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ADSTRACT

Natural 'chloridc and stable isotope tracers were used to examine the
vadose zone hydrology at borcholes 49-2-700-1 and TDBM-1 at TA-49, Los
Alamos National Laboratory. Pore-water chloride concentrations were
measured with depth from core samples from both boreholes, and pore watcf
5120 and 8D values were measured for borehole 49-2-700-1. The objectives of
the study were to (1) quantify flux rates and pore water ages using the chlbridc
data; (2) examine the chloride and stable isotope profiles for evidence of deep

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

information for future modeling activities. Flux rates in the boreholes above
the contact between Bandelier Tufl units 1v and 1g range {from 0.01 to 0.2
.cm/yr. Highcrlratcs were obtained for units below the 1v-1g contact in
borehole 45-2-700-1; these ranged from 0.24 to 1 cm/yr. The deecper rates are
likely apparent fluxes and may represent past conditions during the carly
Holocene and late Pleistocene. Chloride-based pore water ages in borehole 49-
2-700-1 were about 7000 years at the 1v-1g contact and about 10000 years
near the bottom of the hole (692 ft). The chloride-based age for borehole
TDBM-1 was about 5000 years at the 109-{t depth, which was the deepest
sample analyzed. The chioride bulges in both profiles are consistent with deep-
as opposed to surface-evaporation effects. In other words, water is being
removed from the mesa tens to hundreds of fect below the surface via vertical

or horizontal fractures, or through high-permeability zones that are exposed on

the mesa sides. Borchole 49-2-700-1 has occurrences of isotopically heavy
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water below S0 ft, which are also mdicauvc of‘ decp cvaporauon In addition,
some of these hcavy water occurrcnccs are comcxdcnt with zoncs of apparent
'moxsturc gradxcnt reversals dctcrmmcd prcwously A lowcr ﬂux rate in
borehole TDBM-1 was observed for thc bottom of unit 4 andithc top of unit 3
compared to the rate for the same mtcrva.l in 49-2-700-1. 'l‘h:.s difference is
.likely the result of higher evaporation rates in ‘the vicinity of’I‘DBM—l The
borehole is located near the cdgc of Pnjolcs mcsa that may ljcsult in more
cvaporative drying of the subsurface. Fmally, it appears that the part of the
mesa. that rises above the clevation of adJaccnt ¢canyon bottoms is prone to
higher rates of evaporative removal of.porc waters than umt§ Dclow the

clevation of the canyon bottoms.

MRODUC‘I‘ION
Hydrologic processes in deep vadosc zones such as at ‘I‘A—49 are

inherently difficult to measure and understand. Yet, bccau_ﬁ:.contamlnants
can potentially move into and through thcsc.zoncs we must':L.\'c able to estimate
flux rates and determine the pathway(s) by y\}hich water moyr:cmcnt occurs.
Among the better techniques for understanding vadose zonc";"i):chavior are
cnvironmental tracer methods. Spccn'ﬁcally. natural chIon‘dé and stable
isotopes have been shown to be pamcular]y useful for csumaung vertical {lux

rates of water and for examining the urmng a.nd pathway(s) of water movement

in the vadose zone (Allison et al,, 1994 a.nd Phxlhps, 1995). We have




constructed vertical chloride profiles from boreholes 49-2-700-1 and TDBM-1

and measured stable isotopes (5D and §""0) in vadose zone waters from
borehole 700-1 m order to understand the natural vadose zone hydrology at
TA-49, The objectives of the study were to (1) estimate flux rates and pore
water ages using the chloride data; (2) examine the chloride and stable isotope
profiles for evidence of deep evaporation in the mesa system; and (3) provide
data and conceptual information for future modeling activities. It is assumed
that the hydrology in the vicinity of the boreholes has not been influenced by

. the asphalt pad at TA-49, and thus represents the natural hydrologic behavior
of Frijoles Mesa. Borchole 700-1 is close to the asphalt pad, however moisture
contents in the borehole are much dryer than those immediately beneath the
pad.

Flux rates and pore water ages were determined using the chloride mass
balance method (Allisen et al., 1994, Stone, 1984). This method provides
information not only on the vertical flux rates, but can also be used to examine
how flux rates change with depth. Understanding the spatial changes in flux
rates is important for assessing how the various Bandelier Tufl units affect flow
in the mesa.

Deep evaporation through high permeability zones exposed the sides of
the mesa or through fractures, has been suggested by Neeper and Gilkeson
(1996) to be an important process at TA-49 based on moisture content
measurements and gradient calculations. This process has also been

suggested to be important at TA-54, Area G (Rogers and Gallaher, 1995 and
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Neeper and Gilkeson, 1996). 'Undcréiﬁhdiﬁgwhcmcr dccp\t{raporaﬁon occurs
is important for developing a conccptual model of the TA-49 vadosc zone and

for undcrstandmg why low -:noxsturc contcnt zones (and prcsumably low {lux

l

" zones) develop within the mesa cnvxrgnmcnt., Stable 1_sotop;s can be used to
evaluate evaporation, both at the rxicgé surf:icc and at dcptlli.:l The isotopic |
~ composition of water is affected by cvaporanon, which prcfm'cnnally extracts
light isotopes into the vapor phase, lcavxng thc rcmammg hquzd enriched in
heavy isotopes. If deep evaporation occurs, 1sotop1ca11y hcavy pore waters
should exist below the shallow zonc pﬂucnccd by surface ;cyaporamon.
m'rnmusvm METHODS |

hloride Sampling and Labora Anl ses ‘

Chloride profiles were dctcrmmcd f.roﬁ ;:orc samples from boreholes 49-
2-700-1 and TDBM-1 at TA-49 ﬂoca:iolﬁs are shown in F:guxc i) Borehole 49-
2-700-1 is a 700-ft hole and is dcscn’bcd in St:mac etal ( 1997 this report).
Borchole TDBM-1 is a 139-ft hole a.nd xs described in Pur::,rmun (1995).
Samples were collected and analyzcd at approximately 5-, 19—, or 20-ft

intervals. Chloride concentrations wcrc determined by lcaching the core

samples with deionized water and :malyzmg the leachate usmg ion

chromatography. The leaching and analyscs were pcrformcd at the Los Alamos
EES-1 geochemistry laboratory. For caqh- samplc, appro:amatcly 50 g of tufl
was crushed using a mortar and pcsth:l: Thé»tim' was then oi,r'cn dried for at

P
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least 12 hours at 100°C. The dry sample was weighed and added to-an




Erlenmeyer flask along with approximately 75-g of DI water, The flask was

. agitated for 24 hours on a rotary mixer. Once the mixer was turned off and the
soﬁd material sctﬁcd. the supernatant was {iltered and analyzed using a
Dionex lon Chromatograph. Analytical precision of the ion chromatograph is
better than S %.

Pore water chloride concentrations were calculated using the leachate
concentrations, gravimetric moisture contents, and bulk densities for cach
borehole (see Appendices 1a and 1b). Moisture content and bulk density data
. for borehole 700-1 are from Springer et al. (1997, this report). Moisture
content data for borehole TDBM-1 are {rom Gallaher (1997). Bulk density was
not measured for the TDBM-1 cores, so values from 700-1 were used instead.
The pore water chloride concentrations were then used in the chloride mass

balance approach described below to estimate vertical fluxes and vadose water

ages.

. Chloride Mass Balance Approach

The chloride mass balance approach has been successfully used to
determine vadose zone fluxes in semiarid and arid locations worldwide, The
approach involves measuring chloride concentrations in vadose zone water
with depth. These concentrations serve as indicators of downward flux and
water age (Stone, 1984; Allison et al., 1994). The downward {lux is inversely
proportional to the amount of chloride accumulation: high chloride

concentrations indicate a low {lux that represents many years of meteoric
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chloride accumulation coupled with cvépon'anspz‘ram‘vc rcmo;val of water.

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

R}
.

able to move through the vadose zone at a.fas't enough rate fo.minimizc
i

evapotranspiration effects. !

The chloride mass balance method is based on the fon:owing
assumptions: 1) flow occurs largely gs-'downiva:d piston ﬂou;'; 2) dispersive
mixing of water and chloride is small;-i?} aunésphcric chlondc deposition has
been relatively constant and is the solc' ‘source of chloride to? tlﬁc system; and 4)

chloride uptake by plants is ncghgxblc.

vaadoqc zone chloride conccntranons are constant bc.low the root zone,
then the average annual flux (or rcchargc ratc) can be csumatcd using

!
[

R=P.Clp/ Clew, S e (1)

where R is the flux (m/y7); P is the avcragc ammal prccxpxtauon rate (m/yr); Clp
is the average concentration of chlondc in bulk prcc:pxtatzon {g/m?3); and Clew is
the chloride concentration in vadosc-zonc water below the root zone {g/m?}.
However, chloride conccntrat:ons n dccp proﬁlcs are somctxmcs not constant
below the root zone (e.g., recharge ratcs can change over tm’:c as aresult of
climate or land use changes).. In thxs casc, plots of cumulauvc chloride asa
function of cumulative water in the px"omc can be used to dptcrmznc changes in
recharge rates. Approximately linear scgmcnts on the cum&ﬁativc-cumulativc

plots indicate zones of constant flux. The flux for a scgmcn_'tis given by
. ! .
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R = (CL+P)/Clu (2
where CL,, is the average chloride content of the samples represented by the
segment (g/m?). Chloride-based vadose water ages can also be estimated by
first calculating the amount of chloride in each sample interval down to the
depth of interest using the relationship

CL=06.CrZ (3)
where Cl; is the amount of chloride in the interval (g/m?), 6 is the volumetric
moisture content in the interval, Ca is the mass of chloride in the interval per
. volume of rock {g/m?3), and Z is the length of the sample interval (m). By
calculating the cumulative sum of the C); values down to the depth of interest,

the age can be calculated using

A = CL/(CLP), | @)

where A is age in ycars, and Cl. is the cumulative sum of the Cl values (g/m?)
at a given depth. A value of 0.4 m/yr was used for the average annual
precipitation (P) based on data in Bowen {1990), and a value of 0.29 g/m3 was

used for the average concentration of chloride in bulk precipitation (C)) based
on data in Anderholm (1994).

Stable Isotope Analyses

Stable isotope analyses of pore waters from TA-49 were conducted using
moisture-protected samples archived from the 49-2.700-1 borechole. The

moisture-protect system involves scaling core samples in Lexan tubes. This
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procedure reduces the chance of pore water evaporation dunng the period

between sampling and analysis, wlnch would alter the xsotc»pxc composition of

T.hc water. Unfortunatc]y. caps on scvcral of the tubes wcrc. not installed

properly and evaporative loss of watcxj occurrcd during storggc. As a result, the

isotope data set is sparse with no values deeper than 438 ﬂ:.

\
i

. . ' ! N
The stable-isotope analyses were carried out at the Nc‘w Mexico Tech

Stable Isotope Laboratory. Soil watcr',was extracted by higlfétcmpcraturc

vacuum distillation, following Shurbaji et al. (1995). The 5*0 and &D

. measurements were made on a Finnégén-Mat' Delta-E stabic-isotopc-ratio

mass spectrometer using OZ-Tech gas standards. The hydrogcn and oxygen

isotopes are reported in delta (8) notzmon as per mil (Yoo) dxﬂ'crcnccs relative to

l

the Vienna-Standard Mean Ocean Water (V-SMOW) zsotopc standard:

Raampie = Rv.snow

(5)

x1000,
Rv.smow ]

SDor 80 '—-'[

U R

; 1
where R is the D/H or 1*0/190 ratio. The value of §1*0 . was measured {rom

extractions made using the carbon dx‘b:d'dc equilibration tccﬁm'quc of Socki et

al. (1992). For the SD analyses, hydrogcn was extracted us:ng the hot uranium
method of Bigeleisen et al. (1952). The analynca.l p"cms:on for the 520 and 3D

analyses by mass spectroscopy is bcttcr than :0 2 %o and :6 %o, Tespectively.



RESULTS

Chloride profiles for the two boreholes are shown in Figure 2. The 49-2-
700-1 profile shows bulges of high concentration between the 0-25 ft and 160-
380 ft depths. The TDBM-1 profile shows generally high chloride
concentrations throughout the 100-{t interval. The major changes in chlon’d;:_
concentrations in borchole 49-2-700-1 correspond to changes in gravimetric
moisture content where the chloride bulges occur in the zone of low moisture
content (Figure 3).

Because the chloride concentrations were not constant with depth, the
cumulative chloride-cumulative water approach was used to calculate fluxes
(values used in the flux and age calculations are given in Appendix 1).
Cumulative-cumulative plots for the borcholes are shown in Figure 4. The
figures show multiple lincar segments. For borchole 49-2-700-1 the break in
slope between the third and fourth segments corresponds closely to the 1lv-1g
contact (this contact is equivalent to the outcrop feature known as the vapor
phase notch). The break between the fourth and fifth segments corresponds to
the Tsankawi Pumice Bed, Flux rates were calculated for the five segments in
49-2-700-1 and for the two segments in TDBM-1 (Table 1).

Chloride accumulation ages for cach borchole are also shown in Table 1.

Ages for borehole 49-2-700-1 suggest that it takes about 7000 years to reach

the lv-1g contact and about 10000 years to reach the bottom of the hole. Ages

for TDBM-1 suggest that it takes approximately S000 years to reach the 109-ft

depth (unit 3). The differences in chloride-based flux rates and ages indicate



L I
water movement though the 0-100 ft",d'_i::pth'rangc in TDBM-I.?I‘ is slower than in
49-2-700-1. : N G

The stable isotopc data for bord;élc 49;2-700—1 are sl'lbwn inTable2.
'~ Most of the waters have been sub_;cct to cvaporauvc proccsscs because they
plot to the right of the local meteoric water line (Figure ). Thc water samp]m
_ that plot closest to the local meteoric watcr line are from thc area of the 1v-1g
contact. The isotopic composition of standmg water from bo‘rcholc CH-2 (a.
150-ft borehole at the TA-49 asphalt pad) 13 also plotted. Thc CH-2 wateris
isotopically different from the borehole 49-2-700-—1 waters suppomng the

assumption that the asphalt pad has’ not influenced the 4972-700-1 hydrology.

DISCUSSION
Significance of the Chloride Bulges

The chloride bulges (Figure 1) a.rc imp'ortant features. 6f the vertical
profiles because the ongm of these chlondc accumulations win affect the
development of conceptual and quantxtauvc models of thc mcsc. hydrologic
system. One explanation is that the bulgcs represent a pasp period of low
percolation rates and high cvapounnéfﬁaﬁoﬂ, which was, fi:liowcd by a period
of higher percolation rates and lowcr cvapou'anspxrat:on that chsplaccd much
of the chloride to depths far below the Toot zone. Howcvcr, thc vadose water
ages for the bulges are not concordant between boreholes 49-2-700-1 and
TDBM-1. If changing palcoclimate wa‘sv't'hc- main cause of thc chloride bulges,
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roughly similar chloride concentrations and ages would be expected. A further
_ problem is that the carly- to mid-Holocene was apparently a wetter or higher
récha.rgc period than the present (Markgraf et al,, 1983; Phillips et al., 1986).
This is in direct contrast to the interpretation that the bulges indicate drier
past conditions. The most likely explanation is that the bulges represent zon'cs
of evaporation and vapor phase transport of water, which would cause chloride
to accumulate. The possible pathways of vapor movement are discussed in the
Stable Isotope section below. The deep evaporation interpretation is supported
by other studies that have suggested the possible presence of deep zones of
vapor dominated transport (e.g., Neeper and Gilkeson, 1596; Rogers and
Ga.llahcr, 1995; Rogers et al.,, 1996; and Vold et al. 1997), The differences in
chloride accumulation between the borcholes suggests that if evaporation
occurs, there may be substantial lateral hétcrogcncity where the evaporative
flux is not uniform throughout the mesa. Borehole TDBM-1 contains more
chloride in the top 100 {t than does 49-2-700-1. TDBM-1 is much closer to
edgze of the mesa and the mesa side has better exposures of the shallower units
than occurs near 49-2-700-1. These factors would promote more evaporation

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

The changes in chloride and flux rates in borehole 49-2-700-1 appear to
be correlated to certain stratigraphic units and features. The low flux zone at
the bottom of unit 3 through the top of unit 1v (Figure 4, Table 1) is consistent

with a low flux zone in units 2 and 1lv at TA-54, MDA G (Newman, 1997} even

11
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though these units occur some 60 ft dccpcr at TA-49 than Arca G. This
consistency of high chloride inventories in certain stmt:grap}uc units in two
different mesas sﬁggcsts that unit 2 and thc top of unitlv arc well connected to
the atmosphere. The surge beds in umt 2 havc been :,uggcstcd asa potcn'aa.l
evaporative zone (Rogers and Gallaher, 1995 Rogcrs ctal, 1996), and the

lithologic contacts between subunits or lv :n:ur also provxdc an atmospheric
[ |

The 1v-1g contact is another strﬁtligraﬁhic featurc t:ha;l appears to control
or at least correlate with changes in qﬁ]on‘d; ¢onccnt:ation§§and flux rates both
| at TA-49 and Area G. At borehole 49'-_2.'-,7007; , chloride cong:_'[cntrations at and

connection.

below the contact are dilute and the décrcasc in conccntraﬁ%in corresponds to a
substantial increase in moisture contén’t (Figure 3). A«similz;rchangc in flux
rates occurs below the Tsankawi Pumxcc Bcd where moxsturc contcnts increase
further. The wetter conditions in the umts bclow the lv-lg contact are likely

due to terrain effects because these umts arc below the canyon bottom and are

4

probably not subject to the same cvaporauvc proccsscs as thc above canyon
parts of the mesa. It thus appears t.hat the stmtxgraphxc cor;tacts and their
position relative to the canyon bottoms play an important ro!c in the mesa
moisture and flux dxsmbunon The comczdcncc of changcs in flux with
stratigraphic contacts, in addition to a.ny changcs in c:vaporanvc processes, is
probably the result of sharp transitions ;n hydrolog;c propcrucs This
interpretation 'is supported by the wbrk’ 61‘ Gilkcson et al. (1996\ who noted a

large change in tuff surface area at thc lv-lg contact in borcholc 49-2-700-1.




Because there is likely an evaporative sink in Frijoles Mesa, the high flux
rates for the units below the 1v-1g contact do not make sense from a mass
balance standpoint, assuming there is no additional source of water at depth,
The rates, therefore, are apparent rates, and the early Holocene to late
Pleistocene chloride-based ages of the deep waters suggest that they are rclic;c.
Thus, instead of reflecting current rates, the rates below the 1v-1g contact may

represent paleoflux rates during the early Holocene and late Pleistocene,

Uncertainty

With the various assumptions used in the chloride mass balance method
there are some related uncertainties, The first uncertainty relates to the 1-D
vertical flow aséumption. If deep evaporative processes occur, then potentially
large but unquantifiable errors in the flux estimates result. From a qualitative
point of view, however, a large chloride concentration associated with an
cvaporative zone is consistent with a low flux, Fracture flow is not considered
in the chloride mass balance appro:.ixch and because of its possible importance,
c;pcciaUy in the shallower tufl units, this adds additional uncertainty to the
flux and age estimates. The 1-D flow assumption may also be violated as a
result of spatially varying hydrologic propertics that can cause lateral flow. A
modeling study by McCord et al. (1997) suggests that failure to account for
geologic heterogencity can result in an overestimation of flux rates by a factor
of 3 or 4. Another factor that contributes to uncertainty is the concentration of

chloride entering the mesa. Unfortunately, there are no long-term data
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available for the Los Alamos area, but”éhort-.tcrm data can b% ﬁscd to bound
the problem. A value of 0.29 g/m3 was used in the flux and agc calculations
.bascd ona chlondc mass balance study by Andcrholm (1994) for the Santa Fe
arca. This value may be higher than the actual Pmar:to Platcau average, and is
thus conservative in that ifitis a hxg.h valuc, flux rates will 1;c overestimated
.and ages underestimated. Evaluation pf chloride conccntmgons in
precipitation from the National AUnosp_hcrié. Dcpositién Program station at
Bandclicr National Monument (NADP, :1994) and various sa_x;;upﬁng stadons on
the Pajarito Flateau monitored by Admﬁs et al. (1995) suggcés‘t' that average

annual chloride concentrations in ramfall xmght be as low as 0 1 g/md, If this
value is more representative of the Pa_)a.nto Platcau, then tbc ﬂuxcs in Table 1
would be about one third less than those shown and the agcs would be about
three times greater. The different chlonde input values do not makc order of
magnitude changes in the flux rates,’ :md thus do not rcsult in much additional
uncertainty, especially when comparcd=to- uncertainties from other factors such
as deep evaporation. The effect of dxﬂ'crcnt #hloridc conccﬂ!‘:raﬁons however,
can be an impeortant consideration fbr; correlating ages and:;;iuangcs in fux with
past periods of climate change bccau'ls;: some palcocﬁmaté é.hangcs have
occurred over relatively short time pcﬁods. In summary, th'crc are a number of
factors that contribute to unccrtainty--:iﬁ the flux and age céfﬁmatcs. However,
the bias is to overestimate flux and un&ucsﬁmatc ages. In:thc case of

environmental problems, this bias is not a grcat problcm bccausc it results in

conservative estimates of water movcmcnt.




Stable Isotopes
Stable isotope data from borehole 49-2-700-1 (Figure 4) provide

additional evidence for deep evaporation. Shallow stable isotope profiles
measured at TA-69 and TA-51 by Newman et al. (1997) indicate that surface
evaporation effects disappear at depths less than 6 {t whereupon values reach
relatively light 8120 and §D values of -9 to -10 %o and -80 to =95 %eo,
ri:spcccivcly. Vadose zone stable isotope theory predicts that a quasi-steady

_ state value should be reached below the zone influenced by solar surface
evaporation (Allison et al., 1983; Barnes and Allison, 1983). In other words,
the approximately -9 %o 5180 value, for example, should be maintained
throughout the profile for all depths below about 6 ft. However, contrary to
theory, the 49-2-700-1 data show heavy values at depths below the zone
influenced by surface evaporation (Table 2).

A paleoclimate interpretation for the existence of isotopically heavy
values deep in the profile does not seem plausible, as explained in the chloride
bulge discussion. Instead, the isotope data are consistent with evaporative
removal of water from within the mesa, Neeper and Gilkeson (1996) found
apparent reversed moisture gradients at approximately the 225 and 310 ft
depths, The isotope data show heavy values of -5%o, -66%o and -3%e, =57 %o,
§""0 and 8D respectively, at the same depths as the “reversed gradients” of
Neeper and Gilkeson. The corrclation between the reversed gradients and

heavy isotope values strongly suggests that deep evaporation occurs at these
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zones. It should be noted that other iéStopicaﬁy hcavy'valﬁés‘wcrc observed
for the 85, 361, and 439-{t depths (‘l‘ablc 2) “Reversed. gradxcnts may also
occur at these dcpths At present, it 1s not clear how the cvaporanvc process
works or what the pathways for :urflow and watcr removal :mght be. One
hypothesis is that dry air travels down vcrncal fractures in t.hc tufl, evaporatss

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

a

barometric changes. Alternatively, thc sides of the mesa coltgﬂd' play a role in
allowing dry air into the system and fnqving water vapor Iat';:rany out. The
Bandelier tuff' is exposed on the mcs:; éidcs aﬁd is subject 't'él)\auridc range of

| temperatures and barometric prcssurcs The lateral pathway appears to be the

most likely because umts Z2and lv appcar to be cvaporanvc' zones at both TA-

(

49 and Area G, but oceur at dxﬂ‘crcnt dcpths in the two mcsas. The tracers,

l

low moisture contents, and gradient data strongly indicate that deep

cvaporation occurs in the mesas at TA-49 :md Area G. Howcvcr, additonal
l

work will be required to understand thc mcchamsms and pathways by which
evaporation occurs, | ‘ |

The existence of light iso'topc‘ v:;iucs at ‘ll;hc lv-1g cont;act in borehole 49-
2-700-1 leads to two explanations. The first explanation is ‘jt.hat water
infiltrated during a higher precipitation’ pcriéd during the Pfcistoccnc or carly
to mid Holocene, and was not subject {tB extensive cvaporat;ijgn. Studies by
Markgraf (1983) and Phillips et al. (1536) inldicatc that sucl_zf. periods occurred
in the past 20,000 years, so this explanation appears to bc‘:x';a;éonablc for the

light water at the bottom of the prc:).ﬁlt-.-'.fE Another possibi]ity?:ié that water may
- |
16 “




have been introduced by lateral flow along pathways that were not subject to
. evaporation of the same intensity that occurred in the middle of the mesa. Itis
péssiblc that anu;ria.l water from Water Canyon flows underneath TA-49,
Unfortunately, we do not have enough information about the link between
mesa and canyon hydrology to adequately evaluate if lateral flow really occurs.
The stable isotope data however, can provide clues regarding the validity of the
lateral flow hypothesis. The mcteoric water plot (Figure 5) shows an
cvaporation trend line extending from the local meteoric water line to the right.
5180 and §D values of precipitation from the Pajarito Plateau plot along the
local meteoric water line, and it evaporation occurs the isotopic values will
become progressively heavier following a trend such as that shown for borehole
49-2-700-1. The evaporative trend line suggests that the waters in the 49-2-
700-1 profile have the same source, including the light water at the 1v-1g
contact. Thus, if lateral flow occurs, it would have to have the same original
isotopic composition as the water that was evaporated from the middle of the
mesa. 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. Measurements of the
isotopic composition of potential lateral flow sources, such as alluvial

groundwater from Water Canyon, would greatly aid in resolving this question.

SUMMARY AND CONCLUSIONS
Chloride based flux estimates for the zone above the 1v-1g contact for

boreholes 49-2-700-1 and TDBM-1 range from 0.01to 0.2 cm/yr. These low
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flux rates are likely thie result of cvaporativc_: removal of watcjx:"%n the mesa.
Heavy stable isotope values from borchole 49-2-700-1 suppojrt this
interpretation. Fllux estimates for thc’ionc Bc]ow the 1v-1g I<::o'ntact in borehole
49-2-700-1 range from 0.24 to0 1 cm/yr These deeper ratcs,arc likely apparcnt
flux rates and may represent past condxuons during the Iatc Pleistocene and
early Holocene. Chloride profiles for thc two boreholes showcd similar behavior
in the top 30 ft. Below this depth, TDBM-l shows a g,rcatc:r accumulanon of
chloride in unit 3 than borehole 49-2-700-1 and indicates that water moves
more slowly in the vicinity of TDBM-1..The dxﬂ'crcncc in chlondc

| concentrations and flux rates is probably causcd by h:ghcr cvaporauon rates at

TDBM-1 as a result of its close locat:on;to the side of Fn_;olcs mesa.
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Table 1. Flux estimates and pore water ages for boreholes 49-2-700-1

Borehole TDBM-1

Age at
bottom of
Depth depth
interval Flux interval
(n) Unlt (cm/iyr) y
0-54 |[Qbt4, QbI13| 0.04 1549
74-109 |Qbt3 0.01 8227

and TDEM-1.
Borehole 49-2-700=1
Age at
bottom of
Depth depth
Interval Flux interval
(f) Unit emiyn | tyn
0-23 |Qbt4 0.03 880
29-153 |Qbt3, Qb4 0.2 1440
159344 [Qbt1v, Qb3 C.05 6544
364-539 [Qbt1g, Qbtly 0.24 9705
Qbho, Qct, Qbt L, .
£61-692 |Qbt1g 9 10271
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“Table 2. Stable isotope compasitions of bééehole 49-2-700-1 waiers_.

Dopth  8"°O 5D
(M (pemih _(permiD
47.2 8.2 -87
72 .8.4 -88
85.2 -5.8 -81
95.2 -8.5 -75 :
120 -7.8 .78 S o
1438 | 8.2 77 R b
2250 | 5.1 -56 i
2518 1 -8.0 -74 ' : "
266.8 1 -7.7 -69 i '- e
%

cre R i o il

-

2888 | -85 -72
3088 | -85 73
3258 [ -27 .57 o
3814 | B4 -74 ,' , v
370.8 | -10.1 79 | 3
4202 | 107 | -84 S i
4388 | 4.5 -68 S T
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Figure 1, Map of the TA-49 area showing the locations of borcholes 49-2-700+1 and TDBM-1.
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Figure 2. Pore water chlor{de in bomholcs 49-2-700-1 and TDBM-1.
Horizontal lines on the right side of the figure indicate tho fower

stratigraphlc boundary of the glven unit.
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Appendix 1 a. Berehole 49-2-760-1 chloride mass balance data.

Tuff Interval] Cum.
Depth | Depth pb Deywl.| Cl- Pote Cl Cl- [|inlerval] Ciswl | Clswi |Inlervall Cum | Age
(M) | (m Jeg (k)| @lem3) fovek)l () | porg [H20 1)) (ma) | (mon) | (m) | (¥m2) | (g'm2) [ed (m)|ed (m)] (yrs)
7.5 23 1.7 1.3 2.2 798 | 84 0.001 0.67 437 3.0 32.9 33 0.07 | 0.07 284
14.1 43 23 1.3 3.0 84.5 7.1 0.001 0.46 308 30 278 61 0.03 0.2 522
215 7.2 3.02 1.3 39 96.6 | 18.0 0.003 1.54 529 20 415 | 102 0.68 0.2 880
29.8 9.1 1.4 1.3 24 ] 9571 22 0.002 | 0.21 119 1.5 4.2 108 004 | 03 916
4.6 10.5 3.8 1.3 4.9 97.7 23 0.004 | 0.23 61 1.5 4.5 i11 0.07 0.3 955
39.2 11.9 3.05 1.3 4.0 £9.4 1.8 0.003 | 0.16 &0 4.0 95 | 120 0.16 0.5 1037
55 16.8 2.82 1.3 37 |1044)] 09 0.003 | 0.09 31 3.0 34 | 124 0.1 0.6 1067
63.9 19.5 3.04 1.3 4.0 88.8 0.8 0.003 | 0.07 27 30 3.2 127 0.12 0.7 1094
78.2 233 .71 2 34 | 10862] 0.9 0.002 | 0.09 52 3.0 53 132 0.10 0.3 1140
. 79.1 241 1.7 1.38 23-] 465 | 1.49 | 0.001 0.07 88 1.0 2.0 134 0.02 0.9 1§58
83.55 25.5 1.3 1.38 - 1.8 | 485 | 263 0.001 0.13 202 2.0 7.2 141 0.04 0.9 1219
93.35 28.5 23 .85 . 3.7 § 487 ] 068 1 0.001 0.03 30 - 3.0 3.4 145 011 §J. 1.0 §248 -
s e - L0345 1 3.4 ] c23:] c165:f-38 15121088 .1 0001 | 004 38 | 30 | 43| 149 J-out ] v [ 9286 i -
- - 71 118.25] -354 |- 26| 185 -1:42 [543 [ 084 | 0001 | 005 [--33 | 25 | 35-[ 153 |-04% | 1.2 | 1316 | - °
119.55] 354 0.8 1.65 1.3 | 47.7 | 091 | 0000 | 0.04 114 3.0 4.5 157 0.04 1.3 1355
sor - 1 -§3251-404 | 1.2 165-] 19 ] 538 |J068-] 0001 | 004 { S7.. |- 20-] -22-}-159-{.-004 | 1.3 | 1374 e f__"_'-
S0 -1 13685 417 ]-26 ] --165°-) 42 | 604 | 058 | 0.002 | 003 23-] 1.0 10 160 f o004 |- 13- | 1382 -
143,3 43,7 20 1.65 33 | 513 J 088 0.001 0.04 43 20 28 163 0.07 1.4 1406
148.3 45.2 1.8 1.65 29 | 496 | 0.93 0.001 0.05 53 1.5 23 165 0.04 1.5 1426
153.1 457 | 1.8 1.65 29 | 584 1067 | 0001 | 004 | 33 1.5 1.7 167 0.04 1.5. | 1441
- 1569 48.5 1.23 1.65 20 | 798 ] 6.45 0.001 | -0.51 524 { 20 213 | 188 004 .1 15 1624
159.2 | 485 | 1.23 | 1.65 20 | 502 | 144 | 0G0t | 072 | 1170 0.5 1.9 | 200 0.01 1.5 1726 _
. 164 | 500 | 1.24 | -1.865 20 111281249 ] 0001 | 028 | 201 1.0 41 |-204 |1 002 ] 16 1762 | . . .,
"470.2- 1549 |- 124 | 165 -1 20:1113.9] 1.61 | 0.004 0.18 § "~ 120 20 |53 {1 210: 1’004 | 16 . ) 1807 | - ' '
179.2 | 546 | 1.53 1.65 25 |1045 ] 147 | 0002 ' 095} 96. ]-20 49 -1 215 0.05 1.7- | 1849 '
185 56.4 | 2.32 1.86 43 ] 526 | 284 | 0.001 | 0.15 127 1.0 5.5 220 0.04 1.7 1897
188.7 575 § 205) 1.88 38 | 852 | 6.77 | 0002 | 058 330 20 25.2 245 0.03 1.8 2114
195 59.4 0.82 1.86 15 | 97.7 | 3.82 0.001 0.37 468 1.5 10.7 258 0.02 1.8 2206
197.9 | 603 | 238 1.8 44 ] 726 ) 573 | 0002 | 042 241 1.5 16.0 272 0.07 1.9 2343
2042 | 622 | 242 2.02 49 | 947 | 561 | 0.c02 | 053 232 1.5 17.0 239 0.07 1.9 2490
2083 § 635 | 3.37 202 68 | 63.0 | 435 | 0.002 | 0.30 129 1.5 13.2 302 0.10 | 2.0 2604
216 658 | 2.41 2.02 49 ] 839 | 361 | 0.002 | 0.34 150 20 14.6 317 010 | 2.1 2729
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Appendix 1a. Borehole 49-2-700-1 chiode mass balance data.

Tuff Interval] Cum.
Depth | Depth rb Brywl.] CI- Pore Cl- Cl-  (inlerval] Ciswi { Ciswl (Intesval] Cum | Age
() (m) 109 (35)] (g’em3) lov (A)] (9) | pgfg [H2O )| (ma) | (mgl) | (m) | (g'm2) | (9/m2) |6d (m)|B8d (m)| (yrs)
2208 67.3 1.64 202 33 §i01.1 ) 391 0.002 | 040 238 1.5 11.8 328 0.05 2.2 2831
22217 67.9 216 2.02 44 1012 | 3,56 0.002 | 0.35 165 0.5 36 332 0.02 22 2862
221.5 69.3 2.88 1.93 56 952 | 3.89 0.003 0.37 135 20 15.0 47 0.11 23 2992
2349 71.6 247 1.69 42 (1031 ] 4.07 0.003 | 0.42 165 20 13.8 351 0.08 24 k3]
2405 733 238 1.7 4.0 93.8 £.40 0.002 044 187 20 15.0 376 0.04a 25 3240
2455 74.8 1 4.28 1.7 73 [101.3 | 529 | 0004 | 0.54 124 5.0 90 | 385 0.07 26 37
248 756 | 5388 1.81 108 | 925 | 6.46 | 0.005 | 060 110 1.0 1.7 | 396 0.11 2.7 3418
254 1 774 1.84 1.81 35 | 941 463 0.002 | 045 239 1.0 8.4 405 0.04 2.7 3490
2558 18.0 275 1.81 50 (1093 | 4.71 0.003 | 0.51 171 1.0 8.5 413 0.05 28 3564
2598 79.1 1.9 1.89 36 | 1605 | 4.52 0.002 045 238 1.0 85 422 0.04 2.8 637
264 80.5 25 1.69 47 (1024 § 488 0.603 0.50 195 1.0 9.2 . 43 0.05 2.8 3717
269 820 .18 1.88 60 |1068 | 543 0.003 0.58 171 1.5 15.3 446 0.09 29 Ag4s
274 83.5 2.69 1.85 50 J105.7 | 546 0.003 0.53 203 1.0 10.1 457 0.05 3.0 33315
2794 85.2 J.44 1.85 6.4 995 6.53 0.003 0.65 190 1.5 18.1 475 0.10 3t 4092
285 86.9 J.04 1.93 59 | 855 65.88 0.003 0.59 226 1.5 19.9 495 0.09 32 4264
2895 88.2 4.54 18 8.2 65 4 6.81 0.004 0.66 150 1.5 184 513 0.12 33 4422
295.1 89.9 2.96 1.71 5.1 69.2 7.53 0.002 | 0.52 254 1.5 19.3 532 0.03 3.4 4559
301.1 91.8 244 1.3 42 11008 | 7.26 0.002 § 0.73 297 1.5 18.8 551 0.06 3.4 4751
309.2 942 2.82 1.6 4.5 89.1 7.88 0.003 0.70 230 20 25.2 576 0.09 35 4369
3125 953 2.88 1.54 44 1023 ] 71.55 0.003 0.77 262 3.5 40.7 617 0.16 3.7 5320
3248 990 295 1.54 45 933 9.25 0.003 0.66 313 40 57.0 674 0.18 38 5811
344.2 104.9 7.68 1.4 10.8 ] 183 ] 12.16 | 0.004 022 158 50 85.1 759 0.54 4.4 6544
36538 1109 98 1.35 13.2 | 456 | 7.40 0.004 0.34 76 4.0 40.0 799 0.53 4.9 6859
372 113.4 9.59 1.4 3.4 | 1058 | 4.69 0.010 | 0.52 51 3.0 20.5 820 0.40 5.3 7066
378.4 1153 | 15,18 1.31 199 | 412 5.06 0.006 | 0.21 33 20 13.3 833 0.40 57 7180
384 1170 | 1267 1.3 16.5 | 51.3 3.81 0.007 | 0.22 30 1.5 7.4 840 0.25 6.0 7244
362 | 1177 | 9.08 1.3 118765 | 328 [ 0.007 | 0.25 36 05 2.4 842 0.06 6.0 7263
3925 1196 | 1045 1.24 130 ] 460 | 4.15 0.005 0.19 40 20 10.3 853 0.26 63 7351
335 120.7 | 8.56 124 10.6 | 63.0 3.26 0.005 | 021 38 1.0 4.0 857 0.11 6.4 7386
400.6 122.1 8.54 1.2 10.2 | 589 3438 0.005 | 021 41 1.0 4.2 861 0.10 6.5 7422
405.2 1235 | 7.27 1.2 8.7 | 458 3.65 0.003 | 0.47 50 20 8.8 870 017 6.7 7493
4192 | 1278 8.2 1.2 98 [ 354 | 3.15 | 0003 | 0.11 33 2.0 76 877 0.20 6.9 7563

NS S S T -
S LR N S

oy BOElr.




Appendix 1b. Borehole TOBM-1 chicride mass balance dala.

2959 | 7

Tuff Interval] Cum.

Oepth] Depth | ©g pb Ov |Drywl.] Ck | Ct lnlerval] Clswi | Cliswi linterval] Cum | Age
) | @ |} (%) [g/emd)] (%) | (9) | poig Himg)l (m) |(g/m2)](g/m2)|0d (m)}0d (m)| (yrs)
2 0.6 16 1.3 }208) 5056} 5311 33 1 7 7 021 | 0.21 59
4 1.2 13 1.3 16.9 ] 52.25 | 31.81] 245 0.5 21 28 1 003 } 03 238
5 1.5 | 661 1.3 8.8 | 229.2 | 20.85] 318 0.4 11 38 | 003 ] 03 | 331
6 1.8 |12.45] 1.3 | 158 | 280.1 [ 48.64] 400 0.3 19 57 1005 | 04 495
7 21 414 13 54 {3400 | 15.83]| 334 0.3 6 64 | 002 0.4 548
8 24 | 4.51 1.3 5.9 | 316.9 1 15,17} 337 0.5 10 73 1 003 ] 04 633
10 30 j158] 13 20 } 25591 4.5 ] 291 0.4 2 76 | 0.01 0.4 654
11 34 | 148 13 1.9 132341 3.0 256 0.3 1 77 | 0.01 0.4 668
12 3.7 {164 13 21 | 3134 ] 4038] 249 1.0 5 63 | 002 ] 05 712
15 46 [1.12] 13 1.5 | 2868 ] 1.69] 159 1.0 22 85 | 0.01 0.5 73
17 52 1 1.3 1.3 | 4822 }1.351] 135 1.0 18 87 | 0.01 0.5 748
25 1.6 1 1.3 1.3 1 500 | 4.35] 435 1.0 5.7 g2 | o001 0.5 785
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