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1] Quantifying moisture fluxes through deep desert soils remains difficult because of the
small magnitude of the fluxes and the lack of 8 comprehensive model to describe flow and

transport through such dry material. A particuler challenge

for such a model is

reproducing both observed matric potential and chloride pmﬁls We propose a
coaceptual model for flow in desert vadose zones that includes isothermal and
nonisothermal vapor transport and the rale of desert vegetation in supporting a net upward
moisture flux below the root zose. Numerical simulations incorporating this conceptual
model match typical matric potential and chloride profiles. The modeling approach
thereby reconciles the paradox betwecn the recognized impottance of plants, upward
driving forces, and vapor flow processes in desert vadose zones and the inadequacy of the
downward-only liquid flow assumption of the conveational chloride mass balance '

) approach Our work shows that water traasport in thick desert vadose zones at steady state . -

doaunucdbyupwardvaporﬁowmddmlougmponscmm.ofﬂ:cotdaof

lOl

years, are required to equilibrate to existing arid susface conditions. Simulation

results indicate that most thick desert vadose zones have been locked in slow drying
transients that began in response to a climate shift and establishment of desert vegetation’

many thousands of ycars ago.

INDEX TERMS: 1866 Hydrology: Soil malsture: 1875 Hydrology:

Unsaturated poae: KEYWUADS: modcling, vapoc flow, chioride. matric potential
Citstion: Walvoord, M. AL M. A. Plummer, F. M. Phillips. and A. V. Wolfsbetg. Decp arid system hydrodynamics, 1. Equilibrium
states and responsc times ia thick desert vadose zones, Water Resowr. Res.. JAI2) 1308, €0i:10.1026/200 1 WR000824, 2002. :

- 1. [Tateoduction

{2 Rising pressures of population i in arid and semiarid
regions neccssitate better quantification of interdrainage
fluxes through desert floors and better prediction of bow
these ﬂuxcsmaynryovernma!a of human interest, Is
there significsnt downward emoisture movement thiough
interdraingge desert floor enviroaments that will recharge
the aquifers below [Gee end Kirkham, 1984; Sione, 1984:
Stone and McGurk, 1985; Stephens and Knowlion. 1986;
Stephens, 1994]7 Or do thick vadosc zones serve us effec-
tive bamiers & -moisture flow aad coataminant migration
‘from the surface or from a fepository to the water fable
(#Inogred. 1981: Reith and Thompson, 1992]? The taitlal
step in addrexsing these questions involves understanding

- the processes that control moisture flux regimes in desen

vadose rones and the timescales on which these processes
operate. Curtent soil water fluxes within arid unconsolie
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dated ‘vadose zones in interdrainzge &ceas (regions awsy

from chaanels and srroyos) sre generally thought 1o be very

low (Scanlon et al.. 1999]. p:dups aegligible below lhe soil

root zone:

[s] In this study, we exzmine the existing conceptual
models invoked t0 explain matric potential and chloride
profiles measured in deep desert vadose zones and offer sn

- alternative that better matches observed data. Our model

meorpoutes vapor transport and uses observations of tem-
potally invariant matric potentials at 3-5 m depibs (over
~& year monitoring peviods) [Andraskt. 1997; Scanlon et
al: 1999] as a basis for specifying a fixed subroot zone
matric polential condition. By employing this condition. our
model avolds adopting the common nssumpbon of down-
ward-only advection to describe the fMlow regime.

1.1. Steady State Models: Hydrostatic Equilibrium and
Unit Gradieat
{1} Soil water moves in response t0 a hydraulic potential
gradient comprised predominantly of the following eompo-
nents: the gravitational potential (2), the matric (or pressure
m ential (v} sad the osmotic potental (v,) [Htlld 1980]
clcvation above a refetence level. penentlly designaicd

-1
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Figure 1. (2) Conventional bydrostatic equilibrium model (modified from Figure 3.2 forn the National

Research Council (1995 Ward Valley report). (b) Unit gradient model (modified from Figure | in Nimmo

et al. [1994)). :

matric polentisl describes the interaction between the liquid
and the solid enatrix. Caplllary and adsorptive foroes attract
and bind water to the matrix, thereby reducing the potentia)
encrgy below that of bulk water [Hilldd, 1980). By con-
veation, matric potentials in unsaturated sofl (ie., below the
reference atmospheric pressure) are pegative and become
increasingly ncgative as the soil drics [Stephens, 1996). The
osmotic potential describes the reduction of soif WAlCT vapOr

" pressure due to the presence of solutes. Osmotic potentials
are generally much smaller than matric jals in and
vadose zones (Fahvoond, 2002).

[s] Two comnon conceptual modets that address vadose
zone potentials are e conventiona! hydrostatic equilibeium
model and the unit gradient model. According to the hydro-
static equilibrium moddd (also termed static Quid distribution

. and gravity capillarity equilibrium) presented in text books
{Le., Bear, 1972; Koorevear et al., 1983; Jiry et al, 1991;
Looney end Felta, 20002, 2000b] and papers on desent
vadose ove hydrology [ie., Narlonal Research Council
. (NRC), 1995; Scenlon et el., 1999; Scanlon, 2000), no-fiow
conditions result when the matric potential (v) equally
balances the gravitational potential (z) (Figure Ja). Assum-
ing steady state conditions, matric potentialy that plot below

we would expect observed o
hydrostatic equilibrium line
solls in C

regions
[s) The unht gradieat mod;

tials below the active root zone contrdl

~

y profiles to plot close to the
if water fluxes through desert
Jm very small. ‘

] postulates that matric poten-
little to the tota!
3 & zooe (f y as jllustrated on

hydreulic gradient, exhibiting
the hypothetical profile ia|
hydraulic gradieat below

fluctuation 20a¢, equsls unjty in

Figure 1b. Accondingly, the
¢ rool zone, or shsllow v
vertical downward

directionwdand thmlownm:p soil water flux equals the
unsaturated hydraulic'conductivity [ 1967; Nimmo
et al., 1984]. Givea ¢ uniforis soil Cre steady suate

unit pradient model predicts that the

the root zone equals the flux e table interface
or techarge nate [Stephens, 1996). -

"] Mecasured matric tials thick vadose zones
in e arid southwestemn U S devine from the
linear peofile predicied by equilibrium model
and from a wniform profile i the unjt gradient
model. Observed desest v; zone  profiles from iater-
drainape areas are typically chrved, itk extremely negative
y nexr the surface and 30 exponential|increase with depth

(Figure 2). Comparison of

obsesved jy profiles 1o their

P dxcl_:ydmtnkpquﬂibﬁgmlincinﬁgmhhdia&umxd comespoxdling hydrostatic equilibriumy line in Figure 2
¢ flow, snd matric potentials that plot sbove indicate down- - demonstrates a pattern of divergent flux. The slopes of the.
ward flow. If the bydrostatic equilibriom model is adequate,  10t2) potentials fndicate an upwand hymulic grdicnt in thé
"0
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Em -'-w.nx_'
i - vare Coldonid 1907
830 1 ——Mwem
spsonn R
40
£0 wi@asdm || wi@®150m
800400 300.300.100 @ MO0 400 =300 .
Matric potontiai (m} Matric potential (m) Matric potentizl (m)
Texas. -

Figure 2. Vadose zone v profiles under desert floor enviroaments in Nevads

e wett
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WALVOORD ET AL.: DEEP ARID SYSTEM HYDRODYNAMICS PART 1

upper profile and & downward hydraulic gradient below.
Capillary Forces draw soll wates upward
processes 1o depths of about 10-30 m In the profiles
depicted in Figure 2, Below, the hydraulic gradient reverses,
and soll water drains by gravity. Similady, Seanion ef al.
(1997] report that y metsurcments la interdralnzge areas of
many basins in the southwest geneally indicste sn upward
driving force for water movement in the fop 20 to 40 m. The

divergent fux pattern raises sevetal concerns. the most -

obvious regarding the equilibrium state of the profile. The
lack of @ woisture source to supply fluxes at the plane of
divergence located deep in the proflle mises questions
regarding the merit of & steady state assumption. An
allemnative assumption is that the divergent moisture flux
pattern reflects & temporary pheaomencn resulting from
trsasient flow processes [Scanlon, 2000]. A transient inter-
pretation evokes several questions. What are typical
hydrsulic response times associated with thick desert
vadose zonts? And, to what deptis do seasomal nurface
transients sctually propagtte? The study preseated here
explicitly addresses the former question. Loag-term mon-
itoting studies address the latter question snd report minimal
temponl varishility in v measurements below deptis of
~3~5 m under desert vegetation [eg., Enfield et al, 1973;
Flscher, 1992; Andrask, 1997; Scanlon et al., 1999).
During 8 S-year monitoring petiod, Andrask! [1997)
obterved it y under vegetated sites in the Mojave Desert
temzioed between =600 m to —400 mat 155045 m
depth. Vegetsted desert vadose zooes below 2 kw meters
- sppeared to be buflered om diurnal end seasonal suxfzce
.o transients gt {east on the decsdul tmescale. .

(s] - Application of the unit gradisnt conceptual
the observed profiles implies that the 2one of upward liquid
flux in Figure 2 is only a tempocary phenomenon (ie., part
of the seatousl oc loager-term variations in the upper vadose
zone). This would require, however, that the active root
zone, where changes in soil moisture stworege are readily
affected, extends 0 more than 10 m below the surface.
Although some desert vegetation speciet have been docu-
mented to extend thelr roots 10 depths of 15 10 25 m
{Canadell e al, 1996), it is unlikely that zx sctive rooting
zone depth of this goagnitude is ubiquitous over the biogeo-
.graphicsal rauge of sites where these types of y peofiles are
measured. Canadell et al. [1996] repoxts an aversge max-
inum root depth in deserts of 5.2 4 0.8 m. The unit gradient
conceptual model also suffers from the lack of a mofsture
source 1o supply the dowmward flux unless episodic infil-
tration rexches depths of 210 m. a supposttion contrary 1o
observations [e.g.c Enfield et al, 1973; Flicher, 1992;
Andraski, 1997).

(] Despitethe noted concems regarding the applicstion of
the hydrostatic equilibrium and unit gradieat models to deep
desert vadese zone v profiles, direet interpretations of the
data in Figure 2 suggest net upward water movement {n the
depth interval from 3 W0 ~10 or 20 m. Yet, when applying
the conventional chioride mass balance set of equations. a
downward-onty sdvective fTux of liquid is assumed,

1.2. Traosieot Conceptunt Models: Reduced Rechasge
and Zere Recharge
. —_L10) _Chloride, deposited o the ground sutface in wind-

tlown fallout and precipitation, serves &5 1 envitonmental —downwand 3oil water surface flux resultirlg in much grester -

and dominate flow .

model to .

44 -3

Depth (m)
s
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2000 : 3000

0 1000
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Figure 3. Vadose zonc chloride profiles under desert floor
covironsments in the western United States. Chloride values’
are reported a3 pore water conceatrations.

tracer commonly used §o quantfy soil watef fluxes and ages
based on mass balance [Allison, 1988; Cook ef al.. 1992;
Allison et oL, 1994; Phillips, 1994; Prudic, 1994; Hood,
1999]. As water leaves the soil wia evapotranspiration,
chloride resnaing, therebry increasing the pore water coocen-
mation. Greater chloride values thus comrespond to lower
sqil water fluxes. Assumptions employediwith the simple

- chioride tnass balance (CMB) approach include; (1) chlor-

idz is derived Grom a ic sources cely, (2) chloride
moves through the sail profile by one-dimensions! down-
ward advection, and (3) the chloride deposition rate Is
coastaat. These simplifying sssurnptions i
ties In CMB age and flux estimates [AMurphy ef al, 1996;
zoG%}and Murphy, 1997: Scanlon et al.; 1997; Scanlon,
(1) An idealized chloride profile under steady piston
flow conditions with extriction of wateriby roots would
be chanacterized by concentrations incressing with depth
through the root 2one to a uniform value below the oot

zone, Measured chlocide profiles frian arid vadose zoves In.

the southwestern United Statex devinte fom the idealized
profile and typically display a shallow bulge canizining
very high coocentrstions zod niuch lower, reistively uni-

form concentrations &t depth (Figure J). Departure from the

idealized profile records a violstion ofithe steady flow
assumption [Hood. 1999): Observed chiteide inventories
contained within the shallow bulge ofien cotrespond to ~15
kyr of accumulation based 0a long-term sverage estimales
of chloride deposition [Phillips, 1994). Substantial evidence
supporis 8 climate shift from cool, wrt conditions to
warmer, drier conditions at 12-15 ka inithe southwestern
United States [Benson eral., 1990: Morrison, 1991 Phillips

&1 al., 1992: Allen and Anderson, 1993). Accordingly.

several studies arribute the character of the chiloride bulge
measured in southwestern Uniled States vadose zones
(Figure 3) to this well-docurmented paleoélimatic transition
(Scanlon. 1991 Phillips. 1994]. Presunuably. the shift to
lowsr precipitation rates and warmer temperstures brought
about 2 reduction in the smount of soil myisture percolating
through the root 20ne. This _ conceptual
model™ posits that the climate shift tramlsted w0 & Yesser

Jead €0 uncertain.
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. chloride concentrations st shisllow depths relative 10 thase
" found deep in the profile. A more extrerme varitnt of that
explanstion that eculd be termed the * model™
proposes (hat 1o soil water has percolated below the soot
zone since the 2rid climate shift at 12~15 ka, resulting in
the scoumulstion of significant emounts of chlorlde within
the root rone.

[e3) lu.ddmoawenumdngsoﬂwmnga.tbeCMB
equations are also used 1o quantify current soil water fluxes
- (below the region of chloride accumulation) [PAlllips, 1994:

Scanlan, 2000) and paleofiuxes [Phillips, 1994; Tyler er ol..
. 1996). CMB estimaies of past and present fluxes spply to

the reduced-recharge conceptusl model. More dilute chlor-
ide conceatrations deepet in the profile reflect greater soil
water fluxes associaled with a wetter past climate, whereas
-the grester dﬂon'de cuncentrations within the bulge reflect
much less past the oot zone under the current

zrid climate. Adoption of the zero-recharge conceptual
mode] limlts the CMB gpplication 10 estimates of paleo-
fluxes and chloride ages below the base of the chlondc

bulge.

13. Disparity Between w apd Chloride Vadose Zope
Profile Isterpretations
[13] The reducedrecharge and zero-recharge conceptual
models inveked to explain vadose 2oae chloride profiles do
not adequately explain the corresponding w profiles that
indicate upward fluxes in the 10 plus meters. Reso-
lution of .&is apparent d serves as our primary
objective in developing an improved conceptusl model.
The assumption of downward-oply advection employed w
quantify soll water fluxes using the CMB equatioos and the
vuit gredicnt mwodel approach [Nimmo ef al., 1994] neces-
sarily produces positive estimates of recharge. Such’ esti
mates mey support the Jdea that diffuse recharge across
extensive aress of srid and semiarid regions significandy
cootributes (o the overall basingcale water balance, Ste-
phers [1994] provides s summary table of diffuse recharge
mﬁml? studies that renge from 0 to 100
mm yr~ af semiand and arid sites. Although the methods
employed for thfymsmc fluxes included physical and
all analyses assumed downward flow

in the deep profile. In contrast, the

conceptual
mode] assumes po flow past the soot zoae or through the -

" ..detper profile. A tiew conceptusl 80d mumerical model,

developed and tested in the next section, provides a basis for -

us to the assumptions of downwsrd advection or
zero flow to describe the moisture flow regime in deep
descrt vadose zones.

2. Deep Arid System Hydrodynamlec Model
2.1, Conceptual Model

{1a] The estimated ages of chloride bulge invensories in
the southwestern Ugited States indicate & link with the

tming of the Holoctue-Picistocene climate shift at 12~ -

'$5 ka. However, the paleoclimate explanation alone fails to
explain the ¢ data from deep profiles that contain u:c
charscteristic chioride bulge. Therefore we

the trangition 10 3 warmer and drier climate tberephcc-
meat of mesic vegetation by xeric (desert) vegetation
induced the development and maintensnce of very negative

MALVUUKD ET AL DEEPF ARID DYSIEM HY UKW NAMILDY FAKI - - .

vb&ewuntbeweonhemm Aceo:dlngly.dxe
cffects of episodic infiltration eveats are dampened In the
per-surface soil and do not influence the deeper vadose
flow regime. Detert vegetstion bas been shown to be
capable of extracting soil moisture under soil y conditions
83 &y 13 —800 m [Odening e1al., 1974) and to be resistant 1o
xylem cavication under 50i) y conditions as dry &s —400 m to
-IOOO m [Pockman et al., 1995). Muhiyear lysimeter
studies from dree arid siles investigated by Gee et al.’
(1994) suggested that vegetation is:the primary factor con-
trolling the water balance. Goe er al.[1994] found that desent
vegettion climinated deep infiltration over the monitoring
a1 the southwestern United States shes, The lysimeter
results from Gere eral. [lM]mm&wtmmtheabsm
of seasonal ¢ transients propagating below depths of about
3-5 m under desert vegetation, based oo studies in which
was contiguously messured by initu soil psychrometers,
[e.p.. Fischer, 1992 Andraski, 1997; Scanlon et al.. 1999].
Andraski [1997) reporied that moisture from precipiation
that sccurnulates in the upper 75 om is removed by evapo-
muswnuon on a scasona! basis. and that scasonsal v
varistion remasin confined to depihs above 4 m at the
vegetated Bestty, NV site, Although these studics obviously .
cannot demonstraie that v at deptiniof ~4 m have remained
constant ever the past 10~15 kyr; they do support 2 key
assumption that v in deep desert root zones do not exhibit
significant seasona! changes &3 might be expected based on
precedents from vadose zone studics in humid regions [i.c..
Johnston, 1987). Ia sddition to the fixed subroot zonc v
condition, our conceptual model, which we term the Decp
Arid Systern Hydrodynamic (DASH) model, incorporates &
tepersture profile deseribed by the mean snnusl geother-
tna) gradient and includes the effect'of both tempersture and
vy 00 vapoc dmrynndvaporﬂux.uqmdmdvxpormn
move both upward snd downward, and at diffent rates and
opposing directions from each ether. In assuming a fixed
subroot zone y condition, the DASH conceptual mode! does
not atlempt to capture the seasonal moisture flux dynamics
in the upper few meters. Those dynamics would include, for
example, the net downward vapor flux in the upper ~1 meter .
ofmﬂlhushouldnsult&vmsaiondluupmmma-
tions [Milly, 1996).

22, Mathematical and Numerical Moddl * .
{1s) . We use the finite elmthwmdmssmfer
) (Zwolosk et al., 1997) eamp\mr code for simu-
lating flow and transpost in accordance with the
DASH. reduced-recharge, and rero-recharge conteptual
models, FEHM sinulates nonisothermal, multiphase, multi-
component flow in porous medis. FEHM incorporates

 vapor transport driven by changes in vapor density resulting

from a werperature gradient (thermal vapor flux component)

and from & y gradient (isothermal ¥apor flux component). -
The van Genuchten relative pmnubxluy function {vun
Genuchten, 1980] describes the relationships between per-
mesbility and saturation and between and 3atura-
tion. (Further model description is included in the
sppendix). Assumptions inhereat §n FEHM Include: (1)
Darcy’s Law appropristely describes the movement of
liquid and vapor, (2) boca) therme! equilibrium between
the fluid and the rock is maintsined: and (3) solutc transport
docs not sffect the transfer of fhiid or hest. Additions!
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WALVOORD ET AL: DEEP ARID SYSTEM HYDRODYNAMICS PART I

Jabie 1. Input Panaeters Used w0 Describe Propenties and
Coaditions of the Model Dotmin Sor the Basc Cese

Patamcter Value
Soil textuce well-sorred s2ad
Porecity 45%
* Theroal cooductvity WwWar !
Particle density 2500 kg pa™?
Soecific hext 1000 1 xg™' °C”!
Satunted permeabitity 0" a?
vaa parsmerces & 3nd 4sn-' 19
Residual sod euximum sstucitions 10%,
grdient ICm?
Watey table depth 200m
Depth of fixed subroct oot v &
Efectve wokee difStion cocfficient 10" et

assumptions in this study, but not inherent o
FEHM, include (1) 1-D verticsl Qow adequately represents
the bydrodynamics, (2) air Jow is negligible, (3) chlotide
behaves conservatively (noasocbing 2nd ponreactive) and is
poavoltle, and (4) Gactures, msacropores, or other grefcz-

23. Isput Parameters, Boundary Conditions, and

Initisl Conditions :
- (1] A '200-m vertical column the physicat

system. 8 genertlized alluvium vedose zone, used for testing
conceptual models of 1-D nonisothermal, multiphsse flow
and in arid reglons. The input parameter values
designated as the “bese case™ are given in Table 1. The top
of the vertical column represents the ground surface, and the
botom of the column represents the water table. Teamper-
ature gradients result from specifying tures 2t the
top and bottom boundaries of 18°C and 25°C, based cna
wean annual surface temperature in the desert southwestem

Ualted States (top boundary) and an avme geothermal
ient of 35°C k™' (Blankennage! and Weir, 1973}

(Ross (1984] uses 30°C km™'). Base case’ 30il properties,

describe 2 homogenous sandy soil texture (Table I). A
tesidaal ssturation of 10% is cogsistent with data from
altuvial materisl at the Nevads Test Site [Falvoord ef al,
2002). At low satutations near the base case residual
saturation (i.c., 4.5% moisture content), the effective chler-
ide diffusivity ts ~10"" m? s~ (Conca and Wright, 1992;
Schaefer et al., 1995).

445

{v). Lnitially, the system is set at 3 uniform downward
liquid flux of 10 mm yr™", past the root zove, representa-
tive of 3 relatively wet climste [[er et al, 1996). The
inital solute profile consists of a uniform chlotide pore
water concentration of 10 mg L™}, A prescribed solule flux
of 100 mg m~2 yr™* at the surface boundary simmulates
continuous chlotide depositdoa (Table 2). This prescribed
fiux represeuts both dry and wet chloride depotition snd is
a typical present<day value in the U.S. southwest (Der-
tinger, 1989]. We assume that afthough the selstive coe-
tributions of dry and wet chioride deposition vary oves time
in vesponse o climate changes, the total chloride flux,

- . aainly controlled by distance 10 its vceanic source [fuge
and erby, 1957), remains constant. Implementing the

DASH conceptusl model, & switch to & dry climate is
simulated by specifying an average precipitation rate of
200 mem yr°-' &t the surface (not past the root zone) and
fmposing a fixed w at 4 m depth, in accopdance with
observations from root 2oa¢s underlying desert vegetation
{Andraski, 1997; Scanlon et al, 1999). The fixed subroot -
zone y conditon distinguishes the DASH mode! from the
reduced-recharge and zero-recharge models ia these simu-
24. Teting the Dash Model Agalnst Previous
Conceptusl Models

(18] The DASH model is tested against the reduced-
recharge and zero-rechurge todels by comparing results
fom simuladons run for the Gxed subroot zone v coodition
1o results from a reduced-flux boundary condition of 0.1 mm
vi™' and 5 ~zero-flux boundary condition (Table 2). The
simulations proceed for 15 Kyr subsequent to the transition
ﬁvm!beinhhldownwdﬂxuﬂudystmwtbclmrowd
ardd conditions identificd with each conceptual model. The
1S kyr runtime criterion is based on typical messured
chloride inventories in southwestern United States chlotide
bulges [Phillips, 1994). Modeled w and chloride profiles for
the DASH and reduced-techarge and zeco-techrge coooep-
tual models (Figures 4 zad 5) are compared 10 typical
observed profiles (Figures 2 and 3). The ceduced-recharge
model prodaoces & much less negative v profile (Figure 43)
and a broader chloride profile (Figure 4b) than the thicved
profiles (Figures 2 and 3). The zevo-techarge model produ-
ces peaked chlocide profiles, resembling obseeved profiles,
but gentrates much less negative matric potentials than
commonly observed. fn cootrast, both the y and hloride
profiles genenated for the DASH model closely resenble the

- observed profiles, thereby favoring the DASH congeptual

1
.

Tablke 2. (nitial and Boundary Conditions for Testing the Three Conceptual Models® '

' ~ N =3
{aitisl condltion eondition Boundary Condition Subroot Zone Condition

Coaceptusl Model . Al mw Zero Recharge DASH,

Surface wazer flux . . !

Net faftration 10w y1™* 0.} wen yr* 0.001 ma y1* VA |

; NA ’ A NA 200 mm yz*

Subroxt toce ¥ NA A NA ~200 i

Water hble ¥ . om o0m om Om |
Swlace KRmperstec 15°C 1I9°e 18°C 13°C
Water uils wmpersture 2°C 2°C, 8c 115°C

Chioode flux . lwmn"gt" 10 g w3 ! 100 mgm yr~' 100 g "% !
Source chlocids condenration wegl” gL’ wogL” (XY Yty

" T inkid eoedions arv thy e Rt O e it fhrlations A B Woplied T

. N l
. !

1

.
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Flzure 4. Numerically simulsted y profiles for the () reduced-recharge, (b) mo-mchugc and (c)
models. Tbelcﬁgnph:duphy!bcenﬁuZOOmuﬁckndosezone. and right graphs

show only the upper 50 1.

mode! over the reduced-recharge and zero-recharge concep-
tual models. -

25. Curvent Transient State .
{19) The DASH model mousture flux profiles below 4 m
for the base case at 15 kyr from the switch o a drier:
climate sepresent the current conditions and indicate diver-
. gent liquid and pet moisture fluxes and upward vapor
fluxes (Figure 6). The upward geothermally driven vapor
. flux is sourced by evaporation from the water tble, The
vpward jsothermal vapor flux contributes significantly to
drying in the upper 25 m. Betweea 4 and 25 meters, vapor
fluxes exceed the liquid €flux by ar least an order of
" agnitude due to the very dry conditions and thus low
wnsaturated peemeability. Liquid flows upward in the upper
13 m'and downward below. Downward hiquid fiuxes below
lSmmmmﬂxdcpm:ssmultoﬁhed!mgmt
. drying process. Colculsted liquid and vapor fluxes in the
region below the fixed subroot zonevmdtbove the waur
tible are extremely small, on the order of 10-3 mm yr~!
(Table 3). in contrast b0 the very small fluxes predicted
mmglbcDASHmodclcomcpt the CMB approach based

ontbc:educed-mclmgceoacepmlmodd.ynddshmﬂ
downward fluxes below the root 20ne and across the water
table interface (Table 3). Furthermore, the DASH model
flux distribution that reflects the current condition (Figure 6)
iltustrates that the tiet moisture flux below the oot one is
not equivalent in magnitude or direction 1o the flux across
the water table interface. The, moisture flux distribution
cleasly violates the key stcady ststc assumption for the
conventional hydrostatic equilibrium and the unit gradient
models. The moisture flux distribution’ also contests the
stagnant condition assumption for the zero-recharge

“model. The transient state of vadose zone profiles given

13 kyr w0 approach equilibrium with the fixed root zone v
condition sugpests an extremely slow response ‘of the

systom.

2.6. Hydrodynsmlc Equilibrium State

(0] Simulations carried to steady state using the DASH
model and the base case sct of parameters yield important
Insight into the equilibrium state of deep vadose zones and
response to an anid. climate shif. The lack of similarity
between the DASH model-penerated, steady state y profile
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Flpure 8. Numerically simulaigd chloride profiles fot the (a) reduced-recharge, (b) :em-}echargc.. and
(c) DASH conceptusl modcls. The left graphs display the entire 200 m thick vadese 20a¢ and right side

graphs show only the upper SO m.

and the y profile required for the steady state conventional
hydrostatic equilibrium model revesls a major misconcep-
tion in conventiona! unsaturated flow theory as applied to
. desect vadose rones (Figure 72). The DASH model peodu-
ces 3 curved y profile at sieady state {convex upward)
similar ©0 measured v profiles (Figure 2), The curvature
indicates a divergent liquid flow pattern in which liquid
fluxes arc upward in the upper vedose 20n¢ snd downward
below. The moisture flux profiles show how & divergent
liquid Row patem can describe a sieady state. net upward
flux regime (Figure 7b). The upward thermal vapor flux.
sourced by

xture and vapor density gradients. To maintain equilibrium.
Aupor condenses and supplies a dowaward liquid flux in the
deep vadose zone. Above some depth (~20 m for the base
-—cake).-cepillary -forces. resulting

evaporation from the water table, decreases with
helght above the water table due W the decreasing temper- -

and the liquid flux dicection shifts 10 upward. The upward
liquid flux in the shallow vadose zone is extremely small
due 10 the dry conditions and very low unsaturated perme-
sbility. The equilitxium state is charvacterized by dvuamic
interaction between vapor and liquid fluxes summing to &
net upward uniform moisture flux of ~0.012 mm yr~! for |
the base case. .

[21) The wansient history of the base case simulation
carried 10 steady sute sugpests = very slow nse of
deep vadose zones to an arid climawe/xeric ou shifl.
Modeled stcady state matric potential profiles that sppear
similar in character. in both shape and magnitude, to
measured profiles could suggest that observed desert
vadose zones are in equilibiium with cumrent surface erid
conditions. However, exxmination of the responze Umes
associated with the modelcd steady state profiles suggess
. We use the time required to complete ane-fold

congary.
. zone . exceed gravitational forces imparted 0 the liquid. | (1-¢™* or 63% response from initlal to final state) change in
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- Figure 6. Molisture flux profile (below 4 m) at 15 kyr

subsequent to the shifi from steady downward flux
conditions to z fixed subroot zone v condition (DASH
model). Negative values indicate dowpward fluxes.

the matric potential profile to define the equilibrium
response. The calculaied response time of 80 kyr exceeds
typical timescales of loag-termn climate change, which are
on the order of 10 © 1§ kyr. Conscquently, we would
expect deep desert vadose zones with similer parameters as
the base.case to still be in a very slow transition toward
stzady state, but mevertheless 1o be far from the “gue”

- steady state.

[z]. The moisture gué t;cults (Figure 7b) show that
yapor transport coayols the bydrodynamics at stcady state.
Comparison of steady state ¢ profiles for 8 fixed subroot
zone y of —200 m geommated with and withowt fsothermal
vapor flux, thermal vapor flux and total vapor flux einpha-
sizes this point (Figwe 8). The bydrostatic equilibeium
linear profile describes the steady state if the thermal vapor
flux is neglected, regardless of whether or not the fsothermal
flux is considered. In conttest, curved v profiles describe
the nonisothermal steady state, because the monunifornn

{ ing moisture flux,
displays more acute curvature (defined here a5

S, v
degree of deviztiao from the linear profile) in the absence of

an isothermal vapor flux (Figure 8), and thus describes &

wetter stcady state. Without the isothermal vapor flux, all of  pe:

the moistwe lLiberated by the decreasing (with temperature
snd height above the waler tsble) thermsl vapor flux
condenses and supplies 3 nonuniform downward liquid
flux. However, when isothermal vapor effects are incorpo-

WALVOORD ET AL: DEEPARID §YSTEM HYDRODYNAMICS PAKT |

nited, some of the moistwe liberated by the decreasing -
vapor flux is drawn upward xnd out of the system through
the subcoot zoae sink, resulting in & drier steady state.

3. Sensidvity Analysis

[u] We perform a sensitivity snalysis by systematically
vuyi]ngpugnaftemsmdeompaﬂugmuhswthebascase
solution. The sensitivity analysis serves three purposes.
First, varying parametens within & typical range of tneasured
values helps evaluste whether the DASH model broadly
applies to desert vadose zoues or is narrowly limited 1o
specis) cases. Second, results from 2 sensitivity analysis
indicate which parameters exent primary influence oo flow
and vansport in deep desert vadose zooes. Such an evalua-
tian may channel future research efforts to better chamncter-
irze the more sensitive parameters. And third, the sange of
respoases obtained through the sensitivity analysis provides
a basle for assessing the uncertainty associsted with apply-
ing the DASH conceptual model to feld sites at which
severa] key parameters may be poorly constrained, Varia.
bks considered io the sensitivity analyses include geo-
therma! gradient, soll type (Table 4), water table depth, -
specified subroot zoae y and vapor diffusion rate. Simu-
Tations cammied to stesdy state generate & range of respoase
times associsted with each vanable.

3.1. Geothermal Gradient . .

[14] Since the base case moisture flux sohution using the
DASH mode! demonstrates the impoctance of thermal vapor
taasport at steady state, we expect the magnitude of the
geotheroal gradient to exert 2 major control on the equili-
brium state of deep desert vadose zones. Simulation results
from zero (0°C km™') znd low (15°C km™') through high
(65"C kan™") reothermal gradieats [e.g., Blarkennage! and
Welr, 1973) corroborste this expectation (Figure 9). Increas-
ing gradieats induce greater thermal vapor
fluxes, thereby reducing the depth of liquid fux divergence
sud eabanting the curvature of the y profile. The largermet
upward moisture fluxes associsted with higher geothermal
gradients result In faster response times (Table 5). The zero
geothcm;)ll gradient case produces 2 ucarly lnear y profile
(Figure 9).

32. Hydraulic Properties . L ]

[18] To assegs the steady state flow reglmes and response
times for various soll types, we cotpare sinnulation resul
for sand (base case), silt, and silty clay, Satursted hydraulic
roeability and van Genuchten fitting parameters are
vuricd (Table 4), wheress thenmal conductivity, and rock
specific beat remain constant. The farer two parameters do
pot vary significantly over the range measured in typical
alluvial sediments.

Table 3. Comparison of “Current™ Moisture Fluxes (in exm yr™") for the Base Case Estimated Using a CMB Appeosch and the DASH

Model Resulss® :
S DASH DASH Model DASH Modd! " DASH Model
M3 Model Sothermal Thermat Ne Moisture
Liguld Flux Liquid Flux Vipor FRax Vipor Flux Flax
Subroot 2one (§ m depth) -1.0 © <3000 0.007 0.009 0016
Water mbic &wufuz‘ -10.0 =0.044 <0001 0.013 «0.032
*Negative values indicae downward fluxes.

e 4
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Figure 7. Comparisoq of steady state w peofiles predicted by the DASH mode! and the linear y profile
described by the coaventional bydrustatic equilibrum model. The unit gradient model (pot shown bere;
see example in Figure 1b) peedicts 2 uniform y peofiles below the root zone. (b) Steady state moisture
flux profiles predicted by the DASH model. Negstive values fodicate downward fluxes. '

(2] Simulation results in the form of steady state ¥
profiles show little variation among the three soil types
(Figure 10). Howeves, the respoase times vary dramstically
("l’;!ble‘S);hT;e siumla;ed nvn:ﬂtespoads faster th;n;etcg;m
and silty clay systems for several reasons. Mainly, the bigher
sanrated permeabillty of the sand, relative © the sil and
silty clay, contributes 10 a shorter time required for the thick
vadose zone to drain and equilibrate to the specificd dry
coadition below the root zooe. Simulstion results penerated
by varying the saturated perrocability over several orders of
magnitude for the s30d coafirm the impoctance of Liquid
permesbility oa decp vadose zone drying vesponse times
(Table §). The drier antecedent (t < 0) moisture conditions
for the sand relative to the finer-grained soil types also
favors 3 faster responsc In the sand, since Jers moisture
nceds 0 be removed to reach the new steady state. However,
this factor gppears to be secondary to permesbility in

controlling the respoase time. Simulations in which we vary’

0 ;

8

Depth (m)
3

200
-250-200-150-100-60 0O
Matric Potential (m)

Flgure 8. Comparison of steady state y profiles predicted
when both isothermaal and thermal vapor transport are
included (DASH. triangles). onfy thermal vapor flux is
_included (circles), oaly isothermal vapor flux is included

the pocosity from 0.2 40 0.6 (but without changing ssturation
or tortuosity) showed that ¢ times decrease only
stightly with decressing porosity (Table ). To sttain s dry
steady state, & goll with kow porosity requires kess moksture
removal (bxn does & 50il with high porosity, The reduction in
mofsture removal overrides the decrease la vepor flux
conaccted with the reduced gas-phase volume of the lower
porosity materials.

33, Water Table Depth .

{1} Since the water table serves as the lower boundary
the DASH model, the depth 1o water table strongly affects
the type of molsture flux regime that develops in desert
vadose zones. Figure 11 displeys results from & series of
DASH mode!l simulations for water table depths ranging
from 25 m to 400 m. The model-genersted ¢ profiles (or
vadose zone thicknesses of 25. S0, and 100 @ show
decreased curvature with increased vadose zone thickness,
reflccting the decressed overall v gradient (Figure 1la).
Vadose zooes with thicknesses exceeding 100 m extibiz Hule
seasitivity to Increases in water table depth, s shown by

- thelr overlapping v profiles (Figuce 11b), similar net opward

steady state fluxes (Figure 12), and ideatical response times

(Teble 5). The steady state divergent liquid flux pattern
described in section 2.6 does vot develop for simulations
in which the water table is >100 m deep (Figure 12). This
observation is consistent with the 92-m depth of the plane of
divergence for the 200-m vadose zone base case simulation,
Still, vapor transport dominates the sicady sute moisture
llux regime for water table depths exceeding 25 m. The
upward vapor flux generally exceeds the upward liquid flux
by at lexst an order of magnitude for thick (>25 m) desert

Table 4. Parameters Used In the Sensitivity Analysis for Three
Soil Types .

tsquares), and without vapor flux (lnexr profie with
Crosscs). '

. Reyidus! and
. Satursted wven Genuchaen Sofl Maximum
Soil Type Pecnesbility Parsmcters o, % Saerutiouns
Sand Ix10-"w? 45m=' 1y 1%, 96%
sih— - -$x10°Mmd- ~t8m 14 8% % -
Shyesy Tx10°Yed os mt, 1.1 1% %%
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Figure 9. Steady state v profiles for varisble geothermal
gradient using the DASH model.

vadose zones. In contrast, the upward liquid flux exceeds the
upward vapor flux below 10 m for the simulation in which

. the water table is at 3 depth of 25 m (Figure 12). Capillasity
draws enough water upward fom the water ble in thinner -

vadose zones 1o significantly increase the unsaturated pes-
meability. and consequently increase the net upward mois-
ture flux. Model-calculated equilibrium response times
reflect the influcnee of the water tsble on the flow regime
for thinner vadose zones (Table §). Response times gre very
short for thin vadose zones but increase rapidly with increas-
ing thickness and reach o asymptotic value of sbout ~80
kyr for vadose zoaes thicker Suan gbout 150 -

3.4. Fixed Subroot Zone Matric Potentin?

f1s) Vepetation type uod soil moisture availability
strongly contro) the matric potential that fine plant roots
must sustain withip the root zone to survive. A scries of
simulations &n which the fixed subroot zone v is varied
illustrates the sensitivity of the steady stte flow regime and
response times to the fixed y value, Response times
decresse with increasing (less negative) subroot zone v
{Table 5). Although the driving force in the upper part of the
profile decyeases with increasing subroot zone w values. the
steady state v profiles are closer to the inktial y profile
(Figure 13). Less moisture needs to be removed from the
profiles maintaincd by less negative subroot zooc v o
straip steady state, thereby requiring less thne for equilibra-
tion. However, a point is reached (1 about =500 m for this
set of simulations) at which increasingly pegative subroot
Zone y values have very little effect on the equilibrivum
response time (Table S). At the dry end of the range. large
changes In v comespond to very small differences in
moisture content. Therefore the amount of moisture
required for removal for equilibration to a subroot zone v
of—ssoo%m is very close o the amount for subroot 20n¢ v
<« - m. ' '

35. Enhanced Vapor Diffusion
{»] Water vapor Nuxes result from spatial variations in

- vapor density. which is a function of both

snd matric potentia], Vapor diffusion, Soscribed by Fick's

" Law, becomes increasingly important 10 the overal! trans-

port of moisture 2s the porous medium drics. Laborstory

experiments conducted 0o unsaturated material [Philip anc
de Yries, 1957] and st the pore scale [Silverman, 1999
report vapor diffusion rates that exceed the rate predicted by
Fick's Law. Philip and de Fries [1957) hypothesized tha
this vapor diffusion enhancement is primarily due o the
presence of liquid islands in pn-dnEy naturated porou:
media, where vapor Is transferred essentially instantane
ously from ope side of the liguid island to the next. Wi
explore the influence of enhanced vapor diffusion o1
response times by varying a vapor diffusion enhancemen
factor, B, from 0.5 to 10, although B > 4 is probebl
unlikely under field conditions [Sifverman, 1999)]. Increase
in 3 yicld reduced response times (Table §), emphasizin;

Table 5. Summary of Equllibrium Response Times Calculste

From DASH Modd Sensitivity Analysis
Varisble Response Tome., &y
Soil type
Sand* %0
Six 400
Siky clay 250
Sanursted permesbility K. (@)
[ed 32
ID'" ”
(- - 80
1o-* 175
to-» 215
Petosity ¢ (dimensionless)
02 (1]
a3 - n
04 . w

. 045" 10
o5 2
os . 87

Geothermal gradient T2 (°C km™')

0 230
15 . 184
25 143
3s° 30
43 57
ss ' 4)

\&65 tble dpth *
atet Iy (m}
25 0.2¢4
E ] 1"
100 . 47
150 80
200* 80
400 80
ergonot z0a¢ MANIC potential wq, (m) e
-]00 45
«200 &6
~400" 30
- 800 . L 3]
~500 . 4
Vapor diffusion enhancement factor 3*
0s 122
078 ”
10° [ 2]
20 3
30 44
40 37
5.0 10
N 16
* Deaotes value uted in bese case.

* Factor relxtive & vapor iffusion raie described by Ficky Law: valw
> 1 corresposd 0 "enhanced™ vapor diffusion.
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Variable: Soll Type
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Depth (m)
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Figure 10. Steady state 'y profiles for variable s0il type
using the DASH rodel. Sotl texture propatics are provided
ia Table 3. Other base case parameters are given n Table 1,

xhe.stxong control of vapor traasport ou moisture tedistrib-
utio ia deep vadose zones undetgoing drying, particularly
in the later stages. ‘

© 3.6. Summacy of Seasitivity Analysis

Kok conepmt odes s o s ot v o i
D. applies to a broad range of thi
uncansolidated vadase zomes under desart vegetation in
interdrainge regions. Similar liquid and vapor flux pattens
develop in desert vegetated vadose zones with deep water
tables for a large range of varisbles. With the exception of
relatively thin (<50 m) vadose zones, the hydrulic drying
_ response time cxceeds the timescale of major climate

change. Although the hydraulic role of desert vegetation
is erguably the key componeat in the DASH concepaual
rodel, the seusitivity snalysis results indicate that the
magnitade of the subroot zose matric potentis! (=50 m to
—800 m wsted) contributes only a minoe influcnce ou the
moisture flux regime and response to dryiag. Soil kydrulic
parameters, particularly the yaturated permeability, exert the
stroogest influence on ewly lime drying when & large
percentage of the drying is sccommodated by gravity drain-
sge. Parameters related to vapor movement, such as geo-
thermal gradient and vapor enbancement, exernt a major

(@ °

20

——wt=w25m
——wie&0m
—— Wt =100m

100 3
-500-400-300-200-100 ©

Matric Potential (m)_. N

d-n

control oa late tme drying when most of the moisture
redistribution is la the vepor phase.

4, Transition Reversal and Response to Episodic
Infiltration

[31] The sensitivity results described above demonstrate
that under a range of typical conditions and soil parameters,
thick alluvial desert vadose zones respond slowly 10 3
change in suface boundary conditions representative of a
transition from a mesic to an arid climate and establishment
of xetic vepetation. We expect the In the revesse

response
* direction to be considerably faster. In order 1o evaluate the

respouse in desert vadose zones to & prolonged period of
Infiltration, we simulate severa! transition reversals (dry-to-
w«wm&mmgam-mwg&mm
cvent is sddressed by simulating & dry-to-wet-toxdry
sequence. Specifically, we are interested i the behsvior of
the pulse of jofiltrating water a3 it propagates with depth, and
be time required for y profiles to equilibeate 1 the change in’
the upper boundary conditions. The iafiltration event simu-
lation sddresses the wetting and drying bebavior in the upper
vadose zone aod the time required © reestablish the pre-
infilraticn yw profile. . .

(2] The waital condition for the dry-to-wet transitions
illustrated in Figures 142 and 14b consists of the dry steady
state base case solution (from Figure 7). This inital con-
diﬁonmtoboundlhchighendotabkad:spm
times. Another initial condition (ot illustrated in Figure 14)
we use is that established afier 15 kyr of drying (see Figures
4c a0d 6). The boundary conditian for the wetting period in
the simulations consists of a specified downward tiquid flux
ranging fom [ to 10 mm yr~*. Table 6 records the inhial
and boundary condition combinations and the correspond-
ing simulation response times. As for the previous transient

* simulations, we define the response time by an e-fold

change in the y profife from initial to Gnal states. In all
dry-to-wet simulations, the system responds rapidly (Table :
6) compared to the wet-to-cty transitions for the bsse cate
(80 kyr, Table 5). The shiR o wetter conditions yields
fesponse times raoging fom 50 yrs, for the 10 mm yr~!
hmmﬂmm:ppﬁedwdwwwcoodidmmpmnﬁg
15 kyws of drying, to 375 years, for the | mm yr~

infiltration zate applied to the dry stesdy state initial
condition. The v profiles developed afer various “wetting™
times suggest that even relatively shott periods of infiltra-

.0

.. 100

E 150

ﬁ 200 { —=— wi= 200m

E 250 BASECASE . !
300 —o— wi =150m
350 oo Wl =400m
400 -5
_ «500-400-300-200-100 ©

Matric Potential (m)

Figure 11, Steady state y profiles for variable water table depths of (ai 25-100 mand (b) 150-400 m.
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‘undtbama.l). and pet molsture flux profiles for

(isothermal
vasisble water tsble depths using the DASH model. Negative values indicate downward fluxes. Note the
change of scale on bottom axis for the top left graph and the bottoen right graph.

tion past the root zone induce a significant response in y
profiles (Figures 14a and 14b). Infilration could be
hypothesized to result from rare, episodic, climate or
westher events, but the very Joug timescales necessary to
reesuablish the highly pegative w profiles argues sgaingt
ncbcmudwmztbe!{oloemchphcau'bmw
negative profiles are observed. This poim

by ¢ simulation in whid: water infil u-na
zone 3t rite of S mm yr~! overa period of |

[ ]

thhaconmtlnﬁ

5. -lmplmtions
0] The DASH model challenges some of the conven-
umxleonoepmlmoddsofndoscmenwmnnspm
as applied 1o wrid to semianid regions. Questioned assump-
tioas iaclude (1) the eurrent flow regime in deep vadose
2ones can be desesibed by 3 small downward sdvective fhux
{reducedaecharpe model) or & hydrostatic condition (zero-

. Techarpe moded) and fl compared
toliqmdnuxzsmdw(:)v go:..?be H conceptual
model thmhenwcfmostmmdm:hmgcn

12- ISbbadlhrgunmpacxondnevadosemhydml

ofthcmdandmu:ndmthweﬂemu.smanhsmk
ously been considered. At beast in interdrainape desert-floor
environments, the change to drier climate and associated shift
to moce xeric vegetztion actually reversed moisture fluxes
Just below the root zone, from downrward to upward, This bes

major implications for contaminant migration and environ-
mental tracer studics in arid vadose 2ones.

[3] Quantifying diffuse recharge by .estimating liquid
fluxes below the voot zone and assuming that they are
equivalent o groundwater recharge. ic., fluxes scross the
water table interface, may not be applicable in semiarld and
arid regions. The work described in this paper suggests that
pot only are molstre fluxes just below the foot zone
uncqual to recharge, they may be opposing even in direc- |
tion. Furthermore, dowaward moisture fiuxes aqross the
water table (33 drainage of Pleistocene-age water) estimated
using the DASH model gre severs! orders of magnitude
smiller than estimates obisined by using the CMB
spproach. This implies lnegbzﬂ;leeouu{buuonwgmmd-
water recharge through desert floors in interdninage aress
and supports the ides that, in the absence of peeferential
flowpaths, & thick desect vadoscmncmumeﬁ‘eaive

Varl:g)le. Flmd SUb-Root-Zone v

50 1

v wul00m
it y=-200m
~0— y =400 m Base Case

100 1

Depth (m) -

150 1.~ y=£00m
—— o -800m
-200
-800 -600 400 -200 O
Matric Potential (m)

Figure 13, Sieady state profiles for variable fixed subcoot
zone v valoes (at & depth of 4 m) using the DASH model.
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Figure 14. Transient y profiles vsing the DASH model and recording the switch from the base case dey
steady state o & specified dowpwend fux of (4) 1 rim yr~* and () 10 m yr~t. P

barrier to groundwater However, since desert vegetation is
critical in maintaining upward fluxes below the root xoae,
the presence of shsence of native vegetation; aad the ability
to maintain & vegetated condition, must be cossidered in
waste repotitary’ site assessment and emplacement proce-

dure strategies.

6. Conclusions

. [2] Iotegrating field observations with mode] sitala-

. tions emphtsizes the knporteace of considering both Bquid
and vapor flow peotesses when dettrmining the magritude
aod dlrection of moistiwe fluxes below the root zooe. The
abﬂhywrdhhly;nakotuebdmmimﬁomkddalb
qmﬁ&hsmdz{gcbmutbudvedsatwgmﬁmmdw
asses
be extremnely useful in interpreting Geld-measured matric
potcatis! aad chloride profiles that, we propose, have
evolved since the Pleistoceae/Halocene climate transition.

" {x) The Deep Arid System
mode! teconciles the

vidose zone. With tie, the thermal Yapor flux,
drivea by the gedthermal dominttcs the bydro-
Tone. The gravitationally

tisks. Modeled fhuxes ean -

Hydrodynsmic (DASH)
upward hydraulic

moisture flux below the root zooe is pot equivalest in
mgn!mdewdimaionwu:cﬂuxmsﬁnwﬂhbh

Appeadix A: FEBM Model Description

[») The models snd solution algorithms for FEHM are
deseribed in detdi] by Tieng and Zywolostd [2000] and
2Zywlaski et al. [1997). In this stody, one dimensiopal
columas are simulated with finke element grids of vagable
vertical spacing. Each system comsidered Is modeled with &
500 (2 x 250) node, 249 rectaugular element grid. Incretsed
tesolution is supplied near boundaries and coarser pesolution
Is provided elsewbere. Theé béunduries oa these grids are
spplicd us fallows, The piessuies on bottoth boindary

‘nodes are fixed at stmospherk pressure 1 represent water

table comditions. A copstant mass flux of water at the upper
boundry nodes serves &s & continuous fluid source and

 represents either precipitation o effective precipitation, case

specific. Here, effective precipitation refers to the residual
soll water flux, (i.e, peecipitation minus evapotranspin-
tion). A specifiod solute ¢oncentration a the source node(s)
(upper boundary) produces a coastant sohue fux. Fixed
tetmperatures at the top xnd bottom boundiries establish a
heat flux that is uniform through the vertical column for the

examples provided in this study, since the Jow fluid fow
rates do pot 53 peruwh the tesulting linear témper-
ature profile. A Jow mitric potentiz] Is applied to the nodes
3-4 m below the surface and serves as & ik for water to
represent the subroot 2one hydnulic conditions. The sink’
todes take up all water percolsting down from thic surface,

Table 6 Summiry of Equillbrivm Responsc Times Calculated
From the DASH Mode! Transition Reversa] Sinulations Using the
Base Cate Perameters® )

Upper Boundary
Condition

. . Response Tume, Shown in
Inital Conditlon Dowaward Flix yexy Figure 14
sieady sk 1o s 4

gyvmdym $ oomyr~! 10
Dry sicady state 10 ma yr=* 130 1
W hrdy votetsare | wmayr™’ 175
Uhrdy vemietstae Sy’ 0
18 oy dry tovaslet staes 10 mm yr~! $0
*Soe Thdle 1. :
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'(8) Wetting response to Infittration (b)mzha response postinfitiration
0

10 y ]
E A E
20 | —»— inta! contion - = .
§. Yoncent sixte e
Bao| ereews $30 7 moumror
~v~ shier 10 yr iiaton £, o t=1
4] eenasmmy LU menh oot
& 50

«500+400.300.200.400 ©
Matric Potentlal (m)

500 400-300.200-100 ©
Matric Potential (m)

Figure 15. Transient y profiles using the DASH model wd'recotding the (a) wetting response from the
}§ kyr dry transient state (o a 10-y infiltarion of S mm y7~ and (b) the drying response subsequent to

thre infiltration event.

1nd draw water from below ss well, but do not serve as 2
solute sink. The solute species is prevented rom exiting the
systern through the subroot zone sink podes in FEHM, This
specification is critical for similating chloride behavior,
[3s] The conservation of water mass, fluid-medivm
energy. and noncondensible gas tass equations are solved
in & quasi-coupled formulation with the solute mass trans-
port equations. Namely, the transport equations use the flow
mtes and temperatures obtained in the heate and mass
traasfer solution st each time sicp, Therefore fully coupled
flow and wransport (without feodback From the transport
solution) is approximated by using small time steps in the
sirmulations. Some of the unique modeling coruponents
jmplanened in this stdy ioclude eahanced water vapor
diffusion, vapor pressure lowering, and moisture
solote diffision. In FEHM, the molecular diffusivity of
water vapor in air, D,, is given by:

_ 0.101325 [T 4 27315}
D=0 "53| *

. whese ¢ is Weniosity factor, 6, is volumetric vapor content,

2ad DY, is the value of D,, at standard conditions, p, is
vapor deasity, T s temperature, snd P is pressure. The value
of DS, 592024 % 10~ m' s™), wis st ©02.334, and the
tortucsity factor is an input ter. Increasing the
toruotity factor above the value of (.66 s used
Lo simulate vapor diffusion enhancement as described by
Piillips end deVries [1957). A vapor pressure. lowering

routine in FEHM allows for isothermal vapor trantfer, ie.,
vapor deasity dependence oa pressure. The modified vapor

pressure is given by:

o PousM.
PT \Pog) = P(T)rp (_prx(rﬂl"ﬁl.'l s))'

where P? is the new vapor prossure of water, P, is the
capillsry pressure, Af,. molecular mass of water, g is the
density of water, and R is the gas constint, In the solute

equations, FEHM uses a standard mathematical

* branspoct a
formulation for the solutc dispersion coefficient,

Dy : D, m Dy 4+ oyv, where Dy is moleculsr solute
diffusion coefficient, oy is dispersivity, v is the Darcy velocity

computed from the solution of the fluid flow equation. In this
study, 3 moisture t-Dys, based on the function
developed in Conca and Wright [1992), is employed.

(1) All simulations conducted in this study use FEHM's
standard pure implicit fonmulation (backward-in-time Euler)
for discretization of the time degivatives, Upstream weight-
ing is used in the spatial discretization using FEHM's finite.
volume formulation. Full detail on the linear equation solver
(¢.g., the geaeralized minimum residus] method) is provided
by Deng and Zywoloski {2000] and Zywoloski et al. [1997].
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