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Abstract. In arid environments, water rises from the sat- important roles in terms of plant survival, salt balance and
urated level of a shallow aquifer to the drying soil surface aquifer budget. Field quantification of capillary rise in soil
where evaporation occurs. This process plays important roles difficult to perform. First, the stability of water contents

in terms of plant survival, salt balance and aquifer budget.along the soil profile does not allow the closure of tradi-
A new field quantification method of this capillary rise flow tional soil budget to be performed by using time differences
is proposed using micro-injections (6 uL) of a deuterium- in soil water stocks. Second, the low suction values in soil
enriched solutiond value of 63000%. vs. V-SMOW) into  (lower than -800 cm) that are frequently encountered near
unsaturated soil at a 1 m depth. Evaluation of peak displacethe soil surface outrange tensiometer measurement capabil-
ment from profile sampling 35 days later delivered an es-ity. Fluxes smaller than 100 mnTy are not easily mea-
timate that was compared with outputs of numerical simu-sured, other than by external surface measurements such as
lation based on laboratory hydrodynamic measurements aghe eddy-covariance method (Garcia et al., 2009). Signif-
suming a steady state regime. A rate of 3.7 cthyas esti-  icant advances were achieved in the early eighties with a
mated at a Moroccan site, where the aquifer water depth wamethod that was developed to compute steady-state evapo-
2.44 m. This value was higher than that computed from theration rates using equilibrium between convection and diffu-
relationship between evaporation rates and water level deptkion of natural stable isotopic speciési( 180) in the liquid
based on natural isotopic profile estimates, but it was lowerand vapor phases of vadose zone profiles under arid condi-
than every estimate established using integration of the vaions (Allison, 1982; Barnes and Allison, 1983, 1984; Barnes
Genuchten closed-form functions for soil hydraulic conduc-and Hughes, 1983; Fontes et al., 1986). Initially conceived
tivity and retention curve. for very arid conditions, this method was progressively ex-
tended to semi-arid conditions with shorter profiles, where a
“pseudo steady-stage of evaporation” was considered to be
i reached at the end of the dry season (Liu B et al., 1995; Ya-
1 Introduction manaka and Yonetani, 1999; @erger et al., 2008). Addi-

| id . ts with | iods of high i tionally, modeling was refined by taking into account dynam-
N arid environments with fong periods ot nigh evaporative ;. drying processes and interactions with plant evapo-

de”?a”d' water may rise from the satl_Jrated_IeveI ofa ShalloV\franspiration (Walker et al., 1988; Barnes and Walker, 1989;
aquifer to the near surface of the drying soil where evapora-Shimojima et al., 1990: Walker and Brunel, 1990: Brunel et

tion occurs. Although resulting evaporation rate is known toal 1995, 1997; Melayah and Bruckler, 1996a, b: Braud et
decrease quickly with aquifer depth, this process may playal_: 2005:31, b). "I'he profiles of isotope c,ontents’ aliowed dis-

crimination between the top layer, where only vapor fluxes

@ Correspondence td®. Griinberger occur, and the deeper layers, where liquid-phase fluxes are
(olivier.grunberger@ird.fr) dominant. A better understanding of the partition processes
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between water and vapor fluxes was the main outcome proficial DO was injected into a soil profile, and the displace-
vided by these studies, but some uncertainties remain comment of the tracer was measured 35 days later. The site and
cerning field flux measurements. Because soil profile saminjection time were selected to present characteristics favor-
pling cannot be repeated in the same place, the calculatedble to approach nearly steady-state drying conditions, to al-
evaporation rates are “instant rates”, subjected to night andow comparison of the rate computed from the tracer peak
day alternation and temperature fluctuation, which may differdisplacement to the rates based on laboratory soil measure-
from the time average value. Gardner (1958) was the first auments and simulations assuming a steady-state regime in re-
thor to propose a relationship based on a specific integratiohation to specific field boundary conditions.
of the Richards equation to determine rise rate by capillarity
assuming a steady state of the soil profile. This relationship
linked the depth of the saturated level, the soil hydrodynamic2 Materials and methods
characteristics and an ascending rate assumed to be constant
along the whole profile. It was confirmed by measurements2.1  Site description
on experimental columns of disturbed or undisturbed soils
submitted to capillary rise under different conditions (Gard- The experiment site is located at°2205N 093438 W
ner and Fireman, 1958). Although vapor fluxes were notnear Agadir city, Morocco. The experiment was performed
considered separately from liquid fluxes and the expressiorin 2001 on a sandy soil with a shallow free aquifer (Bouchaou
could not account for layered soils, this method has beeret al., 2008) approximately 2.6 km from the coast. The sall
widely used to compute the relation between the depth of theonsists of a fine eolian sand cover with a modal size of ap-
water table and the stabilized evaporation flux. A comparisorproximately 100 um and moderate carbonate contents (Weis-
between flux estimates based on the Gardner approach andck et al., 2002). The nearest meteorological station is lo-
flux estimates obtained from isotopic profiles was performedcated 14 km away from the sampling site at Agadir Interna-
by Coudrain-Ribstein et al. (1998). The rates computed withtional Airport. At this station, the annual rainfall was excep-
natural isotopic profiles collected in this latter study led to antionally low in 2001 (year of the experiment), with a value
average relationship between evaporation (E inmi)yand  of 86 mm, whereas the average annual rainfall recorded be-
depth of the aquiferz(in meters): E=71,9 z~24°, Apply-  tween 1961 and 2004 was 255 mmby(Stour and Agoumi,
ing the Gardner equation and taking into account sufficient2008). The experiment started on 16 May 2001 and ended
ranges of permeability and suction for sandy and loamy soilson 20 June 2001; it was carried out at the end of a pro-
resulted in a rate interval of [281-8, 205;1-6]. The intro- nounced drought period of 5 months. Since the beginning
duction of the van Genuchten (1980) “closed-form equation”of 2001, a total precipitation of 12 mm was confronted with
to represent soil permeability was used by Hu et al. (2008)a high evaporative demand, characterized by an annual po-
to perform a theoretical analysis of the steady-state rate ofential evaporation higher than 2000 mmty(Bouchaou et
capillary rise by evaporation. al., 2008). The daily precipitation, recorded at the station
Putting apart the profiles of natural isotope contents in soilsince the beginning of 2001, never exceeded 4 mm. These
water already evocated, many studies considered the use oécorded amounts were 0.7 mm 25 days before the experi-
artificial isotopic species of water as tracers in soil hydro-ment, 0.51 mm 70 days before the experiment, and 3.05mm
dynamic studies (Koeniger et al., 2010). However, field and75 days before the experiment. Before excavating the exper-
laboratory soil hydrodynamic studies involving isotopic trac- imental pit, a 3-m-deep hole was drilled with a helical hand
ers mainly focused on infiltration and/or mixing fronts and auger. The hole allowed us to check that the aquifer wa-
implied large volumes of tracing solution resulting in almost ter level was about 2.5 m deep and that the fine eolian sand
(or totally) saturated conditions. To our knowledge, artificial cover was thicker than 3 m at the selected site. A shallow free
tracing has never been used to quantify field capillary rise.aquifer in sandy material was a requirement for this experi-
Recently, Garcia et al. (2009) studied the tritium release fromment. A well-piezometer for measuring the free water table
the vadose zone to the atmosphere near a low-level radioadevel was created by inserting a 3 m-long, 2 inch-diameter
tive waste facility in the southern Nevada desert, but tritium PVC tube, screened on 2 m length into the auger hole to set
fluxes were only calculated as simple products of evapotranthe first 50 cm of the screen under the water level. Water level
spiration fluxes (measured by the eddy covariance methodineasurements were performed using an electric flat tape wa-
and tritium concentrations in water vapor. ter level meter. Values were corrected in reference to the
Our objectives were to assess a new method of field meaground level. The depth of the water level was measured one
surement of capillary rise flow and to bring out a foundation hour after the setting of the tube, one day after filling the in-
of comparison with the results of simulation based on labo-jection pit and just before and after sampling the tracer (35
ratory hydrodynamic measurements. We based our approaatiays later). All measurements delivered the same value (2.44
on the practices of eco-physiologists who perform small vol-m). Relative humidity was monitored with a moisture capac-
ume injection of a concentrated solution to quantify tree sap-ty probe at the soil surface and at five depths (7 cm, 10cm,
flow (Marc and Robinson, 2004). A small quantity of arti- 19cm, 23 cm and 31 cm) in the profile during the sampling
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Table 1. Relative humidity (%) measured on 19, 20, 21 and 22 June 2001 in the soil top layer aside the sampling pit. For a 0cm depth
measurement, the capacitance probe was at the soil surface. For 7cm, 10 cm, 20cm, 23cm and 31 cm depths, the probe was inserted in
40-cm long PVC tube driven horizontally in the soil from the wall of a pit. Measurements were taken after 5 min contact with soil moisture.
(Avg. =average, [Min-Max] = interval of extreme values, Nb = Number of measurementStandard deviation).

Late Night (02:00-06:00 h) Midday (10:00-14:00 h) Early night (22:00-02:00 h)
Depths Avg. [Min—-Max] Nb o Avg. [Min-Max] Nb o Avg. [Min—-Max] Nb o
Ocm 818 [81.6-82.6] 6 0.6 47.1 [31.0-62.6] 8 9.8 75.2 [73.4-78.7] 5 2.1
7cm 771 [765-78.0] 6 05 57.0 [50.0-646] 8 4.9 736 [70.3-775] 5 3.0
10cm 81.0 [79.7-81.6] 5 0.7 66.4 [62.7-70.2] 7 25 788 [77.2-814] 5 1.8
19cm 82.1 [81.8-82.4] 5 0.2 73.6 [69.1-77.8] 7 3.3 79.4 [78.4-81.6] 6 1.3
23cm 86.7 [85.8-88.2] 5 1.0 79.9 [76.5-84.5] 7 3.0 84,1 [83.3-85.6] 6 0.8
3lcm 878 [87.2-88.9] 5 0.7 84.7 [80.2-88.4] 7 2.9 849 [83.6-86.4] 6 1.2
Tracer Injection Sampling atfter 35 days 100cm in the soil layer. Fifty injection points were defined
by driving 47-mm-long medical needles, spaced 1 cm apart,
Neeeaitalws T RSN in the soil along a horizontal line on a side of the pitat 100 cm
ek \:%\ R B depth. The thin needle of a 10 pL micro syringe was inserted
1 WT N fape inside the medical needles, which acted as a catheter, to in-
‘ 1 ject 6 L of deuterium-enriched solution. This artificial solu-
.- tion was prepared by mixing a small amount of heavy water
_ P Samples D20 (99.9 %) with laboratory deionized water, resulting in a
<ol sampings jgee [t Rp,n of 0.009968 (corresponding tasavalue of 63006 %o
e vs. V-SMOW). The total input corresponded to 16004
moles of O. Immediately after excavation, spray-paint was
used to seal the pit wall surface to prevent drying during the
E s injection time (1.5h for the 50 points), mitigate the effects
: S > | uprise of the disturbance due to the pit, and ease the correct place-
\\‘g@i}\\ ment of the sampling as a land mark. After the injection, the
Y : medical needles were left in the soil, and the pit was filled

up respecting the sequence of the extracted soil. Thirty-five
Fig. 1. Block diagram presenting injection pit and recovering sam- days later, soil sampling was performed above the injection
pling procedures of D tracer in the soil profile. line to retrieve the tracer along a column (Fig. 1) adjacent
to the spray-paint coating. Soil was progressively removed
horizontally, slide by slide, following the spray-paint coat-
day and the three following days (Table 1). The values ating that was used as a landmark, with a rectangular (15cm
the soil surface ranged from 31.0% at midday to 82.6% earlyx 5cm) steel frame. For each sampling, the frame was ori-
in the morning, but they were always higher than 80.2% atented with the 15-cm-long side beside the paint coating line,
31 cm depth. in a horizontal position and centered upon the 50 cm injection
line. After measurement of the sampling depth, the frame
2.2 Deuterium injection, sampling and measurements ~ was driven 0.5cm inside the upper part of the soil column.
Only the soil inside the frame was sampled.
On 16 May 2001, a squared pit was excavated to a depth of Water extraction and deuterium analysis were performed
more than 1 meter. Sampling to determine laboratory soilon 17 samples taken between 113 cm and 43 cm depths. The
hydrodynamic parameters (Fig. 1) included 5 undisturbedDeuterium concentrations were determined after reduction
core samples (diameter 10 cm and length 8 cm). Five cylin-of the distilled water by reaction with zinc (Coleman et al.,
ders of 98 crA were also collected from 3cm to 114 cm for 1982) using a mass spectrometer VG602C. The results are
water content measurements (Fig. 2). An horizontal injec-reported ins-notation, permil deviation of the measured iso-
tion line was settled at a depth of 1 m on the wall of the pit topic ratio relative to V-SMOW international standard, with
(Fig. 1). This depth was chosen assuming that transfer iran uncertainty less thatt25%.. The tracer injection pro-
vapor phase was not dominant and negative potential headduced a sharp peak of deuterium content in the soil profile.
were not higher thar-800 cm at a depth between 50 cm and The peak displacement with time may be interpreted as the
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Volumetric water contents 1D.4.13 was used to calculate values of the van Genuchten
0.0 0.1 0.2 0.3 (1980) hydrodynamic parameter by inversion (Simunek et
0 ) } ) } + | al., 1998). The inversions were based on selected data ex-
' tracted from the laboratory drying curves of saturated undis-
o Vapor transfer layer turbed soil samples. Eight pairs of data consisting of times
[ and tension heads and pairs of times and water content data
-50 ;, were selected. The initial values of the van Genuchten pa-
O W rameters were approximated by the direct method in a spread
C sheet file, and consistency was checked. Saturated water con-
%) tent ®s) was not included in the set of parameters to adjust
-100 - 2 with the inversion process and was kept unchanged from the
92cmdataset \ T & laboratory measurement. Results are presented in Table 2.
37 cm data set g' % We respected the van Genuchten (1980) formalism, whiere
g o is the saturation index® and®g are the residual and satu-
-150 4 j2and7em /o 5 ration contents, respectively, is the tension head [L], Kk)
E_ c is the hydraulic conductivity [L TY] and Ks is the saturated
53 cm dataset | £ % hydraulic conductivity [L T, o (L ~1],em™), n, m=1-1/n
2 are the other van Genuchten parameters using the following
-200 - relations:
Depth §=2200 (14 @y 2
(em) | water table level > Os=Or
290 K@)=K,s"2(1—(1-5""y")? @3)
O Sampling the 20 June 2001 (vacuum drying) ) ) ) ) ) )
B Sampling the 16 May 2001 (105 °C drying) The vertical flux is described by the Richards differential

equation linking the flux E (JL T1],cm min~1) and the hy-

Fig. 2. Soil volumetric water contents in the sampled pit, on 16 draulic conductivity ([L T-1,cm min~?) to the variation of

May 2001 and 20 June 2001. Steady state Hydrus 1D water conterthe potential heagr [L], cm along the depttZ ([L],cm~t),

profiles with the five different sets of van Genuchten hydrodynamic Z =0 at the soil surface and=2 inside the soil:

parameters. Because water contents were very low in the upper dir K@)

part of the profile (depths:50 cm), significant vapor transfer was E=K(¥)- i K({) & dz= mdlﬂ 4)

suspected. Consequently, the top layer of the profile was not con- ¢ v

sidered in the simulation. Estimated accuracy was 0.5cm in level At a steady state, between two depth@ndz; ([L], cm),

and 0.5% in water content. stabilized at the constant potential hegdsandy, ([L], cm),
the flux E is constant and ruled by the integration of Eq. (4):

result of the cumulative convective upward flow. When no 22 w2 I%

evaporation or preferential fluxes takes place, the amount or]:/ dz:/ idwzzz—zj_ (5)
water between the injection depth and the final peak deptty; ; E+K{)

represents the volume of displaced water during the perio

1

between injection and sampling: In a steady-state evaporation profile, when the soil char-
acteristic relationship& (y) andy (6) are known, then the

peak vertical convective flux (E) between these two points can be

E35 days= / O(z)-dz (1) computed. A particular starting point of integration may be

the groundwater level, where soil saturation implies that the

) tension head is equal to zero (thes@ andyr1=0). A poten-
where E3s daysis the water flux during the 35 days (cm) at tial maximum evaporation flux may be computed by setting
the injection depth, inj is the injection depth (cm), peak is 22 © the depth of the groundwater level aftd to co. As-
the peak depth (cm), an@(z) is the measured volumetric SUMing a steady state condition, Eq. (5) may be applied using
water content 35 days after the injection at the depth particular field-measured water contents at known depths as

boundary conditions. Equation (5) was solved numerically

2.3 Soil parameters and rise rate computation by Eq. (6) developed in a spreadsheet using 36 600 integra-
tion steps:

Soil hydrodynamic parameters were characterized using the /36660 '

evaporation method and five undisturbed samples taken op, _ . K@) v i) ©)

one side of the pit (Wind, 1968). The software Hydrus — E+KW@)

i
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Table 2. Van Genuchten hydrodynamic parameter measurements for five undisturbed soil samples. Measurements were performed using
Wind methods with parameter adjustment by inversion using the Hydrus (1.4) software. The resulting potentif) feraal \(ater content
of 0.0495. (in bold: geometric mean).

Sampling depths Oy Os a n Ks ¥ (0.0495)
cm - - cnml - cmmim! cm

37 0.012 0.291 0.0289 1.7770 0.2478 —455.3
53 0.030 0.287 0.0304 2.2067 0.6615 -—-277.6
77 0.008 0.314 0.0565 1.6320 0.6045 -416.2
92 0.014 0.295 0.0413 1.8360 0.5996 -—285.9
112 0.014 0.310 0.0378 1.9157 0.3639 -—-266.5
Average 0.0156 0.2994 0.0390 1.8739.4645 —340.3

Table 3. Steady state fluxes (cm) for 35 days, computed using Egs. (5) and (3) with three different sets of boundary conditions and five soll
data sets (Table 2). (in bold: geometric mea#). is the depth of upper limit (cm)Z» the depth of lower limit (cm).®1 and®; are the

water contents at deptts; andZ,. g is the saturated water content, af@®1), the potential head (cm) at the depih. Sets, ii andiii
correspond to integration boundaries representative of field measurements.

Van Genuchten Data sets  Boundary sets i ii iii

Upper boundary v (®1)=—1.64x10Pcm ©7=0.0495 ©;=0.03546

Z1 =0 (soil surface) 4=50cm Z=37cm
Lower boundary ©,=0g B®7=0s ©,=0.07623
Zp=244cm Zp=244cm Z»=100cm
37cm 1.56 3.46 1.17
53cm 0.58 141 1.82
77cm 0.59 1.09 0.75
92cm 0.72 1.33 1.60
112cm 1.20 0.77 1.03
Geometric mean 0.86 1.40 1.21
using Egs. (2) and (3) and with: The second integrationi) was calculated between the
) ) ) saturation depth at 244 cm, whegg0)=0.0001 cm, and at
Yi+D=y @) +Ay @) () the 50 cm depth, where water content was set to the field-
computing proportional integration steps: mgasured value (1). The param@t.elvas sgt so as to reach
this value for the same number of integration steps (Eq. 8).
Ay @)=ry (i) (8) The third integrationiii) considered the lower limit at

100 cm depth, where water content was set to 0.076227. The
upper limit was set to a depth of 37 cm, where water content
AV (i)=Y (9) was 0.03546 to mimic the trend of average water content in-
crease. Due to the smaller gap of tension heads, the constant
Uprising fluxes were estimated for each set of unsaturated was set so as to reach the same number of integration steps
soil characteristics established by the Wind’s method usingEq. 9).
three distinct sets of integration limits and results are sum- The results of the integration methodsand ii were

marized in Table 3. compared to a numerical simulation computed with Hy-
The first integration i) was computed between the drus1D4.13 and using the same parameter set and boundary
aquifer level (saturation depth) at a depth of 244 cm, whereconditions (Table 4). The initial condition for water content
¥(0)=0.0001 and the soil surface with a maximum tensionyas settled to an increasing linear trend with depth from a
head ofi/r(i = 36 600)=-1.6418cm, and correspondingto the ' water content of 0.1 at the surface to saturation at 244 cm
minimum relative air humldlty of 31% observed at the soil depth_ Total run time was set to 100 daysl and Stabi”ty of
surface. The parametgiwas set to 1.000624294 (Eq. 8).  fluxes and water content was always observed after 20 days.

or using a constant for the integration steps:

www.hydrol-earth-syst-sci.net/15/1629/2011/ Hydrol. Earth Syst. Sci., 15, 16392011
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The value reported in Table 4 is the value of “surface flux” 80 A
for 100 days. To the surface

60 4

3 Results
40 A

3.1 Soil water contents and van Genuchten parameters

20 -
The profile of the soil volumetric water content is presented

Distance from injection point (cm)

in Fig. 2. The soil water content between the surface and o Jiniection depth O

120 cm depth was always lower than 0.097. The water con-

tent was inferior to 0.026 between the surface and the 40-cm IO the aquifer o

depth. A linearly increasing trend in soil water content with -20_20 e - - - - "

depth was observed, with a low correlatidt?(= 0.66) and a
slope of 6.64 10* (¢ cm™1). This correlation was stronger
(R?=0.84) between depths of 60 cm and 97 cm with a sloperig. 3. Deuterium contentss(%. vs. V-SMOW) of soil water

of 1.543«1073 (9 cm™1). The distribution of the water con- in function of the distance to the injection point 35 days after
tent values with depth indicates that the retention parametracer injection. The curve corresponds to the best Hydrus 2D fit
ters were quite heterogeneous throughout the soil at the smal¥ith steady-state water regime assumption with the soil parameters.
scale. The saturation water content was quite constant alon(fr =0.0304,0s, =0.287,a =0.0304 cnT, K, =0.22cmmir?,

the soil profile, ranging from 0.29 to 0.31 (Table 1). The pa-"= 2..2.07 and a longitudinal dispersivity =8.15cm and Lateral dis-
rametem, ranging from 1.6 to 2.2, is representative of sandy PETSIVity =2.24 cm).

loam, loamy sands and loams, and the parameteang-

ing from 0.029 crm! to 0.056 cnT?, typically corresponds , o _
to loams and sandy loams. The measured saturated hydraulfPtained by methods andiii (Table 3) with the Hydrus run

conductivity ranged from 0.25 cm mif to 0.66 cm mirr? estimates (Table 4) shows that although the order of mag-
which are values associated with fine sands and loamy sand8itude of fluxes is similar in all situations but one (37.cm

respectively. The small size of the sand particles (100 ymfiePth. methodii), the Hydrus1D estimates are higher than
(Weisrock et al., 2002) may explain the high hydraulic con- those computed directly by_the integration function. Thoe dn‘-.
ductivity values combined with low values. The applica- ferences between geometric means were less than 10% using

tion of Eq. (2) shows that the tension heads that correspon(‘fpe two methods and the boundary conditiarandiii. The

to water content of 0.0495 (the value at 50 cm depth) rangé“aXimum obtained difference between methods for a partic-

from —455 cm to—266 cm and they fall into two groups of ular data set is 18% (data set 53 cim), The influence of

similar values. The first group corresponds to sampling char@n error on the field-measured volumetric water content and

acterization depths of 37 cm and 77 cm and the second one g8f  ¢hange of water level depth on the Hydrus simulation
the samplings at depths of 53 cm, 92 cm and 112 cm. estimates was tested (Table 4). An increase of 1% in water

content at 50 cm (i.e., 0.0595 instead of 0.0495) led to a de-
3.2 Fluxes estimated using soil laboratory crease in fluxes by 13% (37 cm) to 83% (112 cm). A decrease
characterization of 1% resulted in a rate increase ranging from 6% (37 cm) to
37% (112 cm). Similarly, a 10-cm increase in depth water
The computed vertical fluxes for 35 days while assuminglevel (i.e., 2.54 m instead of 2.44 m) led to a rate decrease of
steady-state evaporation are reported in Table 3. The cumut8% (77 cm) to 27% (53cm). A free aquifer level located
lative fluxes range from 0.59 cm to 3.46 cm for the 35 days10cm higher (2.34 m depth) resulted in rates increased by
(corresponding to 61 mnTy to 390 mmy ). The geomet-  21% (37 cm) to 36% (53 cm).
ric mean is an appropriate averaging value in a soil profile
with layered hydraulic conductivity; it provides an indicator 3.3 Injection results
of the overall capability of vertical transfer. The geometric
mean hydraulic conductivity is also appropriate in the caseA sharp peak of highH concentrations was observed in soil
of an assumed statistical log-normal distribution, which is water (Fig. 3). The maximur® 2H content was +6.7%o VS.
frequently encountered in experimental soil data (Jim YehV-SMOW at a distance of 4.7 cm from the injection point.
and Harvey, 1990). The geometric means of estimates usthe §2H value was—11.7%o vs. V-SMOW at a distance of
ing integrations based on Eq. (5) withii andiii sets of 56.8cm (44.2cm depth). Positivevalues were recorded
limits (Table 3) ranged between 0.86 cm and 1.40 cm for 35at distances between +9.5cm and —5cm from the injection
days (corresponding to 89 mm¥to 146 mmy 1), with an point. The average soil water content between depths of
overall arithmetic average of 1.27 cm for the 35 days (cor-100 cm and 95.3cmwas 0.0747. A 47-mm displacement cor-
responding to 133 mmy}). The comparison of the results responded to a flux of 0.351 cm in 35 days, or 3.66 cthy

2H contents (8 %o vs V-SMOW)
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Table 4. The steady state capillary rise rate (cm) for 35 days based on Hydrus simulations for five van Genuchten data sets (Table 2) and
six sets of boundary conditions. Boundary conditions Beasdiii are similar to Table 3. (In bold: geometric mea@), is the depth of

upper limit (cm),Z» the depth of lower limit (cm)®41 and®, are the water contents at deptfisandZ,. Os is the saturated water content.
Boundary conditions setsandiii correspond to field measured conditions.

Boundary conditions setsandiii Aquifer level depth change Upper water content change
Upper boundary ©1=0.0495 ©1=0.0346 ©1=0.0495 ©7=0.0495 ©1=0.0595 ©7=0.0395
Z1=50cm Z1=37cm Z1=50cm  Z;=50cm Z1=50cm  Z;=50cm
van Genuchten Data Lower Boundary ©;=0g ©,=0.07623 B=0s ®2=0s ®2=0s ®2=0s
sets (Table 2) Zy=244cm Z>=100cm Zo=254cm  Z»=234cm Zo=244cm Zy=244cm
37cm 3.74 1.13 2.99 4.52 3.27 3.98
53cm 1.62 215 1.19 221 0.17 2.04
77cm 1.26 0.79 1.03 1.54 0.99 1.39
92cm 1.34 1.87 1.02 1.75 0.42 1.74
112cm 0.83 1.14 0.62 1.12 0.14 1.14
Geometric mean 1.53 1.33 1.18 1.98 0.50 1.86

(Eq. 1). The values computed using Eq. (5) with a steady-4 Discussion
state assumption and based on laboratory measurements (Ta-
ble 3) are 1.66 to 9.86 times higher than the rate computed

from the peak displacement. Tracer recovering was Com_The water flow values computed using soil characteristics de-

puted by peak integration. The barycentre?bf concen- termined at the laboratory were systematically higher than

trations weighted by water contents was determined usin he capillary rise flux found from tracer displacement. The
an initial §2H content of—11.7 %o vs. V-SMOW and indi- latter is dependent on the evaluations of the peak displace-
cated an average distance of 2.4 cm. This result must be mil_r_n_ent_and the average water content of the _SOi_I between the
igated due to the fact that only a few measurement poimén]ectlon point and the peak. If the uncertainties on tracer

were performed under the injection point because a predisplacement and water content wet®.5cm and=+1%

liminary assumption was that the convective flux would be respecthIy, then the evaporation flux would be between
higher. Because sampling was performed on a determined-? cMY - and 4.4cmy=; therefore, lower values cannot
surface imposed by the sampling steel frame, a recovery ratgasily be attrlbute_d to measurement error. Consm_jerlng a soil
of the tracer can be estimated. After 4.698~5 moles of volume of 1 cnd with a water content of 7%, the increased

D,O were injected into the soil column (on 15cm of the water content due to the injection of the tra_xqe_r solution (6 pL)
line of injection), 2.2% 105 moles were recovered in the represented less than 10% relative to the initial content. Con-

15 cmx 5 cm sampling area, and this corresponds to a reCov_s.equently, the perturbation of the water regime by the injec-

ery rate of 48.7%. The remaining tracer, not recovered bytlon ShOUId, be 'negligi'blle, thus justifying the use of high
sampling, probably moved outside the 5cm strip above thézoncentratlor_l in the injected so_lqun. The_ steady state of
needles by diffusion and dispersion. A numerical simula-tN€ €vaporation rate was a main assumption used to com-
tion was performed with Hydrus2D to check the plume as-Pute fluxes via integration of the unsaturated hydraulic con-
pect and the coherence of the results, taking in account thaq.uctlvny and tension head funcnon.s. To check that equilib-
the paint coating sealed one side of the soil column (Fig. 4) UM was reached during the experiment, we used Hydrus 1-
A steady state of water flux was assumed, and the soil wateP and simulated the evolution of the soil profile from 0.5m

flow parameters used in the simulation were those measureff 2-44 M from the beginning of the year, for all the sets of
at the 53-cm depth (Table 1). The soil water content profile@Poratory hydrodynamic parameters. The upper boundary

was set to correspond to the values from Fig. 2 for the Vanconditions were representative, in the upper cell, of the daily

Genuchten soil parameters set at a depth of 53 cm. Accordprecipitation records from the nearest meteorological station

ing to the lower convective speed measured with the tracer‘?lnd the evaporation demand was fixed to 0.5cdThe

K< was set to 375 cm-d to coincide with the maximum of maximum suction_of the upper cell was set to the potential
contents (0.22 cm mirt). The best fit with inverse modeling N€ad. corresponding to a water content of 0.0495 (Table 2).
was then computed for isotopic contents and was found forl "€ lower boundary condition was soil water saturation at
longitudinal and lateral dispersion of 8.15cm and 2.24 cm, € 2.44-m depth. Although the initial condition assumed
respectively (Fig. 4). The tracer recovery rate based on thidhe water saturation of the profile, all simulations indicated

run was computed to be 48.5%, and this agrees well with thé steady-state evaporation regime between the injection and
estimate based on measurements sampling dates, and the water regime was stabilized in less

than 50 days (Fig. 5). Consequently, it can be assumed that

www.hydrol-earth-syst-sci.net/15/1629/2011/ Hydrol. Earth Syst. Sci., 15, 16332011



1636

100y Surface

@
o

Sampling slide

e

[o2]
o

N
=]

lines of sameﬁ-l
contents ©%vs v-smow)

|

10 —

Distance from injection point (cm)

N
o

g r e g e v Lo P b b1

|
—

5 =

injection point

el

d
\

il
/]

Il

!
-
S

b—-10 -

|

)
=]

30
Distance from the trench (cm)

Fig. 4. Isocurves ofH contents § %o vs. V-SMOW) after 35 days
of tracer displacement simulated with Hydrus 20}.=0.0304,0s,
=0.287,2=0.0304 cnrl, Ky =0.22cm miml, n=2.207. Longi-

tudinal dispersivity =8.15 cm, Lateral dispersivity =2.24 cm assum-p-n 80%

O. Giinberger et al.: Capillary rise quantifications

Soil surface Flux

(cmd1) T I I 0
£l
1 Rain events E
0.4 4 E2
] 3
B Steady state Injection Sampling
0.3 4 for all soil data sets time time 4
1 Precipitation
] (mm d-1)
0.2
q 37 cm data set
0.1
53 cm, 92cm, 77 cm data sef
0] ; y y 112 en dataset ;
01/01/01 02/01/01 03/01/01 04/01/01 05/01/01 06/01/01
Date

——37cm ——53cm —77cm ——92cm ——112cm

Fig. 5. Simulation of the steady-state establishment for five differ-
ent van Genuchten soil parameters sets, assuming an initial satura-
tion of soil profile from 0.50m to 2.44 m depths at the beginning
of the year 2001. Uprising fluxes computed with Hydrus 1D (right
axis, cmd 1) and rain events (left axis, mnTd). Boundary con-
ditions reflecting: (i) meteorological data (rain events and potential
evaporation of 5 mmd! and maximum suction head corresponding

to 0.0495 water content at the upper cell (0.5 m depth), (ii) Lower
boundary condition fixed with water saturation at 2.44 m depth. The
top layer (0 to 0.5 m depth) was not considered in the simulation.

a discrepancy from the steady-state water regime was not the
reason for the over estimation of fluxes. A cumulative flow of
0.351 cm between the injection and sampling dates was con-
sistent with the observation of a constant aquifer level depth
during this period, i.e., the cumulative flux would be related
to a 1cm increase in saturation depth, which is roughly the
accuracy of the piezometric measurement. Steady-state rates
higher than the value computed from the peak displacement
cannot be explained by a rising of the water-table level or by
lower water contents, which would emphasize the difference.
The effect of lowering the water-table level by 10 cm (mak-
ing it 2.54 m instead of 2.44 m) would not be enough to ac-
count for the observed difference; however, the steady-state
fluxes obtained for 35 days by setting the upper boundary
condition to higher water content (0.0595 at 50 cm) would
define a large range [0.14 to 3.27 cm] (Table 4). This wide
value range includes the value computed from the peak dis-
placement (0.351 cm for 35 days).

Gowing et al. (2005) emphasized the influence of vapor—
liquid phase transition occurring in the upper parts of the
profile on the evaporation flux. Measurements of relative hu-
midity performed from the soil surface to a depth of 31cm
revealed that during the study period, evaporation front was
presumably located above a depth of 40cm; at this depth,
pore air moisture was saturated with water vapor even dur-
ing the mid-day maximum drought. Indeed, at depths greater
than 31cm (Table 1), relative humidity was always higher
and at depth of 50cm, the potential head com-

ing a water regime at steady state between injection and recoveringbuted from the measured water contents (1) and Eq. (2) lead

Hydrol. Earth Syst. Sci., 15, 1622639 2011
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to a maximum suction of455.3 cm (Table 2). Theseranges 5 Conclusions

of potential head and moisture are clearly characteristic of

dominant liquid transfer. Near steady state, in the top layerField tracer (deuterium) introduction in the wall of a soil
of a dry soil, the evaporation front depth was related to thepit and sampling after 35 days showed a peak displacement
inverse of the evaporation rate (Barnes et Allison, 1983). Forthat could be interpreted as the result of a slow water rise
instance, under similar conditions in a sandy loam in North-from the aquifer. This study provided an alternative method
east Thailand at the end of the dry season, Grunberger dor the estimation of water flux in soils to previous methods
al. (2008) found the evaporation front to be located at a depttbased on natural isotopic contents and/or measuring soil hy-
of 12 cm for a rate of evaporation of 82 mmY Consider-  drodynamic features. Compared to other methods, the pre-
ing the range of evaporation rates measured in the presersented method has the following assumptions: (i) the “peak
study (36 mmy1), the depth of the evaporation front would displacement method” is not based on the stability of wa-
be established at around 27 cm depth. Inside the water vapder regime in the soil between injection and sampling times
transfer layer (VTL), processes are not well represented byand therefore does not require any steady-state assumption.
the equations developed inside the van Genuchten formalismA strong limitation rises from the need to retrieve the tracer
Moreover, tension head values higher tha800 cm are not  peak from the soil, and thus previous knowledge of the ex-
easily measured, thus impeding correct extrapolations in verypected range of displacement is necessary; (ii) in addition
dry soil. Hence, resolution of the Richard equation basedo isotope data, only data about density and water contents
on the extrapolation of the relationships defining hydraulicin the zone of the tracer peak are necessary; (iii) the mea-
conductivity, tension heads and water contents is questionsurement is cumulative over a predetermined period, which
able. This would explain the over-estimations encounterechvoids the need for considerations of night and day alter-
when the integration function is applied to high suctions. Fornation and particular sampling times; (iv) the method does
soil layers deeper than 50 cm, the water content values corraiot require any knowledge of soil characteristics below and
spond to tension heads falling within the range of the tensiorabove the sampling zone, but the assimilation of peak dis-
heads that were measured in the laboratery-800 cm). In-  placement to the evaporation flux through the profile requires
side VTL, vapor flow processes may drive the evaporationa steady-state assumption. In the case of the studied experi-
flux, but quantifications based on water contents measuredental site, a value of 3.7 cnTy was proposed. This value
under the VTL should correspond to the same rate if a steadys higher than other estimates based on natural diffusion of
state of evaporation is assumed. No hydrodynamic charactemwater isotopes with the same aquifer depths (Coudrain et
istics were determined for soil layers at less than 1 m depttal., 1998). However, it is lower than all the estimates based
because lower excavation would have endangered the stabibn the laboratory soil determination of the van Genuchten
ity of the floor of the pit, due to increasing water content nearclosed-form functions for soil hydraulic conductivity and re-
the aquifer water level. However, deeper soil layers couldtention curve, either using an integration procedure or a Hy-
present lower permeability, particularly when close to thedrus profile simulation with realistic boundary conditions.
permanent water saturation level, at which point pedogen-

esis processes may favor clay formation. In the case of deep

layers with lower hydraulic conductivity values, discrepan- Appendix A

cies should be observed between estimafean(d i) based

on extrapolations of soil characteristics to 2.44 m depth and_jst of parameters

estimate ifi ), based on 37cm to 100cm depths (Table 2).

The assumption could not be sustained because no strongg Convective flux (cmd?) or
differences of fluxes were observed in this study. Based on (mmy1)
the compilation of 20 different isotopic profiles Coudrain-  E3g gays Cumulative convective flux
Ribstein et al. (1998) proposed a relationship linking depth during 35 days (cm)
and evaporation flux that would imply a rate of 1.9 cnty z, inj, peak Depth (cm), Injection depth (cm), Peak of
for the observed aquifer depth (2.44 m). Our measured rate isotopic content depth (cm)
is 1.8-times higher than this value. Nevertheless, the exper- ., v (z), ¥ i Tension heads (cm), at depth
imental value (3.7cmV?) is included in the range defined at stepi
by the same authors after making high suction permeabil- -, y» Integration limits for tension
ity measurements on loamy and sandy soils [6 mh {0 heads: tension 1 (cm), tension 2
49mmy 1. (cm)
0,0(2),0, Og \Volumetric water content, at
depthz, residual, saturated
(cm3cm™3)
S, S0), S(¥) Saturation index, at water

content®, at tension head
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K, Ks, K(¥) Hydraulic conductivity, at soil. Part Il. Evaluation and sensitivity tests using two laboratory

saturation, at tension head data sets, J. Hydrol., 309, 301-320, 2005b.
(cmd1) Brunel, J. P., Walker, G. R., and Kennet-Smith, A. K.: Field valida-
o van Genuchten parameter (Ci"{) tion of isotopic procedures for determining sources of water used
n,m van Genuchten parameters by plants in a semi-arid environment, J. Hydrol. 167, 351-368,
(m=1-1/) 1995.
71, 22 Integration limits depths: depth Brunel, J. P.', Walker, G. R., Dighton, J..C., and Mgnteny, B.. Use
1 (cm), depth 2 (cm) gf s:]able |sotopes of(;/vater tq <_1eterfm|ne the origin o_f water usedf
. : y the vegetation and to partition of evapotranspiration a case o
AYi :Jn(;[te(gr:filglor?esz;zgt(csgpfor study from Hapex-Sahel, J. Hydrol., 188, 466—481, 1997.
. . Coleman, M. L., Shepherd, T. J., Durham, J. J., Rouse, J. E., and
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