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Abstract 

The related issues of water movement and contaminant transport in arid and semi-arid 
environments have generated considerable interest and concern in the last few decades. Essential 
to understanding these issues is knowledge of how water moves through the soils that form the 
uppermost part of the vadose zone. The use of tracers, both natural and artificially introduced, is 
proving to be an effective method for gaining such knowledge in dry regions, where investigation by 
other means is difficult. In this study, natural stable-isotope and chloride tracers were used to 
investigate water movement in the soils of a pinon-juniper woodland and of a ponderosa pine forest 
on the Pajarito Plateau in northern New Mexico. The objectives were to (I) estimate and compare 
near-surface flux rates and evaluate the importance of evaporation in the two communities, and (2) 
determine to what extent differences in flux rates and evaporation are due to differences in plant 
cover and/or soil hydraulic properties. The results of this study will aid in evaluating the potential for 
contaminant mobility in semi-arid systems such as the Pajarito Plateau and, in addition, will increase 
understanding of nutrient distributions and plant water use in semi-arid environments. The stable­
isotope data indicate a similarity between the pinon-juniper and ponderosa communities with 
respect to evaporation: in both, it is restricted mainly to the upper I 0 em of soil. Chloride profiles 
from the two communities, on the other hand, show a distinct difference with respect to downward 
fluxes: in the ponderosa pine forest, these fluxes ( = 0.02 em year_,) are an order of magnitude lower 
than those in the pinon-juniper woodland ( = 0.2 em year-1

), even though total precipitation is about 
4 em year-1 higher in the ponderosa pine forest. This difference, however, appears to be related not to 
plant cover, but to differences in soil hydraulic properties. The soils of the ponderosa pine forest 
contain clay-rich B horizons that appear to restrict downward movement of water through the soil 
matrix, whereas the soils of the pinon-juniper community have B horizons much lower in clay 
content. The effect of differing soil properties on water movement suggests that contaminant 
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distributions will vary across the Pajarito Plateau. The data on soil water ages support this 
hypothesis: they indicate that water (and, thus, contaminants) moves through the soil matrix in 
less than a decade in some areas, whereas in other areas, water takes hundreds of years to pass 
through the entire soil profile. © 1997 Elsevier Science B.V. 

1. Introduction 

Understanding the hydrology of the vadose zone is becoming increasingly important, 
especially in dry regions of the western United States, as growing cities and communities 

struggle with problems of environmental contamination, waste storage, and dwindling 

water supplies (Reith, 1992; Phillips, 1994). However, the generally low moisture content 
of the soils in these areas has made hydrologic studies somewhat difficult; physically 
based approaches, such as Darcy's Law and water-balance determinations, give rise to 

unacceptably large uncertainties (Scanlon, 1991; Phillips, 1994; Allison et al., 1994). To 
circumvent this difficulty, tracer techniques (using, for example, natural stable isotopes 

(oD and o 180) and chloride) have been developed that permit quantitative estimates of soil 

water movement in dry regions (Phillips, 1994; Allison et al., 1994). 
The use of stable isotopes involves measuring the oD and o 180 of soil water with depth. 

The isotopic composition of soil water is affected by evaporation, which preferentially 

moves light isotopes into the vapor phase, leaving the remaining liquid enriched in heavy 
isotopes. The depth at which oD and o 180 reach their maximum (heaviest) values coin­

cides with the depth of an evaporation front (Barnes and Allison, 1983; Allison et al., 
1983). In other words, the stable-isotope profile can be used to determine the depth of an 

evaporation front in the soil, which is particularly useful for comparing the effects of 

evaporation at different sites. In addition, the isotopic composition of the soil water can 

provide important clues as to the major source ofthat water (e.g. snowmelt vs summer 

rain). 
The use of chloride tracers (commonly known as the chloride mass balance method) 

involves measuring chloride concentrations in soil water with depth. These concentrations 

serve as indicators of downward flux and soil water age (Allison et al., 1983; Stone, 1984). 
Stated simply, the amount of chloride accumulation in the soil is inversely proportional to 

the downward flux: high chloride concentrations, which represent many years of meteoric 

chloride accumulation coupled with evapotranspirative removal of water, indicate a low 

downward soil water flux; relatively low chloride concentrations indicate a high 

downward flux, that is, water is able to move through the soil fast enough that 

evapotranspiration effects are minimized. 
In this study, stable-isotope and chloride tracers were used to estimate and compare 

near-surface water fluxes at three sites in northern New Mexico. Two of these are located 

within a pinon-juniper (Pinus edulis and Juniperus monosperma) community and the 

third within a ponderosa pine (Pinus ponderosa) community. The two plant communities 

are found adjacent to one another throughout the southwestern United States and are 

important both environmentally and economically; however, no previous studies have 

1 
i 

atte~pt~d ~tin 
mat10n IS bit 
asses the p~tia 
better understand 

The study is spc 
taken at each site , 
The main object 
importance of ev 
(2) determine the 
and/or by soil hy1 

2. Description oJ 

The study area 
characterized by 
precipitation varit 
to over 500 mm 
vegetation zones 

~---- T 

Stud 1 
""""'""" ~ Y J Granls * Sa' 

area 1 • ALBua 

INEW ME: 
I Sororro 

I 
I 

! luC 

l_f 

Fig. I. Location ma 
sampling locations a 



B.D. Newman et al./Journal of Hydrology 196 ( 1997) 251-270 253 

attempted to estimate and compare near-surface water fluxes in these regions. Such infor­

mation is valuable in two major ways: as input for hydrologic and risk models, it helps us 

asses the potential for human and ecological exposure to contamination; and it helps us 

better understand plant water use and nutrient distributions in semi-arid soils. 

The study is specifically focused on the hydrology of the soil zone. Multiple cores were 

taken at each site as a basis for examining the horizontal spatial variability of the flux rates. 

The main objectives were to (1) estimate and compare flux rates and evaluate the 

importance of evaporation in the pinon-juniper and ponderosa pine communities, and 

(2) determine the extent to which flux rates and evaporation are influenced by plant cover 

and/or by soil hydraulic properties. 

2. Description of the study area 

The study area is located on the Pajarito Plateau in north central New Mexico, which is 

characterized by a semi-arid, temperate mountain climate (Fig. 1). Average annual 

precipitation varies from less than 360 mm year -1
, at lower elevations near the Rio Grande, 

to over 500 mm year-1 near the Jemez mountains. The plateau comprises four major 

vegetation zones (Fig. 2), which are also governed largely by elevation: juniper grassland 
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Fig. I. Location map of the ponderosa pine, pinon-juniper woodland, and erosion plot sites, showing core 

sampling locations and annual precipitation isoclines (the latter from Bowen, 1990). 
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(1600-1900 m), pinon-juniper woodland (1900-2100 m), ponderosa pine forest (2100-
2300 m), and mixed conifer forest (2300-2900 m) (Allen, 1989). Topographic effects 
create some variations within these zones, producing the 'fingered' appearance in the 
figure. For example, plants typical of higher elevations also grow in cooler and more 
moist environments at lower elevations, such as along canyon walls and bottoms. The 
greater part of the Los Alamos National Laboratory is within the pinon-juniper and the 
ponderosa pine zones. 

The study site within the ponderosa pine zone is an 870-m2 hillslope (elevation 2315 m) 
where investigations of runoff processes are currently under way (Wilcox et al., 1996; 
Fig. 1). The soil stratigraphy of the site, described by D.W. Davenport (unpublished data, 
1994), is illustrated in Fig. 3. The thicknesses and depths of the horizons vary across the 
hillslope, but the variations in the overall stratigraphy are relatively minor. A dense, clay 
Bt horizon is present throughout the site. 

The two study sites in the pinon-juniper zone (elevation 2140 m) are (1) a relatively 
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undisturbed woodland measuring approximately 16 000 m 2 and (2) a treeless area (here­
after called the erosion plot site) comprising four small (3.04 x 10.64-m) plots (Wilcox, 
1994). All vegetation, cryptogamic crust, litter, and rock cover were removed from 
Erosion Plots 1 and 4 in 1987 (Wilcox, 1994); currently, these plots have a sparse grass 
and forb cover. Erosion Plots 2 and 3 have an undisturbed grass cover. The pinon-juniper 
woodland site and the erosion plot site are approximately 180 m apart. 

Cores taken from the two pinon-juniper sites and the ponderosa pine site show the soils 
in the pinon-juniper zone to be much more variable than those in the ponderosa pine zone 
(Fig. 3). Soil stratigraphy in the pinon-juniper zone varies greatly over horizontal scales of 
only a few meters, and this variability can take the form of differences in type and number 
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Fig. 3. Examples of soil profiles for the ponderosa pine and pinon-juniper zones (D.W. Davenport, unpublished 
data, 1994; Davenport eta!., 1996). 
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of soil horizons or of differences in soil texture within the same horizon (Davenport et al., were collected during . ' "ml 
1996). The Bt horizon usually has a clay loam texture (which indicates a lesser degree of and a portion of the un~yinl 
development than the Bt horizon in the ponderosa pine zone) or is absent entirely. sites are shown in Fig. I. At th 

1994, and two in 1995. At th• 
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Details of the core sampling and analyses performed are summarized in Table 1. All cores EP3, from the erosion plot si 
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Table I section was stored in a zip-lc 
Core sampling and analysis information (Throughout the core samplin 

ing samples by skin contact.) Core Date sampled Isotope analysis Chloride analysis Depth (em) 
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P09 1994 No Yes 90 where R is the D/H or 1110/ 16 
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analyses, hydrogen was extr: P013 1994 No Yes 130 
P014 1994 No Yes 100 and the analyses were correc· 
POlS 1994 No Yes 100 IO.ol, R

2 of 0.99) based on P016 1994 No Yes 90 Ocean Water) and GISP (Gre POI8 1994 No Yes· 125 precision for the 0180 and or: P019 1994 No Yes 110 
±6%o, respectively. A few o Pinon-juniper woodland site 

+ much poorer oD precisions < PJI 1993 Yes Yes 130 
20-cm, organic-rich A and PJ2 1995 No Yes 100 l evidently caused a variable f PJ160 1995 No Yes 30 

PJ182 1995 No Yes 60 
PJ704 1995 No Yes 110 3.3. Chloride PJI216 1995 No Yes 70 ... i.", 

Erosion plot site Chloride concentrations i EP2 1993 No Yes 140 .;'- 10-cm core sections. After tt EP3 1993 No Yes 130 mixed with 100 ml of deioni EP4 1993 Yes Yes 130 
during which it was periodic 
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were collected during the summer months (June-August) and included the entire soil profile 

and a portion of the underlying tuff. The locations from which cores were taken at the three 

sites are shown in Fig. 1. At the ponderosa pine site, 22 cores were taken: one in 1993, 19 in 

1994, and two in 1995. At the pinon-juniper woodland site, six cores were taken: one in 

1993 and five in 1995. At the erosion plot site, three cores were taken, all in 1993. 

For the 1993 sampling, cores were collected by means of a truck-mounted drill rig. 

Immediately upon removal from the core barrel, each core was cut into 10-cm sections; 

each section was stored in a clean, glass mason jar with a vacuum-grease-sealed lid. Both 

stable-isotope and chloride profiles were obtained for all of the cores except cores EP2 and 

EP3, from the erosion plot site, for which only chloride profiles were obtained. 

For the 1994 and 1995 sampling, cores were collected by hand auger, and each 10-cm 

section was stored in a zip-lock bag. All of these cores were analyzed for chloride only. 

(Throughout the core sampling process, personnel wore latex gloves to avoid contaminat­

ing samples by skin contact.) 

3.2. Stable isotopes 

The stable-isotope analyses were carried out at the New Mexico Tech Stable Isotope 

Laboratory. Soil water was extracted by high-temperature vacuum distillation, following 

Shurbaji et al. (1995), and o180 and oD measurements were made on a Finnegan-Mat, 

Delta-E stable-isotope-ratio mass spectrometer using OZ-Tech gas standards. The hydro­

gen and oxygen isotopes are reported in delta (o) notation as per mil (%o) differences 

relative to the V -SMOW international standard: 

oD or 0180= [Rsamp1e-RSMOW] X 1000 
RsMow 

(1) 

where R is the D/H or 18
0/

160 ratio. The value of o18
0 was determined from extractions 

made using the carbon dioxide equilibration technique of Socki et al. (1992). For the oD 

analyses, hydrogen was extracted using the zinc method of Kendall and Coplen ( 1985), 

and the analyses were corrected by means of a linear equation (oDactual = 1.06 oDmeasured + 
10.01, R 2 of 0.99) based on regression analysis of V-SMOW (Vienna-Standard Mean 

Ocean Water) and GISP (Greenland Ice and Snow Precipitation) standards. The analytical 

precision for the o180 and oD analyses by mass spectroscopy was better than :±:0.2%o and 

:±:6%o, respectively. A few of the distillates from the pinon-juniper woodland site gave 

much poorer oD precisions (up to :±: 11 %o); these distillates, from samples from the top 

20-cm, organic-rich A and AB horizons, contained an organic-looking material that 

evidently caused a variable fractionation during zinc extraction. 

3.3. Chloride 

Chloride concentrations in soil water were determined by leaching splits from the 

IO~cm core sections. After the samples had been air-dried for 48 h, 100 g of the soil was 

mixed with 100 ml of deionized water. The mixture was allowed to equilibrate for 48 h, 

during which it was periodically stirred. After equilibration, the leachate was centrifuged 
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.d filtered through disposable, 0.2-J.!m Gelman ion-chromatography filters. Samples of 

e leachate were analyzed by ion chromatography, following Newman (1996). Analytical 

ecision was ::!::2% or better, and accuracy was ::!:: 10% or better. Moisture content was 

:termined gravimetrically or by neutron probe. The chloride concentrations found in the 

achate were then used to calculate the original concentrations in the soil water (the bulk 

:nsity values used for thes~.-ealculations had been measured previously; see Stephens, 

193). \ 
As stated earlier, the chloride mass balance method permits the estimation of both 

>wnward moisture flux (residual flux) and soil water age. According to Phillips 

994), the residual flux, if determined from samples taken below the root zone, is 

·nonymous with recharge. In the case of the Los Alamos soil profiles, all are in the 

'ot zone; therefore, following the usage of Phillips, the term 'residual flux' will be used 

ther than 'recharge'. 
Residual fluxes through the soils were calculated using the cumulative chloride­

Imulative water method of Stone (1984). This method is based on the following 

;sumptions: flow occurs largely as downward piston flow; dispersive mixing of water 

1d chloride is small; atmospheric chloride deposition has been relatively constant and is 

1e sole source of chloride to the system; and chloride uptake by plants is negligible. In the 

1se of the ponderosa pine site, the first of these assumptions is violated, because lateral 

ow also occurs. However, a chloride mass balance calculation for the site (Newman, 

J96) showed that maximum annual chloride removal by lateral flow is only about 0.2% of 

te chloride inventory, and therefore probably has only a small effect. 

Cumulative chloride-cumulative water plots are used to identify changes in flux with 

epth in the soil profile. Linear segments on the plots (segments that appear as approxi­

tately straight lines) indicate zones of constant flux. The fluxes for these segments were 

>timated by 
(2) 

'here R is the residual flux (m year-1
); ClP is the modern chloride content of precipitation 

~ m-3
); Pis the modern average annual precipitation (m year-1

); and Clsw is the average 

hloride content of the samples represented by the segment (g m -3
). Chloride ages at the 

ndpoints of line segments were estimated using the relationship 

(3) 

1here A is the chloride age in years, and Clswi is the cumulative chloride content (g m -2
) in 

1e unsaturated zone at that point. 
For both calculations, the values used for P were 0.51 m year-1 for the ponderosa pine 

one (Bowen, 1990) and 0.47 m year-1 for the pinon-juniper zone (J.W. Nyhan, 

npublished data, 1995). For Clp, a value of 0.29 g m -3 was used for all sites; the ponderosa 

1ine and pinon-juniper sites are close enough (6.6 km) that no significant differences in 

hloride input are expected. The 0.29 g m-3 average was measured at Sante Fe, New Mexico, 

'Y Anderholm ( 1994 ). This value appears to be reasonable for the Los Alamos area, judging 

rom chloride concentrations in precipitation obtained by Adams et al. (1995). Moreover, 

·alues used in other studies in southern New Mexico and west Texas, given in Shurbaji and 

:ampbell (1997), are consistent with the 0.29 g m -3 concentration. 
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4. Results 

4.1. Stable-isotope profiles 

Vertical o 180 and oD profiles for the ponderosa pine site, the pinon-juniper woodland 
site, and the erosion plot site are shown in Fig. 4. The profiles for all three sites show the 
same general features, namely, a maximum isotopic value in the first I 0 em and, below the 
maximum, a slight bulge extending to light values. Unfortunately, the scale of sampling 
was not fine enough for the exact depth of the isotope maximum to be identified-and, 
thereby, for evaporative flux to be estimated. 
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Fig. 4. Vertical o180 and oD profiles for cores from the ponderosa pine, pinon-juniper, and erosion plot sites. 
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4.2. Chloride profiles 

For the ponderosa pine zone, chloride profiles show that chloride concentrations 

increase nonlinearly with depth to at least I 00 em and that the larger increases generally 

coincide with the Bt and deeper soil horizons (Fig. 5). The examples selected for this figure 

represent the range of concentrations in the profiles. Concentrations in the soils above the 

Bt horizon are consistently below 200 mg 1-1
, while those in the Bt horizon can exceed 

500 mg 1-1
• Concentrations below the Bt horizon vary, but typically are the highest of all, 

exceeding 1000 mg 1-1 in some cores. 
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Fig. 5. Ponderosa pine site: examples of vertical chloride profiles. 
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Fig. 6. Ponderosa pine site: examples of cumulative chloride-cumulative water plots. 

Table 2 

Ponderosa pine zone: residual flux estimates and soil water ages 

Core Date Depth Residual Age at Depth Residual Age at 

collected interval flux bottom interval flux bottom 

(em) (em year-1
) of depth (em) (em year-1) of depth 

interval interval 
(years) (years) 

u 1993 0-40 0.15 27 85-255 O.Dl 2147 

BRI 1994 0-40 0.9 9 40-110 0.03 796 

BR2 1994 0-30 0.9 11 50-90 0.04 329 

BR3 1994 0-30 1.4 8 30-85 0.06 247 

BR4 1994 0-30 1.4 II 30-110 0.05 518 

BR5 1995 0-40 0.7 8 40-110 0.03 807 

P02 1994 0-40 0.7 16 75-123 0.02 550 

P03 1994 0-47 0.6 21 47-110 0.03 596 

P04 1994 0-50 0.5 29 60-130 0.04 491 

POS 1994 0-40 0.7 14 80-130 0.05 334 

PO? 1994 0-30 0.6 13 30-70 0.1 116 

P08 1994 0-50 0.8 19 50-90 0.03 458 

P08.5 1995 0-30 0.9 6 50-80 0.06 204 

P09 1994 0-30 0.7 9 30-90 0.08 237 

POlO 1994 0-40 0.8 10 70-100 O.D3 390 

P012 1994 0-30 1.5 6 30-60 0.2 68 

POJ3 1994 0-30 l.J 7 30-130 0.02 1076 

P014 1994 0-30 0.7 7 60-100 0.02 910 

POlS 1994 0-40 0.3 19 70-100 om 635 

P016 1994 0-40 0.4 15 40-90 o.oz 541 

POlS 1994 0-50 0.5 20 100-125 0.01 961 

P019 1994 0-30 1.6 4 60-110 0.04 586 
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Examples of cumulative chloride-cumulative water plots for the ponderosa pine zone 
are shown in Fig. 6. Most of these plots show two approximately linear segments. 
According to Stone (1984), such segments indicate relatively constant rates of precipita­
tion, chloride input, and/or flux. The upper linear segments correspond to the sandy loam 
(A and AB) horizons, and the lower linear segments correspond to the Bt, weathered tuff 
(CR), and tuff (R) horizons. The upper segments have shallow slopes, indicating larger 
residual fluxes, whereas the lower segments have steeper slopes, indicating smaller fluxes. 
The residual fluxes and soil water ages for the ponderosa pine cores are given in Table 2; 
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these typically show a decrease of about one order of magnitude between the sandy loam 
horizons and the deeper clay and tuff horizons. 

For the pinon-juniper zone, chloride profiles and cumulative water-cumulative 
chloride plots show a great deal of variability. The examples shown in Figs 7 and 8 

were selected to illustrate the range of this variability. Except for cores EP2 (not shown 
in the figures) and EP4, chloride concentrations are lower than those in the ponderosa pine 
zone. The residual fluxes and soil water ages for the pinon-juniper cores are given in 

Table 3. Like the stratigraphic and chloride profiles (Figs 3, and 7), the fluxes are highly 
variable; in the Bt and deeper horizons, they are substantially larger than those of the 
ponderosa pine zone (with the exception of cores EP2 and EP4). 

5. Discussion 

5.1. Stable-isotope data: ponderosa pine and pinon-juniper zones 

The main determinants of the isotopic composition of soil waters are ( 1) the isotopic 
composition of the precipitation entering the soil, (2) the amount of evaporation, and (3) 
the extent of mixing of soil waters having different isotopic compositions. Root uptake is a 
nonfractionating process and thus does not affect the isotopic composition of the soil water 
(Dawson and Ehleringer, 1991 ); this is important, because transpiration effects can be 
disregarded when using isotope data to assess the role of evaporation. 

A potentially complicating factor is that the isotopic composition of precipitation varies 
with elevation: it becomes lighter as elevation increases. At the Los Alamos study sites, 
however, this difference appears to be insignificant. Isotope analyses of precipitation for 
locations near the pinon-juniper and ponderosa pine sites (Adams et al., 1995) show an 
elevation effect that is very small-comparable in magnitude to the analytical errors. In 
other words, this effect is small enough that a direct comparison of the isotope results for 
the ponderosa pine and pinon-juniper zones is valid. 
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Pinon-juniper zone: residual flux estimates and soil water ages 

Core Date Depth 
sampled interval 

(em) 

Pinon-juniper woodland site 
PJI 1993 
PJ2 1995 
PJI60 1995 
PJ182 1995 
PJ704 1995 
PJ1216 1995 

Erosion plot site 
EP2 
EP3 
EP4 
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1993 
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It was initially hypothesized that because plant cover influences the amount of solar 

radiation reaching the soil surface (Breshears et al., 1997), the different vegetation at the 

three sites, by controlling the amount of evaporation, would produce different isotope 

profiles. However, this does not appear to be the case; vertical 5180 and oD profiles for the 

cores from the ponderosa pine site, the pinon-juniper woodland site, and the erosion plot 

site (shown in Fig. 4) all display similar trends, having isotope maximums in the top 10 em 

of the soil profile. Throughout the plateau, Class A pan evaporation is much higher than 

annual precipitation (Bowen, 1990), which suggests that evaporative demand may be so 

large that it masks any plant cover effects. 
The less-than-10-cm depth of maximum isotopic enrichment indicates a shallow eva­

porative front. This is interesting, because the time of the year when the cores were taken, 
at the end of the early summer (when temperatures are high and relative humidity and 

precipitation rates are low), is the time when the evaporation front should be at its 

maximum depth. Once the mid-to-late summer monsoon season begins, the evaporation 

front should not move deeper into the profile. 
According to the observations of Liu et al. (1995), infiltration of isotopically light 

precipitation during wet and cool periods produces a minimum bulge in the isotope profile, 

while evaporation during the drier, hotter periods produces a maximum bulge (see 

idealized curves in Fig. 9). The Los Alamos profiles, then, would be expected to show 

maximum bulges-but they do not. Instead, they show a persistent minimum bulge. 

Perhaps in the Los Alamos area, because the climate is relatively cool and wet for 

9-10 months of the year, the evaporation front never moves deeply enough into the soil to 

convert the minimum bulge to a maximum bulge. 

Increasing Depth 

Winter or 
Spring Profile 

(minimum 
bulge) 

(maximum 
bulge) 

1)1Bo or liD (permil) + 

-+----Light Heavy---t•~ 

Fig. 9. Idealized stable-isotope profiles showing the seasonal change from minimum- to maximum-bulge profiles 

(as observed by Liu et al., 1995). 
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One way of determining the average initial isotopic composition of infiltrating water 
and the importance of evaporation is to calculate an evaporation trend line for the data and 
plot this line against the meteoric water line on a o 180-oD diagram. The evaporation trend 
line is obtained by calculating a linear regression of the soil water isotopic compositions. 
The point of intersection between the local meteoric water line and the evaporation trend 
line represents the average isotopic composition of infiltrating water. 

The evaporation trend lines for the soil waters at the three sites are shown in Fig. 10 (the 
trend lines are based on data from the upper 40-50 em only, which reflect isotopic 
compositions above the minimum bulges; these data yield better-constrained evaporation 
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trend lines than does the entire data set). The evaporation trend lines for all three sites have 

shallow slopes (3.6 for the erosion plot site, 4.1 for the ponderosa pine site, and 5 .I for the 

pinon-juniper woodland site), indicating evaporation through a dry soil layer (Barnes and 

Allison, 1983, 1988). In addition, the average isotopic compositions of infiltrating water 

are light ( < -2I%o o180 and < -I50%o oD) in all three cases. Light values are consistent 

with a snowmelt- and spring-rain-dominated system, but these values appear to be too 

light. The intersection values should be at least as heavy as infiltrating precipitation, but all 

three are lighter than the lightest precipitation values reported in Adams et al. ( 1995) and 

Newman ( 1996); this result strongly suggests that there is a systematic error in either the 

distillation or the analysis process. That the error is an analytical one is unlikely, because 

such errors should be random, and the oD data were corrected for hydrogen fractionation 

during the zinc reaction. Therefore, it is probable that the light bias resulted from some 

flaw in the soil water distillation process. 
Other researchers have observed a systematic light-bias error with the use of vacuum 

extraction. Walker et al. (1994) found that for dry clay soils, high-temperature vacuum 

distillation can produce a fractionation in which the distillate can be too light by over 19%o 

in oD and over 1 %o in o 180. They suggest incomplete extraction as the cause. Araguas­

Araguas et al. ( 1995) also found a light bias in distillates of clay soils, but attributed the 

problem to isotopically light water that was weakly bound to the clay and was extracted 

during distillation. In their study, high-temperature vacuum distillation of samples from a 

clay soil column resulted in values that were 10%o too light in oD and 0.5%o too light in 

o 180 compared with mobile soil water eluted from the column. These two studies provide 

good evidence that the vacuum distillation process can produce values that are erroneously 

light; the bias becomes apparent through comparison of the values with those of precipita­

tion. At the same time, even if the Los Alamos oD and o 180 values had been 20%o and 1 %o 

heavier, respectively, they would still indicate a light water input, consistent with a 

snowmelt- and spring-rain-dominated system. 

5.2. Chloride data: ponderosa pine site 

There is good agreement between residual fluxes calculated for similar depth intervals 

of the various cores taken at the ponderosa pine site (Table 2), indicating that downward 

fluxes are relatively homogeneous across the site. In addition, changes in the values of the 

flux estimates with depth are consistent with differences in the soil textural properties and 

hydraulic conductivities of the various horizons: the flux values are typically higher in the 

upper sandy loam horizons than in the clay Bt horizon (Table 2), and the same is true of the 

saturated hydraulic conductivity values (which range from 7.5 X 10-5 em s-1 to 5.7 X 10-7 

ems -1 in the sandy loam versus 2.5 x I o-8 ems - 1 in the Bt horizon; Stephens, 1993). These 

findings suggest that the Bt horizon has a substantial inhibitory effect on downward water 

movement at the ponderosa pine site. 

5.3. Chloride data: pinon-juniper woodland and erosion plot sites 

The chloride profiles for the undisturbed pinon-juniper woodland and erosion plot 

sites show a great deal of variability (Fig. 7), which is consistent with the high 
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degree of spatial variability in soil textural properties and stratigraphy described by 
Davenport et al. (1996). Most of the residual flux estimates for the pinon-juniper 
zone (Table 3) are an order of magnitude larger, and less uniform, than those for 
the ponderosa pine zone (Table 2). These findings are consistent with those of other 
studies in the pinon-juniper zone on the plateau. D.D. Breshears (unpublished 
results, 1995), using neutron-probe data, has estimated near-surface flux rates similar 
to those reported here along a transect through the pinon-juniper woodland. The absence, 
or weaker development, of the Bt horizon in the pinon-juniper zone is probably the reason 
for the larger fluxes. 

When the fluxes calculated for the pinon-juniper woodland site are compared with 
those for the treeless erosion plot site, no consistent differences are found that can be 
attributed to the differences in plant cover. Cores EP2 and EP4 from the erosion plot site 
did yield small deep-flux estimates for the pinon-juniper zone, but this does not seem to be 
a function of surface cover. Rather, it appears to be a function of the degree of 
development of the Bt horizon; these cores have the most well-developed Bt horizons 
of any in the pinon-juniper zone. Thus, the low flux estimates for these cores are probably 
attributable to soil textural properties. Core EP3, taken from the area between EP2 and 
EP4 (Fig. 1), has a weakly developed Bt horizon (low clay content) and a large flux 
estimate, consistent with the relationship between soil properties and flux estimates for 
the majority of the pinon-juniper cores. 

6. Summary and conclusions 

Comparison of the stable-isotope results for the ponderosa and pinon-juniper zones 
shows that the effect of evaporation on the soil waters is similar in the two zones, occurring 
mainly in the shallowest (upper 10 em) soil horizon. In addition, the estimated average 
isotopic compositions of precipitation contributing to infiltration are quite light in both 
zones, suggesting that the major sources of infiltrating water are cool-weather snowmelt 
and spring rains. 

The chloride results show that deep fluxes are typically more uniform in the ponderosa 
pine zone than in the pinon-juniper zone, and are about an order of magnitude lower. 
These differences are probably due to the more homogeneous soils and the more well­
developed Bt horizons in the ponderosa pine zone. The pinon-juniper zone has spatially 
heterogeneous soils that typically lack well-developed Bt horizons. Because such 
differences affect the vertical movement of water through the soil matrix, contaminants 
may move much more slowly through the soils in the ponderosa zone, with their well­
developed Bt horizons, than through those areas of the pinon-juniper zone where Bt 
horizons are poorly developed or absent. No plant cover effects were discerned, either 
in the flux estimates or in the stable isotope profiles, but this does preclude the existence of 
minor plant-cover effects. 
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