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lo~-lol.o3 
Study of evaporation and recharge 
in desert soil using environmenta] 
tracers, New Mexico, USA 
A.·R Shurb~)i · A. R. Cdmpb~ll 

Ab8tru<t 'rhc purpose of this stud)' Is to invc:~ti· 
sntc the: r:~tes nnd mccha.nl~ms of rcchurce nnd 
evaporation In ~oils of n ·desert cnvlronmcnt' using 
two 'c:nvironmcntnl truccrs (clllorlde und oxytc:n· 
18). The profiles of chloride concentration und OX}'• 
r,cn·ltl enrichment in soU-wntc:r, tocetlu:r with the 
d<'pth distribiui.on of water. content in soU, rrvca.l 
infonnation .nbout 'lon1;•tenn recltnrce nnd lnstanln· 
ncouli.~aporallcm procmcs wJtliout.ncc:dlng to 
know the phy~Jcnl' prop.erties of the: ·soU. ·Three: 

' holes were 'hon'd~nugured,. in dlffcrei1t desert set• 
tingn In southcn.stcrn-Ncw.:Mcxico." The chloride:· 

. con~cntrutlori-jl'rofllcs:w~re 'tiseo; with' the chloride 
mas~ biUancc'.mr.thod;!to;c~tiinQtc lonl;·tcrm rc· 
chttigc:rntcs in·tlu:sc:tlJrcc:holcsns· o.~.: o;ai.and 
::;•1 .mm·yr;:!;:Annly~is.lising'a· blmodu1.flow:und 

· trnrisport•moilelshows'thnt'possibly. as%' oi.thc·r~­
.;hnrge:o,cur.~ viii ;movcmclll of wn:er·throur,h pre· 
fcrr-:d pnthWa)'s in,thc:root zone. l'n:f~rcntinl flow 
wns.cviclcril'in nll·thrte:'s:impllng sites. Clny:Jnycrs. 

. · hnvc:'.n''notkcablc·crfci:t·oo the ·devclop'mcnt ofwa· 
· :ter:(otii~nt.dist'riuution~nnd.thus 'nn':ox)'r:cn·l!l ~~~· 
. riclimcnt:nnd ·(hlorldc'conccnh'atlon·profiliis: The; · 
spatial~ v.irilltion'·Jn:cfny lnycrinc··partly explains the · 

· -~u~intion:fn ·r~cluircc;rntc·cstimntes: ., .. : .-. ·· . . 
... ~~:.: .. :.<-:::.~i~~~·:.:;.:·"~:·.'·~~(:~~.::· .. :·:.·.::.. .~··.· .· .... " ... ' ...... , ' 
; Kt•y;,word,· :.Hcchurse:: :Evnporution· • Oxygcn·lll • 
· Chlo.rhlc :~ :nnviro'nmcntnt'tr11cers · 
• .:• ••. ,',, ...... ":." .,. • .. •••I;"' .; , . , .. ,t. · ~ , 

.. ~ .. '""' :, \ · .......... .,. ....... · .. 

Introduction 

soil~ (q; .• Jl,rrnl'~ olnd Alli~l)ll 1911~. Jl.ll!ll; ShurbOIII nrd 
l'lllllip~ t'l'l~; Shurba)i nnd othcn I<~Q5). Chlor1dr, Cl , 
ubu iiO t'IIVIrnnmentaltruccr, hus proved u~ctul for l'lalu· 
<llinJ.~ lon1:·ttrm drnin<~gr of water 1n nritl zon~~ (A:li~on 
:~ntl Jlughrs 19711; Sh~rmn ;1nd 1-lught·~ 19H~; Scnnlon 
l ~91 ). Dr;nn••!:t• wutcr below the root r.one cv~ntualJ~ 
~on~ti:uh~l rr~charg~ to Jo!roundwat~r "quifcrs. Relinhl·~ <:~· 
timuiC\ of rrch;ltJ:r nrc importnnt for the hrdrologic 
churnctl!tiz:llion nnd the pcrformnnct• ns~l'~rncnt of nrid 
~itch con~rdercd for nuclear waste 5tOrUJ:I.'. In ndditio~. 
wi~c rnnnugemcnt of groundwater nquifcr~ in <~rid zcnes 
rdit·~ on rcchnrr,c:, us u component of the water budl;ct, 
Con-'!d,.ring ll lonr,·lt•rm downward mowmcnt ,,f .:h' o· 
ride in .~oil und uvcrn~:c utmo~phl'tlc input of chlori,:c 
with prcciprtnttnn, tht• ;;hlondc m.u~ b.1lnnr:c: equntu•n is 
1:ivcn br: 

(I) 

wlll're U i~ thr• avt•rnt(t' redwq:c t;ll<.' (nrilllmt•lt·r~ l)fl' 
year), C is the a"~·ra~l.' chloride C<lnC<'ntration of !.oii·Wil• 
tcr draininr, below thl' root zone (milligram~ per lilr'r), 11 

i~ thl.' average precipitation rntc (mmlyr), nnd C,. is rlw 
uvcrugl.' .:hloritle concentration (mg/1) in ruinwnter . 
In inve~tigntin1; l"Vuporntion tuing '"O, the locm w1 .. s on 
~c~ond·~lnge ~:vaporulion, in which ~;1~c thr soil surface 
would be dry. Under this condition, the dt'pth of tr.c 
evaporation front iA useful in dctcrmininl~ the instuntn• 
ncous t•vapamtion rate from dryinfl soil~. 1"0 enric:1mcnt 
i~ cousetl by evuporntion, nnd the d~pth of the cvnj'Ota· 
tion front cotte5ponds to the p1•uk in till! '"0 proll.e 
(llarnc.os and Allbon 19K3). Assuming thut tclntive l:umid· 
ity i~ ch.1nr,ing linearly from 1.0 at the evaporation front 
to the pn•vailing vnluc nt th~ ~oil surface, Fick'~ l.aw of 
,Jiffusion can be utili7.ed to calculate the instantaneou~ 
evaporation rntc :u:cording to: ncct•nt research involving deuterium (1H) .md oxygen· HI 

(lAO) t•nricllment in ~oil-water hus u~cd the isotope depth 
profiles in 5oil-wntcr to study t'Vnpornrion from urid·zonc F = .£.: up. 

' (J i!: 
c:n 
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A. R. umpbl'll 
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T~h. :>«orro, NM 1171101, USA 

where B is the upward volumetric v;l£l<lr 11ux (ct•nt.rnctcrs 
per sc.;ond), D: i5 the effective diffusion coefflcier.t of 
water vupor in ~oil (centimeters 5quared per sec:or.d), fJ as 
tht• liquid water density (grams per cubir: r:entimc~er), p. 
i., the water vapor density (g ern"') which depend1 on 
tcmrcrnturt', o/J: is the ~rndit'llt opcrntor for one-dimcn· 
sionnl 11ow in the : dirrction, nnd : is th'= depth below 
the surfnce and ib pohitivc downward. For second· ~tnl;c 
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evaporation, rvoporation rotcs ure usually low und urr 
lim1tc:d by th( nvailub1lity of wutrr in thr ~oil .1nd thr 
cl!nroacmtlc reldtlon5 of the soil ~uch ~~~ the retrntion 
rc:lalion and the un5nturatc:d hydraulic .;onductiviry. 

Materials and methods 

Study area 
Thr study orca (3:!.S"N and 104.S•Il) is in aouthc:utcrn 
New M-:xico nc:nr Cnrl1bod. From prcdpitntion record!!, 
at the nearby Curhbud airport over the ye•m 1970 to 
191l7, the avrru1:e 11nnuuJ prcc:ipitntion wa5 determined us 
3110 mm. The uveragc chloride input for thi~ urcn wus not 
ov11ilnble, but it was estimated all o.n m~ 1"1 based on in· 
terpolution with the surrounding nrcn&, l'reclpltntlon 
chloride input for Las Cruces, New Mexico (32.5~ lind 
105.0"1!) Is O.J!i mr.l" 1

, that for Socorro, New Mexico 
(34.0°N und I06.8"f) is 0.38 mg 1"1 (Phillips nnd others 
1988), and thn! at Hueco Do!Jon, Texus (JI.O-N and 
IOS.O"E) is 0.2!> mr,l' 1 (St:anlon 1991). V~:g~tntion in this 
urea 'onsista mo!tly of me5quite (Prosopis vt./utina and 
Prosopis glandulosa) with roota extending down ro depths 
between I and 2 m. 
The atmospheric relative humidity and trmpcrature dalo 
utilizrd were from o field study in Socorro (34.0•N nnd 
1 06.11~). During the summer, relative humidity runge& 
bttwcen lO'H• during the day 11nd 90% during the niJ;ht 
with an nvrralle vnlue of ~0%. TI1e uir temperature at the 
aoil ~ur!uc:c runge~ berwcttn 1o•c and 11:•c with nn ~vcr• 
11gr of 26 •c (Shurbaji and othm 199!i). 

Sampling and analysis 
Locations of the threr au&ured holes were sdected in dlf· 
ferent geomorphic settin,;a of tlH! atudy 11rto: a ~inkhole, 
11 site with deep unconsolidated ~edimt'nt~. 11nd o trough 
between 111nd dune~. 1'he&e hole~ will be referred to as 
holes l, :Z., 11nd 3, respectively. Figure I ahows t.hr. 111m· 

piing locntiona. Sampling W11a done over two yeara, 11nd 
no roin!all duta were available. 
The soU proflle c:onaiata predominant!)' of f'Urr medium 
sand with, in aome holca, one or more dny layrrs. Soil 
&ll.lnplcs were taken at O.OS·m depth lnterva.ls and srlllt'd 
promptly in air·tight jan. Wnter from the soil wns ex· 
tracted by vnc:uum diMillntlon folloWing the proccdurt 
described by Shurbuji ond others (199~). Wntcr content 
wus determined from weisht ioss of ~oil during distiUa· 
tion. The 1'0 composition of soil·watcr wus meosurttd U5o 

lnr. the CO~-H~O equilibration method following the pro• 
cc:durc outlined by Roether (1970) and Socld and othcu 
{199:) modified for smnll (0,5 ml) water 11omplet. Isotopic 
mcuurc:ments were performed on a Pinnegan•MAi Delta 
E mass spectrometer using 0 1-tcch go~ :unndard~. 
The dry aoU remaining after moiature extraction wa' aent 
to the New Mexico Waste M11nngcment Educntlon and 
Research Consonlum ~oil Tc:Rtint; laboratory at New 
Mc:x.lco Stole Unjf(:rslty for chloridt' nnalysl5. The analy· 
ata started by mixing the dry soil With detoniud water at 
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a 1:5 r11tlo. The mixture wos 1hu.krn !or 30 min nnd then 
gravity filtered, IIOd the extract wnS llOOJ)'Ud for c:hloride 
concL'nrrotion. ihr chloride conct'ntrntion was deter· 
mined colorimetric11Uy u5lnr, mm:uric tl1iocynnite nnd 
fl'rric nitr11te 'olution (O'Brien 1962). The c:oncentrotion 
of chloride- is reported aft the concl'ntr:ttion in the &oil· 
wnter ~ulution. 

Results and discussion 

Chloridr concentrntlon nnd t•o rnrlchment of soil-water 
and the correspond Inc volumetric water content of lht 
soil as funcdona of depth for the three holes ore presl'nt• 
ed in Figs. 2-4, respectively. A contlnuous solid line WDS 

used in the chloride concentrution proille to rrprtsent a 
3·point moving a\'crnge that should minimize the: mell.~· 
urr:ment l!rror and show a clear trend in the concentrn• 
tiona. The foUowing is a discussion of the profUes (rom 
each hole ln relation to water movement proceue1 (rl'· 
chnrgl' and evaporation). 

HOil' 1 (Fig, 2) 
Personal ob~ervatlonll indicilted that l11rr.~ r11infoU events 
lc11V1: &tanding water at this sink hol~: alte. At O.J:S m 
depth, u thin clay layer ia pre~cnt, which expl11ina the rise 
in water content at thla drpth. Becauae of Ita rttention 
characteriatics, the clay layer pnrtially delays the lou of 
water from soU to the atmosphere through evaporation. 
The watt!r contrnt throughout the •oil protilr i• u high 
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The chloride profile abo rc:velllc:d evidence for prcferen· 
tial flow, For piston flow, which Is 11ssumcd In fq. 1, the 
chloride concentration should be uniform with depth be· 
neath lhr botrom of the root zone. Because the chloride 
conctntrnllon bdow the root 'lone Ia lower th11n the mnx· 
!mum conctntratlon 111 the: bottom of the: root zone. the 
chloride profLie ob•erved here suggests thnt long•term 
wntcr lnnltrutlon at thi~ location c.annot be exphtlned by 
piston flow through the root zone. The moat hkely explo· 
nation is that infrequent heavy rain(lll.l event! percolate 
through the root :tone: via preferred pathw11ya to tl1e bot• 

. 
. 

• :100 t-: . 
1 tom of the root zone without dfectlvc:ly leaching the soil 

profile. It is possible thnt thr root channels form port of 
tho~c fWit water·p~rc:olntlnr. pnthwnya, 
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Dtpth distributions (lr wattr cuntent, oxygen· IS rnrichmrnl, 
und ehloridl! concentration in hole I 

as 3%, HJ&h~r wat~r ~:ontent in this aoU profile b~iow n 
!i.O·m depth may be attributed to the pr~senc:e of another 
cloy layer between depths S.S and 5.8 m. Cl11y hus n lower 
hydraulic conductivtt)' thnn sand. nnd this sir,nlficnntly 
delay. downWard drl\ln11g~ <J( water and r~ault• in more 
wntc:r being avnU11ble in the aoU prorue 11bove the: clay 
layer. 
The chloride concentration diAtribution Allows aome var• 
lability, but 11 bimodal distribution can be identllird. 
Conccmtrntlona RS high as !8)6 me J•l wert' obNerved 
above 2,0 m d~pth, which corresponds to the: bottom or 
the root zone, while below this depth the concentrations 
were: lower thnn 250 mgt·'. The graduallnc:rraae In chlo· 
ride c:oncentr11tion with depth In lhr root :tone Is ex­
rrct4XIand c:on bc cxplalnc:d as follows: whrn water con· 
tainlng chloride percolatea into u soU aubjct:t to water 
loss by transpiration, It Ia txprcted that (at steady state 
und under conditions of piston flow) chloride concentrn· 
tlons in aoU•wate,or will increase monotonically through 
thr root tone (Gudner 196'7). The: observed incrrnac: in 
chloridt' concemrution can br ~xplained mathematically 
u&ing Eq. I, In which the product RC Is constant. C will 
incrrasr with depth when inftltration rate R dtereases 
with derth 1111 a result of root extraCtion o( soil•watc:r, 
Th~ chlorldr penk then corr('sponds to the mnximum 
depth of extraction of watu by root&, 

AI doplllJ between 3.5 11nd 4,5 m, the prolilc hoM nn ul· 
most uniform water content ( • 3%), Implying gravity 
drainage nnd also n uniform chloride concentration 
CC .. 240,0 mt; 1"'). This c:ondillon auggc:sta thar quosi· 
steady·atotc: piston flow enn be justifiably os~umed and 
thnt 11 drainngl! rote cnn be cnlculntcd using the chloride 
maas bainncc: equotion (.Eq. I), The drnlnugc: rare wa~ es· 
llmatcd as 0,50 mm yr• 1 ualng C•240.0 mg 1"', 
P• ;,so mm yr"1, and C.•0.32 mr,l·1

• This value: of drol· 
nage rate: haft two component& In the root zon~. w11ter 
flux throush the ~ou matrix (R..,), nnd Wllter flux tlnough 
preferred pathways (Rr). Following Sharma nnd Hughes 
(l!l8S) in their bimodul flow model, conservation of moss 
or water nnd chloride In thh flow system cnn be rc:prc· 
~tnred, respec:tivrly, by the two equations 

R12R,.+R,. (3) 

RC•R...,C..,+R,.C,. (4) 

Aaeumlng chat tho! rrderrt'd wat~r hna .. chtorld!! cont~nt 
aimUar to pr .. cipltaUon (C1 •0,;)2 mg 1·') and uain& th~ 
conc:entratlon at the bottom of the root tone for C.., 
(18~6 mg 1"1), R. (O.S mm yr·'), and C (240 mgt·'), the 
v11luc of R, calcul11ted to be 0,4.3 mm yr· 1 constltutlng 
86% of the dralnocc: rat~ below the root tone, 
The penk or oxygen•l8 enrichment (which identifies thc 
evaporntion front) corresponds to a depth of 0,27 m. IJI• 
lng thi• depth and the prevailing temperatur~: nnd rein· 
tlvc: humidity conditions at the soU surface, evaporation 
rates ranged between 0,004 and 0.037 mm d"1, nnd on av· 
ernge vlllue of 0.020 mm d"' Clln be clllculotrd from Eq. :. 

Hoi• :z (r.lg. 3) 
Previous well logs at this aile ahowed uneonaolldatc:d 
111nds to be •bout 20 m t.hlc;k, providing the deepeat un· 
consolldlltcd aediments In the ~~amplin& study nreD. How• 
ever, for the J>UI'J'O&e o( this study, this hole WIIS OUgured 
to 4.5 m depth. 
Thr water content in the soil pron.te wna rdatlvcly high 
und u local rial' In the water content at the 11cune depth as 
in hole 1 (0.35 m) ia due to n clay h1yer. The rise In volu· 
metric water content nt this cloy layer to II% finget'J'rlnts 
u precrding rAinfall event (with lsotoplclllly IJght wo tcr) 
th11t did not penetrate deep in the soU. Sufficient time 
elapled (at le~Ut ten days) before: sampling, ao that no lo· 
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Fig. 3 
Depth dlstrlhutions or wnt~r contl!nt, OlCY!!I!n•lti enrichmtnt, 
on\1 chlorld~ concrntrntlon In hole 2 

cnl 110 minimum wns identified. Below thi! depth, th~ 
soU prolil~ WIIJ still drnlning. Local rises in the wotcr 
c;ontent distribution ore ottributed to thin clay layers em· 
bedded In the ~ou profile. A cnliche Ioyer ia present at 
depth 4.12 m, which has 11 ftimilar hydraulic effec:t Ra the 
clay Ioyer at the bottom of hole I, dclnyin& the Jroinnse 
a( water. 
At depths between 3.0 nnd 3.5 m, the profile hns nlmo~t 
uniform water content ( • ::%), lmplyins 1;rnv1ty drainor,c, 
11nd nlso uniform chloride concentration (C•l50 mg 1•1

). 

U3ing this valur (or chloride conccntrntion, thr droinngl.' 
rate at depth 3.5 m is estlmutrd to be O.HI mm yr"1

, A bi· 
modul distribution is identified for c:hlorldc conct>ntrn· 
tlon, which b further !!Vidence that preferential flow I• un 
important mechnnlsm for Jownward ~atcr movement 
through the root zone. 
The depth of the evaporation front (as indicated from the 
pcnk In the 110 protile) is :o em, which gives an average 
rvaporntion rate of 0.027 mm a·•. 

Hoi• l (Fig. 4) 
The loation or this hole, in II trough between dunc:s, has 
11 potentlnl !or topogruphy·induced lnr!ltrutlon. Durlnr, 
t~uguring, a clny Ioyer was encountered bc:tween depths 
!.1 i' and 1.55 m. At 1.99 m, 11 allch11 layer w11s cncoun. 
tc:rcd. The prcaenc:e of the clny lnyer explulns the higher 
water content In these depths thnn the overlying ~nnd. 
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Flo. 4 
Oc:pth dlatrlbutlona of water content, oxysc:n-IS rnrlchment, 
und chlnrldc: concentration 

Having n low hydraulic: conduc:tivity, the bot!om caliche 
lnrer delnyL the downward wnter movement, C:llU3ing n 
furthcr rise In the water content. 
Thc shape of tht' "O prnk l11 broad, unlikr the fthnrp 
pe•tk& in holes I and l. Similar brood druterium peaks 
were measured by Allison and others (l98J), Shurb01ji 
«nU l'hilJips (1995) prodUCtd II broad deUterium pen)( by 
con&iderlng a zone of combined vupor and liquid fluxes 
surrounding the I."Yaporatlon front in thc:ir numerical 
model. The t'Vnporation front Is at 20 em depth, ~lvlng an 
11Ycrage evaporation rate o( O.OZ7 mm a·•. 
Durins auguring, no roots were eneounttrc.'d below 
0.60 m, which explain~ why the chloride peak is cloaer to 
the surface thnn for holes 1 and l. A bimodal dlstribu· 
tlon is identified !or chloride concentration In this altc, 
thus showing thut preferential flow Is nn important 
mechanism for downward wutcr movement through the 
root zone In dc:srn ... 
Dased on uvernt:;c chloride concentration between depths 
1.20 and 2.00 m, C= 50 mg t·•, the downw01rd drainnse 
rate is enlmatcd to be Z.tl mm yr·•, which ia higher than 
values dctcrmlntd for the other two aettings. This rela­
tively hir,h value is allributcd to lesa vegetation ot this 
aitc, to the absence of a 11urficlul cluy layer (which would 
retain rainwater and cxpo!!l' it to morl.' rvnporation), and 
to topography-induced lnfiltrntion during heovy rainfall 
events, 
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Conclusions 
l!nvironmentul truccrs KUC:h os chloride ilnd oxyr.cm·lll in 
~oil wotrr rcve;1l vulunhle in(ormullon ubout rechaq:c ond 
l'Vaporotion in urid cnvironml'nt,, Oxyr,rn·ll! profilr~ 
give lnalght into the C\'aporntlon proccu in the top~oil 
and provide: a bn~i• (or ..-vnporntlon ntlmntes m ~oil!\ un· 
dcrr,oing sccond·$\at;c: evaporation. On the other hnnd, 
c:hloril.h.• profill'!l rl'V~al inlormnllon ubout m~chnnism~ of 
woter drnlna!lc: in the unaoturntcd :one 01nd prov1dc u bu· 
~Is for eMimating recharge rnte5. 
The: chloride: mas& bolnncc method wa~ used to C:fitimotc 
the local rcchurge rate ot three diffcrc:n\ M'ttinr,s in ~outh· 
till tern New Ml'xlco. The bimodal distribution of chlo· 
ride concentration In u.ll aamplinr. iitea prnvidl'd l'VidtHJCe 
for prcftrentlol flow throu~:h the root zone, AnnlyAis ua. 
ing 11 bimodnl flow und chloride trull5port model for one: 
&ill' showed thut prrfc:rentiul flow represents II~% of the 
long•tcrm rrchurJ~l' rnre. Thr ~paliul variabilily in c.hlo· 
rid~ toncrnttntious brlow tht' root 1.one (or rrchoq:e 
rutcs} cun be nttrlbuted purtly to thr vuriotion in the di~· 
trlbution of cloy la)'m embedded within the bnnd~. 
In 10i!J undergoinr, t"Yoporution, la}'trs with higher cln)' 
content will contain rnorc wntrr and thus wllltnke a 
lon1;er t1mr to be enriched with 1"0 isotopn. L.uymng 
und prrferentiul now should br uccounted for when mod· 
cling the dl'Vclopmrnt of chloride and oxy(;tn·lll profile' 
in aolls. J:uturc re~r11rch must pay attention to the~l' foe· 
tor~ for better underatondin1; of wot~r movement 10 the 
umlcturnted ::one. 
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