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ABSTRACT 

Natural chloride and stable isotope qacers were used to Oraminc thc 

vadose zone hydrology at borcholcs 49-2-700-1 and TDBM-1 at TA-49, Los 

Alamos National Laboratory. Pore-water chloride concentrations were 

mcasurtd with dcpth from core m p l c s  from both boreholes, and porc water 

SI80 and 6D valucs were measured for borehole 49-2-700-1. The objcctivcs of 

the study were to (1) gu,may flux mtcs and porc water x e s  using the chloride 

data: (2) examhe the chloride and stable isotope proWcs for evidence of deep 

wagoration in the mesa system; and (3) provide data and conceptual 

information for future modeling activities. FIwc rates in the boreholes above 

the contact betwccn Bandclicr Tuff units l v  and 18 range from 0.01 t o  0.2 

. cm/yr. Higher rates were obtained for units bclow the lv-lg contact in 

borehole 49-2-7004; thcst ranged from 0.24 to 1 cm/yr. The deeper ratcs arc 

likely apparent fluxes and may rcprescnt past conditions during the caAy 

Holocene and late Pleistocenc. Chloride-based porc water ages in borehole 49- 

2-700-1 were about 7000 years at thc Iv-lg contact and about 10000 ye- 

near thc bottom of the hole (692 ft). The chloride-based age for borcholc 

TDBM-1 was about 5000 years at the 109-ft depth, which was the deepest 

sample analyzed. The chioridc bulges in both prorites are consistent with deep- 

as opposcd to surface-maporation effects. In other wards, water is bcing 

rcmovcd from the  mesa tms to hundrcds of fect bclow the surface via vertical 

or horizontal fractures, or through high-permeability mncs that are cxposed on 

the mesa sides. Borcholc 49-2-700-1 has occurrcnccs of isotopically heavy 



I 

watcr bdow 50 It, which art also indicative of decp tvapomtb. In addition, 

some of thcsc heavy watcr occurrences zut coincident with zoncs of apparent 

moisture gradient r c v c d s  dctcrmincd prcviously. A lower ~ G X  rate in 

borehole TDBM-1 was obsetved for the bottom of unit 4 andithe top of unit 3 

compared to  the rate for thc same interval in 49-2-700-1. '&is diffcrulcc is 

.likely the result of higher evaporation rates in the  Vicinity 0f;TDBM-1. The 

borchole is lowtcd near the cdgc of Frijoles mesa that n3y result in more 

cvapbrativc drying of the subsurfxe. F'inaUy, it appears that the part of the' 

mesa that rises abovc the devation of adjacent wnpn bottoms is pmnc to 

higher rates of evaporative r t m o v d  of port waters th& u& ( 8  'oilow the 

1, 

1 

I 

!, 

devation of the canyon bottoms. 

! 
INTRODUCTION .. I 

Hydrologic processes in deep vadose zbncs such as zrtTA49 zvc 

iabuwltly U c u l t  to  measure and understand. Yet, bcause cont,lminmts 

can potentially move into and through these zones we must k able to estimate 

fluw rates and determine the pathway($)' by which water movcmcnt occurs. 

Among L ~ C  better techniques for understanding vadose zonebehavior arc 

mvhnrncntal t n c v  methods. Spcciiically, natural chIoride and stable 

isotopcs have been shown to be p&cuhrly useful for es&thg v d c d  flux 

\ 

! 

< 

I 

,, 

rates of water and for examining the timingand pathway(s) &water movement 

in the vadose mnc (Altisoa et al., 1994 and Phillips, 1995). We have 
. .I / I  

I ,  
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constructcd v ~ r t i c d  chloride prof'cs from borcholcs 49-2-700-1 and TDBM-1 

and mcasured stablc isotopes (60 and S"0) in vadose =One watcrs from 

borehole 700-1 in ordcr to understand the natural vadose zonc hydrology at 

TA-49, The objectives of t he  study wefc to  (1) csthate flux rates and pore 

water ages using the chloride data; (2) cxiunhc thc chloride and stable isotope 

profilcs for evidence of dccp evaporation in the mesa system; and (3) provide 

data and conceptual infomation for future modeling activities. It  is assumed 

that thc hydrology in the vicinity of the boreholes has not been influenced by 

the asphalt pad at TA-49, and thus rcprcsents thc natural hydrologic behavior 

of kijolcs Mesa. Borehole 700-1 is close to  thc asphalt pad, howcvcr moistuie 

contents in the borehole arc much dryer than thosc immediately beneath the 

pad. 

Flux rates and pore waxr q c s  were detctmincd using the chloride mass 

balance method ( U s o n  ct al., 1994; Stone, 1984). This mcthod provides 

infomation not only on the vertical flux rates, but ct~n also be uscd to cxunint 

how flux mtcs change with depth. Understanding the spatial changcs in flux 

rates is important for asscssing how the various Bandtlicr TucT units a c c t  flow 

in the mesa. 

Dccp evaporation through high pcmeability mncs cxposed the  sidcs of 

t h e  mesa or through fracturrs, has bcen suggested by Ncepcr and Gilkeson 

(1996) to be an important process at TA-49 based on moisture content 

measurements and gradient dculations. This process has also becn 

suggestcb to  be important at TA-54, Arm G (Rogcrs and Gallaher, 1995 arid 

3 
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Nccper and Gilkeson, 1996). U n d d n d i n g  whether deep>%mpomtion ' I  , occurs 

is important for dcvcloping a conccptual model or the TA49 -, ,vadose ' zone and 

for undcrsmding why low noisntrc'cont&t zones (md prc&mably low flux 

> .  
1; . ,' I .  

,,,* : ,  . . ,  , 

.! . .  

' zones) develop within the mesa cnvironmcnt. 'Stable isotopes can be used to 
$ 8  

evaluate evaporation, both at the me& surface 1 and at deptk. The isotopic 
1 ,  

composition of water is afkctcd by evaporation, which prefffeatially c'mcts 

light isotopes into the vapor phase, leaving the remainkg li&d enriched h 

heavy isotopes, If deep evaporation occurs, isotopically h w  , v  pore waters 

should exist below the shallow zone indueneed by surface &porntion. 

1 

1 1  

I '  

4 

MATERIALS ABD METHODS ' 1  

L Chloride SnmplinR nnd hbomtorv Annlvsca 

Chloride profdcs wcrc determined from core samples from boreholes 49- 

2-700-1 and TDBM-1 at TA-49 (locaSons arc shoua in R& I). BorehoIe 49- 
, I  

2-700-1 is a 700-ft hole and is dcsmkd in -C et at. (1997, this =port). 

BorchoIe TDBM-1 is a 1394 hole and is described in &un (1995). 

Samples were cokctcd and kdyzed at approximatdy 5, lo-, or 204 

inteds. Chloride concentrations w&c detcrmincd by I a W g  . a  the core 

sampIcs with ddonizcd water and mdyzhg the leachate using t ion 

chromatography. The leaching and a.nnlyscs were pdomed at the tos AIamos 

I '  

I 

EES-l gcochdstry  Iaboratoxy. For each &pk, a p p m d t d y  SO g of tuff 

was crushed using a mortar and pcstlc.~ The tuff was then oven dried for at 

least 12 hours at 100°C. The dry sample was wu'ghed a d  iddcd to a 
! 

.' I 



Erlenmcyer flask dong with approximately 75-g of DI water. The flask was 

, agitated for 24 hours on a rotary miucr. Once the mixer was turned off and the 

solid material settled, the supernatant was filtcred and andyzcd using a 

Dioncx Ion Chromatograph. Analytical precision of the ion chromatograph is 

better than 5 %. 

Pore water chloride concentrations were calculated using the leachate 

concentrations, gravimetric moisture contcnts, and bulk densities for each 

borehole (SCC Appendices la and lb). Moisture content and bulk density data 

for borehole 700-1 are from Springer e t  Eil, (1997, this report). Moisture 

content data for borcholc TDBM-1 arc from G3U;Lher (1997). Bulk density was 

not mcasurcd for the TDEM-1 cores, so values iiom 700-1 were used instead. 

The pore water chloride conccntrations were thcn uscd in the chloride mass 

bafmct approach described bclow to  estimate vcrtical fluxes and vadose water 

ages. 

. Chloride Mass Balance Annm nch 

The chloride mass balance approach has becn succcssfully uscd to  

dctcrminc vadose zone fluxcs in semiarid and arid locations worldwide. "he 

approach involvcs mcasuring chloride concentrations in vadose mnt water 

with depth. These concentrations s a v e  as indicators of downward flux and 

water age (Stone, 1984; Nlison ct al., 1994). The downward flux is invcrscly 

proportional to the amount of chloride accumulation: high chloride 

conccntrations indicate a low flux that represents many years of meteoric 

5 
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chloride accumulation coupled with m p o t r a n s p h ~ v e  I of water. 

Relatively low chloride contents indicate a high downward flk, or water that is 

able to move through the vadose zone at a.k& enough mte to minimizC 
L 

I 
evapotransphtion effects. ' .  , I !  

I 

The chloride mass bdance mcthbd is based on the fodowing I 

assumptions: 1) flow occurs 1;ugcly as'downward piston now; 2) d i s p d v c  

mixing of water and chloride is sm&l;'33 l atmospheric chloride deposition has 

been relatively constant and is the sole source of chloride t o b e  1 .  system; and 4) 
1 

', chloride uptake by plants is negligible. : 
ivadase zone chloride concentdons arc constant bdow the root zone, 

I 

then the a v w e  annual flux (or r echqc  rate) can be estimated 1 using 

R-P*Clp/ CI,, 

I '  

where R is the flux (m/yr); P is the average annual prtcipitkion I rate (m/yr); Clp 

is the average concenmtion of chloride in bulk prcdpiutioh - ,  cg/mj); a d  C L  is 

the chloride concentration in vadose-zone water bdow the h t  mnc (g/ms). 

Howcvcr, chloride conccntmtions in dtcp praiilcs arc s o m e h c s  not constant 

$ 

, 

1 

I 

bdow the root zone (e.g., recharge rates can change over &e as a result of 

climate or Ian6 use changes),. In this.&c, plots of cumulative 4 chloride as a 



where Ct, is the a v c q e  chloride content of the samplcs reprcsenttd by the 

s c p c n t  (g/ma). Chloride-based vadose water ages can also be estimated by 

first calculating t h e  amount of chloride in each sample intcrval down to  the  

dcpt! of interest using thc relationship 

CL - e.&z (3) 

where Clr is the amount of chloride in the intcrval (g/m2), 0 is the  volumetric 

moisture content in the  interval, GI is the mass of chloride in tht interval per 

, volume o€rock (g/m3), and 2 is the length of the samplc k t e r v d  (m). By 

calculating the cumulative sura of the Cli vducs down t o  the dcpth of inttrcst, 

the age can be dculatcd using 

where A is age in y c m ,  and C& is the cumulative sum of the C!i values (g/m2) 

at a given depth. A vduc of 0.4 m/yr was used for the avcmgc annual 

precipitation (P) bascd on data in Bowcn (1990), and a value of 0.29 g/mJ was 

used for the average concentration of chloride in bulk precipitation (ClJ bascd 

on data in Andcrholm (1994). 

Stable Tsotone Analvses 

Stable isotope analyses of pore waters from TA49 were conducted using 

moisture-protected samples archivcd from the 49-2-700- 1 borehole. The 

moisture-protect system invofvcs scaling core ssunplcs in Ltvan tubes. This 

7 
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procedure reduces the  chance of pore, wat& evaporation during ,' . the period 

between sampling and analysis, which would alter the isotopic coqosition of 

the water. Unfortunately, caps on s e y d  of the tubes w& not hstallcd 

properly and evaporativc loss of water occurred during stor6gt. As a result, t he  

isotope data set is sparse with no values deeper than 438 k 

I 

1 

i 

The stable-isotope analyses w t r t  ' d c d  out at the Nh I Mexico Tech 

Stable Isotope taboratory. Soil water was extracted by high-tanperaturn I 

vacuum ciisrillation, following Shurbqjfct al. (1995). The S W  and 6D 
t '  
I 

measurements were made on a Fhncgan-Mat, Delta-E stablc-isotopomtio 

mass spcctrornttcr using OCTech gas standards. The hydrogen I and o.=m 

isotopes arc rcportcd in delta (S) notation as pcr mii [%o) difXi.scnces rclativc to 

the Viema-Smdcud Mcm Occm Water (V-SMOWj isotope standard: I 

L 

I 

I 

I 
where R is the D/W or laO/l6O ratio. The value of SIWawa measured hn 

extractions made using the carbon dioxide equilibration rc&que of Socki et 

al, (1992). For the SD mdyscs, hydrogcsl wz3s extracted ushg thc hot uranium 

method of Bigclciscn et al. (1952). Thc analytical precision for the P O  and 6D 

analyses by mass spccaosco~y is better than kO.2 %O and k 960, resptctivdy. 

i * .  
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RESULTS 

Chloride proillcs for t2c two boreholes are shown in Figure 2. Thc 49-2- 

700-1 profie shows bulges of high concentration between the 0-25 ft and 160- 

380 It dcpths. The TDBM-1 profile shows generally high chloride 

concentrations throughout the 100-1t interval. The major changes in chloride 

concentrations in borehole 49-2-700-1 correspond to changes in gavimetdc 

moisture contcnt where the chloride bulges occur in t he  zone of low moisture 

contcnt (Figure 3). 

Because the chloride concentrations were not constant with depth, the 

cumulative chlon’de-cumulative water approach was used to calculate fluxs 

[values used in the flux and age dculations are @vcn in A2pwdiX 1). 

Cumulative-cumulative plots for thc borcholcs =LTC shown in Figure 4. The 

figures show multiple lincar segments. For borcholc 49-2-700-1 t h e  brcals; ir, 

slope bctwccn the third and fourth scpen t s  corrcsponds closely to  the lv-lg 

contact (this conmct is equivdcnt to thc outcrop featurc knowrr as t he  vapor 

phase notch). The break betwccn the fourth and fifth scpents corrcsponds to 

thc Tsankawi Pumice Bcd. Flux rates were dculatcd for the five s e p c n t s  in 

49-2-700-1 and for the two segments in TDBM-1 (Table 1). 

Chlxidc accumulation ages for cach borehole arc also shown in Table 1. 

Agcs for borehole 49-2-700-1 suggcst that it takes about 7000 years to reach 

the lv-Ig contact and about 10000 years to reach the bottom of the hole, Agcs 

€or TDBM-1 suggcst that it takes approldmatdy 5000 years to reach the 109-ft 

depth (unit 3). The dDcrcnces in chloxidt-bascd flux rates and ages indicate 

9 
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wattr movement thou* the  0-100 it depth m g c  in TDBM-1 is ~ l o w c r  than in 
! 
I 

. ,  

49-2-700-1. 
I 

The stable isotope data for borehole 49-2-700-1 arc shown I in Table 2 . 
Most of the watcrs have been subject to cvttporativt proccsscs I because they 

I .  
. ,  

plot to  the right of the local mteoric water line (Figure 5). The water samplcs 

that plot dostst to the local meteoric k t c r  line arc from the area of the lv - lg  
1 ,  '! 

, I 

contact. The isotopic composition of st;uldhg.watcr ftom borehole I CH-2 (a 
I ,  

150-ft borehole at the TA-49 asphalt pad) is Ellso plotted. Ci€-2 water is 
I 

isotopically bifl'crcnt from the borchok 49-2-700-1 waters supporting the 

assumption that thc asphalt pad has not influenced the 49-2-700-1 hydrology. 
I '  .!, 

I 

0 '  ' 

DISCUSSION 

The chloride bu!ges (Figure 1) are important features of L the vcrtical 

profiles because the origin of these chloride accumulations will aircct the 

developmcnt of conceptual and quantitative modds of the mcsz. hydrologic 

system. One explanation is aat  the dulgcs represent a past period of low 

( '  

$ '  

percolation rates and high evapotranspiration, which was, followed ! by a period 

of higher percolation ratcs and lower evapotranspiration that f ' "  . displaced much 
, I  

of the chloride to depths far below the root zone. Nowcver,'$at b vadose watcr 

ages for the bulges are not concordant bcwecn boreholes 49;2-700-1 I and 

TDBM4. Ifchanghg palcoclimatc waslht.mdn musc of the # .  chloride bulges, 
I 

, '  . 1 .  
.a I * .  

, .i 
i 

I 
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roughly similar chloride concentrations and agcs would be cxpcctcd. A further 

, problem is that the early- t o  mid-Ho1occnc w3s apparently a wetter or high- 

recharge pcriod than t h e  prcscnt (Markgrd'ct al,, 1983; Phillips c t  al., 1986). 

This is in direct contrast to thc Litcqxctatian that t he  bulges indicate d ~ c r  

past conditions, The most likcly explanation is that t he  bulges rcprcstnt mnes 

of evaporation and vapor phase transport: of watcr, which would cause chloride 

to accumulate. The possible pathways of vapor movcmcnt rue discussed in t he  

Stable lsorope section below. The deep evaporation interpretation is supported 

by other studies that have suggested the possible presence o€ deep mnes of 

vapor dominated transport (E.& Ncepcr 3nd Gilkcson, 1996; Rogers and 

Gdahcr ,  1995; Rogers et al., 1996; and Vold ct al. 1937). The diffcrcnccs in 

chloride accumulation bctwccn the borcholts suggcsts that if evaporation 

occurs, therc may be substantial lateral heterogeneity whcrt the evaporative 

flwr is not unilorm throughout the mcsa. Borcholc TDBM-1 contains more 

chloride in t he  top 100 ft than docs 49-2-700-1. TDBM-1 is much closcr to 

edge of thc mcsa anr! the mesa side has better cxposurcs of the shallower units 

than o c c ~ r s  near 49-2-700-1. These factors would promote more maporation 

at TDBM-1 than at 49-2-700-1. 

The chmgcs in chloridc and !lux mtcs in borehole 49-2-700-1 appear to 

bc correlated to certain stratigraphic units and fcatures, The low flux mnc at 

the bottom of unit 3 through thc top of unit lv (Figure 4, Table 1) is consistent 

with a low flu.. zone in units 2 and Iv at TA-54, MDA G ( N t w m a n ,  19971 even 

11 
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L 

though these units occur some 60 ft deeper atTA-49 than Arca I G. This 

consistency of high chloride hvcntoncs in c u t a h  stmtig=rpFic units in nvo 

dflercrit mesas suggests that unit 2 and the top of unitlv are well connected to  

the atmosphere. Thc surge beds in unit 2 have been suggested ELS a potential 

cvaporativc mnc (Rogcrs and Gallrther, 1995; Rogers et al., 1996), and the 

lithologic contacts between subunits oC,Iv may also provide 

1; 

atmospfitric 
+ 
I 

connection. 
: I  , ’  

The lv-lg contact is another stratigraphic feature that appears to control 
#i 

or at least correlate with changes in chloride concentrationshnd flux rates both 

at TA-49 and Arca G. At borehole 49-27700-1, chloride concentrations *, at and 

below the contact arc dilute a d  the decrease in conccntmtion corresponds t o  a 

I 

substantial increase in moisture content (Figure 3). A simil&chan&e 1, , in flux 

rates occurs below the Tsankawi Pumice Bcd’whert mois& contents increase 

further. The wetter conditions in the units below the Iv-lg contact s ~ f c  B d y  

due to terrain d c c t s  because these units arc bdow the can$m bottom and arc 

probably not subject to the same evaporative processes as &c above canyon 

parts of the mcsa. I t  thus appears that the stratigraphic contacts and their 

position relative to the canyon bottom-play an important role in the mesa 

moisturc and flux distribution. The coincidence of changes 

s~tigmpbic contacts, in addition to &y changes in mporntivc proccsscs, is 

probably the result of sharp transitions k kydrohgiic pmpcrkes. This 

interpretation is supported by the work of Gilkeson et al. (1996) who noted a 

large change in tuff surface area at the lv-lg contact in bor&le 49-2-700-1. 

I 

L 

I 
I 

,i 
, d  
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Because there is likely an cvaporativc sink in Frijoles Mcsa, the high flux 

rates for the  units below tlic lv-lg contact do not make sense from a mass 

bdancc standpoint, assuming there is no additional source of water at dcpth. 

Tht rates, therefore, are apparent ratcs, and thc early Nolocent to Sate 

Plcistocene chloride-based ages of the dcep waters suggest that they a r t  relict. 

Thus, instead of rcflccting current rates, the rates below the lv-lg contact may 

represent palcofluu rates during the early Holocene and late Pleistocene. 

Unccrtaintv 

With the various assumptions used in the chloride mass balance method 

thcre are some related unccmintics. The fist unccrt;linFj rclatcs to the 1-D 

vcrtical flow assumption. If dtcp cvapomtivt proccsscs occur, then potentially 

large but unquantifiable crrors in the  flux cstimatcs rcsult. F'rom a qualitative 

point ofvicw, however, a luge chloride concentration associated with an 

cvaporativc mnc is consistent with a low flux. Fracture flow is not considercd 

in the  chloride mass balance approach and bccausc of its possible import=ulcc, 

espcciaIly in the shallower tuff units, this adds additional unceminty to the 

flux and age c s h a t e s .  The 1-D flow assumption may also be violated as a 

result of spatidly varying hydrologic propertics that can cause lateral flow. A 

modcling study by McCord et al. (1997) suggcsts that f'dure t o  account for 

geologic hcterogcncity can result in an overestimation of flux rates by 8 factor 

of 3 or 4. Another factor that eontributes to uncertainty is the concamt ion  of 

chloridc entering the mesa  Unfortunately, thcrc *arc no long-ttrm data 



av3ilablc for t he  h s  A l m o s  mea, but short-tcrm data c f ~ n  be used to bound 
I 

the probIcm. ‘A vduc of 0.29 g/ms was used in thc flux and q c  I calculations 
3 ,  

bascd on a chloride mass balance study by Andcrholm (1994) for the S a m  Fc 
.L  

=ea. This value may be higher thaw the actud P$&to Plateau L average, and is 
I 

thus conservative in that if it is a Iziph.:ualuc, flux mtcs will be. ovtrtstimflred 

.and ages undcrcsthatcd. Ev&aation.of chloride concentrdons . .  in 
\ 

precipitation from the NaTionzil Atmospheric Deposition F%&am station at 
1 

Banddjer National Monument (NADP, 1994) and v d o u s  sampling I stations on 

the Pqjdto Platcau monitored by Ad& et aL (1995)- sug&t I that average 

annual chloride concentrations in rainfall might be & low & 0.1 g/ma. If this 

value is more representative of the Pajarito Platcau, then the , fluxes in Table 3. 
8 

would bc about one third less than those shown and the ages would be about 
I 

three times greater. Thc di.Kmt chlokde input values do no t  make order of 

magnitude chmgcs in the flux ratcs, and thus do not result in much additional 
L 

unccrtdnty, cspcddly whcn compared to uncertahb’cs h m  other factors such 

as deep cvapomtion. The tircct of di&rcnt chloride conc&&atidns I bowma; 

can be an important considcntion for conelating ages and h;ulges in flux with 

past periods of climate change btcnusc some palcockmtc &mgcs 1 have 

occurred over relatively short time periods. In summary, &re t arc a number of 
1 

factors that contribute to uncertainty& the llux and age &hates. Mowcver, 

t h e  bias is to ovcrcstimate flux and uadcrtstimate qcs .  $the c8sc of 

environmental problems, this bias is not a v a t  problem because it results in 

conservative estimatcs of water movement 

I 
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Stable Tsotone 3 

Stable isotope data from borcholt 49-2-700-1 (Figurc 4) provide 

additional cvidcncc for decp evaporation. Shallow stable isotope profiles 

mtasurcd at TA-69 and TA-5 1 by Ncwman et ale (1997) indicate that surface 

evaporation effects disappear at depths less than 6 ft whereupon values reach 

relatively Zight P O  and 6D values ofn-9 to -10 %O ar,d -80 to -95 %o, 

respectively, Vadosc mnc stablc isotope thcory predicts that a quasi-stcady 

statc value should bc reached below t h e  zone influcnccd by solar surface 

evaporation (AUison et  al,, 1983; B m e s  and Allison, 1953). In other words, 

the approimatcly -9 %O 6180 value, for cxamplc, should be mcaintaincd 

throughout the profde for all depths below about 6 ft. However, contray to 

thcory, the 49-2-700-1 data show hcavy vducs at depths below the zone 

influtnccd by surface evaporation (Table 2). 

A palcoclimatt hterprctation for the cxistcncc of isotopiwlly hcavy 

values deep in the profile docs not seem plausible, as explained in the chloride 

bulge discussion. Instead, t he  isotope data arc consistent with evzlporativc 

removal of water from within the mesa Nccpc and Gilkcson (1996) found 

apparcnt reversed moisture p d j c n t s  at approximately the  225 and 3 10 f t  

depths. Thc isotope data show hcavy valucs of -5%0, -66%0 and -3940, -57%0, 

6"O and SD rcspcctively, at the s m c  dcpths as thc YrtVtrsed gradients" of 

Necpcr and Gilkcson. The corrclation bctwctn thc rcvcrscd gradients md 

hcavy isotope values strongly suggcsts that deep evaporation occurs at thcsc 
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zones, It should bc noted that other isdtopidy heavy vduds were observed 

for thc 85,361, and 4 3 9 4  depths (Table 2).' 'Rcvcrscd pdi&tsD may also 

occur at thcse depths. At prcscnt, it is not dear how the cvbpomtivc I process 

works or what the  path~vtlys for airflow and water removal might be. One 

1 ,  

< I  
I ,  

4 

1' 
1 -  

hypothesis is that dry air travels down.vertical fractures in the tuff, cvaporatts 

the  water and moves back out of the fractures in response to thermal or 

baromctric changes. Alternatively, the sides of the mesa ca*d play a role in 

sowing dxy air into the system and moving watcr vapor ht+y out. ~ b c  

I 

Bandclier tuff is cxposcd on the mesa sides ,and is subject to a w i d t  m g c  of 
! .  

temperatures and barometric prcssurcs. The lateral pathtvay appcars to  bc the 

most Zikely because units 2 and Iv appear to be cvapomtiv~zones I at both TA- 

49 and Area G, but occur at di0rcrcnt depths in the two mesas. Tkc tracers, 

low moisture contents, and gradient data strongly indicate $=it i deep 

evaporation occurs in the mesas at TA49 and Area G. Ho&cr, additional 

work wjll be required to understand the mechanisms and p&thways by which 

I 

i s  

f 

I '  

evaporation occurs. * 

The c.dstcnce of li&ht isotope WUCS at the lv-lg conhct in borcholc 49- 
i 

2-700-1 leads t o  two explmations. The f i t  explanation is that water 

inatrated during a higher precipitation' pcriod during the Pleistocene or early 

t o  mid Holocene, and was not subjcct.to extensive cvapomtion. I.' Studies by 

Markgaf (1983) and Phillips et al. (1956) indicate that su& paiods occurred 
I 

in thc past 20,000 years, so this cvplakation appears to be reasonable 1 .  for the 
. .  

light water at the bottom of the profile. :Another possibility is that water may 
I 

I 



have been introduced by lztcral flow dong pathways that wcrc not subject to 

. evaporation ofthc same intensity that occurrcd in the middlc of the mesa. It is 

possible that alluvid water from Water Canyon flows undcrneath TA-49. 

Unfortunatcly, we do not have cnough information about the link bctwccn 

mcsa and canyon hydrolou to adcquatdy cvaluate if l a t c d  flow really occurs. 

The stable isotope data however, can provide clues regarding the validity of t h e  

lateral now hypothesis, The mcteoric water plot (Figure 5)  shows m. 

cvaporation trend line extending from thc local rnttcoric water line to thc right. 

6180 and 6D values of precipitation from the  Pajdto Platcau plot along thc 

l a d  meteoric water h c ,  and ir' evaporation occurs the isotopic values will 

bccomc progcssively hcavicr following a trend such as that shorn  for borehole 

49-2-700-1. The evaporative trend line suggests that the watcrs in t he  49-2- 

700-1 profile haw the same source, including t he  light water at t h e  Iv-1s 

contact. Thus, iflateral flow occurs, it would have t o  havc the same original 

isotopic composition as the watcr that was cvapomted from the middle of the 

m e a  In other words, the  source of the lateral flow would need to  plot on the 

same evaporation trend line as the 49-2-700-1 waters. Mcasurtmcnts of the 

isotopic composition of potential latcnl flow sourccs, such as alluvial 

groundwater from Water Canyon, would gcatly aid in rcsolving this question. 

SUMMARY AND CONCLUSIONS 

Chloride bascd flux estimates for the zone above the lv- lg  contact for 

boreholes 49-2-700-1 and TDBM-1 range from 0.0lto 0.2 cm/yr. These low 
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flux mtcs arc likely tl:t result of evaporative m o v d  ofwat+ in the mesa 

Heavy stable isotope values from borcholc 49-2-700-1 support this 

intwpretation. Flux estimates for the zone bdow the lv-lg contact in borehole 

49-2-700-1 range porn 0.24 to 1 cm/yr. These deeper ntcslart likd)* apparent 

flux rates and may rtprcsent past conditions during the Iatc Pleistocene m d  

early Holocene. Chloride profiles for the two boreholes showed similar behavior 

in the top 30 €t. Below this depth, TDBM-1 shows a grcatcrhccumulation of 

chloride in unit 3 than borehole 49-2-700-1 and indicates &at water. moves 

more slowly in the vicinity of TDBM-1, ,The difference in chloride 1 

concentrations and flux xates is probably caused by highcr &paration 1 

TDBM-1 3s a result of its close 1ocation:to the side of Flijoles mesa . 

1 

1 
I 

i 

rates at 
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Table 1. Flux estimates and pore water agos for borcholcs 49-2-700-1 
and TDBM-A. 

'Borcholo TDBM-1 
Ago at 

bottom of 
Dcpth depth 

lnlcrval Flux intcrvai 
(n) U n It (cmlyr) (Yo , 

0-54 QbtB, ab13 0.04 1549 
76108 Cbt3 0.01 5227 
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Table 2. Stablo isotope compositions of borehole 49-2-?0&1 waters. 0 1  I 
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Qura I. Map of tho TA49 m a  showing the locnlons of bornholes 49-2-7004 and TDBM-I. 
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Figure 2. Porn wator chlodde In boreholes 49-2-700-1 and TDPM-I. 
Horizontal lines on the r i ~ h t  sldm of thr figure lndfcoic the lower 
stntigraphlc boundary of the glwn unk ,I 
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FIgun 5. Mcteorlc water dItigram lot borehole 49-2-700-1. 
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Appendix la,  Berehole 492-7W1 chloride m?ss balance dab. 
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Appendix la. Borehole 49-2-700-1 chloride mass balance dala. 



Apperkix lb- Boreholc TDBM-1 chloride mass ba!ance dsta. 
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