w0t Los Alamos  Reummeeuniremy ¢ | LOSALAMOS NATIONAL LABORATORY
' : ' ENVIRONMENTAL RESTORATION
'  Recards Processing Facility
" ER Records Index Form -

1

CR Record LO.N 64063

T

; ER}’D ]i\llo.'vl64063 Dc‘trcRec."civcc:l:\'l9/17/99"v Phrqcas'.‘s?nr:v "\;CA . PagcCaunfS : l- A
| B Pr:wlcged. (Yﬂ\o N RccordCatcxo'J’ | P
- F;Ic!‘older N/A'v - .
Corrccuon Q/M N Cohgcfccl'Né.' o "C_'l);'rcc!ch B}’ N‘f”'b&: 0
: ':.%;dlnfr;i.s'rrativc‘ Rgcor;l:: (J’ﬁ\D ‘ Y o
‘:J?f : R;,ﬁlmed (yMN - 'QIJ'ER-JbNu@be;.- o New ER ’D'N“f"""’.’-‘ o

- . Miscellanecous Comments:

: """-"'REFE?\ENCE'C;TED |

W Illllllllyll!lj ]

vt THISFORM IS SUBIECT TO CHANGE. CONTACT THE RPF FOR LATEST VERSION. (JUNE 1997)

"1:" 3 ﬂ\%‘}};}

-
£

-_?e;! 3

e




9

Resparch anticle 1

{g‘—}f)bg

Study of evaporation and recharge
in desert soil using environmental
tracers, New Mexico, USA

AR, Shutba)i -

Abstruct The purpose of this study s to investis
gate the rates and mechanisms of recharge and
evapotation (o soils of a-desert environment using
two ‘environmenta] tracers (chloride and oxygen-
18). The profiles of chloride concentration and oxy-
gen-18 enrichment in soll-water, topether with the
depth distribusion of water content in soll, reveal
information about longeterm recharge and instanta-
neous. cvnporaUOn processes without.needing to

“know the physical propcmcs of the'soll, Three
holes were hond-augured, in different-desert sets
tings {n southeastern New Mexico, The chloride.

. congentration:profilesiwere Used, with the chloride
mass balance method, to estimate Jong-term res .
churge:rates in-these: threeholes. uy 0.5,.0:8,.and
2.4 mmyr; % Analysis:nsing ‘2 bimodal. flow.and

" tranisport:model shows that' possibly 85% of the re-
charge’occurs vin‘mevement of water through pre-
ferred pathways in: «the;root zone, Preferential flow

- was.evident-in all-three:sampling sites, Clay.lnyers.

. have.a'noticeableeffect-on the dcw:lopmcnl of 'wa.

' ter.content.distribution'and. thus ‘an’ ‘oxyrens18 cne |
richment:and ‘¢hloride concentration profiles, The; -

. sp:mnl varjation"in:clny layering. parily explains the -

v vunuuon in rc.churgc mic csumntcs. MR

'-'-nn—'. R A e LT

Introduction

Recent rescarch involving deuterium (*H) and oxygen-18
("0} enrichment in soil-water has used the isotope depth
profiles in soil-water to study evaporation from uridezone
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soils (e.q., Barpes and Allison 1943, 198K; Shurbap an.l
Pinllips 1998; Shurba)i and others 1995), Chloride, C! ,
also an environmental trucer, has proved usctul for evalu-
ating lang-term drainage of water in arid zones (Allison
and Hughes 1978; Sharma and Huphes 1985; Scanlon
1991). Dratnage water below the root zone eventually
constitutes recharpe 10 groundwater aquifers, Reliable es.
timates of recharge are important for the hydrologic
characterization and the performance nssesment of arid
sites considered for nuclenr waste storuge. In addition,
wise management of groundwater aquifers in arid zenes
relies oft recharge, as o component of the water budjet,
Considering & long-1erm downwird movement of ch'o-
ride in soil and average stmospheric input of ¢hlorice
with precipitation, the chloride mass balance equation is
piven by:

RC"-PCF() (l)

where K is the average rechirge rate (millimeters per
vear), C is the average chloride concentration of soilswa-
ter draining below the roat 2one (milligrams per liter), #
is the average precipitation rate (mm/fyr), and C, is the
uverage chioride concentration (mp/l) in rainwater,

In investigating evaporation using "0, the facus wis on
secandestage evaporation, in which case the soil surface
would be dry. Under this condition, the depth of the
evaporation front is useful in determining the instanta.
neous evaporalion rate from drying soils, '*O enricament
is caused by evaporation, and the depth of the evapora-
tion front corresponds 1o the peak in the '*Q profie
(Barnes and Allison 1983), Assuminy, that relative bumid.
ity is changing lineurly from 1.0 at the evaporation front
to the prevailing value at the soil surface, Fick's Law of
diffusion can be utilized to caleulate the instantancous
cvaporation rate aceording to:

L2 el - 2)

where £ is the upward volumetric vapor flux (cent.meters
per second), D3 is the effective diffusion coefficient of
water vapor in soi} (centimeters squared per secord), p s
the liquid water density {grams per cubic centimeter), p,
is the water vapor density (g em ™) which depende on
temperature, 0/0z2 is the gradient operator for one-dimen-
sional flow in the 2 direction, and z is the depth below
the surface and is positive downward, For second-stage
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cvaporation, evaporation rates are usually Jow und are
limited by the availubility of water in the seil and the

characteristic relations of the soil such as the retention
telation and the unsaturated hydraulic conductivity,

Materials and methods

Study area
The study aren (32.5°N and [04.5°E) is in southcastern
New Mexico neur Carlsbad. From precipitation records,
at the nearby Carlsbud airport over the years 1970 to
1987, the average snnual precipitation was determined as
380 mm, The uverage chloride input for this arca was not
available, but it was estimated a5 0.32 mg 1™ based on in-
terpolution with the surrounding areas, Precipitation
chloride input for Las Cruces, New Mexico (32L5°N and
105.0°1) is 0.35 mp 1*', that for Socorro, New Mexico
(34,0°N end 106,8°E) is 0.38 mg 1! (Phillips and others
1988), and that at Hueco Bolson, Texas {31.0°N and
105,0°E) is 0.29 mg 1*! (Scanlon 1991), Vegetation in this
arca consista mostly of mesquite (Prosopis velutina and
Prosopis glandulosa) with roots extending down to depths
between 1 and 2 m,
The atmospheric relative humidity and temperature data
utilized were from a field study in Socorro (34.0°N and
106,8°E), During the summer, relative humidity runges
between 10% durlng the day and 90% during the night
with an average value of 50%., The air tempernture at the
soil surfuce runges between 10°C and 42 °C with an aver-
age of 26 *C (Shurbaji and atherx 1995),

Sampling and anslysis
Locations of the three augured holes were selected in dif-
ferent geomoarphic settings of the astudy area: s sinkhole,
a site with deep unconsolidated sediments, and a trough
between sand dunes. These holes will be referred to as
holes 1, 2, and 3, respectively, Figure 1 shows the sam-
pling locations. Sampling was done over two years, and
no rainfall data were available,
The soil profile consists predominantly of pure medium
sand with, in some holes, onc or more clay layers. Soil
sumples were taken at 0.05-m depth intervals and scoled
promptly in air-tight jors, Water from the soil was ex.
tracted by vacuum distillation following the procedure
described by Shurbuji and others (1995), Water content
wus determined from weight o058 of soil during distilla.
tion, The '*O composition of soil-water wus mensured us-
ing, the CO,;=H,0 equilibration method following the pro-
cedure outlined by Rocther (1970) and Socki and others
(1992) modified for small (0.5 ml) water samples. lsotopic
measurements were performed on a Pinnegan-MAT Delta
E mass spectrometer using Op=tech gas standards.
The dry soll remaining after moisture extraction was sent
to the New Mexico Waste Management Educntion and
Rescarch Consortium Soil Testing laboratory at New
Mexico State University for chloride analysis. The analy-
sis started by mixing the dry soil with dejonized water at

Environmental Geology 29 (3/4) tebruary 1997 « © Springer-Verlag

1
g
@
S
"
&
. I~
T -Ho!ua| —
A aounn 12
Lt gunn |
"ﬁxcmnu | ’;3
de 1n Sa! ’ -
2 El 3
gl \_ g',
012 34M "l ——]
—— 8, 10 Jol "
0123456k w|g
AE |+ AjC | RME | paze
Fig. 1

Sampling, locations

a 1:5 ratio, The mixture was shuken for 30 min and then
gravity filtered, und the extract was analyzed for chloride
concentration. The ¢hloride concentration was deter-
mined colorimetrically using mercuric thiocyanite and
ferric nitrate solution (O'Brien 1962), The concentration
of chloride {s reported us the concentration in the soil-
water svlution,

Results and discussion

Chloride concentration and "™Q enrichment of soilewater
and the correspanding velumetric water content of the
soil as functions of depth {or the three holes are present.
ed in Figs, 24, respectively, A continuous solid line was
used in the chloride concentration prafile to represent a
3«point maving average that should minimize the meas-
urement error and show a cleur trend in the concentra.
tions, The following is o discussion of the profiles from
cach hole in relation to water mavement processes (re-
charge and evaporation),

Hole 1 (Fig. 2)
Personal observations indicated that large rainfall events
leave standing water at this sink hole site. At 0,35 m
depth, & thin clay layer is present, which explains the rise
in water content at this depth. Because of its retentlon
characieristics, the clay layer partially delays the loss of
water from soll to the atmosphere through evaporation,
The water content throughout the soil profile ix us high
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Depth distributions of water cuntent, oxygens18 enrichment,
and ¢hlaride concentration in hole |

as 3%, Higher water content in this soll proflle below »
5.0-m depth may be attributed to the presence of anather
clay layer between depths 5.5 and 5.8 m. Clay has a lower
hydraulic conductivity than sand, and this significantly
delays downward drninage of water and results in more
water being avallable in the soll profile above the clay
layer.

The chloride ¢concentration distribution shows some vare
iability, but a bimodal distribution can be identified,
Concentrations as high as 1836 mg I*! were observed
above 2,0 m depth, which corresponds to the bottom of
the root zone, while below this depth the concentrations
were lower than 250 mg §=' The gradual increase in chlo-
ride concentration with depth in the roat zone is ex-
pected and can be explained as follows; when water ¢on-
taining chloride percolates into u soll subject to water
loss by transpiration, it Is expected that (at stendy state
und under conditions of piston flow) chloride concentra-
tions in soilswoter will increase monotonically through
the root zone (Gardner 1967), The observed increase in
chloride concentration ¢an be explained mathematically
using Eq. 1, In which the product RC is constant. C will
incrense with depth when Infiltration rate R decreases
with depth as a result of root extraction of soil-water,
The chloride peak then corresponds to the maximum
depth of extraction of water by roote,
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The ¢hloride profile alao revealed evidence for preferens
tlal flow, For piston flow, which s assumed In Eq. 1, the
chloride concentration should be uniform with depth be.
nesth the bottom of the root zone, Because the chloride
concentratfon below the root zone is lower than the max-
imum concentration at the bottom of the root zone, the
chloride profile obscrved here suggests that longsterm
water infiltration at this location cannot be explained by
piston Nlow through the root zone. The most likely expla-
natton is that infrequent heavy rainfall events percolate
through the root zonc via preferred pathways to the bot.
tom of the root zone without cffectively leaching the soil
profile. It is possible that the root channels forim part of
these fust waterspercolating pathwaya,

Al depths between 3.5 and 4,5 m, the profile haa an als
most uniform water content { = 3%), implying gravity
drainage and also a uniform chloride concenteation
{C=240,0 mg 1), This condition suggests that quasi-
steady-state piston flow ¢an be justifiably assumed and
that a drainage rate can be calculated using the chloride
mass balance equation (Eq, 1), The drainuge rate was es-
timated as 0,50 mm yr=! using Cw240.0 mg 1°',

Jrw 380 mm yr*!, and C,w0.32 mg 1°%, This value of drai-
nage rate has two components in the root zone, water
flux through the soll matrix (R.), and water flux through
preferred pathways (R,). Following Sharma and Hughes
(1985) in thelr bimodul flow model, conservation ol mass
of water and chioride [n thls flow system cun be repre-
sented, respectively, by the two equations

R R+ R, (3)
REm RuCon+ RLC (@)

Assuming that the preferred water has & chloride content
similar to precipitation (C, 0,32 mg 1=*) and using the
¢oncentration at the bottom of the root zane for Cw

(1836 mg 1*"), R (0.5 mm yr""), and C (240 mg 1"}, the
value of R, caleulated to be 0,43 mm yr~' constituting
#6% of the drainage rate below the root zone,

The peak of oxygens18 enrichment (which identifies the
evaporation front) corresponds 10 a depth of 0.27 m, Us-
Ing this depth and the prevuiling temperature and rela.
tive humidity conditlons at the soll surface, evaporation
rates ronged between 0,004 and 0.037 mm d*', and an av-
erage value of 0,020 mm d™' can be calculated from Eq, 2,

Mole 2 (fig. 3)
Previous well logs at this site showed unconsolldated
sands to be ubout 20 m thick, providing the deepest un-
consolidated sediments in the sampling study area. How-
ever, for the purpose of this study, this hole was augured
10 4.5 m depth,
The water content in the zail profile wos relatively high
und u local rise in the water content at the same depth as
in hole 1 (0,35 m) is due to a clay layer. The rise in volus
metric water content at this clay layer 10 11% fingerprints
a preceding rainfall event (with {sotopically light water)
that did not penetrate deep in the soil, Sufficient time
clapsed (at leust ten days) before sampling, so that no lo-
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Depth distributions of water content, oxygensi8 ensichment,
and chioride concentration in hole 2

cal "0 minimum was identificd, Below this depth, the
soil profile was still draining, Local rises in the water
content distribution are antributed to thin clay layers em-
bedded in the soil profile, A ealiche layer {s present at
depth 4,12 m, which has a similar hydraulic effect as the
clay layer at the bottom of hale 1, delaying the drainage
af water,

At depths between 3.0 and 3.5 m, the profile has almost
uniform water coatent {m 2%}, implying gravity droinage,
and nlso uniform chloride concentration (Cm 150 mg 17Y),
Using this value for chloride concentration, the drainage
rate ot depth 3,5 m is estimated to be 0.81 mm yr™*, A bis
modal distribution is identified for ¢hloride concentra-
tlon, which s further evidence that preferential flow is an
important mechnnism for downward water movement
through the root zone.

The depth of the evaporation front (s indicated from the
peak in the '®O protile) is 20 cm, which gives an average
cvaporation rate of 0,027 mm ¢°'.

Hole 3 (Fig. 4)
The location of this hole, in a trough between dunes, has
a potentinl for topography-induced infitration, Durlng
auguring, a clay loyer was encountered between depths
1.17 and 1.55 m. At 1.99 m, u caliche layer was encoun-
tered. The presence of the clay layer explains the higher
water content in these depths than the overlying sand,
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Having n low hydraulic conductivity, the bottom caliche
layer delays the downward water movement, causing a
further rise In the water contenl

The shape of the O peak is broad, unlike the sharp
peaks in holes 1 and 2, Similar broad deuterium peaks
were measured by Allison and others (1983), Shurbaji
und Phillips (1995) produced u broad deuterium peak by
considering a zone of combined vupor and liquid fluxes
surcounding the evaporation front in thelr numerical
modcl. The cvaparation front is at 20 em depth, giving an
average cvaporntion rate of 0,027 mm 4°',

During auguring, no roots were encountered below

0.60 m, which explains why the chloride peak is closer ta
the surface than for holes 1 and 2. A bimodal dlistribu-
tion is identificd for chloride concentration in this site,
thus showing that preferential flow ls an important
mechanism for downward water movement through the
raot zone in deserts,

Dased on average chloride concentration between depths
1.20 and 2.00 m, C=50 mg 1*', the downward drainage
rate is estimated to be 2.4 mm yr}, which is higher then
values determined for the other two settings. Thia rela-
tively high value is attributed to less vegetation ot this
site, to the absence of u surficial ¢luy layer (which would
retain rainwater and expose it 1o more evaporation), and
10 topography-induced infiltration during heavy rainfall
events,




Conclusions

Environmental tracers such as chloride and oxypen- 18 in
soil water reveal valuable information nbout recharge and
evaporation in srid environments, Oxypen-18 profiles
give insight into the evaporation pracess in the topsail
and provide a basis for evaporation estimates in soils un.
dergoing second-stage evaporation, On the other hand,
chloride profiles reveal information about mechanisms of
water drainage in the unsaturated zone and pravide a ba-
sis for eatimating recharge rates,

The chloride mass balance method waa used o estimate
the local recharge rate at three different settings in south-
castern New Mexico, The bimodal distribution of chio-
ride concenteation in wll sampling sites provided evidence
for preferential flow through the root zone, Analysis us.
ing a bimodal flow und chloride trunsport model for one
site showed thut preferentiul flow represcnts 85% of the
longsterm recharge rate. The spatial variability in chlo.
ride concentrations below the root zone (or recharye
rutes) con be attributed purtly to the variation in the dis-
tribution of ¢lay layers embedded within the sands.

In soils undergoing cvaporation, layers with higher clay
content will contain more water and thus will take a
longer time to be enriched with '*O isotopes, Layering
und preferentiul flow should be uccounted for when mod-
eling the development of chloride and oxypen-(8 profiles
in soils, Future rescarch must poy attention to these fac-
tors for better understanding of water movement 10 the
unsaturated zone,
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