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ABSTRACT

Predicting the future performance of a potential nuclear waste repository at
Yucca Mountain requires understanding saturated-zone radionuclide transport
processes. To test conceptual saturated zone transport models at the field scale, Los
Alamos National Laboratory conducted a cross-hole forced-gradient tracer test over a
distance of approximately 30 meters in fractured tuffs ranging from about 300 to 400
meters below the water table at the C-Holes (a cluster of 3 wells located about 1.5-km
from the potential repository footprint). This test, conducted from October 1996 to
September 1997, involved the simultaneous injection of pentafluorobenzoate (PFBA).
lithium bromide, and polystyrene microspheres (-0.36-pm diameter) into a packed-off
interval that included both moderately-welded, nonzeolitized tuff and poorly-welded,
partially zeolitized tuff in the Bullfrog member of the Crater Flat Tuff. The

L breakthrough curves of all trresinf
+ pathways. Parameters describing dispersion and matrix diffusion in the system were

estimated by comparing the responses of the PFBA and bromide, which served as
nonsorbing tracers with free diffusion coefficients dfrib ot

J , Field-scale sortionparameters for lithium were deduced by comparing the lithium
response to that of the PFBA and bromide (lithium sorbs weakly to the tuffs by cation
exchange and serves as an analog for ion-exchanging radionuclides). The polystyrene
microspheres provided an indication of the potential for colloid contaminant transport
in the system, and they also served as low diffusivity tracers that should have been

I excluded from the porous matrix.
In a parallel effort, laboratory investigations of the transport behavior of the

tracers used in the Bullfrog field test as well as in an upcoming field test in the Prow
Pass member of the Crater Flat Tuff (at the C-Holes) have been conducted over the past
few years. These laboratory tests have included bath sorption experiments to*
characterize lithium sorption to various tuffs below the water table at the C-Holes,( column transport experiments (both crushed tuff and fractured cores), cation exchange
capacity measurements, characterization of bulk mineralogy by x-ray diffraction (XRD),
and experiments to measuregdfusim~oefficients in saturated tuff matrices. The
laboratory experiments have provided a relatively comprehensive data base to support
and constrain field tracer test interpretations, to allow comparisons of laboratory- and
field-derived transport parameters, and ultimately to help reduce uncertainty in
transport parameter estimates derived from the field experiments.

This report presents a reinterpretation of the reactive tracer test conducted in the
Bullfrog Tuff in FY 1997 based on the new laboratory data that have been generated
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since the test was completed in September 1997. (A previous interpretation was
reported in YMP Milestone SP23APMD, Reimus and Turin, July 1997). This report also
sumnarizes all of the laboratory data that have been generated to date to support the
field testing efforts, and it offers predictions of transport behavior in the upcoming
Prow Pass reactive tracer test.

Based on the reinterpretation of the field test and a comparison of the field-
ks derived and laboratory-derived transport parameters, we conclude that (1) a dual-,

AX* porosity conceptual transport m6del is valid for the saturated zone in the vicinity of
spy>;> , Yucca Mountain,' (2) the potential exists for colloid transport over significant distances

> -R min the saturated zone, and (3) field-derived lithium sorption parameters are in good
agreement with laboratory measurements. The last conclusion lends validity to the
practice of using laboratory-derivedsorptioparameters to predict field-scale transport
of ion-exchanging solutes. However, this conclusion should be applied cautiously to
sorbing radionuclides, for which there are no field data in the immediate vicinity of
Yucca Mountain
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1.0 Introduction

Yucca Mountain, Nevada, located about 150 kmn northwest of Las Vegas, is the
site of a potential high-level nuclear waste repository, and it is currently undergoing

L extensive characterization and assessment to determine its suitability for such a role.
A' Current plans call for wastes emplaced within Yucca Mountain to be isolated from the

accessible environment by a system of multiple barriers. These' include "engineered
Lbarriers," consisting of components within the repository itself, and a two-part

"geologic barrier," consisting of (1) the unsaturated tuff between the repository and the
regional aquifer below, and (2) the saturated-zone aquifer system extending from
directly below the repository to the down-gradient wells and springs that mark the final
groundwater discharge zone. The characterization of radionuclide transport processesL within the saturated zone is the subject of this study.

To support this characterization process, we conducted tracer tests at a three-well
complex known as the C-wells (UE-25c#1, UE-25c2, and UE-25c#3), which are located
approximately 2 km southeast of the potential repository footprint. Fig. 1-1 shows theL layout of the wells and their vertical deviations at depth, including the locations of the
intervals in which the tracer tests described in this report were conducted.' Each well
penetrates approximately 900 m below s'urface, with the water table being about 400 m
below surface. Regional groundwater flow is believed to be approximately north to
south, although local flow at the C-wells has been postulated to be northwest to
southeast, in the direction indicated in Fig. 1-1 (Geldon, 1995).

The hydrogeology below the water table at the C-wells is depicted in Fig. 1-2
(derived from Geldon, 1993,1996). The stratigraphy, consisting of Miocene-age
fractured tuff layers, is considered representative of the stratigraphy beneath Yucca

L Mountain, although the water table occurs in different units at different locations
around the mountain because of faulting. Matrix porosities at the C-wells range from
about 0.10 to 0.35. A consistent observation in all stratigraphic units below the water
table is that bulk permeabilities (determined from hydraulic'aquifer tests) exceed matrix
permeabilities (determined by laboratory core measurements) by 2 to 6 orders of
magnitude (Geldon, 1993). This high bulk-to-matrix permeability contrast is indicative
of fracture flow, consistent with flow logs at the C-wells that inidicate relatively discrete
flow zones. The tracer tests described in this report were conducted in a packed-off,
-90-m interval of the central and lower portions of the Bullfrog -member of the'Crater

L Flat Formation (Fig. 1-2). These tufts exhibit at least a 5 order-of-magnitude bulk-to-.
matrix permeability contrast (Geldon, 1993), and the test interval included the most
transmissive zones in all three wells, accounting for over 60% of the flow- in each well

L during open-hole flow surveys. The interval is not hydrologically isolated, as there are
pressure responses both above and below the packed-off zone in c#1 and c#2 when c#3
is pumped. However, vertical condutctivity is believed to be only a small fraction of
horizontal conductivity, and Geldon (1996) has characterized the Bullfrog Tuff as being
a confined, nonleaky aquifer" based on hydraulic testing.

Although water flow in the Bullfrog Tuff and other stratigraphic'unis below the
water table is expected to occur predominantly in fractures, most of the water volume
in the system is contained in the porous tuff matrix, where it is essentially stagnant.
Radionuclide and tracer transport is therefore expected to be attenuated by diffusive
mass transfer between the flowing water in the fractures and the stagnant water in the
matrix, a process known as matrix diffusion. Matrix diffusion in fractured systems has
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been discussed and modeled at length by others (Neretnieks, 1980; Grisak and Pickens,
1980; Tang et al., 1981; Maloszewski and Zuber, 1983, 1985). A system exhibiting this
behavior is frequently called a "diil-Pborositty systen because of the two distinct -

porosities corresponding to the fractures and the matrix. We distinguish such a system
from a "dual-permeability' or a "dual-porosity, dual-permeability" system because it is I
assumed that the matrix permeability is negligible relative to fracture permeability and
that all flow occurs in fractures. It has been suggested elsewhere that the saturated
zone in the vicinity of Yucca Mountain should behave as a dual-porosity system
(Robinson, 1994). Thi sconcept has important transport implications; particularly for}
sorbing radionuclides, because it suggests that solutes will have access to a very large
surface area for sorption once they diffuse out of fracture flow pathways and into the
.matrix.;ot c-.,'-;e o<", sO ;'!d cop*hy~ merete @}_ dal ban;,)

The strategy, procedure, results, and interpreta toz' of the reactive tracer test
conducted in the Bullfrog Tuff at the C-Holes in FY 1997 are presented in Section 2.0 of
this report. Much of this material is nearly identical to material presented in YMP
Milestone SP23APMD (Reimus and Turin, July 1997), but it is included here for
completeness. The most important differences between this report and the previous
milestone are (1) this report contains nearly three more months worth of field data than 4
the previous report (because the test was still in progress when the previous report was
written), (2) the transport parameters derived from the test interpretation in this report
are slightly different than in the previous report because of additional constraints
imposed on the analysis as a result of laboratory data generated since July 1997, and (3)
this report contains a preliminary interpretation of the microsphere response from the
reactive tracer test (not included in the previous milestone). The interpretations in this
report should supercede those in the previous report.

Lithium ion was used as a sorbing tracer in the field experiments. Lithium
serves as a reasonable surrogate for ion-exchanging radionudides (Fuentes et al., 1989), I
and it has the advantages of being environmentally benign, acceptable to regulators,
readily detectable, and affordable. We have studied the sorption characteristics of
lithium onto several tuff lithologies present below the water table at the C-Holes in
laboratory tests under both static (batch) and dynamic'(flowing) conditions. The
methodology and results of the batch sorption experiments conducted to date are
presented in Section 3.3., The dynamic transport experiments have been conducted by I
eluting tracer solutions through either crushed tuff columns or fractured tuff columns.
The crushed tuff column experiments were conducted to (1) verify that the equilibrium
sorption parameters determined in the batch sorption tests were also valid under
flowing conditions, and (2) estimate rate constants for lithium sorption and desorption.
The fractured column experiments were conducted to more closely simulate fracture
flow conditions in the field and to study tracer transport under the combined influence
of -matrix diffusion (acting on all tracers) and sorption (acting on lithium). Results of the
dynamic transport experiments conducted to date are presented in Section 4.0. All
rocks used in the batch sorption and dynamic transport experiments were derived from
core taken from the C-Holes.

In addition to the batch sorption and dynamic transport tests, "diffusion cell"
experiments were conducted to measure the diffusion coefficients of tracers in intact
blocks of tuff matrices taken from various intervals in the C-holes (the rocks used were
again taken from C-Holes core). These experiments were conducted to help constrain
interpretations of the field tracer tests. The methodology and results of the diffusion
cell experiments are presented in Section 5.0.
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Section 1.0 Figures
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Figure 1-1. C-wells layout showing interwell distances between tracer test intervals
(Geldon, 1993, personal communications, and Waddell 1984).
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personal communications).
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2.0 Reactive Tracer Test in Bullfrog Member of Crater Flat Tuff I I

2.1 Test Strategy

The C-wells tracer tests were conducted with the multiple objectives of (1)
testing/validating conceptual models of radionuclide transport through a dual-porosity _
system, (2) obtaining estimates of key transport parameters in the Bullfrog Tuff, and (3)
assessing the applicability of laboratory-derived sorption parameters to field-scale
transport predictions. To accomplish all of the test objectives in a reasonable time, we
chose to conduct a forced-gradient, cross-hole tracer test involving the simultaneous
injection of four tracers having different physical and chemical properties. By
simultaneously introducing the tracers (in a single solution), we ensured that they all
experienced the same flow field and hence followed identical flow pathways through
the system. The test interpretation could then be based on comparing the responses of
the different tracers in addition to analyzing the individual responses of the tracers. I
The tracers used were (1) pentafluorobenzoate (PFBA), (2) bromide ion, (3) lithium ion,
and (4) -360-nm diameter carboxylate-modified-latex polystyrene microspheres
(Interfacial Dynamics, Inc.). Lithium bromide salt was used as the source of lithium i
and bromide. PFBA and bromide were analyzed by high-pressure liquid
chromatography with a UV absorbance detector, lithium was analyzed by inductively
coupled plasma-atomic emission spectrometry (ICP-AES), and the microspheres were
analyzed by flow cytometry (Steinkamp et al. 1991, Becker et al., submitted).

The bromide and PFBA served as nonsorbing solutes with matrix diffusion
coefficients differing by about a factor of th (as'determined from diffusion cell
experiments discussed in Section 5.0). Batch sorption experiments have established the
nonreactivity of both bromide and PFBA in with C-wells tuffs (Section 3.0). Both tracers
are monovalent anions in C-wells groundwater, which has a pH of about 8. A J
com of the responses of these two tracers was cteld information
about ma &idfuiin as the smaller bromide ion would be expected to diffuse more
re a d il Robinson (1994) has wn that ina dual-
porosity system, a higher diffusivity tracer is expected to have a breakthrough curve
with a lower, slightly delayed peak and a longer tail relative to a lower diffusivity
tracer. However, in a single-porosity system (i.e., a classic porous medium) two such j
tracers should behave identically. Thus, if bromide appeared attenuated relative to
PFBA, it would indicate that a dual-porosity system conceptualization was valid. By ;
simultaneously analyzing the breakthrough curves of the two tracers, we planned to
obtain quantitative estimates of parameters describing both flow field dispersion and
matrix diffusion in the system.

As described in the introduction, lithium ion served as a weakly-sorbing solute
tracer. Its response was to be interpreted by comparing with the responses of the PFBA
and bromide. The diffusion coefficient of lithium is expected to be intermediate
between PFBA and bromide o-thirds of the bromide diffusion coefficient;
Newman 1973), so in the absence of sorption, its response would be expected to fall
between that of PFBA and bromide. Therefore, any attenuation of lithium relative to
bromide, manifested as either a lower peak, a delayed peak, or both, could be attributed
to sorption. In unpublished calculatins, we have predicted lithium transport relative
to nonsorbing solutes in a field test using the laboratory-derived Bullfrog tuff sorption
parameters and assuming both a single- and a dual-porosity medium. These
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calculations have shown that in a dual-porosity system with, no sorption in fractures
(i.e., open fractures), the lithium response should have a lower peak relative to
nonsorbing solutes, but the peak will not be significantly delayed in time. However, in
a single-porosity system or a dual-porosity system with's'o'rption in fractures, the
lithium response should have both a much lower peak and a significant time delay
relative to the nonsorbing solutes. We planned to deduce lithium sorption parameters
in the system using the models described in Appendix A to fit the lithium breakthrough
curve under the constraint that the dispersion and matrix diffusion parameters deduced
from the simultaneous analysis of the bromide and PFBA responses must apply to the
lithium as well. 'Thus, the only adjustable parameters in the lithium fitting exercise
would be sorption parameters.

The polystyrene microspheres were introduced into the test for two purposes:
(1) they served as colloid tracers to provide insights into the potential for colloidal
radionuclide transport in the saturated zone near Yucca Mountain, and (2)' they served
as large, low diffusivity tracers that should be excluded from the matrix and hence
provide an indication of true fracture flow in the system without the effects of matrix
diffusion. Carboxylate-modified-latex (CML) polystyrene microspheres with
fluorescent dye tags were used because these microspheres had previously been shown
to have less tendency for attenuation/filtration in fractured systems than other
synthetic colloids that we considered (Reimus, 1995). The spheres have a density of
1.055 g/cm3 , which minimizes their tendency to settle in groundwater. The fluorescent
dye tags allowed the spheres to be discriminated from natural colloidal material and to
be quantified at concentrations as low as -100/mL using flow cytometry (Steinkamp et
al. 1991, Becker et al., in prep.). The CML spheres have carboxyl functional groups on
their surfaces, which give them a negative surface'charge at pHs greater than'about 5;
and unlike most other polystyrene microspheres, they also have hydrophilic surfaces
(Wan and Wilson, 1994). Both of these features tend to minimize attractive interactions
with rock surfaces, and they make the spheres very stable against flocculation,' even at
relatively high ionic strengths, which is important if the spheres are to be injected
simultaneously with solutes in a relatively concentrated solution. However, despite
these measures, sill expected significant attenua bon of the spheasedmn

preyiom e__t ~ - Ji~lbror(Becker et al.,
*in prep.). We used 360-nm-diameter spheres because we found in previous work that

larger spheres were more attenuated in fractured systems, possibly due to more rapid
settling of the larger particles (Becker et al., in prep.). Also, the flow cytometer that we
had access to had a lower size detection limit of about 250-nm diameter, although this
does not represent a fundamental limitation of the technique.

2.2 Test Procedure

Because of the considerable investment associated with conducting a test
involving multiple tracers, we first conducted two single-tracer pilot tests to determine
nonsorbing tracer travel times and recoveries from wells c#1 and c#2 to well c#3. Well
c#3 was used as the production well in all tests because it has the largest open-hole
transmissivity of the three C-wells (Geldon, 1993). The pilot tests allowed us to (1)
determine which hole, c#1 or c#2, offered a faster, higher peak concentration response
and would therefore be the preferred injection hole for a test involving a reactive tracer,
(2) estimate tracer masses required for the multiple tracer test, and (3) plan sampling
frequencies for the multiple tracer test. Although c#2 is much closer to c#3 than c#1
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(-30 m. vs. -80 m at depth), it was not taken for granted that c#2 would have a better
tracer response because (1) local fracture strikes tend to be oriented more in the
direction of c#1-to- c#2, (2) c#1 had approximately the same'magnitude pressure'
response as c#2 when pumping c#3, and (3) the natural gradient is believed to be
approximately in the direction from c#3 to c#2 ( Geldon 1993). We were particularly j
concerned that if we didn't inject enough lithium bromide (which is only -8% lithium
by mass) into the system, we would not observe any lithium at the production well.
This concern stemmed from the uncertainty in the expected lithium attenuation due to
sorption and also because of the relatively high lithium background concentration, -65
gg/L, in the groundwatei.- Additionally, environmental permitting dictated that we
minimize, within reason, tracer masses injected.

The packed-off zone in c#3 (Fig. 1-2) was pumped continuously at about 575
L/min in each test. The first pilot tracer test involved the injection of approximately 10
kg of PFBA into well c#2 on May 15,1996. The PFBA was dissolved in -1000 L of
groundwater. The test was conducted under partial recirculation conditions with about -

20 L/min of the water produced from c#3 (-3.5% of production rate) being
continuously reinjected into c#2. The recirculation was initiated approximately 24 hr
before tracer injection to establish a steady flow field, and it was continued for 23 days
after injection. The tracer solution was plumbed into the recirculation loop such that
there were no flow interruptions during injection. j

The second pilot test involved the injection of about 12.7 kg of iodide (-15 kg of'
sodium iodide dissolved in -1000 L of groundwater) into c#1. It was conducted in a
manner very similar to the PFBA pilot test and was initiated on June 18,1996. The
recirculation rate in this test was about 15 L/min (-2.6% of production rate), and
recirculation continued for 16 days after injection.

The results of these two pilot tests clearly indicated that c#2 was the preferred
injection hole for the multiple tracer test, as the PFBA recovery from the May injection I
was about 73% and the iodide recovery from the June injection was estimated between
6 and 10%. The May PFBA response from c#2 was previously reported by Reimus and
Turin (1996) (also shown in Figs. 2-3 and 2-6 of this report), and the iodide response
from c#1 is shown in Fig. 2-1. Based on these results, a tracer test involving the
simultaneous injection of -12 kg PFBA, -180 kg of lithium bromide (14.5 kg lithium,
165.5 kg bronide), and -7 g of microspheres (-3.5 x 10'4 spheres) into c#2 was initiated
on October 9, 1996. Because of the much greater tracer mass in this test than in the pilot
tests, and the desire to n mize solute concentrations to prevent microsphere
flocculation, the tracers were dissolved in -12,000 L of groundwater instead of the
-1000 L used in the pilot tests. The greater volume kept the density contrast between
tracer solution and the downhole groundwater about the same as in the pilot tests. The
microspheres were actually introduced to the tracer mixture after about one-third of the
solution had been injected, which corresponded to about one injection interval volume.
The test was carried out under partial recirculation conditions with a recirculation rate
of about 20 L/min that was continued for 40 days. Steady flow conditions were
established by starting recirculation -36 hr prior to tracer injection.

2.3 Test Results

The breakthrough curves (normalized to mass injected) of the four tracers in the
multiple-tracer test are shown on a log-log plot in Fig. 2-2. This test was conducted for
-8200 hrs, and the tracer recoveries at the end of the test were estimated to be -69% for
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PFBA, -69% for bromide, -39% for lithium, and -15% for the microspheres (at -6900 hr
into the test). Microsphere concentrationsrdropped below;quantifiable levels (<50/ml)
after 6900 hrs, so results were not reported after that time, although the spheres were
still detectable in the production water. PFBA concentrations also dropped below
quantifiable levels (<4 lug/L) after about 7500 hr into the test. This fact, coupled with
the uncertainty in how much PFBA from the May 1996 pilot test was still contributing
to the PFBA response in the multiple-tracer test, introduced considerable uncertainty
into estimates of PFBA concentrations and recoveries from the October 1996 injection,
particularly at late times. The PFBA response shown in Fig. 2-2 represents the lower
bound case for PFBA concentrations from the October injection. This lower bound was
obtained by subtracting 10 gg/L (the residual PFBA concentration in the system at the
beginning of the reactive tracer test) from the measured concentrations. Although this
assumption may seem unrealistic, it is supported by the fact that the PFBA
concentrations from the May injection remained essentially constant at 10-14 gtg/L for
the last 6-7 weeks prior to the October injection. PFBA concentrations were also
calculated by subtracting (from the measured concentrations) an exponentially-
decaying function with a decay constant determined by a linear least-squares fit to the
tail of the May breakthrough curve on a log-log plot. We found that the PFBA response
up to 2000 hrs after injection was insensitive to which assumption was made about
residual PFBA concentrations. However, because the measured concentrations after
2000 hrs declined to the point where assumed residual concentrations became a
significant fraction of the measured values, the tail of the PFBA curve assuming an
exponential decay became noticeably higher than the tail of the PFBA curve shown in
Fig. 2-2.

This uncertainty in residual PFBA concentrations significantly affects calculated
PFBA recoveries; the recoveries associated with the two cases described above were
63% for the first case and 74% for the exponential decay case. We give more weight to
the exponential decay case at late times because if the assumptions associated with the
first case are accepted, then the PFBA concentrations from the October injection actually
become negative after about 6000 hrs because the measured PFBA concentration
decreases to less than 10 11g/L at this time. Because negative concentrations are a
physical impossibility, we conclude that concentrations from the May injection must
have continued to decline after the October injection, although probably not as fast as
the exponential decay assumed for the upper curve in Fig. 2-2. We therefore consider
69% to be reasonable estimate of the PFBA recovery from the October injection given
the uncertainties and lines of reasoning discussed above.

The most striking feature of the breakthrough curves in Fig. 2-2 is their bimodal
+ (double-peaked) behavior, discussed below. The PFBA and bromide responses show

clear qualitative evidence of matrix diffusion, as the normalized PFBA concentrations
are higher than the normalized bromide concentrations at both peaks, and the second
bromide peak is somewhat delayed relative to the PFBA with a tail that appears to cross
over the PFBA at long times. As discussed above, these are all hallmarks of matrix
diffusion in a dual-porositv svstem. The lithium response shows obvious attenuation
relative to the nonsorbing tracers, providing clear evidence of lithium sorption. It is
interesting that the attenuation of the first peak is almost exclusively a lowering of the
peak with little or no time delay, while the attenuation of the second peak involves a
clear time delay along with a dramatic lowering of concentration. Explanations for this
behavior are offered in the test interpretation section.
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The microsphere breakthrough curve, which is corrected for the -3.5-hr delay in
their injection time relative to the solutes, is dearly attenuated compared to the solutes.
However, it is interesting that their first arrival preceded the solutes, although if the
delay in their injection is not accounted for, the first arrival time is very close to the first
solute arrival time. The early microsphere arrival behavior has been observed in other
field and laboratory tests in fractured systems (Reimus, 1995; Becker et al., in prep.), and
it may be attributed to a small fraction of the spheres moving rapidly through high-
velocity streamlines in fractures without having the opportunity to diffuse into low-
velocity or stagnant water. The majority of the ni-crospheres may have been attenuated
by filtration mechanisms, possibly gravitational settling, as proposed by Becker et al. (in
prep.). It is also interesting that while the first microsphere peak occurs earlier than the
solutes, the second peak occurs later than the solutes. A quantitative interpretation of
the microsphere response is discussed in Section 2.5.

The response to the May PFBA injection into c#2 was significantly different than
the response in October. The first 1800 hrs of the normalized PFBA breakthrough
curves in the two tests are shown in Fig. 2-3 (with linear axes). The May breakthrough
curve is a more conventional single mode response. PFBA concentrations from the May
injection were monitored for just over 3000 hr with a total recovery of -73%, and the
total recovery at 3000 hr in the October test was -58%; i.e., a higher recovery in the May
test than in the October test at the same point in time.

We offer the following explanation for the different responses in May and
October. Because of the lack of mixcing in the injection interval, the tracer solutions,
which were injected directly below the top packer and were -2% more dense than the
groundwater in each test, probably sank rapidly to the bottom of the interval in each
test. The tests were conducted in an identical manner in every respect except that only
-1000 L of tracer solution was injected in May, while -12,000 L was injected in October.
(The duration of recirculation was also different, 23 vs. 40 days, but all significant
differences occurred prior to 23 days.) The injection interval volume was -4300 L, so in
the May test, only one-quarter of an interval volume was injected, and it is very possible
that only flow pathways in the lower part of the interval conducted tracers out of the
borehole. In contrast, in the October test, approximately three interval volumes of
tracer solution were injected, so the volume between the packers should have
completely filled with tracer solution and tracers would have accessed flow pathways
throughout the entire length of the interval. We suspect that the first peak in October
was the result of a small percentage (-13%) of the injected tracer mass entering a flow
pathway (or set of pathways) in the upper part of the borehole that was not accessed in
May. The flow survey information depicted in Fig. 1-2 certainly suggests that the zone
of highest flow in well c#2 occurs in the upper half of the interval, although one cannot
necessarily conclude that there is a cross-hole connection originating from these
pathways. Much of the remaining mass then presumably followed pathways that were
also accessed in May and resulted in the second peak occurring at the same time as the
May peak (Fig. 2-3). However, because the shapes of the May and second October
peaks are different, and the total PFBA recovery was actually lower in October despite
the early peak, we also suspect that a considerable fraction of the mass injected in
October followed other pathways that were not accessed in May and were slower, in
general, than those accessed in May.

Although we have no direct proof to support this hypothesis, we conducted
some simple laboratory experiments involving the injection of dyed salt solutions into a
-2-m-long, -1.5-cm ID, clear plastic tube with a tee about I m from the top of the tube
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to serve as a "pathway" out of the "borehole." The dyed solution had approximately
the same density as the solutions injected in the field experiments, and it was injected at
the same rate, relative to the diameter of the tube, as in the field. We found that even
though the tee was the only exit point for flow out of the tube, most of the dyed solution
sank below the tee and remained in the lower part of the tube (unpublished data).
However, it must be recognized that the Reynolds number (a measure of turbulence -
Bird et al., 1960) was drastically different in the laboratory than in the field; more
turbulence would have been expected in the field.

We view the bimodal response in October and the single-peak response in May
as serendipitous good fortune. First, the two peaks allow us to objectively conclude
that there are at least two separate sets of flow pathways that contributed to the October
tracer responses. This allows us to estimate a different set of transport parameters for
each set of pathways, meaning that we effectively conducted "two tests in one." It
should be noted that if as much as 20% of the tracer mass had followed the faster
pathways in October (instead of -12%), the result probably would have been a single
peak instead of two peaks.

-24 Quantitative Interpretation of Solute Responses -4

The solute tracer responses were interpreted by simultaneously fitting the
breakthrough curves using a semi-analytical, dual-porosity transport model, RELAP,
which is described in detail in Appendix A and briefly summarized here (see also,
Reimus and Dash, 1998). The physical, conceptual, and mathematical models assumed
for the field transport system are depicted in Fig. 2-4. The equations shown at the
bottom of Fig. 2-4 are Laplace-domain "transfer functions" that describe tracer
residence time distributions within each of the system "components." The most
important of these is the transfer function for the groundwater system, which is taken
from Tang. et. al. (1981). This transfer function assumes 1-dimensional advective-
dispersive transport in parallel-plate fractures with 1-dimensional diffusion
(perpendicular to fracture flow) into a homogeneous, infinite matrix. It also assumes
linear, equilibrium, reversible sorption of a reactive species and a constant flow velocity
in the fractures. Model formulations assuming a finite matrix (Maloszewski and Zuber,
1983, 1985), radial flow (Moench, 1995; Becker and Charbenaeu, submitted) and rate-
limited sorption (Maloszewski and Zuber, 1991) are also embodied in RELAP. These
were used to evaluate the sensitivity of the derived transport parameters to radial vs.
linear flow, infinite vs. finite matrix, and equilibrium vs. rate-limited sorption. A
detailed description of the mathematical development of the models embodied in
RELAP is provided in Appendix A.

The transfer functions shown in Fig. 24 were multiplied together to describe
transport throughout the system; a multiplication in the Laplace domain is equivalent
to a convolution integral in the time domain (Churchill, 1958). Although not shown
explicitly in Fig. 2-4, recirculation of the production water from well c#3 into c#2 was
also accounted for (see Appendix A). However, the amount of recirculation was so
small (-3.3%) that it made virtually no difference whether or not recirculation was
accounted for at aLl Wellbore storage was accounted for by assuming that the
boreholes were well-mixed, with the tracers experiencing an exponential-decay
residence time distribution with a time constant slightly greater than the volume of the
interval divided by the volumetric flow rate into (injection well) or out of (production
well) the interval. Note that an equation for wellbore mixing in the production well is
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not shown in Fig. 2-4 because residence times in this well were very short (less than 10
minutes) due to the high flow rate out of the well (-575 L/m). The Laplace domain
solutions were then ivir'ted to the time domain usihnga' Fourier-transform inversion
technique (Appendix A). Because the Fourier-transform technique is very efficient (and
stable), it could be performed thousands of times per minute on a computer
workstation, making it practical to estimate model parameters by systematic, brute-
force adjustments of their values to achieve a least-squares fit to the data. The fitting
procedure used to quantitatively interpret the October tracer responses is summarized
in Table 2-1 and discussed in detail in the following two subsections.

2.4.1 Nonsorbing Solutes

The first step in the interpretation procedure involved using the transfer
function model depicted in Fig. 24 to simultaneously fit the PFBA and bromide data
assuming that all transport parameters except for diffusion coefficients were identical
for the two solutes. Bromide matrix diffusion was assumed to be triple that of PFBA
based on diffusion cell results presented in Section 5.0. The matrix and fracture
retardation factors for these two nonsorbing tracers were set equal to 1. The procedure
involved simultaneously fitting the early tracer peak(s) with a single set of model
parameters assuming that only a fraction of the tracer mass accounted for the peak. The
parameters adjusted to achieve the fit were (1) the mass fraction, f, (2) the mean fluid
residence time, ar, (3) the Peclet number, Pe = L/a, where L is the distance between wells

and a is the dispersivity, and (4) the lumped parameter, b Ifj, which is effectively a

mass transfer coefficient for diffusion into stagnant water, assumed to be in the matrix
(¢ is the matrix porosity, b is the fracture half-aperture, and Dm is the matrix diffusion
coefficient). The matrix porosities and matrix diffusion coefficients measured in
laboratory diffusion cell experiments (see Section 5.0) were assumed to apply to the
field test; these measurements made it possible to estimate fracture half-apertures in the
field test (the only variable in the lumped parameter that could not be independently
measured). All other parameters in the transfer funiction model were fixed according to
the manner in which the test was conducted (e.g., the injection concentration, injection
duration, and time constants for mixing in the injection and production wellbores).

Although the injection duration was about 10 hrs, we arbitrarily assumed
an injection delay time of 4 hr followed by a6-hr injection when fitting the early tracer
response (the first peak). Our rationale for making this assumption was that there was
no early response in the May PFBA test (which involved an injection duration of less
than one hour), so it seemed logical to assume that the earliest injected tracer solution
did not follow the earliest-arriving-pathways. We chose a 4-hr delay time because the
injected tracer solution volume exceeded the injection interval volume by this time, and
we felt that this was a reasonable criteria for when at least a portion of the tracer
solution should have begun moving through the earlier-arriving pathways.- Subsequent
sensitivity analyses indicated that the best-fitting model parameters were not very
sensitive to assumed tracer injection durations'ranging from 2 hr to 10 hr. although
there was a definite trend toward smaller Peclet numbers (greater dispersion) as the
injection duration was shortened. This result is undoubtedly due to the fact that shorter
tracer pulses must "spread" more to match the observed breakthrough curve. The.
injection duration for the second peak was assumed to be the full 10 hrs of injection.
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The best fit to the first peak was subtracted from the entire breakthrough curve
of each tracer, 1eavingonly a single second peak.- The simultaneous fitting procedure
was then repeated for the second peak. All of the parameters describing the second
peak were adjusted independently of the parameters that offered the best fit to the first
peak (except that the sum of the mass fractions in both fits could not exceed 1). This
procedure assumed that each peak could be described by a single advection-dispersion
equation to account for flow and dispersion in fractures with a single mass transfer
coefficient accounting for matrix diffusion. We recognize that the tracer response in
reality was probably the result of flow through many pathways in a fracture network,
and that these pathways undoubtedly had a distribution of residence times,
dispersivities, and matrix diffusion mass transfer coefficients. However, without
specific data on the geometry and transport properties of individual pathways, it is
difficult to justify assuming more pathways than the number of peaks in the tracer
responses. Thus, we initially limited ourselves to two "pathways," one for each peak. J

It is important to recognize that the simultaneous interpretation of the PFBA and
bromide breakthrough curves offers a tremendous advantage over the interpretation of
either tracer breakthrough curve individually. In fact, without this simultaneous
interpretation, it is not possible to distinguish between the effects of hydrodynamic
dispersion and matrix diffusion in a field tracer test. This dilemma is illustrated in Fig.
2-5, which shows arguably equally good fits to the May PFBA breakthrough curve
obtained using the sets of model parameter values given in Table 2-2. It is apparent
that, although there is an upper limit to the matrix diffusion mass transfer coefficient
that can be assumed in the system (constrained by the fact that the mass fraction of j
tracer participating in the test cannot exceed 1), a reasonably good fit to the data can be
obtained by assuming no matrix diffusion at all (i.e., a single-porosity system). Note
that even though the curve with the largest amount of matrix diffusion appears to offer
the best fit to the data in Fig. 2-5, an equally good fit can be obtained by assuming two
overlapping single-porosity pathways with different dispersion parameters or by
simply assuming a much longer mean residence time for the tracer solution in the KJ
injection borehole. Thus, while the analysis of a single breakthrough curve can offer an
upper bound on matrix diffusion and a range of possible values for the dispersion
coefficient and mean fluid residence time in the system, it cannot conclusively establish
that matrix diffusion is occurring in the system.

We consider fractional mass participation in the tracer tests to be a definite
possibility, as the natural gradient is believed to be almost opposite the direction of
induced flow from c#2 to c#3 (Fig. 1-2), and some of the tracer mass could have "sunk" L
(due to density effects) out of the zone of influence of induced flow. Also, it is possible
that at least some of the unaccounted-for tracer mass could have actually moved
through the tuff matrix rather than through fractures because the matrix permeability is -

not zero (as assumed in the dual-porosity model formulation). It can be shown that
even with very low matrix permeabilities relative to fracture permeabilities, a
significant amount of tracer mass can still move through the matrix if the cross-sectional
area available for matrix flow is much greater than that for fracture flow. Given the
fracture densities and apertures observed in C-Holes logs, it is not unreasonable to
expect a significant amount of total mass flow through the matrix.

Fig. 2-6 shows the best fits to the PFBA and bromide breakthrough curves in the
reactive tracer test. The transport model parameters used to obtain the fits are given in
Table 2-3. Note that different mean residence times (X) and Pedet numbers (Pe) were
obtained in each pathway depending on whether linear or radial flow was assumed. In
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a heterogeneous, confined aquifer, the'flow velocity to a single production well is
expected to vary between linear and radial (National Research Council, 1996). Thus, if
we assume that the Bullfrg6'Tuff is reasonably confined;i-s suggested by Geldon (1996),
presenting the two sets of residence times and Peclet numbers in Table 2-3 is a way of
bounding these parameter estimates as a result of flow field uncertainty. The radial
mean residence time is always less than the linear residence time, and the radial Peclet
number is always greater than the linear Peclet number. This somewhat confusing
result can be qualitatively explained by recognizing that the models implicitly assume
that the dispersion coefficient is the product of the dispersivity (a) and the fluid
velocity. Under this assumption, for a given dispersivity, a solute will tend to
experience more dispersion in radial flow than in linear flow because any time the
solute disperses ahead of the mean position, it will be subjected to a greater flow rate,
and any time it disperses behind the mean position, it will be subjected to a slower flow
rate. Thus, leading solute particles will tend to be swept further ahead and lagging
solute particles will tend to lag further behind in radial flow than they would be in
linear flow. In effect, the radial flow field has an additive effect to the dispersion that
would be experienced in a linear flow field. Any breakthrough curve can always be
fitted equally well assuming either type of flow field; only the values of the parameters
will differ. Fig. 2-7 shows the relationships between X and Pe in radial and linear flow
as a function of linear Peclet number. These relationships were derived using RELAP to
fit a linear response with a radial model.

Table 2-3 also indicates that the assumption of a finite matrix with a fracture
spacing of 4 cm in the second pathway offered a better fit to the end of the tracer
breakthrough curves than an infinite matrix assumption (which resulted in
underprediction of the tracer responses). This was the only instance where assuming a
finite matrix improved a fit. However, we do not consider this result terribly significant
because the data at the ends of the breakthrough curves have considerable scatter due
to (1) lower analytical precision at the low concentrations, (2) approach to background
concentrations, and (3) in the case of PFBA, uncertainty in the contribution from the
May 1996 injection.

Another assumption that resulted in better fits to the PFBA and bromide
breakthrough curves was that a portion of the reactive tracer test responses was due to
tracers following exactly the same pathways as the PFBA in the May test (since the May
peak and the second October peak occurred at the same time). In this case, the second
peak can be accounted for almost entirely by the May pathways, and a third set of
pathways is then required to fit the long tails of the October responses. This approach
was discussed in considerable detail in YMP milestone SP23APMD (Reimus and Turin
1997), and it is therefore not discussed further here. Although the three-pathway
approach can be readily justified because of the observed May PFBA response, we
consider it to be a deviation from our self-imposed constraint of not introducing more
"pathways" than the observed number of tracer peaks. Also, the introduction of
additional pathways should always result in better fits to tracer responses, so it is not
surprising that assuming three pathways results in a better fit than assuming two-
pathways.

It is interesting that the lumped matrix diffusion parameters'that offered the best
fits to the PFBA and bromide data (see Table 2-3) suggest that the amount'of matrix
diffusion in the second set of pathways was significantly less than in'the first set of
pathways. This result appears to contradict our theory that the first peak was the result
of a small amount of tracer mass following pathways that were higher in the injection
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borehole (see Section 2.3). The upper half of the injection interval was in the more
densely welded central Bullfrog Tuff lithology, which has about a factor of three lower
matrix porosity than the tuff in the lower half of the injection interval (see Section 5.0).
Also, laboratory measurements of matrix diffusion coefficients in the central and lower
Bullfrog Tuffs indicate that the diffusion coefficients in the poorly-welded lower unit
are at least two times higher than those in the central unit (also in Section 5.0). Thus, if
the early peak was due to tracers moving through the central Bullfrog Tuff and the later
peak was due to tracers moving through the lower Bullfrog Tuff, the expectation would
be that the first peak would have smaller matrix diffusion parameters, not larger ones,
as determined in the fits. However, it must be kept in mind that (1) we do not know the
exact locations of the flow pathways that resulted in the tracer responses (they could
have all been in either the central or the lower units), (2) the lumped matrix diffusion
parameter includes the average fracture half-aperture, which could have been
significantly larger in the pathways that resulted in the later peak, thus resulting in a j
smaller lumped matrix diffusion parameter for these pathways, and (3) there is
undoubtedly some variability in porosity and matrix diffusion coefficients within a
given lithology (the samples analyzed for porosity and matrix diffusion coefficients J
were taken from only a few discrete locations). Given these uncertainties, we do not
consider it terribly surprising that the amount of matrix diffusion appeared to be
greater in the shorter residence time pathways. j

2.4.2 Lithium

We proceeded to fit the lithium data using the same mean residence times and
Peclet numbers that offered the best simultaneous fit(s) to the PFBA and bromide data.

The lumped matrix diffusion mass transfer coefficient, VD., for lithium was
b

assumed to be two-thirds that of bromide and twice that of PFBA, based on the ratios of
the diffusion coefficients of these ions (Newman 1973). Fits were obtained by adjusting KJ
the fracture and matrix retardation coefficients in the flow system equation of Fig. 2-8,
which assumes equilibrium, linear, and reversible sorption in homogeneous pathways.
Sorption in fractures could be the result of the presence of mineral alteration phases
(mineral coatings) with a high cation exchange capacity or the presence of crushed tuff
within the fractures, or a combination of both. The retardation coefficient, R, is related
to the linear distribution coefficient through the well-known expression,

R=1+-PKD (2.1)

where PB = bulk density, g/cm',
* = porosity,
KD = linear distribution coefficient, cm3/g.

Note that the assumption of a linear sorption isotherm is contrary to the
nonlinear Langrnuir isotherm behavior observed in the lithium laboratory experiments
described in Section 3.0. However, the asymptotic, low concentration behavior of a-
Langmuir isotherm is the same as a linear isotherm with KD equal to KLS.,, so we felt
that assuming linear sorption behavior was a reasonable starting point. Also, the
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relatively fast sorption kinetics observed in the laboratory column experiments and in
earlier batch sorption tests (Fuentes et al. 1989) suggested that the assumption of
equilibrium sorption'should be valid for the tracer arnival times in the October test

' Our initial attempts to fit the first lithium peak (up to about 120 hr into the test)
using the physical model parameters deduced from the PFBA and bromide fits were
unsatisfactory. We found that assuming linear, equilibrium sorption in the matrix
resulted in a peak that occurred later'than the actual data with a tail that was'much
higher than the data.' We also found we had to assume no sorption in fractures (i.e., Rf =
1) because any fracture sorption resulted in a peak that occurred much too late to match
the data. Note that the absence of fracture sorption does not necessarily mean that
lithium wasn't sorbing to fracture surfaces; it simply means that the fractures had very
little surface area available for sorption (i.e., without crushed fill or sorptive coatings).
Because of the relatively poor fits obtained assuming equilibrium, linear sorption
behavior, we proceeded to fit the lithium data assuming (1) rate-limited, linear sorption,
(2) equilibrium, nonlinear (Langmuir) sorption, and (3) rate-limited, nonlinear sorption
with a rate constant equal to the slowest rate constant measured in the cru ;hed-tuff
column experiments described in Section 4.1. RELAP offers the option of using a
transfer function expression for rate-limited, linear sorption in a dual-porosity system;
and a numerical model, RETRAN, was used to simulate nonlinear sorptive transport
through a dual-porosity system (Appendix A; Reimus and Dash, 1998). '

Fig. 2-8 shows fits to the first lithium peak obtained for the cases mentioned
above, including the equilibrium, linear case. Sorption parameters corresponding to the
fits in Fig. 2-8 are given in Table 2-4. These parameters were calculated assuming that
the flow pathways resulting in the first peak were in the central Bullfrog Tuff (p, = 2.34
g/cm3 and ¢ = 0.1). The KD and S,,,, values would be -3.5 times higher if it were
assumed that the flow pathways were in the lower Bullfrog Tuff (p. = 1.90 g/cM3 and 0
= 0.29). The best fit to the data was obtained assuming rate-limited, linear sorption in
both the fractures and matrix, although Table 2-4 shows that the best-fitting rate
constants were over an order of magnitude lower than those observed in the laboratory
column experiments. The assumption of equilibrium nonlinear (Langmuir) sorption
provided a better fit to the tail of the data than the equilibrium linear fit, but the peak
was predicted to occur too early. The assumption of rate-limited nonlinear (Langmuir)
sorption using rate constants from the crushed-tuff column experiments (Section 4.1)
also resulted in improved fits to the tail of the data, but the peak was again predicted to
occur early.- Fig. 2-9 shows a comparison of the Langmuir isotherms derived from the
laboratory data and from the field data assuming both equilibrium and rate-limited
sorption. Note that the rate-limited field-derived isotherm is in quite good agreement
with the laboratory isotherm.

It should be emphasized that the fits in Fig. 2-8 and Table 2-4 are not unique;
reasonable fits can be obtained for any isotherm ranging from the equilibrium, field-
derived Langmuir isotherm shown in Fig. 2-9 to a linear isotherm, provided that the
sorption rate constants are allowed to vary (slower rate constants result in more linear
isotherms). The rate-limited nonlinear fit shown in Fig. 2-8 (with corresponding
isotherm in Fig. 2-9) was selected for presentation because it corresponds to the slowest
laboratory-observed sorption rate. It should also be noted that the lithium injection
concentration in all RETRAN (nonlinear) simulations was assumed to be 1200 mg/L
(the concentration of the injectate), which resulted in the maximum possible effect of
isotherm nonlinearity on the resulting fits. The nonlinear "fits" obtained using
RETRAN are not true least-squares fits because RETTRAN does not currently offer
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automated minimization of sums of squares of differences. However, after conducting
many RETRAN simulations, we were confident that the nonlinear fits in Fig. 2-8 were
relatively close to best fits. We found that better nonlinear fits could be obtained by
assuming shorter injection pulse durations and correspondingly longer injection delays
(we assumed a 6-hr pulse after a 4-hr delay), but we chose to maintain consistency with
the assumptions made for the linear cases.

We also considered cases in which physical and chemical heterogeneity were
assumed in the pathway(s) that resulted in the first set of tracer peaks. Lithium
sorption in both of these cases was assumed to be linear and fast (equilibrium). In each -

case, the first "pathway" was split into two "pathways" which had either different I
matrix diffusion mass transfer coefficients (physical heterogeneity) or different lithium
sorption parameters (chemical heterogeneity). An important constraint in this
pathway-splitting approach was that the PFBA and bromide responses from the two
pathways were required to sum to the total observed PFBA and bromide responses in
the first 80-100 hrs of the test.

In the physical heterogeneity case, the first pathway was assumed to have a
matrix diffusion mass transfer coefficient that was half that in the second pathway. The
rationale for this assumption was that higher velocity pathways should tend to have
larger average apertures. This has been shown to be the case in numerical simulations
of flow and transport in single fractures, where flow is often predicted to be highly
channelized in large aperture regions (Moreno et al. 1988, Thompson 1991, Reimus
1995). The larger average apertures of high-velocity channels give these channels
smaller matrix diffusion mass transfer coefficients because the aperture appears in the
denominator of the lumped mass transfer coefficient. The larger mass transfer
coefficient assumed in the second set of pathways was expected to suppress the tail of
the first lithium peak relative to the nonsorbing tracers, which is consistent with the
behavior observed in the tracer test. Table 2-5 shows the model parameters used to -

obtain a reasonable fit to the early lithium response assuming physical heterogeneity.
In the chemical heterogeneity case, the mass transfer coefficients in the two

pathways were constrained to be identical (equal to the single-pathway fit(s) to the
PFBA and bromide data). However, lithium sorption was adjusted such that the first
pathway accounted for almost the entire early lithium response, while the second
pathway had only a minor contribution to the lithium response. This approach, while
admittedly somewhat arbitrary, can be justified by recognizing that fractures often
differ significantly in their degree of mineral alteration and fracture fill material as well
as in the properties of the surrounding matrix, all of which can signficantly affect
sorption. It is also logical to assume that the fastest flow pathways may be the most
open and least sorptive because of less fill material and possibly less mineral alteration
to provide favorable sorption sites for lithium. Table 2-6 shows the model parameters
used to obtain the best fit to the early lithium response assuming chemical
heterogeneity.

An extreme variation of both the physical and chemical heterogeneity casesi
involved assuming that there was a pathway that had no sorption or matrix diffusion at
all.- This pathway was assumed to account for all of the first lithium peak and
approximately half of the first PFBA and bromide peaks. The remainder of the early
PFBA and bromide responses was then accounted for by a second pathway in which a
large amount of matrix diffusion (and sorption) was assumed. This case was analyzed
to demonstrate that it is possible, however unlikely, to postulate that matrix diffusion is
not necessarily occurring in all flow pathways in the system. One would have to
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speculate the existence of a very large aperture fracture pathway in this case that
behaved essentially as a "pipe" to transport a small fraction of the tracers without any
matrix diffusion or sorption.' The microsphere data argue against this hypothesis
because the microspheres would be expected to move very efficiently through such an
open pathway, and this was not the case. Also, one would expect such an open
pathway to respond even more quickly and with more tracer mass than was observed.
Nevertheless, this case illustrates that it is possible to deduce that a small amount of
tracer mass could have moved through the system without being affected by matrix
diffusion and sorption. Table 2-7 shows the model parameters used to obtain the best
fit to the early lithium response for this case.

The lithium fitting exercise was completed by assuming that an additional
"pathway" accounted for the late lithium response. This pathway was assumed to have
the same physical characteristics (mean residence time, Peclet number, and matrix
diffusion mass transfer coefficient) that were deduced from the simultaneous fits to the
late PFBA and bromide responses. Lithium sorption parameters were the only
parameters adjusted to fit the data. We found that the assumption of equilibrium,
linear sorption was adequate to provide good fits to the late lithium response, so rate-
limited and nonlinear fits were not attempted. Table 2-8 provides lithium sorption
parameters that yielded good fits to the late lithium data for the various cases discussed
above. Note that the parameters resulting in good fits are all very similar regardless of
which assumptions were made to explain the first lithium peak Fig. 2-10 shows
examples of a composite fits to the entire lithium response in the reactive tracer test.
The fits in this figure assume (1) linear, rate-limited sorption of lithium during the early
portion of the test (see Tables 2-3,2-4, and 2-8 for parameters), and (2) linear,
equilibrium sorption of lithium throughout the test, but with chemical heterogeneity in
the first pathway (resulting in two sub-pathways, 1A and 1B - see Tables 2-3, 2-6 and 2-
8 for parameters). The fits obtained by all other modeling approaches discussed in this
section were nearly as good as the ones shown in Fig. 2-10.

It should be pointed out that, other than for the early lithium response (which
required assuming no sorption in fracture flow pathways in order to obtain a
reasonable fit), it was possible to explain the majority of the overall lithium response
using a relatively wide range of combinations of fracture and matrix retardation factors.
At one extreme, relatively large fracture retardation factors could be used with
relatively small matrix retardation factors to obtain reasonable fits. At the other
extreme, reasonable fits could also be obtained by assuming no fracture retardation at
all, but with relatively large matrix retardation factors. Table 2-9 shows selected
combinations of fracture and matrix retardation factors in pathways lb and 2 that
offered good fits to the lithium data for the cases discussed above.

While the lithium-fitting exercise 'points out considerable ambiguity in the
interpretation of the lithium data, one must not lose sight of the overall goal of the
exercise, which was to determine if laboratory measurements of lithium sorption could
be used to predict lithium transport in the field. The field test interval included
portions of two major lithologies, the moderately-welded central Bullfrog Tuff and the
poorly-welded lower Bullfrog Tuff. Based on laboratory sorption measurements
(Section 3.0) and measurements of matrix porosities (Section 5.0),' the matrix retardation
factors of these two tuffs were predicted to be 12.5 for the central Bullfrog Tuff and 12.0
for the' lower Bullfrog Tuff. These retardation factors were calculated using equation
(2.1) and assuming that K 0 was equal to the asymptotic slopes of the Langmuir
isotherms at low lithium concentrations (i.e., KD = KLS,,,, which was 0.43 ml/g for the
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central Bullfrog Tuff and 1.65 ml/g for the lower Bullfrog Tuff). Note that the lower
Bullfrog Tuff has a lower predicted retardation factor than the central Bullfrog Tuff
even though it sorbed lithium more strongly in the batch sorption tests. This result can
be attributed to the higher porosity of the lower Bullfrog Tuff; in equation (2.1) the
retardation factor is inversely proportional to the porosity, and furthermore, the bulk
density is related to porosity by

Ps = p5 (1-0) (2.2)

where, pa = density of pure rock material, g/cm'.

Thus, a lower porosity rock will always have a higher predicted retardation factor than
a higher porosity rock if the sorption characteristics of the two rocks are similar. In this
case, the lower Bullfrog Tuff sorbs lithium about 3 times more strongly than the central
Bullfrog Tuff, but the porosity of the lower Bullfrog Tuff is also nearly 3 times higher
than the porosity of the central Bullfrog Tuff. Thus, the higher porosity of the lower
Bullfrog Tuff offsets its higher sorption capacity, and the end result is that the two rocks
are predicted to have almost the same matrix retardation factor.

However, this analysis ignores the fact that retardation factors in reality should
be dependent on the ratio of rock surface area to solution volume rather than rock mass j
to solution volume (as assumed in equation 2.1). One can readily verify that the blind
application of equation (2.1) to very low porosity rocks will result in completely
unrealistic retardation factors. In fact, these retardation factors will approach infinity as
the matrix porosity approaches zero. If the higher porosity of the lower Bullfrog Tuff
relative to the central Bullfrog Tuff were the result of 3 times as many pores per unit
volume of rock, but the pores had the same size distribution in each rock, then the |
surface area to volume ratios in the two rocks would be about the same. In this case, the
lower Bullfrog Tuff would be expected to have a factor of 3 greater retardation factor
than the central Bullfrog Tuff because of its factor of -3 greater lithium KD value.
Although we have no data on pore size distributions in the tuffs, we believe that this
postulated situation is probably closer to reality than the implicit assumption that there
is a significantly higher surface area to solution volume ratio in lower porosity rocks.

In light of this discussion, we can conclude that the lithium sorption parameters
in Tables 2-4 through 2-9 are in quite good agreement with the laboratory sorption
parameters measured for the central and lower Bullfrog Tuffs (see Section 3.0, and Table
3-5). The field-derived lithium retardation factors are consistently greater than or -

nearly equal to the retardation factors that would have been predicted from the
laboratory measurements. Only in the case of the very early lithium response is the
field-derived retardation factor lower than the laboratory-derived factor, and even here
the difference (42%) could be readily explained if lithium concentrations in the fractures
were high enough that sorption nonlinearity was important (recall that we assumed the
asymptotic KD at the lowest concentrations [= KLS:, which will always yield lower
predicted concentrations). However, we also showed that it is possible to conclude that
a small amount of lithium (as much as 5%) could have moved through the system
unretarded. The general observation that there was greater lithium retardation in the
second set of pathways compared to the first set of pathways is consistent with our
deduction that the second set of pathways was more likely to have been in the more
strongly sorbing lower Bullfrog Tuff. Given the physical and chemical heterogeneity
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that was undoubtedly present over the -30-meter long and -100-meter thick section of
tuff that the field test was conductedl in, these results are very encouraging, and they
lend validity to the practice of using laboratory-derived sorption data to predict field-
scale transport of sorbing solutes. If anything, the use of the laboratory-derived lithium
sorption parameters would have resulted in conservatively high predictions of total
lithium transport through the field system. We conclude that predictions of sorbing
solute transport through the saturated zone using laboratory-derived matrix sorption
parameters should be conservative, especially if no sorption in fractures is assumed.

2.5 Interpretation of Microsphere Response

As with the solutes, the microsphere response in the multiple tracer test was
interpreted using the RELAP code to fit the two peaks. We assumed that the mass
fractions, mean residence times, and Peclet numbers of the two "pathways" that
accounted for the nonsorbing solute responses (Sections 2.4.1) also applied to the
spheres. However, the lumped matrix diffusion parameter was set equal fc zero (i.e.,
no matrix diffusion) because of the large size and small diffusivity of the microspheres
relative to the solutes. The only adjustable parameters in the analysis were a forward
first-order filtration rate constant and a first-order reverse filtration rate constant (also
called a resuspension or detachment rate constant).

The differential equations used to describe microsphere transport in the fractures
were:

X ~ -+ V ac 13D5rF.+ kiC - k,,S = 0 (2.3)

at ax as 2

b at s kitC + kteS 0 (2.4)

where, C = colloid concentration in solution, no./L
S = colloid concentration on surfaces, no./cm2

V = flow velocity in fractures, cm/sec
D = dispersion coefficient, cm2 /sec
kfil, = filtration rate constant (1/sec) = kV, where X = filtration coefficient

(1/cm)
kin = resuspension rate constant, 1/cm-sec
x, t = independent variables for distance and time, respectively.

Note that these equations are equivalent to equations (Al) and (A2) in Appendix A with

(2J) = be, af, and Of = 1, and =0. Thus, the RELAP semi-analytical model is capable

of representing the simple colloid transport model given by equations (2.3) and (2.4).
We initially tried to fit the early microsphere response (the first peak) by

assuming only irreversible filtration with no resuspension/detachment. We found that
while this approach was capable of fitting the timing and normalized concentration of
the first microsphere peak, it resulted in a much shorter tail than the data indicated.
Therefore, to account for the tail, a small fraction of the filtered microspheres was
assumed to detach. A fit to the tail was obtained by adjusting both the fraction of
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spheres detaching and the detachment rate constant (while keeping the forward
filtration rate constant the same as in the fit tothe peak).

A fit to the second microsphere peak was obtained in the same' manner.
However, in this case, we found that the forward filtration rate constant had to be
adjusted large enough so that essentially all of the mnicrospheres were filtered as they
moved through the system. This was necessary because any. microspheres moving,
through the system without being filtered were predicted to arrive too early to match
the observed response (note that the second microsphere peak occurred after the second
nonsorbing solute peaks; see Fig. 2-2). Unfiltered spheres moving through the second
set of pathways were predicted to arrive at about the same time as the low point in
concentration between the two peaks. j

Therefore, to account for the second microsphere peak, it was necessary to
assume that a substantial fraction of the spheres in the second set of pathways were
reversibly filtered. Unlike the first peak, however, we found that it was not possible to I
fit the entire second peak using a single detachment rate constant. The peak itself was
fit by assuming a fraction of the microspheres experienced one detachment rate, and the
tail was fit by assuming a separate fraction experienced another detachment rate. The 4
remaining microspheres were assumed to not detach at all. The forward rate constant
associated with each of these mass fractions was set equal to the minimum rate constant
necessary to ensure that nearly all of the microspheres were filtered before making it I
through the system.

The resulting fit(s) to the microsphere data are illustrated in Fig. 2-11. The
"pathways" labelled 1A and 1B represent the non-detaching and detaching fractions, I
respectively, of the microspheres following the pathway(s) that resulted in the first
solute peak. Pathways 2A, 2B, and 2C in Fig. 2-11 represent the nondetaching and the
two detaching fractions of the microspheres following'the pathway(s)'that resulted in
the second solute peak. The fitted mass fractions and filtration parameters associated
with the "subpathways" in Fig. 2-11 are given in Table 2'10.

Note that the predicted first arrival of microspheres precedes' their actual first K
arrival by 2 to 3 hrs. This result can be attributed to the fact that we did not assume a 4-
hr delay in the injection of microspheres into the pathways that resulted in the first
tracer peaks (as we did for the solutes). We assumed hocdelay for the microspheres |
because the microsphere injection began about 3.5 hrs after the solutes were injected.
We reasoned that if the solutes did not begin entern''g th'e pathways resulting in the first
tracer peaks until after the microspheres were injected, then it was reasonable to assume
that the microspheres should have entered those pathways' at the same time as the
solutes. However, if the microspheres experienced a delay similar to the solutes, then
their predicted first arrival would actually be slightly later thanh the'observed first
arrival. In fact, in this case, the first arrival would coincide almost eiactly with the first
arrival of solutes. Thus, the uncertainty associated with when'the'microspheres actually
began entering the flow system causes considerable uncertainty in the predicted first
arrival of the microspheres.

It should be pointed out that the interpretation of the microsphere response
presented in the preceeding paragraphs is by no means unique. First, it is quite likely
that there exists a continuous distribution of filtration and detachment rate constants
rather than a few discrete ones, as assumed in the above'analysis. Such a distribution
could arise from a distribution of colloid surface properties and/or physical and
chemical heterogeneities in fracture surfaces. It is also possible that colloid filtration
and'detachment are not linear first-order processes as assumed in equations (2.3) and
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(2.4). Rather, they might be better described as nonlinear and/or stochastic processes .<

(Dabros and Van de Ven, 1982,1983). Finally, as mentioned above, the interpretation of
the microsphere response 'elative to the solutes is complicated by the fact that the
microsphere injection was'started later than the solute injection. In addition to causing
uncertainty in when the microspheres actually began moving into flow pathways, the
differences in injection times may have resulted in the microspheres not being
distributed into flow pathways in exactly the same proportion as the solutes (i.e., a
different source term). If different assumptions were made about the distribution of
spheres between the two major sets of pathways, different filtration parameters would
be obtained.

Although these uncertainties exist, we believe that the interpretation of the
microsphere response presented in Fig. 2-11 and Table 2-10 is one of the simplest that is
consistent with the data. Even if the quantitative aspects of the interpretation are not
entirely correct, it is difficult to refute the qualitative conclusions that (1) the,
microspheres were significantly attenuated relative to the solutes and (2) the
microsphere response (specifically the long tailing behavior) can only be explained by ,
assuming that at least a portion of the spheres were reversibly filtered.' The latter
conclusion implies that colloid detachment, or perhaps some other process that behaves s
like detachment, is important in predicting microsphere transport through saturated,
fractured tuffs near Yucca Mountain.

2.6 Uncertainties in Test Interpretations

There are several sources of uncertainty associated with the tracer tests and their
interpretation. 'First, there are data uncertainties, which are related to the accuracy and A
precision of the tracer chemical analyses, including both random and systematic errors. '
We believe that random errors were small because the breakthrough curve data are not +
widely scattered and show well-defined trends.' The most significant sources of
systematic errors would have been day-to-day differences in analytical instrument
operation and in analytical standard preparation. However, careful checks with control :
samples and cross-checking with another analytical laboratory (University of Nevada at '
LastVgas, unpublished data) indicated that systematic errors were minimal. '
Incomplete1knowledge of the'residual concentration of PFBA in the'October test due to .
the May PFBA injection is an additional source of uncertainty in the October PFBA data
(see Section 2.3), but this uncertainty can be bounded and shown to have minimal
impact on the'interpretative analysis. -

- Uncertainties in the model parameter estimates are related to uncertainties in the I.
data, discussed above, and uncertainties in the uniqueness of the curve fits. Parameter ^

uncertainty due to data scatter can generally be quantified by statistical measures such i

as "95% confidence intervals" (Draper and Smith, 1981). For a given set of modeling
assumptions, we expect this uncertainty to be relatively small given the smoothness of r

the breakthrough curve data, but we have left its quantification for future work. It is
clear that uniqueness-of-fit uncertainties are lower when several tracer responses are
analyzed simultaneously than when only a single response is analyzed (Table 2-2)
because more constraints are placed on the interpretation. However, a detailed analysis ?.

-of this uncertainty is also reserved for future work.
We believe that the most important source of uncertainty in the tracer test

interpretation is associated with the modeling'assumrptions made in the curve-fitting
procedure. These uncertainties include: (1) not knowing whether the flow field was
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linear or radial, (2) not knowing the exact duration and timing of the tracer injection
that resulted in the first tracer peak, and (3) the possibility that the wellbore source
functions could have been significantly different than an exponential decay with a time
constant approximately equal to the borehole volume divided by the injection flow rate.
The effects of uncertainties (1) and (2) were addressed in Section 2.5. The effect of radial
vs. linear flow is reflected in Tables 2-3 and 2-5 through 2-7, and the effect of varyingV
the tracer injection duration was found to have only a minor effect on the first peak
response and virtually no effect on the second peak response. J

The source term uncertainty was investigated by varying the exponential decay
time constant by about an order of magnitude, from 0.13 to 1 hri. For perspective, the
value corresponding to the injection borehole volume divided by the injection rate was
-0.26 hrl. Interestingly enough, both the mean residence times and Peclet numbers
decreased as the time constant was decreased (i.e., a slower exponential decay). This
result suggested that the model was trying to compensate for a slow release from the
injection wellbore by speeding up the movement of tracer through the formation and
increasing the amount of mass arriving early as a result of dispersion. Because the fits
tended to be better with faster decay constants, we used'a decay constant of 1 hr1' to
obtain all of the parameter estimates in Tables 2-3 through 2-10. It should be noted that -
the value of the decay constant (within the range stated above) had virtually no effect
on the interpretation of the latter portion of the breakthrough curves.

2.7 Discussion

We now consider the implications of the test interpretations associated with 2
these fits. First, it is apparent that regardless of which uncertainties or alternative test
interpretations are considered for the solutes (particularly for lithium), it must be.
concluded that matrix diffusion and sorption are occurring in most, if not all, flow
pathways. Second, the lithium sorption parameters deduced from the interpretative fits
are in reasonably good agreement with the laboratory sorption data. The agreement
between field and laboratory data is especially encouraging given all of the chemical i
and physical heterogeneity present in the field and the lack thereof in the interpretive
models and the laboratory experiments. Furthermore, a comparison of the laboratory-
and field-derived sorption parameters suggests that the use of.the laboratory data to -

predict field-scale lithium transport will tend to slightly overestimate field transport
rates over long distances and times. (See Section 2.4.2 for additional discussion of the
implications of the lithium response)./We conclude that a dual-porosity
conceptualization of the saturated zone near Yucca Mountain is validAnd that the
reasonable agreement between field and laboratory lithium sorption parameters lends
validity to the practice of using laboratory-derived sorption data to predict field-kcale
transport behavior. However, this latter conclusion should be applied cautiously to
sorbing radionuclides, for which there are no field data in the immediate vicinity of
Yucca Mountain.

The microsphere response compared to the solutes indicates that while the
majority of the spheres were irreversibly attenuated in the system (filtered or
deposited), a significant fraction of them moved through'the system quite efficiently
(some without any apparent filtration). The response also indicates that a significant
fraction of the spheres arriving at the production well experienced both filtration and
resuspension/detachment, suggesting that not all filtration is irreversible. The
implication is that a nontrivial fraction of groundwater colloids can be expected to
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travel significant distances over significant times in the saturated zone at rates
comparable to or exceeding those of nonsorbing solutes.

Table 2-11 provides ranges of physical'parameter values derived from the field
test interpretations. These"ranges are intended to provide performance assessment
modelers with lower an'd upper bounds for use in large-scale,-abstracted transport
models, although it must be recognized that the values apply strictly to only the central
and lower Bullfrog Tuffs at the C-wells. Lithium sorption parameters are not included
in Table 2-11 because they are not directly relevant to any radionuclides of importance
to performance assessment. Although some of the parameter ranges in Table 2-11 seem
large, the use of simnultaneously-injected multiple tracers significantly reduced the
range that would have been reported in a single tracer test.

The longitudinal dispersivity values in Table 2-11 were calculated using a =
L/Pe, where the travel distance, L, was assumed to take on minimum and maximum
values of 30 and 100 m, corresponding to interborehole distance and the approximate
distance between' the bottom of one borehole and the top of the other (the maximum
possible linear transport distance), respectively. The lower bound was cdculated
assuming a distance of 30 m and a Peclet number' corresponding to the first set of
pathways. The upper bound was calculated assuming a distance of 100 m and
assuming a Peclet number corresponding to'the second set of pathways. To put these
dispersivities in'perspective, Fig. 2-12 shows a box encompassing the entire range of
calculated 'dispersivities superimposed on a plot of dispersivity vs. scale taken from
Neuman (1990). It is apparent that the C-wells longitudinal dispersivity is reasonably
consistent with other data sets and with existing theories on the scale dependence of
dispersion.a

The values in Table'2-11 for fracture apertures,fracture spacig,effective flow
porosity, and effective fracture porosity are all very uncertain and should be used with
caution; Fracture aperture values were calculated from the best-fitting lumped matrix

diffusion parameters, -- Ji assuming that the matrix diffusion coefficients and
b

matrix porosities measured in diffusion cell experiments (see Section 5.0) applied in the
field. The lower bound was calculated using the lumped parameter from the first set of
pathways and assuming the matrix porosity and diffusion coefficients measured in the
central Bullfrog Tuff. -The upper bound was calculated using the lumped parameter
from the second set of pathways and'assuming the matrix porosity and diffusion
coefficients measured in the lower Bullfrog Tuff. The lower bound for fracture spacing
was based on fitting the extreme tail of the PFBA and bromide breakthrough curves
where there is considerable scatter and uncertainty in the data. The upper bound is
infinite because good fits to the'early tracer data were obtained assuming an infinite
matrix. Flow porosities were calculated using the following equation, which assumes
homogeneous, isotropic, radial convergent flow of the entire production flow rate over
the entire thickness of the test interval. -~~_h L- fe _ ____

, 51iR2L - (2.5)

where, 1 = flow porosity
Q - production rate (-34.1 m'/hr)
t= mean residence time, hr

Milestone SP32E2M4 2.19 Draft,9/3/98



R = distance between wells (-30 m)
L = formation thickness (-100 m).

Assuming radial convergent flow in a homogeneous, isotropic medium frequently
results in high estimates of flow porosity when the medium is actually quite
heterogeneous(pulish rsults). Also, the upper bound flow porosity values arel
derived from le longest residence time pathways, which very likely received much less <
than 100% of the total production flow rate. The upper bound fracture porosity
reported in Table 2-11 is distinguished from the upper bound flow porosity in that it is,,,,\ 1, aJ
estimated by dividing the maximum fracture half-aperture (0.63 cm) by the half the o
minimum fracture spacing (4 cm). This upper bound is unrealistically high because it tew a Sy Is
actually exceeds the highest matrix porosities measured in the laboratory. The lower ;^ ta)e? J
bound for fracture porosity is zero because reasonable fits to the tracer data were
obtained assuming an infinite matrix

While we considered the tracer tests to be highly successful, we recognize that
much work remains to be done. We tested only one formation at one location near
Yucca Mountain, and it would not be prudent to base performance assessments of the
entire saturated zone on such a limited data set. Thus, we plan to conduct additional
tracer tests, possibly in other test configurations such as single-well injection-
withdrawal mode, in other hydrogeologic formations, and at other locations near Yucca
Mountain. Issues to be addressed in these tests include, but are not necessarily limited j
to, (1) the time- and distance-scale dependence of the processes of dispersion, matrix
diffusion, and sorption, (2) the spatial variation of transport properties in the vicinity of
Yucca Mountain, (3) the variation of transport properties in different stratigraphic zones
and in different hydrogeologic settings (e.g., faulted vs. unfaulted rock, high
conductivity vs. low conductivity rock, high matrix porosity vs. low matrix porosity
rock, fractured rock vs. porous medium [e.g., alluvium]), (4) field sorption behavior in ]
different rock types (e.g., mineralogically altered vs. unaltered, high in clays vs. low in
clays, welded vs. unwelded, fractured vs. porous medium), and (5) the diameter, water
chemistry, and geologic media dependence of mnicrosphere/colloid transport in the AJ
saturated zone. We also plan to conduct additional laboratory experiments to (1)
characterize the sorption of lithium and other potential reactive tracers onto other rocks
likely to be encountered in the saturated zone near Yucca Mountain and (2) measure
free-water diffusion coefficients of nonsorbing solutes so that quantitative estimates of
tortuosity factors can be obtained from diffusion cell data.

We consider our modeling of the tracer tests to be a relatively simple approach to
interpreting the data. This approach involves a minimum number of adjustable:
parameters, which is consistent with our limited knowledge of flow system geometry
and heterogeneity. Although we believe that our conclusions are sound, we recognize
that there is much room for revisiting the analyses using more sophisticated modeling
tools and introducing more system complexity, particularly as more site-specific
information becomes available. In the future, we plan to incorporate this information
into numerical models that can better account for both physical and chemical
heterogeneity in two- and three-dimensions. We also plan to examine other semi-
analytical modeling approaches, such as the multi-rate diffusion model of Haggerty and
Gorelick (1995), which has been used to interpret tracer tests conducted in a fractured
dolomite near Carlsbad, NM for the Waste Isolation Pilot Plant project (Meigs et al.,
1998). The fact that the matrix diffusion mass transfer coefficients in our analyses
decreased as pathway residence times increased (Table 2-3) and that a finite fracture
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spacing offered a better fit to the end of the conservative tracer breakthrough curves
suggests that multiple diffusion rates and/or finite fracture spacings may be important
at long time scales in theilg 'oundwater system. It migltit o suggest that
interconnected porosity, and hence diffusion coefficients in the matrix, decrease with
distance into the matrix (away from fractures). It is also possible that some of the
apparent matrix diffusion in the field experiments was actually diffusion into stagnant
water along the rough fracture walls or within the fractures themselves (occurring as a
result of tracers diffusing out of high flow rate channels and into low flow zones), rather
than into the matrix proper. These possibilities have important implications for
saturated zone performance assessments and merit further study because, if valid, they
would suggest that matrix diffusion might be overestimated in short-duration tracer
experiments.
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Section 2.0 Tables

Table 2-1. Summary of quantitative interpretation procedure for reactive tracer test.

1. Find the values of tr, Pe, O/b, and f (with R., and Rf equal to 1) that provide the best
simultaneous fit to the first PFBA and bromide peaks.

2. Subtract the fits obtained in step 1 from the PFBA and bromide data sets, and repeat
step 1 to fit the resulting second peaks (i.e. second set of pathways).

3. Fit the lithium data sequentially as in steps I and 2 by adjusting R. and Rf while
using the values of r, Pe, O/b, and f that gave best fits to PFBA and bromide data.

4. If step 3 results in poor fit(s) to the lithium data for any given peak, attempt to
obtain a better fit by allowing rate-limited and/or nonlinear sorption or by
assuming multiple pathways that have different physical or chemical characteristics.

I

-J

J

I

j

Table 2-2. Parameter values resulting in best fits to the May 1996 PFBA data as a

function of assumed matrix diffusion mass transfer coefficient, 0 A.
b

i

ib +/X sec" r, hr Pe Dispersivity, ml f
0.00346 150 29 1.1 0.99
0.00173 220 16 1.9 0.8
0.000866 310 9 3.4 0.72
0.000346 410 6 5.2 0.65

0 (single-porosity) 470 5 6.2 0.55
*Assurnes a 30-m travel distance (borehole separation).

I

Table 2-3. Parameters obtained from fits to the PFBA and bromide responses in the
reactive tracer test (Rf and Rm = 1).

Parameter Pathway 1 Pathway 2
f, fraction mass 0.12 0.59
I, linear flow, hr 37 995
Pe, linear flow 6.0 1.7

I, radial flow, hr 31 640
Pe, radial flow 9.0 3.0

BromideND -112Brornid b <,SeC "0.00158 0.000458
fracture spacing, cm cc 4

Note: § A for PFBA is 0.577 times that for bromide.
b
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Table 2-4. Sorption parameters derived from fits to the first lithium peak (Fig. 2-10)
assuming that the flow pathways resulting in this peak were in the central Bullfrog
Tuff. Other parameters used to obtain the fits were the same as for Pathway 1 in

Table 2-3 (with b equal to two-thirds that for bromide). Laboratory Langmuir

isotherm parameters for the central Bullfrog Tuff were KL = 0.014 ml/g and S.,. =
31.4 ig/g (see Section 3.0). The laboratory forward sorption rate constant ranged
from 2.2 to 18 hrl (see Section 4.1).

Linear, Linear, Langmuir, Langmuir,
Parameter Equilibrium Kinetic Equilibrium Kinetic

R. -1 (no sorption) 1.3 1 (no sorption) (see footnote 5)
R., 7 30 -

k,"', hr' l co 0.14 cc 2.2
sq'a',hr' cc 0.16 co 2.2

KD1 '), rml/g 0.256 1.24
KL(4), ml/jig 0.1 0.025
SMax pRg/g 21 35.2

MForward rate constant in fractures.
2'Forward rate constant in matrix.
(3) Matrix value, calculated from equation (2) using fitted Rm and assuming pl = 2.34

g/cm3 and 4 = 0.1 (laboratory values for central Bullfrog Tuff). KD would be -3.5
times larger if transport were assumed to be in the lower Bullfrog Tuff. KD not
calculated for fractures because of ambiguity in defining PB and 4 in fractures.

4'Matrix value, obtained from RETRAN assuming PB - 2.34 g/cm3 and 4 = 0.1. KL
would be -3.5 times larger if transport were assumed to be in the lower Bullfrog
Tuff.

5 Sorption in fractures was assumed to be Langmuirian with same KL as for matrix but
with S., = 125 iAg/g (to simulate slightly greater sorption capacity to fracture
surfaces) and P./o = 0.1 (to simulate a lower surface area to volume ratio in
fractures). These assumed values result in an Rf approximately. equal to 1.3, which is
the Rf value obtained for the linear, kinetic fit. RETRAN simulations were not very
sensitive to fracture sorption parameters.
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Table 2-5. Transport parameters resulting in a good fit to the early lithium response
assuming two separate "pathways" that have different matrix diffusion mass
transfer coefficients (physical heterogeneity) but nearly identical lithium sorption
parameters.

IJ

I
_,

Parameter
f, fraction mass
a, linear flow, hr
Pe, linear flow

.r, radial flow, hr
Pe, radial flow

.

Pathway 1A
0.04
22
16
20
21

Pathway 1B
0.07
41
18
38
24

-

I
Bromide b .,, sec 12 0.00079 0.00158

Rf for lithium 1 1
Rm for lithium 13 18

I

Table 2-6. Transport parameters resulting in a good fit to the early lithium response
assuming two separate "pathways" that have the same matrix diffusion mass
transfer coefficients but different lithium sorption parameters (chemical
heterogeneity).

I

I
Parameter

f, fraction mass
Tr, linear flow, hr
Pe, linear flow

a, radial flow, hr
Pe, radial flow

Pathway 1A
0.075

27
11
24
15

Pathway 1B
0.037

46
19
43
25

-

-

Bromide 0 A, sec" 2
b m

Rf for lithium
Rm for lithium

0.00158
1
6

0.00158
5

40

I

-j
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Table 2-7. Transport parameters resulting in a good fit to the early lithium response
assuming two separate "pathways", one of which }i'no' matrix diffusion or
sorption and the other of which has only matrix sorption.

Parameter Pathway IA. Pathway lB
f, fraction mass, 0.049 0.065
t, linear flow, hr 42 30
Pe, linear flow 6 7

-t, radial flow, hr -35 25
Pe, radial flow 8.5 10

Bromide 0 I, 4I2 -0- 0 00354

Rf for lithium 1 1
Rm. for lithium 1 80

Table 2-8. Transport parameters resulting in good fits to the second lithium peak for the
various cases presented in Tables 2-4 through 2-7 (see text also). Other parameters

used to obtain the fits were the same as for Pathway 2 in Table 2-3 (with b D for
b

lithium equal to two-thirds that for bromide).

-

Case
Rate-limited (see Table 4)

Physical heterogeneity (see Table 5)
Chemical heterogeneity (see Table 6)

No matrix diffusion or matrix sorption (Table 7)

_

I R.
4

5.5
.5- .
5.5

R.

26 .
16
16
20
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Table 2-9. Combinations of fracture and matrix retardation coefficients resulting in
good fits to the late lithium response. Other parameters used to obtain the fits are !

given in Tables 5-8 for Pathway 1B and Table 2-3 for Pathway 2 (with ' 5 for I

lithium equal to two-thirds that for bromide in each case). !
Pathway 1B Pathway 2

Case RI, R. Rf, Rm
Rate-limited (see Table 2-4) N/A 1,78

4,26
Physical heterogeneity (see Table 2-5) 1,18 1,120

5.5,16
1,100 1,120

Chemical heterogeneity (see Table 2-6) 3, 70 5.5, 16
5,40
1,80 1,130

No matrix diffusion or matrix sorption (Table 2-7) 4,60 5.5,20
7,40

Table 2-10. Microsphere filtration and resuspension parameters associated with the fit
shown in Fig. 2-11. Other transport parameters used to obtain the fits are given in
Table 2-3. Note that subpathways 1A and 1B represent a mass fraction split of
Pathway 1 from Table 3, and subpathways 2A, 2B, and 2C represent a mass fraction
split of Pathway 2 from Table 2-3.

Parameter Path LA Path 1B Path 2A Path 2B Path 2C
f, mass fraction 0.115 0.005 0.423 0.067 0.1

ki,, 1/hr 0.2 0.2 0.04 - 0.04 0.04-
A", 1/cmn 0.00247 0.00247 0.0133 0.0133 0.0133

k,, 1/cm-hr 0 3.33 0 0.4 0.008
MX calculated as km,/V, where V = average linear velocity determined from mean fluid

residence time.

I

-I

-I

-J

Table 2-11. Ranges of physical parameters derived from the interpretation(s) of the
reactive tracer test. See text for assumptions and discussions of how lower and

A upper bounds were calculated.

Parameter
longitudinal dispersivity, m

b, cm
effective fracture spacing, can

-eK effective flow porosity
effective fracture porosity

lower bound
3.3

0.042

upper bound
59

0.63
J o il

"t&

4
0.0037

-0-

co

0.12
0.32 ear/,P'O'I . -)
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Section 2.0 Figures
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Figure 2-1. Breakthrough curve of iodide resulting from injection of -12.7 kg of iodide
into c#1 on June 18,1996. Declining background prior to and immediately after
injection is due to recovery of iodide from a February 1996 iodide injection into c#2.
Estimated recovery from c#1 accounting for c#2 background was between 6 and
10% through June 1, 1997.
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Figure 2-2. Normalized tracer breakthrough curves from the reactive tracer test
conducted in the lower Bullfrog Tuff between wells c#2 and c#3. Tracer recoveries
were -69% for PFBA, -69% for bromide, -39% for lithium, and -15% for
rnicrospheres.
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Figure 2-3. Normalized breakthrough curves of PFBA at C#3 (through 1800 hrs) from
the October and May injections into c#2.
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Figure 2-4. Physical system, conceptual model, and Laplace transform transfer functions used to interpret tracer tests.
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Figure 2-5. Fits to the May 1996 PFBA data assuming different values of the lumped

matrix diffusion parameter, -4I: (a) 0.00346 cm', (b) 0.00173 cm-', (c) 0.000865

cman, (d) 0.000346 cma', and (e) 0 cm-'. (single-porosity system). Parameter values
yielding the fits are given in Table 2-2. Data points are a subset of the actual data
(used for curve-fitting).
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Figure 2-6. Fits to the PFBA and bromide data from the reactive tracer test assuming
two "pathways." Model parameters corresponding to the fits are given in Table 2-3.
The data points are a subset of the actual data (used for curve-fitting).
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Figure 2-7. Ratios of radial and linear mean residence times ()and Peclet numbers (Pe)
as a function of linear Peclet number. Curves were obtained by fitting a linear flow
breakthrough curve of known XT and Pe using a radial model in RELAP.
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Figure 2-8. Fits to the first lithium peak in the reactive tracer test using different
isotherms and assuming only a single pathway with the same hydrologic
parameters that provided good fits to the PFBA and bromide data. The "Linear"
curves were generated using the semi-analytical model, RELAP, while the
"Langmuir" curves were generated using the numerical model, RETRAN. Model
parameters corresponding to the fits are given in Table 24. The data points are a
subset of the actual data (used for curve-fitting).
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Figure 2-9. Langmuir isotherms derived for lithium ion from laboratory testing and
from interpretations of the first lithium peak in the reactive tracer test. Table 2-4
gives Langmuir isotherm parameters used to generate the curves.

Milestone SP32E2M4 2.37 Review Draft, 9/3/98



io6n
0 Data

H Pathway 1 )

----- Pathway2 2

lo-- Sum

U

z.-

100-
.00* 0 Data

Pathway 1A

Pathway IB -

: lo 1 \ ------- Pathway2 2

- ~Sum

z

r %~~~~~~
10 100 1000 10000

Time, hrs

Figure 2-10. Fits to the lithium data in the reactive tracer test obtained by assuming
linear, rate-limited sorption in the first pathway that results in the first peak (top)
and by assuming chemical heterogeneity in the first pathway, resulting in two
subpathways (1A and 1B) that each have linear, equilibrium sorption (bottom).
Pathway 2 in both cases has linear, equilibrium sorption. Model parameters
corresponding to the fits are given in Tables 2-3, 2-4, 2-6, and 2-8. The data points
are a subset of the actual data (used for curve-fitting).
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Figure 2-11. Split-pathway fits to the microsphere data from the reactive tracer test.
Pathways IA and 1B represent non'detaching and detaching fractions, respectively,
of spheres moving through pathway 1. 'Pathways 2-A, 28, and 2C represent

S S

nondetaching and two detaching fractions, respectively, of spheres moving through
pathway 2. Filtration and resuspension/detachment rate constants obtained from
the fits are given in Table 2-10.;
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3.0 Batch Sorption Experiments

Materials and Methods

Batch sorption experiments were conducted in a manner similar to that described
by Reimus and Turin (1997, Appendix A), who reported results of batch sorption
experiments of lithium ion onto central Bullfrog tuff. The following steps were
common features of all experiments:

* C-holes core from a stratigraphic unit of interest was crushed, pulverized, and
passed through a 500-pwn sieve but retained on a' 75an sieve.

* A specified amount of crushed tuff was added to polycarbonate (polyallomer)
Oak Ridge centrifuge tubes. In some experiments, the tuff and centrifuge tubes
were autoclaved prior to contacting the tuff with the lithium solution.

* The tuff was preconditioned with filter-sterilized (0.2-pm filter) J-13 water.
* A specified amount of tracer-bearing water (either from well J-13 or well C#3)

was added to the preconditionedltuff, and the mixture was continuously shaken
for 24 to 72 hrs at either 25'C or 38'C to achieve equilibration between solid and
solution.

* After equilibration, the tubes were'centrifuged and a portion of the supernate
was filtered (0.2- or 0.4-pm filter) -for tracer analysis to determine the tracer
concentration remaining in solution. Lithium was analyzed by inductively-
coupled plasma-atomic emission spectrometry (ICP-AES).

* The mass of tracer sorbed to the tuff was determined by mass balance, with
corrections, if necessary, to account for sorption to the container walls, which
was measured in control experiments in which tuff was omitted.

* All measurements were made in duplicate.

Isotherms were determined under several different experimental conditions: 1:1
solution:solid ratio in J-13 water at 25'C, 1:1 solution:solid ratio in'J-13 water at 38'C, 2:1
solution:solid ratio in J-13 water at 25 C, 4:1 solution:solid ratio in C-3 water at 38C, 4:1
solution:solid ratio in J-13 water'at 25'C, and 4:1 solutiohusolid ratio in J-13 water at
38 C. The two temperatures were intended to span the range of conditions under
which sorption would occur in either the laboratory or the field (the average
groundwater temperature in the Bullfrog Tuff at the C-Holes is about 38'C).

At the time of these studies, groundwater from the C-Wells complex was not
consistently available, so groundwater from well J-13,1located 4 km southeast of the C-
Wells complex, was used as a' surrogate in most tests. J-13 water is well-characterized
and has become the defacto standard groundwater for use in Yucca Mountain sorption
studies (Harrar et al., 1990; Triay et al., 1993; Triay et al.,.1996). A comparison of J-13
and C-Wells groundwater chemistry' shows that the two waters are both sodium
bicarbonate'dominated and in all regards quite similar (Table 3-1). Lithium solutions
for sorption tests were prepared by'dissolvirng reagent grade lithium bromide in either
C#3 or J-13 water. All solutions were filter-sterilized before use.

A few testsiwere conducted in a sodium bicarbonate solution having the same
ionic strength as J-13 water but without the calcium and other cations present in J-13
water (Reimus et al., 1997). Lithium sorption in this solution was noticeably greater
than-in J-13 water, presurnably'because of the absence of cations that compete with
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lithium for sorption sites (primarily calcium). The results of these experiments are not
reported here.

Ion-exchange theory suggests that the actual ion exchange process is rapid and
will reach equilibrium quickly; in natural systems apparent equilibration rates are
limited by diffusion of ions through the solution to the mineral surface (Bolt et al., 1978).
In a well-mixed system such as a shaken centrifuge tube, diffusion is not limiting, and
equilibration should be achieved quickly. A previous study of lithium sorption to the
Prow Pass Member of the Crater Flat Tuff found that sorption equilibrium was reached j
within 1 h, confirming this hypothesis (Newman et al., 1991). For consistency with
other sorption studies and for scheduling convenience, a minimum equilibration period
of 24 h was adopted for these studies.

Tuffs from seven different lithologies were tested, including two samples of the
same unit (the central Bullfrog Tuff) from two different holes (C#1 and C#2) to allow an
assessment of spatial heterogeneity in lithium sorption parameters. The experimental
matrix of tuffs, groundwaters, temperatures, and solid-solution ratios is summarized in J
Table 3-2. Fig. 3-1 shows the sampling locations of the C-holes core used in the
experiments. Core from these same locations were also used in the experiments
described in Sections 4.0 and 5.0 of this report.

The mineralogy of the tuffs used in the batch sorption experiments is listed in
Table 3-3. The mineralogy was determined from x-ray diffraction (XRD) analyses. The
tuffs differ primarily in their smectite and zeolite (clinoptilolite and mordenite) content,
both of which have high cation exchange capacities and would be expected to sorb
lithium quite strongly compared to other minerals present in the rocks. Fig. 3-2
provides a graphical depiction of the smectite and zeolite content of the tuffs used in the J
batch sorption experiments.

The cation exchange capacities of most of the tuffs used in batch sorption
experiments were measured according to the following procedure:

* The tuff samples were crushed and wet-sieved with J-13 water to a particle size
range between 75-500 rim.

* 5g of each tuff was weighed into a 50 mL centrifuge Teflon tube.
* Samples were saturated three times with 30 mL of 1N LiBr-LiOAc solution to

ensure replacement of cations present on mineral surface sites with Li. The pH
of the solution was maintained at -8.2 to prevent dissolution of calcite. After
each LiBr addition, the tubes were sonified to disperse the centrifuged sediment,
and then the samples were shaken for 30 min.

* Samples were centrifuged at 10000 rpm for 15 min and aliquots were pipetted
out and analyzed for major cations such as Na, K, Ca, and Mg. The remaining
solution in the tubes was dispensed into the same volumetric flask to determine
the cation sorption after all three combined steps of Li sorption.

* After the Li sorption steps, the tuff present in the centrifuge tube was washed
three times with 3OmL 1N CsCl to remove the sorbed Li. The aliquots extracted
after centrifuging were analyzed.for Li, Na, Ca, K, and Mg. Cs has more affinity
for zeolites, and it should therefore displace more cations than Li. In many cases,
Cs sorption gives a measure of the total cation exchange capacity (Li
measurements of the aliquots give the CEC for Cs exchange).

* It should be noted that analcime (a Na-exchangeable zeolite) is discussed in the
literature as having more affinity for Na and less for Li or Cs (Sherry, 1969).
Ming and Mumpton (1989) have stated that the relatively large ionic radius of Cs
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may prevent it from penetrating the small pores/channels in analcime. It is
possible that the ionic radius of hydrated Li is large enough that it will also not
sorb internally. '' i7 t -;

The experimental cation exchange capacities are listed in Table 3-4. By comparing this
table and Fig. 3-2, it is apparent that the cation exchange capacities are highly correlated
with the smectite and zeolite content of the rocks.

Results and Discussion

During the course of the experiments, it became apparent that lithium sorption
was essentially independent of solution:solid ratio, temperature, and water composition
J-13 or C#3) over the range of conditions studied. Therefore, the data sets for a given

tuff lithology were combined to estimate sorption parameters. Three common isotherm
models, defined as follows, were fitted to the data for each tuff:

Linear Isotherm.;
S KDC (3.1)

where S = equilibrium sorbed concentration (gg/g); C = equilibrium solution
concentration (jig/mL); and KD = linear distribution coefficient (mL/g).

Freundlich Isotherm:
S = KFC M X (3.2)

where KF = Freundlich coefficient (mL/,Ig)'(jig/g) and n - Freundlich exponent
(dimensionless).

Langmuir Isotherm:

S=KLS.% I+KC) (3.3)

where KL = Langmuir coefficient (mL/jig) and S.,, = Maximum solid sorption capacity
(jig/g).

Figs. 3-3 to 3-9 show the experimental data for each tuff plotted as log
equilibrium sorbed concentration (gig/g) vs. log solution concentration (ig/ml). A
Langmuir isotherm consistently yielded better visual fits to the data than the other
isotherms, so a fitted Langmuir isotherm is also shown in each figure. The' Langmuir
isotherm is the only isotherm that captures the curvature of the data when graphed on
log-log axes. Furthermore, only the Langmuir isotherm recognizes the finite sorptive
capacity of the solid matrix; the other models imply potential infinite sorption. A
previous study of lithium sorption to the overlying Prow Pass Member of the Crater
Flat Tuff also revealed Langmuir behavior (Newman et al., 1991). The Langmuir,
Freundlich, and linear isotherm parameters associated with the data in Figs. 3-3 to 3-9
are given in Table 3-5. We conclude that a Langmuir isotherm provides the best
representation of lithium sorption onto C-holes Tuffs. However, a detailed statistical
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analysis to quantify how much better this representation is relative to the other
isotherms (or whether it is statistically better) was not conducted. We also did not
conduct statistical analyses to determine whether there were significant isotherm
differences as a function of temperature, solid-solution ratio, or core taken from
different locations in the same lithological unit (i.e., the central Bullfrog Tuff from C#1
or C#2). However, it appears from Figs. 3-3 to 3-9 that anyof these differences should
have been minimal. These analyses will be the subject of future studies.

The error bounds shown in Figs. 3-3 to 3-9 reflect uncertainty due to analytical
errors in determining lithium concentrations in solution. The error bounds were
calculated assuming a 5% relative standard deviation in the lithium concentration
measurements (typical for ICP-AES analyses). Errors increase as concentrations
increase because there is a lower percentage of lithium sorbing at higher concentrations J
and hence a smaller relative difference between measured initial and final solution
concentrations. It is apparent that the scatter in the data sets often exceeds the
analytical error bounds, suggesting other sources of error besides analytical errors. _
These other potential sources of error have not been systematically identicled.

The fitted Langmuir isotherms corresponding to all seven C-Holes tuff
lithologies are plotted together in Fig. 3-10. By comparing Fig. 3-10 to Fig. 3-2 and I
Tables 3-2 and 3-4, it is apparent that the two tuffs demonstrating the greatest affinity
for lithium (Bedded Prow Pass and Lower Bullfrog) are also the tuffs that have the
greatest smectite and/or zeolite content as well as the highest cation exchange
capacities. Thus, as expected, the lithium sorption capacity is highly correlated to the
smectite/zeolite content and the cation exchange capacity of the tuffs.

Batch sorption experiments were also conducted to determine whether PFBA
and bromide sorbed to C-holes tuffs. The bromide experiments were actually
conducted simultaneously with the lithium experiments, as lithium was added to the
solutions as lithium bromide. The starting bromide concentrations ranged from -10
ppm to -1000 ppm. The PFBA experiments were conducted at a single concentration (1
ppm). These experiments were conducted on each rock type at 25'C. There was no
measureable sorption of PFBA or bromide on any of the tuffs.
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Section 3.0 Tables

Table 3-1. Comparison of J-13 and C-Wells groundwater chemistry. All analyses
(except pH) in gg/mL (Fuetes et al., 1989).

______ -13 C-Wells
Al '<0.03
B 0.13

Ba <0.001
Ca 11.3 11
Cl 7 7
Fe 0.02
K 5 2
Li 0.040 0.11

Mg <0.010 0.38
Mn 0.01
Na 44 55
Si 30 25
Sr 0.040 0.044

P0 4 <2.5
S04 19 22

HCO3 124 142
pH 7.2 7.8

-
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Table 3-2. Summar of experimental test matrix.
Tub'l) Water SolutionSolid (mlg) Temp. (C)

Central Bullfrog, J-13 2:1 25
C#1, 715 m (1) J413 21 38

J-13 1:1 25
Central Bullfrog, J-13 1:1 38
C#2,734 m (2) C#3 4:1 38

J-13 4:1 25
Lower Bullfrog, J-13 4:1 38
C#1, 795 m (3) J-13 2.1 25

J-13 4:1 25
Upper Prow Pass, J-13 4:1 38

C#2, 533 m (4) J-13 2.1 25
J-13 4:1 25

Central Prow Pass, J-13 4:1 38
C#2,553 m (5) J-13 2.1 25

J-13 4:1 25
Lower Prow Pass, J-13 4:1 38

C#1, 573 m (6) J-13 2:1 25
J-13 4:1 25

Bedded Prow Pass, J-13 4:1 38
C#2,643 m (7) J-13 2.1 25

J-13 4:1 25
Upper Tram, J-13 4:1 38
C#2,839 m (8) J-13 2:1 25

('XLithology, borehole, and depth from land surface in meters. Numbers in parentheses
correspond to numbers in Fig. 3-1 (which show locations where core was collected
from the C-holes).

Table 3-2. X-ray Diffraction results' for tuffs from Prow Pass, Bullfrog and Tram units.
Only the main sorptive fractions are listed; the balance of the tuffs was mostly quartz
and feldspar with small amounts of hematite, nmca/illite, and/or kaolinite.

Tuff Depth, m Smectite Clinoptilolite Mordenite Analcime Calcite
Central Bullfrog, C#I 715 2 I - - - 2 1
Central Bullfrog, C#2 734 5 t2 NR NR NR NR

Lower Bullfrog 795 9 3 411 3 1 12'1 41
Upper Prow Pass 533 - - - - Trc.
Central Prow Pass 553 21 - - - 2z1
LowerProwPass 573 21I - - -

BeddedProwPass 643 - - 39 2
Upper Tram 839 11 - -1

* = weight %
Trc. = trace abundance of < 0.5 wt%
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Table 3-4. Cation exchange capacities of C-holes tuffs

Estimated
Tuff Unit Average CEC, Std. Dev.

(meq/100g)
Central Bullfrog, C-1 3.65 0.12

Lower Bullfrog 17.97 0.19
Upper Prow Pass 1.99 0.49
Central Prow Pass 4.32 0.14
Lower Prow Pass 3.19. 0.38
Bedded Prow Pass 21.25 0.13

Upper Tram 1.93 0.12
Note: CEC of "Central Bullfrog, C#2" was not measured.

I
I

I

Table 3-5. Lithium sorption isotherm parameters associated with the different C-holes
tuffs.

4
4

Unit
Central Bullfrog
Lower Bullfrog
Upper Prow Pass
Central Prow Pass
Lower Prow Pass
Bedded Prow Pass
Upper Tram

Langmuir Params.
KL t , Smax, gg/g
0.014 31.4

0.0070 233.9
0.00094 53.1
0.0031 83.3
0.011 39.8
0.012 254.9

0.0026 59.8

Freundlich Params.
KF N

0.69 0.79
2.26 0.75

0.075 1.03
0.48 0.80
0.48 0.78
4.17 0.69
0.27 0.78

Linear Params.
Kd, ml/g

0.186
0.321
0.068
0.131
0.084
0.383
0.072

-
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Section 3.0 Figures
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Figure 3-2. Smectite and zeolite weight percentages of the C-holes tuffs used in the
batch sorption experiments.
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Figure 3-3. Lithium sorption data and fitted Langmuir isotherm for the central Bullfrog
Tuff. The legend indicates the borehole (C#1 or C#2) from which the tuff came, the
solution:solid ratio (ml:g), and the temperature of the experiments. The dashed lines
are error bars associated with 5% analytical measurement error. J-13 water was used
in all experiments except for "C-2, 4:1, 38C." Water from C#3 was used for "C-2, 4:1,
38C."
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Figure 3-4. Lithium sorption data and fitted Langmuir isotherm for the lower Bullfrog
Tuff. The legend indicates the solution:solid ratio (mI:g) and the temperature of the
experiments. The dashed lines are error bars associated with 5% analytical
measurement error. J-13 water was used in all experiments.
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Figure 3-5. Lithium sorption data and fitted Langmuir isotherm for the upper Prow
Pass Tuff. The legend indicates the solution:solid ratio (ml:g) and the temperature of
the experiments. The dashed lines are error bars associated with 5% analytical
measurement error (lower error bound is off-scale over entire range of data). J-13
water was used in all experiments.
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Figure 3-6. Lithium sorption data and fitted Langmuir isotherm for the central Prow
Pass Tuff. The legend indicates the solution:solid ratio (ml:g) and the temperature of
the experiments. The dashed lines are error bars associated with 5% analytical
measurement error. J-13 water was used in all experiments.
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Figure 3-7. Lithium sorption data and fitted Langmuir isotherm for the lower Prow
Pass Tuff. The legend indicates the ioluti6n:solid ratio (ml:g) and the temperature of
the experiments. The dashed lines are'error bars associated with 5% analytical
measurement error. J-13 water was used in all experiments.
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Pass Tuff. The legend indicates the solution:solid ratio (ml:g) and the temperature of
the experiments. The dashed lines are error bars associated with 5% analytical
measurement error. J-13 water was used in all experiments.
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Figure 3-9. Lithium sorption data and fitted Langmuir isotherm for the upper Tram
Tuff. The legend indicates the solution:solid ratio (ml:g) and the temperature of the
experiments. The dashed lines are error bars associated with 5% analytical
measurement error (lower error bound is off-scale over entire range of data). J-13
water was used in all experiments.

Milestone SP32E2M4 3.17 Draft,9/3/98



I

3

2.5 f

O', W
.".O.

1.5

ph.

UP

p.

1

0.5 t

i/ / t / S | ------ Central Bullfrog
/ , } / S ~~~----Lower Bullfrog

/ # / S ~~~~- - - Upper Prow Pass
} } / S - -~~~~~~Central Prow Pass

tS / # - ~~~~~~Lower Prow Pass
S / S - ~~~~~~~Bedded Prow Pass

*/ Ad ---- Upper Tram

I
-j

_j

-.4

0o

-0.5

-1

-1.5
I 0 1 2 3 4

Log C, pglml I

Figure 3-10. Fitted Langmuir isotherms for the seven C-holes tuffs.

Milestone SP32E2M4 3.18 Draft,9/3/98



4.0 Dynamic Laboratory Transport Experiments

Several dynamic laboratory transport experiments involving lithium ion were
conducted to study sorbing tracer transport under flowing conditions in both crushed
tuff columns and fractured C-holes cores. The crushed tuff column experiments were
conducted to determine lithium sorption rate parameters under flowing conditions, and
to study the effects of sorption nonlinearity under dynamic conditions. The fractured
core experiments were conducted to study lithium transport under more realistic
fracture flow conditions where matrix diffusion and sorption in the matrix should
influence transport. The crushed tuff experiments are described in Section 4.1, and the
fractured core experiments are described in Section 4.2.

4.1 Crushed Tuff Columns

Experimental Methods

A series of transport experiments was conducted in Plexiglas columns 91.44 cm
in length and 0.62 an in diameter. The columns were packed with crushed central
Bullfrog Tuff (the same material that is'identified in Section 3.0 as central Bullfrog Tuff
from C#2 [location number 2 in Fig. 3-1]) using a wet slurry technique that minimizes
layering, but also eliminates particles less than roughly 70 Plm in size. With the crushed
tuff, approximately 40-50% of the' sample was not retained in the column. Column
porosity was measured at 57%/o and drylk density was calculated at 1.14 g/mL by
assuming a mineral density o g/mL) ypical-valsor columns prepayiin this
fashion (e.g. Treher and Raybold1L82ompson, 1989). Three columns wede
prepared identically. The column apparatus included a constant-rate pump, ah:
switch between a reservoir containing'J-13 "background" water and a solution'of
lithium bromide in J-13 water, and an automatic fraction collector at the downstream
end of the column. Each experiment began by pumping approximately 180 mL
(roughly 12 pore volumes) of J-13 water through'the column at a specified flow rate to
equilibrate the tuff with groundwater chemistry. The input was then switched to the
lithium bromide solution. Effluent samples were analyzed for lithium and bromide
concentration by ion chromatography. In these tests, bromide was assumed to behave
as an ideal nonsorbing tracer, in contrast to lithium, a reactive tracer.

Experiments were'conducted with two tracer concentrations (approximately 5
mg/L and 20 mg/L) and two flow'rates'(1.6'and 2.2 mL/h); a 20 mg/L test was also
performed at 9.73 mL/h.' The different concentrations were intended to quantify effects
of sorption nonlinearity, while the different'flow rates were intended to reveal
kinetically-controlled effects such as 'sorption'nonequilibrium or diffusion-limited
sorption. All tests were conducted'at 25CC.i

Results and Discussion ' -

Results of the columns tests'are presented ini Table 4-1; breakthrough curves
(BTCs) for one of the experiments are-ihown in Fig. 4-1. The first step in the analysis
was the determination of the individual column's transport behavior by fitting a one-
dimensional advection-dispersion equation to the bromide BTC, using RELAP, a one-
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dimensional semi-analytic code based on a LaPlace transform inversion method
(Appendix A). All five bromide BTCs were fit very well, suggesting near ideal
behavior. RELAP can work with a system of dimensionless variables, in which
hydrodynamic dispersion is represented by the Peclet number, P., defined as L/a,
where L is the column length and a the dispersivity. The Peclet numbers shown in
Table 4-1 correspond to dispersivities of 0.2 - 0.3 cm, similar in scale to the column
radius.

We then analyzed the lithium BTC for each experiment by holding the column's
mean residence time and Peclet number fixed at the values determined for bromide,
and varying the sorption behavior. RELAP's semi-analytic nature limits its sorption
capabilities to a linear isotherm, so its numerical sister-code, RETRAN (Appendix A)
was used to simulate Langmuir sorption behavior. Using the Langmuir sorption
parameters resulting from the batch sorption studies to the central Bullfrog Tuff from
well C#2 (Table 4-2; these represent a subset of the data shown in Fig. 3.2) and j
assuming local sorption equilibrium, we obtained curve (iv) in Fig. 4-1. Notice that this
simulation matches the observed time of breakthrough very closely, but significantly
overestimates the slope of the BTC. The observed lower slope (increased apparent
dispersion) is symptomatic of kinetic effects (Valocchi, 1985); to explore this possibility, l
we relaxed the local equilibrium assumption and used RETRAN to better fit the
observed BTC. RETRAN includes kinetic effects in terms of the dimensionless
Damkohler number, Da, defined as kT, where k is a first 'order reaction rate constant
and T is the mean residence time in the column. The observed lithium BTC was well fit
by setting Da to 18 [curve (v) in Fig. 4-1], corresponding to a forward rate constant of 2.2
hr-1. This relatively rapid reaction rate is consistent with both ion-exchange theory and
measurements of lithium sorption to Prow Pass Tuff (Fuentes et al., 1989), as discussed
in Section 3.0.

Note that the rate constants shown in Table 4-1 reflect an effective rate constant
for the entire sorption process, including both diffusion from the bulk liquid to the
exchange site and the actual exchange process. While the latter should be a function
only of the solution and medium, the former may depend on flow geometry, in turn a
function of column packing. This sensitivity to column packing may explain why Table
4-1 shows that repeated tests in the same column give similar rate constants, but
column 2 yielded consistently lower rate constants than the'other two columns.

Isotherm nonlinearity can affect BTCs in two related but different fashions. The
first effect of nonlinear sorption on a BTC reflects the fact that in the solute front itself, a
distribution of concentrations occurs, ranging from background (in our case, close to 0
mg/L) to the peak influent concentration (here, 5 or 20 mg/L). Changes in retardation
as a function of concentration will alter the shape of the breakthrough curve;
specifically, decreased sorption and higher transport velocity at high concentration will
sharpen the leading edge of the solute front. (Conversely, if the solute is applied as a
pulse, with both a leading and trailing edge, this effect will retard the low
concentrations at the end of the trailing edge, resulting in increased tailing.) We look
for this effect by comparing the shape of the observed BTC to simulations assuming
linear and nonlinear sorption.

This sharpening effect will be most pronounced in a high-concentration test, in
which the leading edge of the front contains the widest range of concentrations. To
determine whether sorption nonlinearity has affected the shape of the BTC, RELAP was
used to attempt a linear sorption fit to the lithium BTC in Fig. 4-1. Both equilibrium and
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nonequilibrium fits are shown in the figure; the linear sorption simulations yield results
virtually indistinguishable from the Langmuir simulations. This implies that for the
concentrations and cornditions of the column studies, iheniionlinearity of the sorption
isotherm had no observable effect on the shape of the BTC. This is most likely due to
the very low dispersivity of these laboratory columns; the low degree of dispersion
keeps the solute front very sharp, and the concentration at any point in the column
jumps from background to peak very rapidly. Thus, there is only a very small volume
of intermediate concentration liquid in the column. In a higher-dispersion system
where a larger portion of the column would contain solutions of varying concentration,
nonlinear sorption would be more apparent. Because under the conditions of our tests,
nonlinear sorption played no significant role in BTC shape; the rest of the column
studies were analyzed assuming linear sorption, leading to the results presented in
Table 4-1.

The second effect on nonlinearity arises because behind the solute front, solute
concentrations are relatively constant and nonlinearity makes the ratio between
dissolved and sorbed concentrations a function of dissolved concentration. This ratio
controls the velocity of the solute front through the column, through its influence on the
retardation factor (Rf), the ratio of average groundwater velocity to the velocity of the
tracer front. This effect changes the position of the BTC as a function of concentration;
decreased sorption at higher concentration will move the BTC earlier in time.' We look
for this effect by comparing measured RFs for different solution concentrations.
Table A-3 shows that Rps for the 5 mg/L tests ranged from 2.2 to 2.3, with a mean of
2.25; Rfs for the 20 mg/L tests ranged from 1.7 to 2.0, with a mean of 1.87. The observed
decreased retardation at higher concentration qualitatively fits our prediction of the
effect of nonlinear sorption. We now compare these results to quantitative predictions
of nonlinear effects on Rf. For the Langmuir isotherm, the RF can be shown to be
(Fetter, 1993):

RF =+ ((l+C) ) (4.1)

where PD is the dry bulk density of the medium (g/mL) and e is the volumetric
moisture content, or porosity for a saturated medium.

By solving Eq. (4.1) with our batch'Langmuir parameters and column values for
Pe and B values, we obtain retardation factor predictions of 2.11 for the 5 mg/L tests and
1.95 for the 20 mg/L tests. Overall these predictions match the observations very well,
differing by 7°/o'or less for both concentration levels. However, the observed difference
in RF at the two concentration levels somewhat exceeds that predicted by the model.
This may. reflect simple experimental variability due to the small number of tests
conducted, or may indicate further physical complexities. Additional column studies
covering a wider range of concentrations would help settle this question.

We conclude that under our experimental conditions, sorption nonlinearity
affects the retardation of lithium, but not the shape of the BTC. This result implies that
we can model transport under these conditions using the simple KD linear sorption
model by adjusting the K0 value as a function of solution concentration. Comparison of
Eqs. (3.1) and (3.3) shows that at very low concentrations (C-.0), the Langmuir model
approaches the linear model with a KD value equal to So K,, or approximately 0.6
mL/g in the case of the central Bullfrog Tuff from C#2.
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4.2 Fractured Core Columns

Laboratory-scale fractured tuff column transport experiments were conducted in
two different induced fractures to provide more realistic experimental depictions of
field-scale transport in fractured tuffs than can be achieved in crushed rock columns.
These experiments also allow more detailed investigations of saturated zone transport
processes than can be achieved in field experiments, where testing times, complexities,
and costs are all considerably higher than in the laboratory (field tests also involve
environmental permitting considerations that are not an issue with laboratory _
experiments). An additional objective of the fractured tuff column experiments was to
obtain laboratory data under fracture flow conditions that would support more refined
predictions of tracer transport in the Prow Pass member of the Crater Flat Tuff, where a j
reactive tracer test will be initiated in FY 1998.

Experimental Methods J

Axial fractures were induced in intact C-Holes cores from the upper and central
Prow Pass lithologies by striking them with a chisel and hammer. The cores were taken ]
from location numbers 4 and 5 in Fig. 3-1, respectively (C#2, 533 m; and C#2 553 m).
Perpendicular cuts were then made on both ends of the fractured cores using a rock
saw. After cutting, the cores were approximately 16-cm and 17-cm long, respectively
for the upper and central Prow Pass fractures, and both fractures were about 9.5-cm
wide (the diameter of the core). Each core was pre-saturated under water and under
reduced pressure (vacuum), and then encapsulated within a flow system, as shown in A
Fig. 4-2 (see also, Ware and Triay, 1995, 1997). The procedure for constructing the flow
apparatus was as follows:

Two end caps, each containing a narrow flow channel that fit exactly over the
fracture trace at the ends of the cores, were machined out of Plexiglas stock.
Three threaded access ports were drilled from the unmachined side of the end
caps into the channel to allow introduction and withdrawal of solutions to/from
the channel(s).

* After fixing one cap to an end of the core (using a silastic glue), the fracture trace
along the sides of the core was coated with a silastic material, and then the entire
side of the core was sealed by pouring a clear epoxy into the annulus formed
between the core and a Plexiglas tube surrounding the core.

* The cores were then saturated under water and under strong reduced pressure
until air bubbles no longer evolved.

* The remaining open ends of the cores were then fitted with the remaining end
cap, and the cores were again saturated under water/reduced pressure.

* The flow apparatus was leak tested by placing several feet of head (of water) on
one of the ends with the other end closed off.

* After ensuring there were no leaks, the hydraulic conductivity/aperture of the
fractures were estimated by measuring the flow rate through the cores as a
function of head difference across them. During these tests, the cores were
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visually inspected for flow bypass through the annular region and for leakage of
water out of the flow channels under the end caps. The hydraulic apertures were
estimated to be 0.0141 an and 0.0134 cm for the upper and central Prow Pass
fractures, respectively.

After determining that the flow systems were satisfactory for further testing, tracer tests
were conducted as follows:

* Flow of initially tracer-free J-13 water through the fracture was induced using a
precision syringe pump.

* Flow was briefly interrupted, and tracer-bearing J-13 water was introduced in
place of the tracer-free solution using a separate syringe pump.

* After a specified period of time (or volume of tracer solution), the inlet solution
was switched back over to the tracer-free water, thus creating a finite-duration
injection pulse of tracer solution to the fractured core.

* Effluent from the fractured core was collected in test tubes using an automatic
fraction collector.

* n The fractions were analyzed for tracers to establish tracer breakthrough curves.
hi> Iodide was analyzed by ion-selective electrode, PFBA and bromide were

SkiplDozed by ion chromatography, and lithium was analyzed by ICP-AES.

To date, five separate tracer experiments have been conducted in the upper Prow
Pass Tuff core, and four experiments have been conducted in the central Prow Pass Tuff
core. The experimental details in these tests are summarized in Tables 4-3 to 4-7. We
first discuss the experiments in the upper Prow Pass core.

Three of the tests in the upper Prow Pass core involved the introduction of a
sodium iodide pulse at three different flow rates (2.22 mL/hr, 8.65 mL/hr, and 19.76
mL/hr), with the objectives being to (1) determine tracer residence times so that
additional experiments with other tracers could be optimized and (2) determine matrix
diffusion parameters by comparing the.breakthrough curves at the three different flow
rates. The expectation was that iodide peak concentration and recovery would be lower
as flow rates decreased because there would be more time for diffusion of iodide out of
the fracture and into the stagnant water in the porous matrix at these lower rates.
Testing at a single flow rate would not allow unambiguous estimation of matrix
diffusion parameters because of the inability. to distinguish between the effects of
matrix diffusion and flow dispersion in the system. With three flow rates in the same
fracture, it can be assumed that the effects of dispersion are approximately the same at
each flow rate, and the difference in tracer responses can be attributed to differing
amounts of matrix diffusion at the different residence times. :

The other two experiments in the upper Prow Pass fracture involved injecting
pulses of a solution containing PFBA and LiBr into the core at flow rates of 8.44 mL/hr
and 6.33 mL/hr.' The second PFBA/LiBr experiment was conducted because (1) an
inadvertent flow interruption occurred during the first experiment when tracer
concentrations were at their peaks, and (2) it was suspected'that the volume'of the flow
system in the first experiment was different than inall the iodide experiments (see
below). The flow volume in the second PFBA/LiBr experiment was more consistent
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with those in the iodide experiments, which allowed less ambiguous comparisons
between the breakthrough curves in the different experiments. -

The PFBA/LiBr experiments also featured intentional flow interruptions during
the tails of the breakthrough curves. These flow interruptions provided an additional
means of evaluating matrix diffusion in the cores; the concentrations of the solute
tracers were expected to rebound during the flow interruptions because tracers should
diffuse back into the fracture from the matrix.

There were several objectives of the PFBA/LiBr experiments:
(1) Determine if the PFBA and bromide breakthrough curves were consistent with

the factor of -3 difference in the matrix diffusion coefficients measured in
diffusion cells (see Section 5.0). PFBA was expected to have a higher peak
normalized concentration than bromide because of its smaller diffusion j
coefficient.

(2) Determine if the lithium breakthrough curve, relative to PFBA and bromide, was
consistent with the batch sorption and diffusion cell data.

(3) Determine if the normalized PFBA and bromide breakthrough curves were
consistent with the iodide breakthrough curves from the earlier experiments.
The bromide breakthrough curve was expected to be similar to that for iodide at J
a comparable flow rate because bromide and iodide have similar diffusion
coefficients (Newman, 1973).

If consistency were found for itenms (1) and (2), it would lend credibility to the
hypothesis that the diffusion cell and batch sorption experiments provide estimates of
transport parameters that can be reliably used to predict and interpret transport I
behavior in fractured systems. This consistency would further imply that it is valid to
use laboratory estimates of transport parameters to refine and reduce uncertainty in the
interpretations of field-scale transport tests, and ultimately to predict transport over
long time and distance scales in the field.

The experiments conducted in the central Prow Pass Tuff core had the same
objectives and followed a very similar sequence to the experiments in the upper Prow
Pass core. These experiments included three tests using iodide at three different flow
rates (11.48, 19.73, and 49.44 mrL/hr), and one test involving the simultaneous injection
of PFBA and LiBr. Compared to the tracer responses in the upper Prow Pass fracture,
we expected to see less flow rate dependence of iodide transport and smaller
differences in the breakthrough curves of bromide and PFBA because the central Prow J-,
Pass tuff was considerably less porous than the upper Prow Pass tuff (O = 0.14 and 0.27 day co-
respectively). Also, the diffusion coefficients of bromide and PFBA, as measured in the si -
diffusion cell experiments (Section 5.0), were much lower in the central Prow Pass tuff tJ..A
than in the upper Prow Pass tuff. The results of the tracer tests in both cores are
presented in the "Results and Discussion" subsection below.

Interpretative Methods

The computer models RELAP and RETRAN (Appendix A) were used to
interpret all tracer breakthrough curves obtained in the fractured cores. Briefly, these
models simulate sorbing and nonsorbing tracer transport through a dual-porosity
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system in which flow is assumed to occur in parallel-plate fractures that are separated
by a matrix containing stagnant water in its pores. One-dimensional advective-
dispersive transport is assumed to occur within the fraciues, and one-dimensional
diffusive mass transfer perpendicular to the fracture orientation is assumed to occur in
the matrix. RELAP differs from RETRAN in that it is a semi-analytical model that is
limited to simulating steady-state flow conditions and linear sorption isotherms.
RETRAN is a finite-difference numerical model that can accommodate changing flow
rates as well as nonlinear isotherms.

The tracer experiments were initially simulated using the parameter-fitting
features of RELAP, which allow specified transport parameters to be systematically
varied to obtain a best least-squares fit to one or more data sets (see Appendix A). A
simultaneous fit to the iodide breakthrough curves in each core was obtained by
adjusting the mean residence time, Peclet number (LV/D, where L = length of column,
V= linear flow velocity through column, and D = dispersion coefficient in column), and

the lumped parameter -b E (where = matrix porosity, b = fracture half aperture,

cm, and D,,, = diffusion coefficient ini the matrix, cm2/sec) to achieve a best fit. After a
fit was obtained, average fracture apertures (2b) were calculated by (1) dividing the
fitted mean fluid residence time by the known volumetric flow rate through the fracture
to obtain an estimate of the fracture volume, and then (2) dividing this volume by the
product of the length and width of the fracture to obtain an aperture estimate. This
aperture estimate assumes that the fracture is a parallel-plate flow channel. Matrix
porosities (0) were independently measured as part of the diffusion cell experiments

(Section 5.0), so the fitted value of the lumped parameter 0 Nix effectively yielded a

direct estimate of the matrix diffusion coefficient, D,,, because independent estimates of
b and 0 were already made. For any given set of iodide simulations, the mean residence
times in the fracture were constrained to differ by the inverse of the ratio of the flow
rates in the experiments, and the Peclet numbers and matrix diffusion coefficients were
constrained to be identical (since the flow system and tracer were the same in each
experiment).

This exercise was repeated for the PFBA and bromide data sets, except that in
this case, the mean residence times and Peclet numbers were constrained to be identical
(since the tracers were introduced simultaneously), and the matrix diffusion'coefficients
were constrained to differ by a factor of 3 (with bromide being larger, to be consistent
with the diffusion cell data). After the column transport parameters were determined
from the nonsorbing tracer data, one of two'methods were used to fit the lithium
breakthrough curve. Either RELAP was used to fit the lithium breakthrough curve by
adjusting the fracture and matrix retardation coefficients (as appropriate), or the'
transport parameters calculated from the simultaneous PFBA and bromide fits were
used in RETRAN to fit the lithium curve; The RETRAN code employs sorption
parameters such as the sorption partition coefficient, KD The KD used to fit the lithium
data was chosen to correspond with batch sorption data. As in thelfield tracer test
interpretations (Section 2.0), the lithium diffusion coefficient was assumed to be two-
thirds that of bromide (Newman, 1973).' -'

Because the lithium isotherm was known from batch sorption experiments to be
nonlinear (Section 3.0), we also attempted 1t fit the lithium breakthrough curves by
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assuming nonlinear Langmuir sorption behavior and adjusting isotherm parameters
using RETRAN. However, the sorption parameters in RETRAN were constrained to be
similar to the parameters measured in batch sorption experiments (Section 3.0). All
other model parameters in the RETRAN simulations (mean residence time, Peclet
number, and matrix diffusion mass transfer coefficients) were set equal to those
determined from the RELAP analyses of the nonsorbing tracer responses, except that
the lithium diffusion coefficient was adjusted to be two-thirds of the bromide diffusion
coefficient, as described above. If the nonlinear isotherm fits to the lithium data offered
a significant improvement over the linear isotherm fit provided by RELAP, it was taken
to be a strong indication that nonlinear sorption behavior was influencing lithium
transport in the fractures. However, measuring the nonlinearity or nonequilibrium of
lithium sorption introduces added parameters which introduce ambiguity to the fitting
procedure. Thus, for simplicity, lithium sorption was assumed to be linear in the
fractured rock column tests.

In all tests featuring flow interruptions, RELAP was used to simulate the tracer
breakthrough curves up until the time of the flow interruption (the first interruption if
there were more than one). Predictions of tracer responses after flow interruptions I
were then made using RETRAN. In these cases, the transport parameters determined
from RELAP simulations up until the time of the flow interruption were used in
RETRAN to effectively extend the simulations to the end of the experiment(s).

Results and Discussion

The three normalized iodide breakthrough curves in the upper Prow Pass Tuff
fracture and the best simultaneous fits to the three data sets are shown as a function of
volume eluted from the fracture in Figure 4-3. The experimental and'm'odel parameters
corresponding to the best fits are given in Table 4-3. ;The quality of the fits was not very
sensitive to the value assumed for the iodide matrix diffusion coefficient.; That is,
changing the iodide matrix diffusion coefficient by as much as a factor of 2 did not
significantly hinder the ability to fit the data as long as the mean residence time and
Peclet number were allowed to vary. -

Figure 4-4 shows the PFBA, bromide, and lithium breakthrough curves in the
first PFBA/LiBr experiment in the upper Prow Pass Tuff fracture along with the best
simultaneous fits to these data under the modeling constraints discussed in the
previous section. The experimental and model parameters corresponding to this
experiment are given in Table 4-4. The breakthrough curves from the first PFBA/LiBr
experiment in the upper Prow Pass Tuff fracture may have been affected by an increase
in the volume of the fracture or in the end caps of the flow system, as there was a
significant delay in the arrival of all tracers and greater apparent tracer dispersion in
this experiment compared to the iodide experiments in this fracture (Reimus et al. 1997).
The apparent increase in volume could have resulted from an expansion of the flow
apparatus (due to epoxy shrinkage, for instance), which would have resulted in an
increase in fracture aperture (note the calculated mean fracture apertures in Tables 4-3
and 4-4). Another possible explanation is that there was'some additional dead volume
in the end caps during the first PFBA/LiBr experiment that was not present in the other
experiments. This explanation is supported by the observation of a large air bubble
(exact volume unknown) under the entrance end cap during all of the experiments
except for the first PFBA/LiBr experiment.(in which the end cap was almost completely
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filled with water). If there were communication between the column inlet and this
volume (when filled with water), the effective volume of the flow system could have
been significantly inaeased, thus resulting in longer tracer travel times and greater
apparent dispersion. Table 4-4 gives the parameters that resulted in good fits to the
data assuming different residence times/dead volumes in the entrance end cap
(assumed to be well-mixed and modeled in exactly the same way in RELAP as injection
wellbore volumes). Despite the fact that there is considerable variability in the mean
residence times for the experiment depending on what end cap dead volume was'
assumed, the fitted Peclet numbers and matrix diffusion coefficients of bromide and
PFBA are in relatively good agreement in all cases. The diffusion coefficients also agree
within a factor of two with the matrix diffusion coefficients deduced for these tracers in'
the other experiments in this fracture;and the bromide diffusion coefficient agrees quite
well with that of iodide (Table 4-3), which -is expected because these two anions are
similar in size (Newman, 1973). The relatively good agreement between the iodide and
bromide matrix diffusion coefficients deduced from the different experiments suggests
that changes in the flow system did not preclude reasonable estimates of matrix
diffusion coefficients.

Figure 4-5 is a plot of the breakthrough curve data for the second PFBA/LiBr
test. Table 4-5 lists the experimental and numerical parameters for this experiment.' As
was seen in the first PFBA/LiBr experiment, numerical fits of the bromide and PFBA
data for the second test resulted in a larger fracture aperture than was obtained from
the simultaneous iodide fits. However, the difference in apparent aperture was not as
great as it was for the first PFBA/LiBr experiment Because there was an air bubble in
the inlet flow manifold for the second PFBA/LiBr experiment, the end cap volume
should have been similar to that in the iodide tests. We are currently exploring another
hypothesis that might help'explain apparent discrepencies in deduced fracture
apertures/volumes. This hyposthesis involves the sensitivity, of the mean fluid
residence time parameter' to the solute first arrival during each'experiment. The first
iodide experiment in the upper Prow Pass fractured core resulted in an inordinately.
early first arrival, which may have c'aused the numerical solution algorithms to
calculate an erroneously short residence time value for the core using the iodide data.
There are several ways to check this possibility' the most obvious is to discount the
suspect data and use RELAP to recalcuilate the transport parameters. This analysis are
in progress.

Figures 4-6 and 4-7 show the iodide breakthrough curves and the PFBA/LiBr.
breakthrough curves, respectively, in the' central Prow Pass Tuff fracture, along with
RELAP/REITRAN fits to these data. Tables 4-6 and 4-7 list the model parameters
corresponding to the best fits shown in Figures 4-6 and 4-7, respectively... It is apparent
that the agreement between the iodide and PFBA/LiBr experiments is much better in
the central Prow Pass Tuff fracture tian it was in the upper Prow Pass Tuff fracture.
For instance, there is very good agreement between the Peclet numbers and fracture
apertures deduced from the two sets 'of experiments. It is also apparent that there is
somewhat less matrix diffusion in the central Prow Pass Tuff fracture than in'the upper
Prow Pass Tuff fracture, as evidenced by the larger matrix diffusion coefficients in the
latter core. This result is consistent withithe results of the diffusion cell experiments
discussed in Section 5.0.'

Figures 4-4, 4-5 and 4-7 show that despite the relatively good agreement between
the model and data for the PFBA and LiBr breakthrough curves in each fracture, the

Milestone SP32E2M4 4.9 Draft, 9/3/98



rebound in tracer concentrations following flow interruptions in the tails of the
breakthrough curves is underpredicted by the RETRAN simulations for the upper Prow
Pass core in both tests. This result is unexplained at this time. For the central Prow
Pass PFBA/LiBr experiment, RETRAN accurately predicts the experimental data
collected during this planned flow interruption. One possible explanation for the upper
Prow Pass core results is that there could be some advective flow out of the matrix and
into the fractures during the shut-in period. Unfortunately, we have no direct evidence
of such an advective flow. Another possible explanation is that we are seeing the
influence of multiple rates of diffusion, as suggested by Haggerty and Gorelick (1995),
although it is not immediately clear why the remainder of the tracer breakthrough
curves can be adequately explained/predicted without invoking multiple diffusion J
rates. It is also not clear why one rock type would be reflect this possible physical
phenomenon and another rock type would not. It may be that such results are related
in some way to the porosity or the tortuosity of the rock matrix. We will continue to J
study this possibility by conducting more flow interruptions in future fractured core
experiments and in other rock types.

Of particular interest in the analysis of the fractured core experiments is the
comparison of transport parameters deduced from these experiments with parameters
deduced from the batch sorption and diffusion cell experiments. The matrix diffusion
coefficients of bromide and PFBA in the upper Prow Pass Tuff diffusion cell 4
experiments (see Section 5.0) were estimated to be about twice those deduced in the
fractured core tests in this lithology. This discrepancy can be explained by recognizing
that flow through the fracture was most likely channelized to some degree, and
therefore, the effective aperture in the flow pathways was probably larger than the
average aperture obtained by assuming a parallel-plate fracture (as described above).
For every twofold increase in the effective half-aperture, b, the diffusion coefficient, Din, -
must increase by a factor of four to maintain the same value of the lumped parameter,

0 4U. Thus, the factor of two discrepancy will disappear if it is assumed that theb
planar area through which flow occurred in the fracture was a factor of vr2- less than the
entire planar area of the fracture. This amount of channeling is not unexpected;
channeling to a greater degree was, in fact, deduced previously in fractured cores from
the C-Holes (Reimus, 1995). Qualitative fracture channeling has been visualized at the
laboratory-scale by others as well (Brown et al., 1998; Thompson, 1991).

Diffusion coefficients measured in diffusion cell experiments in the central Prow
Pass Tuff were considerably smaller than those deduced from the fractured core tests in
this lithology. This result may indicate that much of the diffusive mass transfer
observed in the fractured core experiments occurred in stagnant zones within the
fracture (near the fracture walls or in low flow regions within the fracture) rather than
into the matrix proper. In this case, apparent diffusion coefficients would be expected
to be much larger thain those measured in the matrix.

Although we found that the fits to the lithium breakthrough curves could be
slightly improved by assuming nonlinear Langmuir sorption, the fits obtained
assuming a linear sorption isotherm were consistently quite satisfactory. We concluded
that lithium sorption in the rock cores could be adequately approximated using a linear
isotherm. This assumption is more justifiable for the experiments in which the lithium
injection concentration was relatively low. The fitted linear distribution coefficient, KD,
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obtained for lithium in the fractured core experiments was in relatively good agreement
with the KDS deduced in the batch sorption tests (see Section 3.0). The KD value in the
fractured core experiments was obtained by either goodie'ss of fit using RETRAN or by
dividing the product of the lithium matrix diffusion coefficient and matrix retardation
coefficient (the lumped parameter determined in'the RELAP simulations) by a diffusion
coefficient that was assumed to be two-thirds of the bromide diffusion coefficient
observed'in the core experiments. Equation (2.1) was then used to calculate a K0 value
from the fitted retardation coefficient.

An important point to note is the lack of agreement for the KD value obtained for
the two PFBA/LiBr tests in the upper Prow Pass core. In the first test, the lithium
injection concentration'was five times higher than in the second test. Thus, lithium
transport in the first test should have been influenced more by nonlinear sorption than
in the second. Analysis of this difference shows the opposite effect; that is, a greater
difference between the bromide and lithium breakthrough curves was expected in the
second test than in the first because'of the higher expected degree of lithium sorption.
The lower apparent sorption in the second test was perhaps due to some small amount
of lithium remaining on sorption sites in the first test due to irreversible sorption, thus
decreasing the available sorption sites in the second test (the lithium recovery in the'
first test was not complete). Chemical analysis of the other major cations (e.g., Na',
Ca2 , and K-) may help elucidate this hypothesis. If the transport behavior of these
cations is different for the two experiments, then some amount of lithium may have
remained sorbed to the matrix.

In all of the RELAP and RETRAN simulations, sorption was assumed to occur
only in the matrix, with no sorption to fracture surfaces. This assumption is consistent
with the fact that the fractures were artificially induced in an intact core (so there
should have been no sorptive mineral coatings). The relatively good agreement
between the lithium KD values deduced from the batch sorption tests and the fractured
core experiments lends validity to the practice of using sorption parameters deduced
from simple laboratory experiments to predict sorbing solute transport in fractured
media. This is one of the main goals of the Los Alamos C-holes testing effort.
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Table 4-1. Results of aushed tuff column studies. Refer to text for notation.
-

Column
1
1
2
2
3

Flow Rate
(mL/h)

1.6
2.2
1.6
2.2
9.7

Li Conc.
(mg/L)

5
5

20
20
20

r (hr)
11

r 8.0
11
8.2
1.9

Pe
400
400
300
300
400

RF
2.2
2.3
1.9
2.0
1.7

(hr-)
14
18
3.6
2.2
14

Da
160
140
40
18
27

-

I \4 IC

Table 4-2. Lithium isotherm parameters derived from batch sorption studies to central
Bullfrog Tuff from C#2 (0.5 - 500 Lg/mL concentration range). Note that these data
represent a subset of the data shown in Fig. 3-2.

Linear
KD 0.21 mL/g

Freundlich
KF 0.76 (mL/gg)°

ng/g.
n 0.82

LangMuir
KL 5.3 x 1i0 mL/pg
Smax" 110 tS/g
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Table 4-3. Summnry of experimental and numerically deduced parameters from the

Nal tests in the upper Prow Pass fractured core (16.1 cm long by 9.5 cm
diameter).

Parameter First =Test Second I Test Third I Test
Experimental Parameters

Injection flow rate (mL/hr) 2.22 19.76 8.65
Injection duration (hr) 31.00 2.95 7.03

Injection concentration 1000. 999.3 1000.
(mg/L)

Flush flow rate (mL/hr) 2.00 20.16 8.29
Flow interruption, hrs into None None None

test (duration, hr)
Modeling Best-fit Parameters

Mean fluid residence time 4.10 0.46 1.05

Average fracture aperture 0.060 0.060 0.060
(cm)

Peclet number 33. 33. 33.
Dispersivity (cm) 0.49 0.49 0.49

Matrix diffusion coefficient
(x104 cm2 S-l) 3.6 3.6 3.6

-I

__J

I

J

1-~
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Table 4-4. Summary of experimental and numerically deduced parameters from the
first PFBA/LiBr test (1997) in the upper Prow Pass fractured core (16.1 cmn long
by 9.5 cm diameter).

Parameter Experimental Parameters
Injection flow rate (mL/hr) 8.44

Injection duration (hr) 19.2
278 (PFBA)

Injection concentration (mg/L) 11400 (Br')
1010 (Li-)

Flush flow rate (mL/hr) 8.03
Flow interruption, hrs into test 19.2 (1.35)

(duration, hr) 50.4 (14.25)
Modeling Best-fit Parameters

End cap residence time (hr) 0 0.67 1.5 2
Mean fluid residence time (hr) 4.4 3.8 3.0 2.2

Average fracture aperture (cn) 0.233 0.202 0.159 0.117
Peclet number 5.2 4.0 3.5 4.0

Dispersivity (cm) '-3.1 4.0 4.57 4.0
1.2 1.1 1.4 1.3

Matrix diffusion coefficient (x104 (PFBA) (PFBA3 (PFBA) (PFBA)
cm2 SIt) 3.5 (Br) 3.3 (Br-) 4.1 (Br-) 3.9 (Br-)

2.2 (Li')' 2.1 (Li')' 2.6 (Lie)' 2.5 (Li)'
Lithium matrix retardation 3 3 3 3

coefflcientP
Lithium matrix KD (L kg'')c 0.28 0.28 0.28 0.28

'Assumed to be 0.67 times the bromide matrix diffusivity, based on results of
diffusion cell test.

bObtained from RELAP fit to rising portion of breakthrough curve.
'Calculated from the retardation coefficient using equation (2.1).
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Table 4-5. Summary of experimental an numerically deduced parameters from the
second PFBA/LiBr test (1998) in the pper Prow Pass fractured core (16.1 cm
long by 9.5 cm diameter).

Parameter PFBA/LiBr Test
V1 Experimental Parameters

Injection flow rate (ml/hr) 6.33
Injection duration'((hr) 11.21

766 (PFBA)
Injection concentration (m /L) 2528 (Br-)

§ ~~~~~216 (Li-) ,
Flush flow rate (m4Ihr) 6.42

Flow interruption, hrs into test (duratio hr) 43.58 (20.00)
Modeling Best-fit Parameters

Mean fluid residence dmhr) 3.00
Average fracture aperture m) 0.100

Peclet n er 6.5 j
Dispersivity ) 2.5

1.60 (PFBA)
Matrix diffusion coefficient (x1O0 S' 4.80 (Br-) J

3.20 (Li-)&
Lithium matrix retardation coeffi t' 0.05

Lithium matrix KD (L go )' 1.35
'Assumed to be 0.63 t:mes the bromidenatrix diffusivity, based on results of the

1997 diffusion cell test.
bParameter estimated in RETRAN corr ponding to batch sorption data.
'Calculated from the retardation coefflient using equation (2.1).

Table 4-6. Summary of experimental an~numerically deduced parameters from the
NaI tests in the central Prow Pass fraured core (17.3 cm long by 9.5 cm
diameter).

Parameter First r-Test Second I Test Third I'Test
Experimental Parameters

Injection flow rate (mL/hr) 19.73 49.44 11.48
Injection duration (hr) 4.09 1.56 6.37

Injection concentration (mg/L) 1b)0. 1000. 1000.
Flush flow rate (mL/hr) 20.07 49.60 11.78

Flow interruption, hrs into test
(duration, hr) ne None None

i Modeling Best-fit Parameters
Mean fluid residence time (hr) 0.$5 0.22 0.95
Average fracture aperture (cm) 0.066 0.066 0.066

Peclet number 31. 31. 31.
Dispersivity (cm) 0.56 0.56 0.56

Matrix diffusion coefficient (xlC 2
'cm 2 '~1) 2.60 2.60 2.60

I

II

-1

I
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L , Table 4-7. Summary of experimental and numerically deduced parameters from the
PFBA/LiBr test in the central Prow Pass fractured core (17.3 cd long by 9.5 cm
diameter).

Parameter PFBAIL6 r Test
Experiment4 Parameters

i: Injection flow rate (mL/hr) 5.92
Injection duration (hr) 11.97

766 FBA)
Injection concentration (mg/L) 2528 r)

216 _)
Flush flow rate (mL/hr) 5.

Flow interruption, hrs into test (duration, hr) (20.00)
Modeling Bes t Parameters

Mean fluid residence time (hr) 19
Average fracture aperture (cm) 0

Peclet number
Dispersivity (cm) r(2

I O O~~~~~~~~~~~~~~~~~~~ (PFB A)
Matrix diffusion coefficient (x104 cn 2 s-') 1$) (Br-)

1.Q7 (Li+)a
Lithium matrix retardation coefficient'b 4.5

Lithium matrix Kp (L kWl)c ds
'Assumed to be 0.67 times the bromide matrix diffusivity, based n results of the

1997 diffusion cell test.
L 1 'Parameter estimated in RETRAN corresponding to batch sorption data.

'Calculated from the retardation coefficient using equation (2.1).

:
L~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.
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A
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Section 4.0 Figures
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Figure 4-1. Bromide and lithium.breakthrough curves in Column 2 at a flow rate of 2.2
mL/h, and corresponding fits to data. (i) Fit to bromide data with a Peclet number
of 300, (ii) fit to lithium data issuming linear isotherm (RF = 2.0) with equilibrium
sorption, (iii) fit to lithium data assuming linear isotherm with a forward rate
constant of 2.2 h', (iv) fit to liHiurn data assuming a Langmuir isotherm with
equilibrium sorption, and (v)Tit to lithium data assuming a Langmuir isotherm with
a forward rate constant of 22'Ii. Langmuir isotherm parameters: KL = 0.0053
mL/gg and S,,,, = 110 gg/g (batch isotherm values obtained for lithium on central
Bullfrog Tuff from C#2).
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Figure 4-2. Schematic drawing of fractured core column apparatus.
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Fig. 4-3. Breakthrough curves and RETRAN fits of the Nal
experiments in the upper Prow Pass fintured rock core.
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Fig 4-4. Breakthrough curves and RETRAN fits of the first PFBA/
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5.0 Diffusion Cell Experiments

Methods

Six diffusion cell experiments were conducted to determine diffusion
coefficients of PFBA -and bromide ion in five different C-holes tuff matrices.
Estimates of matrix diffusion coefficients are important because they can greatly
reduce uncertainty in interpreting and predicting both field-scale and laboratory-
scale tracer experiments. One of the tests was a repeat experiment using a different
core from the same interval as another test (the lower Prow Pass Tuff). This test was
conducted to determine the reproducibility and variability of the experiments. The
five different intervals tested in the diffusion cell experiments represented all of the
major lithologies in either the previously-conducted Bullfrog field tracer test or the
upcoming Prow Pass reactive tracer test."

A schematic drawing of the experimental diffusion cell apparatus is
illustrated in Fig. 5-1. The apparatus consists of two plexiglass reservoirs, one large
and one small, separated by a "pellet" of tuff, which is cut/cored from C-holes core
and incorporated into either a flat epoxy cast or an RTV silicone cast of the same
thickness as the pellet. After saturating the tuff, experiments were initiated by
carefully pouring a solution containing PFBA and LiBr into the large reservoir and
tracer-free solution into the small reservoir. The pressures in the two reservoirs
were kept approximately equal to minimize advective flow through the tuff, thus
ensuring that tracer movement through the tuff was by diffusion only. The small
reservoir was kept well mixed with a magnetic stir bar and flushed continuously at a
relatively low flow rate. The flush water was collected in an automatic fraction
collector, and fractions were analyzed for tracers to establish breakthrough curves
through the tuff from which diffusion coefficients could be estimated. As in the
other laboratory experiments, PFBA and bromide were analyzed by ion
chromatography, and lithium was analyzed by inductively-coupled plasma-atomic
emission spectrometry (ICP-AES). Filtered J-13 water or synthetic J-13 water (a
sodium/calcium bicarbonate solution having the same ionic strength as J-13 water)
were used in all experiments.

The porosities of the tuffs were measured by subtracting dry weights from
saturated weights of intact tuff samples and dividing by -the volumes of the samples
(measured by water displacement).- Porosity measurements were used to obtain
unambiguous estimates of diffusion coefficients in the tuff matrices (see equations
below). Hydraulic conductivities/permeabilities of the tuffs were also measured by
imposing a known pressure difference across the tuff pellets either before or after a
diffusion experiment was conducted. The flow through the pellets at the imposed
pressure difference was measured by weighing the water that flowed through the
pellet over a specified amount of time. Hydraulic conductivities were then
calculated from the following equation:

QLK = Q (5.1)
A AH
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where, K = hydraulic conductivity, cm/sec
AH = water height (head) difference across pellet, cm -

A = surface area of pellet, cm2

Q = volumetric flow rate through pellet, ml/sec
L = thickness of pellet, cmn.

Permeabilities (in millidarcys) were calculated from hydraulic conductivities using
the following well-known formula (Freeze and Cherry, 1979)

k = (1-013 cm (5.2)

where, k = permeability, millidarcys
p. = water viscosity, g/cm-sec
p = water density, g/cm3 4
g = acceleration due to gravity, cn/sec2.

To estimate diffusion coefficients, it was assumed that the tracers moved .
according to one-dimensional diffusive transport through the tuff pellets. The one-
dimensional diffusion equation is:

ac D a 2c (53)
Ra~

where, c tracer concentration, jig/mL
D = diffusion coefficient, cm2/sec
R = retardation factor (1 for nonsorbing solutes),
x = distance, cm
t = time, sec.

Although analytical solutions to this simple partial differential equation exist for
simple boundary conditions (Carslaw and Jaeger, 1959), the time-dependent
concentration boundary conditions at the inlet and outlet reservoirs in the diffusion
cell experiments demand a numerical solution. Thus, equation (5.3) was solved
using an implicit finite-difference technique. The equations describing the tracer
concentrations in the inlet and the outlet reservoirs (the first and last finite
difference nodes), respectively, were:

&c1 = r 2 D~ (5.4)
at V, \ x-o

at = - V0 lxaL- - co (5.5)

at VO axxuL VI~~~~~~~~~~~~~~~~~~~~-
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where, c, = tracer concentration in inlet reservoir, iLg/ml.
co= tracer concentration in outlet reservoir, JlgmL
Vi = volume of inlet reservoir, mL
VO = volume of outlet reservoir, mL
Q = flush rate of outlet reservoir, mL/sec
* = porosity of tuff
r = radius of tuff "pellet", cm
L = thickness of tuff "pellet", cm.

The numerical solution of equations (5.3), (5.4), and (5.5) was obtained using a
modified version of the RETRAN computer code called DIFCEL. DIFCEL allows the
user to specify changes in the flush rate, Q with time, which was necessary to
simulate the manner in which the experiments were conducted.

Results and Discussion

Figs. 52 through 57 show the breakthrough curves of the bromide and PFBA
in each of the six diffusion cells along with "fits" to the data obtained using DIFCEL.
The "fits" are not actual least-squares fits; rather, they were obtained by manual
adjustment of the diffusion coefficients until a reasonable match to the data was
obtained. The apparent discontinuities in some of the data sets and the
corresponding model predictions are a consequence of changes in the flush rate
through the outlet reservoirs. A decrease in concentration occurs when the flush
rate is increased and vice-versa.

The resulting estimates of tracer diffusion coefficients in each diffusion cell
are given in Table 5-1 (measured tuff porosities, pellet thicknesses, and tuff
permeabilities are also listed in this table). It is apparent that there is about an order
of magnitude range of diffusion coefficients in the various tuff lithologies. Figs. 5-8
and 5-9 show the bromide diffusion coefficients in the tuff matrices as a function of
porosity and permeability, respectively, for the five different C-holes tuffs.
Although the diffusion coefficients are not well correlated with porosity, they are
quite well correlated with permeability'(on a log-log scale). This result suggests that
permeability may be a good predictor of matrix diffusion coefficients. Such
correlations could prove useful for estimating matrix diffusion coefficients; as
diffusion coefficients are typically more difficult to measure than matrix properties
such as permeabilities.

Table 5-1 shows that excellent agreement was obtained between the two
diffusion cell experiments conducted in the same lithology (the lower Prow Pass
Tuff). This result suggests that the experiments have reasonably good
reproducibility, although certainly, more experiments should be conducted in the
same lithologies before measurement uncertainty and tuff variability can be
properly assessed.

It is interesting that although the PFBA and bromide diffusion coefficients are
significantly different in the different tuffs, the tios of the diffusion coefficients are
approximately the same in each tuff. This result suggests that we successfully
eliminated advection through the tuff pellets, as any advection would result in
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different ratios in different tests. The factor of -3 difference in the diffusion
coefficients of the PFBA and bromide is greater than the factor of 2 difference
assumed by Reimus and Turin (1997) in their analyses of the Bullfrog Tuff reactive
tracer field test data, which is one of the reasons the Bullfrog test data are
reinterpreted in this report. K>

References for Section 5.0
-J

Carslaw, H. S. and Jaeger, J. C. Conduction of Heat in Solids, 2nd ed., Oxford
University Press, Oxford (1959).

-d

Freeze, R. A. and Cherry, J. A. Groundwater, Prentice Hall, Englewood Cliffs, NJ
(1979).

Reimus, P. W. and Turin, H. J. Draft Report of Results of Hydraulic and Tracer Tests
at the C-Holes Complex, -Yucca Mountain Site Characterization Project Milestone
Report SP23APMD, Los Alamos National Laboratory, Los Alamos, NM (1997).

Table for Section 5.0 i

Table 5-1. Measured matrix diffusion coefficients of bromide and PFBA in C-holes
tuffs. Measured tuff porosities and permeabilities are also reported. Synthetic J-
13 water was used for the experiments involving the first 3 tuffs. Filtered J-13
water was used in the other 3 experiments.

I Matrix Diff. Coef., cm2/s X 10'
Permeability,

-

-

-

Tuffn"
Central Bullfrog (1)
Lower Bullfrog (3)

Upper Prow (4)
Central Prow (5)
Lower Prow-i (6)
Lower Prow-2 (6)

-

Porosity
0.094
0.298
0.272
0.138
0.288

- 0.288

mDarcy
0.00107
0.0949
4.72

0.000786
0.455
0.455

L, cm0 '
1.16
0.84
0.91
1.23
2.27
1.82

Br
0.45
1.0
6.0
0.4
3.0
3.0

PFBA
0.13
0.35
1;9

0.13
1.1
1.0

-

Br/PFBA
3.46
2.86
3.16
3.08
2.73
3.0

-

-

- -

* {"Numbers in parentheses correspond to numbers in Fig. 3-1 (which shows locations
where core was collected from the C-holes) and in Table 3-2 (which lists actual
depths associated with the cores).

2)L = thickness of tuff wafer.

-
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Figure 5-1. Schematic drawing of diffusion cell apparatus. Collection reservoir is continuously flushed by syringe
pump, allowing automatic collection of samples.
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Figure 5-3. Diffusion cell data and DIFCEL model fits for bromide and PFBA in the
lower Bullfrog Tuff. Diffusion coefficients are given in Table 5-1.
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Figure 5-5. Diffusion cell data and DIFCEL model fits for bromide and PFBA in the
central Prow Pass Tuff. Diffusion coefficients are given in Table 5-1.
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Figure 5-7. Diffusion cell data and DIFCEL model fits for bromide and PFBA in the
lower Prow Pass Tuff (second diffusion cell). Diffusion coefficients are given in
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6.0 Predictions of Tracer Transport in the Upcoming Reactive Tracer Test
in the Prow Pass Tuff

The RELAP computer model (Appendix A) was used to predict tracer
transport in the Prow Pass Tuff at the C-holes based on the preliminary results of a
conservative tracer test being conducted by the USGS in the Prow Pass Tuff as well
as on the results of laboratory tests described in the preceding 3 sections of this
report. This report does not contain any actual data from the USGS tracer test tA fty
because these data are still considered preliminary; they were provided to Los "' ar LS
Alamos as a courtesy to allow predictions of reactive tracer transport in the Prov -' ?
Pass Tuff.

Fig. 6-1 shows predicted breakthrough curves of PFBA, bromide, and lithium
in the upcoming Prow Pass reactive tracer test. This test will be conducted in the
same interval and at the same production and recirculation flow rates as the USGS
conservative tracer test. The tracers to be used in the test will include PFBA,
lithium bromide, and two different sizes of carboxylate-modified latex microspheres.
The predicted breakthrough curves for PFBA and bromide in Fig. 6-1 are based on
RELAP fits to the preliminary 2,4,5-trifluorobenzoic acid (TFBA) and iodide data
from the USGS test (data not shown). These two nonsorbing tracers should have
very similar diffusion coefficients to PFBA and bromide, respectively. Lithium
breakthrough curves were calculated for the upper, central, and lower Prow Pass
Tuff units, as the test interval encompasses all three of these lithologies. The
lithium curves were calculated by assuming a matrix diffusion mass transfer
coefficient equal to two-thirds that of bromide (iodide) and matrix retardation
coefficients calculated from equation (2.1) -using laboratory KD and matrix porosity
values for the three different lithologies (Sections 3.0 and 5.0). The lithium sorption
parameters used in the predictive calculations are noted in the caption of Fig. 6-1.
Lithium sorption in fractures was assumed to be negligible (i.e., a fracture
retardation coefficient of 1). Microsphere transport was not predicted. We do not
report any of the model parameters used to obtain the fits/predictions because of the
preliminary nature of the data and also because the USGS is ultimately responsible
for interpreting the conservative tracer test upon which the predictions are based.
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Figure 6-1. Predictions of solute tracer transport in theoupcoming reactive tracer test
in the Prow Pass Tuff. Predictions are based on thedresponses of conservative
tracers in a USGS tracer test conducted in the same interval that the reactive
tracer test will be conducted in. Lithium breakthrough curves were calculated
assuming a matrix diffusion mass transfer coefficient equal to two-thirds that of
bromide. Lithium matrix retardation coefficients were assumed to be: 1.33 for
upper Prow Pass (UPP), 5.5 for central Prow Pass (CQP), and 4.0 for lower Prow
Pass (LPP). These retardation coefficients were calcuiated from equation (2.1)
with sorption parameters taken from Table 3-5 (KLS$,?) and matrix porosities
taken from Table 5-1. Fracture retardation was assumned to negligible.
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Appendix A:

Description of Mathematical Models in
Computer Codes RELAP and RETRAN

To model sorbing tracer transport in a dual-porosity system, we start with a
conceptual model for conservative tracer transport in fractured systems originally
introduced by Maloszewski and Zuber (1983,1985), and we extend it to include rate-
limited, nonlinear sorbing tracer transport. Fig. A-1 shows the assumed model domain,
which consists of parallel-plate fractures of aperture 2b separated by matrix blocks of
thickness L, each of which extend infinitely into the page. Tang et al. (1981) assumed an
infinite spacing between fractures, but this is just a special case of a finite matrix with a
very large fracture spacing. Others have used similar model conceptualizations but
with cylindrical or spherical-shaped matrix blocks (Rasmuson and Neretnieks, 1986).
All of these formulations yield similar results when tracer penetration into the matrix is
much less than matrix block dimensions; that is, when time scales are short compared to
time scales necessary for diffusion to the centerline of the blocks. In Fig. A-1, the
fracture apertures, fracture flow velocity, matrix bulk density, matrix porosity, and
fracture and matrix sorption parameters are assumed to be the same everywhere in the
system (no spatial heterogeneity). This is clearly a simplification, but spatial variation is
very difficult to characterize in a field setting, and it also introduces considerable
complexity and. ambiguity to model interpretations (i.e., more adjustable parameters to
fit an observed response). Therefore, we considered it appropriate, as a first
approximation, to assume homogeneous properties and use bulk average parameter
values.

Referring to Fig. A-1, it is assumed that advective transport occurs only in the x-
direction in the fractures and that diffusion into the matrix is important only in the y-
direction. It is also assumed that there are no concentration gradients in the y-direction
in the fractures. These assumptions allow the equations describing transport in the
fractures and the matrix to be decoupled and solved as separate 1-dimensional
problems that are linked only through a boundary condition and a single term in the
fracture transport equation.

Linear Flow in Fractures

For a constant flow velocity in fractures (i.e., linear flow), the differential
equations and boundary conditions describing rate-limited, nonlinear sorbing tracer
transport in the fractures and matrix (the most general case) are:

Fractures, Solution Phase:

K, + Vf aCf -Df aX2 + (f d-) t OD,, Kinb (A)-+,-D,----+ LLI. -=0(Al)

at axax ~~~~1 ~~at bri w~~y-b_

Fractures, Immobile Phase:
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(Rl )? at -k + kfkSf = 0 (A2)

Matrix, Solution Phase:

Rt~ DM aF.+( -- = (A3)

Matrix, Immobile Phase:

- k4 1 CM ) + krSm = 0 (A4)

subject to initial and boundary conditions
Cf (x,O) =0 (Ala)
C,(0,t) =8(t) (Alb)
Cf(o,t) 0 (Alc)
S(x,O) = 0 (A2a)
Cm(y,x,0) = 0 (A3a)
Cm(bxt) = C,(x,t) (A3b)

d- ( 2,xt (A3c)
S,(y,x,O) = 0 (A4a)

where, Cf = tracer concentration in solution in fractures, M/LI
Cm= tracer concentration in solution in matrix, M1!)
Si= tracer surface concentration on fracture surfaces, M/M solid
Sm= tracer surface concentration on matrix surfaces, M/M solid
v1= fluid velocity in fractures, L/T
D, = dispersion coefficient in fractures, L 2 /T
D.= molecular diffusion coefficient in matrix, L2/T
pf= bulk density of material in fractures, M/LI
PB = bulk density of matrix, M/L3

i= porosity within fractures,
= matrix porosity,

b = fracture half aperture, L
L = distance between parallel fractures in medium, L
kff = rate constant for sorption to surfaces in fractures, l/T (if linear)
kcr = rate constant for desorption from surfaces in fractures, M/L 3T
kmf = rate constant for sorption to surfaces in matrix, 1/T (if linear)
ken, = rate constant for desorption from-surfaces in matrix, M/L3 T
a~,, = sorption isotherm parameters defined in equation (A5) (i = f,

fractures; i = m, matrix), and
6(t) = dirac delta function.

Coupling between the fractures and matrix is achieved through boundary condition
(A3b) and through the last term on the left-hand side of equation (Al). We make use of
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the expression (2f ) to account for surface area available for sorption in fractures. In

reality, fractures could be completely open (i.e., 11 = 1, pf = 0), and sorption might occur

only on the walls. In this case, the expression (2f) can be considered a proportionality

constant that should be adjusted to an appropriate value to describe sorption to the
walls. Alternatively, sorption in fractures can be completely ignored by setting this
term equal to zero. We use the dirac-delta function as the inlet boundary condition
(equation (Alb)) because the solutions obtained using this boundary condition are
residence time distributions that can be mathematically convoluted with any
generalized input function to obtain a generalized breakthrough curve.

In the above equations, we have used a general expression for the sorption
isotherms in both the fractures and the matrix:

KCPS = (A5)

This expression allows a linear, a Freundlich, or a Langmuir isotherm to be defined. A
Freundlich isotherm is obtained by setting a = 0, a Langmuir isotherm is obtained by
setting p =1, and a linear isotherm is obtained by setting a = 0 and 5 =1. Equations
(A2) and (A4) also assume nonlinearity of the adsorption reaction (i.e., not first-order in -

concentration) while the desorption reaction is assumed to be linear (first-order in
surface concentration). Note that K = kf/km,, where kf and km are the rate constants for
sorption and desorption, respectively. J

If equilibrium sorption is assumed, the sorption isotherm expression can be
substituted directly for St and Sm in equations (Al) and (A3), respectively. This
eliminates the need for the immobile phase equations (A2) and (A4). Recognizing that
aIS asac
a- = sac a- the fracture and matrix transport equations become

Fractures:
acf acf Da2Cf + pf KfCff-' ac (f Dm acm =

+ Vf - Df, ,I,~ a~ig - = 0(A6)
at ~ax ax, 71d 1+afC, (l +aC,)' JAt b-n ay y-b

Matrix:

acm D k~rn.+ (E. Km~mCmFm ammCm0 (A7)
at 1+a mCm (l+amC,) 2 - =t

where the terms in brackets, [ are zC for the fractures and matrix, respectively, and

K,, = kkf and Kf =k
kmr kfr_
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When the sorption isotherm is nonlinear (either rate-limited or equilibrium), the
appropriate equations given above are solved numerically using an implicit alternating-
direction finite-difference method. By assuming 1-D transport in both the fractures and
the matrix and using an explicit time discretization for the adsorption (nonlinear) term,
the model equations are reduced to a single tridiagonal linear system for the fractures
and a set of independent tridiagonal linear systems for each row of grid points
extending into the matrix (perpendicular to the fractures). These tridiagonal systems
can be solved very efficiently, and the implicit time discretization provides
unconditional stability. The computer code developed to obtain the numerical solution
is called RETRAN (REactive TRANsport code).

For linear sorption isotherms (either rate-limited or equilibrium), it is possible to
obtain a semi-analytical solution of the transport equations by following the Laplace
transform technique of Maloszewski and Zuber (1983). The Laplace transform removes
the time derivatives from the governing equations, rendering them ordinary differential
equations that can be solved by standard methods. The Laplace transforms of the
general rate-limited equations (Al), (A2), (A3), and (A4), assuming linear isotherms, are

Fractures, Solution Phase:

sc- + Vf ac- - Df ao2 + f l (A8)

Fractures, Immobile Phase:

(P'sSf - kffCj + kj~f, = . (A9)

Matrix, Solution Phase:

sCXM ~Dm 5tz+ ( 05r A05CmnDm~n S1M5~ (AlO)

Matrix, Immobile Phase:

()m-kmfCm,, + kmrS., = ° (All)

where, s = Laplace transform independent variable (replacing time), and
X = Laplace transform of dependent variable.

Equations (A9) and (All) are now algebraic equations that can be solved for S. and the
result(s) can be substituted into equations (A8) and (AlO) to obtain (see also,
Maloszewski and Zuber, 1991):

Fractures:
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Matrix: fl C+D >i, D a2> = (A13) _

[i + (Ivf= D m X2-

The equilibrium sorption case is readily apparent from equations (A12) and

(A13) if we set k1 and k, to very large values and recognize that Kd = k' and _

R = 1 + (Pi)Kd. The equilibrium case was also derived by Tang et al. (1981) for an

infinite matrix boundary condition.

Equations (A12) and (A13) are in the same form as the equations solved by -

Maloszewski and Zuber (1983). The only difference is that the sorption expressions in
brackets in equations (A12) and (A13) were equal to 1 in Maloszewski and Zuber's t

kr~~~~~~~-

equations because they only considered conservative solute transport. Thus, the a
solution of equations (A12) and (A13) subject to Laplace-transformed boundary
conditions (Ala) through (A4a) is identical to the solution presented by Maloszewski
and Zuber except that the sCf and sC. terms now have more complicated coefficients.
Referring to Maloszewski and Zuber (1983) for details of the derivation, the final result
for transport in the fractures coupled with diffusion into the matrix is a single Laplace-
domain equation given by -

C(x) =exp~ v- 1- 1VD+ 1 R s + vDŽ JRm(s)Dms Tanh2 b (A14)
t2D L v2 vbTI D (2)J

where,

(P±D)f
R,(s) = 1 + Pf (A15)

(Ts +kfr
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'.R = 1 + (A16)
jPB ++, ka

If we introduce the mean fluid residence time in fractures, X = x, and the
Vf

dimensionless Peclet number, Pe = x which are related to the first and second

moments of fluid residence time in the system, respectively, equation (A14) can be
rewritten as

- 4t _e___R _____, Tan ____s)

Cf(x) = exp{ - [1 -i1+ 4 sRf(s)+ bIRm(s)Dms Tanht ( P b)J}]} (A17)

Equation (A17) is arguably a more natural expression to work with than equation (A14)
when considering field data because actual distances and fluid velocities in a field
experiment will be dependent on flow pathways in the system, but the concepts of the
first and second moments of fluid residence time are less ambiguous. Equation (A17)

also clearly delineates the expression b 4KRrs)Dz,, as an effective mass transfer

coefficient for matrix diffusion. This expression can be further divided into a flow-

system-dependent part, b, and a tracer-dependent part, 4Rj,(s)5-. In chemical

engineering, Laplace-domain expressions such as equations (A14) and (A17) are used
extensively in control theory and are referred to as "transfer functions."

We now consider three simplifications to equation (A17). First, by setting Rf(s)
and Rm,(s) equal to 1, we reproduce the result for a nonsorbing tracer obtained by
Maloszewski and Zuber (1983). Second, in the case of an infinite matrix, as was
assumed by Tang et al. (1981), the argument of the hyperbolic tangent approaches
infinity and hence the hyperbolic tangent itself becomes unity. The resulting expression
is identical to that derived by Tang et al. (1981) except that the reaction terms have now
been generalized to allow rate-limited as well as equilibrium sorption. Finally, if we set
the matrix porosity, 4, equal to zero; the entire term accounting for diffusive transport
in the matrix (the term containing the hyperb6lic tangent) drops out of the equation,
and we get an expression describing reactive transport in a single-porosity medium.
Thus, the transport expression derived for a dual-porosity medium is consistent in that
it reduces to a single-porosity medium when 4 = 0.

Radial Convergent Flow in Fractures

The derivations in the preceding section were strictly for a spatially invariant
flow rate in fractures (linear flow). In reality, the flow field in a weak recirculation
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tracer test in a confined, heterogeneous aquifer is likely to range between linear and
radial (National Research Council, 1996), with these two cases representing end
members. In a completely unconfined aquifer, spherical flow might be an appropriate
end member, but we do not consider that here because of the partially-confined nature
of the Bullfrog tuff.

In the case of radial flow, we only have to modify the equations for solution
phase transport in the fractures in the preceding section. Specifically, all x-derivatives

become r-derivatives and the Df ax, terms become a-)a (rDf af). Equations (Al),

(A6), (A8), and (A12) then become, respectively:

ac, + Vf - (l) a (rDi f ) + If " = 0 (A18) -

at v r r - r ar rL 1+aC, (4b,5,)at Jn a - =A1
Dr -r or Dr ~ ~ ~ ~ ~ ~ ~ b~ r -

sCvf L~(rrD,•zC') P )2 at (A29)

SC, + Vf I., r)arr ar ) ( ti Tf b1D aC -(A2)

1 + > C1 + Vf a - ()afrD, arf ) Dfacm = 0 (A21)L1+ Jsar r ar bl' ayb

All other equations are the same as for the linear flow case if the model domain is the
same as in Fig. A-1. _

Becker and Charbeneau (submitted) have solved the radial flow transport
problem in the special case of convergent flow with no sorption or matrix diffusion (i.e.,
a single-porosity system). Their solution differs from other radial convergent transport
solutions in the literature (e.g., Moench, 1989, 1995) in that their boundary condition at
the production well is an "absorbing" boundary that dictates that any solute mass
reaching the production well immediately disappears from the system. This boundary
condition is consistent with a transfer function approach to interpreting tracer test
responses, discussed below. The resulting Laplace domain solution for the case of no
sorption or matrix diffusion in terms of T and Pe (analogous to equation (A17)) is
(Becker and Charbeneau, submitted):

FPe(1 1. ____2_

C, (r[) = ex ( rLw )] Ai(- yw) (A2

where, rw = production well radius,
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rLw = production well radius divided by separation between injection and
production wells,

1
YL Pe +

Pe 1
W rLW 4a"d.-

Yw= ( 7
CYI TLW I 2,rs
Ai(z) = Airy function (Spanier and Oldham, 1987).

Becker (1996) extended this result to a dual-porosity system (with the geometry of Fig.
A-1) for a tracer that exhibits equilibrium", linear sorption behavior. We extend it
further here to allow for rate-limited, linear sorption. The result, without derivation, is
identical to equation (A22) but with car redefined as

e= (r J 2 (A23)

where, 'P(s) = Rf(s) + R, Tann h I(sD2Randd) a ndRm(5)are

as defined in equations (A15) and (A16).

Equation (A22) using a defined in equation (A23) is the Laplace transform
transfer function expression that should be used in lieu of equation (A17) for the case of
radial convergent transport of a linearly sorbing tracer in a dual-porosity system. For
nonlinear sorption, a numerical formulation of equation (A18) in conjunction with
equations (A2), (A3), and (A4) is required for the rate-limited case, and equations (A19)

L and (A7) are required for the equilibrium case. The numerical model RETRAN can be
used to solve these nonlinear, convergent radial flow equations.

Convolution of Transfer Functions to Obtain Tracer Test Responses

Before we can obtain a meaningful field-scale transport prediction, we must
convolute equation (A17) or (A22) with a realistic tracer injection function. In the time
domain, such a convolution is accomplished by a convolution integral, but in the
Laplace domain it becomes a simple multiplication (Churchill, 1958):

t

C(t)= JA(r).B(t-T)dr d C(s) = A(s).B(s) (A24)

where, X(t) = time-domain function,
X(s) Laplace transform of time-domain function, and
s = Laplace transform variable.
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This process can be extended to more than two transfer functions by taking the
product of all applicable functions. Thus, in a field tracer test, transfer functions for
tracer injection, pipeline delays, and storage in the injection and production wellbores
can all easily be convoluted with the groundwater system transfer function (e.g.,
equations (A17) or (A22)) to obtain an overall transfer function for the test. We assume
the most practical injection function in a field tracer test: a finite-duration, constant
concentration pulse, which has a Laplace transform given by

1(s) = Co( P Ps) (A25)

where, CO = concentration of injection pulse, M/L3

Tp = duration of injection pulse, T.

Wellbore storage is accounted for by assuming that the wellbores are well-mirxd
regions (Moench, 1989,1995). The Laplace domain transfer function for a well-mixed
region is given by . j

W(s) = Y (A26)

where, y = time constant, generally assumed to be the volumetric flow rate divided by
the volume of well-mixed region, 1/T.

Pipeline delays can be accounted for by a transfer function of the form

P(s) = exp(-Tds) (A27)

where, Td = delay time, T.

Reinjection of produced water (i.e., recirculation of tracers) can be accounted for with
transfer functions as follows:

F(s)
FR(S) = I-(s) - (A28)

where, FR(S) = transfer function with recirculation,
F(s) = transfer function without recirculation,
e = recirculation ratio (O = no recirculation, 1 = full recirculation).

A computer model called RELAP (REactive transport LAPlace transform
inversion code) was developed to predict field tracer transport by convoluting (i.e.,
multiplying) either the linear or radial dual-porosity transfer functions (equations (A17)
or (A22), respectively) with the transfer functions described above. RELAP numerically
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inverts the resulting Laplace-domain px'oduct'of transfer functions to obtain a time
domain solution. The numerical inversion procedure is described in the next section.

We have given considerable emphasis here to the Laplace transform modeling
L approach despite the fact that the numerical model RETRAN is more general because it

can accommodate nonlinear sorption isotherms and ultimately spatial heterogeneity.
The Laplace transform approach, however, has a distinct advantage over the numerical
modeling approach in that it is very easy to account for the effects of processes other
than transport in the aquifer (by the convolution procedure described above). The
transfer function approach is also well suited to estimating model parameters by
matching solutions to experimental breakthrough curves. The Laplace transform
inversion executes in a fraction of a second on a typical computer workstation, so
RELAP can be exercised with different values of transport parameters literally

L thousands of times per minute. By contrast, a typical RETRAN simulation with
comparable numerical accuracy takes 2-3 minutes of compute time on the same
workstation. RELAP contains a parameter search algorithm to minimize the sum-of-
squares differences between model predictions and a given tracer data set. This feature
allows rapid estimation of model parameter values that are consistent with the test data.
Because of the fast execution times of the RELAP inversion algorithm and the fact that

L sum-of-squares response surfaces for the transport problem typically have multiple
minima, the search algorithm simply adjusts parameters over a specified range in
systematic, brute-force manner'to achieve a least-squares fit to the data. The resulting
fits can then be used to provide good initial estimates to RETRAN for obtaining
estimates of nonlinear sorption parameters.

Another reason for developing the Laplace transform model is to provide semi-
analytical solutions against which more general numerical models can be compared and
verified. This is important because numerical models will ultimately be used to account
for spatial heterogeneity and temporal variations in boundary conditions when making
predictions of radionuclide transport over large time and length scales.

The Laplace transform and numerical models were tested by (1) inverting several
simple Laplace transforms with known time-domain solution to ensure that the Laplace
transform inversion algorithm was working properly, (2) comparing predicted
nonsorbing solute breakthrough curves in a single-porosity medium to analytical
solutions (Kreft and Zuber, 1978; Levenspiel, 1972), and (3) comparing the semi-
analytical (RELAP) and numerical (RETRAN) model predictions for sorbing'tracers
with linear isotherms (both rate-limited and equilibrium'). In all cases, excellent
agreement was obtained between model predictions and analytical solutions, or
between the two models.

Numerical Inversion of Laplace Transforms

The final step in obtaining a transport prediction from the transfer functions is to
invert the solution from the Laplace domain to the time domain. We accomplish this by
using a Fourier transform procedure embodied in an algorithm obtained over the
World Wide Web (Lindhardt, 1995). We have found this algorithm to be more stable
for Laplace transform inversions than any others we have tried (e.g., Stehfest, 1970; de
Hoog et al., 1982).

The basic principles of the algorithm used for numerical inversion of Laplace
transforms are given below. We thank Sven Lindhardt (unknown affiliation) for
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providing the algorithm in the form of a MathCad' worksheet at the World Wide Web
address: http://www.mathsoft.com/appsindex.html. The worksheet can be found
under the program name invsfft.mcd at this web site. Sven also provided much of the
following description of the mathematical basis for the algorithm.

The Laplace transform is defined by

F(s) = Jf(t)e-stdt (A29) -

0

where, s = Laplace transform variable,
t = time,
f(t) = time domain function,
F(s) = Laplace domain function.

If we set s = a + jo, where j = #i, in equation (A29) and change the lower limit of
integration to - (which is permissible for any initial-valued problem because f(t) = 0 for
t < 0) we obtain

F(s)= Jf(t)e""eijadt (A30)

If a is a constant, equation (A29) can be rewritten as

F(jo))= f f(t)eij'dt (A31)

where, f1(t) = f(t)e-a.

Equation (A31) is the Fourier transform of f1(t), for which very efficient inversion
algorithms exist to find f1(t) given F(jo)). However, the choice of a must be such that
the integral in equation (A31) converges. This is accomplished by choosing

-ln(O.05) (A32)
1.5 * Tmax

where, Tnax = maximum time at which the function f(t) is to be evaluated.

Now, if we have an arbitrary Laplace transform, F(s), we can obtain a spectrum by
setting s = a + jw and computing F(s) for equally-spaced values of Ac; i.e., for

2i = Ti (A33)
ma-x
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where, i = 0, 1, 2, 3 .... ; ' 19 -. .

The inverse Fourier transform of this spectrum will give the function f1(t) in equation
(A31), from which the desired function f(t) is easily generated from

f(t) = f1(t)ect (A34)

The inversion algorithm has been extensively tested on equations where time-domain
solutions are known, and it has proven to be very accurate. Accuracy for the purposes
of this work was ensured by using more and more terms in the Fourier-transforms until
the solutions no longer changed.

Appendix A References

Becker, M. W., Tracer tests in a fractured rock and their first passage time mathematical
models, Ph.D. dissertation, University of Texas at Austin, 1996.

Becker, M. W. and Charbeneau, R. J., A first passage time solution for radially
convergent tracer tests, submitted to Water Resour. Res. , 1996.

Churchill, R. V., Operational Mathematics, 2nd ed. McGraw-Hill, New York, 1958.

de Hoog, F. R., Knight, J. H., and Stokes, A. N., An improved method for numerical
inversion of Laplace transforms, SIAM l. Sci. Stat. Comput., 3(3), 357-366, 1982.

Kreft, A. and Zuber, A., On the physical meaning of the dispersion equation and its
solutions for different initial and boundary conditions, Chem. Eng. Sci., 33,1471-1480,
1978.

Levenspiel, 0. Chemical Reaction Engineering, 2nd ed. John Wiley and Sons, New York,
1972.

Lindhardt, S. MathCad' worksheet at the World Wide Web address:
http: / /www.mathsoft.com/appsindex.html, 1995.

Maloszewski, P. and Zuber, A., Interpretation of artificial and environmental tracers in
fissured rocks with a porous matrix, in Isotope Hydrology, International Atomic
Energy Agency (LAEA), Vienna, Austria, pp. 635-651, 1983.

Maloszewski, P. and Zuber, A., On the theory of tracer experiments in fissured rocks
with a porous matrix, J. Hydrology, 79, 333-358, 1985.

Maloszewski, P. and Zuber, A., Influence of matrix diffusion and exchange reactions on
radiocarbon ages in fissured carbonate aquifers, Water Resour. Res., 27(8), 1937-1945,
1991.

Milestone SP32E2M4 A.12 Draft,9/3/98



Moench, A'-F., Convergent radial dispersion: A Laplace transform solution for aquifer
tracer testing, Water Resour. Res., 25(3), 439-447, 1989.

Moench, A. F., Convergent radial dispersion in a double-porosity aquifer with fracture
skin: Analytical solution and application to a field experiment in fractured chalk,
Water Resour. Res., 31(8),1823-1835, 1995.

National Research Council, Rock Fractures and Fluid Flow: Contemporary Understanding
and Applications, National Academy Press, Washington, D.C., 1996.

Rasmuson, A. and Neretnieks, I., Radionuclide migration in strongly fissured zones:
The sensitivity to some assumptions and parameters, Water Resour. Res., 22(4), 559-
569, 1986.

Spanier, J. and Oldham, K. B., An Atlas of Functions, Hemisphere Publishing, New York,
1987.

Stehfest, H., Numerical inversion of Laplace transforms, Commun. ACM, 13,47-49, 1970.

Tang, D. H., Frind, E. O., and Sudicky, E. A., Contaminant transport in a fractured
porous media: Analytical solution for a single fracture, Water Resour. Res., 17(3), 555-
564, 1981.

~II

-

j

J1
I
I

I

-

-

-

Milestone SP32E2M4 A.13 Draft,9/3/98

__



Appendix A Figure
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Figure A-1. System geometry assumed in conceptual dual-porosity model.
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Report of Results of Hydraulic and Tracer Test
at the C-Holes Complex (Milestone SP23APM3)

Paul W. Reimus and H. J. Turin

ABSTRACI

Predicting the future performance of a potential nuclear waste repository at
Yucca Mountain requires understanding saturated-zone radionuclide transport
processes. Regulatory and environmental concerns currently preclude the field use
of radionuclide tracers, so surrogate species must be used in field tests. We
conducted a forced-gradient tracer test involving the simultaneous injection of
pentafluorobenzoate (PFBA), lithium bromide, and polystyrene microspheres
(-0.36-pm diameter) in saturated, fractured tuff near Yucca Mountain, Nevada. Site-
specific sorption propserties of lithium ion were characterized in laboratory
experiments. The breakthrough curves of all tracers were bimodal in nature,
indicating multiple flow pathways. Parameters describing dispersion and matrix
diffusion in the system were estimated by comparing the responses of the PFBA and
bromide, which served as nonsorbing tracers with free diffusion coefficients
differing by about a factor of two. Field-scale sorption parameters for lithium were
deduced by comparing the lithium response to that of the PFBA and bromide. The
polystyrene microspheres provided -an indication of the potential for colloid
contaminant transport in the system, and they also served as low diffusivity tracers
that should have been excluded from the porous matrix. We concluded that (1) a
dual-porosity conceptual transport model is valid for the saturated zone in the
vicinity of Yucca Mountain, (2) the potential exists for colloid transport over
significant distances in the saturated zone, and (3) field-derived lithium sorption
parameters are in good agreement with laboratory measurements. The last
conclusion lends validity to the practice of using laboratory-derived sorption
parameters to predict field-scale transport of ion-exchanging solutes. However, this
conclusion should be applied cautiously to sorbing radionuclides, for which there
are no field data in the immediate vicinity of Yucca Mountain.

Introduction

Yucca Mountain, Nevada, located about 150 km northwest of Las Vegas, is the
site of a -potential high-level nuclear waste repository, and it is currently undergoing
extensive characterization and assessment to determine its suitability for such a role.
Current plans call for wastes emplaced within Yucca Mountain to be isolated from
the accessible environment by a system of multiple -barriers. These include -

"'engineeredbarriers," consisting of components within the repository itself, and a
two-part "geologic barrier," consisting of (1) the unsaturated tuff between the
repository and the regional aquifer below, and (2) the saturated-zone aquifer system
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extending from directly below the repository to the down-gradient wells and springs
that mark the final groundwater discharge zone. The characterization of
radionuclide transport processes within the saturated zone was the subject of this
study.

To support this characterization process, we conducted tracer tests at a three-
well complex known as the C-wells (UE-25c#1, UE-25c#2, and TJE-25c#3), which are 4
located approximately 2 km southeast of the potential repository footprint. Figure 1
shows the layout of the wells and their vertical deviations at depth, including the
locations of the intervals in which the tracer tests described in this paper were
conducted. Each well penetrates approximately 900 m below surface, with the water
table being about 400 m below surface. Regional groundwater flow is believed to be
approximately north to south, although local flow at the C-wells has been postulated
to be northwest to southeast, in the direction indicated in Figure 1 (Geldon, 1995).

The hydrogeology below the water table at the C-wells is depicted in Figure 2
(derived from Geldon, 1993, 1996). The stratigraphy; consisting of Miocene-age
fractured tuff layers, is considered representative of the stratigraphy beneath Yucca
Mountain, although the water table occurs in different units at different locations
around the mountain because of faulting. Matrix porosities at the C-wells range
from about 0.15 to 0.35. A consistent observation in all stratigraphic units below the
water table is that bulk permeabilities (determined from hydraulic aquifer tests)
exceed matrix permeabilities (determined by laboratory core measurements) by 2 to 6
orders of magnitude (Geldon, 1993). This high bulk-to-matrix permeability contrast
is indicative of fracture flow, consistent with flow logs at the C-wells that indicate
relatively discrete flow zones. The tracer tests described here were conducted in a
packed-off, -90-m interval of the lower Bullfrog member of the Crater Flat
Formation (Figure 2). The lower Bullfrog Tuff exhibits at least a 5 order-of-
magnitude bulk-to-matrix permeability contrast (Geldon, 1993), and this interval
includes the most transmissive zones in all three wells, accounting for over 60% of
the flow during open-hole flow surveys. The interval is not hydrologically isolated,
as there are pressure responses both above and below the packed-off zone in c#1 and
c#2 when c#3 is pumped. However, vertical conductivity is believed to be only a
small fraction of horizontal conductivity, and Geldon (1996) has characterized the
Bullfrog Tuff as being a confined, nonleaky "aquifer" based on hydraulic testing.

Although water flow in the Bullfrog Tuff and other stratigraphic units below
the water table is expected to occur predominantly in fractures, most of the water
volume in the system is contained in the porous tuff matrix, where it is essentially
stagnant. Radionuclide and tracer transport is therefore expected to be attenuated by L

diffusive mass transfer between the flowing water in the fractures and the stagnant
water in the matrix, a process known as matrix diffusion. Matrix diffusion in
fractured systems has been discussed and modeled at length by others (Neretnieks,
1980; Grisak and Pickens, 1980; Tang et al., 1981; Maloszewski and Zuber, 1983, 1985).
A system exhibiting this behavior is frequently called a "dual-porosity" system
because of the two distinct porosities corresponding to the fractures and the matrix., _
We distinguish. such a systemnfrom a "dual-permeability" or a "dual-porosity, dual-
permeability" system because it is assumed that the matrix permeability is negligible
relative to fracture permeability and that all flow occurs in fractures. It has been
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suggested elsewhere that~the saturated zone in the Vicinity of Yucca Mountain
should behave as a dual-porosity system (Robinson, 1994). This concept has
important transport implications, particularly for sorbing radionuclides, because it
suggests that solutes will have access to a very large surface area for sorption once
they diffuse out of fracture flow pathways and into the matrix.

To study sorbing solute transport at field scales, we used lithium ion as a
sorbing tracer. Lithium serves as a reasonable surrogate for ion-exchanging
radionuclides (Fuentes et al., 1989); and it has the advantages of being
environmentally benign, acceptable to regulators, readily detectable, and affordable.
Prior to conducting the field tracer test, we studied the sorption characteristics-of
lithium onto Bullfrog Tuff in laboratory tests under both static (batch) and dynamic
(column) conditions (Appendix A). In the batch experiments, equilibrium sorption
of lithium to Bullfrog Tuff was found to be adequately described by a nonlinear
Langmuir sorption isotherm,

KLSm +KLC) (1)

whereS = equilibrium mass sorbed per unit mass of tuff (jg/g)
C = equilibrium solution concentration (ig/mL)
KL = Langmuir coefficient (mL/gg)
S ax'= maximum solid sorption capacity (pg/g).

The values of KL and Smax that best described the batch sorption data were 0.0053
mL/gg and 110 gIg/g, respectively (Appendix A). This relatively weak sorption of
lithium is actually beneficial in a field test where higher sorption could result in an
impractically long test and/or very stringent analytical sensitivity requirements.

The column tests were conducted to (1) verify that the equilibrium sorption
parameters determined in the batch tests were also valid under flowing conditions,
and (2) estimate rate constants for lithium sorption and desorption. It'was found
that the equilibrium sorption parameters deduced from the batch and column
experiments were in relatively good agreement. Also, although there was
considerable variability from column to column, sorption and desarption rates were
found to be relatively fast, with forward rate constants ranging from 2.2 to 18 hr". A
more complete discussion of the methodology and results of these experiments is
presented in Appendix A.

Test Strategy

The C-wells tracer tests were conducted with the multiple objectives of (1)
testing/validating our conceptual model of radionuclide trarinsort through a dual-
porosity system, (2) obtaining estimates of key transport parameters in the' Bullfrog
Tuff, and (3) assessing the appljcability of laboratory-derived sorption parameters to
-field-scale transport predictions. To accomplish all of the test objectives in a
reasonable time, we chose'to conduct a forced-gradient, cross-hole .tracer test
involving the simultaneous injection of four tracers having different physical and
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chemical properties. By simultaneously introducing the tracers in one solution, we
ensured that they all experienced the same flow field and hence followed identical j
flow pathways through the system. The test interpretation could then be based on
comparing the responses of the different tracers in addition to analyzing the
individual responses of the tracers. The tracers used were (1) pentafluorobenzoate I
(PFBA), (2) bromide ion, (3) lithium ion, and (4) -360-nm diameter carboxylate-
modified-latex polystyrene microspheres (Interfacial Dynamics, Inc.). Lithium
bromide salt was used as the source of lithium and bromide. PFBA and bromide I
were analyzed by high-pressure liquid chromatography with a UV absorbance
detector, lithium was analyzed by inductively coupled plasma-atomic emission
spectrometry (ICP-AES), and the microspheres were analyzed by flow cytometry 4
(Steinkamp et al. 1991, Reimus et al., in prep).

The bromide and PFBA served as nonsorbing solutes with free diffusion
coefficients differing by about a factor of two (-1.5 x 10i5 cm2/sec for bromide and 4
-0.75 x 10-5 cm2/sec for PFBA; Newman, 1973 and Benson and Bowman, 1994,
respectively). The nonreactivity of bromide in groundwater systems is generally
accepted in the l- -ature, and PFBA has been shown to not react with C-wells tuffs 4
in batch sorption experiments (Stetzenbach and Farnham, 1996). Both tracers are
monovalent anions in C-wells groundwater, which has a pH of about 8. A
comparison of the responses of these two tracers was expected to yield information
about matrix diffusion, as the smaller bromide ion would be expected to diffuse
more readily into the matrix than the larger PFBA. Robinson (1994) has shown that
in a dual-porosity system, a higher diffusivity tracer is expected to have a
breakthrough curve with a lower, slightly delayed peak and a longer tail relative to a
lower diffusivity tracer. However, in a single-porosity system (i.e., a classic porous
medium) two such tracers should behave identically. Thus, if bromide appeared
attenuated relative to PFBA, it would indicate that a dual-porosity system
conceptualization was valid. By simultaneously analyzing the breakthrough curves
of the two tracers, we planned to obtain quantitative estimates of parameters
describing both flow field dispersion and matrix diffusion in the system.

As described in the introduction, lithium ion served as a weakly-sorbing
solute tracer. Its response was to be interpreted by comparing with the responses of
the PFBA and bromide. Mhe free diffusion coefficient of lithium is intermediate
between PFBA and bromide (-1 x 10-5 cm2/sec, Newman 1973), so in the absence of
sorption, its response would be expected to fall between that of PFBA and bromide.
Therefore, any attenuation of lithium relative to bromide, manifested as either a
lower peak, a delayed peak, or both, could be attributed to sorption. In unpublished
calculations, we have predicted lithium transport relative to nonsorbing solutes in a
field test using the laboratory-derived Bullfrog tuff sorption parameters and
assuming both a single- and a dual-porosity medium. These calculations have
shown that in a dual-porosity system with no sorption in fractures (i.e., open
fractures), the lithium response should have a lower peak relative to nonsorbing
solutes, but the peak will not be significantly delayed in time. However, in a single-
porosity system or a dual-porosity system with sorption in fractures, the lithium
response should have both a much lower peak and a significant time delay relative
to the nonsorbing solutes. We planned to deduce lithium sorption parameters in
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the system using the models described in Appendix B to'fit the lithium
breakthrough curve under the constraint that the dispersion and matrix diffusion
parameters deduced from the simultaneous analysis of the bromide and PFBA
responses must apply to the lithium as well. Thus, the only adjustable parameters
in the lithium fitting exercise would be sorption parameters.

The polystyrene microspheres were introduced for two purposes: (1) they
served as colloid tracers to provide insights into the potential for colloidal
radionuclide transport in the saturated zone near Yucca Mountain, and (2) they
served as large, low diffusivity tracers that should be excluded from the matrix and
hence provide an indication of true fracture flow in the system without the effects of
matrix diffusion. Carboxylate-modified-latex (CML) polystyrenenmicrospheres with
fluorescent dye tags were used because these microspheres had previously been
shown to have less tendency for attenuation/filtration in fractured systems than
other synthetic colloids that we considered (Reimus, 1995). The spheres have a
density of 1.055 g/cm3 , which minimizes their tendency to settle in groundwater.
The fluorescent dye tags allowed the spheres to be discriminated from natural
colloidal material and to be quantified at concentrations as low as -100/mL using
flow cytometry (Steinkamp et al. 1991, Reirnus et al., in prep.).. The.CML spheres
have carboxyl functional groups on their surfaces, which give them a negative
surface charge at pHs greater than about 5; and unlike most other polystyrene
microspheres, they also have hydrophilic surfaces (Wan and Wilson, 1994). Both of
these features tend to minimize attractive interactions with rock surfaces, and they
make the spheres very stable against flocculation, even at relatively high ionic
strengths, which is important if the spheres are to be injected simultaneously with
solutes in a relatively concentrated solution. However, despite these measures, we
still expected significant attenuation of the spheres based on previous experience in
both laboratory- and field-scale fractured systems (Reimus et al., in prep.). We used
360-nm-diameter spheres because we found in previous work that larger spheres
were more attenuated in fractured'systems, possibly due to more rapid settling of the
larger particles (Reimus et al., in prep.). Also, the flow cytometer that we had access
to had a lower size detection limit of about 250-nm diameter, although this does not
represent a fundamental limitation of the technique.

Test Procedure

Because of the considerable investment associated with conducting a test
involving multiple tracers, we first conducted two single-tracer pilot tests to'
determine nonsorbing tracer travel times and recoveries from wells c#1 and c#2 to
well c#3.- Well c#3 was used as the production well in all tests because it has'the
largest open-hole transmissivity of the three C-wells (Geldon, 1993). The pilot tests
allowed us to (1) determine which hole, c#1 or c#2, offered a faster, higher peak
concentration response and would therefore be the preferred injection hole for a test
involving a reactive tracerr(2) estimate tracer masses- required for the multiple
tower test,.and (3) -plan sampling frequencies for the multiple tracer test. Although
c#2 is much closer to c#3 than c#1 (-30 m vs. -80m at depth), it was not taken for
granted that c#2 would have a better tracer response because (1) local fracture strikes
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tend to be oriented more in the direction of c#1-to- c#2, (2) c#1 had approximately
the same magnitude pressure response as c#2 when pumping c#3, and (3) the
natural gradient is believed to be approximately in the direction from c#3 to c#2 _
(Geldon 1993). We were particularly concerned that if we didn't inject enough
lithium bromide (which is only -8% lithium by mass) into the system, we would
not observe any lithium at the production well. This concern stemmed from the -

uncertainty in the expected lithium attenuation due to sorption and also because of
the relatively high lithium background concentration, -65 gig/L, in the
groundwater. Additionally, environmental permitting dictated that we minimize, -

within reason, tracer masses injected.
The packed-off zone in c#3 (Fig. 2) was pumped continuously at about 575 C "

L/min in each test. The first pilot tracer test involved the injection of
approximately 10 kg of PFBA into well c#2 on May 15, 1996. The PFBA was 5- -

dissolved in -1000 L of groundwater. The test was conducted under partial
recirculation conditions with about 20 L/min of the water produced from c#3 S - S
(-3.5%) being continuously reinjected into c#2. The recirculation' was initiated
approximately 24 F. before tracer injection to establish a steady flow field, and it was
continued for 23 days after injection. The tracer solution was plumbed into the
recirculation loop such that there were no flow interruptions during injection.

The second pilot test involved the injection of about 12.7 kg of iodide (-15 kg c
of sodium iodide dissolved in -1000 L of groundwater) into c#1. It was conducted in
a manner very similar to the PFBA pilot test and was initiated on June 18, 1996. The
recirculation rate in this test was about 15 L/mnin (-2.6% of production rate), and I
recirculation continued for 16 days after injection.

The results of these two pilot tests clearly indicated that c#2 was the preferred
injection hole for the multiple tracer test, as the PFBA recovery from the May -

injection was about 73% and the iodide recovery from the June injection was
estimated between 6 and 10%. The May PFBA response from c#2 was previously
reported by Reimus and Turin (1996) (also shown in Figures 5 and 8 of this report),
and the iodide response from c#1 is shown in Figure 3. Based on these results, a
tracer test involving the simultaneous injection of -12 kg PFBA, -180 kg of lithium
bror iide (14.5 kg lithium, 165.5 kg bromide), and -7 g of microspheres (-3.5 x iO'4
spheres) into c#2 was initiated on October 9, 1996. Because of the much greater
tracer mass in this test than in the pilot tests, and the desire to minimize solute ,.
concentrations to prevent microsphere flocculation, the tracers were dissolved in
-12,000 L of groundwater instead of the -1000 L used in the pilot tests. The greater
volume kept the density contrast between tracer solution and the downhole
groundwater about the same as in the pilot tests. The microspheres were actually
introduced to the tracer mixture after about one-third of the solution had been
injected, which corresponded to about one injection interval volume. The test was
carried out under partial recirculation conditions with a recirculation rate of about
20 L/min that was continued for 40 days. Steady flow conditions were established by
starting recirculation -36 htr prior to tracer injection. -

), c k- Li ,/
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Test Results

The breakthrough curves (normalized to mass injected) of the four tracers in
the multiple-tracer test are shown on a log-log plot in Figure 4. The tracer
recoveries at approximately 5800 hr into'the test were -65% for PFBA, -65% for
bromide, -35% for lithium, and -11% for microspheres (at -4500 hr into the test). It
should be noted that the two different late-time PFBA responses in Figure 7
represent uncertainty in the October test data due to uncertainty in how much PFBA
was still being recovered from the May injection into c#2. Residual PFBA
concentrations in c#3 were about 12 lig/L at the time the October tracer test was
initiated. The PFBA curve with'the higher response assumes that the residual
PFBA concentration from the May injection continued to decay in exponential
fashion after the October injection (decay constant determined by fitting a line to the
tail of the May breakthrough curve on a log-log plot), while the lower response
curve assumes that the residual PFBA concentration from the May'test remained
constant at 10 pgg/L throughout the October test. The'latter assumption, while
seemingly unrealistic, is supported by the fact that the PFBA corcentrations in the
May test remained essentially constant'at 10-14 [tg/L for the last 6-7 weeks prior to
the October injection.

The most striking feature of the breakthrough curves in Figure 4 is their
bimodal (double-peaked) behavior, discussed below. The PFBA and bromide
responses show clear qualitative evidence of matrix diffusion, as the normalized
PFBA concentrations are higher than 'the normalized bromide concentrations at
both peaks, and the second bromide peak is somewhat delayed relative to the PFBA
with a tail that appears to cross over the PFBA at long times. As discussed above,
these are all hallmarks of matrix diffusion in a dual-porosity system. The lithium
response shows obvious attenuation' relative to the nonsorbing tracers, providing
clear evidence of lithium sorption. It is interesting that the attenuation of the first
peak is almost exclusively a lowering of the peak with little or no time delay, while
the attenuation of the second peak involves a clear time delay along with a dramatic
lowering of concentration. Explanations for this behavior are offered in the test
interpretation section.

- The microsphere breakthrough curve, which is corrected for the -4-hr delay
in their injection time relative to the solutes, is clearly attenuated compared to the
solutes. However, it is interesting that their first arrival preceded the solutes (even
without the time correction). This'behavior has been observed in other field and
laboratory tests in fractured systems (Reimus, 1995; Reimuis et al., in prep.), and may
be attributed to a small fraction of the spheres moving rapidly through high-velocity
streamlines in fractures without havirig the opportunity to diffuse'into low-velocity
or stagnant water. The majority of the microspheres may have been attenuated by
filtration mechanisms, possibly gravitational settling, as proposed by. Reimus et al.
(in prep.). However, the mass recovery of mnicrospheres relative to the nonsorbing
solutes is actually greater in ±he-second peak than the first peak, and -also the second
microsphere peak is delayed relative to the peaks-of the nonsorbing solutes with a
tail that appears to be persisting longer (less steeply declining) than the solutes. If
simple filtration theory were invoked to explain this behavior, a significantly lower
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filtration coefficient would be needed for the second peak than the first peak, and
the long tailing behavior could not be explained without assuming some sort of
reversible detachment behavior. Interpretation of the microsphere response
relative to the solutes is complicated by the fact that the microsphere injection was
started later than the solute injection. Thus, the microspheres may not have been
distributed into pathways flowing out of the injection borehole in exactly the same
proportion as the solutes (i.e., a different source term). Quantitative interpretation
of the complex microsphere behavior will be reserved for a future paper. However, J
the microsphere response clearly indicates that the potential exists for colloid
transport over tens of meters in the saturated zone. It also serves to constrain
possible interpretations of the solute responses, as discussed in the test
interpretation section.

The response to the May PFBA injection into c#2 was significantly different
than the response in October. The first 1800 hrs of the normalized PFBA j
breakthrough curves in the two tests are shown in Figure 5 (with linear axes). The
May breakthrough curve is a more conventional single mode response. PFBA
concentrations from the May injection were monitored for just over 3C00 hr with a
total recovery of -73%, and the total recovery at 3000 hr in the October test was
-58%; i.e., a higher recovery in the May test than in the October test at the same
point in time.

We offer the following explanation for the different responses in May and
October. Because of the lack of mixing in the injection interval, the tracer solutions,
which were injected directly below the top packer and were -2% more dense than
the groundwater in each test, probably sank rapidly to the bottom of the interval in
each test. The tests were conducted in an identical manner in every respect except
that only -1000 L of tracer solution was injected in May, while -12,000 L was injected
in October. (The duration of recirculation was also different, 23 vs. 40 days, but all
significant differences occurred prior to 23 days.) The injection interval volume was
-4300 L, so in the May test, only one-quarter of an interval volume was injected, and
it is very possible that only flow pathways in the lower part of the interval
conducted tracers out of the borehole. In contrast, in the October test, approximately
three interval volumes of tracer solution were injected, so the volume between the
packers should have completely filled with tracer solution and tracers would have
accessed flow pathways throughout the entire length of the interval. We suspect
that the first peak in October was the result of a small percentage (-13%) of the
injected tracer mass entering a flow pathway (or set of pathways) in the upper part of
the borehole that was not accessed in May. The flow survey information depicted in
Figure 2 certainly suggests that the zone of highest flow in well c#2 occurs in the
upper half of the interval, although one cannot necessarily conclude that there is a
cross-hole connection originating from these pathways. Much of the remaining
mass then presumably followed pathways that were also accessed in May and
resulted in the second peak occurring at the same time as the May peak (Fig. 5).
However, because the shapes of the May and second October peaks are different, and.
the total PFBA recovery was actually lower in October despite the early peak, we also
suspect that a considerable fraction of the mass injected in October followed other

8 7/31/97



pathways that were not accessed in May and were slower, ini general, than those
accessed in May.

Although we have no direct proof to support this hypothesis, we conducted
some simple laboratory experiments involving the injection of dyed salt solutions
into a -2-m-long, -1.5-cm ID, clear plastic tube with a tee about 1 m from the top of
the tube to serve as a "pathway" out of the "borehole." The dyed solution had
approximately the same density as the solutions injected in the field experiments,
and it was injected at the same rate, relative to the diameter of the tube, as in the
field. We found that even though the tee was the only exit point for flow out of the
tube, most of the dyed solution sank below the tee and remained in the lower part of
the tube (unpublished data). However, it must be recognized that the Reynolds
number (a measure of turbulence - Bird et al., 1960) was drastically different in the
laboratory than in the field; more turbulence would have been expected in the field.

We view the bimodal response in October and the single-peak response in
May as serendipitous good fortune. First, the two peaks allow us to objectively
conclude that there are at least two separate sets of flow pathways that contributed to
the October tracer responses. This allows us to estimate a different set 'Ji transport
parameters for each set of pathways, meaning that we effectively conducted "two
tests in one." It should be noted that if as much as 20% of the tracer mass had
followed the faster pathways in October (instead of -12%), the result probably would
have been a single peak instead of two peaks.

Quantitative Test Interpretation

The solute tracer responses were interpreted by simultaneously fitting the
breakthrough curves using a semi-analytical, dual-porosity transport model, RELAP,
which is described in detail in Appendix B and briefly summarized here. The
physical, conceptual, and mathematical models assumed for the field transport
system are depicted in Figure 6. The equations shown at the bottom of Figure 6 are
Laplace-domain "transfer functions" that describe tracer residence time distributions
within each of the system "components." The most important of these is the
transfer function for the groundwater system, which is taken from Tang. et. al.
(1981). This transfer function assumes 1-dimensional advective-dispersive
transport in parallel-plate fractures with 1-dimensional diffusion (perpendicular to
fracture flow) into a homogeneous, infinite matrix. It also assumes linear,
equilibrium, reversible sorption of a reactive species and a constant flow velocity in
the fractures. Model formulations assuming a 'finite matrix (Maloszewski and
Zuber, 1983, 1985), .radial flow (Moench, 1995; Becker and Charbenaeu, submitted)
and rate-limited sorption (Maloszewski and Zuber, 1991) are also embodied in
RELAP. These were used to evaluate the sensitivity of the derived transport
parameters to radial vs. linear flowfifinite vs. finite-matrix, and equilibrium vs.
rate-limited sorption. A detailed description of the mathematical development of
the models'embodied in RELAP is provided-in'Appendix.B.

The transferfunctions shown in Figure 6 were multiplied together to describe
transport throughout the system; a multiplication in the Laplace domain is
equivalent to a convolution integral in the time domain (Churchill, 1958).
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Wellbore storage was accounted for by assuming that the boreholes were well-
mixed, with the tracers experiencing an exponential-decay residence time i
distribution with a time constant slightly greater than the volume of the interval
divided by the volumetric flow rate into (injection well) or out of (production well)
the interval. Note that an equation for wellbore mixing in the production well is 2
not shown in Figure 6 because residence times in this well were very short (less
than 10 minutes) due to the high flow rate out of the well (-575 L/m). The Laplace
domain solutions were then inverted to the time domain using a Fourier-transform I
inversion technique (Appendix B). Because the Fourier-transform technique is very
efficient (and stable), it could be performed thousands of times per minute on a
computer workstation, making it practical to estimate model parameters by I
systematic, brute-force adjustments of their values to achieve a least-squares fit to
the data. The fitting procedure used to quantitatively interpret the October tracer
responses is summarized in Table 1 and discussed in detail in the following two
subsections.

Nonsorbing Solutes

The first step in the interpretation procedure involved using the transfer
function model depicted in Figure 6 to simultaneously fit the PFBA and bromide
data assuming that all transport parameters except for diffusion coefficients were
identical for the two solutes. Bromide matrix diffusion was assumed to be double
that of PFBA. A matrix correction factor, £, of 0.1 (Triay et al., 1993) was used to
estimate diffusion coefficients in the matrix from free diffusion coefficients using Dm

F-D,, where D, is the free diffusion coefficient (given in test strategy section). The
matrix and fracture retardation factors for these two nonsorbing tracers were fixed at
1. The procedure involved simultaneously fitting the early tracer peak(s) with a
single set of model parameters assuming that only a fraction of the tracer mass
accounted for the peak. The parameters adjusted to achieve the fit were (1) the mass
fraction, f, (2) the mean fluid residence time, r, (3) the Peclet number, Pe = L/a,
where L is the distance between wells and et is the dispersivity, and (4) the lumped
parameter, u/b, which is effectively a mass transfer coefficient for diffusion into
stagnant water, assumed to be the matrix. All other parameters were fixed according
to the manner in which the test was conducted (e.g., the injection concentration,
injection duration, and time constants for mixing in the injection and production
wellbores).

The best fit to the first peak was subtracted from the entire breakthrough
curve of each tracer, leaving only a single second peak. The simultaneous fitting
procedure was then repeated for the second peak. All of the parameters describing
the second peak were adjusted independently of the parameters that offered the best
fit to the first peak (except that the sum of the mass fractions in both fits could not
exceed 1). This procedure assumed that each peak could be described by a single
advection-dispersion equatior to account for flow and dispersion in fractures with-a
single mass, transfer coefficient accounting for matrix diffusion. We recognize that
the tracer response in reality was probably the result of flow through many pathways
in a fractured network, and that these pathways undoubtedly had a distribution of
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residence times, dispersivities, and matl9:; diffusion mass transfer coefficients.
However, without specific data on the geometry and transport properties of
individual pathways, it is difficult to justify assuming more pathways than are
necessary to achieve a reasonable fit to the data. Thus,. we initially limited ourselves
to two "pathways," one for each peak.

It is important to recognize that the simultaneous interpretation of the PFBA
and bromide breakthrough curves offers a tremendous advantage over
interpretation of either tracer breakthrough curve individually. In fact, without this
simultaneous interpretation, it is not possible to distinguish.between the effects of
hydrodynamic dispersion and matrix diffusion in a field tracer test.' This dilemma is
illustrated in Figure 7, which shows arguably equally 'good fits to the May PFBA
breakthrough curve obtained using the sets of model parameter values given in
Table 2. It is apparent that, altho-ugh there is an upper limit to the matrix diffusion
mass transfer coefficient that can be assumed in the system (constrained by the fact
that the mass fraction of tracer participating in the test cannot exceed 1), a reasonably
good fit to the data can be obtained by asJsuming no matrix diffusion at all (i.e., a
single-porosity system). Note that even though the' curve with the largest amount
of matrix diffusion appears to offer the best fit to the data in Figure 7, an equally
good fit can be obtained by assuming two overlapping'single-porosity pathways with
different dispersion parameters or by simply assuming a much longer mean
residence time for the tracer solution in the injection borehole. We consider
fractional mass participation in the tracer tests to be a definite possibility, as the
natural gradient is believed to be almost opposite the direction of induced flow from
c#2 to c#3 (Fig. 2), and some of the'tracer mass could also have "sunk" (due to
density effects) out of the zone of influence of induced flow. Thus, while the
analysis of a single breakthrough curve can offer an upper bound on matrix
diffusion and a range of possible values' for the dispersion coefficient and mean
fluid residence time in the system, it cannot conclusively establish that matrix
diffusion is occurring in the system.

Although the assumption of two sets of pathways was the most logical
approach to take in interpreting the October test, we were also interested in
determining whether the May and October PFBA responses could be quantitatively
reconciled. Because the timing of the May and second October peaks were the same,
we renormalized the May PFBA'breakthrough curve so' that its peak height
corresponded almost exactly with the height of the second PFBA peak in October.
We then fitted this response'using the same matrix diffusion mass transfer
coefficient that was obtained'from the simultaneous fit to the second PFBA 'and
bromide peaks in October (since the same-pathways were presumably accessed in
each test). Figure 8 shows that when the renormalized May 'response is subtracted
from the October PFBA response, a third peak results to account fo'r'the tail of the
October response. This peak was also fitted using the same matrix diffusion mass
transfer coefficient that was used to simultaneously fit the second October PFBA and
bromide, peaks. Figures 9 and 10 show the multiple pathway fits to 'the October
PFBA and bromide data, respectively. The upper plot in each figure shows two-
pathway fits,-and the lower plot shovws three-pathway fits (where the second
pathway offers' a good fit to the renormalized May PFBA response). The fact that the
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bromide data is fitted well in the three-pathway case confirms that the May and
October PFBA responses can be consistently interpreted by assuming that a portion
of the second peak in October is accounted for by the May peak. However, this result z

is not terribly surprising because a single large dispersion pathway can always be
divided into two or more smaller dispersion pathways that have the same matrix J
diffusion mass transfer coefficients as the single pathway.

The transport model parameters used to obtain the fits in Figures 9 and 10 are
given in Tables 3 and 4; with Table 3 containing the two-pathway parameters, and
Table 4 containing the three-pathway parameters. Note that different mean
residence times (X) and Peclet numbers (Pe) were obtained in each pathway
depending on whether linear or radial flow was assumed. In a heterogeneous,
confined aquifer, the flow velocity to a single production well is expected to vary
between linear and radial (National Research Council, 1996). Thus, if we assume
that the Bullfrog Tuff is reasonably confined, as suggested by Geldon (1996), j
presenting the two sets of residence times and Peclet numbers in Tables 3 and 4 is a
way of bounding these parameter estimates as a result of flow field uncertainty. The
radial mean residence time is always less than the linear residence time, and the
radial Peclet number is always greater than the linear Peciet number. This
somewhat confusing result can be qualitatively explained by recognizing that the.
models implicitly assume that the dispersion coefficient is the product of the J
dispersivity (cc) and the fluid velocity. Under this assumption, for a given
dispersivity, a solute will tend to experience more dispersion in radial flow than in
linear flow because any time the solute disperses ahead of the mean position, it will -

be subjected to a greater flow rate, and any time it disperses behind the mean
position, it will be subjected to a slower flow rate. Thus, leading solute particles will
tend to be swept further ahead and lagging solute particles will tend to lag further
behind in radial flow than they would be in linear flow. In effect, the radial flow
field has an additive effect to the dispersion that would be experienced in a linear
flow field. Any breakthrough curve can always be fitted equally well assuming
either type of flow field; only the values of the parameters will differ. Figure 11
shows the relationships between X and Pe in radial and linear flow as a function of
linear Peclet number. These relationships were derived using RELAP to fit a linear
response with a radial model.

Table 4 also indicates that the assumption of a finite matrix with a fracture X

spacing of 10 cm in the third pathway offered a better fit to the end of the tracer
breakthrough curves than an infinite matrix assumption. This was the only
instance where assuming a finite matrix improved a fit. However, we do not
consider this result terribly significant because the data at the ends of the
breakthrough curves have considerable scatter due to (1) lower analytical precision,
(2) approach to background concentrations, and, (3) ini the case of PFBA, uncertainty
in the contribution from the May injection.

Lithium

We proceeded to fit the lithium data using the same mean residence times,
Peclet numbers, and matrix diffusion mass transfer coefficients that offered the best
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simultaneous fit(s) to the PFBA and bromide data. Initially, fits were obtained by
adjusting the fracture and matrix retardation coefficients in the flow system
equation of Figure 6, which assumes equilibrium, linear, and reversible sorption in
homogeneous pathways. Sorption in fractures could be the result of the presence of
mineral alteration phases (mineral coatings) with a high cation-exchange capacity or
the presence of crushed tuff within the fractures, or a combination of both. The
retardation coefficient, R, is related to the linear distribution coefficient through the
well-known expression,

R=1+-KD (2)

wherep, = bulk density, g/cm3,
= porosity,

KD = linear distribution coefficient, cm3 /g.

Note that the assumption of a linear sorption isotherm is contrary to the
nonlinear Langmuir isotherm behavior observed in the lithium laboratory
experiments described in Appendix A. However, the asymptotic, low concentration
behavior of a Langmuir isotherm is the same as a linear isotherm with KD equal to
KLSmXw, so we felt that assuming linear sorption behavior was a reasonable starting
point. Also, the relatively fast sorption kinetics observed in the laboratory column
experiments suggested that the assumption of equilibrium sorption should be valid
for the peak arrival times in the October test.

Our initial attempts to fit the first lithium peak (upto about 120 hr into the
test) using the physical model parameters deduced from the PFBA and bromide fits
were unsatisfactory. We found that assuming linear, equilibrium sorption in the
matrix resulted in a peak that occurred later than the actual data with a tail that was
much higher than the data. We also found we had to assume no sorption in
fractures (i.e., Rf = 1) because any fracture sorption resulted in a peak that occurred
much too late to match the data. Note'that the absence of fracture sorption does not
necessarily mean that lithium wasn't sorbing to fracture surfaces; it simply means
that the fractures had very little surface area available'for sorption (i.e., without
crushed fill or sorptive coatings). Because of the relatively poorfits obtained
assuming equilibrium, linear sorption behavior, we proceeded to fit the lithium
data assuming (1) rate-limited, linear sorption,' (2) equilibrium, nonlinear
(Langmuir) sorption, and (3) rate-limited, nonlinear (Langmuir) sorption,
respectively. RELAP offers the option of 'using a transfer function expression for
rate-limited, linear sorption in a dual-porosity system; and a numerical model,'
RETRAN, was used to simulate nonlinear' sorptive transport (both equilibrium and
rate-limited) through a dual-por6sity system (Appendix B).

Figure 12 shows fits to the first lithium peak obtained for each of the cases
mentioned above, including the equilibrium, linear-case. Sorption' parameters' -

_,rres onding to the fits in Figure 12 are given in Table 5. 'Although a reasonable fit
to the data was obtained assuming rate-limited,'linear sorption in both the fractures
and matrix, Table 5 shows that the best-fitting rate constants were over an order of
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magnitude lower than those observed in the laboratory column experiments.
Likewise, the assumption of equilibrium, nonlinear (Langmuir) sorption provided a
good fit to the data but resulted in isotherm parameters that were in poor agreement -

with the laboratory-derived isotherm. The assumption of rate-limited, nonlinear
(Langmuir) sorption resulted in good fits with rate constants and isotherm
parameters that were in better agreement with the laboratory data than in the cases -

mentioned above. Figure 13 shows a comparison of the Langmuir isotherms
derived from the laboratory data and from the field data assuming both equilibrium
and rate-limited sorption. Note that although neither field-derived isotherm is in
very good agreement with the laboratory data, the rate-limited isotherm is an
improvement over the equilibrium isotherm. It should be emphasized that the fits
in Figure 12 and Table 5 are not unique; reasonable fits can be obtained for any
isotherm ranging from the equilibrium, field-derived Langmuir isotherm shown in
Figure 13 to a linear isotherm, provided that the sorption rate constants are allowed
to vary (slower rate constants result in more linear isotherms). The rate-limited,
nonlinear fit shown in Figure 12 (with corresponding isotherm in Figure 13) was
selected for presentation because it represents a reasonable balance bet -. en the J
extremes of (a) fast sorption rates (equilibrium) with a highly nonlinear isotherm
and (b) very slow sorption rates with a linear isotherm. It should be noted that the
lithium injection concentration in all RETRAN (nonlinear) simulations was I
assumed to be 1200 mg/L (the concentration of the injectate), which resulted in the
maximum possible effect of isotherm nonlinearity on the resulting fits. The
nonlinear "fits" obtained using RETRAN are not true least-squares fits because J
RETRAN does not currently offer automated minimization of sums of squares of
differences. However, after conducting many RETRAN simulations, we were
confident that the nonlinear fits in Figure 12 were relatively close to least-squares
fits.

We also considered a case in which the first lithium peak was assumed to be
the sum of responses from two separate sets of pathways that had different sorption
characteristics but which, when sorption was ignored, summed to yield the first
PFBA and bromide peaks. Because the difference between the PFBA and bromide
responses could be adequately explained using a single set of pathways, which
implied a single matrix diffusion mass transfer coefficient, the mass transfer
parameter, 4/b, in the two sets of pathways were kept the same as in the single
pathway PFBA-bromide analysis. We felt that splitting the first peak into two
pathways was reasonable because there was undoubtedly some chemical and surface
area heterogeneity (and hence sorption heterogeneity) in the flow pathways in the
system. In fact, it was clearly a simplification to be assuming that two sorption
isotherms (one for fractures and one for the matrix) could effectively represent all of
the sorption processes likely to be occurring over a 30-m-long by 90-m-thick section
of the saturated zone. By splitting the first peak into two pathways, we found it was
possible to obtain a reasonable fit to the lithium data by assuming equilibrium,
linear sorption.. . _

The lithium fitting exercise was completed by assuming that additional "sets
of pathways" contributed to the late lithium response, just as for the PFBA and
bromide. As before, the same physical model parameters that were deduced for the
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PFBA and bromide were used for lithium, anu only the sorption parameters were
adjusted to fit the lithium response. We'f6und that the assumption of equilibrium,
linear sorption was adequate to provide good fits to the late lithium response, so
rate-limited and nonlinear fits were not attempted. The sorption parameters
derived for all pathways in both the split-pathway case and the linear, rate-limited
case are presented for comparison in Table 6. Figure 14 shows plots of the fits to the
lithium data for these two cases. Composite fits to the lithium data assuming
nonlinear sorption (either equilibrium or rate-limited) in the first pathway are not
presented, but they were very similar to the linear, rate-limited case shown in the
lower plot of Figure 14. The composite fits' to all three solute tracers for the sphit-
pathway case are shown in Figure 15.

The sorption parameters in Tables 5 and 6 suggest that, in general, the
magnitude of sorption occurring in the field was in reasonably good agreement with
that in the laboratory experiments. If anything, sorption in the field was slightly
stronger than in the laboratory experiments, but this apparent result could occur if
the effective surface-area-to-volume ratio for matrix sorption in the field were
greater than that ir_-rred from a bulk density to porosity ratio of 10 g/cm3 (which
was the ratio assumed in calculating the field sorption parameters). Sorption rates
in the field were also possibly slower than in the laboratory column experiments.
This discrepancy, if real, might be explained by mass-transfer limitations in the field
that were not present in the laboratory, rather than by reaction rate limitations,
although we have no direct evidence to support either hypothesis. In comparing
the laboratory and field data it is important to recognize that we allowed no within-
pathway variability of matrix diffusion or sorption parameters in the interpretation
of the field experiments (other than "splitting" the first pathway to allow for two
sets of sorption parameters within that pathway). Physical and chemical
heterogeneity giving rise to such variability, certainly exists in the field system, but
we had no objective way of building it into our models, and the limited set of
laboratory experiments using Bullfrog' tuff collected from a single location could not
capture this variability. The field-derived laangmuir isotherm parameters suggest
that sorption in the field was stronger at lower concentrations and weaker at higher
concentrations than in the laboratory. This result suggests thatfthe use of the
laboratory data to predict lithium transport' over long distances and times, where
concentrations should remain low and kinetics will be unimportant, should tend to
overestimate transport rates.

Uncertainties and Alternate Interpretations-

There are several sources of uncertainty associated with the tracer tests and
their interpretation. First,'there are data'uncertainties, which are related to the
accuracy and precision of the tracer chemical analyses, including both random and
systematic errors'. We believe that ranidom errors were small because the
breakthrough curve data are not-widely scattered and show well-defined trends.
The most significant sources of systematic errors would have been day-to-day
differences in analytical instrument operation and in analytical standard
preparation. However, careful checks with control samples and cross-checking with
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another analytical laboratory (University of Nevada a. Las Vegas, unpublished data)
indicated that systematic errors were minimal. Incomplete knowledge of the
residual concentration of PFBA in the October test due to the May PFBA injection is
an additional source of uncertainty in the October PFBA data (see Test Interpretation
section and Figs. 4 and 9), but this uncertainty can be bounded and shown to have
minimal impact on the interpretative analysis.

Uncertainties in the parameter estimates given in Tables 3 and 4 are related to
uncertainties in the data, discussed above, and uncertainties in the uniqueness of
the curve fits. Parameter uncertainty due to data scatter can generally be quantified
by statistical measures such as "95% confidence intervals" (Draper and Smith, 1981).
For a given set of modeling assumptions, we expect this uncertainty to be relatively
small given the smoothness of the breakthrough curve data, but we have left its
quantification for future work. It is clear that uniqueness-of-fit uncertainties are
lower when several tracer responses are analyzed simultaneously (Tables 3 and 4)
than when only a single response is analyzed (Table'2) because more constraints are
placed on the interpretation. However, a detailed analysis of this uncertainty is also
reserved for future work.

We believe that the most important source of uncertainty in the tracer test
interpretation is associated with the modeling assumptions made in the curve-
fitting procedure. These uncertainties are similar to the uniqueness-of-fit
uncertainties mentioned above, but they go beyond a simple examination of various
combinations of parameter values that yield good fits to the data. An example of
this type of uncertainty is the different values of mean residence times and Peclet
numbers obtained depending on whether linear or radial flow is assumed (Tables 3
and 4). Intuitively, we expect that the range of parameter values in Tables 3 and 4 is
greater than any 95% confidence interval that would be obtained from standard
statistical techniques if only a single assumption were made about the flow field.

Uncertainties also arise from: (1) lack of knowledge of the actual diffusion
coefficients of solutes in the matrix, (2) the possibility that bromide and PFBA
diffusion coefficients differ by other than a factor of 2, (3) the possibility that tracers
may not have entered the fastest pathways out of the injection borehole until late.
during the injection, and (4) the possibility that the weilbore source function for any
of the "pathways" could have been signif' intly different than an exponential decay
with a time constant approximately equal to the borehole volume divided by the
injection flow rate. The effect of uncertainty (1) can be deduced by examining the
formation transfer function in Figure 6. For instance, if the diffusion coefficients in
the matrix are actually an order-of-magnitude lower than we assumed, which is not
unrealistic, the matrix diffusion mass transfer coefficient, §/b, in all pathways
would have to be increased by a factor of 3.162 (J4T) to offer the same fits that we
obtained. Uncertainty (2) would result in different parameter estimates throughout
the model, but even if the difference between bromide and PFBA diffusion
coefficients were as much as a factor of 3, which is also not unrealistic, the effect on
model parameters would be minimal. .For instance, scoping calculations indicated
that a factor of 3 difference between bromide and PFBA diffusivity would result in
only a 10-20% difference in the model parameter estimates in Tables 3 and 4.
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Effects of uncertainties (3) and (4) were also evaluated by conducting scoping
calculations, and it was found they had a'significant impact on the parameter
estimates only for the fastest pathway(s) that explained the first tracer peak. Because
there was not an early peak in the May test, it was assumed that the tracer mass
resulting in the first October peak exited the injection borehole during the last 2
hours of the injection. When it was assumed that the tracer exited the borehole
over the entire 10 hour duration of the injection pulse, the linear T and Pe were
estimated to be 36 hr and 8.0, respectively, compared to 35 hr and 5.5 in Tables 3 and
4. Thus, spreading the injection pulse over a longer time, in effect, reduced the
amount of dispersion necessary to fit the early data. Obviously, the actual duration
of the injection pulse for the first tracer peak could have varied anywhere from the
full 10 hr to -1.3 hr (to account for the 13% of the tracer mass observed in the first
peak). We felt it was reasonable to assume a delayed, short-duration injection
because of the lack of an early peak in the May test, where the injection duration was
less than an hour. For the later "pathways" accounting for the balance of the
October breakthrough curves, we assumed that the injection pulse was 10 hr long.
We found that varyi-.,g the injection duration from 1.3 to 10 hr had virtually no
effect on the interpretation of the latter portion of the breakthrough curves.

The source term uncertainty was investigated by varying the exponential
decay time constant by about an order of magnitude, from 0.13 to 1 hr-l. For
perspective, the value corresponding to the injection borehole volume divided by
the injection rate was -0.26 hrl. Interestingly enough, both the mean residence
times and Peclet numbers decreased as the time constant was decreased (i.e., a slower
exponential decay). This result suggested that the model was trying to compensate
for a slow release from the injection' wellbore by speeding up the movement of
tracer through the formation and increasing the amount of mass arriving early as a
result of dispersion. Because the fits tended to be better with faster decay constants
and also because higher dispersion is actually less conservative in a performance
assessment calculation, we decided to use a decay constant of 1 hr-l to obtain all of
the parameter estimates in Tables 3 through 6. This assumption also helped when
comparing the nonlinear RETRAN predictions to the RELAP results because
RETPAAN currently does not explicitly account for an exponentially decaying source
term. It should be noted that the value of the decay constant (within the range
stated 'above) had virtually no effect on the interpretation of the latter portion of the
breakthrough curves.

We also examined uncertainties associated with various assumptions about
lithium sorption in the system. For-instance, we found that we could obtain fits that
were essentially just as good as the fits shown in Figure 13 by making the following
alternative assumptions about lithium behavior.

(1) The pathways were identical to those in Table 6 for the case with a split first
pathway.' However, sorption was assumed to occur only in the matrix with no
fracture sorption.v-Matrix sorption.in all pathways was assumed to be
equilibrium and linear.

(2) There was a pathway that had no sorption or matrix diffusion at'all. This
pathway was assumed to account for all of the first lithium peak and a
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substantial portion of the first PFBA and bromide peaks. The remainder of the
first PFBA and bromide peaks were accounted for by second and third pathways
in which there was a large amount of matrix diffusion (and sorption) in both
the fractures and the matrix. Sorption was assumed to be equilibrium and
linear in all pathways. j

The second case actually represents a variation in the interpretation of the PFBA
and bromide responses, in addition to the lithium response. This case was included J
primarily to demonstrate that it is possible, however unlikely, to postulate that
matrix diffusion is not necessarily occurring in all flow pathways in the system.
Model parameters yielding the best simultaneous fits to the PFBA, bromide, and 4
lithium data for this case are given in Table 7. For the first case listed above, a good
fit. was obtained with the same three pathways as in the split-pathway case in Table
6, but with matrix retardation factors, Rk, equal to 6.4, 90, and 30 in pathways la, lb,
and 2, respectively.

Although this exercise points out considerable ambiguity in the
interpretation of the lithium data, we consider the interpretations presented in _
Tables 3 and 4 (and Figure 14) to be the most reasonable based on our knowledge of
lithium sorption derived from the laboratory experiments of Appendix A. The
matrix sorption parameters required to obtain good fits in the first alternate case
described above (Table 7) seem unreasonably large considering the laboratory
sorption data. Given that matrix porosities in the interval tested range from 0.15 to
0.25, and bulk densities correspondingly range from about 2.25 to 2.0 g/cm 3, equation -

(2) suggests that even a KD as large as 3 would result in a maximum matrix
retardation factor, R.,, of about 46. However, local surface-area-to-volume ratios are
what really control sorption, and these may be considerably greater than the bulk-
density-to-matrix-porosity ratio assumed in equation (2). The second alternate case
(Table 6) seems even less plausible than the first given the very large matrix
diffusion mass transfer coefficient, V/b = 6 cm l, required in the second subpathway
to compensate for the lack of matrix diffusion in the first subpathway. Such a large
mass transfer coefficient implies a relatively small fracture aperture, b, which is at
odds with the short residence time (high flow rate) assumed for this subpathway.
One would also have to speculate the existence of a single very large aperture
fracture pathway in this case that behaved essentially as a "pipe" to transport a
fraction of the tracers without any matrix diffusion or sorption. The microsphere
data argue against this hypothesis because the microspheres would be expected to
move very efficiently through such an open pathway, and this was clearly not the
case.

In contrast to the alternate cases, the matrix diffusion and sorption
parameters of Tables 3 and 4 have values in all pathways that are reasonably _
consistent with our current understanding of the saturated zone near Yucca
Mountain (Robinson, 1994) and also in better agreement with the laboratory

-.sorption data reported in Appendix A. It is for these reasons that we put more faith-
in the interpretation of the data represented by Tables 3 and 4 (and Figure 14) than in
the other possible interpretations, although we cannot unequivocally rule the
others out.
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Discussion '.l- -4...

We now consider the implications of the test interpretation(s) and the
uncertainties discussed in the preceding sections. First, it is apparent that regardless
of which uncertainties or alternative explanations are considered, it must be
concluded that matrix diffusion and sorption are occurring in most, if not all, flow
pathways. Second, the lithium sorption parameters deduced from the fits we
associate with the most likely test interpretations (Tables 5 and 6) are in reasonably
good agreement with the laboratory sorption data, although they tend to
underestimate the sorption rates observed in the lab. The agreement between field.
and laboratory is considered acceptable given all of the chemical and physical
heterogeneity likely in the field and the lack thereof in the interpretive models and
the laboratory experiments. Furthermore, a comparison of the laboratory- and field-
derived sorption parameters suggests that the use of the laboratory data to predict
field-scale lithium transport would tend to slightly overestimate field transport rates
over long distances and times.' We conclude that a dual-porosity conceptualization
of the saturated zone near Yucca Mountain is valid, and that the reasonable
agreement between field and laboratory-lithium sorption parameters lends validity
to the practice of using laboratory-derived sorption data to predict field-scale
transport behavior. However, the latter conclusion should be applied cautiously to
sorbing radionuclides, for which there'are no field data in the immediate vicinity of
Yucca Mountain. Finally, although we have not yet quantitatively interpreted the
microsphere response in the October tracer test, the breakthrough curve indicates
that significant transport of submicron-sized-particles can occur over relatively large
distances in the saturated zone near Yucca Mountain.

Table 8 provides ranges of physical parameter values derived from the field
test interpretations (excluding the two alternative cases discussed in the preceding
section). These ranges are intended to provide performance assessment modelers
with lower and upper bounds for use in large-scale, abstracted transport models,
although it must be recognized that the values strictly apply to only the lower
Bullfrog tuff at the C-wells. Lithium sorption parameters are not included in Table
8 because they are not directly relevant to any radionuclides of importance to
performance assessment. Although some of the parameter ranges in Table 8 seem
large, the'use of simultaneously-injected multiple tracers significantly reduced the
range that would have been reported in 'a 'single tracer test.

The' longitudinal dispersivity values in Table 8 were calculated using cc-
LIPe, where the-travel distance, L, was assumed to take on minimum and
maximum values of 30 and 100 In, corresponding to interborehole distance and the
approximate distance' between the bottom of one borehole and the top of the other
(the maximum' possible linear transport distance), respectively. To' put these
-dispersivities in perspective, Figure 16 shows a box encompassing the entire range of
values in Table 8 superimposed on a plot of dispersivity vs. scale taken from
Neuman.(1990). 'Itis apparent.that the C-wells longitudinal dispersivity is
reasonably consistent with other "data sets and with existing theories on the scale
dependence of dispersion:
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The values in Table 8 for fracture spacing, fracture apertures, effective flow
porosity, and effective fracture porosity are all very uncertain and should be used
with caution. The lower bound for fracture spacing is based on fitting the extreme -

tail of the PFBA and bromide breakthrough curves where there is considerable
scatter and uncertainty in the data. Upper and lower bounds for fracture apertures
were estimated by dividing the maximum and minimum matrix porosities reported
for the interval tested (Fig. 2) by the smallest and largest fitted O/b values,
respectively. The flow porosity was calculated from the mean residence times
assuming homogeneous, isotropic, radial flow of the entire production flow rate
over the entire thickness of the test interval (-100 m). These assumptions can be
shown to frequently result in conservatively high estimates of flow porosity when J
the medium is highly heterogeneous and the test is conducted with weak
recirculation and no mixing of the injection interval (unpublished results). Also,
the upper bound flow porosity values are derived from the longest residence time
pathways, which very likely received much less than 100% of the total production
flow rate. The fracture porosity upper bound reported in Table 8 is distinguished
from the uppe. Sound flow porosity in that it is estimated by dividing the J
maximum fracture aperture (0.75 cm) by the minimum fracture spacing (10 cm).
The lower bound for fracture porosity is zero because reasonable fits to the tracer
data were obtained assuming an infinite matrix.

While we considered the tracer tests to be highly successful, we recognize that
much work remains to be done. We tested only one formation at one location near
Yucca Mountain, and it would not be prudent to base performance assessments of
the entire saturated zone on such a limited data set. Thus, we plan to conduct
additional tracer tests, possibly in other test configurations such as single-well!
injection-withdrawal mode, in other hydrogeologic formations, and at other
locations near Yucca Mountain. Issues to be addresses in these tests include, but are
not necessarily limited to, (1) the time- and distance-scale dependence of the
processes of dispersion, matrix diffusion, and sorption, (2) the spatial variation of
transport properties in the vicinity of Yucca Mountain, (3) the variation of transport
properties in different stratigraphic zones and in different hydrogeologic settings
(e.g., faulted vs. unfaulted rock, high conductivity vs. low conductivity rock, high
matrix porosity vs. low matrix porosity rock), and (4) field sorption behavior in
different rock types (e.g., mineralogically altered vs. unaltered, high in clays vs. low
in clays, welded vs. unwelded). We also plan to conduct additional laboratory
experiments to characterize the sorption of lithium and other potential reactive
tracers to other tuffs likely to be encountered in the saturated zone near Yucca
Mountain. Additionally, we plan to conduct experiments to measure the diffusion
coefficients of nonsorbing tracers in tuff matrices so that we can use actual measured
values in our interpretive analyses rather than values derived from the literature.

We consider our modeling of the tracer tests to be a relatively simple
approach to interpreting the data. This approach involves a minimum number of
adjustable parameters, which is consistent with our limited knowledge of flow
system geometry'and heterogeneity. Although we believe that our conclusions are
sound, we recognize that there is much room for. revisiting the analyses using more
sophisticated modeling tools and introducing more system complexity, particularly
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as more site-specific'ihformation becomes available 'In the future, we plan to
incorporate this informationlinto numerical models that can better account for both
physical and chemical heterogeneity in two- and three-dimensions. We also plan to
examine other semi-analytical modeling approaches, such as the multi-rate
diffusion model of Haggerty and Gorelick (1995), which has been used to interpret
tracer tests conducted in a fractured dolomite near Carlsbad, NM for the Waste
Isolation Pilot Plant project (Meigs et al., in press). The fact that the matrix diffusion
mass transfer coefficients in our analyses decreased as pathway residence times
increased (Tables 3 and 4) and that a finite fracture spacing offered a better fit to the
end of the conservative tracer breakthrough curves suggests that multiple diffusion
rates and/or finite fracture spacings may be important at long time scales in the
groundwater system. It might also suggest that'interconnected porosity, and hence
diffusion coefficients in the matrix, decrease with distance into the matrix (away
from fractures). It is also possible that some of the apparent matrix diffusion in the
field experiments was actually diffusion into stagnant water along the rough
fracture walls or within the fractures themselves (occurring as a result of tracers
diffusing out of high flow rate channels and into low flow zones), rather ti an into
the matrix proper. These possibilities have important implications for saturated
zone performance assessments and merit further study because, if valid, they would
suggest that matrix diffusion might be overestimated in short-duration tracer
experiments.
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Tables

Table 1. Summary of quantitative interpretation procedure for October tracer test.

1. Find the values of t, Pe, p/b, and f (with Rm and Rf equal to 1) that provide the
best simultaneous fit to the first PFBA and bromide'peaks.

2. Subtract the fits obtained in step 1 from the PFBA and bromide data sets, and
repeat step 1 to fit the resulting second peaks (i.e. second set of pathways).

3. Fit lithium data sequentially as in steps 1 and 2 by adjusting R., and Rf while
using the values of Ir, Pe, O/b, and f that gave best fits to PFBA and bromide data.

4. If step 3 results in poor fit to the lithium data for any given peak, attempt to
obtain a better fit by allowing rate-limited and/or nonlinear sorption.

Table 2. Parameter values resulting in best fits to Ma'y PFBA data as a function of
assumed matrix diffusion mass transfer coefficient, 4/b.

O/b, cm-' t, hr Pe Dispersivity, m* f
4 150 29 1.1 0.99
2 220 16 1.9 0.8
1 310 9 3.4 0.72

0.4 410 6 5.2 0.65
0 (single-porosity) 470 5 6.2 0.55

*Assumes a 30-m travel distance (borehole separation).

Table 3. Parameters obtained from 2-pathway'fits to the October PFBA and bromide
responses (Rf and Rm- =1).

Parameter Pathway 1 Pathway 2
f, fraction mass 0.13 0.75

I, linear flow, hr ' 35 1010
Pe, linear flow 5.5 '1.5'

I, radial flow, hr 29 610
Pe, radial flow 8 2.7

4/b, cm-' 1.5 0.67
fracture spacing, cm cc co
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Table 4. Parameters obtained from 3-pathway fits to the October PFBA and bromide
responses, where the 2nd pathway provides a good fit to the renormalized May
PFBA response.

Parameter Pathway 1 Pathway 2 Pathway 3
f, fraction mass 0.13 0.33 0.26

x, linear flow, hr 35 360 940
Pe, linear flow 5.5 6.5 8

x, radial flow, hr 29 300 810
Pe, radial flow 8.0 9.5 11.5

4/b, cm-' 1.5 0.67 0.67
fracture spacing, cm 00 0c 10

I

Table 5. Sorption p . ameters derived from fits to the first lithium peak shown in
Figure 12. Other parameters used to obtain fits were same as for Pathway 1 in
Tables 3 and 4. Laboratory Langmuir isotherm parameters were KL = 0.0053 ml/g
and Smax = 110 pgg/g. Laboratory forward rate constant ranged from 2.2 to 18 hr-1 .

7*

Linear, Linear, Langmuir, Langmuir,
Parameter Equilibrium Kinetic Equilibrium Kinetic

Rf 1 (no sorption) 1.3 1 (no sorption) (see footnote 5)
Rm 7 21 -

kf(l), hr4 eC 0.12 cc 0.27
km(2), hr-1 oc 0.18 cc 0.7

KD(3), ml/g 0.6 2.0
KL(4), ml/lg - - 0.25 0.035
Smax(4) -. g/g 16 67

(')Forward rate constant in fractures.
(')Forward rate constant in matrix.
(3) Matrix value, calculated from equation (2) using fitted R. and assuming PB = 2.0

g/cm3 and § = 0.2. KD not calculated for fractures because of ambiguity in
defining P. and , in fractures. See footnote of Table 6 for laboratory KD values.

(4) Matrix value, obtained from RETRAN assuming p8 = 2.0 g/cm3 and ¢ = 0.2.
(5) Sorption in fractures was assumed to be Langmuirian with same KL and S.. as for

matrix, but with p./§ = 0.1 to simulate a lower surface area to volume ratio.

-

I
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Table 6. Parameters obtained from fits to October tracer responses assuming (1)
equilibrium, linear sorption with split first pathway (pathways la and lb) to
account for lithium response, and (2) rate-limited, linear sorption to account for
lithium response. Note that pathways la and lb sum to pathway 1 for PFBA and
bromide. Rows containing lithium sorption parameters are shaded.

-

Parameter
f, mass fraction

a, linear flow, hr
Pe, linear flow

a, radial flow, hr
Pe, radial flow

A /h r-n- 1

-

Equilibrium Fit with Split 1st Pathway 2-Pathway,
Pathway la Pathway lb Pathway 2 Pathway l

0.08 0.05 0.75 0.13
25 48 1010 35

8.5 14 1.5 5.5
22 12 610 29
44 19 2.7 8
1.5 - 1.5 n. 47 l 9

Kinetic Fit
Pathway 2

0.75
1010
1.5
610
2.7

nA 7

-

Matrix value, calculated from equation (2) using fitted R1n and assuming P. = 2.0
g/cm3 and ¢ = 0.2. For comparison, laboratory KD values were 0.583 ml/g at the
low end of the concentration range studied and 0.21 ml/g averaged over the
entire concentration range studied (0.5-500 mg/L). See also Appendix A.

Table 7. Parameters obtained from fits to October tracer responses assuming one
pathway (pathway 1) that has no matrix diffusion or sorption. Sorption is
assumed to be equilibrium and linear in other pathways. X and Pe for radial flow
was not calculated for any of the pathways.

Parameter Pathway 1 Pathway 2 Pathway 3
f, fraction mass 0.052 0.09 0.75

a, linear flow, hr 43 22 1010
Pe, linear flow 4.5 7 1.5

0/b, crn' 0 6 0.67
Rf 1 10 6
R." 1 9 11

#9..-
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Table 8. Ranges of physical parameters derived from the interpretation(s) of the
October tracer test.

Parameter lower bound upper bound
longitudinal

dispersivity, m 3.8 67
0/b, cm-' 0.67 1.5

effective fracture
aperture, cm 0.2 - 0.75

effective fracture
spacing, cm 10 00

effective flow porosity"' 0.004 0.125
effective fracture

porosity(2) -0- 0.075
( Flow porosity estimated from mean residence times assuming homogeneous,

isotropic, radial flow field over entire thickness of interval. These assumptions
often result in conservative (high) estimates (see text).

(2) Fracture porosity estimated from fracture half-aperture, b, divided by fracture
spacing (Note: Only one finite value of fracture spacing, 10 cm, was obtained in
any of the fits - see Table 4).

41
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Figure 1. C-wells layout showing interwell distances between tracer test intervals
(based on information in Geldon, 1993, and from vertical deviation surveys
conducted in July 1984 by R. Waddell, USGS).
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Figure 3. Breakthrough curve of iodide resulting from injection of -12.7 kg of
iodide into c#1 on June 18, 1996. Declining background prior to and immediately
after injection is du.e to recovery of iodide from a February 1996 iodide injection
into c#2. Estimated recovery from c#1 accounting for c#2 background was
between 6 and 10% through June 1, 1997.
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lithium, and -11% for midcrospheres (on April 15, 1997). The curve labelled
"PFBA" was obtained by assuming that the PFBA background from the May test
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Figure 7. Fits to the May PFBA data assuming different values of the' matrix
diffusion mass transfer coefficient,, /b-: (a) 4 cml, (b) 2 cmrf', (c) 1 can, (d) 0.4 cm-l,
and (e) 0 cm' (single-porosity system). Parameter values yielding the fits are
given in Table 2. Data points are a subset of the actual data (used for curve-
fitting).
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activated in May. Data points are a subset of the actual data.
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Figure 12. Fits to the first lithium peak in the October tracer test using different
isotherms and assuming only a single pathway with the same hydrologic
parameters that provided good fits to the PFBA and bromide data. The "Linear"
curves were generated using the semi-analytical model, RELAP, while the
"Langmuir" curves were generated using the numerical model, RETRAN. "Eq."
refers to equilibrium sorption and "Kin." refers to rate-limited (kinetic) sorption. _

Model parameters corresponding to the fits are given in Table 5. The data points
are a subset of the actual data (used for curve-fitting).
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Figure 13. Langmuir isotherms derived for lithium ion from laboratory testing and
from interpretations of the first lithium peak in the October tracer test. Table 5
gives Langmuir isotherm parameters used to generate the curves.
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the first pathway being split to account for lithium response. Parameter
estimates corresponding to the fits are given in Tables 3 (PFBA and bromide) and
6 (lithium). The data points are a subset of the actual data (used for curve-
fitting).
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Appendix A:.

Laboratory Measurements of

Lithium Sorption to Bullfrog Tuff

Batch studies

Materials and Methods
Approximately 10 kg of core pieces cbllected during the drilling of well UE-25c

#2 at the Yucca Mountain C-Wells complex was obtained for these laboratory
studies. The core was from a depth of approximately 730 m, and consisted of
moderately to densely welded tuff from the Bullfrog Member of the Crater Flat
Tuff. The core pieces were hand-washed in deionized water, air-dried, crushed to
gravel size, and finally pulverized to pass a 500 gm sieve. X-ray diffraction analysis
of the crushed tuff indicated a composition of 62±7% feldspar, 32+2% quartz, 5±2%
smectite, 1±1% mica, and 1±1% hematite. Subsamples of this batch of crushed tuff
were used for all the laboratory studies described in this paper.

In an ion-exchange-dominated system, the ionic composition of the water in
which experiments are conducted can have a major impact on observed sorption.
At the time of these studies, groundwater from the C-Wells complex was not
consistently available, and groundwater from well J-13, located 4 km southeast of
the C-Wells complex, was used as a surrogate for some tests. J-13 water is well-
characterized and has become the defacto standard groundwater for use in Yucca
Mountain sorption studies (Harrar et al., 1990; Triay et al., 1993; Triay et al., 1996). A
comparison of J-13 and C-Wells groundwater chemistry shows that the two waters
are both sodium bicarbonate dominated and in all regards quite similar. (Table A-1).
Lithium solutions for sorption tests were prepared by dissolving reagent grade
lithium bromide in either C-3 or J-13 water. All solutions were filter-sterilized
before use.

Drilling disturbances, core storage, and crushing may all have changed the
adsorbed ion composition of the tuff. Before sorption studies were initiated, the
crushed tuff was re-equilibrated with groundwater by five successive washes with
C-3 or J-13 water. For each wash, the tuff and groundwater-were mixed for at least
12 h. The crushed tuff and all experimental labware were sterilized by autoclaving
before use.

Batch sorption isotherms were determined under three different experimental
conditions: 1:1 solution:solidcratio in J-13 water at 250C (the temperature of the
colirmn experiments described below), 1:1 solution:solid ratio in J-13 water at 381C
(the approximate downhole temperature in the Bullfrog Tuff at the C-Wells), and
4:1 solution:solid ratio in C-3 water at 380C. The 1:1 experiments were conducted at
8 concentrations ranging from 0.5 jig/mL to 500 gg/mL; sorption at each

e . . /I- ,
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concentration was conducted in triplicate. The 4:1 experiment was less extensive,
and consisted of duplicate measurements at four concentrations ranging from 1
jig/mL to 500 gg/mL. Sorption measurements were conducted in 50 mL,
polyallomer Oak Ridge centrifuge tubes, with either 5 g (4:1 experiment) or 20 g (1:1
experiments) of crushed tuff and 20 mL of lithium solution.

Ion-exchange theory suggests that the actual ion exchange process is rapid and
will reach equilibrium quickly; in natural systems apparent equilibration rates are
limited by diffusion of ions through the solution to the mineral surface (Bolt et al.,
1978). In a well-mixed system such as a shaken centrifuge tube, diffusion is not
limiting, and equilibration should be achieved quickly. A previous study of
lithium sorption to the Prow Pass Member of the Crater Flat Tuff found that
sorption equilibrium was reached within 1 h, confirming this hypothesis (Newman
et al., 1991). For consistency with other sorption studies and for scheduling
convenience, a minimum equilibration period of 24 h was adopted for these
studies. At the conclusion of the equilibration period, during which the centrifuge
tubes were shaken at the specified temperature, the samples were centrifuged, the
supernatant decanted, and a subsample was filtered through a 0.45 gm membrane.
The equilibrium lithium concentration of this subsample was determined by ion
chromatography; the equilibrium sorbed concentration was then calculated by mass
balance.

Results and Discussion

Results of the three sorption studies (Fig. A-1) showed no significant effects of
groundwater source (C-3 or J-13), temperature, or solution:solid ratio; all the data
have been combined into a single data set for analysis. Fig. A-1 shows best fits to
the data of three common isotherm models, defined as follows:

Linear Isotherm:
S = KDC (1)

where S = equilibrium sorbed concentration (jig/g); C = equilibrium solution
concentration (gg/mL); and K. = linear distribution coefficient (mL/g).

Freundlich Isotherm:
S = KFC' (2)

where KF = Freundlich coefficient (mL/ g)n(jig/g) and n = Freundlich exponent
(dimensionless).

Langmuir Isotherm:

*- So KL m/C + KLC) (3)
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where KL = Langmuir coefficient (mL/pig) and Smax = Maximum solid sorption
capacity (pg/g).

Corresponding isotherm coefficients are listed'in Table A-2. Figure A-1
suggests that the Langmuir isotherm yields'the best fit to the observed data; only
the Langmuir isotherm captures the clear curvature of the data when graphed on
log-log axes. Furthermore, only the Langmuir isotherm recognizes the finite
sorptive capacity of the solid matrix; the other models imply potential infinite
sorption. For these reasons, we conclude that the batch sorption data is best
represented by a Langmuir isotherm with KL = 5.3 x 10"3 mL/glg and S,,., = 110 1gg/g.
A previous study of lithium sorption to the overlying Prow Pass Member of the
Crater Flat Tuff also revealed Langmuir behavior (Newman et al., 1991).

Column Studies

Materials and Methods
A series of transport experiments was conducted in Plexiglas columns 91.44 cm

in length and 0.62 cm in diameter. The columns were packed with the crushed tuff
described above using a wet slurry technique that minimizes layering, but also
eliminates particles less than roughly'70 prm'in'size. With the crushed Bullfrog
Tuff, approximately 40-50% of the sample was not retained in the column. Column
porosity was measured at 57% and dry bulk density was calculated at 1.14 g/mL by
assuming a mineral density of 2.65 g/mL, typical values for columns prepared in
this fashion (e.g. Treher and Raybold, 1982; Thompson, 1989). Three columns were
prepared identically. The column apparatus included a constant-rate pump, a
valve to switch between a reservoir containing J-13 "background" water and a
solution of lithium bromide in J-13 water, and an automatic fraction collector at the
downstream end of the column. Each experiment began by pumping
approximately 180 mL (roughly 12 pore volumes) of J-13 water through the column
at a specified flow rate to equilibrate the tuff with groundwater chemistry. The
input was then switched to the lithium'bromide solution. Effluent samples were
analyzed for lithium and bromide concentration by ion chromatography. In these
tests, bromide was assumed to behave as an' ideal nonsorbing tracer, in contrast to
lithium,; a reactive tracer.

Experiments were conducted with two tracer concentrations (approximately 5
mg/L and 20 mg/L) and two flow rates (1.6 and 2.2 mL/h); a'20 mg/L test was also
performed at 9.73 mL/h. 'The different concentrations' were' intended to quantify
effects of sorption nonlinearity, while'the' different flow.rates should reveal
kinetically controlled effects'such as sorption nonequilibrium or diffusion-limited
sorption. All tests were conducted at'25°C.

. .~~~~~~~~~~. -*

Results and Discussion :, , .

Results of the columns tests are presented in Table A-3; breakthrough curves
(BTCs) for one of the experiments are shown in Fig. A-2. The first step 'in the
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analysis was the determination of the individual column's transport behavior by
fitting a one-dimensional advection-dispersion equation to the bromide BTC, using
RELAP, a one-dimensional semi-analytic code based on a Laplace transform
inversion method (Appendix B). All five bromide BTCs were fit very well,
suggesting near ideal behavior. RELAP can work with a system of dimensionless -

variables, in which hydrodynamic dispersion is represented by the Peclet number,
P.t defined as L/a, where L is the column length and a the dispersivity. The Peclet 4
numbers shown in Table A-3 correspond to dispersivities of 0.2 - 0.3 cm, similar in
scale to the column radius.

We then analyzed the lithium BTC for each experiment by holding the
column's mean residence time and Peclet number fixed at the values determined
for bromide, and varying the sorption behavior. RELAP's semi-analytic nature
limits its sorption capabilities to a linear isotherm, so its numerical sister-code,
RETRAN (Appendix B) was used to simulate Langmuir sorption behavior. Using
the Langmuir sorption parameters resulting from the batch studies (Table A-2) and
assuming local sorption equilibrium, we obtained curve iv in Fig. A-2. Notice that
this simulation matches the observed time of breakthrough very closely, but
significantly overestimates the slope of the BTC. The observed lower slope
(increased apparent dispersion) is symptomatic of kinetic effects (Valocchi, 1985); to
explore this possibility, we relaxed the local equilibrium assumption and used
RETRAN to better fit the observed BTC. RETRAN includes kinetic effects in terms
of the dimensionless Damkohler number, Da, defined as kt, where k is a first order
reaction rate constant and X is the mean residence time in the column. The
observed lithium BTC was well fit by setting D. to 18 (curve v in Fig. A-2),
corresponding to a forward rate constant of 2.2 hI'. This rapid reaction rate is
consistent with both ion-exchange theory and measurements of lithium sorption to
Prow Pass Tuff, mentioned earlier.

Note that the rate constants shown in Table A-3 reflect an effective rate
constant for the entire sorption' process, including both diffusion from the bulk
liquid to the exchange site and the actual exchange process. While the latter should
be a function only of the solution and medium, the former may depend on flow
geometry, in turn a function of column packing. This sensitivity to column
packing may explain why Table A-3 shows that repeated tests in the same column
give similar rate constants, but column A-2 shows consistently lower rate constants
than the other two columns.

Isotherm nonlinearity can affect BTCs in two related but different fashions.
The first effect of nonlinear sorption on a BTC reflects the fact that in the solute
front itself, a distribution of concentrations occurs, ranging from background (in
our case, close to 0 m'g/L) to the peak influent concentration (here, 5 or 20 mg/L).
Changes in retardation as a function of concentration will alter the shape of the
breakthrough curve; specifically, decreased sorption and higher transport velocity at
high concentration will sharpen the leading edge of the solute front. (Conversely,
if the solute is applied as a pulse,. with both a leading and trailing edge, this effect
will retard the low concentrations at the end of the trailing edge, resulting in

Am4 7/31/97



increased tailing.) We 16lkfo r this effect by comparin-g'tied shape of the observed
BTC to simulations assuming linear and nonlinear sorption.

This sharpening effect will be most pronounced in a high-concentration test,
in which the leading edge of the front contains the widest range of concentrations.
To determine whether sorption nonlinearity has affected the shape of the BTC,
RELAP was used to attempt a linear sorption fit to the lithium BTC in Fig. A-2.
Both equilibrium and nonequilibrium fits are shown in the figure; the linear
sorption simulations yield results virtually indistinguishable from the Langmuir
results. This implies that for the concentrations and conditions' of the column
studies, the nonlinearity of the sorption isotherm had no observable effect on the
shape of the BTC. This is most likely due to the very low dispersivity of these
laboratory columns; the low degree of dispersion keeps the solute front very sharp,
and the concentration at any point in the column jumps from background to peak
very rapidly. Thus, there is only a very small volume of intermediate
concentration liquid in the column. In a higher-dispersion system where a larger
portion of the column would contain 'solutions of varying concentration,
nonlinear sorption would be more apparent. Because under the conditions of our
tests, nonlinear sorption played no significant role in BTC shape; the rest of the
column studies were analyzed assuming linear sorption, leading to the results
presented in Table A-3.

The second effect on nonlinearity arises because behind the solute front, solute
concentrations are relatively constant and nonlinearity makes the ratio between
dissolved and sorbed concentrations a function of dissolved concentration. This
ratio controls the velocity of the solute front through the column, through its
influence on the retardation factor (RF), the ratio of average groundwater velocity to
the velocity of the tracer front. This effect changes the position of the BTC as a
function of concentration; decreased sorption at higher concentration will move
the BTC earlier in time. We look for this effect by comparing measured RFS for
different solution concentrations.

Table A-3 shows that RFs for the 5 mg/L tests ranged from 2.2 to 2.3, with a
mean of 2.25; RFs for the 20 mg/L tests ranLtad from 1.7 to 2.0, with a mean of 1.87.
The observed decreased retardation at highe~r concentration qualitatively fits our
prediction of the effect of nonlinear sorption. We now compare these results to
quantitative predictions of nonlinear effects on RF. For the Langmuir isotherm, the
RF can be shown to be (Fetter, 1993):

RF =l1+ PB ()2 (4)

where PB is the dry bulk density of the medium (g/mL) and 0 is the volumetric
moisture content, or porosity for a saturated medium.

By solving Eq. 4 with our batch Langmuir parameters column PB and 0 values,
we obtain retardation factor-predictions of 2.11 for the 5 mg/L tests and 1.95 for the-
2G iug/L tests. Overall these predictions match the observations very well, differing
by 7% or less for both concentration levels. However, the observed difference in R.
at the two concentration levels somewhat exceeds that predicted by the model. This
may reflect simple experimental variability due to the small number of tests
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conducted, or may indicate further physical complexities. Additional column
studies covering a wider range of concentrations would help settle this question.

We conclude that under our experimental conditions, sorption nonlinearity
affects the retardation of lithium, but not the shape of the BTC. This result implies
that we can model transport under these conditions using the simple KD linear
sorption model by adjusting the KD value as a function of solution concentration. I
Comparison of Eqs. 1 and 3 shows that at very low concentrations (C-0), the
Langmuir model approaches the linear model with a KD value of Smax-KL, j
approximately 0.6 mL/g in our case.

Summary and Conclusions
We conducted a series of laboratory batch and column sorption experiments to

characterize the reactive transport of lithium through crushed Bullfrog Tuff, the 4
host formation to a field tracer experiment. The batch data indicate that lithium
exhibits nonlinear Langmuir sorption. Column studies at different flow rates and
concentrations confirmed the nonlinear sorption behavior, and observed
retardation factors differed from batch predictions by 7% or less. The column
studies also produced clear evidence of sorption nonequilibrium, although the
kinetics are relatively fast, with reciprocal forward rate constants on the order of 30
min or less.
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Appendix A Tables

Table A-1. Comparison of J-13 and C-Wells groundwater chemistry. All
analyses (except pH) in ,ug/mL (Fuentes et al., 1989).

1-13 C-Wells
Al <0.03
B 0.13
Ba <0.001
Ca 11.3 11
Cl 7 7
Fe 0.02
K 5 2
Li 0.040 0.11
Mg <0.010 0.38
Mn 0.01
Na 44 55
Si 30 25
Sr 0.040 0.044
P0 4 <2.5
S04 19 22
HCO3 124 142
pH 7.2 7.8

-I

I

j
I

Table A-2. 'Isotherm Parameters Derived from Batch Sorption Studies (0.5 -
500 jig/mL concentration range)
Linear
KD 0.21 mL/g

I
-J

-IFreundlich
KF 0.76 (mL/,ig)Y' 2 i'g/g
n 0.82

Langmuir
KL 5.3 x 10' mL/g
Smax 110 gg/g

Table A-3. Results of Column Studies. Refer to text for notation.
Column Flow Rate Li Conc. r P. RF kf, Da

(mL/h) (mg/L) (h) (h 1)

1 1.6 5 11 400 2.2 14 160
1 2.2 5 8.0 400 2.3 18 140
2 1.6 20 11 300 1.9 3.6 40
2 2.2 20 8.2 300 2.0 2.2 18
3 9.7 '20 1.9 400 1.7 14 27

I

J
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Figure A-1. Batch Sorption Results.
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Figure A-2. Bromide and lithium breakthrough curves in Column 2 at a flow rate
of 2.2 mL/h, and corresponding fits to data. (i) Fit to bromide data with a Peclet
number of 300, (ii) fit to lithium data assuming linear isotherm (RF = 2.0) with
equilibrium sorption, (iii) fit to lithium 'data assuming linear isotherm with a
forward rate constant of 2.2 h'1 , (iv) fit to lithium data assuming a Langmuir
isotherm with equilibrium sorption, and (v) fit to lithium data assuming a
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parameters: KL = 0.0053 mL/gg and S. = 110 jig/g.
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Appendix B:

Description of Mathematical Models in
Computer Codes RELAP and RETRAN

To model sorbing tracer transport in a dual-porosity system, we start with a
conceptual model for conservative tracer transport in fractured systems originally
introduced by Maloszewski and Zuber (1983, 1985), and we extend it to include rate-
limited, nonlinear sorbing tracer transport. Figure B-1 shows the assumed model
domain, which consists of parallel-plate fractures of aperture 2b separated by matrix
blocks of thickness L, each of which extend infinitely into the page. Tang et al. (1981)
assumed an infinite spacing between fractures, but this is just a special case of a
finite matrix with a very large fracture spacing. Others have used similar model
conceptualizations but with cylindrical or spherical-shaped matrix blocks
(Rasmuson and Neretnieks, 1986). All of these formulations yield similar results
when tracer penetration into the matrix is much less than matrix block dimensions;
that is, when time scales are short compared to time scales necessary for diffusion to
the centerline of the blocks. In Fig. B-i, the fracture apertures, fracture flow velocity,
matrix bulk density, matrix porosity, and fracture and matrix sorption parameters
are assumed to be the same everywhere in the system (no spatial heterogeneity).
This is clearly a simplification, but spatial variation is very difficult to characterize
in a field setting, and it also introduces considerable complexity and ambiguity to
model interpretations (i.e., more adjustable parameters to fit an observed response).
Therefore, we considered it appropriate, as a first approximation, to assume
homogeneous properties and use bulk average parameter values.

Referring to Fig. B-i, it is assumed that advective transport occurs only in the
x-direction in the fractures and that diffusion into the matrix is important only in
the y-direction. It is also assumed that there are no concentration gradients in the y-
direction in the fractures. These assumptions allow the equations describing.
transport in the fractures and the matrix to be decoupled and solved as separate 1-
dimensional problems that are linked only through a boundary condition and a
single term in the fracture transport equation.

Linear Flow in Fractures

For a constant flow velocity in fractures (i.e., linear flow), the differential
equations and boundary conditions describing rate-limited, nonlinear sorbing tracer
transport in the fractures and matrix (the most general case) are:

Fractures, Solution Phase:

ac, + Vf aCE - a 2C t+ p, has 0 (Bl)at x Dax2 Trl) at bil aY. y=b
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Fractures, Immobile PhaseK"

(I;J at

.

. kff 1+(Xfcf + kgrSt = 0 (B2)

Matrix, Solution Phase:
acm

. at

a 2 Cm

-May2 + s =
au' t (B3)

Matrix, Immobile Phase:

PJ asm _ km( + )
+ kmrSm = 0 (B4)

subject to initial and boundary
Cf(x,O) = 0

- Cf(O,t) = 6(t)
Cf (o,t) = 0

Sf(x,O) = 0
Cm(Y,X,O) = 0
Cm (b,x, t) = C,(x, t)

acmI(Lx~t = 0
ay (2

Sm(Y,X,O) = 0

conditions
(Bla)
(Blb)
(Bic)
(B2a)
(B3a)
(B3b)

(B3c)

(B4a)

where, Cf = tracer concentration in solution in fractures, M/L 3

CM= tracer concentration in solution in matrix, M/L3

S.= tracer surface concentration on fracture surfaces, M/M solid
Sm= tracer surface concentration'on matrix surfaces, M/M solid
vf= fluid velocity in fractures, L/T
Df = dispersion coefficient in fractures, L 2/T
Dm= molecular diffusion coefficient in matrix, L 2 /T
pf = bulk density of material in fractures, M/L3

PB = bulk density of matrix, M/L3

ii = porosity within fractures,
¢ = matrix porosity,
b = fracture half aperture, L
L = distance between parallel fractures in medium, L
kff = rate constant for sorption to-surfaces in fractures, 1/T (if linear)
kfr = rate constant for 'desorption from surfaces in fractures, M/L 3T
kMf = rate constant for sorption to surfaces in matrix, 1/T (if linear)
kmr = rate constant for desorption from surfaces in matrix, M/L3T

- a;~, P3 = sorption isotherm parameters defined in equation (B5) (i f,
fractures; i m, matrix), and

6(t) = dirac delta function. '
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Coupling between the fractures and matrix is achieved through boundary condition
(B3b) and through the last term on the left-hand side of equation (Bi). We make use

of the expression (PU to account for surface area available for sorption in fractures.

In reality, fractures could be completely open (i.e., 71 = 1, pf = 0), and sorption might j
occur only on the walls. In this case, the expression (PU can be considered a

proportionality constant that should be adjusted to an appropriate value to describe I
sorption to the walls. Alternatively, sorption in fractures can be completely ignored
by setting this term equal to zero. We use the dirac-delta function as the inlet
boundary condition (equation (Blb)) because the solutions obtained using this J

boundary condition are residence time distributions that can be mathematically
convoluted with any generalized input function to obtain a generalized
breakthrough cur .-.

In the above equations, we have used a general expression for the sorption
isotherms in both the fractures and the matrix:

KC~'
S = 1C (B5)

This expression allows a linear, a Freundlich, or a Langmuir isotherm to be defined.
A Freundlich isotherm is obtained by setting a = 0, a Langmuir isotherm is obtained
by setting 13 = 1, and a linear isotherm is obtained by setting a = 0 and 13 = 1.
Equations (B2) and (B4) also assume nonlinearity of the adsorption reaction (i.e., not
first-order in concentration) while the desorption reaction is assumed to be linear
(first-order in surface concentration). Note that K = kf/km, where kf and km are the
rate constants for sorption and desorption, respectively.

If equilibrium sorption is assumed, the sorption isotherm expression can be
substituted directly for Sf and Sm in equations (Bi) and (B3), respectively. This
eliminates the need for the immobile phase equations (B2) and (B4). Recognizing

that .-. = , the fracture and matrix transport equations become
at = ac -at

Fractures:

aCf +V aC- Df -pC + pf)LKffC- afKfCflt aCf OD,, =0 (B6)at ax ax' 71 1+XafCf (l+cfCf),- at bil ay y=b

Matrix:
acm a~~c___ _ cc a-K C ~ lCmaCm Da Cm + rp.§jKm13mcmf'- -n m m (B7)

at M..A + ay2 1 +amCm (1+amCm) 2 ] at
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where the terms in brackets, [],are IS for the fractures and matrix, respectively, and

Km = kmr and K, ktr
mr f

When the sorption isotherm is nonlinear (either rate-limited or
equilibrium), the appropriate equations given above are solved numerically using
an implicit alternating-direction finite-difference method. By assuming 1-D
transport in both the fractures and the matrix and using an explicit time
discretization for the adsorption (nonlinear) term, the model equations are reduced
to a single tridiagonal linear system for the fractures and a set of independent
tridiagonal linear systems for each row of grid points extending into the matrix
(perpendicular to the fractures). These tridiagonal systems can be solved very
efficiently, and the implicit time discretization provides unconditional stability.
The computer code developed to obtain the numerical solution is called RETRAN
(REactive TRANsport code).

For linear sorption isotherms (either rate-limited or equilibrium), it is
possible to obtain a semi-analytical solution of the transport equations by following
the Laplace transform technique of Maloszewski and Zuber (1983). The Laplace
transform removes the time derivatives from the governing equations, rendering
them ordinary differential equations that can be solved by standard methods. The
Laplace transforms of the general rate-limited equations (Bl), (B2), (B3), and (B4),
assuming linear isotherms, are

Fractures, Solution Phase:

Da2 (p rn-rn. =0 (ES)
SCf + Vf ax 'Df-2 +~ (q tf -bil ay |yb (B8)

Fractures, Immobile Phase:

(-)JsS, - kfC, +k, = (B9)

Matrix, Solution Phase:

sC- Dm +2 (B)Sm =0 (B10)

Matrix, Immobile Phase:

( ¢JsSm kijfCm + knr, S= 0 (B11)

where, s = Laplace transform independent variable (replacing time), and
X = Laplace transform of dependent variable.
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I

JEquations (B9) and (B11) are now algebraic equations that can be solved for S, and
the result(s) can be substituted into equations (B8) and (B10) to obtain (see also,
Maloszewski and Zuber, 1991): J
Fractures: E -1+ (Jk~f,1_

(PT1~ ja~
ax'

_Dm a C,,,
bri ay Iy=b

= 0 (B12)

Matrix: J

I + ( kSCm
(Po is+kmr

D y = 0 (B13) j

-J

The equilibrium sorption case is readily apparent from equations (B12) and

(B13) if we set kf and kr to very large values and recognize that Kd =kf and
kr

R = 1 + (PpJKd. The equilibrium case was also derived by Tang et al. (1981) for an

infinite matrix boundary condition.

Equations (B12) and (B13) are in the same form as the equations solved by
Maloszewski and Zuber (1983). The only difference is that the sorption expressions
in brackets in equations (B12) and (B13) were equal to 1 in Maloszewski and Zuber's
equations because they only considered conservative solute transport. Thus, the
solution of equations (812) and (B13) subject to Laplace-transformed boundary
conditions (Bla) through (B4a) is identical to the solution presented by Maloszewski
and Zuber except that the sC, and sCM terms now have more complicated
coefficients. Referring to Maloszewski and Zuber (1983) for details of the derivation,
the final result for transport in the fractures coupled with diffusion into the matrix
is a single Laplace-domain equation given by

J

~fx)= exp Ix-k- 14DVR2(s)+

-

4D" 4K I~(5)Dms Tanl ~S~m5
b)4A

(B14)
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where,

Rf(s) = 1 + (B15)

(PJ + kr

Rm(s) = 1 + (B16)

If we introduce the mean fluid residence time in fractures, r = -, and the
v,

dimensionless Peclet number, Pe = v, which are related to the first and second

moments of fluid residence time in the system, respectively, equation (B14) can be
rewritten as

Cf(x) = exp| 1+- -1/R.(s)Dms TanhsR +(5( )))]|C1(x) 2[q et brj Dm~2)J

Equation (B17) is arguably a more natural expression to work with than equation
(B14) when considering field data because actual distances and fluid velocities in a
field experiment will be dependent on flow pathways in the system, but the concepts
of the first and second moments of fluid residence time are less ambiguous.

Equation (B17) also clearly delineates the expression b /Rm(s)Dm as an effective
brl

mass transfer coefficient for matrix diffusion. This expression can be further

divided into a flow-system-dependent part, b- and a tracer-dependent part,

4m(-sp.j . In chemical engineering, Laplace-domain expressions such as equations
(B14) and (B17) are used extensively in control theory and are referred to as "transfer
functions."

We now consider three simplifications to equation (B17).. First, by setting
Rf(s) and Rm(s) equal to 1, we reproduce the result for a nonsorbing tracer obtained
by Maloszewski and Zuber (1983). Second, in the case of an infinite matrix, as was
assumed by Tang et al. (1981), the argument of the hyperbolic tangent approaches
Infinity and hence the hyperbolic tangent itsel, becomes unity. The resulting
expression is identical to that derived by Tang et al. (1981) except that the reaction
terms have now been generalized to allow rate-limited as well as equilibrium
sorption; Finally, if we set the matrix porosity, 4, equal to zero, the entire term
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accounting for diffusive transport in the matrix (the term containing the hyperbolic
tangent) drops out of the equation, and we get an expression describing reactive
transport in a single-porosity medium. Thus, the transport expression derived for a
dual-porosity medium is consistent in that it reduces to a single-porosity medium
when Q = 0.

Radial Convergent Flow in Fractures

The derivations in the preceding section were strictly for a spatially invariant
flow rate in fractures (linear flow). In reality, the flow field in a weak recirculation
tracer test in a confined, heterogeneous aquifer is likely to range between linear and
radial (National Research Council, 1996), with these two cases representing end
members. In a completely unconfined aquifer, spherical flow might be an
appropriate end member, but we do not consider that here because of the partially-
confined nature of the Bullfrog tuff.

In the case of radial flow, we only have to modify the equations for solution
phase transport in the fractures in the preceding section. Specifically, all x-

derivatives become r-derivatives and the Da terms become rDf ).

Equations (B1), (B6), (B8), and (B12) then become, respectively:*
I

at + Vf - (1)ya(rDfr ') + PE at -S( y=b (B18)

+c vf ac _ (1_)a(r. a,a ) + (p, KIf 1C{BI- cCKC, 1 lac, 4DmS =~ 0 (B19):+t r r ar Dr r + l+UfCf (l+acfC ) at bri y y=b

acr + Vf a -( r) a' )r D( Ms = (B20)at r D~1~r ar 1+akPc '1raCf)y-b -

1+ Cf + Vf(Pr -1+ ar (ifarr acfDf - m -0 (B21)-( Drs~ J ar Dr Tr, bri ay y=b

All other equations are the same as for the linear flow case if the model domain is
_the same as in Fig. B-i.

Becker and Charbeneau (submitted) have solved the radial flow transport
problem in the special case of convergent flow with no sorption or matrix diffusion
(i.e., a single-porosity system). Their solution differs from other radial convergent-
transport solutions in the literature (e.g., Moench, 1989, 1995) in that their boundary

the same as inB-Fig/31/97
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condition at the production well is an 'absorbing" boundary that dictates that any
solute mass reaching the production well immediately disappears from the system.
This boundary condition is consistent with a transfer function approach to
interpreting tracer test responses, discussed below. The resulting Laplace domain
solution for the case of no sorption or matrix diffusion in terms of t and Pe
(analogous to equation (B17)) is (Becker and Charbeneau, submitted):

F Fe ( 1 Ai(cr1 3Yj)
Cf(rw) = exp2 (B22)

where, rw = production well radius,
rLW= production well radius divided by separation between injection and

production wells,

YL Pe + ,
4a'

Pe 1
rLW 4a-

r I [A 22ts

(1 Pe) (rLw -

Ai(z) = Airy function (Spanier and Oldham, 1987).

Becker (1996) extended this result to a dual-porosity system (with the geometry of
Fig. B-i) for a tracer that exhibits equilibrium, linear sorption behavior. We extend
it further here to allow for rate-limited, linear sorption. The result, without
derivation, is identical to equation (B22) but with a redefined as

C rLw) 2ts(s) (B23)
Pe(rLw2

-)

where, T(s) = Rf(s) + b ( Tanh( ) -b and R(sand nd Rm(s) are

as defined in equations (B15) and (B16).

Equation (B22) using a defined in equation (B23) is the Laplace transform
transfer function expression-that should be used in'lieu of equation (B17) for the
case of radial convergent transport of a linearly sorbing tracer in a dual-porosity
system. For nonlinear sorption, a numerical formulation of equation (B18) in
conjunction with equations (B2), (B3), and (B4) is-required for the rate-limited case,
and equations (B19) and (B7) are required for the equilibrium case. The numerical
model RETRAN can be used to solve these nonlinear, convergent radial flow
equations.
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Convolution of Transfer Functions to Obtain Tracer Test Responses

Before we can obtain a meaningful field-scale transport prediction, we
must convolute equation (B17) or (B22) with a realistic tracer injection function. In J
the time domain, such a convolution is accomplished by a convolution integral, but
in the Laplace domain it becomes a simple multiplication (Churchill, 1958):

C(t) = JA(r)- B(t- r) dr = C(s) = A(s)- B(s) (B24)
0 _J

where, X(t) = time-domain function,
X(s) = Laplace transform of time-domain function, and
s = Laplace transform variable.

This process can be extended to more than two transfer functions by taking
the product of all applicable functions. Thus, in a field tracer test, transfer functions
for tracer injection, pipeline delays, and storage in the injection and production
wellbores can all easily be convoluted with the groundwater system transfer -

function (e.g., equations (B17) or (B22)) to obtain an overall transfer function for the
test. We assume the most practical injection function in a field tracer test: a finite-
duration, constant concentration pulse, which has a Laplace transform given by

(1- exp(-Tps)) B5
I(s) = co PS J(B25)

where, CO = concentration of injection pulse, M/L3

TP = duration of injection pulse, T.

Wellbore storage is accounted for by assuming that the wellbores are well-mixed
regions (Moench, 1989, 1995). The Laplace domain transfer function for a well-
mixed region is given by

W(s) = Y (B26)
Y+s_

where, I= time constant, generally assumed to be the volumetric flow rate divided
by the volume of well-mixed region, 1/T. J

Pipeline delays can be accounted for by a transfer function of the form

P(s) = exp(-Tds) (B27)

where, Td = delay time, T.
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Reinjection of tracers can also be accounted for with transfer functions, but that is
not considered here because scoping calculations indicated that the effects of
recirculation in the October tracer test should have been insignificant because of the

L amount of dilution occurring in the test and the fact that only 3.5% of the produced
water was recirculated.

A computer model called RELAP (REactive transport LAPlace transform
inversion code) was developed to predict field tracer transport by convoluting (i.e.,
multiplying) either the linear or radial dual-porosity transfer functions (equations
(B17) or (B22), respectively) with the transfer functions described above. RELAP
numerically inverts the resulting Laplace-domain product of transfer functions to
obtain a time domain solution. The numerical inversion procedure is described in

L the next section.
We have given considerable emphasis here to the Laplace transform

modeling approach despite the fact that the numerical model RETRAN is more
general because it can accommodate nonlinear sorption isotherms and ultimately
spatial heterogeneity. The Laplace transform approach, however, has a distinct
advantage over the numerical modeling approach in that it is very easy to account
for the effects of processes other than transport in the aquifer (by the convolution
procedure described above). The transfer function approach is also well suited to
estimating model parameters by matching solutions to experimental breakthrough

L curves. The Laplace transform inversion executes in a fraction of a second on a
typical computer workstation, so RELAP can be exercised with different values of
transport parameters literally thousands of times per minute. By contrast, a typical
RETRAN simulation with comparable numerical accuracy takes 2-3 minutes of
compute time on the same workstation. RELAP contains a parameter search
algorithm to minimize the sum-of-squares differences between model predictions
and a given tracer data set. This feature allows rapid estimation of model parameter
values that are consistent with the test data. Because of the fast execution times of
the RELAP inversion algorithm and the fact that sum-of-squares response surfaces
for the transport problem typically have multiple minima, the search algorithm
simply adjusts parameters over a specifie& range in systematic, brute-force manner
to achieve a least-squares fit to the data. -m'e resulting fits can then be used to
provide good initial estimates to RETRAN for obtaining estimates of nonlinear
sorption parameters.

Another reason for developing the Laplace transform model is to provide
semi-analytical solutions against which more 'general numerical models can be
compared and verified. This is important because numerical models will ultimately

L. be used to account for spatial heterogeneity and temporal variations in boundary
conditions when making predictions of radionuclide transport over large time and

; length scales.
The Laplace transform and numerical models were tested by (1) inverting

several simple Laplace transforms with known time-domain solution to ensure'that
the Laplace transform inversion algorithm was working properly, (2) comparing
predicted nonsorbing solute breakthrough. curves in a single-porosity medium to
analytical solutions (Kreft and Ziuber, 1978;'Levenspiel, 1972), and (3) comparing the
semi-analytical (RELAP) and numerical (RETRAN) model predictions for sorbing
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tracers with linear isotherms (both rate-limited and equilibrium). In all cases,
excellent agreement was obtained between model predictions and analytical
solutions, or between the two models.

Numerical Inversion of Laplace Transforms

The final step in obtaining a transport prediction from the transfer functions
is to invert the solution from the Laplace domain to the time domain. We
accomplish this by using a Fourier transform procedure embodied in an algorithm
obtained over the World Wide Web (Lindhardt, 1995). We have found this
algorithm to be more stable for Laplace transform inversions than any others we
have tried (e.g., Stehfest, 1970; de Hoog et al., 1982).

The basic principles of the algorithm used for numerical inversion of Laplace
transforms are given below. We thank Sven Lindhatdt (unknown affiliation) for
providing the algorithm in the form of a MathCadS worksheet at the World Wide
Web address: http://www.mathsoft.com/appsindex.html. The worksheet can be
found under the program name invsfft.mcd at this web site. Sven also provided
much of the following description of the mathematical basis for the algorithm.

The Laplace transform is defined by

F(s) = Jf(t)estdt (B28)
o

where, s = Laplace transform variable,
t = time,
f(t) = time domain function,
F(s) Laplace domain function.

If we set s = a + jw, where j = A, in equation (B28) and change the lower limit of
integration to - (which is permissible for any initial-valued problem because f(t) = 0
for t < 0) we obtain

F(s)= Jf(t)e->te-ijdt (B29)

If a is a constant, equation (B29) can be rewritten as

- F(jo)) Jf1(t)eW'udt (B30)-

where, f1(t) = f(t)e->.
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Equation (B30) is the Fourier transform of f1(t), for which very efficient inversion
algorithms exist to find f1(t) given F(jw). However, the choice of a must be such
that the integral in equation (B30) converges. This is accomplished by choosing

-ln(O.05)
1.5Tmax (B31)

where, Tmax = maximum time at which the function f(t) is to be evaluated.

Now, if we have an arbitrary Laplace transform, F(s), we can obtain a spectrum by
setting s = a + jco and computing F(s) for equally-spaced values of w; i.e., for

2,ri
C)i = d (B32)

max

where, i = 0,1, 2,3 ....

The inverse Fourier transform of this spectrum Svill give the function f1(t) in
equation (B30), from which the desired function f(t) is easily generated from

f(t) -, f(tvet (B33)

The inversion algorithm has been extensively tested on equations where time-
domain solutions are known, and it has proven to be very accurate. Accuracy for
the purposes of this work was ensured by using more and more terms in the Fourier
transforms until the solutions' no longer changed.
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Appendix B Figure
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Figure B-1. System geometry assumed in conceptual dual-porosity model.
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UNITED STATES
Low a NUCLEAR REGULATORY COMMISSION

ADVISORY COMMITTEE ON NUCLEAR WASTE
,JII6l~j~ WASHINGTON. D.C. 20555

October 7, 1997

MEMORANDUM TO: ACNW Members

FROM: Andy Campbell, Senior Staff Scientist

SUBJECT: "Report of Results of Hydraulic and Tracer Tests at the C-Hole
L Complex"

ACTION: None, Additional Information from ESF Tour

I requested more information on the tracer tests during the site visit to the C-Well complex, and
recently received the subject paper, dated 8/1/97, by P.W. Reimus and H.J. Turin, LANL. The

X_ three main conclusions of the study are: (1) the dual-porosity transport model is valid for the
saturated zone at Yucca Mountain; (2) there is a'potential for colloid transport over significant
distances in the saturated zone; and (3) there is good agreement between laboratory and field
measurements of Li sorption parameters. In addition, dispersion coefficients derived from the
data set are consistent with other field and laboratory work (e.g., Gelhar, 1985, Neuman, 1990).

The first conclusion is important to the DOE Waste Containment and Isolation Strategy, which
takes significant credit for diffusion into the matrix and concomitant sorption during transport of

| ' radionuclides in the fractured tuff. However, there are alternative interpretations to the dual
break through of tracers in the C-Well data. The authors say that it is possible that some of the
apparent matrix diffusion seen in the field data may actually be due to diffusion into low flow
portions of the interconnected fracture network rather than diffusion into the matrix itself. If this
is the case then the short term tracer tests in the field overestimate matrix diffusion.

L The second conclusion concerning colloid transport is an issue that ACNW raised in last year's
Working Group and subsequent letter on Radionuclide Transport at Yucca Mountain. The
importance of the conclusion is heightened by'the recent announcement of Pu transport as a

L. colloid more than one mile from a below ground nuclear test site.

The third conclusion is important because it provides a link between laboratory derived sorption
parameters for Li and application to its field-scale transport. The authors caution that the absence
of field data near Yucca Mountain for other radionuclides of interest limits the applicability of this
result.

The authors propose a series of other tracertests to confirm and extend the C-well test results.

L *ATTACHMENT~': As stated - .-.

L.. cc w/att: ACNW Staff
' J.T. Larkins

RP. Savio



September 29, 1997

Andrew C. Campbell, Ph.D.
Senior Staff Scientist
Advisory Committee on Nuclear Waste
U.S. Nuclear Regulatory Commission
Washington, DC 20555

Dear Dr. Campbell: 4
It was a pleasure meeting you on the ACNW field trip to Yucca Mountain last week, and I trust J
you and the other field trip participants found the excursion worthwhile and informative
regarding ongoing site characterization activities.

Following the short presentation made at the C-Holes saturated zone testing complex, you
expressed an interest in additional information concerning the reactive tracer testing and
hydrochemical studies conducted at the site. Enclosed is an August 1997 deliverable prepared by
Los Alamos National Laboratory entitled, "Report of Results of Hydraulic and Tracer Tests at
the C-Holes Complex" which summarizes recent progress in this area.

If you have any questions or require additional information concerning this or other topics of
interest, please feel free to contact me at (702) 794-1404, or (702) 794-1323 (FAX).

Regards,

Ronald M. Linden, Ph.D.
Senior Geoscientist
Golder Federal Services
Management and Technical Support Services
Yucca Mountain Project

cc: Russ Patterson, DOE
Carol Hanlon, DOE

. _ . . . .* . . . _-I
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