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Abstract. A study on water infiltration and solute transport 1 Introduction

in a clayey vadose zone underlying a dairy farm waste source

was conducted to assess the impact of desiccation cracks drxpansive clay soils, which are dominated by 2: 1 clay min-
subsurface evaporation and salinization. The study is basefirals, crack during desiccation when substantial matric suc-
on five years of continuous measurements of the temporalion in the pore structure of the fine-grained clays develops
variation in the vadose zone water content and on the chemand the tensile strength exceeds the cohesive strength of the
ical and isotopic composition of the sediment and pore wa-Soil matrix (Mermut et al., 1996; Nahlawi and Kodikara,
ter in it. The isotopic composition of water stable isotopes2006; Costa et al., 2013). Desiccation cracks can serve as
(5180 ands2H) in water and sediment samples, from the areawater conduits and preferentially transport water and solutes
where desiccation crack networks prevail, indicated subsurinto deep sections of the vadose zone during the generation
face evaporation down te-3.5m below land surface, and 0f local runoff or occasional flooding (Bronswijk et al., 1995;
vertical and lateral preferential transport of water, following Kurtzman and Scanlon, 2011; Baram et al., 2012a). Several
erratic preferential infiltration events. Chloride (Glcon-  field-scale and large-scale lysimeter experiments have shown
centrations in the vadose zone pore water substantially inthat, even though desiccation cracks may disappear on the
creased with depth, evidence of deep subsurface evaporatid@nd surface under wet conditions, the cracks will not com-
and down flushing of concentrated solutions from the evapo-Jletely disappear from the subsurface and may still serve as
ration zones during preferential infiltration events. These ob-preferential flow paths (Mermut et al., 1996; Gerke, 2006;
servations led to development of a desiccation-crack-induced\cworth and Timms, 2009; Greve et al., 2010; Kishne et al.,
salinization (DCIS) conceptual model. DCIS suggests that2010; Baram et al., 2012a). Mermut et al. (1996) stated that
thermally driven convective air flow in the desiccation cracks While cultivation and wetting of a Vertisol land surface may
induces evaporation and salinization in relatively deep secresultin the removal of observed desiccation cracks from the
tions of the subsurface. This conceptual model supports prePlow zone, the cracks below this zone will continue to exist.
vious conceptual models on vadose zone and groundwateéicworth and Timms (2009) showed that groundwater at 16
salinization in fractured rock in arid environments and ex- and 34 m below a Vertisol field was recharged by irrigation

tends its validity to clayey soils in semi-arid environments. Wwater during a single irrigation season. Baram et al. (2012a)
showed rapid (within hours) increases in sediment water con-

tent in deep sections=(12 m) of a clayey vadose zone, fol-
lowing intensive rain events and short duration flooding on
the land surface.
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Evaporation of water from sediment profiles has been rel-(Weisbrod et al., 2000; Weisbrod and Dragila, 2006). In the
atively well studied over the years. Salt buildup and iso- fracture void, the air replacement rate by convection and its
topic enrichment of water stable isotopes (deuteridh)(  consequent water vapor flux potential out of the fracture void
and oxygen-18'€0)) in the sediments near the land surface were found to be orders of magnitude faster than the wa-
due to evaporation have been observed in many studies, irter replacement rate by water flow in the sediment matrix
cluding column experiments and field observations of unsatsurrounding the fracture void. Due to the fast air exchange
urated soils (Allison et al., 1983, 1985; Barnes and Allison, rate, resulting from nighttime thermal convection, air humid-
1988; Nativ et al., 1995, 1997; Scanlon et al., 1997; Scanlority within the fracture void is likely to be similar to the hu-
and Goldsmith 1997; Gazis and Feng, 2004, and citationsnidity in the atmospheric air during the night (Nachshon
within; Kurtzman and Scanlon, 2011). In arid and semi-aridet al., 2008; Weisbrod et al., 2009). During the day, wind-
environments, the annual evapotranspiration potentials arenduced convection can also result in enhanced fracture void-
higher than the annual precipitation levels (Scanlon et al.atmosphere air circulation (Nachshon et al., 2012). The re-
1997). In such environments, the high evapotranspiration pomoval of water vapor (as humidity) from the fracture void
tentials minimize the deep percolation and lead to the accudries the sediment surrounding crack walls which leads to the
mulation of salts in the upper unsaturated zone (Allison et al. development of a capillary gradient and advective pore-water
1985; Sharma and Hughes, 1985; Scanlon, 1991). Accordflow from the wetter zones of the sediment matrix toward the
ingly, chloride (CI") concentrations have been used to quan-drier fracture surfaces. This study aims to assess the hypoth-
tify moisture fluxes in the field (Sharma and Hughes, 1985;esis that a similar phenomenon can occur in clay soils due to
Scanlon, 1991; Scanlon and Goldsmith, 1997). Kurtzmanthe formation of desiccation cracks.
and Scanlon (2011) compared Ctoncentration profiles The objective of this study is to asses the impact of desic-
taken from the clayey vadose zone beneath both cultivate@ation cracks in clay sediment in a semi-arid environment on
and uncultivated Vertisol. They observed a significant accu-subsurface evaporation and salinization processes. The study
mulation of CI in the vadose zone under the uncultivated was conducted through a detailed investigation of the interre-
plot. Using flow simulations, they concluded that the ma- lations between (a) water infiltration mechanisms, (b) distri-
trix infiltration rates under the uncultivated plots were much bution of solute concentration across the vadose zone profile,
lower than the ones under the cultivated plots and that theand (c) stable isotope compositioi{0, §2H) of water and
uncultivated plots enabled rapid freshwater recharge througlsediment samples across a clayey vadose zone in the vicin-
discrete preferential paths. Nativ et al. (1995, 1997) studiedty of a wastewater source. The study was conducted in the
groundwater recharge under fractured chalk in an arid aredramework of a research project on the impact of dairy farms’
They proposed, based on chemical and isotopic data, that waste storage ponds on groundwater recharge.
small portion of the rainwater percolates downward through
the matrix, while a larger percentage of the percolating wa-
ter moves through preferential pathways in fractures. They) Materials and methods
found that the water flowing through the fractures was typ-
ically not exposed to evaporation, and that it penetrated the.1  Study area
matrix across the fracture walls, depleting the stable isotopic
composition and diluting the salt concentrations across thelhe study area is located in the Beer Tuvia region (48)km
unsaturated zone. above the southern part of the Coastal Aquifer in Israel.

While fractures in the vadose zone are usually consid-This phreatic aquifer is composed mainly of sand and cal-
ered as preferential flow paths that serve mainly as watecareous sandstone of the Pleistocene age, and is overlaid by
conduits for deep and fast water percolation (Dahan et al.clay that originated from swamps or riverbeds. The thick-
1999, 2000; Zhou et al., 2006; Ireson et al., 2009), recenness of the clay layer can vary from several centimeters
studies have shown that they can serve as air conduits thad several meters (up to 20m) within a distance of sev-
enhance aeration and water evaporation in deep sections efal hundred meters (Issar, 1968). The climate is Mediter-
the vadose zone (Nachshon et al., 2008; Kamai et al., 200%anean with a hot (243C on average) and dry summer and
Weisbrod et al., 2009). It has been shown that, in arid en-a cooler (14.2C on average) rainy winter (November to
vironments, the density gradients between the air within aMarch). The mean annual precipitatiomis450 mm, which
fracture void (light, wet and warm air) and the atmosphericfalls mostly through 5-8 rainy episodes. The average yearly
air (cooler, drier and heavier (denser)) trigger air convectionevaporation potential is 1725 mm (using a class-A pan; data
within the void, which enhances water evaporation and saltavailable athttp://www.ims.gov.il/IMSEng/Meteorologika/
accumulation in the sediment surrounding the fracture wallsevaporation+Tub/monthly+daj)a/ Groundwater is mainly
(Weisbrod and Dragila, 2006; Kamai et al., 2009). It was fur- recharged by percolation of seasonal rainwater and agricul-
ther suggested that preferential infiltration of water duringtural return flow from irrigated fields. Over the past 60 yr the
rain storms flushes down the solutes that have accumulatedrea has been intensively cultivated, and since the 1990s,
on the fracture walls and induces groundwater salinizationit has hosted approximately 12500 lactating cows in 140
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dairy farms. Throughout the past five decades, the aver-
age Ct concentration in the groundwater in the Beer Tu-
via region has increased from200 mg L in the 1930s to
> 600 mg L1 today (Weinberger, 2007).

This research was conducted in a dairy farm representa-
tive of the area that has 60 dairy cows and 30 heifers and

Water content (m3 m's)

; oo 00 02 04 06 00 02 04 06
calves. Discharges of wastewater and liquid manure from the 0 | | | | | |
farm (about 7 Md—1) are stored on site in a single-stage un- ' ' Eﬁ—im : o — ®
lined earthen storage pone 00 n? and 1 m deep) without B HH-— | B o = 1
specific maintenance procedures, such as drainage or solid 5 -+ = = -
removal. Overflow from the pond continuously flows into a ; - .
waste channek{ 2 m wide, 1 m deep and 200 m long). Both ~ 10 | I-O|_4Q::_| i

the waste storage pond and the channel are flooded with qué
uid manure year-round. The dairy farm has operated under‘%_ ]
very similar conditions from the late 1960s until today. ] 15
The stratigraphy underlying the waste pond is clay (0—6 m)
overlaying sandy loam (6—8 m), and then calcareous sand-
stone & 8 m). The stratigraphy underlying the liquid waste
channel is clay (0-12m) overlaying calcareous sandstone i
(Fig. 1). The water table at the study site is located 47 m o5 il Waste pond banks
below the surface (b.l.s.). The particle-size distribution of —IClay
the local top clay is 26 % sand, 22 % silt, and 52 % clay, of
which 90 % are illite-smectite minerals (Baram et al., 2012a).Fig. 1. Water content profiles under the waste channel and its mar-
Major and minor desiccation cracks (aperturd mm and gins and under the waste storage pond and its banks. Results are
<1 mm, respectively) form a desiccation-crack network thatp_re;ented as averages, and the horizontal bars are the standard de-
crosses the entire clay layer and remains open and hydraulﬂ'at'on between all the measurements (2007-2011) made by each
cally active year-round, even under relatively high water con-"PTR probe.
tent & 0.50 m? m~3) (the method in which the major desic-
cation cracks were surveyed can be found in Baram et al.,
2012a) (Fig. 2). The major desiccation cracks create poly-193126). Detailed descriptions of the VMSs’ setup and the
gons with average dimensions ab 0.7 m?, separated by monitoring probes used in this study can be found in previous
cracks with an average aperture 0095+ 0.017m and an  publications by Baram et al. (2012a, b). Generally, one VMS
average depth, in which the aperture of the crack is greatewas installed from the pond margins towards its center, and

aste pond H

than 0.006 m, of 5+ 0.19 m. two additional VMSs were installed under the waste channel
and its margins (Fig. 3 and Table 1). Pore-water samples, vol-
2.2 Monitoring, sampling and analysis umetric water content and temperature measurements were

taken down to a depth of 30.5m below land surface (b.l.s.)
The hydrological processes in the unsaturated zone in the enunder the waste storage pond, to a depth of 3.5mb.l.s. un-
tire waste pond area (center, banks and margins) were studler the pond margins and to a depth of 21 m b.l.s. under both
ied using three independent vadose-zone monitoring systenthe waste channel and its margins. The infiltrating wastew-
(VMSs), as well as sediment sampling, using various drilling ater was sampled at the interface between the bottom of the
techniques (bucket-augers and direct push coring methodsyvaste storage pond and the underlying sediments using con-
The VMS is designed to collect in situ real-time continuous ventional suction lysimeters.
measurements of the water contents and the temperatures in The volumetric water content of the sediment in the va-
the vadose zone, using flexible time domain reflectometrydose zone was measured every 60 min during the dry sea-
probes (FTDRs) and thermocouples, respectively, and to alson (April-October) and every 15 min during the wet season
low frequent sampling of the sediment pore water, using va{November—March). The volumetric water content in the up-
dose zone sampling ports (VSPs) (Dahan et al., 2007, 200§er clay sediment under the waste storage pond was evalu-
2009; Rimon et al., 2007, 2011). The VSPs are essentiallyated once a year using sediment core samples as described in
suction lysimeters that have been modified for operation withBaram et al. (2012b). The temperature profile along the des-
the VMS in deep sections of the vadose zone. Pore-wateiccation crack void and along the sediment profile was mea-
sampling from unsaturated sediments is achieved by creatingured every 10 and 60 min, respectively. Rainwater was col-
hydraulic continuity between the sediment and the samplindected in a PVC cylinder (4 cm i.ck 30 cm) filled with 2cm
cell using a flexible porous interface (Dahan et al., 2009;0f liquid paraffin (Floris, Israel), and sampled once a month
Patents # US 6,956,381; US 12/222,069; EP 07706061.4; Ilto represent the average isotopi¢®O, §2H) values. Water
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Fig. 2. Desiccation cracks at the study site. Fig. 3. Schematic side-view illustration of the vadose-zone moni-

toring system (VMS) installed under the waste storage pond, waste

samples from the waste sources (pond and channel) and froghannel and the waste channel margajsand front view (A-A) of
the vadose zone were collected every 6 to 12 weeks. Watethe VMS installed under the channel and its margbjs(modified
samples for major ions were stored in polypropylene bottlesTom Baram et al., 2012a).
and kept on ice until they reached the laboratogyl@ h),
where they were filtered (45 pm glass fiber filter) and kept at(§180-H,0, §2H-H,0) in the rain, wastewater, pore water
4°C until analysis & 2 weeks). Water samples for isotopic and sediment samples were measured in the laboratory of the
analysis were taken between January 2011 and May 2013Albert Ludwigs University of Freiburg, by the 3®iquid)—
and placed in 2mL (12 32 mm) screw-top borosilicate glass H2Ovapor) €quilibration and the tunable laser-spectrometry
vials cupped by closures with silicone septa until analysismethodology (detailed description of the method can be
(Fisher Scientific, Catalog No. 03-391-8 and No. 03-391-14,found in Garvelmann et al., 2012). A two-point calibration
respectively). for the §780 ands2H values in the samples was preformed

Sediment sampling for the determination of the isotopic with standards in clay matrix from the same site, in loam and
composition of the bulk pore water in the vadose zone wasn sand. The overall analytical error, including uncertainties
performed using a direct push coring machine (PowerProbdrom the sampling, transport and sample preparation during
9700-VTR AMS, American Falls, ID, USA) equipped with equilibration, is 0.5 %. fo5180 and 2.5 %o fos2H.
a 0.06 m-i.d. dual tube piston sampler (5005.74; AMS) and To evaluate the potential for thermally triggered air con-
a single-use 0.035m-i.d. PVC liner (5006.427; AMS). Sedi- vection within the desiccation cracks, the air temperatures
ment core samples were taken from three locations: (a) undewithin the voids of three neighboring desiccation cracks were
an undisturbed plot which is unaffected by the waste sourcesneasured using thermocouples (copper-constantan thermo-
representing the background; (b) 3m away from the wastecouples; PP-T-24 Omega, Stamford, CT, USA), similar to
source, representing an area that is seldom subjected to floothe ones installed on the VMSs. The thermocouples were
ing by wastewater overflows; and (c) under the center of thanstalled in the desiccation crack voids from the land sur-
waste channel. The core samples were taken at the end d¢&ce to a depth of 0.7 mb.l.s. in 0.1 m intervals. All the mon-
the dry summer (October 2010, following the last precipita- itoring sensors (thermocouples and FTDRS) were operated
tion event in March 2010) and at the end of the wet winter with Campbell Scientific (Logan, UT, USA) data acquisition
(April 2011), in which 0.325m of rain had precipitated, and and logging instruments, including a CR10X data-logger,
eight days after a 0.03 m rain event. At each sampling eventTDR100 and AM16/32 and SDM50 multiplexers.
cores were taken to a depth of 8-10mb.l.s. At the end of Potential evaporation due to thermally driven air convec-
the winter, sediment samples were also taken from the uppetion in the desiccation cracks was calculated on the basis of a
0.3 m of the sediment profile using a garden hand shovel. Altheory that was previously developed by Weisbrod and Drag-
cores were immediately dissected into 0.1 m slices, placed ifla (2006) and Nachshon et al. (2008). In general, the calcu-
aluminum-coated bags and sealed to avoid water losses. Duations simplify the complex natural systems and assume that
to compaction during direct push coring, the upper sampleevaporation occurs from the desiccation cracks’ walls and
(0-1.2 m) was not dissected. the land surface. As such, the theory simplifies the natural

Chloride (CI") concentrations were determined within system and does not take into account a reduction in veloc-
two weeks after sampling using an ion-chromatographity due to thermal diffusion, the effect of fracture aperture
(Dionex-4500i, USA). Oxygen and hydrogen isotopes variability, the fracture surface texture or limiting factors
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Table 1. The monitoring setup (modified from Baram et al., 2012a). 3 Results and discussion

For the convenience of readers and proper interpretation of

Monitoring unit depth (m) ’\élé?qetf\i,;?; the results described here, a brief description of the main
vspab  FTprRaC TC29  Sediment samples findings from previous stages of this study are presented
o Pond sludge 14 here. Baram et al. (2012a) showed that water percolation
_ through the clay sediments in the vicinity of a waste source
Vadolsg zone underlying the W?j;e storage pond - is controlled by two main processes: (a) continuous slow in-
24 Claz 21 filtration from the bottom of the waste source through the
6.5 6 5.9 Clay 9 clay matrix (flux rate of a few millimeters per day), and (b)
105 9.9 Calcareous sandstone fast percolation of rain and wastewater through desiccation
155 15 149 Calcareous sandstone 23 cracks in velocities exceeding several meters per hour, to a
305 30 299 Calcareous sandstone 19 depth exceeding 10 m. Following these hydrological findings
Vadose zone underlying the waste storage pond margins and observations on the bio-chemical characteristics of the
109 Cly subsurface (Baram et al., 2012b; Sher et al., 2012), the sub-
Vadose zone underlying the waste storage pond banks surface around the waste source was divided into three main
2.5 2 19 Cly 13 zones: (a) the center of the permanently flooded waste pond
35 3 2.9 Clay 14 (away from the banks). This area is subjected mainly to slow
Vadose zone underlying the waste channel water percolation from the pond bottom. In this zone, sedi-
i-g é; i-i g:gy g ment water content is relatively constant and low, reaching
P : 64 Cla))// ; only ~0.40 P m~2 (70 % saturation) (Fig. 1 waste pond).
87 8.1 8.6 Clay 7 (b) The waste source banks. This area is located under the
10.7 10.2  10.6 Clay 7 edges of the waste source where the dominant flow mech-
14.0 135 13.9 Calcareous sandstone 7 anism is controlled by preferential flow through desiccation
21.3 198 21.2  Calcareous sandstone 4 cracks. In this respect, the waste channel is considered as
Vadose zone underlying the waste channel margins two neighboring waste source banks. The vadose zone in this
2.3 16 22 Cly 4 region is subjected to frequent infiltration events of wastew-
g:g 2:8 g’j g::z g ater due to fluctuations in the wastewater level, as well as to
8.4 79 83 Clay 4 rainwater infiltration during the winter time. The clay sedi-
10.5 10.0 104 Clay 4 ment profile underlying the waste source banks was found to

13.8 13.3  13.7 Calcareous sandstone 4 be consistently wetter than all the other regions of the pond,
211 206 210 Calcareous sandstone reaching~ 0.55 n® m~3 (90 % saturation) (Fig. 1 waste pond
aDepth measured relative to the land surface at eachPsitdiose zone pore-water banks and waste Channel)- (C) The waste pond margins. This
sampling port? flexible time domain reflectometry protféthermocouple. area is located several meters away from the waste source. It
is subjected mainly to rainwater, but also to occasional occur-
such as the transport of the pore water from the sediment marences of flooding by wastewater. Infiltration in this area is
trix to the crack walls. We assumed that the atmospheric aipredominantly controlled by preferential flow via desiccation
becomes water saturated (relative humidity of 100 %) imme-crack networks, and the sediment water content in this area
diately as it enters the crack void, and that once convectioris relatively low, reaching only- 0.30 ? m—2 (45 % satura-
is initiated, the entry of cool dry fingers of atmospheric air tion) (Fig. 1 waste channel margins).
and the venting of the crack will continue until atmospheric
warming would reverse the thermal gradient in the crack3.1 Stable isotope composition
(typically right after sunrise; Weisbrod et al., 2009). Detailed
descriptions of the equations we used can be found in th&.1.1 Vadose zone under the background area
supporting information. It should be clarified that actual wa-
ter vapor loss, due to convection, depends on the water vapdProfiles of water stable isotopes’fO and §2H) in sedi-
pressure differences between the atmospheric and the fracnent samples from the background site (an area that is not
ture air. As the thermal gradient increases and, subsequentlinfluenced by wastewater) during the end of the dry sum-
convective fluxes, the limiting factor becomes the ability of mer exhibited uniform values, from near land surface to a
the matrix to provide water vapor to the fracture air (Kamai etdepth of 8 mb.l.s. 480 —2 and$§?H —5 %) (Fig. 4a and
al., 2009; Weisbrod et al., 2009). Kamai et al. (2009) showedb). The § values of this profile are significantly enriched
that at a temperature difference (defthof 10°C, the water ~ compared to the rainwater valued§0 —4.6 + 0.7 ands?H
vapor loss due to thermal convection is at a maximum, and-19.1+4.8 %0,n = 7, each-representing an average value for
increasing delt&l’ will not result in increased water vapor the 0.225 m of rain sampled, out of the 0.325 m of precipita-
loss. tion during the 2010-2011 winter). Such enrichment in the
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8-values suggests that the infiltrating rainwater is subjected 50 (s relative to V-SMOW) 3H (%o relative to V-SMOW)
to evaporation from the soil profile (Allison etal., 1983). To- , ® 4 2 © 2 4 0% 20 10 o0 10 20
wards the end of the wet winter, the isotopic profile showed L '”.*- Background * o 1
a clear trend of shifting from depleted rainwater values, near 2- ) F % r
the land surface, to enriched/evaporated values at a depth o§ i 1. i % 7
~3.5mb.l.s. §:80 —1.2%0 ands®H —5.7 %) (Fig. 4a and  § | p: 1 % I
b). This trend of near-surface depletion implies that a signif- - .g. L j
icant amount of rainwater percolated to the upper layers of g *e 10, & b7
the unsaturated zone<(L m) during the wet winter. Below ] ] '472 P
3.5m, thes180 ands?H values fluctuated betweenl.7 and h Mg = [Wastopond 8 channel] = I
—2.9%0 and between-5.1 to —7.2 %o, respectively. These 21 E,,:;' T ge
fluctuations in thes-values, at the deeper parts of the sedi- € | o i e |
ment profile, suggest subsurface mixture between depletecg | da" | g ,
rainwater that percolated deep into the vadose zone via ¢ s Jee - o r
preferential flow path and the ambient enriched/evaporated ¢ =~ &% L e d]
water (Nativ et al., 1995, 1997). The assumption that the . e ;;Vﬂ; . M
fluctuations in thes-values resulted from deep water infil- - T, W (Margin T vy,
tration through a preferential flow path is supported by the *7 v ¥ . T oo N r
study of Baram et al. (2012a), which demonstrated thata nat-% , | 7 i v i
urally formed desiccation crack network in the clay serves & | H’* L :f'“v
as deep £ 12 m) preferential flow paths for rainwater infil- 61 o T P r
tration. Fluctuations in the isotopic profile during the win- -‘e‘ . R AP l'v‘ ‘ f-
ter, which then evened out during the summer, could have Eackomur MamimeBanialPond
resulted from both slow water redistribution into the matrix = e B

. . . . Summer Sediment sample ° v .
(smoothing effect) of the preferentially propagating rainwa- X Wastewater X _Rainwater

ter, and deep> 3m) subsurface evaporation (enrichment). _ 4. 5180 ands2H in rai di
These differences between the summer and winter profiles 4r9- 4 anda®H In rainwater, wastewater, pore water and in

. . undisturbed sediment samples from the vadose zone underlying the
the background site differ from the normally observed saw-

. undisturbed background site, b), permanently flooded waste pond
tooth pattern of evaporated (enriched) summer values and ury, channelq d) and waste source margins f). The top sample

evaporated (depleted) winter values along the vadose zon@presents an average value for the 0-1.2m depth, section. Values

(DePaolo et al., 2004). Unlike in a sawtooth pattern wherefor the depths of 0-0.3 m were obtained only at the end of the winter,
the differences in thé-values can be used to estimate yearly from sediment samples taken by a garden hand shovel.

recharge (Garvelmann et al., 2012), here the isotopic profile

from the end of the winter represents mixing between the

ambient enriched water (from the end of the summer) andHughes, 1985; Fontes et al., 1986; DePaolo et al., 2004),

the fresh depleted rainwater that preferentially propagatesvhich fits the relative humidity during the nighttime at the

through the desiccation cracks into deeper parts of the vastudy site fittp://www.ims.gov.il/IMSEng/CLIMATE. The

dose zone. vadose zone water line also indicates that the evaporation
Presenting the relation betwe&fH ands'80 (in as?H-  was not limited by the diffusive movement of water and va-

3180 plane) of all the sediment samples from the backgroundpor through a dry soil layer, since in such cases, the slope is

site, during the winter and summer, indicates a clear shifthormally smaller than 3.5-3.2 (Allison et al., 1983).

from the average rainwater values on the local meteoric water

line (slope of 7.06) to subsurface values on the vadose zon8.1.2 Vadose zone under the waste pond area

water line (slope of 4.45) (Fig. 5). While the samples from

the winter demonstrate a shift with depth from the meteoricThe water stable isotope composition in sediment samples

water line towards enriched and evaporated values, which arand in pore water collected from the vadose zone under

located further below the meteoric water line (winter valuesthe waste source area (waste pond and channel) exhibited

depths of 0 to 3m vs. depths3 m, Fig. 5), the entire sum- a trend of gradual depletion with depth, from the wastewa-

mer profile presents enriched and evaporated values conter values near the land surfadgd80 2.5+ 0.8 %o ands?H

pared to both the rain and the meteoric water line (summe20.142.7 %o, n = 3, each) to depleted values-fO ~ —2 %o

values, Fig. 5). Such an isotopic shift from the rain valuesand §°H ~ —5%o) at depths of 3.5m and deeper (Fig. 4c

and the meteoric water line is indicative of subsurface evap-and d). Unlike isotopic enrichment that may be attributed

oration. The slope of the vadose zone water line indicatego evaporation, isotopic depletion of a water source is usu-

that the evaporation occurs at relatively high humidity (70 %) ally attributed to mixture with a more depleted water source

(Allison et al., 1983; Barnes and Allison, 1983; Sharma and(Nativ et al., 1995, 1997). Accordingly, the observed trend
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10 through the desiccation cracks formed at the banks and mar-
I gins of the pond, and the enriched wastewater that perco-
s 57 Local meteoric water line lates through the matrix. This assumption is supported by
S o §7H=7.06570 + 15.01 Baram et al. (2012a), which demonstrated the dominance
g of deep preferential rainwater infiltration through desicca-
o 51 tion crack networks. Nativ et al. (1995, 1997) proposed a
g similar mechanism to explain subsurface depletion of en-
% 107 riched (surface-evaporated) matrix water with depleted rain-
;s 15 4 water that preferentially infiltrated through rock (chalk) frac-
; Vadose zone water-line tures. In this study, the subsurface mixing process seems to
-20 + =50 0285 be significant down to~ 3mb.l.s. (Fig. 4c, d); below that
I depth, theS-values reach a steady state and resemble the ones
25 5 '4 '3 ' '2 ‘ '1 0 at the margins and background (Fig. 4). Other mechanisms,
) st (%o-rel ative to \-/_SMOW) ) such as subsurface mixing between enriched infiltrating wa-
ter and the capillary rise of depleted shallow groundwater
o oummer®lm 8 Summeri2m @ Summer23m @ Summerdm or near/on-surface evaporation of a subsurface-depleted wa-
ummer 4-5m @ Summer>5m A  Winter 0-1m O Winter 1-2m .. .
& Winter23m O Winter34m @ Winter45m @ Winter >5m ter source, may lead to a similar trend of gradual depletion
W Rainwater in s-values with depth. Yet, these mechanisms are consid-

ered irrelevant for this site where the water table is located
t 47 mb.l.s. and the land surface is permanently covered by
wastewater.

An additional example of preferential infiltration of rain-
water into deep sections of the vadose zone can be seen in
Fig. 4c and e, where th&!80 values of pore-water sam-
of depletion with depth under the waste source representples (collected by the VMS) from the margins and from
a mixing process between the two water sources that inthe deep profile under the banks (4.3 and 6.3mb.l.s.) are
filtrate into the vadose zone in the area: (a) wastewatermore depleted and closer to the rainwater values. One should
which slowly infiltrates from the permanently flooded waste note that the VSPs at the margins yielded pore-water sam-
source’s bed, characterized by enriched (heavier) isotopiples mainly following intense rain events, which led to deep
composition (Fig. 4c and d); and (b) rainwater, which infil- rainwater infiltration and increased the water content of the
trates down the desiccation cracks from the banks and marlay sediment % 0.35n? m~3) (Baram et al., 2012a). This
gins of the waste source, characterized by depleted (lighterjelationship between the ability to sample pore water from
isotopic composition (see Sect. 3.1.1 background) (Fig. 4&he relatively dry clay sediments and the deep infiltration
and b). Thes-values and the trend of the profile from the of rainwater, along with the observation made by Landon
margins of the waste source resemble those obtained froret al. (1999) on the higher proportion of more mobile water
the background (Fig. 4e and f vs. Fig. 4a and b), implying (15-95 %) in suction lysimeter samples compared with sam-
that the dominant infiltration and evaporation processes ocples from sediment cores (5-80 %) at the same depth, can
curring at the margins are similar to those observed at theexplain the consistently lighter composition of the “mobile”
background. Nevertheless, closer examination of the propore-water samples compared to the clay matrix water sam-
files from the margins reveals higher fluctuations for both ples. These differences, along with the deplet&D values
enriched and depleted values, suggesting some influence abserved in sediment of the vadose zone (5.5 and 7.2m un-
occasional preferential wastewater infiltrations during pondder the background plot and 5—-6 m under the pond margins,
overflows (Baram et al., 2012b). An outlier, of highly de- Fig. 4a and e, respectively), demonstrate a substantial deep
pleteds?H values, was observed between 0.1 to 0.4 m unde(> 7 m) recharge of rainwater during the wet winter and a re-
the pond (Fig. 4d). Such highly depleted values may have redistribution into the drier matrix (summer values, Fig. 4a, b,
sulted from the presence of isotopically different moleculese and f).

(such as hydrogen sulfide §8), methane (Ck) and hydro-

gen gas (H)), which were detected in the sediment sam- 3.2 Soluble salt accumulation in the vadose zone

ples (unpublished lab measurements using gas analyzer), and

are known byproducts of the microbial anaerobic respirationChloride concentration profiles in sediment pore water (col-
of proteins found in the manure (Gerardi, 2003). Accord- lected using the VMS) under all sites surrounding the waste
ingly, theses values were not taken into account in the obsource exhibited a dramatic increase with depth (Fig. 6).
served trends and ratios. We suggest that the trend of depléFhe concentrations ranged from1600 mg L=t in the in-

tion with depth (Fig. 4c, d) is an outcome of subsurface mix-filtrating wastewater to a very high concentration reaching
ing between preferential infiltrations of depleted rainwater, 11 500 mg L=1 at a depth of 6.4 m under the channel margins.

Fig. 5. 8180 vs.§2H in rainwater and sediment samples from the
vadose zone under the background site. Local meteoric water line i
based on the data presented in the work of Asaf et al. (2004).
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Cl(mg L™ root zone, the chloride concentrations remained unchanged,
0 2000 4000 6000 8000 10000 12000 indicating piston flow of a single water source under steady
| , state conditions (Gardner, 1967). However, in the work of

0 —a L . o . .
@.H —Oo— Kurtz_ma_n and Scanlon (2011) and in this wor_k, increasing
- ——&—+H—0— salinization was observed to a depth-e#f m, while signif-
® o— ;
- oo icant root water uptake by the natural annual shallow-rooted
10 1 05— vegetation (maximum 1 m below the surface, mainialva
€ | —e—+H—0— sylvestrisand Malva nicaeensjscould only account for in-
g - creasing salinization down to 1 m. To overcome this prob-
S 20 lem, Kurtzman and Scanlon (2011) attributed water loss be-
= ¢ low 1 m to deep subsurface evaporation (simulated with the
r root-water-uptake sink term in the Richards equation using
O Waste channel margins the Hydrus1D code). However, they did not provide a mech-
30 i @ Waste channel and pond bank . . . . .
B Waste storage pond anism that can explain such deep evaporation or isotopic val-
ues to support this assumption. The"@rofiles (Fig. 6),

along with the isotopic composition (Fig. 4) and the slope

Fig. 6. Vertical distribution of Ct" concentrations in pore water th d ter I Fio. 5) indicate d b
from the vadose zone beneath the waste channel margins, the was?é e vadose zone water line (Fig. 5), indicate deep subsur-

channel and storage pond banks, and the storage pond. Results dR¢€ evaporation, especially since root water uptake does not

presented as averages, and the horizontal bars are the standard @fect the isotopic ratio of the infiltrating water (Allison et al.,
viation between all the water samples collected by each VSP (Tal1983; Dawson and Ehleringer, 1991; Thorburn et al., 1993).

ble 1).

3.3 Subsurface evaporation and salinization of

clay sediments

Under the waste pond, a relatively large surface area that is
permanently covered by wastewater, the €bncentration = Temperature measurements in the desiccation crack void to
increased in the clay profile to 4000 mg L%, which then  a depth of 0.6 m at the site indicated daily oscillations of the
maintained a relatively constant concentration up to the wathermal gradient between the land surface and the subsurface
ter table at 47 mb.l.s. (Fig. 6). Further, under the pond bankgFig. 7). The thermal gradient was created by the daily tem-
and under the channel (an area that is considered as two properature fluctuations. The air inside the deeper sections of the
imate banks), the Clconcentration increased down through cracks is warmer than the air at the land surfate-(5°C)
the clay profile up to~ 8000 mg L= at a depth of 9m. The  during the nighttime (6 p.m. to 6a.m. LT), and the gradient
most substantial increase in chloride concentration occurredeverses during the daytime (6 a.m. to 6 p.m. LT). Measure-
within the upper 7 m of the clayey vadose zone at the channefnents of the temperature along the sediment profile (matrix)
margins, where the concentration was 5.5 fold higher tharfrom the land surface down to 6 mb.l.s. (using the thermo-
the concentration in the infiltrating wastewater (Fig. 6). In couples on the VMSs; Table 1) showed very small daily os-
this study, the increase in Clconcentration, with respect to cillations and clear seasonal trends (unpublished field obser-
the known water source (wastewater), could not be attributediations). The differences between the temperature of the at-
to the dissolution of soluble salts from the vadose zone, duanospheric air and the temperature of the matrix (down to
to their low concentrations in the natural undisturbed sedi-6 mb.l.s.) were most significant during the winter 10°C,
ment in the area. A similar trend of increasing salinization extending down to 6 mb.l.s.) and were smaller, but still sig-
with depth was observed to depths of 1 to 4 m in natural en-nificant, during the summer (July—September)2(°C, ex-
vironments composed of different sediment types, such asending down to 1.5-2.5mb.l.s.). Weisbrod et al. (2000),
calcrete plains, sands, and sandy to sandy loam maliee ( Weisbrod and Dragila (2006) and Kamai et al. (2009) demon-
calyptusspp.) woodland (Allison et al., 1985; Cook et al., strated evaporation and salt buildup in fractured rocks, due to
1989; Scanlon et al., 2007), silty to gravelly loam shrub landthermally driven convective air flow in fracture voids. More
(Scanlon, 1991), and in natural uncultivated cracking claysresearch is needed to quantitatively link between the ther-
(Radford et al., 2009). In all cases, the"Qbuildup along  mal gradient in the field and the depth and magnitude of the
the profile reflected the enrichment of atmospherically de-thermal convection. Baram et al. (2012a, b) showed that the
rived CI~ due to evaporation and root water uptake (transpi-desiccation crack network in the clay sediment at the vicin-
ration) by the natural vegetation, which resulted in minimal ity of the waste source is hydraulically active and open year-
downward matrix flux (several mmyt) and a long passage round. Accordingly, the daily oscillation in the thermal gra-
time in the vadose zone. In these studies, the @ncen-  dient across the desiccation network may well promote sub-
trations increased monotonically throughout the root zonesurface evaporation processes deep into the vadose zone. It
until reaching a peak at the maximal depth reached by thes possible that the higher variability in the oxygen signa-
roots of the natural vegetation. Beneath the bottom of theture near the end of the winter, compared to the signature at
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40 of deep preferential infiltration of rainwater and wastewater
, (Baram et al., 2012a), enhance the capillary gradient between
A \ the sediment in the polygon and the drier sediment near the
' walls of the cracks, and enable substantial water loss and salt
accumulation due to thermally driven air convection (evap-
oration). On the other hand, under the pond banks, there is
a continuous supply of saltier water (wastewater) from the

‘ \ wet sediment to the drier sediment near the desiccation crack
\-\/ \/ | surfaces (mainly at the margins). This continuous water sup-
S l

’—Land surface ==-0.1m —-0.2m —-0.4m —--0.5 m——O.Gm‘

w
o
1

Temperature (°C)
N
o
\

ply prevents the drying of the sediment and the transition to

\/ diffusive evaporation through a dry soil layer, maintains the
0 ) potential for convective evaporation in the cracks, and allows
1 : | : I : 1 : substantial accumulation of salts in the deep vadose zone.
24 Feb 25 Feb 26 Feb 27 Feb 28 Feb Water infiltration through preferential flow paths created
Fig. 7. Daily fluctuations in the temperature profile inside desicca- by the desiccation CraCks_ d%‘“”g intensive rain or flooding
tion cracks at the study site. Each line represents a different temEVENtS transports and redistributes salt that has been accumu-
perature sensor and its depth, relative to the land surface. Note thigited in the fractured clay during the evaporative phases deep
unstable conditions (cold air above warm air) that develop in theinto the subsurface. Dissolved salts may be transported by
cracks every night. the percolating water, both vertically and laterally, follow-
ing the cracks’ orientation and the governing flow mecha-
nism. While preferential flow along the crack walls may dis-
the end of the summer (Fig. 4a, c and e), also reflects deepesolve and flush down salts directly into the deep vadose zone,
evaporation during the winter, when the thermal gradients areedistribution of the infiltrating water into the clay matrix
steeper and deeper. Such processes are more significant raty flush down salts from the matrix surrounding the cracks
the pond margins where the desiccation crack networks aréo the deeper sections of the vadose zone, via a gravity-
fully developed and the wet sediment under the pond or chandriven, piston-like matrix flow. Solute redistribution in the
nel provides a continuous source of moisture for evaporationvadose zone due to vertical and lateral preferential trans-
The continuous exposure of the clay sediment at the subsuiport of fresher water has been previously reported in frac-
face to evaporation explains the observed gradual increase itured rocks (Nativ et al., 1995; Weisbrod et al., 2000) and in
Cl~ concentration and the enrichment in the isotopic signa-soils (Allison et al., 1985; Cook et al., 1989; DePaolo et al.,
ture of§180 ands2H with depth. Moreover, subsurface evap- 2004). Accordingly, the increases in salinity with the depth
oration provides an explanation as to why the slope of theof the sediments underlying the waste pond (freMi600
vadose zone water line is not indicative for diffusive evapo-to ~ 4000 mgL-1), the pond banks and waste channel (from
ration. ~1600 to~ 8000 mg L-1), and the channel margins (from
A comparison between the Clconcentrations under the ~ 1600 to~ 9000 mg L=1) (Fig. 6) can be attributed to the
margins (10000mg L-%; Fig. 6) and the Cl concentra- lateral transport of saline solution from the evaporative zones
tions under natural undisturbed clays in the near regiomat the margins to the less evaporative zones underlying the
(4000-5500 mg L1, Kurtzman and Scanlon, 2011) showed permanently flooded regions. Evidence for the existence of
that the concentrations under the pond banks and marginactive desiccation crack networks under the permanently
are up to twofold higher. We suggest that these differencedlooded pond and channel at this site were previously re-
reflect the difference in both the Clconcentration of the ported by Baram et al. (2012a, b) and Sher et al. (2012).
infiltrating water source (i.e., rainwater @0 mg L™1; Asaf
et al., 2004) vs. wastewater-(1600 mg L=1)) and the dif- 3.4 Evaporation and deep drainage fluxes
ferences in the water supply to the sediment-air interfaces
along the major desiccation crack voids. Under natural con-The annual water loss from the clayey subsurface under
ditions, throughout most of the year, the unsaturated clay mathe channel and at its banks due to evaporation was esti-
trix is relatively dry (Kurtzman and Scanlon, 2011; Baram et mated using chloride mass balance equations. Accordingly,
al., 2012a), and only a small capillary gradient may exist be-we assumed that the flow and transport processes in the sub-
tween the “dry” sediment matrix away from the cracks (i.e., surface are in a steady statiin+ Jwaste= Jev+ Jgr and
in the center of the polygon) and the drier sediment near the/ainCrain + Jwast€Cwaste= JdrCdr, Where Jwaste and Cyaste
walls of the cracks. Accordingly, only a limited amount of are the yearly wastewater infiltration flux through the chan-
water can flow towards the sediment-air interfaces, along th@el bed (0.875myr!, Baram et al., 2012b) and the ClI
major desiccation crack voids where evaporation occurs. Inconcentration in the infiltrating wastewater (1600 mgL
creases in the sediment water content of the clay matrix in th€Fig. 6), respectively;/rain and Crain are the average yearly
polygon (away from the cracks), following the redistribution precipitation (0.45 myr!; assuming no runoff) and the ClI
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concentration in the rainwater (20 mgt, Asaf et al., 2004),
respectively;Jey is the yearly evaporation flux from the clay o
layer; and/y, andCgy; are the yearly water flux from the base

of the clay layer to the underlying calcareous sand forma- 0 evép@oghor,:nargins wgztieézz'fce
tion. CI~ concentration in the draining water was measured D e 000

as~ 8000 mg L-1; Fig. 6). Based on these assumptions, the (‘—";-« o

yearly evaporation flux from the clay sediment under the it Evj? 5

channel was found to be 1.1 nTyk; indicating that 85 % of ' EYA  Aeration ci=4000 || —
the infiltrating water is lost yearly from the clayey vadose 1 | A » O, --{----»0, 3]
zone due to subsurface evaporation (root water uptake is con- | R % Capillary §
sidered negligible in the vicinity of the waste source). Simul- - § 5 Water flux 2
taneously, the annual drainage flux from the clay layer to the | A o
underlying calcareous sand formatiafy{ was found to be 2 | :(’_, %
0.20myr L. The calculated fluxes were validated using the 5 Cl=6000 (| IV
HYDRUS 1-D version 3 computer program (Simunek et al., 8 Redistribution during S
1998). We performed forward modeling of over 40 yr of con- Bl et ration s S
tinuous infiltration of water to a 30 m deep vadose zone com- = C1=10000

f"
<

posed of homogeneous sandstone layer (using the values for I

sand predicted by the Rosetta lite, v 1.1 embedded in HY- I Dry |Wet

DRUS). A range of constant infiltration fluxes of wastewater - . ¥ 0=35% | 0=55%

were applied at the top boundary (0.05-0.50 mtyrwhile l’ £lsa00

the lower boundary was the water table with zero pressure. 8 l Deep transport T

In the simulations, the water content distribution in the sandy water and pollutants

vadose zone ranged from 0.075 to 0.122m3 (high wa- '

ter contents were in agreement with high infiltration fluxes). Fig. 8. Desiccation-crack-induced-salinization (DCIS) conceptual

The simulations indicated that under an infiltration flux of model.

0.2myr 1, the water content in the sandy vadose zone pro-

file resembled the field observations in the upper part of the

sand layer (0.097 Am~—23, Fig. 1), in agreement with the flux & major fraction (85 %) of the propagating pore water evapo-

calculated from the chloride mass balance. rates from the upper 4 m of the vadose zone at the study site.
Theoretical calculations of water evaporation potential The depth to which thermally driven evaporation can occur

from the vadose zone due to thermally driven convective airin conical-shaped fractures, like desiccation cracks, is still

flow in the desiccation crack voids were performed using theunknown and warrants further research.

equations described in Nachshon et al. (2008) and Weisbrod Evaporation from a water body may be estimated through

and Dragila (2006) (detailed descriptions of the equations aréhe relationship between the initial isotopic values of the wa-

presented in the supporting information). Using the cracks’ter source and the isotopic values of the same water body

dimensions at the site (apertures of 0.003-0.05 m; polygoriollowing evaporation using the Rayleigh distillation equa-

size 10 x 0.7 n?; depth 2m), the daily temperature gradi- tion. However, in order to properly estimate the evaporation

ents (1-3C) and the relative humidity (RH) of the air in based on Rayleigh’s distillation equation, no water can be

the atmosphere and in the cracks (70 % and 100 %, respe@dded to the system throughout the evaporation process. In

tively) at the site, indicated high yearly evaporation poten-this site, we know that this assumption is not valid since: (a)

tials of 0.644—14 900 myr. These calculated values repre- preferentialinfiltration of depleted rainwater reaches the sub-

sent the maximal evaporation potentials for a crack with twosurface and decreases the enriched evaporated values of the

parallel walls when the temperature gradient prevails downambient water and (b) the subsurface values represent a mix-

to 2m below the surface. The calculated values indicate ariure between the ambient enriched water (from the end of the

evaporation potential that is up to four orders of magnitudesummer) and the preferentially infiltrating water.

greater than the yearly infiltration. It is likely that just like

with fractures in chalk, the loss of water from the cracked

clayey subsurface is limited by (1) water transport through4 Conclusions

the clay sediment matrix to the crack surfaces, and (2) the

water vapor concentration of the atmosphere (relative hu-Our observations on increased salinization and isotopic en-

midity) during the nighttime (Weisbrod and Dragila, 2006; richment to depths exceeding 4 m in a clay formation where

Kamai et al., 2009). Accordingly, the slow matrix flow in the infiltration is predominantly controlled by preferential flow

clay sediment and nights with high relative humidity proba- in desiccation cracks shows that thermally driven evaporation

bly limit the evaporation from the subsurface, such that onlyin the deep sections of the vadose zone is a likely mechanism.
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Furthermore, this work expands on previous studies that havelayey soils in semi-arid environments. The long-term perva-
explored evaporation from cracked soil (Adams and Hanksgsiveness of the suggested invading atmospheric plumes and
1964; Adams et al., 1969; Selim and Kirkham, 1970; Ritchie their repeatability from winter to winter may have significant
and Adams, 1974) and provides comprehensive subsurfadenplications for the physical and chemical evolution of frac-
observations and a theoretical framework to explain whytured vadose zones and need to be further explored.

the presence of desiccation cracks increases the total evap-

oration from clay sediment and consequent sediment salin-

ization. Combining observations on (1) rapid and deep wa-Supplementary material related to this article is

ter infiltration through desiccation cracks in clay sedimentsavailable online at: http://www.hydrol-earth-syst-sci.net/
(Baram et al., 2012a), (2) increased sediment salinizatiorll7/1533/2013/hess-17-1533-2013-supplement.pdf

with depth under the waste sources and their margins, (3)

isotopic signaturesfH and §180) of the vadose zone pore

water that indicates subsurface evaporation, (4) transport of

sorptive contaminants to deep sections of the vadose zone _ ) ]
(Armon et al., 2008), and (5) extensive aeration of the Va_AcknoverdgementsWe 'thank MlchaeI_KogeI for his extensw(_e
dose zone, which supports nitrification under anaerobic wate fforts in the construction and operation of the VMS, the dairy

sources with a very high organic load (Baram et al., 2012b; arm owner for allowing us to conduct this research on his farm,
y hig 9 ” ‘Irena Pankratov for her lab work and Ms. Sara Elchanani for fruitful

Sheretal., 2012), has led to the .deve_lopment O,f a Conceptgﬂiscussions. We express special gratitude to Noam Weisbrod for

model, hereafter termed as desiccation-crack-induced salingis helpful suggestions and constructive comments. The work

ization (DCIS) (Fig. 8). was funded by Israel’s Water Authority and by the Israel Science
The DCIS conceptual model suggests that thermallyFoundation (Grant # 141412). Comments and suggestions provided

driven convective air flow in the desiccation cracks inducesby M. Dragila, I. Jolly and an anonymous reviewer helped to

water evaporation in relatively deep sections of the subsursignificantly improve this manuscript.

face (Fig. 8). Under these conditions, capillary flow between

the wet sediment (0.40—-0.6m—3) (high hydraulic poten- ~ Edited by: T. Blume

tial) under the waste sources and the drier sediment (0.25-

0.40m?m~3) (low hydraulic potential) under their margins

is likely to be maintained, allowing continuous water va-

pqr flux from the deSiC(?ation crack network tF’ the Surfac_eAcworth, R. I. and Timms, W. A.: Evidence for connected

(Fig. 8). As a result, high solute concentrations are built \ater processes through smectite-dominated clays at

up in the deep sediment surrounding the crack network. Er- Breeza, New South Wales, Aust. J. Earth Sci., 56, 81-96,

ratic preferential infiltration events that follow intensive rains  doi:10.1080/081200908025419%D09.

and occasional flooding by waste of the waste source bankadams, J. E. and Hanks, S.: Evaporation from soil shrinkage cracks,

and margins transport solutes from the saline sediments sur- Soil Sci. Soc. Am. Pro., 28, 281-284, 1964.

rounding the cracked zone, both vertically and laterally intoAdams, J. E., Ritchie, J. T., Burnett, E., and Fryrear, D. W.: Evapo-

the clayey cross section. These flushing events promote a ration from a simulated soil shrinkage crack, Soil Sci. Soc. Am.

gradual increase with depth of the solute concentration un- Pro., 33, 609-613, 1969. o

der the waste source and its margins. Allison, G. B., Barnes, C. J., and Hughes, M. W.: The distribution

of deuterium and80 in dry soils 2. Experimental, J. Hydrol.,
The DCIS conceptual model was based on a set of sys- 64, 377-397, 1983.

tematic field observations presenting a complex relationshipyjison ¢ B Stone W. J.. and Hughes, M. W.: Recharge in karst

between gas flow, water flow and solute transport in an un- - ang dune elements of a semi-arid landscape as indicated by nat-
saturated clay vadose zone. Assessing the DCIS characteris- yral isotopes and chloride, J. Hydrol., 76, 1-25, 1985.

tics requires further work on simulations that would accountArnon, S., Dahan, O., Elhanany, S., Cohen, K., Pankratov, |.,
for the (1) water flow and solute transport in clay sediment Gross, A., Ronen, Z., Baram, S., and Shore, L. S.: Trans-
where the desiccation cracks’ geometry, as well as the hy- port of testosterone and estrogen from dairy-farm waste la-
draulic properties of the clay matrix, changes dynamically; goons to groundwater, Environ. Sci. Technol., 42, 5521-5526,
(2) the depth and rate to which water losses as vapor flux doi:10.1021/es800784r2008.

from desiccation cracks due to thermally driven evaporatior/*saf. L. Nativ, R., Shain, D., Hassan, M., and Geyer, S.: Controls
can occur; and (3) solute accumulation and redistribution in a " the chemical and isotopic compositions of urban stormwater
flow domain that is controlled by multiple flow mechanisms in a semiarid zone, J. Hydrol., 294, 270293, 2004.

. . . ’ Baram, S., Kurtzman, D., and Dahan, O.: Water percolation through
sych as preferential and matrix flow, as well as multiple flow clayey vadose zone, J. Hydrol., 424-425, 165-171, 2012a.
directions and water sources. The DCIS conceptual modegaram,’ s, Aron, S., Ronen, Z., Kurtzman, D., and Dahan, O.:
supports previous conceptual models on vadose zone and |nfiltration mechanism controls nitrification and denitrification
groundwater salinization in fractured rock in an arid environ-  processes under dairy waste lagoons, J. Environ. Qual., 5, 1623—
ment (Weisbrod and Dragila, 2006) and extends its validity to  1632,doi:10.2134/jeq2012.0012012b.
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