Pipes to Earth’s subsurface: The role of atmospheric conditions in controlling air

transport through boreholes and shafts

Letter of response:

Reviewer 1:

Levintal and colleagues have measured the state and composition of air in two
boreholes (one connected at times to a large, underground cavity) over some brief
periods and tried to generalize about transport processes through these "pipes"”. Such a
study could be a welcome addition to the literature regarding the dynamics of vadoze-
zone air and its exchange with the atmosphere, about which little is still known.
However, the paper suffers from some significant shortcomings, both technical and in
terms of perspective, that should be improved before the paper can be acceptable for

publication. Therefore, | recommend major revision along the following lines.

We would like to thank Prof. Kowalski for his comments and fruitful review. The
manuscript was significantly changed. The main changes were: expansion of the dataset
of the large-diameter borehole for the spring season; addition of a sensitivity analysis for
the use of absolute humidity as a tracer for airflow direction according to half a year of
measurements; and changes to Figs. 2, 6, and 7 according to the virtual temperature
analysis that was suggested in this review. A detailed response for each comment is

presented below in blue font.

General comments

Technical comment on air density

A major theme is thermal-induced convection (TIC), which the authors attribute to
"unstable density gradients resulting from temperature differences”. This is not quite
correct. At a given height/pressure, air density depends predominantly on temperature
but also on air composition. This can be important particularly when dealing with such

a humid cavity. As a simple example with data taken from inspecting Fig. 2,
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atmospheric air at 25_C with 50% relative humidity and 400 ppm of CO2 is warmer but
denser than saturated cavity air at 24_C with 2000 ppm of CO2. The authors cite
Sanchez-Cariete et al. (2013) but apparently without having appreciated the message of
that paper. Rather than the temperature, it is the virtual temperature (easily calculated
using an excel spreadsheet offered by Sanchez-Cafiete and colleagues, and that can be
downloaded from http://fisicaaplicada.ugr.es/pages/tv/!/download) whose gradient
should be examined to diagnose convective instability. Note that the virtual temperature
depends predominantly on the temperature, secondarily on humidity, and tertiarily on
the CO2 concentration. The CO2 dependence is only of relevance for the high CO2

concentrations found in some underground environments.

We fully agree with this comment and after re-reading the manuscript by Sanchez-Cafiete

et al. (2013), we revised our MS accordingly:

(1) A summary of the virtual temperature concept (Tv) was added to the introduction:
“Although air density depends mainly on temperature, it is also depend on the air
humidity, and to a lesser degree on the air’s gas composition (Kowalski and
Sanchez-Cariete, 2010). Integration of these three effects (temperature, relative
humidity, and air composition) into a single parameter named virtual temperature
(Tv) was proposed by Sanchez-Cariete et al. (2013).... For a given altitude level, the
Tv differences will determine the onset of TIC.” (Page 2, lines 20-27).

(2) In Figures 2, 6, and 7, the data are now presented as a function of Tv rather than T,

according to the excel spreadsheet offered by Sanchez-Cafiete et al. (2013).

We note that due to the fact that we didn’t have continuous CO, measurements in this
study, the Tv within the boreholes was calculated using the T and RH continuous
measurements with a constant CO, concentration according to preliminary results that we
took over two weeks during the 2017 winter season (~2000 ppm). Obviously, the CO,
concentration varies throughout the day within the boreholes; however, we think that this
is a reasonable choice because we know from these two weeks of measurements that the
CO; inside the borehole did not increase above 2000 ppm, and the values are relatively
low compared to other underground cavities such as caves (as also mentioned here in the

reviewer’s next comment). In addition, as emphasized by the reviewer in this comment,
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the CO, changes are only the third parameter in importance after temperature and RH for

air density convection, and therefore we believe this to be a reasonable assumption.

Perspective on CO2 concentrations

The abstract cites "High CO2 concentrations (2000ppm)”. In underground
environments, CO2 concentrations of over 100,000 ppm have been measured
(Amundson and Davidson, 1990, J Geochem Explor, 38, 13-41), and values exceeding
10,000 ppm are not uncommon (Denis et al., 2005, Geophys Res Lett, 32, L05810, doi:
10.1029/2004GL022226; Benavente et al., 2010, Vadose Zone J. 9:126-136; Sanchez-
Cariete et al., 2010, Geophys Res Lett, 38, L09802, doi:10.1029/2011GL047077). In
this context, 2000 ppm is not high, and might even qualify as particularly low. Unlike
that found in many caves, it is even too low to affect air density (but note that the water
vapour content of the cavity certainly does, which is why the virtual temperature is

needed here).

The word “high” was deleted from the last line in the abstract. We also added three of the
above references with a suitable clarification that “In environments of high CO,
concentrations compared to the atmosphere, the importance of the gas composition on the
Tv becomes more pronounced. Such underground environments can be karstic areas of
carbonate rocks (Sanchez-Cafiete et al., 2011), caves (Denis et al., 2005; Guillon et al.,
2015), and soils (Amundson and Davidson, 1990) where CO, concentrations can be very
high, ranging from 10,000 to 100,000 ppm and above.” (Page 2, lines 23-27).

Perspective on seasonal variability of atmospheric conditions

The manuscript presents borehole/shaft observations under atmospheric conditions that
(1) are limited to a few weeks for each geometry and (2) vary seasonally among
geometries, but the analysis fails to take into account these data limitations when

generalizing about findings.

As we did measurements in the large-diameter boreholes for a longer time, we could
change its time-series from February 2017 to April 2017 such that the analysis of both

boreholes would be in the same season (i.e., spring). We note that there are still some



differences in the atmospheric conditions between the boreholes, this is because (1) the
small diameter borehole was studied in 2016, whereas the large-diameter borehole was
studied in 2017, and (2) the two boreholes are not exactly at the same geographical
location. For example, the average atmospheric temperature and RH during April 2016
were 20.2° C and 69.1%, respectively, (at the small diameter borehole location)
compared to the average values during April 2017 of 18.2° C and 50.4%, respectively, (at

the large-diameter borehole location).

Unfortunately we don’t have complete one-year results of the boreholes due to technical
restrictions, and we agree that this is a limitation of our study. We added this limitation in
the conclusions section: “...This mechanistic explanation was validated using the winter
and spring season’s dataset. Although we show that theoretically the transport mechanism
observed for winter and spring should hold, with reduced significance for summer and
autumn, further data are needed to verify the theoretical calculation.” (Page 11, lines 26-
28).

For example, the abstract claims that “absolute humidity was found to be a reliable
proxy for distinguishing between atmospheric and cavity air masses and thus to explore
air transport through the three geometries”. This may be so for the spring (borehole,
shaft) and mid-winter (large-D borehole) data in the paper, when atmospheric absolute
humidity is considerably below that of the underground environment. However, in
summer it is likely that atmospheric values of absolute humidity could equal, surpass,
or oscillate about the subterranean value, and this proxy variable could well lose all of
its utility. The same is true about the ability to determine shaft airflow directions using

temperature sensors (p5, line 28).

Following this comment, we broadened the absolute humidity dataset according to our
available measurements and performed a sensitivity analysis of the changes in absolute
humidity for the large-diameter borehole between 02/2017 and 08/2017 (see Fig. S2 and
S3 in the Supporting information — also attached here below). A summary of the
sensitivity analysis was added to the article to provide the limitation of using absolute

humidity as a proxy for airflow in these types of boreholes:



1)

)

(3)

In the abstract we added: “Absolute humidity was found to be a reliable proxy for
distinguishing between atmospheric and cavity air masses (mainly during winter
and spring seasons), and thus to explore air transport through the three
geometries.” (Page 1, lines 14-15).

In the discussion we added: “The use of AH as a proxy for airflow direction is
suitable mainly for winter and spring seasons when the atmospheric AH is lower
compared to AH within underground cavities (Figs. S2 and S3- supporting
information). During the summer season, there are periods in which atmosphere
and cavity AH are in equilibrium, and thus the use of AH as a proxy for airflow
directions would not be reliable (see supporting information for AH sensitivity
analysis).” (Page 5, lines 12-16).

In the conclusion we added: “Use of AH changes during the winter and spring
seasons was shown as a practical tool to identify the source of air parcels within
the three geometries, namely atmospheric vs. lower-borehole/cavity, and thus to

determine the direction and effect of the air transport.” (Page 11, lines 15-17).
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Figure. S2. Seasonal time series results of absolute humidity (AH) from the large-
diameter borehole. From mid-February to the end of June, the use of AH as a proxy for
airflow direction was valid due to the differences of AH between the borehole’s lower
boundary and the atmosphere. Between July and August (summer season), the AH
differences were no longer constant (see also Fig. S3), and therefore we can conclude
that AH was no longer a suitable proxy for the identification of airflow directions within
the borehole. AH data for the borehole are missing from September until December;
however, it is reasonable to assume that during that period, the AH as a proxy was also
relevant because AH within the borehole was stable.



In Section 3.4, the authors contrast *winter* air movement detected in the large-D
borehole with those noted in the shaft/borehole during *springtime*, when the external
air has likely become far less dense. Convective instability for these "pipes” must
generally be far greater for either geometry in February than in May. Nonetheless, the
ensuing analysis suggests that dT/dz can be considered constant. There is no
justification for this spurious assumption, particularly given that the authors have data
that enable its direct assessment. I have little doubt regarding the authors’ conclusion
that convection is most important for the large-D borehole, whereas barometric changes
dominate for the other geometries, but this needs to be demonstrated climatologically

and without making invalid assumptions.

The purpose of this section was to demonstrate an ideal comparison in order to show the
transition between governing air transport mechanisms with the increase of diameter
(from BP to TIC). Following this comment and also the comment from the second
reviewer regarding this analysis, we agree that indeed our comparison and assumptions
were over- simplified. Therefore, we deleted the comparison paragraph that contained the
potentially problematic assumptions. We left only the theoretical equations that can be
used for a general discussion regarding the impact of the radius on both mechanisms (i.e.,
BP and TIC).

The paper would be greatly strengthened by broadening the dataset to include a
seasonal range of temperatures/humidities for every geometry. Otherwise, the
generalisations inferred by the authors should be reduced in scope to take into account

their seasonal representativeness.

We agree. Unfortunately, due to technical restrictions and limitations, we could not
obtain long-term measurements in some of our field sites. We broadened our large-
diameter borehole dataset by a few months according to our available data. Because it is
still not a full seasonal rang, we reduced our conclusion to a seasonal aspect as mentioned
above in our answer to a previous comment: “...This mechanistic explanation was
validated using the winter and spring season’s dataset. Although we show that

theoretically the transport mechanism observed for winter and spring should hold, with



reduced significance, for summer and autumn, further data are needed to verify the

theoretical calculation” (Page 11, lines 26-28).

Specific Comments

In addition to the General comments above, which require significant revision to the
analysis and presentation of the findings, | offer the following specific suggestions (by
page/line) to improve the manuscript:

2/16 Do not neglect differences in air composition.

We added to the introduction the importance of RH and air composition to the overall
density, including suitable references: “Although air density depends mainly on
temperature, it is also depend on the air humidity, and to a lesser degree on the air’s gas
composition (Kowalski and Sanchez-Cafiete, 2010). Integration of these three effects
(temperature, relative humidity, and air composition) into a single parameter named
virtual temperature (Tv) was proposed by Sanchez-Cariete et al. (2013). In environments
of high CO, concentrations compared to the atmosphere, the importance of the gas
composition on the Tv becomes more pronounced. Such underground environments can
be karstic areas of carbonate rocks (Sanchez-Cariete et al., 2011), caves (Denis et al.,
2005; Guillon et al., 2015), and soils (Amundson and Davidson, 1990) where CO,
concentrations can be very high, ranging from 10,000 to 100,000 ppm and above. For a
given altitude level, the Tv differences will determine the onset of TIC.” (Page 2, lines
20-27).

3/11 Homogenize the font size "first 42 days"
Done.

3/13 That "the pipe touched the cavity floor" does not ensure a hermetic seal. Either the
cavity floor geometry should be described (horizontal, smooth?), or the isolation of the
pipe from the cavity should be somehow justified.

We validated this assumption by visual evidence from a camera that was lowered to the

bottom part of the pipe — the pipe—soil interface. This is described in the materials and



methods section in the following sentence: “In addition, a televiewer was lowered into
the pipe to verify that the pipe was intact and was either connected to or disconnected

from the underground cavity in the shaft or borehole, respectively.” (Page 4, lines 5-7).

4/1 In equations, it is preferable that each variable be represented by a single symbol,
with necessary subscripts. A reader might interpret "AH" in equations (1) and also in
the derivative at page 5, line 5 (and elsewhere) as the product of the variables "A"
(volume flow rate per unit length) and H. Rather than "AH", I recommend the use of
the standard rho (greek symbol for "r) with a subscript (v) to indicate that it is the
vapour density that is synonymous with the absolute humidity. Similarly, relative

humidity could be represented with "U" instead of "RH".

Done, AH in the equations was changed to p,, dAH/dt in the text was changed to dp./dt,

and RH in the equations was changed to U.

5/16-19 The "typical™ situation described is valid only for nighttime data (and is
furthermore dependent upon season). Thus, a "decrease in temperature in the shaft
observed by the temperature sensors™ would not typically describe penetration during a
daytime barometric increase since the external air temperature would exceed that of the

cavity.

5/28-30 The ability to estimate the direction of the airflow in the shaft is not general.
For example, a pressure change that occurred at a moment when the external air
temperature coincided with the cavity temperature (as occurs twice per day in Fig. 2,
and perhaps during many hours on summer nights) would not be detected.

Following the two comments above, we changed and combined these two paragraphs to a
single paragraph. In the new paragraph, we added the above clarification that: “Stages 2
and 4 in Fig. 4 are valid mainly during winter and spring night-times when atmospheric
temperatures are lower than within the borehole”. (Page 6, lines 7-9). The lines

describing the use of temperature sensors for airflow direction analysis were deleted.
6/24 Homogenize header format.

Done.



7/29 These cases that occur only at noontime are specific to winter, when the air
temperature rarely exceeds the cavity temperature. In summer, it would be most often

the case.

The sentence was changed to a more general definition which relates the air transport
mechanism to thermal-stability and not to a certain time of the day: “The cases of AH
increases at 10 m occurred when thermal-stability controlled the air movement inside the
large-diameter borehole, and only then did AH at 10 m increase to the saturation
conditions that characterize the lower boundary (marked as gray columns in Fig. 7a)”

(Page 8, lines 7-9).

8/6-7 The validity of this hypothesis is very dependent on season. "Given the same
climate conditions..." | agree, but the paper does not examine these geometries under

the same climate conditions.

9/13 The assumption that dT/dz is constant makes no sense. Although BP and TIC are
compared using the same climate conditions, TIC depends on dT/dz whereas BP does
not. Increased values of dT/dz in winter make for greater convective instability,
whatever the borehold diameter. But the geometries are not examined under the same
climate conditions, since the shaft and borehole are examined in spring, whereas the

large-D borehole is examined in winter.

We agree. These lines were changed as mentioned in the response to the major comments

above.

8/11-etc. Much of the following 1.5 pages constitutes methodology, and would better
be provided in section 2.

The equations presented in these pages are the basis for the discussion that follows them
and therefore we think it is more suitable to present them in the scope of the discussion

rather than in the methods section.
10/3 The conceptual model is a very good idea.

Thanks.
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10/23-27 This paragraph regarding CO2 source/sink behavior is particularly weak, and
I recommend deleting it entirely. To speak of sources/sink requires information
regarding the origin/destiny of the CO2 in the cavity. In any event, I think it is absurd
to state that the geometry is a source or sink. It might better be described as a storage
space for CO2 that could otherwise have been emitted to the atmosphere (but from
what source?). To appreciate the complexities of the source/sink issue, the authors are
encouraged to consult section 3.1 of Serrano-Ortiz et al., 2010, Agric. and Forest
Meteorol. 150, 321-329.

After reading the above reference, we realize that this paragraph is indeed too simplified,
and we decided to delete it and change section 3.5 accordingly. We also added the above
reference to direct the reader to the optional CO; sources in underground cavities (Page
10, Lines 28-29).

11/12 This "conclusion” is very much specific to site and season, and must be

qualified as such or revised.

A clarification was added “Use of AH changes during the winter and spring seasons was
shown as a practical tool to identify the source of air parcels within the three geometries,
namely atmospheric vs. lower-borehole/cavity, and thus to determine the direction and

effect of the air transport” (Page 11, Lines 15-17).
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Pipes to Earth’s subsurface: The role of atmospheric conditions in controlling air

transport through boreholes and shafts

Letter of response:

Reviewer 2:

Earth’s atmosphere is extremely complex system oneself and its interaction with
nearsurface targets, deep dynamic geological-geophysical regularities, and some
cosmic
factors (e.g., tidal effects) increases the total complexness.
Without hesitation, Levintal et al. have arisen very important problem of interaction
between the underground caves, boreholes and mines with the Earth’s atmosphere. This
publication obviously will trigger a series of new publications in this field.
For instance, in the world a lot (tens of millions) of comparatively deep (> 500 m)
boreholes were drilled in different physical-geological environments. Many of them are
open, semi-open or have indirect connection with the Earth’s atmosphere. Calculation
of the total effect of air transport from these objects is a difficult physical-mathematical
problem.
We would like to thank the anonymous reviewer for his comments and fruitful review. A
detailed response for each comment is presented below in blue font.

Some minor remarks are compiled below.

I believe that *boreholes’ and *mines’ cannot be included to the class of ’caves’ since
they are principally different targets. Besides this, most part of caves are the natural
geological objects existing sufficiently long time, whereas boreholes and mines are the
artificial targets which have been appeared mainly in 20th century.
We agree that indeed caves can be quite different than boreholes, and we deleted the
reference to caves from the conclusions section.
Generally speaking, examination of two (three ?) targets only is insufficient one. |
propose that general conclusions done in this MS for all types of underground objects

is untimely one.



The sentence that generalized our finding to other underground cavities was deleted.
CO2 concentrations in various underground targets strongly exceed the value of 2000
ppm (e.g., Guillon et al., 2015).
This was also commented on by Reviewer 1, and thus we also added a suitable
clarification for environments with elevated CO, concentrations in the introduction: “In
environments of high CO, concentrations compared to the atmosphere, the importance of
the gas composition on the Tv becomes more pronounced. Such underground
environments can be karstic areas of carbonate rocks (Sanchez-Cafiete et al., 2011), caves
(Denis et al., 2005; Guillon et al., 2015), and soils (Amundson and Davidson, 1990)
where CO, concentrations can be very high, ranging from 10,000 to 100,000 ppm and
above.” (Page 2, lines 23-27).
I can suggest that the role of viscosity in air transport (Finkelstein et al., 2006) may be
more significant than presented in the MS. The authors assumed some physical
parameters as constant (for simplicity of calculations). It is a widely distributed
approach and it is acceptable, for instance, for gravity acceleration and thermal
expansion. However, accepting viscosity as constant is under question (Finkelstein et
al., 2006). From numerous thermal measurements in wells follows that the behavior of
dT/dz is not constant one (e.g., Huang et al., 2000; Eppelbaum et al., 2014). It should
be taken into account in the further extension of this approach.
The purpose of this section was to demonstrate an ideal comparison in order to show the
transition between controlling mechanisms with the increase of diameter (from BP to
TIC). Following this comment, as well as the comment from Reviewer 1 regarding this
analysis, we agree that indeed our comparison and assumptions were oversimplified
(mainly that dT/dz and viscosity cannot be taken as constant). Therefore, we deleted the
comparison paragraph that contained the invalid assumptions and left only the theoretical
equations that can be used for a general discussion regarding the impact of the radius on
both mechanisms (i.e., BP and TIC).
Obviously, an interaction between the near-surface targets and Earth’s atmosphere has
nonlinear character (e.g., Kardashov et al., 2000). It cannot be realized in the presented

study, but can be reflected in future investigations.



We added to the discussion a clarification regarding this issue (section 3.4):”Moreover,
some of the parameters presented in Egs. (2) to (10) can exhibit nonlinear behavior
(Kardashov et al., 2000), mainly dT/dz, which suggests that a comparison between sites is
highly complex.” (Page 10, lines 8-11). We thank the reviewer for the suggestion to
implement this issue in further research, and we will take this into consideration in our

next study.

| propose that after a small revision, this MS may be accepted for publication.



Pipes to Earth’s subsurface: The role of atmospheric conditions in controlling air

transport through boreholes and shafts

Letter of response:

Reviewer 3:

This paper, after a noteworthy revision, could be a useful contribution to the literature
on air transport and borehole-atmosphere exchanges. This manuscript studies the air
transport between three borehole types using temperature and pressure gradients and
using the water vapor as tracer of air flow. Levintal et al. found that the main
mechanism driven the air transport depend on the geometries, where changes in
pressure induce more transport in narrow boreholes and temperature differences induce
more transport in wide-diameter boreholes.
We would like to thank the anonymous reviewer for his comments and fruitful review. A
detailed response for each comment is presented below in blue font.
My major comment to this paper is that the authors are studying the air transport
neglecting the air composition to estimate the air mass buoyancy. The virtual
temperature (Tv) is the temperature at which dry air would have the same density as
the moist air, at a given pressure. In other words, two air samples with the same Tv
have the same density, regardless of their actual temperature or relative humidity.
Levintal et al are measuring the relative humidity in the external and internal air,
therefore they would be estimate the virtual temperature to study the buoyancy.
The authors mention that they found around 2000 ppm of CO2, however they don’t
show the CO2 pattern in any graph and the CO2 sensors are not described in
methodology. | suggest showing the data as supporting information and discuss the
possible influence in the air composition and its buoyancy.
We fully agree with both of the comments above, and also mentioned by Reviewer 1

(Prof. Kowalski). We revised our MS accordingly:



(1) A summary of the virtual temperature concept (Tv) was added to the introduction:
“Although air density depends mainly on temperature, it is also depend on the air
humidity, and to a lesser degree on the air’s gas composition (Kowalski and
Sanchez-Cariete, 2010). Integration of these three effects (temperature, relative
humidity, and air composition) into a single parameter named virtual temperature
(Tv) was proposed by Sanchez-Cariete et al. (2013).... For a given altitude level, the
Tv differences will determine the onset of TIC.” (Page 2, lines 20-27).

(2) In figures 2, 6, and 7, the data are now presented as a function of Tv rather than T,
according to Sanchez-Cafiete et al. (2013).

We note that due to the fact that we didn’t have continuous CO, measurements in this
study, the Tv within the boreholes was calculated using the T and RH continuous
measurements with a constant CO, concentration according to preliminary results that we
obtained in a two-week period during the 2017 winter season (~2000 ppm) (CO, sensor
type — IRGAs GMD-20, Vaisala, Finland). Obviously, the CO, concentration varies
throughout the day and seasonally within the boreholes; however, we think that this is a
reasonable choice because we know from these two weeks of measurements that the CO,
inside the borehole did not increase above 2000 ppm, and the values are relatively low
compared to other underground cavities such as caves (e.g., Denis et al., 2005; Guillon et
al., 2015). In addition, the CO, changes are only the third parameter in importance after
temperature and RH for air density convection. Therefore, we believe that this is a
reasonable assumption.

We also decided to delete the paragraph dealing with CO, emission in section 3.5 due to
the scant CO, measurements that were available for us.

Minor comments (line/page):

1-5/3: How far are both sites? Could you include coordinates?
The distance between the sites was ~60 km. We added this information to the Materials
and Methods section: “The distance between these sites is ~60 km.” (Page 3, line 12).

11/3: Edit "42".

Done.



30/3: It’s not clear how many sensors do you have and their positions? Please add
more information and include this information in Fig 1b.
We added a sentence to the figure caption that describes the sensor location: “The
sensor’s location within the shaft included four thermocouples at depths of: 0, 6, 18, and
24 m and two RH-temperature sensors at the lower part of the shaft at its connection
point to the cavity (27 m depth).” (Page 17, Lines 3-4).
8/4: delete “An example of”
Done.
13/4: the number 6050 will be 6048 (6 measurements/h*24h/day*42day)
Thank you, we missed calculated this number, and we changed it to 6048.
14-15/4: provide the % of relative humidity for 12 and 27 separately. In figure 1 and
figure S1 I can see that during the whole period the relative humidity is always higher
at 12m than at 27m, does that make sense?
We agree that this is not as expected. The differences are on the scale of a few
percentages, which according to the manufacturer are close to the accuracy limit of the
sensor (~x1 %). Also, from previous studies, we know that the sensors can drift a few
percentages when they are under high RH for long periods of time. Therefore, to be more
on the “safe side”, we changed the comparison to values of RH> 90% and from 95%. The
sentence was changed accordingly to: “From the overall 6048 measurements (42 days) at
12 and 27 m, 79 and 76 % of the RH values were above 90 %, respectively. The
remainder of the measurements were no lower than a minimum of ~50 % RH (Fig. S1 —
supporting information)” (Page 4, Lines 22-24).
9/7: Could it be because the max-min variation in temperature is higher in the shaft
than in the borehole?
We agree, and this can further indicate that the barometric pumping effect on the air
transport is greater in the shaft compared to the borehole; therefore, the max—min
temperatures within the shaft are higher than the borehole (i.e., the atmospheric daily
temperature fluctuations of air has greater effects on the shaft air than the borehole air).
24/7: could you provide some analysis (as a simple R™2) to prove that the correlation

AH-Temperature is higher than AH-pressure?



While preparing this manuscript, we tried different statistical analyses to compare
between both correlations. We found no compatible R? analysis that could be
implemented with our results. We are now working on a new study in this field in which
we are developing the use of more complicated statistical tools, mainly Fast Fourier
Transform and Cross-correlation to correlate between atmospheric forces and airflow
within boreholes.
3-5/8: | can see in Figure 7 that negative values on dPatm/dt increase the RH at 10m.
During the days 22-24 probably the atmospheric pressure was changing from low to
high pressure and for this reason the negative values on dPatm/dt were much lower.
Would be useful if you show the atmospheric pressure value in a second Y-axis in Fig

7, panel 4.

Following a comment from Reviewer 1, the time series of this figure was changed to
April 2017; thus, we can compare between similar seasons at both locations (spring
season). However, we found this comment useful regardless of the specific day, and
therefore we decided to add the Patm as an additional y-axis in panel 4 here (Fig. 7) and

also in Fig. 2.

5-end/11: In your conclusions, you would remark that these conclusions were carried
out only with data during 42 days in the shaft, 4 days in the borehole and 7 days in the
large-diameter borehole, therefore, in the future we need investigate during longer
periods,... :because for example in the case of the CO2, you found 2000 ppm in
spring, but commonly the maximum values of CO2 are reached in summer/fall and
therefore they could affect to the buoyancy.
The problematic generalization of our conclusions was also commented on by the other
reviewers. We extended the large-diameter borehole data to the spring season, but
unfortunately, we still don’t have complete one-year results of the boreholes due to
technical restrictions. We agree that this is a limitation in our study. We combined the
comments from each of the reviewers and added this limitation in the conclusions
section: “...This mechanistic explanation was validated using the winter and spring

season’s dataset. Although we show that theoretically the transport mechanism observed



for winter and spring should hold, with reduced significance, for summer and autumn,
further data are needed to verify the theoretical calculation.” (Page 11, lines 26-28).
Figure 2: In the legend “cavity air” is the Lower boundary, isn’t it?
Yes, we changed it to “lower boundary” such that the definition will be consistent in all
the figures. Thank you.
2-3/17: delete “representative”
Done.
4/17: change from “black dashed line in 3” to “...in panel 3”
Done.
Figure 7: increase the scale on panel 1 because the air temperature during the day 25
is chopped, and also move the legend box.
As mentioned above, the time series of this figure was changed. In any case, the legend

box was moved so it will not block the upper y-axis.



10

15

20

25

Pipes to Earth’s subsurface: The role of atmospheric conditions in

controlling air transport through boreholes and shafts

Elad Levintal*, Nadav G Lensky?, Amit Mushkin®, Noam Weisbrod*

Environmental Hydrology and Microbiology, The Zuckerberg Institute for Water Research, The Jacob Blaustein Institutes

for Desert Research, Ben-Gurion University of the Negev, Midreshet Ben-Gurion 8499000, Israel.
“Geological Survey of Israel, Jerusalem 9550161, Israel.
®Department of Earth & Space Sciences, University of Washington, Seattle WA 98105, USA.

Corresponding author: Noam Weisbrod (weisbrod@bgu.ac.il)

Abstract. Understanding air exchange dynamics between underground cavities (e.g., caves, mines, boreholes, etc.) and the
atmosphere is significant for the exploration of gas transport across the Earth-—-atmosphere interface. Here, we investigated
the role of atmospheric conditions in controlling air transport inside boreholes threugh—using in-situ field
observationsmeasurements. Three geometries were explored: (1) a narrow and deep shaft (0.1 m and 27 m, respectively),
ending in a large underground cavity; (2) the same shaft after the pipe was lowered and separated from the cavity; and (3) a
deep large-diameter borehole (3.4 m and 59 m, respectively). Absolute humidity was found to be a reliable proxy for

distinguishing between atmospheric and cavity air masses_(mainly during winter and spring seasons), and thus to explore air

transport through the three geometries. Airflow directions in the first two narrow-diameter geometries were found to be
driven by changes in barometric pressure, whereas airflow in the large-diameter geometry was correlated primarily to the
diurnal cycles of ambient atmospheric temperature. High—CO, concentrations (~2000 ppm) were found in all three

geometries, which-can-indicate-indicating that the-airflow from Earth’s subsurface into the atmosphere is-may also be

significant he investigation of greenhouse gas emissions.

1 Introduction

Understanding air transport between the Earth’s subsurface and the atmosphere is a key element in the study of surface and
near-surface biological, chemical, and physical processes. Air transport between the Earth and the atmosphere is commonly
driven by diffusive and advective mechanisms (Choi and Smith, 2005; Ganot et al., 2014; Hillel, 1998; Kawamoto et al.,
2006; Kuang et al., 2013; Noronha et al., 2017; Sanchez-Cafiete et al., 2013) and has been mainly studied within soils (e.g.,
Allaire et al., 2009; Bayer et al., 2017; Choi and Smith, 2005; Zeng et al., 2017). However, as different types of natural or
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artificial boreholes and shafts also exist (e.g., Berthold and Borner, 2008; Kang et al., 2014, 2015), understanding the
mechanisms that govern air and greenhouse gas (GHG) transport in such conduits is also important (Berthold and Bérner,
2008; Perrier et al., 2005).

Boreholes and shafts are abundant discontinuities crossing the Earth’s surface_that: Fypicatlycommonly;-thesefeaturescan
function as conduits between the ambient atmosphere and underground cavities (e.g., James et al., 2015; Moore et al., 2011;
Pla et al., 2016; Steinitz and Piatibratova, 2010). These underground cavities can be more than one-order of magnitude larger
than the connecting conduit. Advective air transport in such boreholes or shafts can be governed mainly by: (1) barometric
pumping (BP), which is the inflow and outflow motion of subsurface air due to pressure gradients governed by changes in
barometric pressure (Ellerd et al., 1999; Neeper, 2002; Neeper and Stauffer, 2012; Perina, 2014; Perrier and Le Mouél, 2016;
Rossabi and Falta, 2002; Thorstenson et al., 1998); and (2) thermal-induced convection (TIC), which develops when there
are unstable density gradients resulting from temperature and air compositions differences between the atmospheric air and
the borehole or underground cavity (Ganot et al., 2012; Nachshon et al., 2008; Perrier et al., 2002; Weisbrod et al., 2009;
Weisbrod and Dragila, 2006).

BP will initiate airflow when pore pressure in the surrounding rock/soil differs from the pressure within the borehole or the
underground cavity, which is considered as equal to atmospheric pressure (Kuang et al., 2013; Neeper, 2003; You et al.,
2010). BP is dependent on the surrounding rock/soil depth and permeability and on the barometric pressure changes

(Massmann et al., 2000). A water table at the lower boundary is considered as-to be impermeable tofer BP (You et al., 2010).

The onset of TIC is typically primarily determined by Ftemperature differences within the borehole or shaft and between

them and the atmosphere above-will-are-the-main-parameterthat-will-determine-the-enset-of HHC. Temperature differences
can differ between locations and depend on several parameters, such as the surrounding rock/soil thermal properties, the

geometry of the borehole, or the atmosphere temperature cycles (e.g., Eppelbaum and Kutasov, 2011; Klepikova et al., 2011,

You and Zhan, 2012). Although air density depends mainly on temperature, it is also depend on the air humidity, and to a

lesser degree on the air’s gas composition (Kowalski and Sanchez-Cafiete, 2010). Integration of these three effects

(temperature, relative humidity, and air composition) into a single parameter named virtual temperature (T,) was proposed by

{Sanchez-Cafiete et al.; (2013). In environments of high CO, concentrations compared to the atmosphere, the importance of

the gas composition on the T, becomes more pronounced. Such underground environments can be karstic areas of carbonate

rocks (Sanchez-Cafiete et al., 2011), caves (Denis et al., 2005; Guillon et al., 2015), and soils (Amundson and Davidson,

1990) where CO, concentrations can be very high, ranging from 10,000 to 100,000 ppm and above. For a given altitude, the

differences in T, will determine the onset of TIC.

Each of the above advective mechanisms was studied individually. However, to the best of our knowledge, no comparative
research has been done-conducted to determine en-which the-dominating-mechanisms between-dominate different borehole
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and shaft geometries, e.g., different borehole diameters. Therefore, the relative contribution of each mechanism to the overall

air transport within boreholes or shafts under different environmental conditions remains loosely constrained.

Here, we investigated the role of atmospheric conditions on the air transport mechanisms inside three borehole geometries:
(1) a narrow-diameter shaft (0.1 m) with a PVC pipe, opening into a large underground cavity (defined hereafter as “shaft”
geometry); (2) the same shaft after the pipe was lowered and the link between the shaft and the underground cavity was
blocked (“borehole” geometry); and (3) a borehole with a larger diameter of 3.4 m (“large-diameter borehole” geometry).
Specifically, we aimed to assess the air inflow and outflow events by quantifying oscillation of physical parameters, mainly
temperature and relative humidity (RH) along the boreholes, and relate the flow events to the atmospheric forcing

conditions.

2 Materials and Methods

We examined two sites: (1) A narrow-diameter (0.1 m) 27-m-deep borehole that reaches a large underground cavity located
above the local water table of the southern part of the Israeli Coastal Aquifer, and (2) a large-diameter (3.4 m) 59-m-deep
borehole that reaches the local aquifer near the Nabatean archaeological site of Avdat in the Negev highlands of southern

Israel. The distance between sites is ~60 km.

The first borehole was drilled into a sequence of alternating layers of sand, sandstone and silt, comprising the unsaturated
zone of the Israeli coastal aquifer (Goren et al., 2014; Schwarz et al., 2016). A PVC pipe (case), was inserted into the
narrow-diameter borehole to prevent potential soil collapse. The pipe reached the top of the underground cavity, which is at
least two orders of magnitudes larger in volume than the pipe and is located well above the local groundwater level of ~-80
m below the ground. The measurements lasted 46 days during the spring/summer of 2016 with only one rainy day during
that period (13/4/2016). During the first 42 days of measurement (5/4/2016-16/5/2016), the underground cavity was
connected to the atmosphere only by the PVC pipe (“shaft” geometry). Then, for an additional four days, the PVC pipe was
lowered such that the end of the pipe touched the cavity floor, effectively disconnecting the underground cavity from the
borehole and the atmosphere (“borehole” geometry). Therefore, we could distinguish between airflow when: (1) the
borehole connects between the ambient atmosphere and the deep cavity, and (2) the borehole is disconnected from an

underground reservoir and only connected to the ambient atmosphere.

The second borehole site (“large-diameter borehole™) is an archaeological site that was excavated into Eocene chalk

formations with an upper part of loess soil (Nativ et al., 2003; Shentsis et al., 1999). The water table in this site is at depth of
~55.5 m with small seasonal changes of less than 1 m, thus the 59 m deep borehole reached the local water table. The
borehole did not have casings except for a few meters in the upper parts of the loess soil, and it was open to the atmosphere.
The measurements at this site lasted for one week (20/24/2017-26/24/2017). The three geometries are illustrated in Fig. 1a.

3



10

15

20

25

Sensors installed at the first site included four thermocouples (type T, Omega Engineering, UK) at depths of: 0, 6, 18, and
24 m and two RH-temperature sensors (Hygroclip 2, Rotronic AG, Switzerland) at a depth of 12 m and at the lower part of
the borehole at its connection point to the cavity (27 m depth); see Fig. 1b for an example of sensor locations. Outside the
borehole, a meteorological station was installed, at 2 m above ground, including the following sensors: (1) wind velocity and
direction (WindSonic, Gill Instruments, UK); (2) Barometric pressure (CS106, Vaisala, Finland); and (3) RH-temperature
(same type as within the borehole). Data from all sensors were measured at 5-second intervals and averaged and logged at
10-min intervals (CR1000, Campbell Scientific, UT, USA). In addition, a televiewer was lowered into the pipe to verify that

the pipe was intact and was either connected to or disconnected from the underground cavity in the shaft or borehole,

respectively. Measurements at the second site included a similar RH-temperature sensor at the depth of 10 m and a

temperature sensor at 59 m.

Absolute humidity (AH) was used as a tracer for the air transport within the three geometries and was calculated from the
measured temperature and RH data using Eq. (1). (Hall et al., 2016):

6.112xel(17:67T)/(T+243.5)] 5 1674RHU

puitit = (273.15+T)

@)

where p, is AH is-in g/m?, T is temperature in °C, and U is RH is-in %. The use of AH as a tracer was previously reported
suggested by Neeper (2003)._Calculation of T, for the onset of TIC between the borehole and atmospheric was done

according to {Sanchez-Cafiete et al. (-2013).

3 Results and Discussion
3.1 Shaft geometry

An-example-ef-o0ne week time series results from the shaft is shown in Fig. 2a. Atmospheric temperature and RH presented
typical daily cycles, as expected. During daytime, atmosphere air temperatures were higher with lower RH values (25-30 °C,
20-50 %, respectively) compared to night time (10-15 °C, 80-100 % respectively) (Fig. 2a -1 and 2, black lines). In contrast,
air temperature and RH changes inside the shaft did not follow the daily cycle (Fig. 2a -1 and 2, purple and green lines).
Measured temperatures at 12 and 27 m were 23.7 £ 0.7 and 24.7 + 0.6 °C, respectively, with similar amplitudes. The RH
sensors showed similar values at 12 and 27 m (Fig. 2a -2, purple and green lines, respectively): From the overall 66650
6048 measurements (42 days) at 12 and 27 m, #5-79 and 76 % of the RH values were above 95-90 %, respectively;. The
remaind 25-%-of measurements were no lower than a minimum of ~50 % RH (Fig. S1 — supporting

information).
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Barometric pressure typically varied with two diurnal cycles; the average barometric pressure was 1008.68 + 3.2 mbar (Fig.
S1) with a rate of changes ranging from -4x10™ to 4x10™ mbar/min (Fig. 2a -4). For the majority of time (2280 %) the
temperatures-T, at the lower part of the shaft (depths of 12 and 27 m) were higher than those measured in the atmospheric air
with an average T, temperature-difference of 64.1-0 + 3574 °C (Fig. 2a -5). Wind velocity at 2 m above ground was mostly
calm (1-2 m/s) with daily peaks of 7-10 m/s in the afternoon, corresponding to the Mediterranean Sea Breeze (hours 13:00-
18:00, Fig. 2a -6) (Lensky and Dayan, 2012).

Atmospheric AH was stable during the measurement period and values ranged between 10-15 g/m®. Contrastingly, the AH
at the underground cavity boundary was considered as a constant value of 22.7 g/m® according to T = 24.7 °C (the measured
temperature at the shaft-cavity interface) and RH = 100 % (representing saturation conditions as suggested for underground
cavities by Bourges et al., 2014 and Perrier et al., 2005). AH values inside the shaft fluctuated between these two end values
(cavity at the bottom and atmosphere at the top). Most of the time shaft AH values, 12 and 27 m, reflected cavity values (>20
g/m® and ~10 % of the time shaft AH values reflected atmospheric values, below 15 g/m® (Fig. 2a -3, purple and green
lines). No marked difference was observed between the 12 and 27 m values. Considering the shaft’s impermeable perimeter
(i.e., the PCV pipe), AH changes in the shaft necessarily indicate inflow/outflow from the shaft's lower and upper boundaries
(i.e., the atmosphere or cavity air). We therefore regard low and high AH values in the shaft as indicators for down-welling

mass flow (inflow) and upwelling mass flow (outflow), respectively. The use of AH as a proxy for airflow direction is

suitable mainly for winter and spring seasons when the atmospheric AH is lower compared to the—AH within the

shaftunderground cavities (Figs. S2 and S3— supporting information). During the summer season, there are periods in which

atmosphere and cavity AH are in equilibrium, and thus the use of AH as a proxy for airflow directions wouldis not be

reliable (see supporting information for AH sensitivity analysis).

To quantitatively define each inflow or outflow event, a classification algorithm was built and solved for the 42-days data
using MATLAB™ software. The 12 m AH vector was transformed to a dp,AH/dt vector and then two conditions were
defined as “must” so that an event is classified as an “inflow” or an “outflow” event: (1) dp,dAH/dt < threshold value for an
inflow event or dp,dAH/dt > threshold value for an outflow event; and (2) the first condition (1) is met for at least two
continuous readings (>-20 min). In other words, the dp,éAH/dt inside the shaft represented the AH changes in the shaft over
time. This AH change was controlled by the air inflow or outflow from the upper or lower boundary, respectively. Therefore,
dp,/eAH{dt was used to classify the airflow direction. The threshold value that was found to be the optimal to classify airflow
was 50 % of the dp,/dAH/dt standard deviation. Using greater threshold values resulted in an underestimation of the number
of both the inflow and outflow events, and vice-versa for the case of lower threshold values. As an example for the
classification algorithm, results from the inflow and outflow classification for eight arbitrarily selected representative days

(from Fig. 2) are shown in Fig. 3.
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To identify the physical parameters that control the transition between the-air inflow and outflow events, we focused and
analyzed in details single events, one of them given as an example in Fig. 4. In a typical event, with both inflow and outflow,
three stages were observed: (1) transition of dP,/dt (i.e., changes of barometric pressure over time) from negative to
positive values (stage 1); (2) followed by a momentary decrease in temperature in the shaft observed by the temperature
sensors at depths of 12 and 27 m (stage 2); and (3) finally inflow of air from the ambient atmosphere downward into the
shaft that reduced the AH (stage 3). These stages were repeated in reverse in an outflow event (stages 4-6). The time lags
between the changes of dP,,/dt (stage 1) and the start of inflow/outflow events (stage 3) were similar in 60 % of the events

(< 20 min). In the remainder 40 % of events, the-time lags were greater than 20 min (20-60 min; Fig. 5).

_The middle-stage of a momentary temperature change inside the shaft (stages 2 and 5 in Fig. 4) was previously reported
by Perrier et al (2002), who- Fhese-investigaters-relatedattributed these temperature changes to vertical movements of cold
air plumes. In addition, these changes also provide further indication for the airflow origin. In an inflow event, it is expected
that the sensor located closer to the atmosphere will respond before the lower one and the opposite in a case of an outflow
from the cavity. Indeed, in an inflow event the negative dT/dt peak occurs at depth of 12 m before 27 m and vice-versa in an

outflow event (Fig. 4a -3)._Stages 2 and 4 in Fig. 4 are valid mainly during winter and spring night-times when atmospheric

temperatures are lower than within the borehole.

Figure. 6 examines the correlation between the direction of air transport (inflow/outflow) and the atmospheric forcing, i.e.,

changes in barometric pressure and thermal stability. The general distribution of the dP,,/dt in the 42-days of measurements
was defined as a normal distribution with an average dP.,/dt ~0 (Fig. 6a). However, when analyzing only the data set from
the inflow/outflow events there was a clear trend in the dPg./dt distribution. As expected, an inflow event (i.e., stage 3 of
AH decrease) occurred when barometric pressure increased, dP,/dt > 0 (Fig. 6b), whereas an outflow event (i.e., stage 6 of
AH increase) occurred when barometric pressure decreased, dP4q,/dt < 0 (Fig. 6¢). A similar analysis was done to check
whether there is a correlation between the shaft-atmosphere temperature-T, differences and the direction of air transport (i.e.,
AH changes). In this case, no significant changes were observed between the distribution in an inflow or outflow event (Fig.
6e and f) and the general distribution over the 42 days (Fig. 6d). The finding that dP,y/dt rather than T, temperature
differences explains a very large portion of the air transport polarity variance, implies that the inflow/outflow changes inside
the shaft were due to atmospheric barometric pressure changes and not due to thermal instability (i.e., TIC) inside the shaft.
Noteworthy is that because of the time lag (about 20 min) between the changes in dP./dt and the initiation of the
inflow/outflow events, it is expected that not all inflow/outflow events will be explained by the dP,,/dt distribution analysis
in Fig. 6. Previous studies where TIC was found to be the governing convective air movement mechanism in the subsurface
were focused on shallow systems (1-2 m depth; Ganot et al., 2014, 2012; Levintal et al., 2017; Weisbrod et al., 2009). Here,
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we focus on deeper settings where apparenthy-barometric pressure variations are-appear to be more important than TIC for

the development of convective air movement.

Our results indicate that changes in atmosphere barometric pressure determine the advective airflow direction. This is
presumably due to the difference between the barometric pressure and the cavity pressure caused by the vertical propagation
of the barometric pressure (Neeper, 2003; Neeper and Stauffer, 2012; Perina, 2014; You et al., 2011). In case of positive
barometric pressure changes (i.e., increase of barometric pressure over time), the barometric pressure will be greater than the
cavity pressure and thus inflow of air will develop. In contrast, outflow of air will start when negative pressure changes are

present (i.e., decrease of barometric pressure over time).
3.2 Borehole geometry

Atmospheric conditions during the borehole measurements presented daily temperature and RH cycles (Fig. 2b -1 and 2,
black lines). During daytime, air temperatures and RH values were 20-25 °C and 50-70 %, respectively, compared to night
time values of 15-18 °C and 80-90 %. At a depth of 12 m, the average temperature, RH, and AH were 23.9 + 0.3°C, 83.7 +
13.0 %, and 18.2 + 3.0 g/m°, respectively (Fig. 2b -1, 2 and 3, purple lines). In contrast, at a depth of 27 m, measurements
were significantly more stable than at 12 m: temperature, RH, and AH averages values were 25.1 £ 0.2 °C, 90.0 + 3.6 %, and

20.8 + 0.9 g/m®, respectively (Fig. 2b -1, 2 and 3, green lines).

In the inflow events the AH values in the middle borehole sensor (12 m) were similar to the upper atmospheric values (Fig.
2b -3, purple and black lines), whereas in the outflow events they equalled to those in the lower part of the borehole (Fig. 2b
-3, purple and black dash lines). Nonetheless, the airflow effect was observed only at the 12 m depth and not at 27 m (Fig. 2b

-3, green line). Therefore, we conclude that inflow events reached the depth of 12 m but did not reach depths of 27 m.
3.3 Comparison between shaft and borehole geometries

While all shaft and borehole parameters at site 1, other than the connection to the lower cavity, were identical, and the
atmospheric conditions in the two measurement periods were similar, there were clear differences between the two
geometries. The borehole temperature readings at 12 m exhibited only half of the standard deviation compared to the same
depth in the shaft (£ 0.3 °C compared to + 0.7 °C). At 27 m, the differences between the two geometries were even more
pronounced (Fig. 2a -1 and 2; compare to b -1 and 2, green lines). No significant changes in temperature or RH along the
measurement period were measured at 27 m for the borehole, while there were changes observed in the shaft (e.g., shaft RH

at 27 m fluctuated between 60 and 100 %).

The shaft/borehole differences at the 27 m sensor can be explained using a simple two-reservoir model. In the case of the

shaft, we can define both the atmosphere and the cavity as two- infinite air reservoirs connected via a finite volume shaft.
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Therefore, air transport between the two reservoirs is unlimited and controlled only by the boundary conditions (i.e.,
barometric pressure). In this case, all sensors throughout the shaft will show similar AH decrease/increase, as evident from
the similar changes of the purple and green lines in Fig. 2a -3. On the other hand, in the borehole, there is only one upper
infinite reservoir (i.e., the atmosphere) and each inflow air transport is limited by the soil resistivity at the lower boundary
(i.e., the soil capability to enable penetration of air inflow events — the soil permeability and porosity). Here, the effect of AH
decreases with depth and indeed the deepest sensor of 27 m showed no change in AH compared to the changes in AH at the
12 m depth (Fig. 2b -3).

3.4 Comparison between shaft/borehole geometries and large-diameter borehole

Results from the large-diameter borehole are presented in Fig. 7. In contrast to the shaft/borehole, AH changes inside this
large-diameter borehole (measured at 10 m depth) were correlated to the T, temperature-differences between 10 m depth and
the atmosphere and not to the barometric pressure changes. No barometric pressure effect on the AH was observed, and
during most of the measurement period the atmospheric AH and that at 10 m were similar (Fig. 7a -3, purple and black
lines). This was because thermal instability inside the large-diameter borehole (i.e., cold atmospheric air above warm
borehole air) initiated TIC mixing with the atmosphere. The enly-cases of AH increase at 10 m occurred when thermal-
stability controlled the air movement inside the large-diameter borehole-during-neentime, and only then did AH at 10 m
increase to the saturation conditions that characterize the lower boundary (marked as gray columns in Fig. 7a). The
correlation between the positive T, temperature-differences and the decrease in AH in this large-diameter borehole (3.4 m),
which was not found in the small-diameter shaft/borehole (0.1 m), clearly indicated that TIC was the controlling mechanism
for advective air movement in the large-diameter borehole. Furthermore, the fact that changes in barometric pressure did not
lead to changes in AH, e.g., from 2223/2-4 to 2425/2-4 (Fig. 7a -4), suggest that BP was not the dominating driving force as
in the small-diameter shaft/borehole.

We posit that the main parameter controlling which transport mechanisms govern advective air movement is the borehole
or shaft diameter. Given-the-same-chmate-conditions—aA small borehole diameter will decrease the magnitude of the TIC.
This is because TIC magnitude in a cylinder geometry is positively proportional by the fourth power of feurto-the cylinder
radius (e.g., Berthold, 2010; Berthold and Bérner, 2008; Berthold and Resagk, 2012; Rayleigh, 1916). Therefore, in our case
of a small diameter borehole of 0.1 m, TIC had minor influence on air transport inside the shaft/borehole. The following

equations provide the theoretical base for our conclusion that

In-erder-to-assess-the-borehole diameter (r) impacts en-the airflow within boreholes.;-we-compared-the-air—veloeity{u)
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For BP, under the assumption of uni-dimensional cylindrical flow, the volume flow rate per unit length (A) is
approximately proportional to one-sixth power of the borehole radius (Eg. (2)), such that increasing r by a factor of 10 will
only increase A by 41 % (Neeper, 2003).

A o 7015 @

where r is the borehole diameter [m] and A is the volume flow rate per unit length [m*/m/s]. Because Q is proportional to A,

we can also define:
Q o r0.15 (3)

where Q is the borehole total volume rate to the atmosphere [m®/s]. For a cylindrical flow the air velocity (u) is defined as:
u=is @

where u is the air velocity [m/s]. Thus, from Egs. (3) and (4), we can conclude that the proportion between u and r is:

0.15

1
Upp X —5= OT Upp X~ ®)

Equation 5 implies which-means-that u wil-decrease-with-the-increase-ofis inversely proportional to r.

For the case of TIC, given-the-same-assumptions-abeve-the thermal instability number (Ra), which is an indicator for u, is
proportional to the temperature gradient (dT/dz) and to r by the fourth power ef-four(Berthold, 2010; Berthold and Resagk,
2012; Rayleigh, 1916):

ax dar
9 x & 4

Ra = Xr

- DrXxv dz

(6)

where Ra is dimensionless [-], Dy is the thermal diffusivity [m?%/s], « is the thermal expansion coefficient [1/K], g is the
gravitational acceleration [m/s’], r is the characteristic length dependent on the geometry, also defined as the radius of the
borehole [m], and v is the kinematic viscosity of the air [m%s]. Applying Rayleigh-Benard models to borehole geometry
relates Ra number to Reynolds number (Re, Eq. (7)) and to u (Eg. (8)) (Grossmann and Lohse, 2000; Perrier et al., 2005):

Re = 3.5 X Ra®446 )
_ ReXxv
u=— (8)

where h is the characteristic length [m] equal to r. Substituting Eqgs. (6) and (7) in Eq. (8) results in:
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u= Drxv” dz (9)

followingparameters-as-constants—e;-g Byv-and-dTdz—Ttherefore, u is proportional to r such that:

Urc o T0'784 (10)

Finally, when comparing the u dependency on r for the case of BP (Eq. (5)) and TIC (Eqg. (10)) it is clear that an increase in r
will have a contrasting effect on the airflow generated from TIC compared to the one generated from BP; increase in r will
increase the u generated from TIC while decreasing the u generated from BP. This quantitatively supports the conclusion

from the field observations that in a large-diameter borehole TIC was more significant to the gas transport than BP.

The use of Egs. (5) and (10) for comparison purpose cannot be addressed without considering the differences of u between
BP and TIC due to the flow geometry. In BP u is uni-directional (inward or outward flow), whereas in TIC u represents a bi-
directional flow (e.g., Eckert and Diaguila, 1955). Nevertheless, in both cases (BP and TIC) u describes the same physical
meaning of air velocity magnitude. Thus, we still consider Egs. (5) and (10) as a good first order approximation for

comparing the correlation between airflow and borehole radius for BP and TIC conditions.

It should be emphasized that the threshold value of r to determine when TIC dominates BP and vice versa cannot be
considered as one absolute value. This is because atmospheric conditions differ between different sites, thus the magnitude
of dT/dz and dP./dt can change. For example, a tropical climate will exhibit a smaller diurnal temperature cycle, which will
cause a lower dT/dz. Therefore, TIC intensity will be markedly suppressed compared to the same borehole in an arid climate.

An additional property that can also differ between sites and affect the air transport is the air viscosity, which is related to the

air temperature (Finkelstein et al., 2006). Moreover, some of the parameters presented in Eqgs. (2) to (10) can exhibit a

nonlinear behavior (Kardashov et al., 2000), mainly dT/dz, which suggests that a comparison between sites is highly

complex.

A conceptual model was developed to present the advective transport mechanisms of the three geometries (Fig. 8). The
differences between the borehole and the shaft are illustrated in Fig. 8a and the differences between them and the large-
diameter borehole in Fig. 8b. The borehole diameter will define which advective transport mechanism is more significant: at
a small diameter of 0.1 m, BP controls gas transport (Fig. 8a), whereas at the large-diameter borehole of 3.4 m TIC is the

dominant mechanism (Fig. 8b).
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3.5 Field implications

The mechanisms controlling the subsurface-atmosphere air exchange have several important implications. These include,
for example, volatile organic compounds (VOCs) transport from the subsurface to the atmosphere in contaminated sites
(Boothroyd et al., 2016), natural aeration (oxygen supply) of underground quarries or tunnels and the need for artificial,
enhanced, air exchange facilities in such environments and changes of RH values in karst systems. For example, RH changes
in a mine underground atmosphere have great influence on the rock physico-mechanical parameters and stability (Auvray et
al., 2008). Commonly used mine shafts can induce rapid RH changes at the shaft-cavity interface as presented above, which
can then lead to rock stability problems. Shafts can also be used for fast removal of water vapour from deep soil layers, in

order to lower its hydraulic conductivity and subsequently cease downward transport of contaminants.

One of the important implications is the potential role of shafts and boreholes as conduits for air-exchange to the overall
GHG emission and related mechanisms such as carbon capture and storage processes (CCS). Because-the-borehole-geometry

GHGtranspert-diseussion—Two basic assumptions are here to consider: first that the BP air transport rate is up to a few-order
of magnitude greater than diffusion, (You et al., 2011), and second that these conduits can act as “pipes” to the Earth’s
subsurface, connecting elevated GHG sources;-sueh-as-CO,-or-Methane,- to the atmosphere (e.g., Serrano-Ortiz et al., 2010).

One example of aA mere-significant GHG type emitted from borehole is Methane, which its emissions were quantified for

19_narrow boreholes in Pennsylvania (Kang et al., 2015, 2014). After upscaling their results to the state level, it was
proposed that these boreholes emissions represent 4—7% of the total methane emissions in Pennsylvania. Their research
focused mainly on the production function of Methane and not on the physical transport mechanism. Implementing our
conclusion that BP was the main air transport mechanism can indicate that the Methane emissions presented by Kang et al.

(2015, 2014) likely occurred mainly during periods of dPg./dt < 0.

4 Conclusions

Three borehole geometries were compared to explore air transport mechanisms under natural, variable, atmospheric
conditions. The first case was a 27 m vertical shaft with a 0.1 m diameter that connected a large underground cavity to the

atmosphere, the second case was the same borehole but connection to the underground cavity was blocked and the pipe
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ended in the unsaturated soil matrix. The third was a large-diameter borehole of 3.4 m in diameter and 59 m depth. In the
first two, shaft and borehole, the air inflow and outflow at 12 m were found to be correlated to the changes in barometric
pressure (BP). However, in the large-diameter borehole, the air transport at a similar depth (10 m) was correlated to thermal-

instability (TIC) rather than barometric pressure.

Use of AH changes during the winter and spring seasons was shown as a practical tool to identify the source of air parcels

within the three geometries, namely atmospheric vs. lower-borehole/cavity, and thus to determine the direction and effect of
the air transport. Water vapor concentrations in the atmosphere vary along the day, while are almost constant in underground

cavities, and therefore can be used as a natural tracer for air source and flow directions without injecting additional gases.

A conceptual model is presented to describe the induced airflow in all three geometries. In the shaft, the atmospheric air
entered through the shaft to the cavity and vice-versa. In other words, the shaft connects between two large air sources and
inflow and outflow via the shaft is determined according to the barometric pressure changes. In the borehole, the
atmospheric air entrance was limited by the soil resistivity at the lower boundary. Thus, inflow of atmospheric air was
observed only at 12 m depth and not at the deeper 27 m sensor. BP was found to control air advective transport in both
geometries. On the other hand, in the third geometry of a large-diameter borehole, thermal-instability initiated TIC
advection while BP did not play a significant role. This caused circulation of atmospheric air into the borehole to a depth of

10 m, whenever the thermal instability occurred._This mechanistic explanation was validated using the winter and spring

season’s dataset. Although we show that theoretically the transport mechanism observed for winter and spring should hold,

with reduced significance, for summer and autumn, further data are needed to verify the theoretical calculation.

In summary, our observations improve eurthe understanding of the governing mechanisms controlling air movement in
boreholes and shafts as a function of their geometries and diameters as well as the ambient atmospheric conditions.

better calculate GHG fluxes from these domains as well as estimate the time periods when these fluxes are enhanced.
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Figure. 1. Schematic illustration of the three studied geometries (a); and an example of the sensors locations within the shaft (b).

The sensor’s location within the shaft included four thermocouples at depths of: 0, 6, 18, and 24 m and two RH-temperature

sensors at the lower part of the shaft at its connection point to the cavity (27 m depth).
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Figure. 2. Time series results from four representative days for the shaft (a) and borehole (b). For simplicity, results from only four
continuous representative-days are shown and the complete data from the 42-days of measurements are shown in Fig. S1. Absolute
humidity (AH) values were calculated using Eq. (1). The lower boundary (black dashed line in panel 3) was approximated as
constant with T = 24.7 °C and RH = 100 % and for the case of the borehole represents the values at the soil-borehole interface. T,
differences values (5) represent the T, temperature-differences between the-serser—at-12 m depth and the air the-senser-above
ground. T, were calculated according to {Sanchez-Cariete et al.; (2013)_using CO, concentrations of 2,000 and 400 ppm for 12 m

depth and air above ground, respectively. The CO, value used for the 12 m was obtained from two weeks of measurements within
the borehole during the winter of 2017, in which the CO, did not exceed 2,000 ppm.-
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Figure. 3. Classification of inflow and outflow transition events at 12 m depth for shaft (a) and borehole (b). Upper boundary
represents the AH values according to the temperature and RH measured at 2 m above ground; lower boundary represents the

AH values in the underground cavity (shaft) or the soil-borehole interface (borehole). Point intervals are at 10 min each.
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respectively. Red and blue text fonts represent stages in the inflow and outflow events, respectively. dT/dt values were derived from
the temperature values in line 2.
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Figure. 5. Time lags between changes of dP,,/dt (i.e., changes of barometric pressure over time) and the start of inflow/outflow
events. Event classification was done automatically using the data from the 12 m depth sensors. Red symbols represent the time lag
between the transition of dP,y,/dt from negative to positive values and the start of an inflow event (stages 1 and 3 in Fig. 4). Blue
symbols represent the time lag between the transition of dP,.,/dt from positive to negative values and the start of an outflow event

(stages 4 and 6 in Fig. 4).
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and the atmosphere. The gray color (a, d) represents data from all 42 days of measurement. Red (b, e) and blue colors (c, f)
represent data from the inflow and outflow events, respectively. Positive values of dP,/dt can drive inflow events from the
atmosphere into the underground cavity, whereas negative values can drive outflow events. T, Femperature-differences (X-axis)
are between 12 m-deep inside the shaft and the atmosphere;—+meaning-that-pesitive-values-represent-cases-in-which-the-shaft-was
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Figure. 7. Time series results from the large-diameter borehole for one week. Gray columns represent periods of thermal-stability

inside the large-diameter borehole. Values in line 5 represent the-tempe
senser-above-ground-T, differences between 10 m depth and the air above ground. T, were calculated according to Sanchez-Cafiete
et al. (2013) using CO, concentrations of 2,000 and 400 ppm for 10 m depth and air above ground, respectively.
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Figure. 8. Conceptual model for airflow inside boreholes and shafts. Left side (a) represents the shaft/borehole and right side (b)

represents the large-diameter borehole. Blue arrows illustrate the air outflow events in which air flows from the bottom cavity

5 (shaft) or the bottom borehole-soil interface (borehole) to the atmosphere, whereas red arrows illustrate the air inflow events in the
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opposite direction. For example, as the red arrows indicate, air from the atmosphere will enter the cavity, equalling the absolute
humidity (AH) values throughout the shaft to the atmospheric values. In contrast, in the borehole, this stage will only be effective
to a certain depth and the bottom borehole-soil interface will not be significantly affected. In the large-diameter borehole, gray
arrows illustrate circulation of air from the atmosphere into the large-diameter borehole due to thermal-instability that initiates
TIC. The diameter will define which advective transport mechanism is more significant: at a small diameter of 0.1 m, BP controls

gas transport (a), whereas at a larger diameter of 3.4 m TIC is the dominant mechanism (b).
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