FIELD MEASUREMENTS OF TﬂE INFLUENCZ OF ENTRAPPED AIR
UPON PONDED INFILTRATION RATEZS
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ABSTRACT

Fleld experiments were designed to measure the effects of air entrapzent
in the transmission zone upen infiltration rates in two soils. Inflltratiea
rates were measured using a double-cap infiltrozeter, and soil water contents
were measured using time-domain reflectozmetry(TDR). Carbon dloxide flcoaing
was used to reduce the amount of air entrapment in half of the {nffltraticn
experiments. TDR measurezents indicated that CO, in the pore space rapidly
dissolved into infiltrating water, resulting in complete water-aaturation cf
the transmission zone for experiments preceded by CO, flooding., For 2
gravelly loam sofl as steady infiltration rates were approached, the average
volumetric water content in the top 35 cz of sois. ag measured by TDR, was
0.38 emcx @ for control experiments and 0.43 codem 2 for CO, expericents.
The average steady infiltration rate was 0.42 ca min~ ' for the coatrol
experiments compared to 4.50 cm min~ ' for the Co, experiments. For & sandy
loam soil as steady infiltration rates were approa heg3 the average voluzetric
water content tn the top 35 ca gt 5311 was 0.43 co’em 7 for control )
experiments compared to 0.45 caem ° for CO, experiments. The average final
infilgration rate was 0.07 caz pin”! for the control experiments conpared to
0.36 cm nin'? for the CO, experiments. These results suggest that at least
some air resided in open channels or conduits within the soil, reducing the
effective hydraulic conductivity of the transmission zone well below the

saturated hydraulic conductivity of the soil.

!Hydrologist and Physicist, repectively; U.S. Geological Survey,
345 Middlefield Road, MS k96, Menlo park, CA 94025 USA.
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aesearchers have known for more than half a century that alr residing in

ese pore space of soils reduces {nfiltration rates(Powers, 1934; Horton,
1520). soil air influences {nfiltration through four processes: 1) atr
gggplacement'out of the transmission zone, 2) air compression below the
,_-ms::!.ssion zone, 3) alr solution-dissolution within the transzission zone,

1} and air entrapment or retention within the transaission zone. One or all
o2 these processes can {nfluence infiltration rates, depending on boundary
ecaditions and soil properties. Numerous workers have shown that air
etsplacexent can effect infiltration rates(e.g., Morel-Seytoux, 1973). Dduring
ariltration, air i{s displaced downward in advance of the wetting front(Wilson
gad Luthin, 1963), and sometimes, air is displaced ‘upward through the
ea2iltrating water(Adrian and Franzini, 1966). Air compression {s extremely
s=gortant where an impervious layer or

surrace(Adrian and Franzini, 1966; Jarret and Fritton,
1373; Dixon and Linden, 1972; and Breckenridge, Jarret, and Hoover, 1978).

1is solutien into infiltrating water has been shown to be important when
isrtltration continues for an extended period(Bianchi and Haskell, 1566).
dovever, air entrapzent or retention in the ‘transmissiocn zone always
safluences the rate of water entry into soils{Christiansen, 19%4). During
eafiltration, air {s entrapped or retained in the soil's transmission zone as
 sgumward flowing water circumvents regions {n the air-filled pore space(Bond
1nd Collis-George, 1981). Kir retained in the pore space of the transmission
sade reduces the volume of water which can enter the soil over a given time
seriod. In this study, experiments are designed to pinimize the influence of
alr displaceaent, compressiorn, and sclution upon infiltration rates, in order
ts {solate and measure the influence of air entrapoent {n the transaission

sone upon infiltration.

-

1978; Linden and Dixon,

A physically based infiltration equaticn 1s useful in predicting the
ates. Green and

effects of air in the transmission zone upon {nfiltration r _
izpt(1911) derived an equation to describe vertical downward movement of water
in s soil under ponded conditions. Thelr equation is based en the assumptions

that water travels down into the soil with a sharp wetting front and that the
transmission zone sbove the wetting front has a uniform water content. If the
¢epth of ponding is h, the Green and Ampt equation can be represented by the

following expression:
1 = KCeIL(nmy,)/z] + KCep) ()

vhere T {s the iafiltration rate, K{g,) is the effective hydr'auue
tric potential at the

conductivity in the transmissiocn zone, %, 12 the ma
vetting front, and 2 {s the depth to the wetting front. since K( et)' depends
" strengly upon the volumetric wvater content of the transnission zone, 8y, the
infiltration rate can be expected to be strongly influenced by entrapped &ir
in the transmission zone. Furthermore, 838 Z becozes large relative to the

Yalue for h-v,» I approaches K( ei)' and the influence of entrapped air upon

K(¢,) can be estimated if the value of ¢, i3 known.

Slack(1978) suggests that & soil has a fillable porosity available to
1ication rate and initial soil

infiltrating water, depending on the app
alue for K(6g)

Bofsture conditicns. This pay imply that there i{s a single ¥
for a given infiltration event, put the value would vary somewhat for
¢ifferent situations. As a first approximation, he {ndicates that for most
- fine-textured agricultural soils, the yolumetric water content of the
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transmission zone,8,, {s about 90§ of the saturated volumetric waler
content,8.. Furthermore, the primary location of air within the pore =gaze

may strongly influence of the conductivity of the transoission zone. 10 ale
resides entirely in dead-end pore spaces, thea K(6,) rezains close to the
saturated hydraylic conductivity,Ks, of the soil. However, if air blocks
channels which are continuous conduits for transmission of water deeper intg
the soil when filled with water, then K(g,) is ouch less than K. Previous
results indicate that K(g,) is lower than K,(Bower, 1966). 3ased on the
limited datz available which relates infiltration rates to hydraulic
conductivities, Bower(1969) concluded that K(e,) may range frem . 4K, to .EK‘."

To reduce the amount of entrapped air during {nfiltration, CO, has beex
injected into soils pricr to tests. CO, is readily soluble in water and a
pretreatment of coz often results in coaplete saturation of the goil. 1In
~ vented laboratory columns, Jarrett and Hoover(1985) reported at least 2 £0%
{nerease in infiltration rates following COp injections. Stephens and
others(1983a, 1983b) reported large increases in borehole infiltration and
air-entry permeameter experiment after Cco, flooding. Furtherzore, they found
that infiltration rates, measured after cSz flooding, corresponded well with

predicted K, values.

In the present study, the infiltration rate and the voluzetric water
content of the transmission zone were simultaneously measured during a series.
of ponded {nfiltration experiments in which a pretreatment of CO, was used -
before half of the experiments. This was sccomplished by using covered 5
infiltrooeters fitted with time-domain reflectogetry probes for =oil moisture .
content determinations. This experimental technique permitted: -
1) measyrements of the volume of air present in the transmission zone during =
infiltration, 2) peasurements of the effect of this air upon infiltration -
rates, and 3) estimates of the reduction in the effective hydraulic ;

conductivity due to air in the transmission zone.

=
]

EXPERIMENTAL EQUIPMENT AND PROCEDURE
& double-cap infiltrometer was used to measure the ponded {nfiltracicn -.7=
rates at two fleld sites. A detailed description of the double-cap o
infiltrometer 15 given by Constantz(1983). Essentially, the double-cap N
infiltrometer(DCI) is a scaled down double-ring infiltrometer which has 2 -~
permanent drive plate attached to the upper rims of two nested cylinders. Toe -
DCI {s driven about 10cm into the soil and equal water heads are established -
{n the inner and outer cylinders using constant-head reservoirs. If equal
heads are carefully paintained, water flow pelow the outer cylinder inhibits
radial flow froam occuring below the imner cylinder. The cunulative outflo¥
from the reservoir is recorded as & function of time in order to estimate - ..

infiltration rates and cumulative infiltration.

Time-domain reflectrometry(TDR) was used to measure the voluzetric vater i
content in the soil beneath the inner cylinder of the 0CI. A detatled -
description of TDR is given by Topp and others(1982). Briefly, TDR measured
the apparent dielectric constant in the region between &8 pair of thin petal
rods which have been inserted into the soil. The apparent dielectric constast
can be related empirically to the soil's volumetric water content. In thest
experiments, a pair of HOcm long, 0.3ca dlameter stalnless steel rods, spaced
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e top 35 cam of soil.

and TDR assexbly with water ponding on
reservoirs are not shown) .

figure 1. The double-cap infi
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were driven 35cm {nto the soil at the center of each DCI. In

ation, the TDR probde measured the aver
Figure 1 gives a cross-section of the DCI

age volumetric water

the soil surface( the water supply

.
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Soil sites were choosen to avoid
infiltration runs. Two gsoil sites ve
porous structures which lacked any 34

tadle was deep(>10m)

surface. The rirst site was located
Mountain Range of Central California

Gravelly Loam. The socil at Site #1 is disce

surface soil lose and fr
the foothills to the east of Monte Bello Ridge supporti

gixed annual grasses.

contained desiccation eracks under a

tests. Table 1 glves several per

and there were no impervicus layers within

ee of vegetation. The

The soil at Site

tinent properties detern

1trometer(DCI) with the time domain
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sir compression during the ponded
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on Monte Bello Ridge i{n the Santa Cruz
in a mature vineyard on Les Gatos

d periodically. leaving the
second test site was located in

ng native oaks and
#2 is z Diadlo sandy Loam which

gat of dry grass at the initiation of
ined for both soils.
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TABLE 1. SOME PERTINENT PROPERTIES OF THE SOILS AT EACH SITE

. Site #1 Site #2
Soil Series Los Gatos Diablo
Porosity .43 U5
Gravel 18% -
Sand 35% 62%
Siit 37% 20%
Clay T 10% 18%

sandy loam

Class gravelly loam

At both sites, two DCI units were driven about 10cm into the soll with
approximately 2 2m spacing between the units. To determine the effects of tue
TDR probes upon the infiltration rates, & preliminary infiltration experizea:
was run before inserting of the probes at each site. The DCI units were keps
in place at the same location throughout each serles of tests. Prior to eacy
test, the soil_was permitted to drain back to & specific moisture content
within £.03 emca °. Infiltration experiments were performed at about one

. week intervals, alternating between runs where a pretreatment of C02 was used
and runs where no pretreatment was used. The coz was Injected through the
inflow ports on the DCI (with the water manometers plugged) at 1.5 to 2.0
1/min for approximately 25 minutes. During experimental runs, the cumulative
inflow into the inner cylinder was recorded after & constant ponding depth of
10 cz was established. The cumulative inriltration was calculated by
subtracting the volume of water ponded in the inner cylinder from the
cumulatfve inflow. The infiltration rate into the soll below the inner
cylinder was recorded until & constant rate was approached or until the
reservoir's water supply was exhausted. Tap water was used which had an o
electrical conductivity of .05 mmho of electrical conductivity, derived patnly
from calcium, magnesium, and bicarbonate i{ons. Tap water was poured into the .
reservoirs a week before each test, to allow the gases in the water to :
equilidrate with the atmosphere prior to each infiltration run. °

R N

RESULTS AND DISCUSSION

The use of any infiltrometer represents what has been called "fractional.

Jwetting infiltration®(Philip, 1983). Fractional wetting infiltration is :
simply the wetting of only a portiocn of the soil surfaces; it occurs in :
several natural and pan-made situations (drip or furrow irrigation, for
example). W¥hen fractional wetting infiltration cccurs where nc air-
impermeable layer exists near the soil surface, the influence of air
compression and air displacement are probably negligible compared to the
influence of air entrapment. For these experiments, this conteation is
supported by two observations. First, during control runs(no CO, treatzent),.
air dudbles which were displaced vertically upward after ponding could be
cbserved through the clear resin casing of the TDR probes. The voluz of !
displaced air vas small, amounting to no more than spproximately 5 cz duriu{:
the entire ponded infiltration periocd. Second, as COp was injected intc the
soil at 1.5 to 2.01 nin". the resulting back-pressure at the soil surface .
was only 2 to 3 cm of water pressure. -These observations indicate that thesd:
soils are extremely permeable to gas flow and do not contain confining layers;
near the surface. -This suggests that neither air displacement or eompresalda
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petarded infiltration below the DCI during tﬁese experiments.'
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: As stated in the previous section, a preliminary experiment at each

.. location wvas run without the TDR probes in place. Comparison of preliminary
~ and all subsequent experimental results indicated that insertion of probes

¥ altered the soil sufficiently to cause the {nfiltration rates to increase 23

. guch a8 two or three-fold after probde insertion. However, though the absolute
E gagnitudes of the results reported here were increased by probe insertion, the
.: the relative magnitude of the control versus CO, infiltration rates were

L probably not affected.

. Originally, it was hoped that the close spacing of the DCI units{-2m)
‘2 would reduce the impact of spatial variablility upen the experiments. At Site
ifl, the close spacing resulted in similar {nriltration rates and cumulative
Z{nriltration st both locatlons. However, at Site #2, the inflltration

v properties at the two locations were sufficiently different to warrant

< subdividing the site {nto a north and south site, Site #2N and Site #25. At
*2gite §1, four experiments at each loccation were combined for analysis ecf

% pesults, while at Site #2N and Site #2S, six runs at ezch site were analyzed
T geparately.

Figures 2,3, and % show cumulative infiltration versus time for all of
= the experimental runs (except the preliminary runs without TDR) &t Sites #1,

78 <5

WM

* 792, and f2S, respectively. Examination of all three figures indicates that

the differences between control and coz experiments are large compared to the
variability measured within efther treatment. For exanple, Figure 3 shows
that Site #2N had more than 20 cu of cumulative inriltration after 30 minutes

: “tor 211 of the CO, treatments, while having less than 12 cm of cumulative

i infiltration for any of the control treatments after the same time duraticn.

i Ffigures 2 and & show.similar ¢ifferences for cumulative infiltration comparing
the CO, and control treatment, suggesting that air which is entrapped or
retained in the transmission zone during ponded infiltration greatly reduces
vater intake over & given time period.

Table 2 gives the results from all three sites for the CO experiments
coopared to the control experiments. The table lists the lnitiu and final
voluzmetric water contents, the volume percent of air {n the transmission zone,
and the final infiltration rate for each case. As noted in the table,
experimental runs were always initiated at nearly the same water content for &
given site. The final water content in the transzission zone was reduced
significantly in the control experiments by air entrapment, while the
transzission zone was virtually water-saturated during the CO; experiments.
lased on the porosity values reported in Table 1, the gravelly loam soil
retained 125 air(by volume) in the transmission zone at the end of the control
experipents. The sandy loam retained %% air in the transnission zone at the
td of the control experiments. The variability of the final water contents
Stasured for a given experinentgl ndition was about the same as the
resolution of the TDR (£.005 cmem 7). Finally, the table gives the final
ponded infiltration rates for control versus CO experipents peasured at each
site. The results indicate that 12% air retentlion caused about & ten fold-
Gecrease in the infriltration rate peasured at Site #1, and &% air retention

:“324 at least a five-fold decrease in the infiltraticn rate peasured at Site
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CONTROL VS. CO2 FOR SITE =l
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Figure 2. Cumulative infiltration for control runs(solid curves) and for co2
runs(dotted curves) at Site ¢i on 2 Los Gatos Gravelly Loam.
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CONTROL VS. CO2 FOR SITE 25
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Flgure 5 - Cumulative infiltration for control runs(soclid curves) and for COp
runs(dotted curves) at Site §2S on a Diablo Sandy Loax. T

TABLE 2. VOLUMETRIC WATER CONTENT, 6(eadea™3),

ZONE,v($), AND FINAL INF
RUNS, WHERE €; AND €p

Site !1_
Control Co
T
.1 - 0212003 .202.03
v 12% <1%
1 .R22.09 R.h21.1

Based on the Green and

the effective hydraullc conductivity in the tr

ILTRATION RATES,I,
REPRESENT INITIAL

Site #2N

AND

Control c0,

3 3
+30£.03 .31
.532.005 .U5%.

xg <1
.og:. oon L ] '2:.

o1
005
s
08

AIR VOLUME IN THE TRANSMISSION
(em/oin) FOR CONTROL AND CO,

FINAL WATER CONTENTS.
Site #2S
Control co,
3
31¢.02 .312.02
. “3*.005 . “52-005
§4 1%
.052.03 .302.07

Ampt model, air in the transaission zone decreases

resulting in reductions in inriltration rates.
vas saturated during the CO experiments, K(e,) for the CO, experigents
Etcn of K, for the soil. Furthergore, 83 I

represents a good approxima

ansmission zone, K(8¢).
Since the transanission zone

- = ST ATy Ak v e . o VRO one s e ¢
.
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approached steady state at large values of z, x(et) approached the finay value
for I.. Therefore, the final value for I during the CO, runs is a reasonadle
approximation of Ks and the final value of 1 for the control runs is a
reasonadble approximation of K(e,) for these sofls. Based on this analysis
using the Green and Ampt model, the results of this study indicate that aip ga
the transmission zone caused K(6,) to be reduced to about +1Kg for Site #1 3p.
.ZKa for Site #2. These differences between x(et) and K, are even greater
than those reported by Bower(1966). 1In addition, since air in the
transmission zone reduced K(8,) so sharply in these soils, these results iepty
that at least some air resided in open channels or continuous conduits, rathes

than dead-end pore spaces.

In conclusion, these experiments demonstrate that using TDR with a DC:
unit in conjunction with coz injections is an effective technique for
exanining the influence or air in the transzission Zone upon ponded
infiltration rates. The results indicate that infiltration rates are strongly
influenced by air {n the transmission Zone, and that infiltration models which
include a term for hydraulic conduct{vity should use a value zs much as
tenfold less than X_. Furthermore, 1if 2 technique can be developed which
controls the volume of air in the sofl during infiltration experiments, s
range of values for K“:) can be generated near saturation for a given sofl.
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