16: change ‘special’ to ‘spatial’

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

51. Line 26-27: change “both. . .constituent” to “solution chemistry and concentration”. Change “when
compared to the control” to “and the resulting infiltration profile”

Response: The authors thank the reviewer for the comments. We corrected the text as suggested.

52. Line 28: No changes in what?

Response: The authors thank the reviewer for the comments. We have revised our conclusion.

Page 21

53. Line 2: What is meant by “more normalized”

Response: The authors thank the reviewer for the comments. We have revised our conclusion section.
54. Line 7: delete “or anything”, this paper is focused on fluids.

Response: The authors thank the reviewer for the comments. We have revised our conclusion section.

11



55. Line 8: do you mean efficiency or effectiveness?
Response: The authors thank the reviewer for the comments. We have revised our conclusion section.

Interactive comment on Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017- 486, 2017.
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Preferential Flow Systems Amended with Biogeochemical

Components: Imaging of a Two-Dimensional Study

Ashley R. Pales’, Biting Li', Heather M. Cliffordj’z, Shyla Kupis', Nimisha Edayilam®, Dawn ) { Formatted: Superscript

Montgomery', Wei-zhen Liang', Mine Dogan', Nishanth Tharayil’, Nicole Martinez', Stephen
Moysey], Brian Powell], and Christophe J. G. Darnault'”

'Department of Environmental Engineering and Earth Sciences, Laboratory of Hydrogeoscience
and Biological Engineering, L.G. Rich Environmental Laboratory, Clemson University, 342
Computer Court, Anderson, SC 29625, USA.

Climate Change Institute, University of Maine, Edward Bryand Global Sciences Center, Orono,
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Abstract. The vadose zone is a highly interactive heterogeneous system through which water

enters the subsurface system by infiltration. This paper details the effects of simulated plant { Deleted: into }
exudate and soil component solutions upon unstable flow patterns in a porous medium (ASTM { Deleted: media }
silica sand; U.S. Silica, Ottawa, IL, USA) through the use of two-dimensional (2D) tank light

transmission method (LTM). The contact angle (0) and surface tension (y) of two simulated plant

exudate solutions (i.e., oxalate, and citrate) and two soil component solutions (i.e., tannic acid,

and Suwannee River Natural Organic Matter (SRNOM)) were analyzed to determine the liquid-

gas and liquid-solid interface characteristics of each. To determine if the unstable flow % 3::::3; ?}:‘Z?;:rences P

formations were dependent on the type and concentration of the simulated plant exudates and '/ Deleted: width

soil components, the analysis of the effects of the simulated plant exudate and soil component

Deleted:

were

solutions were compared to a control solution (Hoagland Nutrient Solution with 0.01 M NaCl). |

Deleted:
of finger propagation, theestablished

quantified with the finger geometries, the velocity

Fingering flow patterns, vertical and horizontal water saturation profiles, water saturation at the | Deleted

{ and the water saturation at the fingertips

1 vertical and horizontal water saturation profiles,

fingertips, finger dimensions and velocity, and number of fingers were obtained using the light

-| Deleted: processes
transmission method, Significant differences in the interface properties indicated a decrease .- [ Deleted: at
between the control and the plant exudate and soil component solutions tested; specifically, the s:::::jii
control (0 = 64.5° and y = 75.75 mN/m) samples exhibited higher contact angle and surface /| Deleted: , to
tension than the low concentration of citrate (0 = 52.6° and vy = 70.8 mN/m). Wetting front g::z:::i a;

" Deleted: m
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instability and fingerjng flow phenomena were reported in all infiltration experiments. The .-~

results showed that the plant exudates and soil components influenced the soil infiltration as .-

Deleted: ed

Deleted: demonstrated

differences in finger geometries, velocities, and water saturation profiles were detected when

compared to the control. Among the tested solutions and concentrations of soil components, the
largest finger width (10.19 cm) was generated by the lowest tannic acid solution concentration
(0.1 mg/L) and the lowest finger width (6.00 cm) was induced by the highest SRNOM
concentration (10 mg/L). Similarly, for the plant exudates solutions, the largest finger width
(8.36 cm) was generated by the lowest oxalate solution concentration (0.1 mg/L) and the lowest
finger width (6.63 cm) was induced by the lowest citrate concentration (0.1 mg/L). The control
solution produced fingers with average width of 8.30 cm. Additionally, the wettability of the

medium for the citrate, oxalate, and SRNOM solutions increased with an increase in

concentration. Our research demonstrates that the plant exudates and soil components which are ..

biochemical compounds produced and released in soil are capable of influencing the process of .~

{ Deleted:

(
{
{ Deleted:
(
[
(

The changes

Deleted: and

Deleted: y

of propagation

Deleted: d

Deleted:

@

Jnfiltration jn soils. The results of this research also indicate that soil wettability expressed as | Deleted: the soil
1 . . X . . ) . Deleted: process
(cos8) /2 should be included in the scaling of the finger dimension, i.e., finger width, when the
using the Miller and Miller (1956) scaling theory for the scaling of flow in porous media. | Deleted:
Deleted: to

Keywords: Infiltration; Wetting front instability; Fingered flow; Interface phenomena; Plant

exudates; Soil constituents; Light transmission method; Hydrodynamic scaling

1. Introduction

Infiltration of water in soil is a fundamental element of the hydrologic cycle (Horton, 1933). The

controlling soil moisture (Rodriguez-Iturbe et al., 1999) and supporting vegetation (Liang et al.,

1994). In addition to controlling soil moisture and plant life, soil controls deep drainage of

infiltrated water, its rate, and its quality. The infiltration process is impacted by the physico-

chemical properties and biological activities that occur in the unsaturated zone of the soil (vadose

zone), as well as human activities and the climate (Glass et al., 1991). Consequently,

*. | Deleted: hydrodynamic

| Deleted: solutions further demonstrate that the plant

(
(
(
(
‘ [ Deleted:
[
(
‘{

exudates increased the wettability and mobility of the

solutions during the infiltration process in unsaturated porous

media.

{ Deleted: especially

]

/| Moved down [1]: Consequently, the knowledge of water
" | flow and contaminant transport through soils is critical for

the management and development of groundwater resources.

Moved down [6]: Understanding the movement of water
in soils is particularly valuable in terms of groundwater
recharge and contaminant loading.
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wnderstanding the movement of water in soils is particularly valuable in terms of groundwater

recharge and contaminant loading.

Deleted: Consequently, the knowledge of water flow and
contaminant transport through soils is critical for the
management and development of groundwater resources.

{Moved (insertion) [1]
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In general, water flow and contaminant transport in soil are heterogeneous (Bien et al., 2013;
Dorr and Munnich, 1991; Klos et al., 1999; McBride, 1998; Muller and Prohl, 1993; Wang et al.,

2006). Preferential flow, which concentrates flow to a small fraction of a porous media

(Hendrickx and Flury, 2001), has been the subject of numerous studies (e.g., Allaire et al., 2009;
Andreini and Steenhuis, 1990; Clothier et al., 2008; Flury et al., 1994; Gerke et al., 2010; Glass 3
et al., 1989a, 1989b, 1989c, 1989d; Jarvis, 2007; Kung, 1990a; Ritsema et al., 1993; Simunek et

al., 2003), ,;There are several mechanisms that have been identified to contribute to preferential

flow processes, such as macropore flow (e.g., connected and disconnected macropores, cracks,

/| Deleted: These heterogeneities can occur in the form of

spatial and temporal variability in soil hydraulic properties,
water supply rate, and contaminant amount. These factors
affect the hydrologic response to precipitation, and thus,
influence the quantity and quality of both groundwater and
surface water resources (Beven and Germann, 2013; Clothier
et al., 2008; Jarvis et al., 2016; Jarvis, 2007; Weiler, 2017).
Preferential flow, is one such heterogeneity, which is the rule
rather than the exception in hydrologic and earth sciences
(Bundt et al., 2000; Smith and Elder, 1999). Preferential flow
in soil is defined as the concentration of flow of water
through a small fraction of the volume of the porous media,
and bypassing most of the soil matrix. It increases the flow
velocity (Hendrickx and Flury, 2001) and thus reduces the
time for the attenuation of contaminants, and it quickens the

.| transport of contaminants to aquifers.

earthworm burrow, root channels) (Beven and Germann, 2013; Bouma and Dekker, 1978);

Deleted: ,

| Deleted:

—

fingered flow (i.e., wetting front/gravity-driven instability or “fingers”) (Glass et al., 1989c,

l Deleted: )

1989d; Wang et al., 2003a); and funnel flow (e.g., layering or textural interfaces) (Kung, 1990a,

Deleted: Preferential flow in the soil may occur through

1990b). Bypassing of the soil matrix during preferential flow produces the rapid transport of

. | Deleted: (Beven and Germann, 2013; Bouma and Dekker,
| 1978),

solutes and particles, thereby increasing risks to groundwater by reducing opportunities for

natural attenuation of contaminants such as pesticides, nutrients, metals,

Deleted: Preferential flow serves as the catalyst for

Deleted: including

radionuclides, antimicrobials, and nonaqueous phase liquids (NAPLs), (Boyer et al., 2009;

' Deleted: :

Darnault et al., 2003, 2004; DiCarlo et al., 2000; Engelhardt et al., 2015; Jarvis et al., 2016; Kay

| Deleted: ;

et al., 2004, 2005; Kim et al., 2005; Nimmo, 2012; Uyusur et al., 2010, 2015; Zhang et al.,
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| Deleted: with little interaction with the soil matrix,

significant degradation of groundwater quality can occur
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Deleted: (Glass et al., 1989¢c, 1989d; Wang et al., 2003a), }
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2016). Therefore, understanding environmental factors that might increase the occurrence of
preferential flow is of key importance. In this work we are specifically concerned about whether
the presence of natural biologic (i.e., root) exudates contributes to the onset of unstable fingered

flow.

The process of jafiltration jn soils is the particular jnteraction of the dynamics of fluid interfaces ""

and flow in porous media, where infiltration is an overall downward movement of water into dry

| Deleted: The stability of an interface between two
/| immiscible fluids in a porous medium has been the subject of

numerous research since the 1950’s until now, especially in
the field of petroleum engineering and in hydrologic sciences
(Chouke et al., 1959; Homsy, 1987; van Meurs, 1957;
Saffman, 1986; Saffman and Taylor, 1958; Stokes et al.,
1986; Tanveer, 1987a, 1987b). When a wetting fluid comes
in contact with a dry porous medium, flow in the porous
medium is caused by capillarity, and these capillary forces
transfer water in any direction. The development of this flow
without the influence of gravity is known as a “sorption”
process, and the development without this influence is
known as an “infiltration” process (Assouline, 2013).

s

unsaturated soils causing, the formation of a gas-water interface, known as the “wetting front.”,

> | Deleted:

—

. process

JThe non-linear behavior of the relationship between the soil hydraulic properties and the soil -

: instance

moisture content sets the conditions for the development of the wetting front, but the

classification of the wetting front propagation as stable or unstable is determined by the interplay

between the two forces, capillarity and gravity (Cueto-Felgueroso and Juanes, 2008, 2009a,

Deleted: This wetting front propagation can be classified
as stable or unstable depending on the

2009b, 2009¢; Egorov et al., 2003; Wallach et al., 2013). During a stable infiltration process into [
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a homogeneous porous medium, under a steady state flux condition at the surface, a stable -

wetting front moves downward as it is driven by gravity and stabilized by the surface tension

resulting from capillary forces present in the porous medium, While in an unstable infiltration .-

process into a homogeneous porous medium, under steady state flow, jt is when the gravity and .~

{ Deleted:

capillary forces are nearly equal but opposite in magnitude, that small irregularities, such as small

the condition where gravity dominates, At that point the unstable wetting front will occur and .-~

| Deleted:

“fingers,, are generated (Glass et al., 1989a, 1989b, 1989c¢; Hill and Parlange, 1972; Kapoor,
1996; Peck, 1965; Selker et al., 1992a, 1992b; Yao and Hendrickx, 1996). Once these fingered

flow phenomena are generated, the flow area is decreased compared tq, that of the wetting front,

and the flux velocities of the fingers increase tremendously (Wallach et al., 2013). Peck (1965)
was the first to describe the formation of “tongues” of infiltrating water in sand columns and the
entrapment of air below the wetting front. Hill and Parlange (1972) conducted the first

systematic experiment to investigate the phenomenon of wetting front instability. The role and

importance of fingered flow in contaminant transport has been, demonstrated with several cases .~

of groundwater contamination (e.g. (Hillel, 1987; Steenhuis et al., 1990)).

The non-linearity of the governing equations for unsaturated flow through porous media makes a
theoretical analysis of water movement in soils and wetting front instability in soils most
challenging (Buckingham, 1907; Richards, 1931). Infiltration theories and the development of

mathematical solutions to solve the problem of flow in porous media have been the subject of

much research, most particularly the seminal works of John Philip (Philip, 1969, 1975) and Jean- -

{
[
[
o
{ Deleted: a
[
[
[

®

Deleted: a

Deleted: a

| Deleted: an unstable wetting front

71 Deleted: ,

Deleted: ,
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‘| Deleted: ,

| Deleted: , (one type of is driven by gravity and stabilized

by the surface tension resulting from capillary forces present

in the porous media, thus the preferential flow paths,)

A [ Deleted: (“fingers”)

{ Deleted: with

{ Deleted: was

{ Deleted: as evidenced through

Yves Parlange (Parlange, 1971a, 1971b, 1971c, 1972a, 1972b, 1972¢, 1972d, 1972e, 1973, 1975;

Parlange and Aylor, 1972). Further Saffman and Taylor (1958) and Chouke et al., (1959) .~

concluded that the development of wetting front instability resulted from unsaturated flow
(Pendexter and Furbish, 1991; Raats, 1973; Selker et al., 1992c), an increase in hydraulic
conductivity with depth (Hill and Parlange, 1972; van Ommen et al., 1989), a decrease in soil
wettability with depth (Hill and Parlange, 1972; Hillel, 1987; Philip, 1975; Raats, 1973; Tamai et
al., 1987), water repellency (Dekker and Ritsema, 1994; Ritsema et al., 1993; Ritsema and
Dekker, 1994), a redistribution of infiltration after the end of rainfall or irrigation (Philip, 1975),
and air entrapment (Peck, 1965; Philip, 1975; Raats, 1973; Wang et al., 1998).
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Deleted: Analytical and quasi-analytical solutions of the
flow equation have been developed through the time
expansion (Philip, 1969, 1975) and integral approaches
(Parlange, 1971b, 1972¢).




10

15

20

25

30

In addition to these theoretical analyses, numerous experimental studies have been undertaken to

elucidate the process of infiltration in soils and the instability of wetting front propagation, The .-~ Deleted: the

| Deleted: , specifically in layered soils (Hill and Parlange,
1972), under increased air pressure ahead of the wetting
front and soil heterogeneity (White et al., 1976, 1977), and in
layered soils with variable initial soil moisture (Diment and
Watson, 1985). These conditions are prevalent in soils

. | through the world.

process of infiltration in soils and the instability of wetting fronts has been studied primarily in
two-dimensional tanks where it is possible to image the generation of a two-dimensional

fingered flow (e.g., Baker and Hillel, 1991; Bauters et al., 2000a; DiCarlo, 2004; Glass et al., .

1989a, 1989c, 1989d, Selker et al., 1992a, 1992b, 1992c¢), and more recently in three- ‘ Deleted: T }
dimensional systems using geo-electrical imaging (Ganz et al., 2014), and ground-penetrating % g:::::; :“ta“i“g the generation %
radar (Mangel et al., 2012, 2015). Laboratory experiments designed to examine the infiltration { Deleted: ) }
process in homogeneous porous media have confirmed the constant formation of fingered flow { Deleted: and, ]
(Bauters et al., 2000b; Diment and Watson, 1985; Glass et al., 1989d; Lu et al., 1994; Selker et
al., 1992a; Sililo and Tellam, 2000; Wang et al., 2003b, 2004; Yao and Hendrickx, 2001).
Experimental observations have also demonstrated that the fingers that develop the most rapidly { Deleted: Also, ¢ }
will convey most of the flow, while the other initial fingers will be quenched (Glass et al., 1989d;
Selker et al., 1992b). The fully formed fingers generated by gravity-driven flow behave like
traveling waves (i.e. constant shape and velocity) and the water saturation profile of the fully
formed fingers exhibit a region of high water saturation (i.e., overshoot) directly behind the { Deleted: the following pattern: }
wetting front, followed by another region of drainage where the water content in the finger { Deleted: known as the fingertip, i.e. an overshoot at the }
decreases to a lower and uniform water saturation, known as the finger tail (DiCarlo, 2004; Glass - { gt;gleer:f:: has decreased }
et al., 1989a; Liu et al., 1994; Selker et al., 1992b). This increase in water saturation at the { Moved (insertion) [3] }

fingertip, “saturation overshoot,” causes a rise in pressure and creates a positive matric potential
radient on top of the fingertip (DiCarlo et al., 1999; Geiger and Durnford, 2000). This rise in

pressure also increases the delineation between the wet and dry porous media at the edge of the
wetting front and facilitates the propagation of the wetting front. The length of the saturation

‘| Deleted:

overshoot (i.e. the fingertip length) has been, deemed a function of the wetting front velocities

| Deleted: was

(DiCarlo, 2004; Wallach et al., 2013). Further details on theoretical and experimental research on

wetting front instability can be found in extensive reviews (Assouline, 2013; Glass and Nicholl,

1996; De Rooij, 2000; Xiong, 2014).

The rhizosphere is an important component of the vadose zone and is specifically defined as the _--| Deleted: The vadose zone is a highly interactive
. X i X X heterogeneous system between water, air, soil constituents,
narrow region of soil that is directly influenced by plant roots themselves and by the root flora, and fauna (Bengough, 2012; Hallett et al., 2013;

Lehmann et al., 2012).
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secretions (Hinsinger et al., 2009; McCully, 1999; Passioura, 1988; Read et al., 2003). It has
been estimated that about 40% of the precipitation on earth transitions through the rhizosphere

(Bengough, 2012). The rhizosphere has a deep effect on hydrologic processes (Benard et al.,

2016), and its interactions in the soil system not only involve the physical effects stemming from

soil and root dynamics, but also include biochemical effects from the compounds the roots of a

plant can exude from their root tips (Benard et al., 2016; Gregory, 2006; Hinsinger et al., 2009).

There are two main biochemical compounds produced by the plant roots: mucilage and exudates.
Mucilage is a viscous substance composed mainly of polysaccharides and some phospholipids
(Guinel and McCully, 1986; McCully and Boyer, 1997; Read et al., 2003) the purpose of which
is to keep the soil around the roots moist by swelling and adsorbing water (Guinel and McCully,

1986),as well as to control the water repellency of the rhizosphere (Carminati, 2012; Carminati et

al., 2010; Moradi et al., 2012). Root exudates comprise mostly sugar, amino acids, and organic
acids, and are exuded primarily from the root tips (Carvalhais et al., 2011; McCully, 1999;
Passioura, 1988; Read et al., 2003). These exudates play a key role in keeping the contact
between the roots and soil particles (Walker et al., 2003), the modulation and mobilization the
nutrients (Cakmak et al., 1998; Carvalhais et al., 2011; Wang et al., 2008), and the maintenance
of the rhizosphere hydraulic properties (Ahmed et al., 2014) by providing a large water-holding
capacity (McCully and Boyer, 1997), enhancing the movement of water in dry soil, and enabling

the roots to get water from dry soils (Ahmed et al., 2014; Zarebanadkouki et al., 2016).

Jndividual exudates have specific nutrients (i.e. phosphate, nitrate, potassium) that they are .-~

designed to extract from the soil. This unique chemistry thus increases the solubility of the

sought-after nutrients to ease the uptake by the plant. In this regard, the exudates act as

surfactants within the subsurface by lowering the surface tension and contact angles of the soil

pore water, enhancing the wettability,and reducing the suction and energy needed for the plant to _

extract what is needed (McCully, 1999; Passioura, 1988; Read et al., 2003).

The plant root growth in soil is constrained, however, as water, air, and nutrient resources are

scarce, and spatially and temporally heterogeneously available in soil (Hinsinger et al., 2009), -

Plants have evolved various adaptive strategies to adapt advantageously to the environment they
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hydraulic conductivity and potential hydrophobicity of the
soil matric in the rhizosphere (Zarebanadkouki et al., 2016).
They concluded that mucilage and exudates were a crucial
determinant in conserving water for a plant to use during a
drying period. However, after the water stores were
depleted, the dried mucilage turned the soil hydrophobic, and
remained so even after multiple re-wetting events.
Furthermore the hydrophobicity caused a simultaneous

reduction of the hydraulic conductivity of the systems
i| (Zarebanadkouki et al., 2016).

Moved (insertion) [4]

‘ Deleted: ,

Deleted: ,

Deleted: ,

encounter, including fo access these resources. Hydromechanic analyses of soil and water

‘| Deleted: p

6

{
-
|

{

‘| Deleted:

to their advantage and




10

15

20

25

30

interactions in the rhizosphere have demonstrated that rhizodeposits (i.e. mucilages and

exudates) induce water potential gradients near the roots and therefore increase nearby soil

moisture (Carminati et al., 2010; Gardner, 1960; Ghezzehei and Albalasmeh, 2015; Moradi et al., { Deleted: near them }
2011; Young, 1995). As the water potential decreases near the root to produce a concurrent
decrease in soil water content, water moves from the bulk soil to the root surfaces. Although the
effect of root exudates on soil structure and aggregation has been well established (Alami et al., { Deleted: the }

2000; Czarnes et al., 2000; Ghezzehei and Albalasmeh, 2015; Kaci et al., 2005; McCully, 1999;
Watt et al., 1994), research on the effect of the rhizodeposits (i.e., mucilages and exudates) on
the soil-water relationship and water dynamics in the rhizosphere is very limited. This is a crucial
knowledge gap in terms of the biogeochemical influences on the hydrologic processes occurring
in the rhizosphere, as stated by Bengough (2012), particularly the effect that root exudates have
on the nonequilibrium dynamics of interfaces and flow in porous media. Carminati et al. (2016)

recently analyzed the rhizosphere processes to more thoroughly elucidate the system, with a

particular focus on determining the role of mucilage in root water uptake. They found that wet .

mucilage enhances fluid transport, but when dry, the mucilage causes hydrophobic tendencies in
the rhizosphere (Carminati et al., 2016). From this analysis they determined a need for new
technology and sensor applications to gain a full and detailed understanding of the rhizosphere,
regardless of the new methodologies in development for imaging these systems and

understanding the plants themselves,

v

The objective of this study was to jnvestigate the influence of various plant exudates (citrate and<;

infiltration, particularly wetting front instability and fingered flow in unsaturated porous media.
A Hoagland Nutrient Solution (HNS) with 0.01 M NaCl (NaCI+HNS) solution was used as a
control, as these solution compounds are used to simulate the nutrients a plant needs to survive,
and these simulated compounds are also present in the rhizosphere. By utilizing plant exudate
and soil constituent solutions, the physical effects of plant root interaction with soil infiltration
processes and porous media spatial characteristics, such as heterogeneity and structure, were
removed. Only the interactions between the physico-chemical properties of the infiltrating water,
the porous media properties, and the flow dynamics were analyzed for an independent \
determination of the individual constituent solution effects on the soil infiltration processes that

7
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Deleted: They were particularly interested in determining
the biological impacts of wet versus dry mucilage to the
system, and how those changes in turn, affected the plants
overall ability to uptake water (Carminati et al., 2016).
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turn makes it possible to predict both soil and groundwater
pollution. The non-uniform nature of transport occurring
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etal., 2011; Triplett et al., 2010; Wellman et al., 2010).
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were in the form of wetting front instability and fingering flow phenomena. The fluid properties .| Deleted: Tthe intent of the research described here was to
investigate the effects of biochemical compounds from root

were quantified by measuring contact angle and surface tension. The dynamics of interfaces in plants and soil constituents on the spatial and temporal
. . . . . . . infiltration process, particularly the wetting front stability
porous media—gas-liquid and solid-liquid interfaces—under the impact of various biochemical and fingered flow in a solid-liquid-gas system.
compounds were monitored wvia visualization. Utlhzmg the imaging technique of the 11ght { Deleted: through interfacial tension and contact angle
measurements

transmission method (LTM) that allows the visualization of fluid content and flow in porous
media with high spatial and temporal resolution (Darnault et al., 1998, 2001; Niemet and Selker,

2001; Weisbrod et al., 2003), we studied the effects of several isolated organic compounds,

typically found in the rhizosphere, that were dispersed as artificial rainfall and infiltrate under { Deleted: ,

unsaturated conditions through a homogenous sand porous medium, on the wetting front stability { Deleted: a

and fingered flow phenomena in a two-dimensional tank. Ultimately, our understanding of the

influence of these isolated plant exudates and soil constituents upon these infiltration processes

and water saturation distribution within the porous medium, is a significant step toward to fully { Deleted: a

elucidating the range of interactions controlling flow within the rhizosphere. { Deleted: for

2. Materials and Methods
2.1 Simulated Constituent Solution Preparation

In order to reduce the number of active variables present in this work, solutions of simulated
plant exudates and soil components were used rather than living plants and soil. A Hoagland

Nutrient Solution (HNS) with 0.01 M NaCl (NaCI+HNS) was used as a control to simulate the

Jutrients required by, a plant to survive in a sandy porous medjum, The HNS was created by “| Deleted: requisite

| Deleted: of

combining the components listed in Table 1 with 970 mL of ultrapure deionized (DI) water (18.2

| Deleted:

MQecm, Millipore Corporation, Billerica, MA) with NaCl (Lot #: 2954C512, VWR Analytical

| Deleted: aina hydroponics system

BDH®, Radnor, PA) subsequently added to bring the solution to 0.01 M NaCl. These steps are
based on the method developed by Arnon and Hoagland in 1940. Two plant exudates, sodium
citrate (S1804-500G, Sigma-Aldrich, Lake Cormorant, MS), and sodium oxalate (Lot #:
P17A014, Alfa Aesar, Ward Hill, MA); and two soil components, Suwanee River Natural
Organic Matter (SRNOM, RO isolate, 2R101N, International Humic Substances Society, St.

Paul, MN), and tannic acid (Lot #: MKBV0516V, Sigma-Aldrich, Lake Cormorant, MS), were - { Deleted: ,

used to create the solutions tested in this work. Using NaCI+HNS as a base solution, different

concentrations of the constituents were created to simulate a range of potential concentrations, a
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list of which is provided in Table 2. These concentrations were categorized based on amounts

naturally found in the environment (Jones, 1998; Strobel, 2001; Wagoner et al., 1997).
2.2 Solution Characterization

A Kruss Easy Drop (FM40Mk2, Kruss GmbH, Germany) was used to obtain the contact angle
and surface tension with 5 pL of the various experimental solutions deposited on a 24 x 60 mm
micro cover glass (CAT No. 4404-454, VWR, Radnor, PA) for the contact angle analysis. The
Drop Shape Analysis software (Kruss GmbH, Germany) was used with the following settings:
contact angle profile defined with circle fitting, drop type — sessile drop, sub-type normal.
Images and data were collected every 30 seconds for 3 minutes for both the contact angle and
surface tension data. The Kruss Easy Drop DSAT1 internally computes the contact angle of a drop
using the Young equation (Young, 1805):

05 = Vgt + 0y % cos () (M)
where o is the solid surface tension, o; is the liquid surface tension, yg; is the interfacial tension
between the phases, and @ is the contact angle. It also calculates the surface tension of pendent

drops using the Young-Laplace equation (Laplace, 1806; Young, 1805):
1 1
AP = gx(Z+2) @)

1 T2
where AP is the difference in pressure of the inside and outside of the droplet, ; and r, are the
principle radii of the droplet, and ¢ is the surface tension. By using the characteristic shape and
size of the droplets, the equipment can determine the surface tension of the droplet. These

variables on a stable solution droplet collected at 90 s are illustrated in Figure 1. Contact angle

e { Deleted: with a

and surface tension measurements for all solutions were tested in triplicate with the averages,
and associated standard deviations presented in this work (Table 3). The surface tension
measurements were obtained by suspending the solution as a drop in an open-air environment
from a 2 mm diameter needle point. The software was configured with the following settings:
drop information — with a needle diameter of 2 mm, a tip level (pixels) of 80, an assumed liquid
drop density phase of (g/cm’) - 0.9975, an embedding phase of 0.0012, a magnification factor
(pixels/mm) of 79.827, and an aspect ratio of 1. A statistical analysis was done for the contact

angle and surface tension measurements utilizing a t-test using JMP Pro 12 from SAS.

2.3 Light Transmission Method
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Developed by N.T. Hoa, the Light Transmission Imaging Method (LTM) was first used as a
rapid, inexpensive method for the visualization of flow in 2D systems (Hoa, 1981), and has since
been expanded for use in water-air, oil-water, and water-oil-air systems. The methods used in

this work adhere to the methods developed by Darnault et al. (2001, 1998). The LTM works

through the illumination of a thin section of porous media (i.e., | cm thick section of silica sand) .-

from behind with a light source. A standard camera is then used to capture the amount of light

that transmits through the 2D area for any given condition (unsaturated to, fully saturated). These .-

images are recorded in standard RGB (red-green-blue) format, and converted into HSI (hue-

saturation-intensity) format. An image or photograph can be broken down into three distinct -

layers of the image itself— the hue, saturation, and intensity. The hue is the wavelength of the -

{ Deleted: 2.5

{ Deleted: -

= { Deleted: The colors of a

{ Deleted: , this is

light energy, the saturation is the bandwidth of the wavelength, and the intensity is the total
energy value or the amplitude. Upon conversion into this format, information on the water
content is discernable. Specific combinations of the HSI format can be used to determine the

water content depending on the nature of the 2D system and fluids. Similarly, the porous

medium, is calibrated via water saturation to a known percentage and a discrete value is obtained .-

via the HSI format. The experimental design reduced the efficacy of hue and saturation as
opposed to intensity; here intensity was used to create the calibration equation for the

experiments.

The 2D tank was constructed using clear 1.3 cm thick polycarbonate plates (8707K153,
McMaster-Car, Douglasville, GA) for purposes of visualizing the flow process (Figure 2). The
30.5 x 1.3 x 30.5 cm tank contains four porous plates (0660X01-BOIM3, Soilmoisture
Equipment Corp., Goleta, CA) along the sloped bottom of the tank, and an effluent port at the
base of the slope. For experiments, the tank is fitted to an aluminum stand with an LED light
source mounted on the back (36 W dimmable, natural white 61 x 61 cm, LPWD-NW6060-36,
superbrightleds.com, St. Louis, MO) and a rainfall simulator (screw actuator) is mounted on top.
To prevent reflective and refractive light from affecting the images collected, the excess light

from the LED light was blocked to ensure the transmission of only visible light through the tank.

An empirical calibration curve was created using small calibration tanks (7.6 x 1.5 x 8.9 cm)

filled with the silica sand to multiple preset water saturation percentage points (i.e. 0%, 5%, -
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10%, 20%, 40%, 60%, 80%, and 100%). The calibration was completed in triplicate to account

for potential variations in packing and ambient light pollution. A linear calibration relationship

was seen between the increasing water saturation percentage points, and the increasing .-~

transmitted intensity {Figure 3); this trend was also observed in the work of Uyusur et al. (2016).

This linear relationship and slope equation were used to convert the intensity values into water

saturation values with the Matlab (R2016a, The Mathworks Inc., Natick, MA, USA).
Additionally, for each 2D tank flow experiment, the intensity values corresponding to locations

where 0% and 100% water saturation occurred were found, and the slope from each experiment

was compared to the calibration curve to ensure that the calibrations between experiments were

similar.
2.4. 2D Tank Flow Experimental Design

The 2D tank was secured to the stand prior to packing to minimize jostling and to reduce sand
movement, thus decreasing the likelihood of heterogeneity. A packing device, a Y-shaped sand

loader containing a piece of cloth, was then affixed to the top of the tank and was used to pour

the sand into the tank, It was filled with two tank volumes of graded sand that conform to ASTM .-

(American Society for Testing and Materials) C778 standards (U.S. Silica, Ottawa, IL). The
cloth was then removed to create a uniform loading of sand within the tank. The second tank

volume of sand allows for the homogeneous packing of the tank to a uniform bulk density of

1.50,g/cm’. The U.S. Silica product data sheet described the size of the ATSM graded sand using .
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values read high due to water drainage, and thus saturation,

of the water in the lower half of the calibration tank.
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standard USA STD sieve mesh sizes from 16 — Pan (U.S. Silica Product Data Sheet, 1997)
(Figure 4). The packing device and extra sand were removed from the top of the tank, which was

then gently tapped to create an even sand surface. A cover was secured around the apparatus to

block yefractive and reflective light from the LED source, and to ensure that only transmitted .-

{ Deleted: the

light was seen in the images. Specifically, 1 cm of the top portion of the tank and sand was

covered; this dimension is assumed as part of the uniform wetting front for the data presented

here.

All tank flow experiments were done in replicate, with data presented in this work derived from
the averages of the replica, and the images presented from a single experiment representing the

system’s characteristics. The secondary experimental images are available for viewing in the
11
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Appendix. The experimental exudate and soil component solutions were individually pumped

into the 2D tank for each experiment. A Cole Parmer peristaltic pump was used for this process

{ Deleted: appendix

» { Deleted: per

(pump head; Masterflex easy loader II L/S model 77200-60, Masterflex peroxide-cured silicone
tubing L/S 16, Cole Parmer Instruments Co., Vernon Hills, IL) with the solutions distributed
across the top of the 2D tank by artificial rainfall (rotating screw actuator) over a 45.72 cm” area,
at a constant pump rate of 10 mL/min (flow velocity, i.e. the surface area averaged input flux

rate, of 13.12 cm/hr).

A Nikon CMOS D5500 DSLR camera with AF-S DX NIKKOR 18-55mm f/3.5-5.6G VR 1II
Lens (model: 1546) was used to image the flow every 30 seconds in large, fine, JPEG format,
with 6000 x 4000 pixels per image. The camera was operated manually to ensure that the
highest intensity within the images was less than the maximum of 255. This was also done for
the calibration curve images. Upon capture, the images were imported into Matlab for
quantitative analysis. The raw red-green-blue (RGB) formatted images were converted to a hue-
saturation-intensity (HSI) format. The intensity values were then used to determine the dynamic
finger geometry and the vertical and horizontal water saturation profiles via Matlab. A statistical
analysis was done for the parameters of the flow experiments utilizing a t-test using JMP Pro 12
from SAS.

3. Results

3.1 Surface and Interface Characterizations

The fime-dependent contact angles of each constituent solution at their various concentrations .-

are displayed in Figure 5, with the stable contact angle measurements listed in Table 3 (stable

measurements taken at 90 seconds). For most concentrations of the exudate solutions the contact

angles are significantly lower than those of the NaCI+HNS control solution (0 = 64.5° at 90's), .~
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the exception being the low concentration of SRNOM. Statistical analysis of the contact angle

constituent group displays a significant percent reduction in the contact angles of the

experimental solutions against the control at time 90 s, This significant difference is illustrated .-
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through the t-test groupings displayed in Figure 6. The SRNOM percent reduction in the contact
12
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angle values were 4% for 0.1 mg/L, and 30% for 10 mg/L. The citrate percent reduction in the
contact angle values were 18% for 0.1 mg/L, and 29% for 500 mg/L. The oxalate percent

reduction in the contact angle values were 15% for 0.1 mg/L, and 26% for 500 mg/L. For the

Jannic acid, however, the variance in the reduction in contact angle pccurred regardless of the _ { Deleted: for
increase in concentration,and averaged a 17%, reduction. Significant differences can be seen in % ge:e:ej: was
eleted: ,

[ Deleted: thus
experimental solutions, fwo main groups were not dependent on concentration. The first group [Deletedi ing
comprised the tannic acids, citrate, and oxalate at Jow concentrations that were similar to each % 3::2:35 :l:cwp Tr;;)m
other. The second group comprised citrate, oxalate, and SRNOM at their high concentrations that [ Deleted; remainedl
also were similar to one another. However, the low concentration of tannic acid and the high [ Deleted: there are
concentration of oxalate, were, not significantly different from each other. % E::z:::i I::: :: TR

{ Deleted: at both concentrations
Time-dependent surface tension measurements were taken at 30 second intervals for all [Deleted:,
experimental solutions and are displayed in Figure 7. Additionally, the stable surface tension 3:::::3; f::r
measurements (at time 90 s) are listed in Table 3, They were used to determine the percent | Deleted: s
reduction in surface tension over time (Figure 8). All solutions exhibited a significantly lower P g:::::f :yre
surface tension than the NaCI+HNS control solution (75.7 mN/m at 90 s). As with the contact ‘ Deleted; cach
angle data, the differences in surface tension were not coupled directly with differences in ‘ Deleted: arc
concentration. For example, in Figures 5 and 7, the 500 mg/L citrate solution exhibited the % E:::::jz Dynamic
lowest contact angle (0 = 46°) and the highest surface tension (73.6 mN/m), stable time at 90 s, ’ [ Deleted: ;nd
The percent reduction in surface tension t-test groupings illustrates more specifically that the [ Deleted: changes
effect of the concentration variations on the surface tension is not consistent. The statistical %E::::Z; C; =
analysis revealed two distinct groups of surface tension values— one consisting of the low [ Deleted: respectively (
concentration of oxalate and tannic acid and the high concentration of citrate and SRNOM; and \ % E::E::gf )
the other consisting of the remainder, seen in Figure 8. It is important to note tha, the percent { Demed; ’gmup
reduction in surface tension for the experimental solutions compared to the control was small, { Deleted:
less than 10%, The densities of the experimental solutions were also calculated and found to { g::::z; W:;edmonauyq YT E———

range minimally, from 995.5 — 1002.8 kg/m’. (Table 4).

3.2 Time Dependent Unstable Fingering Flow

13

experimental solutions was calculated to fall between 2.7-
3.9E-4, illustrating the importance of the surface tension
plays in the behavior of the solutions (Table 5).
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The unsaturated gravity driven flow experiments were analyzed based on i) the number of
fingers formed, ii) the velocity of finger propagation, and iii) the vertical and horizontal water

saturation profiles. The two extreme concentrations for the plant constituents (citrate and

oxalate), which were 0.1 mg/L for the lowest and 500 mg/L for the highest, were compared with { Deleted: was
the concentrations of the soil constituents, which were 0.1 mg/L to 10 mg/L for SNROM, and 0.1 { Deleted: was
mg/L to 500 mg/L for tannic acid. { Deleted: 10
In this comparison, the number of fingers formed in each experimental test solution, varied { Deleted: s
slightly (1.5 tq,2.5 on average) with no discernable pattern between the various constituents and { Deleted: -
concentrations (Table 3). Although a variation was observed in the wetting depth of each

solution, a relationship to the finger propagation velocity was observed in the citrate, oxalate,

and tannic acid solutions. The relationship showed that the slower propagation of the fingers

indicated a greater wetting depth (Table 3), but this finding, did not hold for the soil constituent { Deleted: which

SRNOM solutions. The finger length and the wetting depth of the citrate solutions at ten minutes
is 22.4 cm and 3.5 cm for the low concentration, and 19.5 and 2.5 cm for the high concentration.
The finger length and wetting depth of the SRNOM solutions at ten minutes is 17.7 cm and 7.0
cm for the low concentration, and 13.3 and 3.3 cm for the high concentration. The finger length
and wetting depth of the oxalate solutions at ten minutes is 20.2 cm and 3.4 cm for the low
concentration, and 22.2 and 2.3 cm for the high concentration. The finger length and wetting
depth of the tannic acid solutions at ten minutes is 19.1 cm and 4.3 cm for the low concentration,

and 25.5 and 2.5 cm for the high concentration.
3.2.1 Finger Analysis

Matlab was next used to process and analyze the vertical water saturation profiles of the main
finger for each solution (Figures 9 & 10). Although the NaCI+HNS control solution exhibited a
substantial wetting front and a uniform water distribution through the vertical finger profile, a
steady gradient of higher to lower saturation, from the tip of the finger (~90%) to the top of the
tank (~50%) was observed. The citrate solutions were similar in that both the 0.1 mg/L and 500
mg/L formed two fingers. However, the 0.1 mg/L citrate solution formed two long and narrow
fingers, width of 6.6 cm, with the majority of the water content located directly behind the

wetting front (~100%). In juxtaposition, the 500 mg/L citrate solution formed two well-dispersed
14
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fingers that were 7.9 cm in width with relatively uniform water saturation profiles (~80%). These
well-dispersed water saturation profiles characterized the oxalate solutions, with an average
saturation of ~85% for the low and high concentrations. The 0.1 mg/L had a greater finger
length, most likely because the two fingers formed in the 0.1 mg/L sample had a width of 8.4 cm,
unlike the three fingers with a width of 7.1 cm in the 500 mg/L analysis. Both long and narrow
fingers with widths of 7.6 cm were observed forming from the tannic acid 500 mg/L test, with
the majority of the water saturation occurring behind the tip of the wetting front (~100%).
Further, the tannic acid at 0.1 mg/L had a slightly more uniform water saturation distribution
across the finger, with a width of 10.2 cm, although the majority of the saturation still occurred
within the fingertip (~75%). Finally, SRNOM exhibited a deep wetting front and uniform water
distribution across the finger profiles for both concentrations with only a minimal variation (~85-
88%), although the low-to-high concentrations of the finger widths did vary from 6 cm and 7.5

cm respectively.

The horizontal finger saturation profiles were taken at 25%, 50%, 75%, and 90% of the main
fingers length at 10 minutes (Figures 11 & 12). The greatest water saturation occurred within the
middle finger of the NaCI+HNS control water saturation profile (~85%), which gradually
dispersed toward, the finger edges (~25-38%). Although both oxalate concentrations exhibited

e { Deleted: s

similar saturations in the center of the fingers (~87%), the higher concentration had a greater
dispersion zone (~40%) than the lower (~60%). A high level of saturation was observed in the
substantial portion of the center of the main finger in the 0.1 mg/L citrate sample (~100%), with
a small sharp zone of dispersion (~60%) along the edges of the finger. However, although less
saturation (~85%) was observed in the middle of the finger of the 500 mg/L citrate sample, a
greater dispersion zone (~40-50%) did manifest along the finger’s edge. SRNOM at both
concentrations exhibited a similarly high saturation (~88%) in the center of the finger, although
the 10 mg/L sample had a smaller zone of dispersion saturation (~50%). Overall, unlike the
lower exudate concentrations that exhibited smaller water saturation dispersion zones toward the
finger edges, at the higher concentrations, an increase in water saturation was observed through
the center of the finger, and larger water saturation dispersion zones were observed moving
toward the finger edges. Tannic acid responded differently than any of the other constituents,
exhibiting lower saturation (~85%) in the middle of the finger and a greater dispersion zone
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(~60%) at 0.1 mg/L. At 500 mg/L, a higher saturation (~100%) in the middle of the finger and a

smaller dispersion zone (~75%) were observed.

4. Discussion

4.1. Infiltration Processes

The abrupt difference in the vertical and horizontal water saturation distribution profiles of the

/| Moved up [2]: The objective of this study was to
/| elucidate the influence of various plant exudates and soil

constituents on the soil infiltration, particularly wetting front
instability and fingered flow in unsaturated porous media. By
utilizing plant exudate and soil constituent solutions the
physical effects of plant root interaction with soil infiltration
processes and porous media spatial characteristics, such as
heterogeneity and structure, were removed. Only the
interactions between the water chemistry, the porous media
properties, and the flow dynamics were analyzed for an
independent determination of the individual constituent
solution effects on the soil infiltration processes that were in
the form of wetting front instability and fingering flow
phenomena.

fingers fhat displayed high water saturation behind the wetting front and dry porous media ahead

of the wetting front (Figures 9-12) js related to the soil water sorptivity (Philip, 1955; Parlange, *

1971a) as it induced the flow of water in porous media under various contact angles (Wallach et

al., 2013), The interplay between the resistance to wetting resulting from contact angle at the

wetting front together with saturation overshoot and wetting front propagation is visualized by
the vertical and horizontal water saturation distribution profiles that demonstrated in most cases

the fingered flow with saturation overshoot (Figures 9 & 10) and decrease of contact angle

| phenomena.
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which results in the development of the overshoot saturation. Our experimental results which
include the vertical water distribution profiles, the visualization of the overshoot saturation, and
the wetting front velocity measurements definitely support these findings (Figures 9 & 10; Table
3).

| Moved up [3]: This increase in water saturation at the

fingertip, “saturation overshoot” causes a rise in pressure and
creates a positive matric potential gradient on top of the
fingertip (DiCarlo et al., 1999; Geiger and Durnford, 2000).
This rise in pressure also increases the delineation between
the wet and dry porous media at the edge of the wetti
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saturation distributions determined elsewhere. Specifically, Wallace et al. (2013) found that for { Deleted: as

systems with higher contact angles, the air-entry pressure was greater, and thus the fingering

flow was most likely to develop a more highly saturated fingertip (DiCarlo, 2004; Glass et al., { Deleted: is }
1989¢, 1989d; Wallach et al., 2013). Similar results were determined in this present analysis in

which the higher concentration solutions exhibited lower contact angles (except for tannic acid)

with more uniform saturation distributions. A comparison between the low and high

concentrations for citrate and tannic acid clearly indicated the presence of “saturation overshoot”

at lower concentrations when the contact angle was greater. At higher concentrations, however, { Deleted: prevalent }
the solution saturation exhibited a greater uniformity with a more substantially reduced contact

angle. However, these conclusions cannot be applied to oxalate and SRNOM, which at both

concentrations exhibited uniform saturations, illustrating that factors such as flow yelocity { Deleted: rate }

(Wallach et al., 2013), clearly affect the finger geometries and development. Additionally, with

limited comparable plant exudate studies, comparisons can be drawn to existing studies upon the
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effects of surfactants in soil systems since plant exudates act as organic surfactants in the
rhizosphere. It was determined that the simulated plant exudates and the soil constituent

solutions exhibited behaviors similar to fthose delineated in the studies of Bashir et al. (2011) and

Henry and Smith (2002) which demonstrated that the solute concentration, ionic strength and pH

affected not only the surface tension but also the contact angle,

4.3. Finger Geometry and Capillary Potential

Comparison should be made between finger geometry and capillary potential by using the
Young-Laplace equation, and not individually with contact angle. The reason is that tannic acid
did not show a difference in contact angle between low and high concentrations, but it did show
a large difference in surface tension and in finger geometry. The capillary pressure calculation
would capture that difference. The Young-Laplace equation can be used to express capillary
pressure at the pore scale as a function of surface tension and contact angle. This equation is
expressed as:

Pc _ 2y cosO (3)

r

where Pc is for the capillary pressure, y and 6§ are the surface tension and contact angle of a

solution, respectively, and r is the radius of the pore size of the medium (Lord et al., 1997).

Modeling approaches have been developed to assess the relationships between particle sizes and
pore size distributions in porous media constituted by multicomponent particles (Assouline and
Rouault, 1997). By taking a multicomponent pack of an infinity of particles described by a
particle size distribution (PSD), f(r), which satisfy the dense random packing condition (Wise,
1952), four particles of radii 1y, 1, 13, and 7, that are in contact form an empty void space in a
porous medium. The volume of this void is approximated by the volume of the osculatory sphere
of radius 7, (Soddy, 1936) which can be used as an estimated value of 7, the radius of the pore

size of the medium, and expressed as:

“)
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The examination of the relationship between the finger width and the capillary pressure of fully
formed fingers resulting from infiltration of water in U.S. Silica C778 ASTM graded sand for the
tested solutions showed that the finger width tended to increase as the capillary pressure
decreased (Figure 13). The observed trend in the finger width and capillary pressure relationship
indicates that the capillary pressure difference across the water-air interfaces influenced the
propagation of the wetting front and development and growth of fingers, as well as the sorptivity.
As previously stated by Wallach et al., (2013) “this effect can be mainly related to the soil water
sorptivity (Philip, 1955; Parlange, 1971[a]) and its role on the spontaneous and forced water

flow in the pores at different contact angles.”
4.4. Hydrodynamic Scaling in Porous Media of Finger Dimensions

Unstable fingering flow geometries have been analyzed under various settings, especially that of
Parlange and Hill (1976) who developed equations to calculate the width of a finger in an air-
water system by including the sorptivity, and Glass and Nicholl (1996) who modified the
equation to conform in air-water systems. This equation is expressed as:

T (;) )
2K(05—0;) “1-q5/Ks

d. =
where d is the minimum finger width, S is the sorptivity, 6; is the saturated water content, 6; is
the initial water content, g is the flux, K is the saturated hydraulic conductivity, and 7 is a
constant for a 2D system (Glass et al., 1991; Wallach et al., 2013). Scaling of fluid flow in
porous media was established by Miller and Miller (1956). Hydrodynamic scaling in porous
media directed to unstable wetting front and fingered flow may be utilized to measure the finger
width. Scaling of the equation advanced by Parlange and Hill (1976) to calculate the finger width
can be performed by using the Miller and Miller scaling theory (1956). The resulting scaling
equation that can be applied to width of fingers, and is expressed as:

d, =224 (6)

a'gl
where p is liquid density, g is gravitational constant, A is the characteristic media length scale,
Gy is the gas-liquid interfacial tension, d is the finger width, and d, is the scaled finger width

(Glass and Nicholl, 1996). This scaling equation has been utilized to estimate the finger widths
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based upon the fluid properties and porous media characteristics (Selker and Schroth, 1998).
Then, we evaluated the finger widths measured in our experiment by executing a scaling based
on the density of the plant exudate and soil component solutions compared with the control
(NaCI+HNS) solution, the gas-liquid interfacial tension of the plant exudate and soil component
solutions compared with the control (NaCI+HNS) solution, and the coupling of both the density
and gas-liquid interfacial tension of the plant exudate and soil component solutions compared
with the control (NaClI+HNS) solution (Table 4). Scaling results demonstrated that the fluid
density, the gas-liquid interfacial tension, and the coupling of fluid density and gas-liquid
interfacial tension did not have a significant effect on the scaling discrepancies of the finger
widths. Scaling discrepancies of the finger widths remained similar between the experiments
rather that explicating the mechanisms responsible for the differences in finger width (Table 4).
The reason of these unchanged discrepancies in the scaling of the finger width can be related to
the consistency of the contact angle among the experiments to be scaled when utilizing the
Miller and Miller scaling theory (Selker and Schroth, 1998). Culligan et al. (2005) also revealed
that soil sorptivity is governed by (cos 0)1/ 2 while other studies showed the opposite (Philip,
1971). Recently, an expansion of the Miller and Miller scaling theory to scale sorptivity by
contact angle was introduced by Wallach and Wang (2013). Their findings showed that the
Miller and Miller scaling theory can be used to scale sorptivity by the contact angle, i.e.
(cos 0)1/ 2 in the case of uniform pore media. This is the case here, as our experiments are
performed in homogeneous and uniform sandy porous media in which fingering flow
phenomenon develops. Based on these conclusions, the finger width was scaled with (cos 9)1/ 2

to include the influence of contact angle and pore dimension (Table 4) and expressed as:
d, = d(cos 8) /2 (7

Scaling results demonstrated that the use of (cos 9)1/ 2 does not decreases the scaling
discrepancies of the finger width but increases the scaling discrepancies of the finger width
(Table 4), thus proving some influence of contact angle through the expression of (cos 9)1/ 2 in
the formation and growth of fingers in porous media, the width of fingers, as well as evidence of

pore scale factor in fingering flow phenomena (Steenhuis et al., 2013).
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4.5. Exudate Effects

The rhizosphere is extremely complex, and interactions between the components are typically

compounding, as comparisons of the study of Zarebanadkouki et al. (2016) to thosg, of Walker et ““

al. (2003) and Nardi et al. (2000) indicate, Root, exudates have been shown to change soil

physico-chemical properties (Nardi et al., 2000; Walker et al., 2003) and “nucilage, a polymeric

gel that is exuded by most plant roots, is believed to be one of the main factors influencing the '

rhizosphere hydraulic properties” (Zarebanadkouki et al., 2016). Specifically, in the broad

approach used to elucidate the entire root system, Walker et al. (2003), found that the root “

exudates compounded with mucilage under certain circumstances exhibited a stabilizing effect '

on the rhizosphere (i.e., the stabilization of the soil structure near, the roots). Naveed et al. (2017)

demonstrated that exudates from barley roots may disperse soil while exudates from maize roots :

and chia seed exudates may increase soil stability around roots or seeds. While the exudates

lowered the surface tension of the soil pore-water, similar to what the authors determined in this
research (Figures 7 and 8), the mucilage acted as a glue, bonding soil aggregates to the root

sheaths and creating a water holding space around the roots as the surrounding soil continued to

dry (Walker et al., 2003). Exudates, apart from the mucilage component, ultimately exert the
\

/| Moved up [4]: In their study of hydraulic conductivity

| The increased soil wettability, and thus, mobility of the soil

and hydrophobicity in root-soil interfaces, Zarebanadkouki et
al. (2016) analyzed how wetting and drying cycling affected
the hydraulic conductivity and potential hydrophobicity of
the soil matric in the rhizosphere (Zarebanadkouki et al.,
2016). They concluded that mucilage and exudates were a
crucial determinant in conserving water for a plant to use
during a drying period. However, after the water stores were
depleted, the dried mucilage turned the soil hydrophobic, and
remained so even after multiple re-wetting events.
Furthermore the hydrophobicity caused a simultaneous
reduction of the hydraulic conductivity of the systems
(Zarebanadkouki et al., 2016). Juxtaposing these results that
are presented in this paper, the Eexudates, apart from the
mucilage component, ultimately exert the opposite impact on
flow through the porous media. This Exudates increased in
the mobility of the fluid through porous media the system ias
illustrated in Figures 9-12. Specifically, in their study of the
effects of plant mucilage and phospholipids on the physical
and chemical properties of soil, Read et al. (2003) observed a
decrease of the surface tension of the soil water systems
brought about by very small concentrations of phospholipid
surfactants and exudate organic acids (Read et al., 2003).
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opposite impact on flow through the porous media. Exudates increased, the mobility of the fluid |

through porous media gs illustrated in Figures 9-12. Specifically, in their study of the effects of

plant mucilage and phospholipids on the physical and chemical properties of soil, Read et al. ‘

(2003) observed a decrease of the surface tension of the soil water prought about by very small

simplicity of analyzing solely the effects of exudates, as shown in Figures 5-8, is beneficial in

understanding the separate components of the rhizosphere as they exist (i.e., uncompounded by

the rest of the multiple components). The increased soil wettability, and thus, mobility of the soil

solution due to the presence of biogeochemical compounds need, to be further studied in order to

elucidate the hydrological processes and the transport of contaminants in the rhizosphere and the

vadose zone.

4.6. Imaging Capabilities
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The recent surge in the development of visualization and modeling capabilities, specifically

related, to 2D tanks, has been instrumental in studies attempting to elucidate rhizosphere systems -

{ Deleted: ing

and root zone development and characterization jn situ (Carminati et al., 2016). These new -

capabilities, paired with current biological understandings have yielded a novel understanding of
the entire plant-root-soil-water system. However, even with such an acceleration of research, the

specific distribution and paths that the fluid takes from the soil matrix into and through the plant

itself remain, unknown (Carminati et al., 2016). As stated by Carminati et al. (2016), “Coupling .-

these measurements with imaging techniques that allow visualization of the root architecture and

the structure and moisture of the rhizosphere could be the ultimate experiment to measure the

rhizosphere properties.”, The analysis presented here clearly indicates the effectiveness of -

{ Formatted: Font:ltalic

{ Deleted: s
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combining 2D tank systems with imaging techniques such as LTM to furthering understanding

of high spatial and temporal fluid distribution and moisture gradients in the rhizosphere directly -

under the influence of plant roots. The increase in sensor sensitivity, particularly of matric
potential sensors or pressure transducers, will be of great value in acquiring additional insight to
the mechanisms occurring in the rhizosphere. As new imaging technology of soil and
rhizosphere systems are developed, these technologies may be coupled with the light
transmission method to study flow and transport in porous media regulated by plants and
microbes. The light transmission method may also be used to support research on biological

behavior and influences on flow and transport in natural porous media, as this research endeavor

“will require the development of more realistic models, and additional data associated with the .-

physical, chemical, and microbial characteristics of microenvironments in real porous media”

(Baveye and Darnault, 2017).

B. Conclusion
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This paper presents, research on the influence of plant exudates and soil components on the -

instability and fingered flow in unsaturated and homogeneous sandy porous media. Dynamic 2D

tank flow experiments were coupled with the unique light transmission method (LTM) in order

to provide a novel analysis of the influence of piogeochemical compounds on the infiltration -

process and wettability in a porous medium, This unique approach makes it possible for the rapid .-~
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and high-resolution quantification of flow patterns and dimensions, and fluid saturation profiles .-

in porous media. Overall, solution chemistry and concentration of plant exudates and soil .-

components wege observed to exert a significant effect on the interactions between fluids and

solid surfaces, and on the resulting infiltration process,, finger water saturation profile, and finger

width, Our findings also establish, the need to consider the contact angle expressed as (cos 9)1/2 '

when using the Miller and Miller (1956) scaling theory for the scaling of flow in porous media.

The visualization and quantitative method and data produced here provides the basis for future

compounds on soil moisture, jnfiltration, and drainage. Novel technological and methodological

approaches in hydrology are essential to advancing, our understanding of soil-water-plant

systems. The results of our research, will also be of use in increasing the effectiveness of

agricultural practices related to irrigation application and engineering systems for soil water

management.
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Table 1. Composition of Hoagland Nutrient Solution, recipe followed from Arnon and

Hoagland (1940).

Amount in

volume (mL)

Chemical

39

=)

9]
_§ ;; 10 0.5 M Ca(NOs), Calcium nitrate tetrahydrate
;2 E 10 0.5 M KNO3 Potassium nitrate
£ % 4 0.5 M MgSO4 Magnesium sulfate
> g 2 0.5 M KH,PO4 Potassium dihydrogen phosphate

2 Micronutrient Solution
Amount in
Chemical

s mass (g)
_§ 'é 1.43 H;BO; Boric Acid
f; :i 0.9 MnCl, Manganese (II) chloride
‘§ g 0.11 ZnSOy Zinc sulfate concentrate
g § 0.04 CuSOq4 Copper (II) sulfate - { Deleted: Sulfate
'é:) % 0.1 (NH4)sM07024 Ammonium molybdate

2

2 0.28 FeSO,4 Iron (II) sulfate heptahydrate

0.3 EDTA Edetic acid
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Table 2. Concentration variations of plant exudates (citrate and oxalate) and soil

components (tannic acid and organics: Suwanee River Natural Organic Matter (SRNOM)), { Deleted: constituents

used to create the solutions tested in this work. Red indicates high concentrations of the
constituent, yellow indicates a moderately high amount, and green indicates a typical

natural concentration.

Citrate Oxalate | SRNOM | Tannic Acid
(mg/L) | (mg/L) | (mg/lL) | (mg/L)

Concentration B

- { Formatted Table

Low 0.1 0.1 0.1 0.1 { Moved (insertion) [5]
500 500 - 500
High A { Formatted Table
- - 10 -

40
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Table 3. Average experimental data from the triplicate fundamental interfacial characterization and the duplicate ,ﬂow*\

~| Deleted: Compiled a

experiments resulting from control (NaCI+HNS), plant exudates (citrate and oxalate), and soil components (tannic acid and

Deleted: Compiled a

organics: Suwanee River Natural Organic Matter (SRNOM)), and statistical analysis for t-test significant differentiations.

v

Deleted: triplicate

[
[
{ Deleted: verage e
|
[

Formatted: Width: 11", Height: 8.5"

[ Deleted: duplicate

(G W W WD S G WD WD WD WD G S G G

Solution (mg/L) Average Average Time Average  Average Average Depth  Average Width of Fingers at Specific .
Contact Surface Number  Velocity of of Wetting Length of Percentage of their Length { Deleted: and
Angle Tension of Fingers Front Fingers (cm) [ Deleted: infiltration
(0) (mN/m) (sec)  Fingers (cm) 25%  50%  75%  90% \
(cm) (cm) Deleted: ,
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) i .
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3 5 5 . 5 - 1 Formatted: Font:10 pt
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= N
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Figure 1. Visual of the drop shape analysis of (Left) contact angle and (Right) the surface«
tension pendant drop using the Kruss Easy Drop. The images are of the control solution
(HNS+HNS) taken at 90 seconds. Figure is based off of figures appearing in the Kruss
User’s Manual (Kruss, 2010),,

Fast flow out port

Figure 2. Experimental set up of the 2D tank system.
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Figure 3. Empirical calibration curve of the transmitted intensity vs. the water saturation,

with its linear trend line and slope equation.
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Figure 4. Characteristics and properties of the U.S. Silica C778 ASTM graded sand.
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Figure 5. Dynamic contact angles of experimental solutions for control (NaCIH+HNS), plant
exudates (citrate and oxalate), and soil components (tannic acid and organics: Suwanee
River Natural Organic Matter (SRNOM)). Averages graphed, and associated error bars

represent one standard deviation.
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Figure 6. Percent reduction in contact angle from the control (NaCI+HNS), (group A),
changes at stable time (90 seconds), for plant exudates (citrate and oxalate), and soil
components (tannic acid and organics: Suwanee River Natural Organic Matter (SRNOM)).

Averages graphed and associated error bars represent one standard deviation.
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Figure 7. Dynamic surface tension of experimental solutions for control (NaCI+HNS), plant
exudates (citrate and oxalate), and soil components (tannic acid and organics: Suwanee
River Natural Organic Matter (SRNOM)). Averages graphed, and associated error bars

represent one standard deviation.
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Figure 8. Percent reduction in surface tension from the control (NaCI+HNS) (group A),
changes at stable time (90 seconds), for plant exudates (citrate and oxalate), and soil
components (tannic acid and organics: Suwanee River Natural Organic Matter (SRNOM)).

Averages graphed and associated error bars represent one standard deviation.
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Figure 9. Multigraph comparison of the dynamic vertical profiles of infiltration of water in
U.S. Silica C778 ASTM graded sand for control (NaCl+HNS), and low concentrations of
plant exudates (citrate and oxalate) and soil components (tannic acid and organics:

Suwanee River Natural Organic Matter (SRNOM)), The images are of the main finger and

the vertical water saturation profile analysis over time.
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Figure 10. Multigraph comparison of the dynamic vertical profiles of infiltration of water
in U.S. Silica C778 ASTM graded sand for control (NaCI+HNS), and high concentrations

of plant exudates (citrate and oxalate) and soil components (tannic acid and organics:

Suwanee River Natural Organic Matter (SRNOM)), The images are of the main finger and { Deleted: high concentration exudates

the vertical water saturation profile analysis over time.
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Figure 11. Multigraph comparison of the finger width profiles of infiltration of water in
U.S. Silica C778 ASTM graded sand for control (NaCI+HNS), and low concentrations of
plant exudates (citrate and oxalate) and soil components (tannic acid and organics:

Suwanee River Natural Organic Matter (SRNOM)), The images are of the main finger at
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its full length. The location of the horizontal water saturation profile analyses and widths

are measured at 25%, 50%, 75%, and 90% of the total fingers length.

51



10

Intensity Horizontal Saturatiorbgo]
= 1 =

Height [cm]

Height [cm]

Height [cm]

Height [cm]

H20 Saturation [%] HZO Saturation [%] HZO Saturation [%] H20 Saturation [%] HZO Saturation [%

3
L
=]
2
(5}
T
M ORGANICS
0 30
Width [cm] Width [cm]

|[—25% - 50% ——75% ——90%

Figure 12. Multigraph comparison of the finger width profiles of infiltration of water in
U.S. Silica C778 ASTM graded sand for control (NaCI+HNS), and high concentrations of
plant exudates (citrate and oxalate) and soil components (tannic acid and organics:

Suwanee River Natural Organic Matter (SRNOM)), The images are of the main finger at
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are measured at 25%, 50%, 75%, and 90% of the total fingers length.
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The objective of this study was to elucidate the influence of various plant exudates and soil
constituents on the soil infiltration, particularly wetting front instability and fingered flow in
unsaturated porous media. By utilizing plant exudate and soil constituent solutions the physical
effects of plant root interaction with soil infiltration processes and porous media spatial
characteristics, such as heterogeneity and structure, were removed. Only the interactions between
the water chemistry, the porous media properties, and the flow dynamics were analyzed for an
independent determination of the individual constituent solution effects on the soil infiltration

processes that were in the form of wetting front instability and fingering flow phenomena.

Unstable fingering flow geometries have been studied under several scenarios, most notably that
of Parlange and Hill (1976) who derived modeling equations to predict the width of a finger in
an air-water system by incorporating the sorptivity, and Glass and Nicholl (1996) who adjusted

the equation to fit an air-water system. This system is expressed as:

dy=m—>  (—L1
¢ 2Ks(05—0;) “1—qs/Ks

(23)

where d, is the minimum finger width, S is the sorptivity, 6; is the saturated water content, 6; is
the initial water content, g, is the flux, K, is the saturated hydraulic conductivity, and 7 is a
constant for a 2D system (Glass et al., 1991; Wallach et al., 2013). It is important to note that the

intrinsic sorptivity is independent of the liquid properties (Philip, 1969; Wallach et al., 2013).
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This increase in water saturation at the fingertip, “saturation overshoot” causes a rise in pressure
and creates a positive matric potential gradient on top of the fingertip (DiCarlo et al., 1999;
Geiger and Durnford, 2000). This rise in pressure also increases the delineation between the wet
and dry porous media at the edge of the wetting front and facilitates the propagation of the
wetting front. The length of the saturation overshoot (i.e. the fingertip length ) was deemed a

function of the wetting front velocities (DiCarlo, 2004; Wallach et al., 2013).
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The addition of surfactants, biosurfactants, or exudates can alter the solution chemistry enough to
produce a changes ion in behavior of a media’s fluid hydraulic properties. In their study of
hydraulic conductivity and hydrophobicity in root-soil interfaces, Zarebanadkouki et al. (2016)
analyzed how wetting and drying cycling affected the hydraulic conductivity and potential
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hydrophobicity of the soil matric in the rhizosphere (Zarebanadkouki et al., 2016). They
concluded that mucilage and exudates were a crucial determinant in conserving water for a plant
to use during a drying period. However, after the water stores were depleted, the dried mucilage
turned the soil hydrophobic, and remained so even after multiple re-wetting events. Furthermore
the hydrophobicity caused a simultaneous reduction of the hydraulic conductivity of the systems
(Zarebanadkouki et al., 2016). Juxtaposing these results that are presented in this paper, the
Eexudates, apart from the mucilage component, ultimately exert the opposite impact on flow
through the porous media. This Exudates increased in the mobility of the fluid through porous
media the system ias illustrated in Figures 9-12. Specifically, in their study of the effects of plant
mucilage and phospholipids on the physical and chemical properties of soil, Read et al. (2003)
observed a decrease of the surface tension of the soil water systems brought about by very small
concentrations of phospholipid surfactants and exudate organic acids (Read et al., 2003). The
increased soil wettability, and thus, mobility of the soil solution due to the presence of
biogeochemical compounds in the porous media is important for further studiesneeds further
studies in order to elucidate the hydrological processes and the transport of contaminants in the

vadose zone and rhizosphere and the vadose zone.
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Statistical analysis summary table for t-test significant differentiations.
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Table 5. Experimental solution densities and bond numbers. Reported numbers are the

averages of triplicates.

Average
Bond
Solution Density
Number
(kg/m?)
Control 997.6 2.90E-04




Citrate High 996.8 2.99E-04
Citrate Low 999.3 3.11E-04
Oxalate High 1002.8 3.09E-04
Oxalate Low 997.2 3.01E-04
Tannic Acid High 1000.2 3.11E-04
Tannic Acid Low 998.5 3.03E-04
SRNOM High 998.3 3.00E-04
SRNOM Low 995.5 3.09E-04
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