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from Single-Well Tracer ‘Tests 

Paul Reimus(’), M. J. Umad2), Robert Roback(’), John Earle(2), Jon Darnell(2), and Irene 
Fan~ham(~) 
(‘khemisry Division, Los Alamos National Laboratory 
(2)United States Geological Survey 
(’)University of Nevada-Las Vegas, Harry Reid Center for Environmental Studies 

Introduction 
The saturated alluvium located south of Yucca Mountain, Nevada is expected to serve as 

the final barrier to radionuclide transport from the proposed high-level nuclear waste repository 
at Yucca Mountain. The alluvium will act as a barrier if radionuclides breach the engineered 
barriers in the repository, move through the unsaturated zone beneath the repository to the water 
table, and then migrate through saturated volcanic tuffs to the alluvium. Three single-well 
injection-withdrawal tracer tests were conducted between December 2000 and April 2001 in the 
saturated alluviuni at NC-EWDP-19D1, a Nye County-Early Warning Drilling Program well 
located about 18 km south of Yucca Mountain. The tests had the objectives of (1) distinguishing 
between a single- and a dual-porosity conceptual radionuclide transport model for the alluvium, 
and (2) obtaining estimates of ambient groundwater velocity in the alluvium. 

Methods 
In each of the three single-well tracer tests, two nonsorbing solute tracers with different 

diffusion coefficients were simultaneously injected (a halide and a fluorinated benzoate 
dissolved in the same solution). The three tests were conducted in essentially the same manner 
except for the time that was allowed to elapse between the end of tracer and chase water 
injection and the beginning of pumping (the so-called “rest” or “shut-in” period). The rest period 
was varied from -0.5 hr, to -2 days, to -30 days in the tests, thus providing a three-order-of- 
magnitude range of times for tracers to diffuse into stagnant water in the flow system and to 
migrate with the natural groundwater flow. Test interpretations were based on comparing the 
responses of the different tracers in the same test as well as the responses of similar tracers in the 
different tests (where “responses” refers to tracer concentrations normalized to injection mass as 
a Eunction of time or volume pumped). Differences in the responses of the two tracers injected 
in the same test provided information on diffusion into stagnant water in the system, while 
differences in the responses of tracers injected in different tests provided information on tracer 
drift during the different rest periods. 

The tracers used in each test, their injection concentrations and recoveries, the injection 
and withdrawal flow rates (averages), and the volumes pumped during each test are listed in 
Table 1. To minimize density contrasts between the injection solutions and the groundwater, the 
tracer concentrations were kept low, and the injection solutions were heated to roughly match the 
ambient groundwater temperature. 

Resu 1 t s 
The halide and fluorinated benzoate in any given test had essentially identical normalized 

responses, indicating that there was very little diffusion occurring between flowing pathways and 
stagnant water in the system over the time scales of the tests. This result suggests that a single- 
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porosity conceptual transport model applies to the saturated alluvium, at least at the EWDP- 
1 9D 1 location. 

Fig. 1. Because the pump flow rates varied in the three tests, tracer arrival times were converted 
to volumes by multiplying the times by the production flow rates. The responses in Fig. 1 
clearly show the effects of tracer drift with the ambient groundwater flow during the different 
rest periods. These different responses were used to estimate groundwater flow velocities that 
should have resulted in the observed differences in 

(1) peak tracer concentration arrival times, 
(2) the times at which the fractional tracer recoveries were equal to the final recovery in the 

test with the lowest final recovery (referrred to as “late arrival times”), and 
(3) the “mean” arrival times of all tracer mass recovered up to some arbitrarily high 

fractional recovery in each test. 
The peak tracer concentration occurred earliest in the test with the longest rest period, so 

it was assumed that the tracer mass corresponding to the peak moved upgradient during injection 
and then drifted back toward the well during the rest period. In contrast, the tracer mass 
corresponding high fractional recoveries (Le., mass recovered far out in the tails of the 
responses) probably moved downgradient during injection and arrived very late because of the 
competing effects of drift moving the tracer further from the well while pumping drew it toward 
the well. The mean tracer arrival time represents a compromise between these two cases, as the 
mean is influenced by both early- and late-arriving mass. However, it can be shown that for 
asymmetric, long-tailed distributions, the mean is more strongly influenced by late-arriving mass 
than early-arriving mass, so it was assumed that the differences in mean arrival times were due 
mainly to tracer mass that had moved downgradient during injection. 

observed differences in the three different tracer arrival times were estimated from simple 
analytical calculations of tracer movement during the injection, drift, and pumpback phases of 
testing. The calculations involved superposition of radial and linear flow fields during the 
injection and pumpback phases of testing, while assuming only a linear flow field during the drift 
phase. The resulting estimates of both specific discharge and seepage velocity (specific 
discharge divided by porosity) are listed in Table 2. These estimates depend on the assumed 
flow porosity, which is not well constrained, so Table 2 lists results for low, medium, and high 
assumed flow porosities. 

The differences in the fluorinated benzoate responses in the three tracer tests are shown in 

Given these assumptions, ambient groundwater velocities that should have resulted in the 

Conclusions 
Single-well tracer testing in the saturated alluvium at the NC-EWDP-19D1 location 

established that a single-porosity conceptual transport model is more applicable in the alluvium 
at this location than a dual-porosity transport model. Three different methods were employed for 
estimating groundwater velocities from the tracer responses in single-well injection-withdrawal 
tests with different rest periods. These methods resulted in estimates of both groundwater 
velocity and specific discharge that varied over a range of about a factor of three for any 
assumed flow porosity. Specific discharge estimates varied over a range of about a factor of 
seven independent of flow porosity, and they were in reasonably good agreement with estimates 
obtained using potentiometric head and hydraulic conductivity data. It is doubthl that the 
estimates would be significantly improved by more sophisticated modeling without more 
detailed information on the distribution of tracer mass in the system during the tests. Future 
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work will focus on the generation of random stochastic hydraulic conductivity fields having 
statistics consistent with the current knowledge of the alluvium, followed by the numerical 
simulation of injection-withdrawal tests within these fields (for various assumed drift velocities), 
to yield additional informalion on the uncertainties associated with the estimation methods. 

Table 1. Summary of tracers and test conditions in the three single-well tracer tests in NC- 

Rest Period (Test) 0.5 hrs 2 days 30 day 
E WDP- 1 9D 1. 

Dates 1/5/01 - 1/12/01 12/1/0O- 12/18/00 1/27/01 - 4/25/01 
2,4-DFBA (0.46 glL) 2,6-DFBA (0.46 g/L) PFBA ( 0 . 4 6 z )  

640-nm Microspheres 
Tracers (conc., g/L)(a) C1- (0.62 glL NaCl) 1- (0.64 g/L KI) Br- (0.64 glL NaBr) 

Injection Rate, gpm 15.0 15.0 15.0 
Avg Pumping Rate, gpm 13.3 10.9 13.65 
Pumping Duration, days 7 14 54 
Total Gallons Pumped 134,900 220,000 1,063,000 

Tracer Recovery (FBA) 0.864 0.928 0.913 
'"'DFBA = difluorobenzoate, PFBA =z pentafluorobenzoate 

Table 2. Specific discharges and seepage velocities estimated from the different analysis 
methods as a function o€ assumed flow porosity. 

------,...--- Specific Discharge (m/yr) I Seepage Velocity ( d y r )  ---------- 
Assumed Flow Porosity 0.05 0.18 0.3 

Peak Arrival Anal sis 1.3 / 26.3 2.5 I 13.6 3.2 I 10.5 
Late Arrival Analvsis -+-- 3.9 / 77.1 7.3 / 40.4 9.4 / 3 1.3 

Mean Arrival Analysistb' 2.0 / 40.3 3.8 120.9 4.9 I 16.4 
Mean Arrival Analysis@) 2.5 149.1 4.6 125.8 6.0 I 20.2 
("Tirne/Volume associated with -86.4% recovery in each test (the final recovery in the 0.5-hr 

rest period test, which had the lowest final recovery of any test). 
(b)Mean arrival time calculated by truncating all tracer response curves at -86.4% recovery in 

each test. 
(')Alternative mean arrival time calculated by extrapolating the tracer response curves in the 0.5- 

hr rest period test to 91 "3% and truncating the response curves in the 2-day rest period test to 
91.3% recovery (the final recovery in the 30-day rest period test). 
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Figure 1.  Normalized concentrations of fluorinated benzoates as a function of gallons pumped in 
the three single-well tracer tests in NC-EWDP-19Dl (note log scales on axes) 
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