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ABSTRACT 

Cosmogenic ^ t l and 14C produced in the atmosphere are being used to estimate water 
residence times in the unsaturated zone at Yucca Mountain. Results thus far show a 
systematic discordance in that 14C-based ages are generally one to two orders of magnitude 
younger than 36Cl-based ages. This lack of concordance probably arises from one or more 
of the following reasons: (1) different transport mechanisms, e.g., vapor transport for 1 4C; (2) 
different magnitudes and timing of bomb-pulse signals; (3) mixing of waters from different 
flow paths; and (4) possibly inadequate methods for correcting for the effect of sample 
contamination by carbon or chlorine from sources other than the infiltrating water. 
Preliminary numerical simulation results using the FEHMN code suggest that spatial variation 
in infiltration rates can enhance lateral flow and mixing that leads to discordance in apparent 
ages depending on the dating technique. Examples are presented to show that disparate 
radiometric ages are inevitable and to be expected where mixing of waters of markedly 
different ages occurs. 

Key words: chlorine-36, carbon-14, ground water dating, transport modeling, FEHMN, 
Yucca Mountain (Nevada) 
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INTRODUCTION 

Yucca Mountain, Nevada, is under investigation as a potential site for a high-level 
radioactive waste repository. Because ground water is the most likely medium for 
transporting radionuclides from a geologic repository to the accessible environment, 
determining the nature and rate of water movement through the unsaturated zone at Yucca 
Mountain is a critical task for assessing the future performance of a potential nuclear waste 
repository. The lack of long-term direct measurements of infiltration requires proxy 
indicators of water movement through the unsaturated zone in order to estimate historical 
infiltration patterns. Chlorine-36 and carbon-14, produced by cosmic-ray secondaries 
interacting with atoms in the atmosphere, have half-lives of 301,000 and 5,730 years, 
respectively. They are being used as natural tracers for estimating water residence times in 
the thick unsaturated zone at Yucca Mountain, based on the extent of radioactive decay from 
their initial concentrations in the infiltrating water. In addition, they also occur at 
concentrations above natural levels as a result of global fallout from nuclear weapons tests 
primarily between 1952 and 1958 for 36C1 (Bentley et al., 1986) and between 1954 and 1963 
for 14C (Broecker et al., 1980). These bomb-pulse signals, especially for 36C1, can be used to 
test for the presence of fast transport paths, e.g., fractures and faults, and to estimate present-
day infiltration rates (Fabryka-Martin et al., 1993). 

Thus far, uncorrected 14C-based ages for porewater from the unsaturated zone and 
for perched water at Yucca Mountain have ranged from modern to 10 thousand years (ky) 
(Yang, 1994; I.C. Yang, pers. commun., 1995), while uncorrected ^Cl-based ages have 
ranged from modern to 700 ky (Fabryka-Martin et al., 1993). (These radiometric ages have 
not been corrected for effects of contamination or isotopic exchange with sources of carbon 
and chloride other than those in the infiltrating water.) The systematic lack of concordance 
between these two radiometric dating techniques raises questions about the factors that affect 
radiometric ages and ground water residence time. In this study, we compare measured data 
with the results of numerical simulation. 

STUDY AREA AND SAMPLE COLLECTION 

Yucca Mountain is located in the northern Mojave Desert and lies 150 km northwest 
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of Las Vegas in southern Nevada (Figure la). The landform is composed of alternating layers 
of interbedded and welded tuffs that have been uplifted, tilted, fractured and faulted, as shown 
in the vertical cross section through Antler Ridge (Figure lb). 

Ream-bit cuttings for 36C1 analysis were collected from dry-drilled boreholes from 
depths up to 1600 feet in boreholes UZ-16 and UZ-14 (Figure la). Chloride in the pore 
water of these samples was extracted by leaching the crushed rock with deionized water, and 
was then precipitated as silver chloride by adding silver nitrate. 36C1/C1 ratios were measured 
by accelerator mass spectrometry (AMS) (Elmore and Phillips, 1987) at Lawrence Livermore 
National Laboratory and the Purdue Rare Isotope Measurements (PRIME) Laboratory. 
Typical analytical uncertainties are on the order of 2 - 5%. The 1 4C investigation at Yucca 
Mountain is being conducted by the U.S. Geological Survey, following methods for 1 4C-
sample collection and analysis described in Yang (1992). 

RESULTS AND DISCUSSIONS 

Comparison of Chlorine-36 and Carbon-14 Signals 

Mean annual precipitation at Yucca Mountain is 17 cm/yr (Hevesi et al., 1992). The 
estimated matrix infiltration rate ranges between 0.02 and 0.6 mm/yr for most of the study 
area, up to 14 mm/yr in the northern washes (Flint and Flint, 1994), such as that in which UZ-
14 is located. Such low infiltration rates imply very long water residence times in the matrix 
of the unsaturated zone. Hence, one would expect 3<SCI/C1 ratios of deep pore water at Yucca 
Mountain to be significantly lower than 5 x 10*13, the estimated present-day meteoric 36C1/C1 
ratio at the study site (Fabryka-Martin et al., 1993), due to radioactive decay. 

Measured ^ t l data for UZ-16 (Figure 2) show several 36C1/C1 values ranging between 
4 and 1 x 10*13, corresponding to apparent 36C1 residence times between 100 and 700 ky. 
However, elevated 36C1/C1 values (relative to that of the pre-bomb meteoric water in this area) 
in the Calico Hill nonwelded unit (CHn) at 400 to 440 m depth suggest the existence of fast 
flow paths through fractures or else lateral flow fed by water infiltrating along side slopes 
where alluvial cover is thin and the infiltration rate may be higher. In UZ-14, uncorrected 36C1 
ages range between 100 and 600 ky for the samples below the alluvium (Figure 2). For 
comparison, the oldest apparent 1 4C age for pore water samples from these two boreholes is 
only slightly older than 5 ky, with 1 4C ranging up to 10 ky for perched water encountered at 
a depth of 382 m in UZ-14 (although the origin of this water is as yet uncertain) (I.C. Yang, 
pers. commun., 1995) and for gas samples from the CHn in UZ-16 and UZ-1 (Yang, 1994). 
The 1 4C age of water from the regional aquifer at Yucca Mountain is also 10-15 ky (Waddell 
et al., 1984). 

In summary, many of the uncorrected ^Cl ages for the unsaturated zone below the 
Paintbrush nonwelded unit (PTn) are on the order of 105 years, while uncorrected 1 4C ages 
indicate much shorter water residence times, on the order of 103 years. These apparent 
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Figure 1. Study area, (a) Upper map shows locations of boreholes discussed in 
the text, (b) Lower figure is a simplified cross-section through Antler 
Ridge, showing major stratigraphic units included in the numerical 
model discussed in the text. TCw, Tiva Canyon welded unit; PTn, 
Paintbrush nonwelded unit; TSw, Topopah Spring welded unit; CHn, 
Calico Hills nonwelded unit; PPw, Prow Pass welded member; CFUn, 
Crater Flat nonwelded member; BFw, Bullfrog welded member. 
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Figure 2. Measured 3 6CI profiles for samples from UZ-16 and UZ-14. Solid squares 
are drill-cutting samples, and open squares are perched-water samples. 
Radiometric ages are calculated using Equation 2 in the text. Data are 
preliminary and have not yet been thoroughly reviewed. 
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Figure 3. FEHMN simulation results: (a) average travel time contours based on 
simulated 36Cl/CI ratio, with contour values shown in units of ky (1000 yrs); 
(b) profile of simulated average travel times along B-B'; (c) travel time 
distribution of particles at locations 1,2 and 3 in Figure 3a 



discrepancies may be attributed to one or more of the following reasons: 
(1) Different transport mechanisms for carbon and chloride. Chloride is only 

transported in the liquid phase, while carbon can be transported in both the liquid phase (as 
H C 0 3 ' o r CO3'2) and gas phase (as CO2). Because gas permeability is much larger than liquid 
permeability in the unsaturated zone at low saturation, especially for fractured systems (Wang 
and Narasimhan, 1985), barometric pumping and thermal-topographic effects can induce air 
circulation through the unsaturated zone (Weeks, 1987). Therefore, C0 2 gas has the 
potential to move much faster than water. C0 2 exchange between the liquid and gas phases 
could add young C0 2 to older water, resulting in erroneously young apparent 14C-based water 
ages. 

(2) Different magnitudes and timing of bomb-pulse signals. The bomb-pulse 36C1 
peak exceeds the natural meteoric ^Cl signal by at least a factor of 100, while the bomb-pulse 
1 4C peak is higher than the natural level only by a factor of 2. Therefore, 36C1 can be a more 
sensitive indicator for a fast aqueous transport path than is l 4 C (see calculation in item (3)). 
In addition, the timing of the bomb pulses are quite different: the bomb-pulse 36C1 peak 
preceded the 1 4C peak by about 7 years, and largely returned to pre-bomb background levels 
by the early 1980's, whereas I 4C concentrations are still elevated at the present day by about 
20% above the pre-bomb background due to the longer residence time of carbon dioxide in 
the atmosphere and its continued release from nuclear activities. 

(3) Mixing of waters from different flow paths. Due to the hydrogeological 
complexity of Yucca Mountain, one-dimensional downward matrix flow is unlikely to be 
characteristic of water movement in the unsaturated zone. Rather, mixing of waters with 
different hydraulic ages from different flow paths is probably a dominant phenomenon. For 
example, assuming that a water sample consisting of a matrix fluid of known age mixes with 
fracture fluid containing bomb-pulse concentrations of ̂ Cl and 1 4C, the measured radiometric 
signal R ^ for this two-component mixed water sample would be 

VCRa e'U" + VJO,R0 e'Uf 

n _ m m 0 7 / 0 Q \ 
mix _ vmcm + vpf 

where Vm and V f are the fractional volumes of matrix and fracture fluids, respectively, and are 
assumed to sum to 1; C m and C f are the elemental concentrations of carbon or chloride in the 
matrix and fracture fluids, respectively; RQ is the initial meteoric ratio for 14C/C (100 perent 
modern carbon, pmc) or 36C1/C1 (5 x 10*13); X is the 1 4C or ^Cl decay constant; and ^ and tf 
are the hydraulic ages of matrix and fracture fluid endmembers. The apparent radiometric age 
for the mixed water sample, t ^ is calculated from the standard radioactive decay equation 

m t c X 

Table 1 presents apparent ages calculated by Equation (2) for a suite of hypothetical water 

R mix 

R A 

(2) 
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mixtures of matrix and fracture fluids. Equation (2) does not apply where R,,̂  > RQ due to 
the presence of bomb-pulse 36C1; in this case, the apparent age is designated "modem". 

TABLE 1. Calculated radiometric ages for hypothetical mixture of 99% vol. matrix fluid of 
various ages with 1% vol. fracture fluid containing bomb-pulse 36C1 and 1 4C 

Assumed Hydraulic 
Age of Matrix Fluid 

Calculated Mixing Values, 
R,^, from Equation 1 

Apparent Age, t, from 
Equation 2 Assumed Hydraulic 

Age of Matrix Fluid 
1 4C (pmc) 36C1/C1(1015) 1 4C Age 3 6ClAge 

5ky 
25 ky 
50 ky 

100 ky 
500 ky 

55 
4.9 
1.5 
1.25 
1.25 

545 
522 
491 
443 
206 

5ky 
23 ky 
35 ky 
36 ky 
36 ky 

Modem 
Modem 

8ky 
55 ky 

410ky 

Note: Ratios of the 14C and 36C1 bom )-pulse endmembers are assumed to be 125 percent 
modem carbon (pmc) and 5 x 10'12, respectively. Chloride and total inorganic carbon 
concentrations in the two endmember fluids are assumed to be identical in order to 
simplify the calculations. 

These results indicate that, for a matrix fluid having an age of 5 ky, the contribution of bomb-
pulse component from the fracture fluid would be negligible for 1 4C but sufficient to increase 
the 36C1/C1 ratio of the mixed fluid to post-bomb (modem) levels. As the age of the matrix 
fluid increases, bomb-pulse I 4C from the fracture fluid begins to dominate the total l 4 C 
concentration in the mixed fluid to the extent that the 14C-based ages of the older fluids are 
completely driven by the 1% fracture fluid contribution regardless of the age of the matrix 
fluid. For these older fluids, ̂ Cl-based ages track the hydraulic age of the matrix fluid more 
closely than do the 14C-based ages. These simplistic examples show that disparate radiometric 
ages based on ^Cl and 1 4C are inevitable whenever mixing of waters containing fluids of 
markedly-different ages occurs. 

(4) Inadequate methods for correcting for the effect of sample contamination by 
carbon or chloride from sources other than that in the infiltrating water. Chloride 
leached from a rock sample may contain a significant component of rock chloride that serves 
to dilute the ^ t l signal of the meteoric chloride. Rock CI will have a 36C1/C1 value of about 
2 x 10'1 4 that is at secular equilibrium with the in-situ neutron flux (Fabryka-Martin et al., 
1993). Methods to quantify the effect of sample dilution by rock CI are being investigated, 
such as those based on distinctive Br/CI or 37C1/35C1 ratios in the meteoric and rock end-
members (Fabryka-Martin et al., 1993). However, these methods are not yet well established. 
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Thus, the calculated apparent ^Cl-based water ages in Figure 2 should be considered as upper 
limits. It is also possible for carbon extracted from water to be diluted by "dead" carbon from 
carbonate or enriched by circulating young C0 2 gas. In the former case, the uncorrected 1 4C 
ages would be older than the true water age while in the latter case the l 4 C ages would be 
younger than the true water age. 

Apparent Chlorine-36 Age Reversals in Vertical Profiles 

Another aspect of the 36Cl-based ages is two apparent age reversals in the UZ-16 
vertical profile. One occurs at 44 - 67 m in the PTn unit, and another at 355 - 440 m in the 
CHn unit. For example, ^CI/Cl ratios from the CHn unit are z 2.7 x 10"13, corresponding to 
ages younger than 300 ky, while those for the overlying the Topopah Spring welded (TSw) 
unit are 1.2 to 1.5 x 10'13, corresponding to ages of 600 to 700 ky (Figure 2). Such an age-
reversal phenomenon may be explained by (a) a greater extent of dilution of meteoric CI by 
"dead" rock CI for the welded TSw unit, causing older apparent ages for water from that unit, 
or (b) derivation of a large component of young water in the CHn unit via fast flow paths, 
such as fractures or lateral flow fed from areas of higher infiltration. A preliminary three-
dimensional flow simulation for the site scale by Bodvarsson et al. (1994), as well as the two-
dimensional simulation presented below, suggest the potential for significant eastward lateral 
flow along the stratigraphic dip in the nonwelded, less fractured, more permeable PTn and 
CHn units. The hypothesis of fast flow paths and/or lateral flow is also supported by 
measured tritium profiles in several boreholes, including UZ-14 and UZ-16, that show 
elevated concentrations at several depths interspersed with background concentrations (Yang, 
1992, 1994). 

Comparison with Numerical Simulation 

Preliminary numerical simulations were conducted using the FEHMN simulator 
(Zyvoloski et al., 1992) to investigate how spatially variable infiltration rates could increase 
lateral flow in the PTn and CHn units. The test scenario is a two-dimensional (West-East) 
cross section through Antler Ridge (Figures la and lb). An infiltration rate of 0.88 mm/yr 
is prescribed for the area in which the PTn crops out along the western slope of Yucca Crest 
(Figure lb). Over the remaining portion, the infiltration rate is set at 0.036 mm/yr. These 
rates are qualitatively consistent with those estimated by Flint and Flint (1994) for this area. 
The ̂ Cl/Cl ratio along the top boundary remains constant during the simulation. Contours 
of apparent water age in the simulation domain are then calculated from the simulated 36C1/C1 
ratio (Figure 3a). In both the PTn aftggCHn unks^ younger water moves more rapidly from 
west to east, thereby creating a double Inversion of apparent ag#in a vertical profile that is 
qualitatively similar to that observed in tae measurements (Figure 3b). The apparent fast 
vertical flow along the east boundary in Figure 3 a is a#fcrtifact of the no-flow boundary 
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condition specified for this location. We are currently extending the simulation domain 
significantly to the east, so as to reduce the influence of the boundary on this region of 
interest. 

With the particle tracking module of the FEHMN simulator, we are able to look at the 
distribution of transit times of particles that have reached a given position at a given time. In 
these simulations, three million particles were introduced with the infiltrating fluid. The 
injection time of each particle is set so that a constant injection concentration is reproduced 
over the time of the simulation. An age distribution at a given node is generated by producing 
a histogram of ages of all particles at that node at the end of the simulation. Figure 3 c shows 
those distributions for three different locations in the CHn unit. The distribution at the 
western location has the smallest spread because water at this location is primarily young and 
arrives along the fast pathway under the high infiltration zone. The distributions for the other 
two locations (not directly underlying the high infiltration zone) exhibit a broader spread and 
are also characterized by a minor second mode representing the contribution from the much 
slower pathways througjh the matrix of the overlying TSw unit. These distributions show that, 
at any point, a porewater sample may represent a mixture of waters that took a variety of 
pathways and hence times to reach that location. 

These simulated ages do not exactly match those derived from U C and 36C1 
measurements. The numerical study is still in its preliminary stages and has not yet 
investigated all mechanisms which can cause lateral flow in the modeled domain or fast travel 
time. One problem with the current scenario is that it leads to very high saturation values in 
all units under the region of increased infiltration. We are currently implementing methods 
which allow fracture flow to be considered as well. These studies should lead to increased 
lateral flow or provide fast pathways in the model domain while reducing the high saturation 
values that currently are predicted to occur under the region of increased infiltration. Also, 
as the capabilities to account for fracture flow are implemented, additional transport 
mechanisms will be studied. For example, under current simulation conditions, 1 4C transport 
in the aqueous phase is similar to that of ̂ l except that the indication of age difference does 
not extend as far (e.g. young water in CHn under older water in TSw) due to the faster decay 
of 1 4C. With the improvements currently being added to the model, gas phase transport of 
1 4C will be simulated to address the questions surrounding the discrepancy of 1 4C and 36C1 
measurements. 

CONCLUSIONS 

Bomb-pulse ^Cl is a sensitive indicator of fast transport paths. Elevated 36C1/C1 
values detected in samples from deep boreholes UZ-16 and UZ-14 at Yucca Mountain are 
inconsistent with what would be predicted if only matrix transport were occurring, and hence 
indicate that fracture and lateral flow are important flow paths in the study area. Water 
mixing from different flow paths with markedly-different travel times is probably a common 
and important phenomenon for the complex interbedded and fractured system at Yucca 
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Mountain. Discrepancies between 36C1 and l4C-based travel times are inevitable because of 
this mixing, and also because of differences in the magnitudes and timing of the bomb-pulse 
signals, in transport mechanisms, and possibly inadequate methods for correcting for the 
effect of sample contamination by carbon or chloride from sources other than that in the 
infiltrating water. On the other hand, the apparent age disparity for 36C1 and 14C conveys 
valuable information that a single radionuclide cannot provide for a complex water system. 
It is expected that the use of multiple radionuclides, combined with water geochemistry, will 
be useful for constraining the selection of conceptual flow hypotheses for the complex water 
system at Yucca Mountain. 
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