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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 & comprehensive tmodel to describe flow and
wransport through such dey material. A particular challeage for such a model is
reproducing both observed matric potential and chloride profiles. We propose a
conceptual 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 zone. Numerical simulatioas incorporating this conceptual @
meodel match typical matric potential and chloride profiles. The modeling approach
thereby reconciles the paradox between 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 conventional chloride mass balance
" approach. Our work shows that water transport in thick desert vadose zones at steady state
is usually dominated by upward vapor flow and that long response times, of the order of
10“~10° years, arc required to equilibrate to existing arid surface conditions. Simulation
results indicate that most thick desert vadose zones have been locked in slow drying
transients that begaa in response to a climate shift and establishment of desert vegetation’
many thousands of ycars ago.  INDEX TEAMS: 1866 Hydrology: Soil maisture; 1875 Hydrology:
Unsatunated rone: KEYWORDS: modeling. vapor fiow, chlordde. matric poteatist . .
Citatlon:  Walvoord, M. A. M. A, Plummer, F. M. Philllps. and A. V. Wolfsberg. Decp and sysiem hydrodynamics. 1. Equilibrium

suafes and cesponsc times in thick desert vadose 2ones, Hater Resowr. Rex.. JR(12) 1308, ¢0i:10.1029/200 1 WR000§ 24, 3002.

- 1. Introduction

[} Rising pressures of population in arid and semiarid
segions nccessitate better quantification of interdrainage
fluxes through desert floors and better prediction of bow
these {luxes may vary over timescales of human interest. Is
there significant downward moisture movement thiough
interdeainage desert floor enviroaments that will fecharge
the aquifers below {Gee and Kirkham, 1984: Stone, 1984;
Stone ond McGurk, 1985; Siephens and Knowlion. 1986;
Stephens. 1994]7 Or do thick vadosc zones serve as effec-
tive barricrs (o mwisture flow and contaminant migration
from the surface or from & repository to the water fablke
{#lInograd. 1981: Reith and Thompson, 1992)? The aitial
step in addressing these questions involves understanding
the proccsses that control moisture flux regimes in desen
vadose zoncs and the timescales on which these processes
operate, Current soil water fluxes within arid unconsoli-
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dated ‘vadose zones in interdrainage areas (regions away
from chaanels sod srroyos

-low [Scanlon eral.. 1999). pechaps aegligible below the soil

toot 20ne:

{s] In this stedy, we exzmine the existing conceptuai
models invoked to explain matric potential and chionide
profiles measured in deep desert vadose zones and.offer an
alternative that better matches observed data. Odr mode)

incorparates vapor transport and uses observationt 'of temd -
porally invariant matric potentials 8t 3—$ m depths {over:
~$ vear monitoring petiods) {Aadroski, 1997; Scanfon et
al., 1999] as a basis for specifying a fixed subroot‘zone

matric poteatial condition. By emnploying this condition. our

model avoids adopting the common assumption of down-.

ward-only advection to describe the flow regime. -

L1 Steady State Models: Hydrostatic Equllibrium and
Unit Gradieat |
{2] Soil water moves in respoasc to a hydraulic potential

gradient compeised predominantly of the followiag compo-

) sre generally thought 10 be very -

nents: the gravitational potential (2), the matric (or pressure) _‘ ‘
potential (y) aad the osmotic potential (v.) [Hillel, 1980]. = -

The elevation above a reference level. penenally designated
s the water uble, defloes the gravitations! potentisl. The
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=+ Research Council [1995) Waed Valiey repont). (b) Unit gradient model (modlﬁed from Figurt lin N’unmo

tral [1994])

© matric polcnual dmn’bs the interaction bm'een tbc l:qmd ‘
and the solid matrix. Caplllary and adsorptive forces attract
and bind water to the matrix, thereby seducing the potesitial
eaerpy below that of bulk water [Hillel, 1980]. By con-

veation, matric potentials in uasaturated soil (Le., below the .

- reference strnospheric pressure) are negative and

" inereasingly ncgstive as the sofl dries [Stephens, 1996]. The

- osmotic potential deseribes the reduction of soil water

: - pressure due to the preseace of solutes. Osmotic potentials

o arcgmmllymuchsmﬂcrdnnmmcpomulsinmd
" ‘vadose zones [Falvoord, 2002). .- - '
14 Twmmneonwpmﬂuwdelsthuaddmxvﬁosc

‘zone potentials are the coaventions! hydrostatic equilibrium

model and the unit gradient model. According to the hydro-

m)cequilibnmnmodd(ukomwdmucﬂunddm'bmon,
and gravity capillarity equilibrium) preseated in text books

' [ie., Bear, 1972; Koorevoar et al., 1983; Jiry et ol., 1991;

, Loo«qandfaka.zoom,zoo%]wdp:pasoadem
vadose zooe hydrology {ic., Natlonal Research Council

.1 (NRC), 1995; Scanlon et cl., 1999; Scanlon, 2000), no-flow

conditions result when the matric :potential (v) equslly
balances the gravitationa! pown(ial (2) (Figure 12). Assum-

. ing steady state conditions, matric potentials that plot below ©
the hydrostatic equilibrium lin¢ in Figure 1a indicate upward

" “fiow, and wmatric potentials that plot sbove indicale down-
wud flow. lftbe bydxvmhc equilﬂmum model is udequm.t

and from & uniform profike
model, Observed desert

drainape areas are typically cprv

v near the surface and 30 &
(Figure 2). Comparison of
comesponding hydrostatic ¢
demoanstraies & pattem of diy
toul potemialc indxcuc an up

=Y .
T

we would npc« observed Jy profiks to plot close 1o the
' hydrostatic equilibelum line if water fluxes thrvugh desert

. so%l; W regions Juc very small,
I O gradient postulates that maznc poten-
ﬁalsbdowtbewwnmnmm tittle (o the total
bectme ~ hydranlic gradient, exhibiting & zooe v as llustrated on
the hypothetical profile mfr’gure , ‘Accordiagly, the
r  hydeaulic gradient below the root -zome, or shallow v
. fluctuation 200e, equsls unjty in the{ vertical dowpward
- direction and the down soll ‘water flux equals the
unssturated hydeaulic’ tivity [ , 1967; Nimmo
et al., 1994). Given & unifor the steady state
unit gradient model predicts flux below
the root zone equals the flux § hbleintcrﬁce

_or recharge nrate {Stephens, 1

~..[1] Measured matic powquals uud: vadose zones
in the arid southwestern U, deviste from the
" linezr profile predicted by the equilibrium mode!

extremely
tponential lincrease with depth
observed ly profikes to thcu’
rquilibriuzp line in Figure 2
ergent flux. The slopes of the.
wud hydmbc gndxcut in thé

WC ?W (m) Matric potﬂnlh! (m) Mztric potential (m)
Figun l. thoumnc v proﬁea underdu.eﬂ noor enviroaments in chudt
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e WALYOORD ET AL: DEEP ARID SYSTEM HYDRODYNAMICS PART I

gile and & downward hydraulic gradieat befow.
Eﬁwm draw soil water upward and dominate flow
processes 10, depths of sbout 10-30 m In the profiles
depicted ia Figure 2, Below, the hydraulie gradient reverses,
and sodl water draing by gravity. Similadly, Scanlon et al.
(1997] repost that y messurements in interdralnage weas of
many basins in the southwest gencnally indicats an upward
driving force for water moveroent in the top 20 to 40 av. The
divergent (Qux pattern raises. several coacerus, the most
obvious regarding the equilibrium state of the peofile. The
lack of a molsture source to supply fluxes at the plase of

divergence located deep in the proflle raites questions

regardipg the merit of a- steady state sssumption. An

alemative assumption is tat the divergent moisture flux .

psttern reflects & temposary pheacmenca resulting fom
transicnt flow processcs (Scanfom, 2000). A gansient inter-
pretation evokes several.questions. What are typical
hydraulic response times associated with thick. desert

vidose zoues? And, to what deptht do seasonal murface
transicats actually propsgate? Tbe study preseated here
explicity addresses the former question. Long-term mon- |
. iloring studies address the latter qucstion and report minimsl |

.varubility in y measurcments. of

- ~3~5 m under desest vegetation [eg., Enficld et al, 1973;

© Flscher, 1992;: Andraski, 1997; Scanlon et"al., 1999).
During & S-year monitoring period, Andrask! [1997)
observed that v under vegetated slics in die Mojave Desent

ined between 600 m to —400 m at 1550 4.5 m

depth. Vegetated detert vadose rooes below & kw metexs -

- sppesred to be buflered from diurnal aod seasonal surface
.« tansients at least on the decacal dmescale. . -
(s] - Apptication of the unit gradieat conccpaual model to

the observed profiles implies that the zone of upward liquid
- flux in Figure 2 is only a temporary phenomentn (i.e, part
.. . of the seatoas] o¢ loager-term variations in the upper vadose .
. zone). This would. require, bowever, that the ative root

extends to moce than 10 m below the surface. :
" Although some desert vegetation species have been docu-,
© . mented. to extend thelr roots 1o’ depths of 15 t0 25 m’
{Canadell e al, 1996}, it is unlikely that g active roting
" zone depth of this magnitude is ubiquitous over the biogeo--

zone, where changes tn soil moisture storsge are readily
b .tlwd

.raphical range of sites where these types of v profiles are
measured. Canadell et al. (1996) repocts an avernge max-
{rnum root depth in deserts of 5.2 + 0.8 m. The unit gradieat

conceptual model also suffers from the lack of 2 molsture

~ source to supply the downward flux unless episodic infil-
tration reaches depths of 210 m. a supposition contrary 1o

observations (e.g.. Enfleld et al, 1913 Flscher,.1992:

Andraski, (987} . . o R

" 9] Despitethe noted concems regarding the application of

the hydeostaric equilibrium and unit gradient models to deep

desert vadose zone v profiles, direet interpretations of the

data in Fi 2 suggest net upward watér mavement in the : ‘
gurt & w€¢ oFor . several studies sttribute the character of the chloride bulge

depth interval from 3 W ~10 or 20 m. Yet, whea applying
the conventional chioride mass balance set of equations, a
downward-onty sdvective flux of liquid is assumed, .. .- -

1.2. Transieat Coaceptual Models: Reduced Recharge
and Zere Recharge

{10] Chloride, deposited ou the ground surface in wind-
blown faflout and precipitation, serves as aa cnvironmental

. (Figure 3) to this well-documented

44 -3

50

0. 1000 2000 : 3000
Chlarida concentration (mig vh
Figure 3. Vadose zonc chloride ptéﬁlts under desert floor

. environments in the western United States. Chloride values’

are reported as pore water conceatratioas. ¢

-

tracer commonly used 1o quantify soil wated fluxes and ages
based on mass balance {Allison, 1988; Cook et al.. 1992;
Allison et ol 1994; Phillips, 1994; Prudic, 1994; Rood,
1999). As water leaves the soil via evepotranspiration,

* chlovide reraaing, thereby increasing the pore water coocen-

tation, Greater chloride values thus to lower
soil water Quxes. Assumptions enmployed iwith the simple
chioride mass balance (CMB) approach include: (1) chior-
ids is derived from u ic sources ouly, (2) chloride
moves through the s0il profile by one-dimensionsl down-

‘ward advection, and (3) the chloride deposition wate Is

constant. These simplifying Iead to uncertaine
ties in CMB sge and flux estimates [Murphy et oL, 1995;
Ginn and Murphy, 19T:' Scanloa et al., 1997, Scanlon,
Zm]. IR T A R T o

[1] An idealized chlocide profile under steady piston

“flow cooditions with extraction of water! by. rocts would

be' chanacterized by concentrations incressing with depth
through the root 2zone to 2 uaiform valug below the root
zone. Measured chilonde profiles fronm arid vadose zooes (0.

" the southwestern United States deviste from the ideslized

profile and typically display a shallow bulge conlaining
very high concentrstions and niuch lower, reletively uni-
form concentrations at depth (Figure 3). Departure from the

* {deafized profile records a violsion ofthe stesdy flow
. assumption [Hood. 1999} Observed chlodde invenlories
. contained within the shallow bulge often correspond to ~15

kyr of accumulation based oa long-term svenage estimales

- of chloride deposition [Phillips. 1994). Substantial evidence

supports & climate- shift from cool, wet conditions to
wagmer, drier conditions at, 12-15 ka inithe southwestem
United Swtes (Beasoa et al., 1990: Morrison, 19913 Phillips
et al.. 1992; Allen: and dnderson, 1993). Accordingly.

measuced in southwestern United States vadose zones
limatic transition
[Scanlon. 1991; Philllps, 1994). Presugiably. the shift to
lower precipitation rates and wammer tcmperstures brought
sbout & reduction in the emount of soil malsture percolating
through the root 20ne. This “reduced-recharge conceptual
model™ posits that the climate shift transisted w0 a lesser
downward soil water surface fTux resultirig in much greater-

LES-05116
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.- chlondccommﬁomﬂ:!uﬂowupdunlwwwm

- found deep in the profile. A more extreme variint of that -

explanation that could be termed the “zero-techarge model™
proposss that no sofl water bas percolated below the root
zone since the arid climate shifi 8¢ 12-15 ke, resulting {a
. the scoumulatioa of sigxufmt amounts of dﬂoddc within -
1) In .ddmoa © mmnlng soil water uga. the CMB
N cquadons are also used to quantify curent soil water fluxes
- (below the regioa of chloride accumulation) (PAllips, 1994: "

Scanlon, 2000) and paleofiuxes [Phillips, 1994; THer et al..

. |996). CMB estimaies of past and present fluxes apply to
. the reduced-recharge conceptusl model. More dilute chlor- -
idcconecnnuomdcepetmd\emﬂc reflect greater soil
. water fluxes associated with a wetter past climate, whereas -
.. the grester chloride cuncentrations withln the bulge reflect
. mmuch less past e rool zone under the current ©
~arid climate. Adoption’of the zero-recharge conceptusl
" model limits the CMB epplication to estimates of paleo-
ﬂuxamdchlondcagesbdowtheb:seoﬂhechloﬁde

~ bulge..
', 13. Dispulb‘ Bchm:n vaod Chlorlde Vulm Zooe
. Profile 1nterpretations = -

“[13) The reduced-recharge and

" models invoked to explain vadose zoae chloride profiles do

not adequately explain the corresponding v profiles that
indicate upward fluxes in the upper 10 plus meters. Reso-
lution of this apparemt disparity serves as our primary

.- objective in deveboping an immproved conceptusl model. -

4 mmmpmofdownwdwlyadebonwmbyedw
_ quantify 5ol water fluxes using the CMB equatioos and the
- it gredient model approach [Nimmo ef al., 1994] peces-
© . sarily produces positive estimates of secharge. Such esti- -
o mmtymppoﬂdzeldathudxffuscmbagem

extensive ares of arid and semiarid regions sipnificanty ©
,mmwmcomﬂbcmMcmbathe-
phm[lmlpmvdcs:xmmrynblcofdxﬁ'metwhnge

csummﬁm l7pnwouswdxuuzunngeﬁow0to100"

. mm y1™" at semiand and arid sites. Although the methods
. employed for quantifying the fluxes included physical and
- chemical , all analytes assumed downward flow |
i;tmcdecppmﬁlc.lneonmmc

wofvcha:geeonocpw'
moddmmeswﬂwmthemmeor&mxghtbc

--deeper profile. A oew comkeptus] and numerical model, .
 developed and tested in the pext section, provides & basis for
‘us to challenge the assumptions of downwand advection or
mﬂowlodesm’bcdwmumﬂowmmdccp
. descrt vadose zoncs.

2.' Dccp Arid System Hydrodynamic Model
2.1, Conceptual Mode

{14] The estimated ages of chloride bulgr mvemodu in”
ﬁ::swthwcsml)mled Sutes indicatc a link with e -
timing ‘of the Holocene-Plelstocene climate shift at -12- -
15 ka. However, the paleoclimate explanation alone fails to
explain the ¢ data from Seep profiles that contain the
characteristic chloride bulge. Therefore we propose that'
&emmawamwmddn«dhmumdmemphc&
meat of mesic vegetation by xeric (desert) vegcmuon
mduood the development and maimtenance of very aegtt:vc

VALVUUKD T AL DEEY AKID DYSIEM HIUKUIIINAMILD FAKE § - .

v!albesoxluﬁ)ebucoflhemme. Accordingly. the
effects of episodic infiltration events are dampened in the
near-surface soil end do not {nfluence the deeper vadose
fiow regime. Desert vegetation has been shown to be
capable of extracting soil moisture under soll y conditions
a5 dry x5 —800 m [Odening et al., 1974) and 10 be resistant to
xylanaviadouwdamlvcondmomudryn-dOOmlo
~1000 m [Pockman et al., -1995). Multiyear lysimeter
studies from three arid slies Investigated by Gee et al.
- (1994) suggested that vegetation is:the primasy factor con-
!rollmg the water batance. Goe eral. [1994] found that desent
vegetation climinated deep infilation over the monitoring
" pesiod a1 the southwestern United States sites. The lysimeter
results from Gee er al. [1994) arc conslsteat with the absence
of seasonal v tansients propagating below depths of about

"3-5 m under desert vegetation, based oo studies in which
‘was continuously measured by In<itu soil psychrometers.
'fe.g.. Fischer. 1992; Andraski, 1997; Scanlon et al.. 1999].
Andrasti [1997) reported that moisture from precipitation
that sccurnalates in the upper 75 om is removed by evapo-
transpiration on & sessonal basis. and that scasonal v
'varistion remain confined to depths above 4 m st the

* vegetated Beanty, NV site. Although these studies obviously .

' cannot demoastrate that v at depths of ~4 m bave remained
| constant over the past 10-15 kyr. they do support'a key
essumption that v in ‘deep desert root zooes do not exhibit
significant seasonal changes as might be expected based on
ts from vadose zone studics In humid regions {i.c.
Johnston, 1987). In addition to the fixed subroot zone ¢
condition, our conceptua! model, Which we term the Decp
Arid System Hydrodynamic (DASH) model, incorporates a
uemperwmpmﬁkdmdbcdbylhcwnmu:lgwma-
ma) gradient and includes the effect'of both tempersture and
 on vapoc density and vapor flux. Liquid and vapor can
movcbomupwvdanddownurd.ndxtdiffamnmnnd
opposing directions from each other. In ‘sssuming a fixed
©_subroot zone y condition, the DASH concepesal model does
“not sttempt (0 capture the seasonal moisture flux dynamics
in the upper fow meters. Those dynimics would include, for
k.d:cnddmwmiwporﬂmlnﬂnuppaﬂmetu
of soil that should tesullfmmméoml lanpcntmvma-
txoas[MdIv 1996). . g

2.1. Matbemtiul and Numcrlcal Modd )
[us)- chsetbeﬁmec!mmlhwwdmsshnsrer
* (FEHM) (Zvvoloskd et ol., 1997) computes code for simu- - -
‘Tating vassturated flow and transport in accordance with the
" DASH. reduced-recharge, and zero-recharge .conceptval
- models. FEHM simulates nonisothermal, mﬂnphasc. muhi-
" component flow in'porous medit. FEHM incorporates
vapor transpodt driven by changes in vapor density resulting
from a tempenature pradient (thermal vapor flux component)

- and from & v gradient (isothermal vapor flux component).

The vaa Geauchten relative permeability function {ven
" Genuchten, 1980] describes the relationships between per-
meability and saturstion and between pressure snd satura-
tion. (Further model description Is included in the
-sppendix). Assumptions inhereal In FEHM include: (NN
Darcys Law appropristely deseribes the movement of
liquid and vapor, (2) Jocal therma! equilibriurn between
the fluid and the tock is maintained; and (3} solutc transport
docs not affect the transfer of fluid or heat. ‘Additions)

LES-05117
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stkl.[nput?uw!!wdbodaibcl‘mpemcm

Pacatneter VYalue
Soil texture . well-soned sand
Pococlty. ¢ o 45%
Thermu! cooductivity sWa' e
gt o g
‘ : : 1000 1 g™
Saturxted permeabilicy - R T
vaa Genuchies paremescs o and n 4sm' 19
Residual end caxiowm satucaions | C10%, %%

pradieat 35°C !
Water table T 00m
Depth of xed subroot zoae v ™
Efective solute diffision cocflicient 0 alst

} non: imposed in dus study. but not. mhercnt to
- !-'EHM. include (1) 1.D vertical Gow adequately represeats

.thehydxodynamc. ) air Jow. it ible, (3) chloride
a(wuotbln;:;‘dun‘;mm?&e)mdu

through the roots (Gardner, 1967]..

ZJ. Ioput Parameters, Bounduy Coudldvas. lﬂd
Initial Conditions .
(1] A 200-m vertical’ cobiumn rcpttsenrs the physical

| system. & generalized alluvium vadose zone, used for testing

- conceptual models of 1-D nonisothermal, multiphase flow
and transport In arid reglons. Thcmpupmvduu
designated as the “bese czs¢™ we given in Table 1. The top
of the vestical columa represents the ground surface, and the
bottom of the columa ts the water table. Temmper-
ature gradients result from specifying temperatures at the
top and bottom boundaries of 18°C and 25°C; based on &
mean annual surface temperature in the desert southwestem
Unlted States (top boundary) and an a e
gradieat of 35°C km™' (Blankennage!

(Ross [1984) uses 30°C km™'). Base case’ s0il properties.

describe a homogenous sandy soil texture (Table 1), A
residual “ssturation of 10% is consistent with data fom
alluvial material at the Nevada Test Site (Pahvoord ef al,
2002}, At low saturations nesr the, base case residual
saturatioa (i.e., 4.5% moistun: content), the effective chlor-
ide diffusivity fs ~10"" m? ¢~} [Couca and Wright, 1992;
Schagfer et al.. 1995].

",

geothermal
Felr, 1973]
. model pxodxmamu:hlcssnemvev profile (Figure 42)

). Imﬁdly.diewmkmuaunlfmdownwud
liquid flux of 10 mm yr™', past the root zoae, represents
tive of a relatively wet climate [Tjler er al, 1996). The

. initlal solute profile consists of a uniform chloride pore

water conceatration of 10 mg L~". A prescribed soluts ﬁux

of 100 mg m™? y1™' at the surface boundary simulates
. contiauous chloride depotition (Table 2). This prescribed
ﬂuxmpmcntsbolh&yandwctch!orldedepcndonwdu

& typlcal presentdsy value in the U.S. southwest (Det-

“dinger, 1989). We assume that although the relstive coa-
tributions of dry and wet chioride deposition vary over time

ln response t climite changes, the toul chloride flux,

‘,imamly controlied by dutmcc 10 its oceanic source [Aurge
and Werby, 1957), remains constzat. [mplementing the

DASHeomptudmodel,tmtchloadrychmmu

* simulated by, speclfiing an’ average’ precipitation rate of

200 mm yr*' st the surfice (not past the root zome) and
nnposing a fixed v at 4 m depth, in accordance with
observations from root zoncs underlying desest vegetation
{Andraskl, 1997; Sconlon et al, 1999) The fixed subroot .
zone ¥ eondxdondmmgmshatthAsumodd&omthc
medmhuxundmmchuge models ia these simu-

24, Testing the Dash Modcl Ap.!mt Prcviaus
Coneeptull Models .-, .
(1] The DASH ‘model is tatcd azaxnst lhe teduced-

recharge and zero-recharge models' by comparisg results
from simulations run for the fixed subroot zone w condition

_to results from a reduced-flux boundary condition of 0.1 mm
wr~' and 3 ~rero-flux boundary condition (Tsble 2). The

smhumprmdbrlSkyrmbsequmwtbcmtwu

* from the fnitial downward flux steady state to the

conceptual model. The

and conditioas ideotified with each
cal’ messured

lSkyrnm-umcmlmonubmdonrypi

ehloride inveatories in southwestern United States chloride

bulges [Phillips, 1994). Modeled V and chloride profiles foc
the DASH #5d reduced-recharge and zeco-recharge coooep-

.un]modcls(ﬁpxm4m¢15)mcompaxtdlotyplul

observed profiles (Figures 2 and 3). The
and a broader chloride profile (Figure 4b) tian the tbietved

 profiles (Figures 2 and ), The, zero-recharge model produ-

ces peaked chlocide profiles, mcmblinz observed profiles,
but gencrates much less negative matric potcnthl; than
commonly observed. [n contrast, both the ¢ and chloride
profiles generated for the DASH model closely resemble the

- observed profiles, !hereby &vonng the DASH cont_xpmal

Table 2. (nitial nd Boundary Conditioas for Testing the Three Conoepoual Models’ - ;

. - E)
- faitiad condicion Boundary condiion Bounduy Conditiva Subroot Zone Cenditicn
. Coateptust Model . AR Reduced Racharge - Zero Recharge, . DASH;
Surface water flux T . o
, Net iafilration 10 ma yr™* 0.1 mey yr=* 0.001 men yg-* : NIA ’
' Precigittion NA NA CNA 200 evn 1!
Subroot rore y- - . NA NA NA 400 m
Watee uble v . Om Om T  0m |
Surface Kcmperatus .. ll‘c 15°c .- , 'c 1°C |
Wau_ub:‘:mwm 100 2 o B'c, o #el
Chionide g yr-! 100 mga" yr~ 10 mgay™ix”
Source chloride concentration w-:;l.'¥t tgt”! lC!)cl.'rt OS«L,"“

¢ lahial coadidons are the same fof o turee test sknulstiony. N/A i 6ot sppliod.
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Figure &. Nummcally stmultted v pmﬁles “for the (l) reduccd-mcharg (b) zero-recharge, and (¢)
DASH coaceptuaal models. The left gnphs duplay thc entire 200 m thick vadose zone, and right graphs

show only the upper 50 m.

model over the rcduced-meharge and zcro-rechugc conccp-
tual models.

2S. Current Traxslent Sutt
{19) The DASH model moisture flux pmﬁles below 4 m

for the base case at 1S kyr fom the swikch o a2 drier- 'not

climate represent the current conditions aad indicate diver-
. gent liquid and net moisture fluxes and upward vapor
~fluxes (Figure 6). The upward geothermally driven vapor .
flux is sourced by evaporation from the water table. The
-upward isothermal .vepor flux contiibutes significantly to
drying in the upper 25 m. Between 4 and 25 meters, vapor
: fluxes -exceed the fiquid flux by .a1" least an order of
* magnitude due to the very dry conditions and thus low
unsaturated permeability. Liquid flows upward in the upper
13 m asd downward below. Downwand Liquid fluxes below
Bmmmwﬂhdcpdz:sumu!tcf!hcdnmmt

drymc process. Cekulated liquid and vapor fluxes in the

- region below the fixed subroot zone v and nbove the water
. table are ex small, on the order of 10°2 mm yr~'
-(Table 3). In contast fo the very small fluxes predicted
mmg&cDASHunddconccpi ﬁuCMBappmchbued

.on lhcmducod-fecha.rgc conceptusl model, yields larger
downwerd fluxes below the root 20n¢ and across the water
uble interface (Table 3). Furthermore, the DASH model

.. flux distributicn that reflects the current condition (Figure €)
"ulmuwwthcudmmmﬂuxbcbw!herootmn: is

not cquivalent in magnitude or direction 10 the flux across
the water table interface. The moisture flux distribution
clearly violates the key stcady statc assumption for the
conventional hydrostatic equilibrium and the unit gradient
models, The moisture flux distribution” elso contests the

- stagnant condition assumption - for _the zero-recharge
.model. The transient state of vadose zone profiles given
13 kyt w0 spproach equilibrium with the fixed root zone ¥

condition suggests an cxtmncly slow mpansc of the

|36, H)drodvuam!c Equ'tibnum Sutc

[3] Simulations carried 10 steady state using the DASH
model and the base case sct of parameters yield important

_insight into the equilibrium stare of deep vadose zones and

response 10 an &nd climate shifl. The lack of similarity

.between the DASH model-genmwd neady state q pmﬁlc

LES-05119
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Figure S. Numerically siinulixgd chloride profiles for the (3) reduced-recharge, (b zero-recharge, and

~ (c) DASH coaceptusl modcls. The left
graphs show oaly the upper SO m. .

and the y profile required for the steady state conventional
hydrostatic equilibrium model revesls a major misconcep-
tion in conventional unsaturated flow theory as applicd to

. desert vadose rones (Figure 7). The DASH model produ-
ces 3 curved y profile at steady state (convex' upward)
similar to measured w profiles (Figure 2), The curvature
indicales & divergent liquid flow pattem in which liquid
fluxes are upward in the upper vadose zone and downward
Wlow. The moisture flux profiles show how s divergenmt
liquid flow patrem can describe & steady state, net upward
flux regime (Figure 7b).' The upward thermal vapor flux,
sourced by evaporation from the water table. decreases with
height above the water table due (o the decreasing temper--
ature and vapor deasity gradleats. To maintain equilibrium,
vapor condenses and supplies a downward iquid ffux in the
deep vadose ronc. Above some depth (~90 m for the base
caze). capillary forces. resulting from the specified subroot
2one . exceod gravitational forces imparted to the liquid.

graphs display the catirc 200 m thick vadose 20a¢ and right side

and the liquid flux direction shifts to upward, The upward

liquid flux in the shallow vadose zone is extremely small
due to the dry conditions and very low unsaturated

sbility. The equilibrium state is characterized by dynamic
interaction between vapor and liquid fluxes summing to a
aet upward uniform moisture flux of ~0.012 mm yr~* for
the base cases "= ¢ -, e :

[21]. The wansieat history of the base case simulation
carried 10 steady stte suggests.a very slow response of
doep vadose zones 10 an arid climate/xeric vegetatioa shift.
Modeled sicady state matric potenrial profiles that sppear
similar in character. in both shape and magnitude, to

 measured profiles could suggest that observed descst

vadose zones are in cquilibrium’ with cument surfice erid
conditions. However, examination of the response tmes
associated with the modeled stesdy state profiles ggots
the contrary. We use the time to completa az ¢-fold
(1" or 63% response from lnitlal to flnal state) change in
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200 !'/ —- E ;ﬁ

Molsture Flux (mm yr1)

", Flgare 6. Molsture flux profile’ (below 4 m) ‘15 kyr
.- Subsequent 10 ‘the shift from sieady, downward flux
conditions to a fixed subroot zone v conditicn (DASH

model). Negative vatues indicate downward fluxes.

o,
M.

"the ‘matric_potential profile to_definc the cquilibriva .

response. The calculaled response time of 80 kyr exceeds

E - typical timescales of long-term climate change, which are

on the order of 10 o 15 kyr. Conscquently, we would

- expect doep desert vadose zones with similir parameters a5

the bass case to still be in a very slow transition toward
steady state, but mevertheless to be far from the “gue”
stsady state. : S

- +[n): The moisture flux results . (Figure 7b) show .that

* . Yapor traasport coatrols the hydrodynamics at steady state.
. iso0 of steady state ¢ profiles for o fixed subroot’
zwzof-)&mgmﬁwiﬁmdvdthom&ow_
-vapor flux, thamal vapor flux snd total vapor flux empha-
~  sizes this point (Figwe 8). The bydrostatic eqmﬁ%dpm

. linesr profile describes the steady state if the thermal vapor
- ﬂuxtsnc;leded.ngnﬂwofwbabaornmmc!sodmmd,

: - flux is considered. In coatiust, curved v profiles describe

the ponisothermal feady sute, because the nonuniform

+ - thermal vapor. flux requires » cothpensating moisture flux. .
. The w profile displays more acute curvature (defined bere as

degree of deviation from the linear profile) I the absence of

. - 3n isotherma) vapor flux (Figure 8), and thus describes a .
. Wenter steady state. Withou! the isothermal vapor flux, all of -

. -Uae moisture iberated by the decreasing (with temperature”
- .-und height above the ‘water tsble) thermsl :vapor flux .
-condenses and supplies 3 nosuniform downward liquid !

004 002 %000 002

rited, some of the moisture liberated by the decruiing-
vapor flux is drawn upwand snd out of the system dhrough

©* the subtoot zone sink, resulting in & drier steady state.

3, Sensidvity Analysts
. [u] We perform a seasitlvity analysis by systematically
; varying parameters and comparing resukts to the base case

solution. The sensitivity analysis serves three purposes.

. First, varying parameters within a typical range of measured

values helps evaluale whether the DASH model broadly

- applies to desext vadose zooes or is navowly limited to

special cases. Second, results from & seutitivity aqalysis

-+ indicste which parameters exent primary influence oo flow
" and wragpon in deep desert vadose zooes. Such an evalua-

tion may chanael future rescarch efforts to better charecter-
ire the more sensitive . And thind, the sange of
responsss obuined through the seasitivity analysis provides
a basls for assessing the uncertsinty sssociated with apply-
ing the DASH conceptual model to field gites at which
sevenal key parameters may be poorly constralned, Varis-

- bles considered ‘in he sensitivity analyses include geo-
* thermal gradient, soil -type (Table 4), water table depth,

specified subroot zoae y aod vapor diffusion rate. Simu-

= Iations caried to steady state generate & range of response

times associsted widh each vanable. .
3.1, Geothernual Gradlent - -\ -

- [4] Since the base case moisture flux solution using the
- DASH modc! demonstrates the importance of thermal vapor
, uansport at steady state, we expect the magnitude of the

geothermal gradient to exert a majoc control on the equili-

brium state of deep desert vadose zones. Simulation results

- from Zero (0°C km™') end fow (15°C kan™') through high
(65°C kan™?) peothermal gradlents [e.g., Blankennagel end
Felr, 1973} corroborete this expectation (Figure 9). Increas-

ing geothermal gradients induce greater thermal vapor

fluxes, thereby reducing the depth of liquid flux divergence

. 20d eabancing the curvature of the v profile. The larger net
_upward moisture fluxes sssocisted with higher geothenmal

- gradients result in faster response times (Table 5). The zero
_pevthennal gradient case produces a nearly linear y profile

(Figure §).
32. Hydraulic Properties

(8] To assess the steady state flow regimes and responsc
times for various soll types, we cotapere simulation results
for sand (base case), sik, and silty clay. Saturted hydrsulic
permesbility and van Genuchten fitting parameters are
varied (Table ‘4), whereas thermal conductivity, and rock
specific beat remain constant. The fanier two parameters do
0ot vary significantly over the range measured in typical

.

flux. However, when lsothermal vapor effects are incorpo- ; alluvial sediments. :
. T A T : - T
~Table 3. Comparison of “Current™ Moisture Fluxes (in o y7™") for the Bise Casé Ectimated Using s CMB Appeoach and the DASH
* Model Resule® - .0 SRR ’ Tl
DASH DASH Moddl DASH Modd DASH Model
CMB . Moddl - - Meothermal, § 0 .0 Thomat Nev Maisture
Liguid Flux .= =27, Liguid Flux . Mporfx . VaporFlox : Flax
Subrost 2one (S mdepth) - - .. - =10 ... 7. <00l Temr T T o009 0016
Wter wble boterface -100 0044 0001 .. 00 =002
*Negative values indicate downvard Guxes. ’
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F’ngm? Compamoa ol'mdysutcvpmﬁla predicted by the DASH model and the linear v profile
described by the conventional hydrostatic equilibum model. The uait gradieat model (ot shown kere;
see example in Figure lb)pcedmaumfomvpmmesbelowmcm«me (b) Steady state moisture

- flux pmﬁlcs pxedsded by tbe DASH model. Nepative values indicate downward fuxes. -

[-a] Sunulstlon n:sults in dxe t'orm of steady state ¥
profiles show litle variation among the three soil types
(Figure 10). However, the respoase times vary dramatically
(Table 5). The simulated sand responds Caster than the silt

:ndnkychymmfors:vaﬂmuahly the bigher”

_saturxied permeability of the sind, relative to the silt and
silty clay. contributes to 2 shorter time required for the thick

T ndosemoeeoduinandethbmwthcwﬁeddm
.. . condition below the root zove. Stuulstioq results genersted

. by varying the saturated perracability over several orders of
,mcnmrormenudmﬁtmdnmpamofbmﬂd

. permeability on doep vadose zone drying’
* (Table S). The drier antecedent (t < 0) moistuce eondndons
for the sand relative to the finer-grained soil types also’
. favors a faster response in the sand, since levs moisture
. ncedswbemmovedmmhmamsteadymﬂowev«

this factor sppeats to be secondary to permesbility in

conuollmg the response time. Simulations in which we my

Q.

Depth (m)
3 2

g

200 + '
-250-200-150- 100 60 0

Matric Potenﬁal (m)

Elzure 8. Comparison of steady state v profikcs predicted
when both isothermal snd therma! vapor transport are
included (DASH, triangles), only uamml vapor flux is
included (circles). oaly Bsothermal vapor flux is included
{squares), and without vapor Mux (lnear profile with
CTO3sCs).

response times
the type of molsture flux cegime
- vadose roones. Figure {1 dlsplcysmuhsﬁomnmof

the porosity om 0.2 10 0.6 (but without changing saturation
oc tortuosity) showed that Umes decrease oaly

. slightly with decreasing porosity (Table 5). To attain 3 dry

steady state, & soll with low porosity roquires kess molsture
removal (han does & soil with high porosity. The reduction in

" moisture semoval- overrides the decrease o vapor flux
~ conaccted witht!:eteduccd w—phaxvolwxeofd\ebww

P°f°ﬁ')'

33, Water Tnhk Dcp&
(1] Since the water table serves as the lower boundary in

the DASH model, the depth to water table strongly affects
that develops m desert

DASH model simulations for- water table depths rangin

" &omZSmmemmodel-gcmﬁedvpromufor

vadose zone thicknesses of 25. 50, and 100 m show
decreased curvanure with increased vadose zooe thickness,
reflecting the- decreased overall v gradient (Figure tle),
Vadose roces with thicknestes exceeding 100 m exhibit Hule
seasitivity to Increases in water tble depth, xs shown by

o lhdtovuh ing v profiles (Figuce 11b), sitmilar net opward

state fluxes (Figure (2), and ideatical response dmes
(Ttble 5) The stzady state divergent liquid flux patern

described in section 2.6 does oot develop for simulations
"7 in which the water table is >100 a1 deep (Figare (2), This
- observation is consistent with the 92-m depth of the plane of

divergence for the 200-m vadose zone base case simulation.
slt, vapor transport dominstes the steady suie moisture
flux regime for water table depths exceeding 25 m, The

- upward vapor flux generally exceeds the upwand liquid flux

byulastmordc:ofmagnimdc for thick (>2§ m) desert

Table 4. Puumdelni\eSennuvuy Analysis for Three
Soil Types

Soil Type Panablicy * Pusmcters o, 8 Swtaretioas

i pied gmn s
x ¥ m nt |

Skycay 1wl Vel asm, 1.1 14%, %6%
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garhble: Geothermal Gradient
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Matric Potent;al (m)

ﬂgurc ’. Study state ¥ pmﬁlec for vamble geod\ml"

. gndiem usmg lbc DASH modcl

' ,‘\1dosc zoncs. In contrast, the upwa:d liquid ﬂux exceeds the

: - ﬂuwuertabkisatadcpthoI‘ZSm(Fxmlz) Capillasity "
' ,dnwsmouzhumupwudﬁom

S

- e

vapor flux below 10 m for the simulation in which

water table in thinner
vadose zones 1o significantly increase the unsaturated pet-

““meability. and consequently increase the net upward mois-
-ture flux.’ Model-cslculated equilibrium ‘response times

__ reflect the influcnce of the water tsble on the flow regime
. for thinner vadose 2ones (Table 5). Response times are very
short for thin vadose zones but increase rapidly with increas-

"mgthuclmmmdmd:muympwvtlucofam~80.

kyrfwvadmm&ncku&mnbomlso;n

. 34. Fixed Suim:ot Zone Matric Potential -

.....

[28) ‘ Vegetstion type and soil moisture* availabllsty
sumglyoomltbemmpotmwt!mﬁnephmmu

must sustain withio the roof zone to survive. A sevies of -

simulations in which the fixed subroot zone v is varied

’ ;ﬂlm&emwdmemadymﬂwmgmmd'
" response limes to the fixed y value. Response” times -
decrease with increasing (fess neganve) subroot zone ¢

" (Table 5). Although the driving force in the upper part of the

profile decreases with increasing subroot zon¢ y values. the

“steady suate v profiles are closer to the inftial w profile

(Figure 13). Less moisture noeds to be removed from the
mmummdbylusmpﬁvcmmcv!o

stiain steady state, thereby requiring less time for equilibra-

" _tion. However, & point is resched (at about =S00 m for this

sel of simulations) at which increasingly pegative subroot
zone y values have very litle effect on the equilibrium =~ -

response time (Table 5). At the dry end of the range. large

changes In v comrespond to very small differences in
moisture content. Thercfore the smount of moisture’
required for removal for equilibration w0 2 subroot zene v =

of—SOOmlsvachoseloﬁwumoumforsubmotzooev
< -500m.

35. Euhanced Vupor Diffuslon” " |

N
o

{2¥] Wster vapor fluxes result from spmal \'uuuons in
ture.

vapor density, which is a function of both wempens
and matric potential. Vaporddfunon. described by Fick's

[
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experiments conducted-ou unssnursted material {Pkilip anc

. de_Vries, 1957] and 8t the pore scale (Sitverman, 1999

report vapor diffusion rates that exceed the rato predicted by
Fick's Law. Philip and de Vries [1957) hypotheslzed tha
this vapor diffusion enhancement is primarily due to the
presence of liquid islands in y saturated porou:
toedia, where vapor is transfemred essentlally instantane
ously from one side of the liquld Island 1o the next. Wh
explore the influence of enhanced vapor diffusion o1
response times by varying a vapor diffusion eahancemen
factor, B, fom 0.5 to 10, although B > 4 is probebl
unlikely under field conditions [Sifverman, 1999). Increase

" in3 yield reduced mponse times (Table 5), emphasizing

Table 5. Summary of Equlmmum Response Times Calculsto

From DASH Modcl Sensitivity Analysis
. Varlsble Response Time. ky
Swd*. |, - w0
. Six . 400
« Sikyclsy - - . - 25
Sarurszed pormesbility K, (7}
10-° b +J
10" -1
1o 50
1= 15
10-v 21s
Portosity ¢ (dimensionless)
02 . " (4]
03 . n
04 n
' p4s* 20
05 82
N 3
,WIMHM: ('c m": ) -
IS . ’ B : 134
28 - . - 2 o 14
L s - S - .8
A4S T T ’ 7
5 ' e 41
@ - R 29
Warer sble depth 2, () © . :
25 - . . . - 034
.0 . o -
00 - . ) s 47
150 - - S - 80
00 . : ' 80
Fixed root zo0c matic potential wn (m) o
. =50 . . i . k1
=100 0 T - BN 45
-200 &6
~400" 80
-600 17
%00 - - - . 3
Vapor diffusion enhsacement factor 3*
0s - 122
0.78 i L]
(K 0
20 . 33
o 44
40 37
5.0 10
)2 - 16

Deootes valoe gted in base casc.

Law, becomes increasingly important 10 the overall trans- - ’rmdmnuvwddmaoeuzdaabcdby Fick’s Law: valwr

port of moisturc a8 the porous medium drics. Laboratery

2 1 corresposd 10 “enhanced™ vapor diffusion.
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Figure 10, Stesdy state y profiles for varisble sail type

using the DASH raodel. Soil texture properties are provided -
ia Table 3. Other base case pacameters are given in Table 1.~

the strong coatrol of vapoc transpart on molsture redistribe
- ytion in deep vadose zones undetgoing drying, particularly
in the later stages. L
3.6. Summary of Sensitivity Analysis -
. [#] Results fom the seasitivity anslysis suggest that the
. DASH conceptual modet applies to a broad range of thick,
uncansolldsted vadose zoaes under desert vegetation in
interdrainge regions. Stmilar Equid and vapor flux patterns
develop in desert vegetated zones with deep water
-, tables for a large range of varisbles. With the exception of

relatively thin (<50 m) vadose zones, the hydroulic drying

response time exceeds the timescale of major climate

change. Although the hydraulic role of desert vegetation.

~ is erguably the key component in the DASH conceptual
model, the seasitivity analysis resulis indicate that the.

- magnitade of the subroot zone matric poteatisl (=S50 m o™ 6)

* <800 m w3ted) contributes only a minor influence ou the
. awisture flux regime and response to drylng. Soil hydraulic

parameters, particularly the saturated permeability. exert the .

strongest influence on eurly time drying when a large
percentage of the drying is sccommodated by gravity drain-

age. Pusawters related to vapor movement, sucht s geo-

thermal gradient and vapor enhancement, exert a major

@ °

20
Ew
fu

.80

" 100
© +500-400-300-200-100 0

Matric Potentlal (m)

—wtw2bm
——wl e50m
—e—wil=100m
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control on late tme drying when most of the moisture
:_vdisu_-ibut{on is in the vapor phase,

4, Transition Reversal and Response to Episodic
[nfitraton - L

" [n] The seasitivity results described above demonstrate
that under a range of typical conditions and soil parameters,
thick alluvial desert vadose zones respond slowly to a
change in surface boundary conditions representative of a
traasitioa from & mesic 10 an arid climate and establishment
of xeric vegetation, We expect the response tn the reverse
direction to be considerably faster, In order to evaluate the
respoase in desert vadose zones o & prolonged period of
Infiltration, we simulate several transition reversals (dry-to-
wet shifts). The response to 8 shost-lived episodic inflitration
event is also 2ddressed by simulsting a dry-to-wet-to-dry
sequence, Specifically, we are interested i the behavior of
the pulse of jufiltcating water a3 it propagates with depth, and
the time required for v profiles to equilibrats 1o the change inf
the uppet boundary conditions. The iafiltration event simu-

 lation sddresses the wetting and drying bebavioc in the upper
vadose zooe and the time required t reestablish the pre-

infiltration v profile, I .
(2] The @ condition foc the dry-to-wet transitions
illustrated in Figures 143 and 14b coasists of the dry steady
state base case solution (fom Figure, 7). This inital con-
dition serves (o bound the high end of calculated response
times. Another initial condition (oot illustrated i Figure 14)
we use is that established after 1S kyr of drying (see Figures
4c and 6), The boundary condition for the wetting period in
the simulations consists of a specified downward liquid flux
ranging from [ to 10 mm yx™". Table 6 records the lafal
and boundary condition combinations and the comrespond-
ing simulation response times. As foc the previous transient
simulstions, we define the response time. by m e-fold
d&m in the Qmﬁlemﬁom initial to final :ms.(llx_: all
-to-wet simulations, the system responds rapidly (Table
compared lo the wet  transitions for the base case
(80 kyr, Table S). The shift'to wetter coaditions yields
respoase times raoging from 50 yrs, for the 10 mm yr—?
infiltration rate applied to the laitlal condition representin
15 kyrs of drying, .to 375 years, for the | mm yr~
infiltration rate applied to the dry steady state Initial
condition. The y profiles developed after various “wetting™
times suggest that even relatively short periods of infiltra.

(b) 91

)50

. 100

E 150

ﬁ200 —— wil= 200m

5 250 BASECASE !
100 —— w.t =150m
350 ~no- Wl =400 m

400 ;
-500-400-300-200-100 0
Matric Potetial (m)

Figure t1. Steady state y profiles for voriable water table depths of (8} 25— 100 m and (b) 150-400 m.
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" varisbie watcr table depths using the DASH model. Negative vajues indicate downward fluxes. Note the
chxngeofmleonbonommsfo:muopkﬁgnphlnddubonomngmmpb : : , )

tnonpast the tood zotie mducza ngmﬁam mponse m v
- profiles (Figures ‘142 and 14b). Infileration could: be
_hypothesized to result from rare, episedic, ¢limate or
" weather events, bmthevaloegnmua]snecessaryto
“reesablish the highly pegative y profiles argues against
sucbmudmmgtbeﬂobemchphmwbmmuc
negative profiles are observed. This polnt is emphasized
byasmuhbwnwbcbmmﬁlummdwm
" 200¢ 3t Rte of S mm yr~! over a period of 10 years. using
!hebaszmcpamnmncinmdeondsdocfonbe
simulation . consists of that developed a
. dryiog (Figure 152). mnmuhhonpmeeedsfwu
" with a coastant infiltation rate of § mm yr~' nthc
- surface. After ten years, the wetting froat bas propagated
10 a depth of sbout 10 meters (Figure 153). At this point,
tbedxyhydnulscooodmomn4mmmumed(ﬁxedv-
—400 m) and the profile reequilibeates (Figure -15b).
. Reesablishment ‘of the preinfiltration ytoﬁle tequxres
Smyanofpasmemdryng .

S lmpllatlons

" 1) The DASH model dullcuges some of tbe conven-
uomlconocpmtlmoddsofndmmeﬂowmdmmn E
" as applied to wrid to semiarid regions. Questioned assump- - -
muclude(l)ﬁnctmtﬂowngimmd«pndosc

mnescwbcdumbcdbyunulldownmrdndvecﬂve flux ...

: model) onhydmsumcoondmw\(wv- N

reducedrecharpe
mdm;emodcl)mda) vaper fluxes are negligible compared

0 liquid fluxes in deep vadose Tones. The DASH conceptual -
modelmposenhmhem;}ormostmm(clmdungeu

2= lSkahadaluga-;mpmoudxevadoumhydmlog

" of the arid and semiarid southwestem U.S than bas previe
ously been considercd. At Jeast in interdrainage desert-floor -

eavironments, the ehange to drier climate and associated shift -
1o more xefic vegelation actuslly reversed moisture fluxes
joabdw&cmtm.&mnmtqupwlrd.mbu

. ma;or mplmtmnx for contaminant mxzm»on and envn'on-

mental tracer studics in arid vadose zones.
[3] Quantifying diffuse recharge by estimating liqupd

“fluxes below the voot zone and assuming that they are

equivalent 0 groundwater recharge. ic., fluxes across the
water table interface, may not be applicable in semiarid and

‘arid regions. The work described in this paper suggests that

not only are molsture fluxes just below the root zone

mequdwmchuxe.ﬂwymsybcopmugevwmdm-.
“tion. Furthermore, dowaward moisture fluxes across the

fier 15 kyr of *muble(ndnhageofﬂm-&g:m)mmmd

mlnzd:cDASHmddmmalaﬂasofungmMc
‘smaller than estimates obtained by using the CMB
“spproach. This implies u negligible contribution 1o ground-
‘water recharge through desert floors in interdrainage areas
iznd supports the idea thay, in the ebsence of preferential
ﬂowpaun amxckdcsatndoscmsmnneﬂ'ecuve

Varlablo. lend Sub«Root-Zone v

——yaSOm.
e pu-i00Mm
—o= y=-200m .
—— v-dwmamcﬂse
—— y=£00m "

— v--mm

100 |

160

- .200 .
~-800 -600 -400° -200 O -
Machotenﬂal(m)

F!guu 13, Sludy slate mﬁlﬁ l'ot v;mble fixed subroot
zone v \mlucs (u a depth of 4 m] using the DASH modcl.
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) ssomowaumyr‘) ®) ssomowauomyr')
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200 - |
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MCPo(mﬂd (\‘n)

Flgunu. TunsicnwpmﬁlcsmgtheDASHmddmdmcordIngtbctwitchﬁomthebucasedxy
mdymlewupeuﬁeddownwdﬂuof(:)lmmyr"md(b)wmyt :

: wﬂawwwmnowm.mmmﬁonu
critical in maintaining vpward fuxes below the root mae, |
:hepmmccortbmeeofmvevegeudoa.mdtbubﬂuy
to maiatin & vegetated condition, must be congidered in
waste repository site assessment xod emplacement proce-

6. Conduslons o

. [ !ntcmﬁn; feld obmdomm:hmdel sunuh
tions emphasizes dmehnpamotconsl&:mgbothhqdd
and vapor flow protesses when deftymining the auagnitude
wdd&mofmmﬁmbdowtbemtmm
ability 9 refiably make such determinations
quantifying

assessing eonunnmt—um:pm

be extremely usefiel in interpreting Geld-measured matric
poteatial and chloride profiles. that, we propose, have
" evolved since the PleistocenaHolocene climate trantition,

{x] The Deep Arid System Hydrodynipic (DASH)
"model  reconciles the pandox betweea upward hydraulic
poteatial gradients measured in add a0d semitrid vadose
zones and the downward liquid flow assumption applied
whenthtch]ondcmmbdmcnppmuhkusedwimw
pret comesgonding chlotide pmﬁlu. The DASH model
prescribes & consaaat low v]

cooling arid condensation of upward moving vapor produ-
ccs the characteristic pearly uniform matric-poteadal profile
of the decper vidose zone. In actuality, this steady state
conditios may be rarcly achicved la deep vadose zome

“podes are fxed st stmospberic pressure

f'moumxe ﬂuxbelow the root mels oot equlvalent in,

uu@ulmdewdhmwwd:cﬂuxmsmw«ublc.

Appeadix A: FEBM Model Description
(1] The models sad solutioa algorithars for FEHM are

dsaﬂ)edmdeuﬂbynmgandbvolo:ﬂpmm
Zywoloskt et al. (1997). [a this study, cae dimeasiopal

colunas are simulated with finkes element grids of vasiable

3008 % 3500 e 243 evmeapt et e i
x
m&wna@ﬁdwwmmmm
Is provided clsewbere, Thé boundaries on bese gids are
applied &3 follows. The peessuies o bottoth boundary
to represent water
hhleccadmons.l\conmmmssﬂuofwmutbnpper
boundary nodes serves &3 ¢ coatinuous fluid sourcs and
represents either procipitation o effective precipitatioa, case
specific. Here, effective precipitation refars to the reyidual
wﬂmﬂm(mmmmmhummn-
ton). A specifiod solute toacentration & the source node(s)
(upper boundary) produces a’constant solute flux. Fixed
temperutures ut the top i bottom boundiries establish a
heat flux that is unlform through the vertical columa forthe
examples provided in this study, sisce the low fluld Bow
nmdomawﬁmdypmﬂmmﬂnmm
ature profile. A low matric potential Is spplied to the nodes
3-4 m below the mirface end serves 1s a §iok for water to
t the subroot zone hydnulic conditions. The sink
nodaukenpauwmpqvohnnzdm&mtﬁesuxﬁee.

Table & S\mmﬁyofsqnﬂbnumlupommcmubd
From the DASH Model Traasition Rweml Simulations Unn; te

Bate Case Puameters®

. Upper Boundary
© - Qoodtioa - &npom‘rm saouh
lnmalCcndnlon . Dowzwad Fhx yoxy Figure 14

ol
D . e s
Dry sicady wate - omap™ .. . {10 &b
18 kyr dry irxesiont vase l-m" 118
oy dy ransiet s S oo gy s
15 kyr &y nasient sxs lo-uun" 50
‘See Todie 1.
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'(8) wetting response to infittration (b)thha response postinMitration
0 - ..

94 -

-0~ (aiD0y .
o 121000y | -
|~ t=5000y

Ex
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B g’ 30 -« 180 (ator 10yt
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- Figure 1S. - Translent y profiles nsmg the DASH model md mcordmg the (a) wmmg mponu from the
15 kyr dry uansient state s lo-yr mﬁlhnnn ofS mm yr and (b) the dmng response subsequent to
tbe mﬁltnhou cveot. s _ _ . '

-and draw waler from below as wel! bul do DOt Serve as 3 computed from the soluuon ot‘ the fluid ﬂow equanon. !n this

" solute sink. The solute species Is prevented from exiting the study, a8 moisturc-dependent Dy, based on the function
.~ system through the subroot zooe sink nodes in FEHM. This ** developed in Conca and Wright [1992), is employed.
'.tpeclﬁauooismnalronimuungcuondebduvbr (£2)] MlamulzdonsconductedinlhkmdymcmiMs

(s3] The conservation of water mass, fluid-medium * “standard pure implicit formulation (backward-in-time Euler)
. and noncendentsible gas mass ‘equations gre solved  for discretization of the time detivatives. . Upstream weight-

..
ina quasi—coup!ed formulation with the solute mass trans-  ing is used in the spatial discretization using FEHM's finite-

" port equaticns. Namely, the thspoct equations use the flow | volume formulation. Full detail on the linear equation solver
- -:-rates and femperatures ‘obtained in the heat- and mass (e.g., the generalized minimum residusl method) is provided
" transfer solution st each time siep. Therefore fully coupled by Tieng and Zyw!o:b [2000] and Zyw!o:ld a al. [1997].

- solution) is spproximated by using small time steps 1 the [y pckmewlodgments. This rescon was funded by e Nadons!

simulatioes. Some of the unique modeling cormponents  sclemoe Foundstios EAR-9618309 (FMF) sad NSF Gndus
implemented n this study mdude cahanced water vapor mrmm)mmhwiwwwmm:

fhesioq, vapor pressure ering m;smrg.dq;cndgm (Sustainabiity Hydrology aad Riparizn
4 o o uummamwsmsm.ﬁm

; Ams)
solote diffusion. In FEHM, the molecuhr dlﬂ'us!vxty of ¢ EAR-SE76800. The autbors wish to thesk Goores Zyvoloski.

mmtwmmDn.BmW ~ 707 - Phillip Seruller sad Bruce Robinsoa §or Los Alemos Nadlonal Labortiony
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