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Chapter 3-7. Geochemistry of U and Pb in secondary minerals from Yucca 
Mountain and interpretation of the results of the U-Pb dating 

By S.E. Pashenko and Y. V. Dublyansky 

3.7.1. Introduction 

Beginning in 1996, the U.S. Geological Survey has pursued an aggressive uranium-lead age dating 

program for silica minerals (primarily opals but chalcedony and quartz, as well) from the Yucca Mountain 

vadose zone. In the course of the USGS studies, many samples from the secondary mineral crusts were 

subjected to U-Pb age dating analysis and more than 80 age determinations were reported (USGS, 1997; 

Fabryka-Martin et al., 2000; Neymark et al., 2001; Neymark et al., 2002). The reported radiometric ages 

span the time period from approximately 10 Ma to essentially the present. The data have led the USGS 

researchers to two conclusions that have influenced their models for the characterization of the Yucca 

Mountain geologic and hydrologic systems: (a) secondary mineral crusts in the Yucca Mountain vadose 

zone appear to have been forming continuously during the last -10 Ma; and (b) the calculated growth rate 

of minerals, based on the radiometric ages, ranged between 0.035 and 1.8 mm-Ma&' (Neymark et al., 1998; 

2000).  

We have developed a physical model, which we believe demonstrates that the U-Pb method cannot 

be used for dating minerals that: (a) crystallize in large (-I cm) open cavities: (b) crystallize from, or in 

the presence of colloidal solutions, and (c) are young (Miocene or younger). The model is described in 

detail in this chapter. Calculations derived from the model show that if the "conventional" equations of the 

U-Pb dating are applied to the foregoing minerals that are constrained, as noted, the resulting ages will 

appear excessively older. For example, minerals formed 1000 years ago may produce "conventional" U

Pb radiometric ages of several million years.  

We are convinced that minerals growing in an open cavity are exposed to a flux of additional 

radiogenic Pb isotopes, which are not accounted for by the "common lead" correction. The parents for 

these isotopes are U and Pb, which reside in the surrounding rock. The decay chains of U and Pb contain 

radon. Being a gas, the radon readily diffuses into the cavity ("radon emanation"). After several decays, 

radon produces stable isotopes of Pb, which take up residence in the fluid filling the cavity. Our modeling 

shows that concentrations of this Rn-derived radiogenic Pb in relatively large cavities will be substantially 

higher than in thin fractures.
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The Pb residing in the fluid moves via diffusion and becomes adsorbed on the surface of the 

growing mineral We calculated the characteristic diffusion fluxes of Pb on the surface of the opal, 

assuming the rock contains 5 ppm of U and 14 ppm of Th (typical values for Yucca Mountain rhyolitic 

tuffs), and found that this mechanism alone could produce over a period of time on the order of 1 Ma, 

amounts of radiogenic Pb comparable to the amounts of Pb present in opal specimens from Yucca 

Mountain.  

Opals are commonly formed through the coagulation of colloids. This process is considered 

responsible for the formation of the uraniferous opals (Yucca Mountain opals with 200+ ppm of U fall 

into this category). If colloidal solutions are present in the cavity, the accumulation of Rn-derived isotopes 

occurs on the micelles, which possess a very large surface area. Upon coagulation and sedimentation, the 

micelles become incorporated in the opal. The mechanism of concentration of the "excess" radiogenic Pb 

on the micelles is orders of magnitude more efficient than the net diffusion mechanism referred to above.  

Our calculations show that concentrations of Pb on the order of hundreds of ppb, typical of the Yucca 

Mountain opals, may be acquired by micelles of silica over a period of several days. Controlled by the 

velocity of water exchange in the cavities, the absolute quantities of Pb contained in the Yucca Mountain 

opals from individual cavities could accumulate within 100 to 1000 years.  

We have concluded, after a detailed analysis, that the numeric data reported by the USGS 

researchers are of a high quality, but in both the USGS and UNLV age dating efforts the use of 
"conventional" equations for the U-Pb dating without first having been determined to be applicable in the 

specific setting (i.e., the deposition of opals in cavities from colloidal solutions) was inappropriate. The 

tuffs at Yucca Mountain do contain U and Th and the emanation of Rn does occur, and therefore, 

additional Rn-derived Pb must be present in the system. Therefore, the ages calculated without accounting 

for the additional Rn-derived lead cannot be accurate.  

It is important to note that the Rn derived Pb is in addition to the contribution of Pb and other 

daughters of U carried by the mineral depositing fluids described in Chapter 2.5.6.3 and 2.5.6.4.  

3.7.1.1. The USGS physicochemical model 

In order to apply the technique of U-Pb dating to the Yucca Mountain minerals, the USGS 

researchers necessarily had to adopt the "conventional" model that limits to two sets the "pool" of lead 

isotopes that are present in minerals. One set is allogenic lead, incorporated in growing minerals from the 

mineral-forming fluid; it includes the radiogenic isotopes, 2P6pb, '°TPb and 20°Pb, as well as the stable 204Pb 

isotope. The other set is in situ produced lead isotopes, formed during the decay of238 U, 235U and 232Th in 

the minerals. The latter set contains only radiogenic lead isotopes in amounts that are time-dependent
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products of the radioactive decay process. After subtracting the allogenic lead (the so-called "common 

lead correction") isotope component from the pool the second set can by used for calculating the ages of 

the minerals.  

3.7.1.2. Enhanced physicochemical model 

We introduce a physicochemical model, in which we complement the USGS model's two sources of 

radiogenic lead present in samples with a third source - bedrock-derived radon (Pashenko and 

Dublyansky, 2002). Our enhanced model recognizes that the rhyolites of Yucca Mountain contain, on an 

average, about 4 ppm of U and 18 ppm of Th (Marshall et al., 1996). The decay chains of these 

radioactive elements contain intermediate daughter Rn isotopes. Being a gas, radon can migrate from the 

bedrock into open cavities, such as fractures and lithophysae, and concentrate in the fluid filling the 

cavities. Isotopes of radon then undergo further decay to finally yield stable Pb isotopes.  

As demonstrated below, the concentrations of Rn-derived radiogenic lead (hereinafter denoted 

PbR,), are significantly different in large open cavities (0.1 to 10 cm) as compared to thin fractures (less 

than 0.1 mm). Minerals depositing in open cavities uptake "excess" Pb isotopes according to water

mineral distribution coefficients. The uptake may be particularly efficient if mineral growth involves 

colloidal solutions, as is commonly the case with uraniferous opals (see section 3.4.6.4.7. "Uranium in the 

silica minerals" in Chapter 3-4). Micelles of silica suspended in solution, adsorb Pbp• After coagulation of 

the micelles and sedimentation of the particles the adsorbed PbRn becomes incorporated in the opal. Being 

unbalanced by U and Th isotopes in the mineral, the excess lead distorts the true ages derived from the 

"conventional" U-Pb radiometric age dating calculations by overestimating them.  

In our enhanced model we recognize that: (a) growing minerals are surrounded by open space 

(lithophysal cavities or open fractures) filled with aqueous solutions; (b) the volume of the fluid passing 

through the cavity in the course of mineral deposition was much greater than the volume of the deposited 

materials; and (c) the precipitation of opals at Yucca Mountain occurred through or in the presence of 

colloidal solutions (see discussion in section 3.4.5.5. "Colloids in the Yucca Mountain mineral forming 

system" in Chapter 3-4).  

As we stated above, our enhanced model predicts that there is a substantial difference in the 

behavior of U and Pb isotopes in thin fractures and in open cavities such as lithophysae. Preliminary 

analysis of the data published by Neymark et al. (2002) confirms our expectations. Figure 3-7-1 shows 

that secondary silica minerals deposited in lithophysal cavities exhibit the greatest maximum values of 

both U and Pb abundances. These samples also show the greatest variability of U and Pb abundances in
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in Appendices 3-7-1 and 3-7-2 to this Chapter).  

We begin our discussion of the models with a brief description of reasons, which convinced us that 

enhancement of the basic USGS physicochemical model and a critical reevaluation of the U-Pb age dates, 

are both warranted and necessary.  

3.7.1.2.1. Conflict between the U-Pb dates and the paleotemperatures 

Two data sets were obtained independently from the ESF mineral samples: radiometric ages and 

paleotemperatures of fluids (fluid inclusion method; see Chapter 3-6). The acceptance of both data sets 

leads to the inevitable conclusion that temperatures as high as 40-60 TC must have persisted in the shallow 

vadose zone of Yucca Mountain (at a depth of 30 to 300 m from land surface) during the several million 

year-long period (approximately between 10 and 6 Ma, and probably longer). It may be demonstrated that 

these temperatures would translate into heat flow values as great as 150 to 2600 mWt m-2 (or 3.5 to 62 

HFU), which is roughly 3 to 50 times the average heat flow in the western United States (Sass et al., 

1971). Such extreme values of heat flow are possible only in association with short-lived events, such as

individual mineral crusts (sometimes up to three 

orders of magnitude). Samples from fractures 

generally show smaller abundances of U and Pb, 

and a lesser variability of their values.  

In subsequent sections of this chapter we 

develop a series of mathematical models, which 

explore the processes of production and 

migration of Rn, the uptake of the radon-derived 

lead (Pbp,) by depositing minerals, and the 

processes of coagulation of the colloids of silica.  

Finally, we attempted to combine these "partial" 

components into one comprehensive model.  

The predictions of the mathematical 

models were tested against numeric data reported 

by USGS scientists. The data used for this 

evaluation were published by Neymark et al.  

(2000 and 2002) and Paces et al. (1996 and 

2001). A detailed analysis of the data is provided

0 0ft
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the cooling of the freshly deposited layers of the pyroclastic rock (maximum duration on the order of the 

few thousand years) or in association with active geothermal systems (see Chapter 3-6 for discussion). It is 

physically impossible to maintain the requisite temperatures in the vadose zone, where the heat is 

transferred primarily by conductance, for millions of years.  

The combined paleotemperature and radiometric age data also present conflicts with the 

hydrothermal model of deposition of the Yucca Mountain secondary minerals based on rainwater 

percolating through a hot mountain. In this case, the hot or warm water must have resided at and above the 

planned repository horizon for millions of years. The geological record indicates that this definitely did 

not happen. Over such long times heated water would necessarily de-vitrify non-welded ash-fall tuffs, 

which is not observed.  

Thus, neither of the competing models seems to be compatible with the coupled paleotemperature 

radiometric age data set, which led us to the conclusion that one subset of the data must be in error. The 

paleotemperature data, however, are quite robust. This stems from the inherent reliability of the fluid 

inclusion method, per se, as well as from the substantial effort of the researchers in obtaining sets of 

technically unassailable data. Thousands of measurements of paleotemperatures were carried out in recent 

years by as many as three independent groups of researchers (e.g., Dublyansky et al., 2001; Whelan et al., 

2001; and Wilson and Cline, 2001) and at least two groups concurred in the opinion that the quality of the 

thermal record is exceptional. Thus, the probability that this data set is erroneous is negligible.  

3.7.1.2.2. Growth rates obtained from U-Pb ages appear to be physically impossible 

The average growth rates for mineral crusts at Yucca Mountain were calculated by the USGS 

researchers based on the results of the U-Pb and 230Th-U dating: "... secondary minerals are assumed to 

have been deposited continuously at a rate of l*l6J0 mm/yr over 10 million year period resulting in 10 

mm-thick coating." (Paces et al., 1996) and "... thin sheets sampled from mineral surfaces commonly were 

0.1 - 0.3-mm-thick. In these cases, deposition rates between about 0.035 and 1.8 mm/m.y. are obtained by 

dividing the thickness by the total duration of deposition .... These values are in general agreement with 

long-term rates of mineral deposition during the past 10 m.y. based on direct U-Pb dating of sequential 

inner layers of opal from calcite-silica fracture and cavity coatings at Yucca Mountain (Neymark et al, 

1998)." (Neymark et al., 2000).  

Intuitively, such extraordinary low rates of growth are questionable. It is instructive, in this regard, 

to assess the physicochemical parameters that must be maintained around the growing crystal to evaluate 

the postulated growth rates.  

Consider the growth of a typical bladed shaped crystal, like those found in Yucca Mountain, with 

dimensions of approximately lxO.5x0.005 cm. The crystal is oriented perpendicularly to the substratum,



360

and the vector of the fastest growth is oriented along the longest axis of the blade (i.e., the growth is 

strongly anisotropic). Measurements of the thickness of the growth zones along the longest and the 

shortest axes of several typical crystals yield an estimate of the maximum rate of growth anisotropy of 

19.6 (i.e., calcite grew 19.6 times faster along the blade than across it; Smirnov and Dublyansky, 2001).  

To simplify calculations, we assumed that the growth velocity along one of the two shortest dimensions is 

zero. The velocity of deposition of the matter on the crystal surface, then, is expressed as: 

Sn (3-7-1) 
S-t 

n = M v1 p (3-7-2) 

where Q is the net growth velocity [mmole'm' 2 hr']; n is the amount of deposited matter [mmole]; S 

is the surface area on which deposition occurs [M 2 ]; t is the time [hr]; Mis the mole mass of the calcite; p 

is the density of calcite [kg'm' 3]; and v, is the volume of the depositing layer of calcite [M 3 ].  

Assuming the growth occurs at T = 25TC, and a layer of 1.8 mm formed over a period of 1 million 

years, with a given crystal morphology and calculated growth anisotropy, the net growth velocity is Q = 

2.8.10-15 mmolem'2.hfr1.  

It is well known that the major parameter controlling the velocity of crystal growth is the 

supersaturation of the solution. The chemical affinity method developed by Morse (1983) is the most 

widely used method for assessment of the interrelationships between the supersaturation and the velocity 

of growth: 

Q = K(92 - 1)n (3-7-3) 

where Q is the velocity of growth, K is the growth rate constant and n is the reaction order (both 

values are determined experimentally; Morse, 1983; Mucci and Morse, 1983). In Morse's equation , £2 

defines the degree of the supersaturation: 

Ica 2+ co 2
_= , (3-74) 

K.,P 

where the numerator is the activity product for dissolved ions, and Kp, is the solubility product for 

calcite.  

Neither K nor n are known for the Yucca Mountain system; therefore, we used values obtained 

elsewhere for crystallization of calcite at 25TC. By analyzing the influence of surface reactions on the 

kinetics of calcite growth, Nillson and Sternberg (1999) demonstrated that at low supersaturations (f9 <
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1.49), n = 2, and the velocity of the calcite crystal growth may be approximated by Eq. 3-7-3. The best 

approximation of the growth rate constant for our calculations is the value of K = 0.4 mmole'm'2-hr"' given 

by Lee and Morse (1999), since the conditions of their experiments approximate the hypothetical setting 

of calcite growth from films of waters as proposed in the "rainwater" model. For the purpose of the 

bounding calculations, we also used the greatest reported value for calcite: K = 1.37 mmole'm-2 "hr"' 

(Nillson and Sternberg, 1999).  

Our calculations demonstrate that in order to obtain the net growth velocity Q = 2.8"10".5 mmole.  

m'2.hrt, the supersaturation U must range between 1.000000083 and 1.000000045 (for K = 0.4 and 1.37, 

respectively). Obviously, it does not seem to be physically possible to maintain such a minute deviation 

from exact equilibrium (0 = 1) for any extended period of time. It is to be noted here that such a 

hypothetical ultra-stable environment would have to be maintained for millions of years within the vadose 

zone (at a depth of 30 to 300 m from land surface), which by its very nature is an open and dynamic 

system.  

The chemical affinity approach used above to assess the possible growth rates adequately portrays 

the real crystal growth only if the latter occurs through the dislocation mechanism. We reiterate here that 

at Yucca Mountain crystals commonly grow along a selected direction (hence the bladed morphology), 

which make them genetically similar to skeleton crystals. It is known that skeleton growth requires the 

predominance of the two-dimensional nucleation growth mechanism (Sunagawa, 1984). The latter 

mechanism is associated with growth rates substantially higher than the dislocation growth mechanism 

(see Chapter 3-4 for details).  

Variation of the temperature at the crystallization site may disrupt the equilibrium in the system. We 

had to consider, therefore, variations of the temperature expected within the shallow vadose zone at a 

depth of 30 to 300 m due to the changing climate. The temperature depth profile is controlled by the 

attenuation of the harmonic fluctuations: 

AT, = 2AT, exp- (hr-") (3-7-5) 

where AT. is the change of the temperature at depth z, AT, is the amplitude of the temperature 

change at the surface, a is the temperature diffusivity, and "r is the period of the temperature fluctuation 

(Eckert and Drake, 1959; Frolov, 1976). Assuming the long-term climate-related change in the mean 

annual temperature at the Earth's surface was 2 TC over the last 1000 years, the calculation of the variation 

in temperature at a depth of 30 and 300 m is 1.5 and 0.11 TC, respectively.
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3.7.2. A formal mathematical definition of the problem of the migration 

of isotopes from the decay series of U and Th from the rock into aqueous 

fluid 

The tuff of Yucca Mountain may be considered for analytical purposes as a system of micro 

channels through which water flows. Considering it in this manner, key terms may be defined. The vector 

velocity of the water flow through the unity of surface area is V. The flow velocity in each micro channel 

is V, and its direction corresponds to the direction of the channel. Concentrations of isotopes in solution 

flowing through these channels is denoted by a lower index .. For water the isotopes being considered 

are: 

23N U" aterm (t), 23N Thwoter _,,, (t), and 20M pbw,,e, (t) (3-7-6) 

and for the tuff matrix: 

23N•Z_, (t) , 23NTh, _, (t), and 2 M pb , (t) (377) 
238U fb, 77 

Using 23U, for example, an equation describing the change of the U concentration is as follows: 

d238U(r,t) =DY238 U+V,(.238 U)_;238 231 U(rt)+ 238, t) 238(r, 

where the first term of the equation (Laplace operator A) describes diffusion (D) of uranium within 

the channel, the second term describes the gradient (V) input of uranium at the given point in space, the 

third term describes the decay of uranium, and the fourth and the fifth terms account for the flux of 

uranium from water on the tuff surface and from the tuff surface into the water, respectively. A definition 

of the last two terms requires detailed information on the concentrations of fluids and the structure of the 

flow velocities at the water-rock interface with the water-crystal boundaries.  

Eq. 3-7-8 does not have an analytical solution and must, therefore, be solved numerically.  

Assuming that the system has reached a quasi-equilibrium state, Eq. 3-7-8 may be rewritten as: 

DA23 8U+ V, (V. 23 U) - •23238 238 U(r) + 1. 238 (r) + 1 23 8 (r) = 0 (3-7-9)

which, as rewritten, depends only on spatial coordinates.
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3.7.3. Migration of Rn and the accumulation of PbRl, in cavities and 

fractures 

Below we develop a series of qualitative and quantitative physicochemical models and compare the 

predictive results of these models with experimental data reported by Neymark et al. (2000 and 2002) and 

USGS (1997) (see Appendices I and 2 to this chapter). We start from simplified models and gradually 

increase the level of sophistication. Our starting premise is that crystal growth occurs in an aqueous phase 

(i.e., the cavities in which crystals grow are filled with water). Justification of this premise may be found 

in Chapter 3-4. The mathematical models we develop in subsequent sections of this chapter may be 

adjusted for cases where cavities are filled with water only during certain period(s) of mineral "life".  

3.7.3.1. Radon in rocks 

A knowledge of the emanation and concentrations of radon in the underground vadose zone 

atmosphere of Yucca Mountain is necessary to set quantitative boundary conditions in the model.  

Surprisingly, a search of the Yucca Mountain Project publication database failed to disclose numeric data 

on radon concentrations in rhyolitic tuffs or radon emanation from the tuffs and groundwater at Yucca 

Mountain.  

Liu et al. (1995) reported results of the continuous monitoring of Rn concentrations at two stations 

within the 16 km radius of the North Portal of the ESF. Measurements recorded Rn concentrations of 

about 2-5 Bk'l" having pronounced diurnal patterns, which are strongly affected by meteorological 

conditions. Sullivan and Pescatore (1994) considered the theoretical aspects of modeling the buoyancy 

driven Rn flow, and in the process touched on aspects of the barometric and topographic controls. The 

closest location for which samples of the air removed from the rocks were studied was Rainier Mesa on 

the Nevada Test Site. There, Fauver (1987) reported Rn contents of 25 to 200 pCi.'I*.  

Indirect information exists, however, suggesting that concentrations of Rn in the Yucca Mountain 

tuffs might be quite high. The NEA/IAEA (2001) report states: "Analysis of 226 Ra is also suggested to 

provide analogue data and understanding of radium mobility as well as to indicate the likely source of 

radon gas which occurs in high concentrations in the Exploratory Studies Facility (ESF) and Cross Drift 

tunnels in the absence of ventilation." (p. 24; emphasis added). The high concentrations of Rn are not 

surprising. Extensive research carried out in natural karst caves in the United States and elsewhere over 

the last several decades (Atkinson et al., 1983; Bottrell, 1991; Cunningham and LaRock, 1991; Gunn et 

al., 1990; Yarborough, 1980; Klimchuk and Nasedkin, 1992) have demonstrated that high levels of Rn is 

an attributive property of the underground space. The Rn contents measured in natural caves range from n-
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102 to n-10 4 Bk'm"3. It was shown that the contents are lower in well-ventilated parts of caves and high 

where ventilation is suppressed. It should be expected, therefore, that Rn concentrations in poorly 

ventilated lithophysal cavities in the rhyolitic tuffs (the rock characterized by relatively high contents of U 

and Th) must be quite high.  

The paucity of radon related data for Yucca Mountain is astonishing, taking into account the 

amount of research invested in Yucca Mountain over the last two decades. Due to this apparent gap in the 

dataset, we had to use the average characteristics obtained from the literature for similar types of rocks in 

our model calculations. It must be realized, however, that there exists a significant scatter of values 

reported for similar types of rocks and similar geologic settings (e.g., Baranov, 1955), which indicates a 

high sensitivity of radon emanation and migration processes with regard to the state of the rock matrix and 

the character of occurrence of isotopes of Ra in it.  

3.7.3.2. A model of case 1: A spherical cavity filled with stagnant water 

3.7.3.2.1. Fluxes and resulting concentrations of isotopes in a cavity 

In a water-filled sphere with radius R, various isotope components from, for example, the 2 35U

decay chain (235U resides in the bedrock) are introduced into the water. We define the flux of the k-th 

component as 1k, its coefficient of diffusion in water as DA, and the initial concentration in water as NA(0).  

Taking into account the chain of radioactive decays, a system of equations describing the process may be 

written as: 

dNA D(--0 dt - ANk + NAk+I - exp(-•,k+I) - Nk • exp(-?k ) (3-7-10) dt 

with the boundary condition: 

dNR I = Ik (3-7-11) 

(It is to be noted that the surface area S from which Rn may enter the cavity may change in time due 

to the "screening" of the tuff surface by the deposition of calcite and silica minerals).  

The most difficult task is to define the fluxes of components at the sphere's surface. The flux Ik, 

indiscriminately lumps together a number of mechanisms. These are: the "common" chemical dissolution 

(IdsA), preferential leaching due to the damage of the crystal lattice (formation of channels) due to alpha

recoil (Icha_ k), and the direct ejection of the daughter elements into the water from the rock surface (keject_&).  

3.7.3.2.2.Direct ejection of isotopes into the cavity by the alpha-recoil mechanism 

The direct ejection flux of elements into the cavity by alpha-recoil may be described as:



366

I , qqk fj2rL~ Ck+I exp[ h dO< h (3-7-12) 
2 0 

where Ck,+(h) is the concentration of the parent isotope in the host rock; h is the depth from the 

cavity surface; Lk is the average free length path of the daughter that forms during the decay of the k+l 

element.  

Different publications cite different mechanisms for the ejection of 231Th into ground water in the 

course of the decay of 235U (e.g., Fleischer, 1988; Sun and Semkow, 1998). Our evaluation assumes that 

the 235U-to-2 38U ratio corresponds to its "normal" natural value. The solution to Eq. 3-7-12 yields an 

ejection flux of approximately 6U'10'"0 atoms of 231Th into the water per cm 2 per second (where U is the 

concentration of uranium in the rock in ppm).  

The equation was solved for two cases. In the first case we assumed that the decay constant is 0, 

which approximates the case of the long-lived isotope and its complete adsorption upon contact with the 

cavity wall. In the second case we used the actual decay constant for 23 1Th.  

For the first case, the concentration inside a sphere monotonically increases, which is to be expected 

because no "sinks" for the isotopes inside the sphere are considered. In the second case, the concentration 

of 231Th across the cavity increases asymptotically. The function for a cavity with R = 10 cm may be 

presented as: 

23'hR=3Tn exp[ 1i.378.1) . R] (3-7-13) 

The equation is accurate within several percent over the range of concentrations of two orders of 

magnitude. It shows that the concentration of 23'Th decreases by 2.8 times in 1 cm from cavity walls, and 

by 6.9 times in 2 cm. The sharp dependency of the concentration upon cavity size and the half-life of 

isotopes will be discussed later for other isotopes.  

The maximum concentration of 231Th will be reached at a distance of Lk from the cavity wall after a 

certain time has elapsed: 

231Th(max) = -4 " IeJe,_Th • Lrh (3-7-14) 
Dmh 

where A is the coefficient (2:1) determined numerically. Quantitatively, for 23 'Th this concentration 

is estimated as n.10-9 to n-1 O'l0 atom'cm 3. This value corresponds to the precipitation of 2 atoms of 231Th 

(or, more strictly speaking, its daughters) onto the surface of a sphere with a diameter of 1 cm per million
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years. The value is very small for two reasons. First, the length of the recoil of an atom of Th (formed by 

the decay of U) in water is only several hundredths of a micrometer. Second, an atom of Th may only be 

ejected from a very thin near-surface layer of rock.  

Calculations for all three parents (235U, 23'U, and 23 2Th) yielded numerically similar results. Thus, 

the direct ejection of daughter isotopes into the cavity filled with stagnant water does not provide, at this 

level of approximation, a plausible mechanism for the accumulation of substantial amounts of radiogenic 

lead. Our calculations, however, did not take into account the fact that each decay chain contains the 

gaseous member, Rn.  

3.7.3.2.3. Normalized differential equations for 222Rn 

We now consider an equation describing the generation of 22 2Rn in bedrock tuff due to the decay of 

Ra. The decay rate may be obtained from the conditions of secular equilibrium in the 23
'U decay chain: 

d 222Rn d 2 22 2 Rn 238 U . 222 

DRt = +)ff-238' ;l222 Rn (3-7-15) 

where t is the time, x is the coordinate, Dp, ff is the coefficient of diffusion of radon in tuff, ?h is the 

decay constant, and 23 8U and 222Rn are concentrations of the isotopes. Assume for simplicity that water 

does not contain dissolved uranium: 

d 22 2Rn d 2 222 Rn 
- = DRn ... ater -2 ' 22 2 

.2Rn (3-7-16) 
dt dX 2ae 

An equilibrium concentration in the rock far from the cavity (-,) may be expressed as: 
22 2 Rn(oo) = 212 

2 3 8 U(oo) (3-7-17) 

'1222 

We introduce a new variable, the normalized concentration of radon: 

222 Rn 2 22 Rn 4 22  (3-7-18) 

= 
2 2 2Rn(w ) 

23 8
U(_o) ; 2 3 8 

Then Eqs. 3-7-15 and 3-7-16 may be re-written as: 

drl = DRt_, d d27+ 37-9 

dt - 222 - 77)(3-7-19) 

7 =Rn wale? d T222.77 (3-7-20) 
dt - dx
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Defining Reff-waler = DRnwaler / X22 and Rf,• = . Iuff , Eqs. 3-7-19 and 3-7-20 may 

be re-written as: 

d -2 = 1-77 (3-7-21) 
2 R2 

dxe2 luff 

and 

d 2 17 17 (3-7-22) dx 2 2 
Reff _-ater 

It is apparent that the concentration of Rn in both water and rock, normalized to the U-content in 

tuff, is controlled by only one parameter: the effective radii of diffusion (Reffaer and Refftu e) of Rn.  

3.7.3.2.4. Distribution of Rn in a cavity 

Let us consider the concentration of radon inside a sphere, taking into account the generation of Rn 

in the surrounding rock and its diffusion into the water that fills the sphere. We assume radon is not 

adsorbed when it contacts the cavity wall (since Rn is a gas), whereas its daughters are adsorbed with the 

efficiency coefficient a = 1.  

Eq. 3-7-10 may be solved numerically in the manner of Eq. 3-7-13 for all three isotopes of radon.  

We assume that in the rock, all isotopes in the three decay chains are in secular equilibrium. The solution 

of Eq. 3-7-10 for radon is: 

2nR=23,. L2m.ep B -(R0 ,2nn) -D, 11 05 1R (3-7-23) 

The coefficient, B, depends on the specific geometry of the problem. It may readily be found 

numerically, and is close to 1. Taking into account the difference in the coefficients of diffusion for Rn in 

the rock (DR_,,k) and in water (DR?,,r), a more complete solution for the area near the cavity wall 

(within 2-3 cm) may be written as: 

2 nnRn = 23mA" *23m (Al + A2) (3-7-24) 

A~2n

where
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l DR water] 105 [a <0 
A1 1+ DR ,_,ock 05 exp B l(Ro,2nn) - ] atX < 

I Da -water Id

and where

1 •X] atX>0 (3-7-26)

In Figure 3-7-3 we show the calculated equilibrium distributions of radon from different decay 

chains, normalized to the equilibrium contents of these Rn isotopes in the rock (within 10 cm from the 

cavity).

(3-7-25)

A2

!

1

3
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Figure 3-7-4. Chart showing decay chain from 2"'Rn to stable 2'8Pb. Also shown are half-lives of isotopes, 
probabilities of the specific decay path (in %), as well as effective displacement radii (Reff) - distances, on 
which an isotope can move in water via diffusion before it decays into the next in chain.  

3.7.3.2.5. Diffusion mobility of the daughters of Rn 

The isotopes of radon are chemically inert and their distributions in the rock matrix and in water are 

controlled primarily by the coefficients of diffusion in the respective mediums. In the decay chain from 

the respective radon parents to stable 206 Pb, 207 Pb and 208Pb there is a number of daughters. Below we 

analyze them from the standpoint of the model of diffusion migration.  

The presence of intermediate daughters complicates the calculation of concentrations of radiogenic 

lead isotopes in the model cavity for two reasons. First, the intermediate daughters (e.g., Po and Bi) have 

chemical properties, which differ from those of Pb; therefore their adsorption on and desorption from the 

surface of growing minerals may occur at different rates than Pb. Second, the daughters of the 

intermediate daughters adsorbed on the surface of the cavity, mineral or colloidal particle, have a 

substantial probability, in the case of their parent's decay, to be ejected back into the solution. For 

example, the probability that an atom, which originated by decay of an alpha-emitting parent atom 

absorbed on the surface of a 0.1 lam-sized colloidal particle, will return to the solution is approximately 50 

We evaluate, from this point of view, the specifics of migration of the three radon isotopes and their 

daughters.
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Figure 3-7-5. Chart showing decay chain from 222Rn to stable 2 6Pb. Also shown are half-lives of isotopes, 
probabilities of the specific decay path (in %), as well as effective displacement radii (Ref) - distances, on which 
an isotope can move in water via diffusion before it decays into the next in chain.  

Diffusion migration in the decay chain 2 32Th - 220Rn -
20SPb 

The half-life of 220Rn, T, 2 = 56 s, and its immediate daughter is 216po (T,,2 = 145 s; Figure 3-7-4).  

Assuming the coefficient of diffusion of atoms in water is 10-5 cm2-s1 , an average radius of displacement 

for 216po (i.e., average distance over which an atom of daughter isotope may migrate via diffusion from 

the place where the parent isotope had decayed) may be evaluated as: 

R. ff( 2 16 Po)2 [D-T.,2 (216 po) =5 = 400 gim (3-7-27) 

In this equation we equalize the time of diffusion to the half-life of the daughter element, because at 

greater times the concentrations of these elements decrease significantly due to decay. Unlike "normal" 

diffusion problems, the distribution of radioactive atoms may be defined with reasonable accuracy by 

diffusion over the time T112 or 2T,,2.  

Next in the decay chain is 212Pb, for which T1,2 = 10.64 hours, which yields Reff( 2 Pb) =- 0.6 cm.  

Then follows 212Bi (Ti12 = 1 hour, R ff( 12Bi) =- 0.2 cm). In 64% of the cases, 208Pb forms at or near the 

same spot as 212Bi (because the only intermediate isotope, 212po, has T1,2 = 0.3 ms). In 36 % of the cases,
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Figure 3-7-6. Chart showing decay chain from 219Rn to stable 207 Pb. Also shown are half-lives of isotopes, 
probabilities of the specific decay path (in %), as well as effective displacement radii (Reff) - distances, on which 
an isotope can move in water via diffusion before it decays into the next in chain.  

the intermediate isotope is longer-lived 208TI (Tjq = 3.1 min), so its radius of displacement R, (20TI) 420 

The effective displacement radius in the chain 220Rn-_ 20'1pb is found as the square root of the sum of 

all intermediate displacement radii (Rejs) and equals 0.64 cm (which means that the displacement is 

primarily controlled by the longest-lived isotope 212Pb). This conclusion is important, because it allows the 

selection of realistic boundary conditions for equilibrium and fluxes of Pb isotopes in our models. For 

example, if it is assumed that the environment in the cavity does not change dramatically over the time of 

1 hour (the half-life of 212Bi), diffusion of lead in water may safely be approximated by the simplified 

decay chain 212Pb -_> 208Pb.  

It may be inferred from the discussion above that in a spherical cavity with R = 10 cm, the input of 
208PbRn (i.e., 2081b formed from independently migrating radon) is controlled by the flux of 220Rn through 

the surface of the cavity, and by fluxes of 2 2Pb that form within the sphere because of the decay of 220Rn.  

Diffusion migration in the decay chain 238U - 222Rn - 21°Pb - 2°6Pb 

The half-life of 222 Rn (T11 2 ) is 3.8 days. Its immediate daughter 218Po has a T,2 of 3.1 min and 

R,g(211Po) = 0.04 cm. The displacement radii for all intermediate daughters in the chain are given in Figure 

3-7-5. Unlike the 232Th decay chain, some members of the 238U chain have rather large diffusion
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displacement radii (e.g., Re (210Pb) = 84 cm, Re,( 2 10Bi) = 2.0 cm, and Rfi(210Pa) = 10.9 cm). This means 

that in a model cavity with R = 10 cm, such isotopes will inevitably contact cavity walls. Hence, their 

concentration in water filling the cavity will be controlled not only by kinetic factors, but also by 

conditions of equilibrium at the water/rock interface.  

Diffusion migration in the decay chain 235U - 219Rn - 2°7Pb 

In this chain, the greatest R b(2 p) = 0.15 cm (Figure 3-7-6). Thus, for many problems with 

characteristic times greater than 1 hour, it may safely be assumed that only the stable 207Pb isotope moves 

via diffusion.  

Characteristic scales: cavities vs. thin fractures 

Considering the characteristic average radii of diffusion we assumed characteristic dimensions of 

the mineralized cavities at Yucca Mountain (i.e., R = 5 to 25 cm). It must be realized that the situation will 

change dramatically if the processes occur in a thin fracture. At fracture widths of about 0.1 cm, for many 

intermediate decay products the probability to contact the fracture wall and to be adsorbed becomes 

significant. Thus, the boundary conditions in thin fractures will be different from those in wider fractures 

and in cavities.  

3.7.3.2.6. Concentrations of Pb isotopes in a cavity 

In the 232Th and 231U decay series, the Rn isotopes transform into the stable Pb isotopes in less than 

I day. In the 238U decay chain, two intermediate daughters have relatively long half-lives: 210Pb (TI,2 = 23 

years) and 2 10po (Tt,2 = 138 days).  

We address the following conditions: a concentration of 238U in the rock 23SU = 5 ppm (which 

translates into -2.5.1016 atom.cm3); 231U = 0.0075.23SU (which corresponds to the isotopic ratio in natural 

U); and 232Th = 4-238U. Equations for concentrations of Rn isotopes discussed above yield at the water

rock interface equilibrium concentrations of 2 Rn -= 30,000 atom-cm"3, 219Rn = 0.01 to 0.03 atom-cm"3, and 
220Rn= 5 to 10 atom-cm"3. The production rates of the stable Pb isotopes at this interface equal: for 207Pb 

0.004 atom-cm"3 s-1 and for 208Pb - 0.1 atom-cm"3 s-1. For radioactive 210Pb the production rate equals 0.055 

atom-cm-3.s'l.  

Our system has a number of characteristic time scales, which control the maximum concentrations 

of Pb that may be created in the cavity. First is the time for reaching equilibrium concentrations of Pb 

isotopes, provided the surface of a cavity serves as a "sink" for these isotopes. This time is controlled by
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the coefficient of diffusion of Pb in water and the size of the sphere. Assuming Dpb a,er =0 5 cm2 s"-, the 

time necessary for establishing equilibrium concentrations of Pb isotopes in cavities with R = 1, 5, and 10 

cm will be teq = 1-2 days, 30 days (1 month), and 120 days (or 4 month), respectively. The most intense 

removal of Pb isotopes from water onto the cavity surface would be characteristic of the greatest sphere (R 

= 10 cm); the process, however, involves only an approximate, I cm-thick, layer of water adjacent to the 

cavity wall.  

3.7.3.2.7. A model: generation and accumulation of Pb-isotopes in a cavity filled with stagnant water 

We are interested in the distribution of Pb-isotopes that form due to decay of Rn in a cavity.  

Formally, the problem may be presented (e.g., for 222Rn) as: 

d 222Rn(r t)=D, 22 2 
DA222Rn - ;222 .2Rn(r,t) (3-7-28) 

d
2 1 0Pb~rtl D& .2 

a DA21OPb + A,222 . 2zRn(r't) (3-7-29) 

Boundary conditions. Assume the concentration of Rn on the surface of the cavity (R = Riphee) 

corresponds to the values obtained in the previous section (Eq. 3-7-24).  

2 22 Rn(t, Rsphere) = 
2 26 Ra(tuff) . ; 22 6  2 (3-7-30) 

A222  1+ luf ] 
D •, D - w"ater 

It can be demonstrated that the equation describing the concentration of Pb-isotopes in the cavity 

does not have a stationary solution, although it has an asymptotic solution at infinite time Q = -). This 

stems from the fact that Pb isotopes accumulate in the cavity and become immobilized (adsorbed) upon 

contact with cavity walls. Numeric solutions for the accumulation of different Rn and Pb isotopes in 

cavities with different sizes are discussed below.  

Analysis of the 222Rn - 210Pb -
2 06 Pb system 

In this decay chain all intermediate daughters transform quickly (in less than 1 hour) to 2 1 Pb. The 

half-life of the latter isotope is 22.3 years, and its effective diffusion displacement radius is 84 cm. If the 

"In this work we simplify the problem by considering "generic" Pb rather than the specific species of Pb that will be 
present in water. For our problem these will be PbOH+ and subordinate Pb2 . Since the diffusion coefficients for 
these species differ by a factor not exceeding 2, this simplification seems to be justified.



375

a b c 
10 n- ~10 10 

- - -a-- -RCn-

0 8-- ------------ 08------115 d'---- -- --- Rn*--- 08 R 
1.. .. - I - --- ---- i l 

06-------------------- --- - ...... 0 

h ....... ...... -_--- ... ... ....... ... .-ii~ i!: .. ..  
04 hxl 04 --------- ------------- 4-~ -I

a --------.. .... .. 1' 
00423 

2/ 

02 0 1 5 d0 -.- dP 

000 002 004 008 008 01 00 02 04 06 08 10 0 2 4 6 8 10 

R, cm R, cm R, cm 

Figure 3-7-7. Dynamics of accumulation of 20°Pb (solid lines) and the equilibrium concentration profile of 2 2Rn 

(dashed line) in spherical cavity filled with stagnant water. Cavity radii: a - 0.1 cm; b - 1.0 cm; and c - 10 cm.  

The curve Rn-a shows numerical solution for radon; Rn-b shows analytical exponential solution. Calculations 

were carried out for spherical geometry. For the slot geometry (e.g., thin fracture with width H = 0.1 cm) 
distributions of isotopes are similar.  

2 1°Pb isotope gets adsorbed at the surface of a growing mineral and the atom gets covered with more than 

2 to 4 molecular layers of the mineral during its half-life, its chances to re-dissolve and return to the 

solution become negligible. This is a likely situation, because the growth rate of 2 molecular layers per 22 

years would correspond to the linear growth rate of about 1 mm per 40 Ma, which is so low that it does 

not seem to be physically plausible; the actual growth rates must be many orders of magnitude greater.  

The decay chain contains two more members having relatively large diffusion displacement radii (2 °1Bi 

and 210Po- 2.0 and 10.9 cm respectively). The assumption introduced above allows us to neglect the role 

of these two isotopes in diffusion migration in the sphere and to treat 21°Pb as the proxy for 206Pb. The 

results of the numeric calculations for the behavior of 21 °Pb in three spheres (R = 0.1, 1.0, and 10.0 cm) are 

shown in Figure 3-7-7. All calculations are normalized to the contents of Rn at the cavity wall. It should 

be noted that calculations for the slot geometry yield similar concentration profiles at a slot width of H= 

0.1 cm. Thus, the results for spherical cavities with R = 0.1 cm are applicable to the fractures with opening 

ofH= 0.1 cm.  

For a cavity with R = 0.1 cm, (Figure 3-7-7-a), the concentration of Rn in the central part of the 

sphere will promptly reach an asymptotic value of 0.9. For the asymptotic solution (t Qo) the following 

equality must hold: 

Pb(,o, X) + Rn(-o, X) = 1 (3-7-31) 

For any coordinate X, in the center of the sphere with R=0.1 cm, the normalized Pb contents should 

not exceed 0.1 (note that in the figure the curves show Pb concentrations with different multipliers). It is
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Figure 3-7-8. Dynamics of accumulation of 207pb (solid lines) and the asymptotic concentration profile of 2' 9Rn 
(dashed line) in spherical cavity filled with stagnant water. Cavity radii: a - 0.1 cm; b - 1.0 cm; and c - 10 cm.  
Calculations were carried out for spherical geometry. For the slot geometry (e.g., thin fracture with width H = 

0.1 cm) distributions of isotopes are similar.  

apparent that both 222Rn and 210Pb reach quasi-stationary distributions after approximately I day. In a 

cavity with R = 1 cm, the distributions are drastically different. The concentration of Rn in the center of 

the sphere stabilizes at about 0.1, which means that Pb may accumulate until it reaches a 0.9 value.  

Accumulation is relatively slow, so that the normalized concentration of 0.77 is reached in approximately 

115 days. In a cavity with R = 10 cm, the concentration of Rn in the center of the cavity is practically 0, 

which gives an asymptotic solution for Pb concentrations of 1. The process is slow, however, and more 

than 3 years are needed to reach a normalized concentration of Pb = 0.2.  

Assuming that reasonable characteristic times for the diffusion of Pb-isotopes in a cavity up to R = 

10 cm range between 1 and 10 days, it is possible to visualize the characteristic distributions of Pb inside a 

cavity. Importantly, these distributions have maximums between I and 2 cm from the cavity wall.  

Analysis of the 219Rn - 2°7pb system 

In this decay chain there are no elements with substantial diffusion displacement radii. Hence, it 

may be assumed that the calculations relate directly to 207Pb. The very short half-life of 2 9Rn (Tp2 = 4 s) 

sets this system apart from the 222Rn- 210Pb- 206Pb system. This means that radon cannot move more than 

0.03 cm from the cavity wall. This, in turn, implies that the dominant process of 207Pb redistribution inside 

the cavity is diffusion. For example, for a cavity with R = 0.1 cm, the asymptotic distribution of 207Pb is 

reached within tens of hours. For a time of less than 1 hour there is a sharp maximum near the cavity wall 

(Figure 3-7-8).
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Figure 3-7-9. Dynamics of accumulation of 270 Pb (solid lines) and the asymptotic concentration profile of 22°Rn 

(dashed line) in spherical cavity filled with stagnant water. Cavity radii: a - 0.1 cm; b - 1.0 cm; and c - 10 cm.  

Calculations were carried out for spherical geometry. For the slot geometry (e.g., thin fracture with width H = 

0.1 cm) distributions of isotopes are similar.  

For spheres with R = I and 10 cm, sharp maximums persist very close to the cavity wall. It might be 

assumed that the concentration of 207Pb monotonically decreases toward the center of the cavity (which is 

in sharp contrast to the 2°6Pb distribution). For a characteristic time of 10 days, substantial concentrations 

of Pb may be expected within 4 cm from the cavity wall.  

Analysis of the 2 2 0Rn -
2 0°Pb system 

In this decay chain the intermediate 212Pb has T1,2 = 10.6 hours. Its daughter, 212Bi, has a half-life of 

approximately 1 hour. It is thus possible that physicochemical properties of bismuth affect to some extent 

the kinetics of its uptake into the growing minerals (e.g., possible desorption from the opal surface and its 

return to the solution). Its influence on the overall system performance, however, is not expected to be 

significant primarily because of the relatively short half-life. Thus, the results shown in Figure 3-7-9 

should be representative of stable 208Pb. As is apparent from the figure, the results are quite similar to 

those for the 2 19Rn chain.  

3.7.3.2.8. Comparison between the theoretical estimates and the experimental data 

It is apparent from the discussion above that the kinetics for the accumulation of Pb-isotopes in a 

cavity may lead to the appearance of a non-uniform distribution of Pb-isotopes in the water through out 

the cavity's space. These distributions differ depending on the Rn-isotope (long-lived or short-lived), 

which is the parent of the Pb isotope of interest.  

Using the data from the database described in Appendices I and 2 (Neymark et al., 2000 and 2002), 

we plotted the distribution of Pb isotopes across individual mineral crusts from fractures and lithophysal
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cavities. In the series of figures discussed below we compared the distribution of the total abundances of 

Pb isotopes with the distribution of their abundances corrected for the presence of "common lead" using 

the correction values suggested by Neymark et al. (2002). For example, for 208Pb (Figure 3-7-10), the 

equation is: 208Pb* =208 Pb - 38.78 _204 Pb (asterisk denotes calculated radiogenic Pb after subtraction of 

the common-Pb component).  

The equation

2 11 Pb* - 0.2 exp[ L1 (3-7-32)

where L is the distance from the cavity wall [cm] approximates the maximum values of the 2
0SPb*
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Figure 3-7-10. Distribution of total 20°Pb (a) and corrected 2°SPb* (i.e., after subtraction of the common-Pb 

component; b) as a function of the distance from cavity wall L. It is assumed that minerals are deposited directly 

on the cavity walls, so that the base of mineral crust corresponds to 0 on the abscissa. Information regarding L 

was obtained from line drawings and one photograph of samples presented in Neymark et al. (2002; see 
Appendix 3-7-1).
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Figure 3-7-11. Distribution of total 2°rPb (a) and corrected 2°rPb* (i.e., after subtraction of the common-Pb 
component; b) as a function of the distance from cavity wall L. It is assumed that minerals are deposited 
directly on the cavity walls, so that the base of mineral crust corresponds to 0 on the abscissa. Information 
regarding L was obtained from line drawings and one photograph of samples presented in Neymark et al.  
(2002; see Appendix 3-7-1).  

[ppb]. Even though the contents of "uncorrected" 208Pb are tenfold multiples greater than the obtained 

values of corrected 208Pb* (i.e., large values of "common lead" were deducted from large values of total 

lead), the results obtained do not seem to have a "noisy" character. This demonstrates the high quality of 

the measurements reported by Neymark et al. (2000 and 2002). By comparing the experimental 

approximation curve (Eq. 3-7-32) with the theoretical calculations for a sphere with R = 10 cm for this 

isotope (see Figure 3-7-9), it was found that the rate of decay of the 2°sPb-concentrations suggests 

characteristic times of about 10-20 hours.  

Figure 3-7-11 shows similar graphs for 2°6Pb. In this case, the corrected values were calculated by: 
2

0
6 Pb*=206 Pb - 18.83 .204 Pb. We used data belonging to the first mode of the concentration
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distributions (Pb,o,,,a < 100 ppb) which means that only a few measurements with Pb concentrations greater 0 0. 0 

than~~ 00 0p10recudd 

Fiundrsadbe,3-7 nce.concentration s of total 2076pb(a ancore mct grP*ie.,after sub onetractions of the "common"P 
componnt T h ) distribuntion of the daimumtances fomfcavity mall L. It escribued bythamielsre depositeonretl 

The experimental curve (Eq. 3-7-33) demonstrates reasonable agreement with theoretical curves for 

a sphere with R = 10 cm for 2 a6pb (see Figure 3-7-7) at characteristic times of 10 to 20 hours.
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Figure 3-7-12 shows graphs for 207Pb. The corrected values were calculated by equation 

207 Pb* =207 Pb- 15.62 _204 Pb. It is apparent that values for concentrations on the upper and the lower 

graphs are different (times). This feature was expected because, for 207Pb, the total contents of the isotope 

are very similar to the contents of the "common lead" (see Appendix 3-7-2, Figure 3-7-A-32). The 

behavior of the maximum 2O7Pb* values can be approximated by: 

2
0

7 pb*=1.5- L 9 exp .L 1 (3-7-34) 
[_ 0.8]J 

The experimental curve (Eq. 3-7-34) is clearly different from all those in the family of curves 

calculated for a cavity with R = 10 cm (see Figure 3-7-8). Owing to the short half-life of 2 ' 9Rn, the 

monotonically decreasing curves similar to those calculated for 208Pb would also be expected for 207Pb; 

instead, the experimental curves have shapes similar to those obtained for the longer-lived 222Rn and 

possess a maximum.  

It is clear therefore that our simple model, while reasonably explaining the patterns of accumulation 

of 20'Pb and 208Pb, fails to adequately explain the patterns observed for 2 07Pb. From the standpoint of 

geology, the model (i.e., accumulation of Pb-isotopes in a cavity filled with stagnant water) is undoubtedly 

overly simplistic. In order to deposit the quantities of minerals observed in cavities at Yucca Mountain, 

the water would have to be changing many times, which means, the water must have moved repeatedly 

through the cavity. In the subsequent sections we shall consider a model that takes into account such water 

flows.  

3.7.3.3. Model case 2: Thin fracture 

In previous sections we considered the processes of generation, migration and accumulation of Rn 

and PbR, in cavities. The cavities were considered in isolation from the surrounding rock. This is a 

simplification, because water entering a cavity will already contain dissolved Pb isotopes acquired in the 

course of its flow through thin interconnected fractures and pores of the tuff. In this section we examine 

the processes occurring in thin water-bearing fractures in the bedrock tuff.  

3.7.3.3.1. Distribution of isotopes in narrow fractures and the time required to reach steady state 

Below we introduce three postulates that serve as a basis of the model.  

Postulate 1. Water in fractures contain dissolved Pb-isotopes. The contents of Pb-isotopes in the 

water reflect an equilibrium with Pb-isotopes residing on the surface of the tuff at the water-rock interface.  

Postulate 2. The width of the model fracture H = 0.1 cm. Over time tD = L 2/D (where D is the 

coefficient of diffusion for Pb atoms or Pb-bearing complexes) the equilibrium profile of Pb will form
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across the fracture. Assuming H= 0.1 cm, D = 105 cm s"1 we obtain tD = 1000 s. In other words, time on 

the order of 15 min is sufficient for establishing stationary concentrations of Pb isotopes, which are 

produced by the decay of Rn.  

Postulate 3. The appearance of these additional Pb-isotopes in water does not change the boundary 

conditions for total Pb at the fracture-water interface. In other words, the concentration of Pb at the 

interface does not change appreciably due to Rn-decay. We now examine the validity of the later 

postulate.  

Consider the 222Rn -206Pb system. Both varieties of Pb discussed in our model (common Pb and 

PbR,) may reside inside the volume of water (206Pbot and 206Pb•n_ o) or they may be adsorbed on the cavity 

surface (206 Pbsur and 2°6pbp•_ .f). Assume that at a time t, the surface of the tuff at the fracture-water 

interface contains 2°6Pbuf atom'cm"2 of the 206pb isotope. The flux of the isotope entering the water 

(number of atoms per cm2 per second) may be defined as Kd,,_2 06 Pb, where Kd,, is the constant of 

dissociation. At equilibrium, the same number of atoms return to the surface: K,&'206pbo,,, where 206PbMot 

is the effective concentration of the isotope near the surface (within a few angstroms) and K,,& is the 

constant of adsorption. (Here Kd,, and Kd are constants in the most general form).  

The condition of equilibrium for the common 206Pb may be written as: 
K,206pb,,f = Kaa,.20 6 (3-7-3 5) 

Now consider the equilibrium for Pb isotopes formed from Rn decaying in the thin fracture 

(channel). In a cylindrical channel with radius R and length dL, the number of Rn atoms decaying (or, Pb 

atoms forming) per second is: 

R 

I(Pb) = dLJ . 222 
222 Rn(R) .27rRdR (3-7-36) 

0 

The Pb atoms will be adsorbed on the channel surface whose area is: 

dS = dL . 27rR (3-7-37) 

The equation describing changing concentrations of 222Rn-derived 206Pb atoms under these 

conditions on the channel surface [atom-cm'2-s-1] will assume the form: 

d 2 . dLf2 22 
222 RRn(R). 21rRdR K 2o6p•R + 206ph 

""-dL -21rR0 -Kd, 3 .,f + K.& (3-7-38)
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Assuming the derivative in Eq. 3-7-38 is much smaller than all other terms (a condition of 

equilibrium): 

dLJA 2 222 Rn(R) 21rRdR -K 206p + K °p _ (3-7-39) 
dL .27rR0  - d,s PbR"l•_• " , ' +K ad 2 " -R0_ o t 

The physicochemical properties of Pb do not depend on its origin (i.e., "common" or Rn-derived).  

Therefore, the Kd,,, which accounts for all mechanisms for the dissolution of lead (i.e., in the form of 

atoms, complexes, compounds, etc.) at the tuff surface can be eliminated by using Eq. 3-7-35: 

Kd,26 pb°0  (3-7-40) Ka, =Kaa •206phs~ 

Before proceeding further with this discussion, we need to make two observations. First, the 

dimensions of the surface and volume densities of atoms are different (atom-cm"2 and atom-cm"3 

respectively), hence the constants Kd,, and K&d, also have different dimensions. Second, upon reaching 
dLJ a'222 

222 Rn( R) " 2'rRdR 

stationary conditions (i.e., after about 1000 s), the term becomes a constant 
dL . 2YrR0 

whose value depends solely on the radius (or, in more general terms, on the geometry) of the channel and 

the concentration of the parent Rn. Because the decay chain of 238U in the bedrock tuff is in secular 

equilibrium, the following equality holds true: 

aý2 22 .
2 22 

Rn = ,23a 2 38 U (3-7-41) 

and therefore, 

dLJ ;222 
2 22 Rn(R) ) 27rRdR - 3_238 *_238U -" 222 Rn(R) -2;rRdR = ;h3. 238 U. G (3-7-42) 

dL. 21rRo ,2 22  dL. 21rRo ; 2 22 

We introduced the parameter G without defining it because in order to define it, it is necessary first 

to define the specific geometry of the problem, which may be idealized (e.g., sphere, channel, slot, etc.) or 

measured in the field, and second, based on the geometry it is necessary to numerically calculate the 

distribution of Rn inside the cavity. For example, for a spherical cavity, the distribution of Rn was 

calculated in section "A model: generation and accumulation of Pb-isotopes in a cavity filled with 

stagnant water" (see Figures 3-7-7 through 3-7-9) above.  

Based on the considerations presented above and using Eq. 3-7-40, the stationary equation 3-7-39 

may be re-written as:
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[206PbR p ot 
2 0 6 pb•, 1 .G + Kd,.-5 f.- = 0 (3-7-43) 

ý222 suf 
2 0 6 Pb2o1  

2
0Pb 5 urf 

It follows that the 206PbR,_Vol near the tuff surface is significantly smaller than the maximum value, 

which may be achieved in this closed volume: 

Max 206pb., 2 = 238.238 u (3-7-44) l'D~~n~~vo l 222"-" ' 

The numeric assessment of the A238 23 U values yields maximum concentrations of the Rn-derived 
'222 

206Pb in water on the order of 10-6 ppb (assuming bedrock tuff contains 5 ppm of 238U). Such minute 

concentrations allow the simplification of Eq. 3-7-43: 

238 238 U. G = KK 206pb~o. 206PbR,-f (3-7-45) 
,7222 206 pbhrf 

or 

;L238 238 U G. G 26 pbs'ur - K h 2 06pbvot (3-7-46) 
;L222 2

0
6 PbRfUrf 

Eq. 3-7-46 is now written in the form analogous to that of Eq. 3-7-35. This allows us to define the 

effective dissociation constant: 

Keff4, =A238 238U 1 (3-7-47) Keg_•s • D.206pbRh 
A.222 2 Pbflsr 

It is important to recognize that for Rn-derived Pb, the effective dissociation constant, Keff d.,.  

depends on the concentration of U in the tuff, as well as on the parameter G, which reflects the geometry 

of the cavity and the dynamics of the accumulation of Rn in the cavity. This emphasizes the fact that the 

chemical processes of redistribution of the Pb (accounted for by the last term of Eq. 3-7-47) play only a 

partial role in the overall redistribution of the Rn-derived Pb in open cavities. The contents of U in the 

tuffs of Yucca Mountain vary within a relatively narrow range (between 3-7 ppm, NBMG, 2000). The 

highly consistent values measured for Pb isotopes in opals (reported by Neymark et al., 2000 and 2002) 

suggests that the adsorptive properties of the surfaces of cavities relative to Pb remain largely constant in 

the course of mineral growth. The only remaining factor that may change the concentrations of Rn in 

different areas of the cavities is the geometry. Our qualitative assessments show that geometry-related 

changes may be as large as up to 4 orders of magnitude.
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/ 3.7.3.4. Model case 3: Distribution of Rn
Z, 

2 2 2
Rn 

and Pb-isotopes in a cavity with moving 
water 

2 0 6
PbRn 

S26 Pbwater - In order to obtain semi-quantitative 

S" descriptions of the processes occurring in a cavity 

2\2 0pbwater through which water flows, the following model 
a b V/ geometry was used. A channel with radius Ro 

Figure 3-7-13. Schematic presentation of the 
characteristic concentration profiles for "common" enters the top of a cone (an "overturned funnel" 
2 61pbwai& (a), as well as concentrations of Z22Rn and 
"additional" , 2 6PbR, formed through the decay of23'U in geometry). This geometry imitates the 

the rock, diffusion and decay of Z22Rn (b). Fracture intersection of a fracture with a lithophysal 
width is 0.1 cm.  

cavity. It may be demonstrated that the details of 

the geometry do not alter the essence of our 

conclusions regarding the processes operational inside cavities.  

3.7.3.4.1. Distribution of isotopes in a channel 

The distribution of the "common" 206Pb is schematically shown in Figure 3-7-13-a. Since generation 

in water is not considered, the concentration of 206Pb will be constant across the channel. Now consider the 

supply of 222Rn from wallrock into the fracture. In such a narrow fracture (0.1 cm) its concentration in 

water will be nearly constant with a slight (5-10%) decrease in the center. The distributions of Rn and Pb 

in the small sphere of R = 0.1 cm presented above (Figures 3-7-7-a through 3-7-9-a) may serve as a 

reasonable approximation of the steady state in a thin channel. According to the condition discussed 

above, which requires that the sum of the maximum concentrations of Pb and Rn isotopes equal one, the 

concentration of 210Pb in the center of the channel may not be greater than a few per cent of the maximum 

possible concentration. In other words, the concentrations of the 2 0Pb isotope are significantly smaller 

than those in wide fractures and cavities.  

For the 22 0Rn and 219Rn decay chains, however, the patterns are virtually the opposite to that of the 

222Rn chain (Figure 3-7-14). This is because of the short half-life of these isotopes.  

3.7.3.4.2. Calculations for the model geometry: channel-cone 

The set of base equations was discussed earlier (Eqs. 3-7-8 through 3-7-10). For the given 

geometry, the symmetry is one of a cylinder, which greatly simplifies numerical calculations. Equations 

for 222Rn and 210Pb are: 

) 222Rn(F' t) - D__, A 2 22Rn + V, (".222Rn) - ;L222 .2 22 Rn(', t) (3-7-48) 

at
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and

D12pb(F,t) DPb A2pb + V. (P .210pb) + a. 222 Rn(Ft) 
at V L2 (3-7-49)

where Dp and Dpb are the coefficients of diffusion of Rn and Pb in water. It is to be noted that in 

this case, too, the normalized stationary values of the concentrations will comply with the equality:

Pb(t ---> ) + Rn(t -- -) = I (3-7-50)

In numerical calculations the closeness of the sum of isotopes to unity provides a check on how 

close the calculated value approaches the stationary one. It is also useful for testing the accuracy of 

different calculation algorithms.  

Boundary conditions 

Geometry. We chose a channel-cone geometry with a channel diameter of 0.1 cm and an angle of 

the cone's opening of 45*. Our calculations covered distances up to 5 cm from the top of the cone. We 

chose this simplified geometry with cylindrical symmetry as an approximation for the intersection 

between a thin water-bearing fracture and the lithophysal cavity. The latter (natural) geometry is three

dimensional, which makes modeling computationally difficult. We found that the numerical solutions for 

the channel-cone geometry are qualitatively similar to those for the channel-sphere geometry.  

Distribution of isotopes. On the cavity wall, the normalized concentration of the Rn-derived lead 

Pb.,, = 0 (see discussion above) and the concentration of Rn equaled 1. At time t = 0, the concentrations of 

Rn and Pb across the channel far from the cavity

aL 20 7Pbwteb 

Figure 3-7-14. Schematic presentation of the 
concentration profiles for "common" 201Pbwat. (a), as 
well as concentrations of 2tgRn and "additional" 207Pbp, 
formed through the decay of 235U in the rock, diffusion, 
and decay of 219Rn (b). Fracture width is 0.1 cm. 22Rn 
and 208PbR, give distributions fairly similar to those of 219Rn and 207Pbp,.

L > V-R 0
2 Jwere considered equal to 0 (which 

D ) 
follows from Postulate 2 of the model). Because 

L was large, both concentrations reach steady

state values before the water approached the 

channel-cone junction. The shapes of the 

concentration profiles across the channel were 

discussed above (see Figures 3-7-13 and 3-7-14).  

Flow velocities. Variants with uniform and 

parabolic flow velocity fields were examined.  

Inside the cone we assumed that for a given 

cross-section the velocities were equal, and their
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222Rn 2 1OPbRn 

Figure 3-7-15. Example numeric calculation showing qualitative distribution of isotopes •2 Rn and 2ioPbp, in 
water. Model geometry - a funnel: a channel with diameter of I mm (shown off scale for clarity) enters a cone 
(length shown on the plates is approximately 5 cm). The water flow direction is shown by white arrow. Water in 
the cavity changes completely in about 5 days. Abundances of isotopes are color-coded with cool colors 
corresponding to low abundances and warm colors - to high abundances.  

Due to its relatively long half-life (3.8 days), 2Rn advances as a front and fills the entire cavity. The input of 
additional •22Rn continues from cavity walls. The greatest normalized concentration of2 21 PbR, = 1.4"10.3 (shown 
by red color) is achieved after 1000 s; after 10,000 s (-3 hours) the maximum concentration of 6.10-3 is 
achieved.  

values were inversely proportional to the cross-sectional area. This assumption is realistic for a water 

exchange rate in the cavity of 3 to 30 day"1 (i.e., the water in the cavity is completely changed every 3 to 

30 days).  

Results 

The results of the numerical calculations are shown in Figures 3-7-15 through 3-7-17. For 222Rn and 
2 10Pb the results are shown in Figure 3-7-15. As was discussed above, the concentration of the relatively 

long-lived 222Rn across the channel equaled 1. Therefore, in the Figure the Rn advances as a front, 

gradually filling the whole volume of the cavity. Near the cavity walls, there is an additional supply of Rn 

from the rock; the superposition of these two "fronts" still yielded values not exceeding unity, mostly due 

to the movement of water. The water redistributes Rn from near the cavity walls, which leads to a slight 

thickening of the Rn layer in comparison with the results obtained for a cavity filled with stagnant water.  

The distribution of 2 °Pb., shows a much more complex pattern. In a thin channel, most atoms 

formed from the decay of 222Rn "die" due to adsorption on the walls. After entering the opening of the 

cone, however, the residence time for every PbR, atom sharply increases, which leads to the accumulation 

of 2 1 PbF, at the Rn front. In model calculations for 1,000 s, the maximum normalized concentrations (red
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219Rn 2 0 7 PbRn 

Figure 3-7-16. Example numeric calculation showing qualitative distribution of isotopes 2I9n and 207Pb, in 
water. Model geometry - a funnel: a channel with diameter of 1 mm (shown off scale for clarity) enters a cone 
(length shown on the plates is approximately 5 cm). The water flow direction is shown by white arrow. Water in 
the cavity changes completely in about 5 days. Abundances of isotopes are color-coded with cool colors 
corresponding to low abundances and warm colors - to high abundances.  

Because of its short half-life (4 s) the 2 19Rn does not advance as a front like 222IRn; instead its abundances are 
increased near the cavity walls. By contrast, 20 7PbR, does form a front, producing with time uniform distribution 
inside cavity (normalized 20 7PbR, = 1). Near cavity walls, however, there is a zone of low concentrations due to 
the boundary condition 2

0
7 Pb*,.. = 0 (see discussion for a model for cavity filled with stagnant water). Note that 

the zone of low concentrations is shown out of scale, because its thickness is only -1 mm.  

color) on the figure correspond to 1.4"103, whereas for 10,000 s (-3 hours) the maximum value is 6-10-3.  

The time comparable to the half-life of 222Rn (i.e., 3-4 days) is required for the maximum value to reach 

n-10-1. For a spherical geometry (cavity with R = 10 cm) the maximum would coincide with the 

approximate center of the cavity (at the selected flow velocities). After that time, the concentrations of 
21°Pb cease to grow and the concentrations of Rn substantially diminish. The model thus predicts a 

strongly non-uniform distribution of 2 1°Pb inside the cavity in the direction of flow.  

The results for 2 19Rn and 20 7Pb are shown in Figure 3-7-16. Apparently, the distributions of isotopes 

sharply differ from those of the previous pair. Because the 2 19Rn half-life is only 4 s, the isotope is "stuck" 

to the walls and does not penetrate into the bulk of the water. By contrast, 20 7 Pbp. fills the entire cavity and 

moves along with the water. The steady state of the system is characterized by a largely uniform filling of 

the cavity volume with the 207pPbp.  

It is important to note that the time required to reach the steady state in a cavity with moving water 

differs significantly from the analogous time for a cavity with stagnant water. For the first case this time 

equals several days, whereas for the second, it would be several years.
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220Rn 2 0 8 PbRn 

Figure 3-7-17. Example numeric calculation showing qualitative distribution of isotopes 22°Rn and 20°Pbp,,, in 
water. Model geometry - a funnel: a channel with diameter of 1 mm (shown off scale for clarity) enters a cone 
(length shown on the plates is approximately 5 cm). The water flow direction is shown by white arrow. Water in 
the cavity changes completely in about 5 days. Abundances of isotopes are color-coded with cool colors 
corresponding to low abundances and warm colors - to high abundances.  

Having intermediate between 2 2 2Rn and 2i9Rn half-life (56 s), 22°Rn forms small zone of elevated 
concentrations near the channel's entry into the cavity (green color). The 20°PbR, moves as a front at early stages 
but, because of the short half-life of parent 22ORn with time fills the cavity virtually uniformly (normalized 
20'Pbp, = 1).  

Figure 3-7-17 reflects the fact that the half-life of 22°Rn (56 s) is almost an order of magnitude 

greater than that of 2 i9Rn. The water movement leads to a slight advancement of 22°Rn into the cavity from 

the channel's entry (1-2 cm), after which the steady state is reached and the picture does not change. By 

contrast, 208PbR, uniformly fills the cavity at advanced stages of the process.  

As has been shown, the enhanced model that takes into account the movement of water through the 

cavity leads to a substantially different pattern of distribution of Pb isotopes in the cavity's volume. The 

model predicts largely uniform distributions of the "additional" Rn-derived 20'PbR, and 208PbR.. across the 

cavity. At the same time, it predicts substantial differences in the 21°Pbp contents, which may reach 3 to 4 

orders of magnitude.
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3.7.4. Accumulation of PbR, on micelles 

3.7.4.1. Assessment of the role of colloids in accumulation of PbRn 

The mineral-forming fluid may contain colloidal particles composed of silica. Such particles could 

take part in the deposition of opals (see Chapter 3-4 for details). PbR, residing in the fluid may be adsorbed 

on the surface of the colloidal particles. The characteristic time for this process to take place may be 

defined as: 

1 (3-7-51) (•' 47r" Dpb water * rcoll " Noll 

where r,,o, is the radii of the colloidal particles and Ncall is the concentration of colloidal particles 

in water. By varying r 0,,, between 0.001 and 1.0 arn and Nc,1 between 10 and 10 5 particles cm"3, one may 

calculate the minimum time required for isotopes of lead to be adsorbed on the surface of colloidal 

particles. The time for adsorption may be as small as 1000 s (e.g., for r,,o, = I Am and N, ou = 105 

particle.cm' 3). In this case, the effective radius of the volume within which isotopes of Pbn may migrate 

via Brownian motion (Reff), will equal -0.1 cm. The Re does not depend on the diffusion coefficients of 

Pb atoms and is controlled solely by the parameter Q = r, o N.ott 

Reff (3-7-52) 

A comparison with the radius of a cavity (Rc,,,) yields: 

Qo=(T- (3-7-53) 

In a cavity where the condition Q >> Qo (condition 1) is fulfilled, virtually all PbR. will be adsorbed 

on colloidal particles. The migration of this lead will be governed by migration (possible gravity 

sedimentation) of these particles. If Q << Qo (condition 2), all Pb•n isotopes formed in the volume of the 

cavity move via diffusion and become adsorbed on the cavity surface (including surfaces of crystals 

growing inside the cavity).
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3.7.4.2. Nucleation and growth of micelles 

The hydrolysis of silicates involves formation of sols of polysilicon acids, in particular H2SiO 3, 

H2Si 2O5 and more complex acids. Ions of SiO 3
2" form in the solution. The subsequently formed colloidal 

solutions of silicon acid may be very stable. It is known, however, that in certain conditions (e.g., freshly 

formed gel), micelles re-dissolve upon contact with the solid phase (e.g., a cavity wall) (Kreshkov, 1976).  

With time the primary molecular complexes, which contain molecules of silicon oxide and water in 

different combinations, merge and increase in size. At a certain stage of evolution micelles appear. A 

micelle is comprised of two parts: the core and the ionic shell; the latter may be subdivided into adsorption 

and diffusion layers (Kuznetsov and Ust-Katchintsev, 1976; Figure 3-7-18). The growth of micelles may 

proceed by a condensation mechanism (i.e., the consecutive attachment of molecular complexes to a 

particle), as well as by coagulation (the fusion of two large particles that may consist of hundreds and 

thousands of molecules).  

The core of a silicon acid micelle is negatively charged due to surface electrolytic dissociation of 

the molecules of the dispersed phase. Molecules of SiO2 located in the near-surface positions react with 
+ 2

water forming H2SiO 2, which then dissociates: H2SiO 2 <-4 2H+ + SiO".  

All SiO 3
2
- ions (n ions) formed in this manner are strongly bonded to the core. The total number of 

the oppositely charged ions equals 2n. Some of the ions reside in the diffusion layer (2x), and the 

remainder - in the adsorption layer. The structural 

formulae of a micelle of silicon acid is written as: 

[(02)m .-nSiOh- . 2(n - x)H+ ]. 2H+ 

0• (3-7-54) 

The highest weight concentration of 

90'S; S' 02* VH2O 3103 colloids is reached when the concentration of the 

J sol particles is between 1015-10l6 cm 3.  

Typically, colloidal chemistry considers the 

. equilibrium state of already-formed micelles in 

solution, as well as their precipitation. The kinetic 

aspects, such as the growth of micelles from 

Figure 3-7-18. Micelle of SiO 2 (from Kuznetsov and monomolecular complexes to particles containing 
Ust-Katchintsev, 1976).  hundreds of thousands of silicon oxide molecules
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Table 3-7-1 

Sedimentation time as a function of particle's size 
(by Kuznetsov and Ust-Kachkintsev, 1976) 

Radius of particle, cm 103 104 10 - 10-6 10"

Sedimentation time 30 s 52 min 86 hours 360 days 100 years 
(for 1 cm) 

have not been studied well. The subject poses serious problems related to the high growth rate 

characteristics of the initial stages of micelle growth, as well as to technical problems with the study of 

very small particles suspended in a liquid phase. (By contrast, the methods for the study of clusters and 

particles in the gaseous phase are fairly well developed; see e.g., Pashenko and Sabelfeld, 1992; Pashenko 

et al., 1996). Below we will employ coagulation-kinetic models, widely used in aerosol science, to 

describe, semi-quantitatively, the process of formation of micelles in the model geometry.  

The modem theory of electrolytic dissociation, developed by B.V. Deryagin and L.D. Landau 

(Livshitz and Landau, 1979) defines the threshold of coagulation as: 

A. = C. 43 (kT)5 (3-7-55) 

where C is the coefficient, k is the Boltzmann's constant, e is the charge of the electron, T is the 

temperature (K), ý is the inductivity, A is the constant of the van-der-Vaals attraction, z is the charge of the 

dominant ion. The equation shows a good fit with the experimental data obtained for different sols.  

A noteworthy feature of Eq. 3-7-55 is the fifth degree of the temperature term. It means that for 

some parameters of the system, say T = 300 K and A. = const, it will be sufficient to increase the 

temperature by only 10 degrees to increase I. by 20%. This would trigger a very fast coagulation 

transformation, which would change the spectrum of size distribution of the micelles.  

3.7.4.3. Growth of micelles: condensation and coagulation mechanisms 

3.7.4.3.1. Qualitative analysis of the processes 

A micelle of silica 10 nm in diameter contains approximately 105 molecules. We qualitatively 

address the question: what are the mechanisms and what are the characteristic times of formation for such 

aggregates? In order to form a micelle, molecules must approach and connect to each other. If the growth 

of a micelle occurs through the connection of individual molecules, the mechanism is termed 

"monomolecular growth". The maximum velocities of the growth are achieved if the approaching
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molecule connects to the micelle upon the first contact. In this case, the growth velocity of the micelle will 

be controlled by the diffusion flux of molecules in the direction of the growing particles.  

The following mechanism may then be realized. Upon reaching a certain size and approaching 

equilibrium with an ionic composition of the surrounding solution, the growth of micelles ceases. Such 

micelles remain in solution in a relatively stable state. If micelles have substantial sizes, they may slowly 

settle down. However, if either the ionic composition of the fluid changes or the temperature changes, the 

coagulation threshold may be reached and surpassed (see Eq. 3-7-55). It is highly probable that a stage of 

fast micelle growth by the coagulation mechanism will follow, and the rate of sedimentation of particles 

will sharply decrease.  

Characteristic times for the sedimentation of particles of different sizes are given in Table 3-7-1. It 

is apparent that the increase of the particle size by one order of magnitude, from 0.01 to 0.1 gim, leads to 

an increase in the sedimentation velocity by 100 times. In the context of our model involving the 

movement of water through cavities in tuffs, the time for sedimentation has the following significance. If 

the water changes in a cavity every 10 days, colloidal particles of 0.01 gim may be considered as 

permanently suspended in the solution (i.e., no sedimentation). Meanwhile, practically all particles 0.1 [tm 

in size will undergo sedimentation onto the cavity floor.  

Khimicheva et al. (1991) studied the sorption properties of different varieties of silica in the 

sequence opal - quartz. They demonstrated that globular and aggregate-globular textures are characteristic 

of the early stages of silica mineral precipitation. Experiments on water adsorption have shown that opal 

and "mature" chalcedony possess the greatest specific surface (up to 150 m2'g"), whereas for quartz this 

parameter is the smallest (10 m2-g~'). Opal CT has intermediate values of about 40 m2-g'l. It may be 

estimated that the specific surface of 150 m2'g" requires particles with R- 0.1 gim.  

3.7.4.3.2. Possible change in the ionic composition of water due to coagulation of micelles 

Another important potential consequence of the enlargement of micelles is rarely discussed in the 

literature. As we mentioned above, experiments have shown that if the fresh gel of silicon acids is 

deposited on solid a surface and fresh water is added, the gel may dissolve (i.e., return to a state of ionic 

solution).  

According to the chemical formula of the silica micelle (Eq. 3-7-54), we denote the number of ions 

of SiO3
2 coming to the unit area of the micelle's core in the moment of time t as n5 ,,(t); the radius of the 

core as R(t); the concentration of molecules of different types of silicon acids in solution as N,,o(t); and the 

number of micelles per unit volume as N,,ch(t). We assume for simplicity that the size distribution of 

particles at all times is mono-disperse (more realistic distributions will be discussed below). A system of
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equations describing the total content of SiO3
2 on the surface of all micelles (N,,,•f) residing in a unit 

volume of the solution during coagulation process may then be written:

dN,°:'0 " •-rj tt [47rR(t)2 N(t)] 

dt = n
(3-7-56)

and

RQt) ==R- (l+-!N0 K.J (3-7-57)

Finally, taking the derivative in Eq. 3-7-56 and assuming that the mass of the coagulating particles 

remains constant, after some algebraic transformations we obtain:

1 - NoKt dN,0ot -q=.rRn,.~ 6 
=- f_4rRnvi N0  46 

dt 0'suf01+ I N0KtJ4
(3-7-58)
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Figure 3-7-19. Kinetics of the decrease of the total 
number of SiO3

2" ions on the surface of micelles (solid 

line) in the course of their growth through coagulation 
(dashed line), a - initial concentration of particles No = 
1010 cm"3, concentration of SiO2 = 10-5 mole'l't; b-No0 = 
1012 cm-a, SiO 2 = 10.' mole'l1-.

where K is the constant of coagulation of 

the monodisperse particles in water and the 

subscript 0 denotes the initial moment of time.  

The Eq. 3-7-57 is the corollary of the solution of 

Smoloukhovski's equation for monodisperse 

particles (Smoloukhovski, 1936).  

Because at any given set of parameters the 

surface density of SiO3
2" is controlled by the 

properties of the surface of the micelle, we 

assume that it remains constant in the course of 

coagulation. Based on this assumption, the 

decrease of the total number of SiO3
2 on the 

micelle's surface can be calculated. Figure 3-7-19 

shows the kinetics of the decrease of the total 

number of SiO 3
2- ions on the surface of micelles 

following the enlargement of the latter. We 

carried out calculations for initial concentrations 

of SiO 3
2- of 10-3 and 10-5 mole-I1-. It is apparent

a
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from the Figure that the decrease in the initial concentration lowers the rate of the process by an order of 

magnitude.  

3.7.4.4. Accumulation of lead on micelles of silica in cavities and fractures 

In this section we will assess the relationship between the content of SiO 2 and the Pb isotopes in 

micelles.  

3.7.4.4.1. Flux of isotopes on a sphere 

The intensity of the flux of molecules on a sphere, if attachment to the sphere upon the first contact 

is assumed (the so-called "black sphere" model), is defined as (e.g., Smirnov, 1969): 

1 -. D .r- n - (3-7-59) 
1+0

r 

where D is the coefficient of diffusion for molecules, r is the radius of the sphere (micelle), n. is the 

concentration of molecules at an the infinite distance from the sphere (if many micelles are present at the 

distance equal to the average distance between spheres, and if the distance is at least 10 times greater than 

the size of spheres; in this case the precision of Eq. 3-7-59 is about 1%), 1 is the effective free length of the 

molecular path in water, and A0 is the coefficient. Devison (1951) has demonstrated that at r/1 << 1 

4 5 r (3-7-60) 

3 91 

and at r/l >> 1 

Aq =0.7104 + 0.5047-+... (3-7-61) 
r 

where the ellipsis indicates terms that are an order of magnitude smaller than the ones shown.  

If the probability of the accommodation of a molecule upon contact with the sphere is smaller than 

unity (a < 1), the equation for the flux may be written, analogous to Eq. 3-7-59: 

47r. D .r- n - (3-7-62) 

1 + 4 (a) I 

r 

where 

;LO (a) = L0 -+ 4(1 -a)0 (3-7-63) 
3a



396

Rn(R) Pb(R) Rs+XL? •3.7.5. Uptake of lead in opal 

Rn In the preceding text we discussed the 

PbRn 0 PbRn processes of the generation of PbR, isotopes and 

0their accumulation in the fluid filling the open 
.- RS cavities in the rock. The atomic form of these 

XL isotopes may be present in the solution as 

chemical compounds and complexes. They also 

0 may become adsorbed on micelles, in which 

case the character of their migration and their 

ultimate fate may change dramatically.  

We now address the question: how does 

this "excess" Pb get into opals growing from the 

fluid. Consistent with the different forms of 
Figure 3-7-20. Conceptual representation of the occurrences discussed above, there can be two 
accumulation of PbR, on opal via diffusion. See text for 
explanation of symbols. paths for PbR, to be incorporated in depositing 

minerals: (1) diffusion and (2) coagulation and 

sedimentation of micelles. These paths are not mutually exclusive. Minerals, forming from ionic solutions 

acquire Pbm through net diffusion, whereas minerals forming from colloidal solutions may be subject to 

both, diffusion and coagulation/sedimentation fluxes. Importantly, the coagulation/sedimentation of 

colloidal particles may change the boundary conditions of the diffusion flux, making it more intense.  

Below we evaluate the two mechanisms for the supply of PbR onto the surface of growing minerals.  

3.7.5.1. Uptake of lead during the diffusion-controlled growth of minerals 

In previous sections we examined distributions of Pb in a cavity with stagnant and moving water.  

Now, we assess the quantities of additional PbRn that may accumulate in the system over time. We first 

must establish the baseline for our analysis of the Pb contents measured in opals from the vadose zone of 

Yucca Mountain. Then, the question we will address is: what is the time required to accumulate the 

amount of Pb found in a typical Yucca Mountain sample? 

The model for the uptake of Pb via diffusion is graphically presented in Figure 3-7-20. In the 

process of growth of the calcite crystals, segregations of opal form on its surface. Above the surface of the 

deposited opal both Rn and Pb are present in the water. Their concentrations are functions of the distance 

from the tuff surface (Rs).
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The model may be treated as either one-dimensional (when the characteristic size of opal is 

sufficiently large) or two-dimensional (when the area occupied by the opal is not large and the size needs 

to be taken into consideration). The one-dimensional problem may be defined as: 

dPb d 2Pb 
-- D +AR(X)=0 (3-7-64) 

where Pb and Rn are concentrations of PbR, and Rn above the surface of the depositing opal. Setting 

the boundary conditions (geometry and time) for this problem is rather complex. A reasonable function of 

the uptake of Pb may be defined, for example, by using appropriate accommodation or distribution 

coefficients. The spatial distribution of PbR, and Rn at t = 0 may be defined by the solution for the 

problem of the cavity with moving water (discussed in the previous section).  

For t > 0, Eq. 3-7-64 was solved and the number of Pb atoms adsorbed at the surface of growing 

opal was calculated. Asymptotic boundary concentrations of PbR,, above the opal surface were also taken 

from the solution of the problem for a cavity with moving water. Then, the zone of the diffusion uptake of 

Pbp• above the opal surface (denoted as XL in Figure 3-7-20) was determined. The thickness of this zone 

depends on certain parameters of the cavity (the radius of the cavity, R, and the concentration of Rn), as 

well as the height of the crystal (Rs) at a given time.  

For example for a cavity with R = 10 cm and a crystal located at Rs = I cm, the time to reach the 

steady state in terms of the accumulation of lead inside cavity requires 10 days. After that time, the flux of 

lead from the center of the cavity onto the surface of the depositing opal will stabilize at _= 0.04 atoms-s 
1-cm"2. The concentration of Rn at this point will be _ 2.5-1 04 atom'cm"3, and the concentration of the 

"excess" (Rn-derived) 210Pb( 2 6Pb) will be 1-104 atom.cm" 3.  

Solutions of Eq. 3-7-64 may be presented in analytical form with reasonable accuracy (for a 

relatively large cavity): 

2IOPb(X)2IOPb(Rs+XL)1 2 0.5 .222 . 2Rn(RS + XL) (X)2 (3-7-65) S+ [ OPb(Rs + XL) D I 

Taking into account the boundary condition, which specifies that atoms of PbR are adsorbed on the 

opal surface, we obtain: 

XL Pb(Rs + XL). D (3-7-66) 
A222 * 222Rn(RS + XL)
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The flux of atoms of PbR,, on the surface of opal is found from gradients of the concentration, taking 

into account the increasing area of opal segregation: 

Ioa,, = Sort• -D = d 2 = "42. 222 Rn(R) 21°Pb(R)" ̀L2 22 *D (3-7-67) 
dR [R=Rs 

Eq. 3-7-67 yields the flux of the Rn-derived PbR,, on an area of 1 cm2. The average content of 206pb* 

in the Yucca Mountain samples analyzed by Neymark et al. (2002) is 10" to 1022 atoms. Taking the 

average area of opal samples as 0.1 cm 2 (i.e. 0.3x0.3 cm), the time necessary for accumulation of these 

amounts of lead may be established as 300 Ka to 3 Ma. The minimum values of 2°6Pb* reported for the 

Yucca Mountain opals are between 109 and 1010 atoms. The time of accumulation of these amounts of 
206Pb through net diffusion is 3 to 30 Ka.  

For the three samples of calcite reported in USGS (1997) the values of excess 216Pb are equal to 

6.43.108, 5.95-107, and 2.95-108 atoms. From the known weights of the samples (3.25, 0.62, and 0.82 mg), 

assuming a cubic geometry, the equivalent surface area may be estimated as 0.014, 0.0046, 0.0055 cm 2, 

respectively. Assuming the maximum 206Pb flux of 0.1 atom-s'-.cm"2, the time required to accumulate the 

requisite amounts of 2°6Pb may be calculated as 14, 4, and 17 Ka. The respective growth rates would be 

84, 170, and 43 mm per million years. We should emphasize that these are maximum estimates.  

The assessment calculations presented above suggest that the accumulation of PbRn through net 

diffusion on the surface of growing minerals is a relatively slow process. Significant times are required for 

the measured values of the 206 Pb* to be achieved. The length of these times means that the decay of U 

contained in the sample will also produce substantial amounts of Pb. This source of radiogenic Pb must be 

accounted for.  

3.7.5.2. Coagulation/sedimentation supply of Pb on the surface of growing minerals 

In our discussion above we demonstrated that the accumulation of "excess" Rn-derived Pb isotopes 

on micelles of silica is a real process, which can be assessed quantitatively. The ensuing phase transitions 

in the system transform the micelles, suspended in solution, into the solid mineral phase - opal. This 

transformation may be broadly subdivided into two stages: (1) coagulation of micelles and (2) 

sedimentation of particles formed through coagulation. Below we briefly describe these processes.  

3.7.5.2.1. Processes involved 

Coagulation 

In the framework of the proposed model, the accumulation of PbR, isotopes occurs on micelles of 

silica with a characteristic r = I to 10 um. According to recent research on the physics of the formation of
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Table 3-7-2 

Sizes of the silicon dioxide micelles form which, according to the model's predictions, opals 
containing Pb in amounts similar to those measured in the Yucca Mountain opals may form.  

Isotope Content of Minimum Maximum Lowermost Greatest 
isotope, radius of radius of abundances of Pb abundances of Pb 
atom cmr micelle, nm micelle, nm isotope in opal, ppb isotope in opal, ppb

206PbRn min 1 1 5 7 500 

max 100 5 45 7 500 
207 Pbb 005 1 6 02 10 
208PbRn 15 4 120 01 150 
204Pb 0.1 1 50 0.005 10 

Notes: Results of calculations are also shown in Figures 3-7-21 through 3-7-25. For the calculations 
the water residence time in the cavity was taken as 10 days. Abundances of Pb isotopes in opals are 
experimental, from Neymark et al. (2002).  

opals (e.g., Kalinin et al. 1998), upon reaching and surpassing a certain critical size for the micelles, the 

process of aggregation of the micelles and formation of dense structures begins. For suspensions of silica, 

=- 2.5 nm (Vosel and Kalinin, 1999). This indicates that the micelles considered in our model are 

capable of coagulating. By means of the analytical model developed by Smolukhovski (see Appendix 3-7

3), it may be shown that in the process of coagulation the average concentration of Pb isotopes in silica 

remains unchanged.  

Calculations shown in Table 3-7-2 indicate, that for the contents of U and Th in the tuffs of the 

Yucca Mountain vadose zone, the concentrations of Pbpn atoms in water will be low (n. 10"- n. 102 cm' 3).  

Meanwhile, the estimated concentrations of micelles in water filling the cavities may be as great as (n" 10s

n-10' cM 3). It is apparent, then, that even if all of the atoms of Pb, which form in a cavity through the 

decay of Rn during the characteristic time of water exchange (1-10 days), precipitate on micelles, only one 

out of every n.103-n• 105 micelles would carry an atom of Pb.' Due to the discrete distribution of the Pb 

atoms on micelles, stochastic algorithms (e.g., Markus, 1968; Lushnikov, 1978) are preferable to the 

analytical equations of Smolukhovski. We employed the MPV algorithm (see Appendix 3-7-3 for a 

description of the algorithm).  

Sedimentation 

For micelles with r = 5-10 nm (initial sizes before coagulation), the time required for their 

sedimentation from the I cm height would range from 300 to 1000 days. For particles with r = 100 nm

"It is to be noted that the average ratio Pb/SiO2__(rcele) may be as great as n.10' to n- 102 ppb.
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("ripe" particles appearing several hours after the onset of coagulation), the requisite time would be only 3 

days. As is discussed in Appendix 3-7-3, by that time, the spectrum of size distribution for the particles 

attains a self-sustaining character. This makes it possible to carry out numerical calculations for the 

sedimentation of particles on the surface of the cavity (and on the surface of growing crystals), taking into 

account the particle sizes.  

The brief discussion above demonstrates that the enrichment in PbR isotopes, acquired by micelles 

may readily be passed on to the silica minerals formed through the coagulation and sedimentation of these 

micelles.  

3.7.5.2.2. Coagulation/sedimentation: Comparison of the theoretical predictions with the actual Pb 

isotope abundances in opals 

In order to check the plausibility of the proposed mechanisms for the accumulation of additional 

Rn-derived Pb isotopes (Pb•n) via adsorption on micelles, we compare below predictions of the model 

with the Pb isotope abundances measured in the Yucca Mountain opal samples (data from Neymark et al.  

2002). The change of radius of the micelle in the condensation regime of growth may be written as: 

dr I Ds',2 " ns,° (3-7-68) 

dt R V12 
I + ;ý(a

r 

and the flux of an isotope on the micelle is defined by Eq. 3-7-62. We solved the system of 

equations 3-7-62 and 3-7-68 to establish the basis for our comparison with measured values. The results 

are shown in Figures 3-7-21 through 3-7-24 and in Table 3-7-2. The calculations were carried out on the 

basis of the asymptotic solutions of the equations of Smolukhovski obtained by the MPV algorithm 

(Appendix 3-7-3, Eqs. 3-7-A-25 and 3-7-A-28). Figure 3-7-21 shows the calculations for two initial 

concentrations of 206PbF, in the cavity water (1 and 100 atom-cm-3). The model predicts strongly non

uniform concentrations of the Rn-derived 2°6Pb in the cavity (see Figure 3-7-15); so the values we used 

bracket the expected 2°6PbR, contents. For other isotopes (Figures 3-7-22 through 3-7-23) we used 

concentrations, which were predicted on the basis of Eqs. 3-7-23 and 3-7-24, and numeric calculations 

(see section 3.7.4.4.2. "Calculations for the model geometry: channel-cone"). In all calculations we 

assumed ten days as the time for the exchange of water in the cavity.  

The results are summarized in Figure 3-7-25 and Table 3-7-2. The data reveal two important 

features. First, the calculated sizes of micelles are in reasonable agreement for all Pb isotopes. Second, 

the calculated sizes of micelles are close to or greater than the critical size. Upon surpassing the critical 

size, coagulation of the silica micelles begins (rc,, =_ 2.5 nm; Vosel and Kalinin, 1999). This supports the 

plausibility of the proposed model.
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DPbRn in cavity, qualitative distribution of which was shown in 

Figure 3-7-15. Two curves (solid lines) were calculated for the highest (100 atom-cmn3 ) and the lowermost (1 

atom-cmi3 ) concentrations of 206PbF, in cavity, obtained through numeric calculations for the model geometry.  

Horizontal dashed lines approximate the boundaries of the 2°6Pb abundances in opals from Yucca Mountain 

(Neymark et al., 2000 and 2002). Intersections of these lines with the curves define radii of micelles (r) from 

which, according to the model, opals with given abundances of 2c6Pb may form. The model time of water 

exchange in the cavity was 10 days.
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Figure 3-7-17. Distribution of this isotope is uniform throughout the cavity (except for very thin layer near the 

cavity wall). The curve (solid line) was calculated for concentration of 208Pbp, in the cavity (15 atomcma3), 
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of the 2 e6Pb abundances in opals from Yucca Mountain (Neymark et al., 2000 and 2002). Intersections of these 

lines and the curve define radii of micelles (r) from which, according to the model, opals with given abundances 
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Figure 3-7-25. Calculated sizes of micelles of silicon oxide from which, according to the prediction of the model, 
opals with contents of Pb-isotopes measured in the Yucca Mountain (Neymark et al., 2002) may be deposited 
(based on Figures 3-7-21 through 3-7-24). Vertical dashed line indicates the critical size of micelles, r = 2.5 nm, 
above which micelles begin to coagulate (Vosel and Kalinin, 1999). 2 6Pbp, a - micelle sizes for the minimum 
concentrations in the cavity (see Figure 3-7-21).

3.7.6. PbR, and the "conventional" U-Pb age dates 

In previous sections we focused our attention on the processes of generation, migration and uptake 

of the radon-derived radiogenic lead isotopes, PbR, by growing opal. The opal, however, may also contain 

substantial amounts of uranium; therefore, the in situ production of radiogenic Pb isotopes will also take 

place. Below we evaluate the relationships between both of the "sources" of lead in opals in the context of 

radiometric age dating.  

3.7.6.1. Evolution of lead isotope composition during the opal "lifetime" 

The "life" of a mineral formed by the colloidal mechanism may be subdivided into two major 

stages.  

Stage 1. The process of the accumulation of Pb and U on micelles suspended in water begins at the 

moment (to - dt) and continues during the time dt until the micelle becomes a part of the opal segregation.  

It is assumed that after that time the mineral becomes "closed" with respect to U and Pb. We use the

01 I
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simplified version of Eq. 3-7-62 to describe the flux of atoms (molecules, complexes) of Pb and U 

isotopes on the surface of a micelle: 

I = 41rD. r- n- (3-7-69) 

where D is the coefficient of diffusion of atoms (molecules, complexes) of the given isotope and n, 

is the concentration of the isotope far from the micelle. The equation is only several percent less precise 

than Eq. 3-7-62. Consider the example of the 238U---21 pb(206 Pb) decay chain. The total number of atoms 

of U adsorbed on the micelle over the time dt is defined by the integral: 

to 238 U1ot f 47rDu • r(t)-211 U._•a (t)&t (3-7-70) 

to-di 

The analogous equation may be written for Pb: 

10 
210Pb,o, = f 4rrDpb . r(t).210pb._ wall, (t)W (3-7-71) 

to-d& 

Consider the following relationship: 

21°pbwwater =2°6pbý .......... waer + 21pb-_222Rn_u aer (3-7-72) 

The lower indices in the right part of the equation describe the "sources" of lead.  

Stage 2. From the moment opal ceases to grow (to) to the present (t) the accumulation of 206Pb 

occurs in the opal only from the in situ decay of 238U. The process of accumulation of this 206Pb in time 

may be described by a system of differential equations for all members of the 238U decay chain. One 

source of uncertainty in such calculations is the disequilibrium condition commonly found in natural 

waters between 238U and its daughter 234U.  

Groundwaters residing in different rock formations display different degrees of disequilibrium, 

expressed as the 234U/238U activity ratio, y. Values of y > I indicate an excess of 234U relative to the 

equilibrium ratio. Atmospheric precipitation in arid zones typically are in equilibrium (y = 1), whereas 

precipitation near the seashore are enriched in 234U (y = 1.1 to 1.5) due to the involvement of sea aerosols.  

Groundwaters from shallow parts of the phreatic zone typically have y = 1.5 to 2.0, whereas phreatic 

waters from deep zones with suppressed circulation have lower characteristic values of y = 1.0-1.3 

(Zverev, et al. 1980; Gascoyne, 1992). The highest values of y (3.1 to 5.5) are characteristic of waters 

from the granitic rocks and acidic effusive rocks; even greater values (7.2-8.9) were reported from the 

fractured fault zones in such rocks (Zverev et al., 1980). According to Cherdintsev (1969), groundwaters
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Figure 3-7-26. Variations of the " 4U/28 U activity ratio 

in groundwaters from the Tashkent artesian basin 
(Uzbekistan) in 1996-1998. Arrow indicates the time of 
occurrence of the catastrophic Tashkent earthquake 
(April 22, 1966). Water analyses from 10 boreholes.  
Plotted by the data reported in Zverev et al. (1980). The 
data suggest that substantial amounts of the 234U
enriched waters have been introduced into the basin 
during the earthquake. The 15 months lag is related to 
the low flow velocities of the basinal fluids.

from the acidic intrusive rocks may have y= 10 to 

12. At Yucca Mountain, surface runoff has y= 1.5 

to 3.7, perched waters y = 2.4 to 8.4, and 

groundwater from the volcanic aquifer beneath 

Yucca Mountain y = 4.5 to 8.1 (Fabryka-Martin et 

al., 2000). In tectonically active areas the 

parameter y may be time-dependent and may 

change with the changing degree of tectonic 

activity. Figure 3-7-26 shows a time series of the y 

measurements in artesian groundwaters before and 

after a major earthquake. It is apparent from the 

figure that tectonic activity may cause transient 

but strong variations in the relative abundances of 

234U and 238U isotopes. Zverev et al. (1975) 

reported similar seismic-related increases of y (up 

to 14) for the thermomineral waters from the

seismically active regions of the Caucasus (Georgia).  

Figure 3-7-27 shows calculated 206 Pb accumulation curves for different initial 2 34 U/238U activity 

ratios (the values are normalized to 238U = 1). If we define the normalized (at 238U = 1) concentration of 

206pb as F2o6pb(t, yo), where yo is the initial 234U 238U activity ratio, the absolute amount of radiogenic 206Pb 

accumulated due to decay of 238U and 234U will be:

206 pbU = F2o6 Pb (t, yo) 23 8 U (3-7-73)

Using Eqs. 3-7-71 and 3-7-72 and assuming that the concentrations of Pb isotopes in water change 

slowly, the total amount of the 206 Pb concentrated on the micelles (and subsequently passed onto opal; see 

section 3-7-5-2) at time t may be expressed as:

2°6 pb'o= F 206Pb (t, ro ).238 U + 47rDpbr( 2pbcommon _ water +21°Pb2221R•_-water )it (3-7-74)

Consider now the accumulation of the non-radiogenic 204 Pb. By analogy with Eq. 3-7-71:

to 

204 Pbo = f 4rDrb. r(t).2 4Pb._,wate, (t)a 
to-dr

(3-7-75)
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Figure 3-7-27. Growth of 2°6Pb from decay of234U and 23'U at different initial 234U/I"U activity ratios (y). Initial 

23U = 1. a - accumulation during the first 1.5 Ma; b - accumulation during 10 Ma.  

3.7.6.2 The "common lead" and PbR. corrections in computing the U-Pb radiometric ages 

In order to find the content of the radiogenic lead produced by the in situ decay of2 8 U and 234U, the 

allogenic lead contributed by depositing fluids must be subtracted from the total 20 6Pbto, present in the 

sample (the so-called "common lead correction"): 

to 
20 6pbCO... f= J4rDpb • r(t). A 206 .204 Pb._.ter (t)dt (3-7-76) 

to -di 

where A206 is the proportionality coefficient between 204Pb and 2°6Pb measured in the "baseline" 

geologic material (at Yucca Mountain the coefficient, A206 
= 18.83 ± 0.82, was calculated from the 

analyses of "7 samples of Yucca Mountain filtered water and 22 samples of subsurface calcite with low 

U/Pb ratios"; Neymark et al., 2002). Subtracting Eq. 3-7-76 from Eq. 3-7-74 we obtain: 

206 Pb* = F206Pb (t, Y0 ).238 U + 4irD,, - Pr b _2 "2221, ae -dt (3-7-77) 

In "conventional" U-Pb dating, the 2°6Pb* is used to calculate the age date for the sample. If our 

model is correct, however, this 206Pb* consists of the two components: the in situ produced 206Pb (first 

term in the Eq. 3-7-77) and 206PbRn (second term). In order to obtain true ages, therefore, the latter 

component must be subtracted before calculating the radiometric age. The application of the Pb•n 

correction is schematically shown in Figure 3-7-28.  

It is apparent from Figure 3-7-28 that even small (in terms of the absolute quantities) amounts of the 

PbR, which are added to the system may dramatically offset the apparent U-Pb ages calculated using
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Figure 3-7-28. Application of the PbR. correction for calculation radiometric age of a mineral (schematic 

presentation). a- first 1.5 Ma; b - 10 Ma. Example for 206Pb is shown; 20°Pb and 20
1Pb must be corrected as well.  

For explanation of curves see Figure 3-7-27. Note that the values of the 206Pb. on both graphs are taken 
arbitrarily.  

"conventional" equations for radiometric dating. It is also apparent that if any PbRn is present in the 

mineral, the true age of the latter will always be younger than the "conventional" age date calculated by 

using uncorrected values of radiogenic 2ONPb* for PbRn.  

3.7.6.4. Variability and evolution trends of the PbRn 

As was discussed in section 3.7.5.2.2 above (see Figures 2-7-21 through 3-7-24), the values of Pbpn 

are a strong function of the sizes of micelles involved in the precipitation of opal. The sizes of micelles 

suspended in real solutions, however, are not uniform; in practice they are characterized by a size 

distribution or "spectrum". As discussed in Appendix 3-7-3, the spectrum of sizes for coagulating particles 

should have a characteristic "self-sustained" shape. The characteristics of the size distributions of micelles 

(e.g., the mode and dispersion of the distribution) are controlled by the parameters of the mineral-forming 

medium. Among the later, the chemistry of fluids (controlling the charges of chemical species) and the 

temperature are the most important parameters (see Eq. 3-7-55). Therefore, it is to be expected that in the 

a chemically and thermally evolving environment the size distributions of micelles will also evolve. As a 

consequence, a substantial variability of Pbhan in opals formed at slightly different conditions (i.e., from 

micelles with slightly different size distributions) on one hand, and the overall tendency of the 

unidirectional change of the Pbgn (due to the unidirectional character of evolution of the chemistry and the 

temperatures of the fluids; see Chapters 3-4 through 3-6 for discussion) on another hand, are expected at 

Yucca Mountain.
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Neymark et al. (2002) reported the "conventional", 23 5U-207Pb age dates calculated for different parts 

of the mineral crusts from the ESF. The data are summarized in Figure 3-7-29. It is likely that the high 

variability of the data, as well as the apparent overall trend of the "decrease" of the radiometric ages across 

the crusts, reflect the variability of the PbR. and its overall increase in the process of mineral growth.  

To summarize this part of our analysis, we need to assess the values of PbR• expected for the Yucca 

Mountain mineral forming system. Were they large enough to substantially offset the "conventional" U-Pb 

age dates? Our calculations show that the concentrations for PbR. that may be accumulated on micelles in 

the environment similar to that at Yucca Mountain are comparable, within orders of magnitude, with the 

total abundances of the radiogenic Pb isotopes measured in the Yucca Mountain samples. In other words, 

most of radiogenic lead isotopes that are present in the Yucca Mountain opals may be accounted for by the 

input of Pb from the decay of radon, and, by comparison, the share of the in situ radiogenic lead may be 

negligible.  

Under such circumstances, the calculation of "U-Pb ages" for the Yucca Mountain samples by 

means of the "conventional" radiometric dating equation is totally inappropriate. The calculated 

"radiometric ages" do not provide a measure of the true ages of the samples.
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the horst-bounding (near North Portal of the ESF; host rock is welded Tiva Canyon tuff, TCw); c - data on 5 
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corresponds to the outer surface of the crust. Plotted by the data reported in Neymark et al. (2002).
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3.7.7. Summary and conclusions 

3.7.7.1. The model 

In this chapter we present a theoretical model, which describes the role of radon and colloids in the 

accumulation of additional radiogenic lead in opals from Yucca Mountain. This additional lead is in 

excess of the in situ decay of U and Th in the opals and as a consequence may cause significant distortion 

of the age dates computed using the "conventional" U-Pb radiometric dating equations. In constructing the 

model we took into account the following processes and features.  

3.7.7.1.1. Assumptions 

1. Lead contained in opals grown in open cavities in the rhyolite tuffs of Yucca Mountain may 

represent a mix of the three "sources": (a) allogenic Pb trapped by a growing mineral from the mineral 

forming fluid; (b) Pb formed through in situ decay of the of U and Th contained in the opal; and (c) lead 

accumulated in water filling the open cavity due to the decay of U and Th residing in the surrounding rock 

and the subsequent migration of intermediate Rn isotopes into the cavity (this lead is denoted as PbR,).  

2. The deposition of opals took place in a "flowing water" environment (i.e., significant volumes of 

water moved through the cavity during the time of mineral growth). This stems from the fact that in order 

to deposit the amounts of minerals present in cavities, the mineralized water must have changed many 

times.  

3. Opal grows from colloidal solutions, the major component of which are micelles of silica. The 

latter, after enlargement caused by coagulation and the ensuing sedimentation, precipitate on the cavity 

floor and/or on pre-existing minerals.  

3.7.7.1.2. Limitations of the model 

Substantial uncertainty in the model calculations is caused by the poor knowledge of the boundary 

conditions. The most important in this regard is the absence of factual data for the emanation and contents 

of radon in the underground atmosphere and groundwaters at Yucca Mountain. To our surprise, we could 

not find any information in this regard in the U.S. DOE bibliographic database available to us.  

Consequently, we had to use "generic" data for Rn emanation in the rocks with chemical compositions 

similar to that of the Yucca Mountain rhyolitic tuffs. Obviously, the numeric results of the model may be 

refined when, and if, the site-specific data became available.  

In addition, the comparison of the predicted results with the factual data on the U and Pb isotope 

contents in the Yucca Mountain opals is difficult. This is because the data are lacking for the sizes and 

shapes of mineralized cavities, the exact position of samples inside the cavities and similar spatial
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parameters. These parameters, however, may be crucial in both confirming the validity of the model and 

increasing the reliability of the calculations.  

In the current version of the model we do not discuss interactions between particles and chemical 

species caused by their charges (in other words, we consider SiO2 micelles and Pb atoms/complexes as 

electro-neutral).  

3.7.7.2. The most important results 

As long as there exists an emanation of Rn from the rock mass, the Pb1 n isotopes originating from 

the decay of radon will accumulate in open cavities in the rock. The distributions of different isotopes of 

Pb~, in a cavity depend on the size of the cavity, so that accumulations of each Pb. isotope is different in 

a narrow fracture (0.1 mm or less) as compared to large open cavities (e.g., lithophysa). For a simplified 

model of a cavity filled with stagnant water, we calculated the kinetics for the accumulation of the Pbn 

isotopes. As it is shown in Figures 3-7-7 through 3-7-9, the profiles for the concentrations of Pb•n in a 

cavity have maxima, whose positions depend on the half-life of the specific parent Rn isotope.  

The movement of water leads to a more complex distribution of Pb•n isotopes in a cavity (see 

Figures 3-7-15 through 3-7-17). In the thin layer of water adjacent to the cavity walls (-I cm), however, 

the distributions obtained for the model for a cavity filled with stagnant water persist.  

Growing opal may trap PbRn through two major mechanisms: (a) the direct diffusion flux of PbRn on 

the surface of the opal; and (b) the diffusion entrapment of PbRn on micelles followed by coagulation and 

sedimentation of the latter. Numeric calculations show that the mechanism involving colloids is orders of 

magnitude more efficient than the direct diffusion mechanism.  

The model of accumulation of Pb•n on micelles during their growth from minimal sizes to the 

critical size of 5-10 nm, as well as during coagulation was constructed. The concentration of Pb Rn isotopes 

in micelles (and in opals formed from these micelles) is controlled, primarily, by the average size of 

particles. For micelles with sizes of 5 to 50 nm, the calculated concentrations of PbR., yielded values 

similar to the total Pb values measured in the Yucca Mountain opals.  

The time scales of the formation of opal by the coagulation mechanism may be assessed as follows.  

In order to deposit I g of opal in a cavity with R = 10 cm from a fluid containing 10"4-10-5 mole{'l" of 

dissolved SiO 2, some n-10 3 1 of water is required if all silica dissolved in the water is precipitated. Assume 

a fracture, through which the water enters cavity, has a cross-section of 1 mm 2, and the water flow 

velocity in the fracture is 1 cm-s"' (these parameters were taken for numeric modeling, the results of which 

are shown in Figures 3-7-15 through 3-7-17), the passage of n. 103 1 of water in such a cavity would take 

between 1 and 10 years. The assumption of 100 % precipitation of silica is rather unrealistic; a more-
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realistic efficiency of silica precipitation of 0.01% would yield an estimate of n-10 6 1 of water and, 

respectively, n.10 3 years.  

Opals formed through the coagulation and sedimentation of colloids may thus be formed (and 

accumulate substantial amounts of PbR,) within thousands of years. By contrast, the net diffusion 

mechanism of PbR, entrapment requires orders of magnitude greater times. For example, for a hypothetical 

mineral that contains about 200 ppm of U and grows continuously in an open cavity for I Ma, the amount 

of Pb., supplied by diffusion will roughly be equal to the amount of Pb produced by in situ decay of U (in 

this calculation we assumed that the bedrock rock contains 5 ppm of U).  

Minerals formed in open cavities in the rhyolitic tuffs (Ujff = 4-5 ppm, Thor = 14-16 ppm) from 

colloidal solutions via enlargement, coagulation and sedimentation of micelles are expected to trap 

substantial amounts of PbR. If the "conventional" equations of the U-Pb dating are applied to such 

minerals, the resulting age dates will be overestimates of the actual ages. Situations are possible whereby 

minerals formed, say 1,000 years ago, would produce "conventional" (erroneous) age dates of several Ma.  

Based on the discussion presented in this Chapter we conclude that the "conventional" U-Pb 

technique is not suitable for dating geological materials that are: (a) geologically young (Miocene and 

younger), (b) formed in open cavities: and (c) formed with the involvement of colloids (Pashenko and 

Dublyansky, 2002). Silica minerals from the Yucca Mountain vadose zone must be placed in the category 

of minerals that are not datable by the conventional U-Pb method.
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Appendix 3-7-1: Distributions of elements and isotopes in samples from 

the ESF 

The database 

For our analysis we used tabulated data from three publications, specifically, USGS (1998), and 

Neymark et al. (2000 and 2002). The database may be broadly subdivided into three parts by the types of 

data. These are: data from the outside (i.e., the latest) crystal surfaces (which was the focus of the 

Neymark et al., 2000 publication), data collected across mineral crusts in lithophysal cavities, and data 

collected across mineral crusts in fractures. It might be expected, from general considerations, that the 

physicochemical processes controlling growth in the last two settings might be different. The inventory of 

samples along with a brief description of the data available is presented in Tables 3-7-A-I and 3-7-A-2.  

Table 3-7-A-I 

Inventory of samples for which U-Th-Pb isotope data are available 
(data published by Neymark et al., 2002) 

N ESF Sample ID Type of Number of Note 

station sample analyses 

1 01+11.55 HD1838 Fracture 11 

2 12+15 58 HD2093 Fracture 1 

3 12+21.83 HD2021 Fracture 8 

4 15+33 25 HD2029 Fracture 2 

5 28+28 HD2357 Cavity 15 Alcove 5 (28 5 m) 

6 28+80 Oa HD2019AI Cavity 6 

7 28+80.Ob HD2019A Cavity 4(8) 4 results are reported for leached 
samples, these results are not 
discussed here.  

8 28+81.0 HD2019 Cavity 5 

9 28+81 6 HD2054 Cavity I 

10 29+11.2 HD2055 Cavity 3 

11 30+17.78 HD2059 Cavity 3 

12 30+5070 HD2074U Cavity 14 

13 66+00 HD2238 Fracture 1 

14 71+65 8 HD2247 Fracture 1 

15 75+068 HD2257 Fracture 9 

16 75+74.7 HD2260 Fracture 1 

Total 
85
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Table 3-7-A-2 

Inventory of samples for which U-Th-Pb isotope data are 
available (data published by Neymark et al., 2000) 

N ESF station Sample ID Type of Number of 

sample analyses 

1 22+72.0 HD2008 1 

2 26+78 1 HD2098 3 

3 29+11.2 HD2055 Cavity 4 

4 29+22 9 HD2056 2 

5 30+17.8 HD2059 Cavity 3 

6 31+16.1 HD2063 1 

7 33+16.2 HD2065 3 

8 33+95 8 HD2066 3 

9 38+17.2 HD2079 5 

10 40+26 9 HD2100 2 

11 57+71.7 HD2168 1 

12 63+20 2 HD2179 4 

13 63+381 HD2181A 1 

14 76+81 0 HD2281 1 

15 78+06.4 HD2281 1 

16 79+90 0 HD2283 I 

Total 
35

The samples listed in Table 3

7-A-1 were deemed the most 

informative because either 

photographs or line drawings of the 

studied samples were presented in the 

original publication. This made it 

possible to analyze the data 

considering the position of the 

analytical spots within individual 

crusts. In Appendix I we present a 

visual representation of composition 

data for the elements (U, Th, Pb) and 

the non-radiogenic isotope 2
04Pb in 

opals in different crusts from the 

ESF. We use a dimensionless 

parameter dH which denotes the 

relative position of the data points 

within the analyzed crusts. The 

parameter changes from 0 (base of 

the crust) to I (top of the crust).

Distribution of total U, Pb, Th and 204 Pb across the crusts 

The series of figures below shows distributions of U, Pb, Th and 2 04 Pb across mineral crusts 

sampled at different locations in the ESF. We removed one outlier (UPb5) in sample HD2074. The 

concentration of U listed for this sample was 789 ppm, which is significantly greater than the rest of the 

data. Additionally, since the weight of this sample was one of the smallest among the analyzed samples 

(0.035 mg), we suspect that the high U content for this sample may be an artifact.  

The isotope, 2 P4pb, is the only stable isotope of lead. The isotope is used to assess the content of 

"common lead" which needs to be deducted before the radiometric U-Pb ages can be calculated.
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Figure 3-7-A-1. Contents of U, Pb, 2°4Pb and Th across mineral crust from the ESF station 0 1+11.55. Data 
from Neymark et al. (2002). dH is the normalized thickness of the crust.
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(A - left and Al - right). Data from Neymark et al. (2002). dH is the normalized thickness of the crust.
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Distribution of elements and isotopes in the ESF 

The open cavities from which minerals were sampled differ spatially. Near the North and South 

portals of the ESF minerals are present typically in cavities that are best described as relatively narrow 

fractures, whereas in the area between, approximately 2500 and 3500 m, minerals primarily reside in 

relatively large lithophysal cavities. It was shown in Figure 3-7-1 that different morphologies of the 

mineral-hosting cavities are associated with very different distributions of U and Pb abundances. In 

addition, the geochemical studies presented in the previous chapters of this report indicate that parameters 

for the mineral-forming fluids vary spatially within the ESF block of the vadose zone. For instance, the 

distribution of maximum paleotemperatures (i.e., the highest temperatures to which the rock was exposed 

during the growth of minerals) is non-uniform along the ESF and has a pronounced minimum in the 

vicinity of the North bend of the ESF and in the northern part of the north-south drift (see Figure 3-6-7 in 

Chapter 3-6).  

The general model developed in this chapter predicts that the processes responsible for the 

accumulation of isotopes in depositing silica minerals must be sensitive to both the geometry of the open 

space surrounding the growing mineral and the parameters of the mineral-forming fluid. Below we 

evaluate distributions of the elements U, Th, and Pb and isotopes of lead (204 Pb, 2
06Pb, 

207Pb, and 20
1Pb) in 

silica minerals as a function of the distance along the ESF.  

Abundances of U along the ESF 

Figure 3-7-A-10 shows the data on distribution of the U abundances along the ESF. The database 

includes data from the outer surfaces of crystals (squares; from Neymark et al. 2000) and data from across 

the mineral crusts (circles, Neymark et al. 2002). Since the measured values span three orders of 

magnitude, the data are presented in both normal (a) and logarithmic (b) scales.  

Figure 3-7-A-10 shows that two areas in which the distributions of the maximum U-abundances are 

substantially different. Area I lies between 2600 and 3500 m; Area 2 - lies between 0 and 2600 m and 

between 3500 and 7800 m. Graph c presents an approximation for the distribution of the maximum U

abundances by the two Gauss exponents of the form: 

U.~ =A, exp- (L-B)J (3-7-A-1) C2 

where L is the distance along the ESF (measured from the North Portal, in), and A,, B,, and C, are 

coefficients. For the two Gauss distributions shown in Figure 3-7-2, the coefficients are: Gauss I - A, = 

600, B, = 3050, and C1 = 400; Gauss 2 - A 2= 120, B2 = 3050, and C2 = 5000.
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Abundances of Th along the ESF 

Figure 3-7-A- 1I shows the distribution of Th-abundances along the ESF. It is apparent that the two 

datasets, taken from outer surfaces of crusts (squares) and from across the crusts (circles) seem to show a 

systematic difference. The data from across the crusts demonstrate that near the North Portal the Th 

abundances vary within 3 orders of magnitude; around stations 28+00 to 30+00 they vary somewhat more 

than 2 orders of magnitude, and near the South Portal (past ESF station 70+00) they vary less than 1.5 

orders of magnitude.
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Figure 3-7-A-12. Distribution of Pb-abundances along the ESF shown in normal (a) and logarithmic (b) scales.  

Data from opals from the outer surfaces of crusts (squares; Neymark et al., 2000) and from chalcedony and opal 

sampled across the crusts (circles; Neymark et al., 2002).  

Abundances of Pb along the ESF 

The distribution of abundances of Pb in silica minerals along the ESF is shown in Figure 3-7-A-12.  

Like the distribution of U and Th abundances, Pb exhibits a maximum variability in the central part of the 

ESF (two orders of magnitude as compared to less than one order of magnitude in the other parts). The 

largest values of Pb abundances are also restricted to the central part of the ESF. The data from the outside 

surfaces of crusts typically yield the smallest values of the Pb-abundances.



429 

4 
a 

0 
0 

3 ----------------------------------------------------------------------------

n 

100 

00 
10 0 

So B o0 

0 00 

0~ [a] 

0 1000 2000 3000 4000 5000 6000 7000 8000 

100 
b 0 

10 

00 0 
01 0 

001 B

0001 

0 0001 
0 1000 2000 3000 4000 5000 6000 7000 8000 

Distance from North Portal, m 

Figure 3-7-A-13. Distribution of 2
01Pb-abundances along the ESF shown in normal (a) and logarithmic (b) 

scales. Data from opals from the outer surfaces of crusts (squares; Neymark et al., 2000) and from chalcedony 

and opal sampled across the crusts (circles; Neymark et al., 2002).  

Abundances of 204pb along the ESF 

The distribution of the abundances of the non-radiogenic isotope 20Pb in silica minerals along the 

ESF is shown in Figure 3-7-A-13. Again, it shows the greatest variability in the central part of the ESF 

(three orders of magnitude as opposed to one order of magnitude in other parts). It is noteworthy that 

unlike other elements, the variability of data is produced not only by the greatest values, but also by values 

that are orders of magnitude smaller than the smallest values measured in other parts of the ESF. Samples 

from the outside surfaces of crusts typically show the smallest values of 2 4Pb-abundances.
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Figure 3-7-A-14. Distribution of 2°6Pb-abundances along the ESF shown in normal (a) and logarithmic (b) 
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and opal sampled across the crusts (circles; Neymark et al., 2002).  

Abundances of 2°6Pb along the ESF 

The distribution of the abundances of the radiogenic isotope 206 Pb in silica minerals along the ESF 

is shown in Figure 3-7-A-14. The greatest variability (2 orders of magnitude) and the greatest absolute 

values of the 2°6Pb abundances are both restricted to the central part of the ESF. The data from the outside 

surfaces of the crusts typically show the smallest values of the 206Pb-abundances. The smallest values of 

2°6Pb are more or less uniform, which is in sharp contrast with the 204Pb abundance pattern (compare with 

Figure 3-7-A-13).
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Figure 3-7-A-15. Distribution of 207Pb-abundances along the ESF shown in normal (a) and logarithmic (b) 
scales. Data from opals from the outer surfaces of crusts (squares; Neymark et al., 2000) and from chalcedony 
and opal sampled across the crusts (circles; Neymark et al., 2002).  

Abundances of 207Pb along the ESF 

The distribution of the abundances of the radiogenic isotope 207Pb in silica minerals along the ESF 

is shown in Figure 3-7-A-15. The greatest variability is in the central part of the ESF (4 orders of 

magnitude as opposed to -1 order of magnitude at the portals). The outside surfaces of crusts typically 

carry the smallest values of the 207Pb-abundances. The distribution of the smallest values of the 21'Pb has a 

pronounced minimum in samples from the central part of the ESF, which makes the pattern similar to that 

of 2 4Pb and dissimilar to the pattern of 2 6Pb.
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Figure 3-7-A-16. Distribution of 208Pb abundances along the ESF shown in normal (a) and logarithmic (b) 
scales. Data from opals from the outer surfaces of crusts (squares; Neymark et al, 2000) and from chalcedony 
and opal sampled across the crusts (circles; Neymark et al., 2002).  

Abundances of 208pb along the ESF 

The distribution of the abundances of the thorogenic isotope 2081b in silica minerals along the ESF 

is shown in Figure 3-7-A-16. The greatest variability is in the central part of the ESF (4 orders of 

magnitude as opposed to -1 order of magnitude in other parts of the ESF). The outside surfaces of crusts 

typically show the smallest values of the 208Pb abundances. Similar to 204Pb and 207Pb, the distribution of 

the smallest values of 208Pb has a pronounced minimum in samples from the central part of the ESF.
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Figure 3-7-A-17. Abundances of lead isotopes in silica minerals from the ESF: a comparison between the 

data from the whole crusts (1) and their outer surfaces (2). Data from Neymark et al. (2000 and 2002).  

Summary on the lead isotope database 

The contents of different lead isotopes are about one order of magnitude smaller in samples 

collected from the outer surfaces of mineral crusts in comparison with samples from across the crusts (see 

Figure 3-7-A-17).  

S10B The U/Th ratios in silica minerals along 

the ESF and in individual crusts 

Uranium and thorium have very different 

o properties in terms of their mobility in aqueous 

" ° solutions. Thus, the U/Th ratio may provide 

information with regard to the geochemistry of 

. • * the mineral-forming fluids. In this section we 

"1104 analyze the U/Th ratios on the scale of the ESF, 
a 1 so n 10a0 sO well0 as oe 

T.,pp as well as on the scale of individual crusts.

Figure 3-7-A-18. U vs. Th cross-plot and theoretical 
approximation for silica minerals from the ESF. Data 
from Neymark et al. (2002).
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Figure 3-7-A-20. U vs. Th cross-plot and theoretical 
approximation for silica minerals from the first 1000 
m of the ESF. Numbers near points indicate the 
relative position of samples within the crusts with 0 
corresponding to the base and 1 - to the top of the 
crust. Data from Neymark et al. (2002).  

Figure 3-7-A-18 shows the U vs. Th cross-plot 

for all samples collected across individual crusts 

(Neymark et al., 2002). The dataset was subdivided 

into three zones that were defined by the dissimilar 

abundances and patterns of distribution of U, Th, Pb, 

as well as Pb isotopes (0 to 2000 m; 2000 to 4000 m, 

and 4000 to 7800 m). In Figure 3-7-A-19, the data 

are shown separately for the three zones. Both 

figures show an apparent overall inverse correlation 

between U and Th.

k_ _ _I_-" Figure 3-7-A-20 shows the U vs. Th cross-plot 

for the first 1000 m of the ESF. Numbers on the figure indicate the relative locations of the data points in 

mineral crusts, dH (0 corresponds to the base and 1 to the top of the crust). The figure shows that as 

mineral growth proceeds, the contents of Th increase slowly, while the contents of U gradually diminish.  

Upon reaching dH = 0.4, the trend reverses: the abundances of Th sharply decrease and those of U 

increase. After reaching dH = 0.7, the contents of U remain fairly constant. It is apparent, that the lower 

(early) half of the crust grew at sharply changing UITh ratios and Th abundances (more than 1 order of 

magnitude), whereas the second half recorded relatively small variations in the U/Th ratios.  

The data from the outer surfaces of the mineral crusts (Neymark et al., 2000) split in two massifs.  

The "large" values of the U/Th ratios decrease in an almost-linear manner between the 2000-3000 m-zone
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Figure 3-7-A-21. Distribution of"large" (a) and "small" (b) U/Th ratios along the ESF. Data from Neymark et al.  
(2000 and 2002).  

and the end of the ESF (South Portal, Figure 3-7-A-21-a); U/Th ratios, an order of magnitude smaller, are 

concentrated between 2000 and 4000 m in the ESF (Figure 3-7-A-21-b).  

It is to be noted that the trends described above are consistent with the data from across the crusts 

(Neymark et al., 2002). The apparent pattern of the negatively correlated behavior (see Figure 3-7-A-18) 

is caused primarily by the lowermost layers of crusts, which contain higher concentrations of Th and 

lower concentrations of U. In samples from the outer parts of the crusts analyzed by Neymark et al., 2000, 

the negative correlation is absent.
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Figure 3-7-A-22. Comparison of abundances of 2°4Pb and 206Pb in samples from outer surfaces of crusts 
(squares; data from Neymark et al., 2000) and from outer parts of crusts (circles; dH > 0.8-0.85; data from 

Neymark et al., 2002).  

Concentrations of Pb isotopes in the upper parts of crusts 

There is an apparent systematic difference between the data from across the crusts and the data from 

the outer surfaces of crusts (see Figure 3-7-A-17). In this section we compare the isotope abundances from 

two datasets representing the outer surfaces (data from Neymark et al. 2000) and the outer parts of crusts 

(dH> 0.5 to 0.85, data from Neymark et al. 2002). Figures 3-7-A-22 and 3-7-A-23 demonstrate that data 

from the two publications show a fair degree of consistency. Variations of 206Pb-abundances are within 

one order of magnitude. The greatest variations were found for 2"Pb and 2°8Pb (greater than 3 orders of 

magnitude) and 207•pb (about 2 orders of magnitude). In all cases, the maximum variability of the Pb

isotope contents is characteristic of the central part of the ESF.
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Figure 3-7-A-23. Comparison of abundances of 207Pb and 208Pb in samples from outer surfaces of crusts 
(squares, data from Neymark et al., 2000) and from outer parts of crusts (circles, dH> 0.85; data from Neymark 
et al., 2002).  

Concentrations of U in the upper parts of crusts 

Figure 3-7-A-24-a compares data for the outer surfaces of crusts (Neymark et al., 2000) and data for 

the upper halves of crusts (dH > 0.5) reported in Neymark et al. (2002). Like the Pb isotopes, the 

consistency of the data is fair. A line representing the sum of the two Gauss distributions approximates the 

upper boundary of the distribution:

(3-7-A-2)
U=120.exp[(.L-4000 "2 ++300 ex (L-3100 2 -p 4800 J "P- 500 )

where L is the distance along the ESF.
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Figure 3-7-A-24. Abundances of U in upper (a) and lower (b) parts of crusts. Squares - data from Neymark et al.  
(2000), circles - data from Neymark et al. (2002).

Figure 3-7-A-24-b shows the distribution of U abundances and an approximation of the data for the 

bases of mineral crusts (dH < 0.1).
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Figure 3-7-A-25. Abundances of Tb in upper parts of crusts (dH > 0.6). Squares - data from Neymark et al.  

(2000), circles - data from Neymark et al. (2002).  

Concentrations of Th in the upper parts of crusts 

Using similar methodology we compared the results for the Th abundances. It is apparent from 

Figure 3-7-A-25 that concentrations of Th reported for the outer surfaces of crusts by Neymark et al.  

(2000) are systematically and substantially (almost an order of magnitude) greater than the values reported 

for the upper part of crusts (dH> 0.6) in Neymark et al. (2002).
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Appendix 3-7-2: Statistical analysis of the elemental abundances and 

isotope ratios 

Distribution of U- and Pb-abundances along the ESF 

Outliers. There is one outlier in the Pb dataset, sample HD2019AP with Pb = 3136 ppb, which is 

almost one order of magnitude greater than the rest of the database. The same sample also has the lowest 

U-abundance for its zone. Another large value is Pb = 1004 ppb in sample HD2093Pbl (ESF station 

12+15.58, the sample weight 0.086 mg). Figure 3-7-A-26 compares the distribution of Pb and U, as a 

function of the distance along the ESF.  

Figure 3-7-A-26 shows that the contents of U and Pb in opals from the 2200-4200 m-zone of the 

ESF are conspicuously high. The distribution of U in this zone may be approximated as: 

U = 600 -ex[ (L -3050)2] (3-7-A-3) U 60-ex 4002 

and the distribution of Pb as: 

Pb=600.ex[ (L -30002 (3-7-A-4) Pb =600.exp 1202 

Thus, the zone of the high U-contents is three times as wide as the corresponding zone for Pb. The 

latter is located between 2800 and 3200 m, which gives a width for the zone of 400 m. At the same time, 

locations of the centers of the zones practically coincide.
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Figure 3-7-A-26. Distribution of U and Pb in silica samples from ESF. Black - U, red- Pb. Figure b represents a 
zoom-in on the 2200-4200 rn zone in the ESF, showing elevated abundances of the elements. Data from 
Neymark et al. (2002).  

Pb in chalcedony and opal 

There is a systematic difference in Pb-abundances between the two types of silica minerals, 

chalcedony and opal (Figure 3-7-A-27). The contents of Pb are substantially higher in many opals, as 

compared to the chalcedonies. The difference in the distribution of Pb is very similar to that found for U 

(see discussion and Figure 3-7-A-28 below).  

Most of the Pb values in opals plot between 7 and 300 ppb, whereas for chalcedony the range is 6 to 

70 ppb. The distribution of Pb in opals is bi-modal (Figure 3-7-A-27-b) with values clustering at: 10 < 

Pbopal I < 100 ppb and 100 < Pbopa 1 < 220 ppb. The distribution of maximum Pb contents may be 

approximated by a sum of the two Gauss exponents:
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Figure 3-7-A-27. Pb in different varieties of silica from ESF. a - distribution of Pb-abundances along the 

ESF; b and c - frequency distributions of Pb-abundances in opal and chalcedony from ESF along with 

approximation curves (Gauss exponents). Data from Neymark et al. (2002).

3( Pbr 35 )2 + 4 ( Pbr -3145 2 

Pbop, =8.exp-. •Pr, -4exp-[. 30 (3-7-A-5)

The distribution of the maximum Pb contents in chalcedony may be approximated as:

6 5 ( Pbr,, - 28 
Pbc C =6"'exp - " 18 ) (3-7-A-6)

The main mode of the distribution is at 28 ppb, and the width for the distribution is 18 ppb. The 

parameters of Pb distributions in opal and chalcedony are compiled in Table 3-7-A-3.
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Table 3-7-A-3 

Parameters of Gauss exponents approximating distribution of Pb in opal and chalcedony from the ESF 

Area Mean mode (ppb) Dispersion Relative dispersion 
(ppb) 

Pbopai1 45 35 0 77 

Pbopai 1 145 30 021 

PbcNc 28 18 064 

The value Pb =-100 ppb separates the two main modes in opals. Below we evaluate whether there is 

any regularity in the appearance of the two modes of Pb distribution in opals by tracing the appearance of 

the 100 ppb-boundary as a function of the relative depth inside crusts (dM). The results are summarized in 

Table 3-7-A-4.

Table 3-7-A-4 

Contents of Pb in opals from the ESF at different relative depth (dH) within mineral crusts 

dH 

Station ESF 01 02 03 0.4 05 0.6 07 0.8 0.9 10 

01+11 23 71 14 3 25 38 32 
50 31 35 

12+21 23 29 43 
25 

59 143 19 259 86 

28+28 54 70 145 23 259 86 81 23 223 85 
51 18 

129 

28+80.0 a 73 76 117 32 
113 

28+80 0 b 45 296 313 58 

28+81.0 64 59 
17 193 
179 

29+11.2 146 29 

187 

30+17.78 387 169 
159 

30+50 70 41 207 220 98 146 67 

628 

75+07 49 20 70 26 61
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Table 3-7-A-5 

Relative thickness of the crust (H*) at which the second mode in Pb frequency distribution in opals 

appears in different parts of the ESF 

Station ESF 01+11 12+21 28+28 28+80 28+80 28+81 29+11 30+17 30+50 75+07 

a b 

dH* - 0.5 0.70 05 0.1 02 03 02 -

1000 
O a 

• Opal

I 
0 
0

0 
.8 
�6 

o 
0*

Chalcedony 

0 0]

1 1

0 1000 2000 3000 4000 5000 

Distance from North Portal, m 

10 bo1 
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Figure 3-7-A-28. Contents of U in different varieties of silica from the ESF. a - distribution of U-abundances 

along the ESF; b and c - histograms showing frequency distributions of U-abundances in opal and chalcedony 

from ESF. c - "zoom in" on the 0-200 ppm area. Data from Neymark et al. (2002).
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It is apparent from the table that the 100 ppb-boundary may be located at different depths inside 

crystals and that it forms a clearly defined zone. In samples from the 20004000 m-zone of the ESF, the 

abundances of Pb are substantially (several times) greater in the middle parts of the mineral crusts. Thus, 

the second frequency maximum (see Figure 3-7-A-27-b) may be traced downward to the middle parts of 

the crusts. Denoting the relative thickness of the mineral crust at which the second-mode values appear as 

dH*, it is possible to depict the distribution of this feature along the ESF (see Table 3-7-A-5).  

Concentrations of U in different silica minerals 

Of 85 measurements reported in the paper by Neymark et al. (2002), 61 are from opal, 18 are from 

chalcedony, and 2 are from quartz. Figure 3-7-A-28 shows the distribution of total U in opals and 

chalcedonies along the ESF. There is a striking difference between the U-abundances from these varieties 

of silica. Some 90% of values for chalcedonies lie between 6 and 14 ppm (with one outlier at U = 72.4 

ppm; sample weight of 34.64 mg). Of all measured U-concentrations in opals 97% fall below 600 ppm.  

An analysis of the distribution frequencies shows that there are four modes of U concentrations: 

0 < Uopa i1 < 15 ppm (13%) 

20 < Uopj11 < 100 ppm (55%) 

140 < Uopai II < 200 ppm (22%) 

300 < Uopa 1v < 500 ppm (6%) 

The distribution can be approximated by a sum of the four Gauss exponents: 

dN=6.8.exp-. +7. -exp- (U + xp- U4160 2 + I exP-( (3-7-A-7) 
ý 35)(24 ) 40 +1)5 37A7 

For chalcedony, the major mode is at II ppm (the distribution width is 3.5 ppm). The distribution 

can be approximated as: 

dN=7-exp-(U-40J +4"exp-(U 60) 2 (3-7-A-8) 

An approximation for opal and chalcedony are graphically shown in Figure 3-7-A-29 and their 

parameters are presented in Table 3-7-A-6. Importantly, no mode for opal distribution coincides with the 

mode for U distribution in chalcedony. The multi-modal character for the distribution of U-abundances in 

opals suggests that more than one geochemical process was involved in the deposition of opals at Yucca 

Mountain.



446

0 

C
a) 

LL

6 

4 

2 

n

6

0 

a) 

a) U.
U"

4 

2

a 

Opal 

B
0 50 100 160 200 250 300 350 400 450 500 550

0 IJ 
0 10 20 30

U, ppm 

Figure 3-7-A-29. Contents of U in different varieties of silica from the ESF. a - distribution and approximation 

of U-abundances in opal; b - distribution and approximation of U-abundances in chalcedony. Data from 

Neymark et al. (2002).  

From an examination of the frequency functions of the U-distribution in different zones of the ESF 

(Figure 3-7-A-30), it is apparent that in the zone with abundant lithophysal cavities (Zone 1; 2600 < L < 

3500 m), the function of the distribution becomes complex, and large modal values of U-concentrations 

appear.  

Based on the relationships between the determined modes of U-contents and the spatial distribution 

of samples in the ESF, we earlier defined two zones characterized by different distributions of elements 

and isotopes in silica minerals (see Figure 3-7-A-10). The distribution of uranium in the Zone I was 

approximated by the equation:

Uzýý,e = 600. exp- ((L- 3050)2 

nZone 2 by 4002 

and in Zone 2 by the equation

(3-7-A-9)
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Table 3-7-A-6 

Parameters of the Gauss exponents approximating the distribution of U in opal and chalcedony 
from the ESF 

Mode % of data Mean mode (ppm) Dispersion Relative dispersion 
(ppm) 

Uopai 1 13 5 35 07 

Uopaiii 55 45 24 0 53 

UOpal iii 22 160 40 025 

Uopai Iv 6 350 150 043 

UchIcg 18 1 2 2.0 

UChIc 1i 82 11 35 032 

U7o,m2 =120 - exp- (L-3 5) (3-7-A-10) 

Zon 2~ 5000 2 

where U is uranium content [ppm], and L is the distance along ESF [m]. Both distributions have 

maximums at the same location (3050 m), but their dispersions differ by more than one order of 

magnitude.  

The critical height of the sample (dH*), at which values U = 100-120 ppm appear, mark the 

boundary between the two main modes of the distribution. The data are presented in Table 3-7-A-7. It is 

apparent that the "second mode" values appear in samples at different relative heights (Table 3-7-A-8), 

and form a distinct zone.
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Table 3-7-A-7 

Distribution of U in silica minerals of the ESF as a function of relative height in the sample (dM) 

dH 

ESF station 01 02 0.3 04 05 0.6 07 08 09 1 

01+11 6 3 2 46 60 57 
44 48 53 

7 
12+21 13 14 

12 

30 
57 70 322 154 

28+28 29 104 189 65 76 337 167 
43 

176 

164 

28+80 0 a 66 86 166 117 

187 

28+80 0 b 29 26 13 22 

6 64 

28+81.0 44 270 
194 
15014 

29+11.2 147 382 

30+17.78 188 475 293 

30+50 70 8 45 76 80 141 164 

Table 3-7-A-8 

Critical relative height (dH*) at which the "second mode" of U distribution appears 
in mineral crusts in the ESF 

ESF station 01+11 12+21 28+28 28+80 28+81 29+11. 30+17 30+50 75+07 

dH* - - 065 0.70 02 02 0.4 05 

Note: dH = 0 corresponds to the base, and dH = 1 - to the top of the crust.
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Figure 3-7-A-30. Distribution of U-contents in opal from the three zones in the ESF. Data from Neymark et al.  

(2002).
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Figure 3-7-A-31. Distribution of 234U/23SU concentration ratios in minerals of silica along the ESF. Outliers: nl 
lowermost opal in sample HD2019Alpb4; n2 - lowermost opal in sample HD2019Apbl; n3 - upper part of the 

crust; n4 - lower part of the crust; n5 - sample that cannot be used for quantitative analysis (Neymark et al., 

2002); and n6 - sample from the outer surface of the crust. Data from Neymark et al. (2002).  

23 4U/238U (concentration) ratios 

For 65 of 71 analyzed samples the 234UP 38U concentration ratios fall between 5-10-1 and 6"10-, 

whereas for 6 outliers these ratios range between 7"10-5 and 16"10.5 (Figure 3-7-A-31). Only 5 outliers are 

suitable for a statistical analysis, and out of those, three were collected from the bases of crusts and two 

from the outer surfaces of crusts. All outliers are from lithophysal cavities in the central part of the ESF 

(Zone 2).  

For the 65 "normal" samples, deviations from the equilibrium values of the 234UI238U range between 

< 5 %for 234U contents of< 0.01 ppm, and < 2 % for 234U contents of >0.01.  

Radiogenic Pb-isotopes vs. 204 Pb 

Figure 3-7-A-32-a shows the 206Pb/ 204Pb ratios. It is apparent that at large 204 Pb values (>1-5 ppb) 

the distribution may be enveloped from below by a straight line 206Pb = 18.8 201Pb. According to the 

rationale of the physicochemical model of Neymark et al. (2000 and 2002), the multiplier 18.8 

corresponds to the ratio of 206Pb/204Pb in the mineral-forming solution ("common lead" correction).  

Analogous values for the two other isotopes are: 207Pb/2P 4Pb = 15.5 and 208Pb/204Pb = 39.0. Note the nearly 

perfect correlation between 20°Pb and 214Pb (Figure 3-7-A-32-c) 

By using the values of the common lead correction indicated above, it is possible to calculate the 
20 6Pbwatcr and 20 7Pb ,= abundances, which will represent the contents of the isotopes transported by the 

mineral-forming fluid. If these values are deducted from the total 206Pb and 207Pb contents, the correlations
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Figure 3-7-A-32. 20Pb vs. 204Pb, 207Pb vs. 204Pb, and 208Pb vs. 2 °Pb ratios plotted based on the data from 

(Neymark et al., 2002). Blue lines represent the lower boundaries of the experimental data distributions and 

correspond to the values of respective radiogenic Pb isotope vs. 2°4Pb in the mineral-forming solutions. Data 

points left of the line indicate the excess of the radiogenic Pb-isotope.  

of the resulting 2"Pb* and 207Pb* values with the non-radiogenic 204Pb disappears (Figure 3-7-A-33).  

Instead, however, a very good correlation appears between the two uranogenic isotopes, 216Pb* and 2"7Pb* 

(Figure 3-7-A-34-b). This correlation may be approximated by a straight-line equation:

2 -6pb* = 24.5(±3.5)207Pb *
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Figure 3-7-A-33. Absence of correlation between 206Pb* and 204Pb, and 2O7Pb* and 20Pb. Blue dots - Neymark 

et al. (2000); red dots - Neymark et al. (2002).  

The correlation is good for the data from across the crusts; the data from the outer parts of the 

crusts, however, show a much poorer correlation, although still better than for the non-corrected data.  

The correlation shown in Figure 3-7-A-34-b is important. The best correlation between 2 06Pb and 
20 7Pb is expected in the case where measured quantities of the isotopes are produced by in situ decay of 

their parents, 1
3 SU and 1"U. This would be the case in the framework of the USGS model. Hence, any 

alternative models, to be viable, must also provide a satisfactory explanation for this empirical correlation.
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Neymark et al. (2002).  

Elements and isotopes in quartz and calcite 

In addition to the large number of analyses of opal, the data available to us contain three analyses of 

calcite, three analyses of chalcedony and two analyses of quartz. The data are present in Table 3-7-A-9. It 

is apparent that concentrations of U in calcites are very low, hundreds and thousands of times smaller than 

those in opals. Table 3-7-A-10 compares the lead isotope ratios measured in calcite with the ratios 

employed for the "common lead" correction. The calcite does not seem to accumulate any appreciable 

amounts of 20 7•pb and 2 0 8 Pb in excess of those that may be attributed to the mineral-forming fluid.  

Meanwhile, there is a very strong, hundred- to thousand-fold, enrichment of calcite samples with 1
06 Pb.
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Table 3-7-A-9 

Results of analyses for three calcite and three chalcedony samples (by USGS, 1997) 

Mineral Sample Weight, U, Pb, Pb 23 4U/2?U 

ID mg ppm ppb common, 2 pb/?pb 2°Pb/°Pb 2Pb/'Pb 'Pb/ 8 U 7Pb/ 5U (activty) 
pg 

Calcite- 2059- 325 0.027 0 033 5 9 10921 43.22 1751.00 n/a n/a n/rm 
1 Pb3 

Calcite- 2098- 0.62 0.013 0 016 5 0 9 95 369 155 56 n/a n/a n/m 
1 Pbl 

Calcite- 2065- 082 0.06 0019246 71.93 30.45 117120 n/a n/a n/m 
1 Pbl 

Chalc- 2029- 1.62 12.26 0 018 5 9 12 00 10.39 40873 0001359 0008835 1.00 
1 Pbl 

Chalc- 2021- 42.28 10.21 0 042 1216 292 128 50.17 0001397 0.009534 1.00 
1 Pbl 

Chalc- 2021- 43.53 11.48 0 033 793 8 4 00 1.87 73.18 0.001365 0.009318 1.00 
2 Pbl

Table 3-7-A- 10 

Comparison of the lead isotope ratios in calcite and quartz samples with the values, employed for the 
"common lead" correction 

Isotope ratio Calcite Quartz Common lead 

2059-Pb3 2098-Pbl 2065-Pbl 2021Pb1-b1 2021Pbl-cl correction 

2W Pb/°Pb 175100 15556 117120 1992 1977 18 83±0 82 

207Pb/?'Pb 16.00 1560 16.28 15.73 1561 15 62±0 09 
2W Pb/'Pb 40 51 42 15 3846 3929 3902 38 78±0.53

Abundances of different lead isotopes in calcite are shown in Table 3-7-A-11.  

A comparison of the values shown in 3-7-A-1I with the data for opals shows that abundances of 

such Pb isotopes as 204Pb, 20'Pb and 208Pb in calcite are comparable with the smallest values measured in 

opal. The content of 207Pb in calcite is at the absolute minimum of values measured in the Yucca Mountain 

samples.
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Table 3-7-A-1 I 

Abundances of the lead isotopes in calcite and quartz samples (ppb) 

Mineral Sample 2P4pb 'Pb 207Pb 20sPb 

Calcite 2059-Pb3 0 018 31.95 0 293 0.739 

2098-Pbl 0075 1161 1.167 3.147 

2065-Pbl 0015 1813 0252 0.596 

Quartz 2021Pb1-bl 0.080 1.60 1.20 3.200 

2021Pbl-cl 0.150 1650 300 6.000 

Samples of quartz were analyzed from the fracture at ESF station 12+21.83. The quartz had very 

low U contents: 0.045 ppm for sample HD202IPbI-bl and 0.067 ppm for sample HD202IPbI-cl. The Pb 

isotope ratios in the quartz samples correspond to those used for the "common lead" correction (see Table 

3-7-A-10). The abundances of different lead isotopes in the quartz samples are shown in Table 3-7-A-I 1.  

The contents of 206Pb in quartz are the smallest among all samples studied from the ESF.  

Mineralogic studies suggest that the calcite grew by the diffusion mechanism (see Chapter 3-4).  

Thus, the Pb isotope abundances measured in calcite may be considered characteristic of diffusion 

controlled growth. The very high 206Pb/ 204pb ratios (in excess of 1,000) measured in two calcite samples 

require some mechanism of concentration for the excess 206Pb, which existed during the calcite deposition.  

Such high concentrations of 2 6Pb cannot be accounted for by the in situ decay of 238U in calcite.  

The low abundances of Pb isotopes in chalcedonies and quartz may indicate diffusion-controlled 

growth of these phases, whereas greater Pb-abundances characteristic of the opals may correspond to the 

mixed or the predominantly coalescent (colloidal) growth. The concentrations, indicative of the change in 

the growth mechanism may be estimated as: 204Pb - 0.01 to 0.1 ppb, 2
06Pb - 10-30 ppb, 20

1Pb - 0.1-1.0 

ppb, and 208Pb - 0.1-3.0 ppb.
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Appendix 3-7-3: The theory of formation of micelles through 

condensation and coagulation 

In this appendix we present the basic theory of the processes of formation of micelles through 

condensation and coagulation, which is best developed from principles of aerosol physics. Knowledge of 

these processes is necessary for the analyses of colloid-assisted processes in cavities. The formation, 

growth and precipitation of micelles of silica in solution is accompanied by a number of simultaneously 

occurring processes, such as: 

- heterogeneous adsorption of monomers (i.e., molecules, containing one atom of Si) on the surface 

of the existing particles (i.e., condensation growth of the particles); 

- formation of a new condensed phase if supersaturation and initial concentration of silica 

monomers are sufficiently high; 

and 

- diffusion (Brownian) coagulation.  

The processes listed above are included in the equations of Smolukhovski (Smolukhovski, 1912).  

The major difficulties encountered in solving these equations arise from the difficulty of setting 

meaningful physical and chemical boundary conditions (this problem is analyzed in detail by Sabelfeld et 

al. 1996). In many cases, solutions appear that yield the so-called "self-sustaining" spectra for the 

distributions of particle sizes (Sutugin et al., 1971, 1978). This makes it possible to use empirical formulae 

instead of complex and computer time-intensive numerical calculations.  

Algorithms for solving Smolukhovski's equations for fast coagulation 

The analysis of publications dealing with the formation of the highly disperse aerosols at high 

supersaturations (Petrov, 1982) has demonstrated that many authors tend to use the theory of classic 

nucleation for very early stages of the process. Frenkel (1975) and Voloschuk and Sedunov (1975) 

demonstrated that the critical nucleus, defined by the classic equation of Thomson (Striklamd-Constable, 

1971) in the theory of Becker-Frenkel-Zeldovich is composed of between several molecules and several 

tens of molecules: 

= 2-o-v (3-7-A-12) 
kU ln(p/p.)
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where r* is the radius of critical nucleus, a'is the surface tension, v is the volume of a molecule, k is 

the Boltzman's constant, T is the temperature (K), p is the pressure of the vapor of molecules, and p. is the 

pressure of saturated vapor at a given T. Taking the characteristic parameters for solid matter, e.g., a 

100 erg'cm"2, v =_ 0.3 nm3, and ln(p/p=) =_ 5, at T= 500 K, we obtain r* = 0.2 nm or 2A.  

Obviously, at such small sizes for the critical nucleus the applicability of the classic theory of 

nucleation is problematic. In such conditions, the process of formation of the condensed phase is 

conventionally described by a system of the modified coagulation equations of Smolukhovski 

(Smolukhovski, 1936; Voloschuk and Sedunov, 1975, Daniel and Gillespie, 1981).

(3-7-A-13)dn, . I XaK,n,n, - n a, Kn, +pf3+lni+i -pin, 
d t 2 1= 1+ j 1= 1

where n, is the concentration of clusters*, composed of i molecules, K,, are the constants of collision, 

ay are the coefficients of the efficiency of

Cn

0.

\0 

"0 

0 ,50 100

j 
Figure 3-7-A-35. Analytical solution of the coagulation 
equation of Smolukhovski (Eq. 3-7-A-14) at K, - const 
(line) compared with the numerical calculation by the 
MPV algorithm (dots) at dimensionless time E = 32 
(see text for explanation).

collisions, and fl, are the coefficients of the 

desorption of molecules from clusters.  

The role of coagulation during nucleation at 

high supersaturations has been addressed in detail 

both by analyzing numeric solutions of equations 

of the type of Eq. 3-7-A-13, as well as through the 

comparison of calculated and experimental values 

by Strikland-Constable (1971), Frenkel (1975), 

and Daniel and Gillespie (1981). Experiments 

with large particles (number of moleculesj >100), 

require that a great number of constants be used in 

calculations (on the order of 104 a,,'s and fl.'s).  

Therefore, until recently only qualitative analysis 

of the experimental data was possible.

Concentrations of micelles >1010 cm"3 are 

typical of natural hydrological systems (Kuznetsov and Ust-Kachkintsev, 1976). At such concentrations, 

the characteristic times of coagulation processes in a cavity may be quite short (e.g., less than I s) in 

* The term cluster defines a small micelle that has already lost the physicochemical properties characteristic of 
molecules, but has not yet acquired properties characteristic of large particles (Petrov, 1982). Typically, the size of 
the clusters is in the range of I to 10 rnm.
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comparison to the characteristic times of other 

10 processes (e.g., water exchange time of I to 10 

2119" •days). Because of these short times, the term 

60- describing desorption may be neglected (i.e., P. = 0) 

'° at early stages of coagulation. Eq. 3-7-A-13 thus 

Stransforms into the classic equation of 

2",A Smolukhovski: 

0 1 d n, = I ja Knn - n jaK,,n, 

1 g 1 dn 2 1=1 

Figure 3-7-A-36. Self-sustaining spectrum of the (3-7-A-1 4) 
particle size distribution. Triangles - calculations by 
the Rozinski-Snow algorithm (Rozinski and Snow, The methods of solving this equation are 
1961; Sutugin et al., 1971), circles - calculations by 
the MPV algorithm (open - at the number of described in the literature (Rosinski and Snow, 1961; 
mergers KO = 19;filled- at KO = 28). R is the radii 

of mcells, istemenradus.Sutugin et al., 1971, 1978; Pashenko et al. 1980).  of micelles, R is the mean radius.  

KO = 19 corresponds to the number of Pashenko and Sabelfeld (1992) developed some new 

monomers in a micelle j -5-10' or radius of the approaches to the solution of the coagulation 
micelle R - 8 nm; KO = 28 corresponds toj - 3"108 
and R 65 nm. equations, which combined Eq. 3-7-A-14 and the 

traditional Monte-Carlo method. The resulting 

method was named "Method of merging physical volumes (MPV)". Theoretical contributions by Markus 

(1968) and Lushnikov (1978) have demonstrated that the statistical-probabilistic approach to coagulation 

problems leads to equations unambiguously linked to the equations of the coagulation theory of 

Smolukhovski (Daniel and Gillespie, 1981; Kodenev, 1984). Figure 3-7-A-35 compares the distributions 

of micelles by the number of molecules in a particle (j), obtained through the analytical solution of 

Smolukhovski's equation and distributions calculated numerically using the MPV algorithm. It is shown 

that the later algorithm gives a precision of better than 1%.  

One of the advantages of the MPV algorithm is that it allows solutions even in those cases where 

coagulation constants are set in the non-analytical form or where the constants are time-dependent.  

Using the MPV algorithm for calculating the "self-sustaining" spectra of particle size 

distribution 

An example for a typical self-sustaining spectrum is shown in Figure 3-7-A-36. The question of 

how the constants of collision, Kj, affect the shape of the stationary particle size distribution was 

extensively discussed in the literature (Voloschuk and Sedunov, 1975; Chatterjee at al., 1975; Sutugin et 

al., 1978). Because two parameters that are typically measured in experiments are the mean radius R(t)



and the coefficient of variation (a), Pashenko et 

al. (1980) carried out model calculations in order 

to determine the influence of Ky on these 

parameters. Experimental measurement of R(t) is 

the most difficult and in many cases cannot be 

done correctly, because the concentration of 

monomers at the initial moment of time is not 

known (Kondratiev et al., 1982; Clouds..., 1989).  

Meanwhile, changes in the coefficient of variation 

at large times a(t--oo) may show whether or not 

the system has reached a state characterized by 

the self-sustained particle size distribution 

spectrum.

0.4

1 3 5 7 9 11 13 
KO 

Figure 3-7-A-37. Dependence of the variation 
coefficient a on the number of mergers KO in the MPV 
algorithm for varying constants of coagulation in the 
Smolukhovski's eq7uation. Filled circles - model 
constant K,,=(i-'+f ).(i+j), unfilled circles - molecular 
and diffusion constants; and triangles - K = 1.

Theoretical analysis predicts that at t---0__ 

the coefficient of variation a for different 

constants of coagulation K,, acquire near-stationary values. Direct modeling using the MPV algorithm has 

demonstrated good agreement with theory (Figure 3-7-A-37).  

Approximation formulae for different stages of the coagulation process 

When the monomolecular growth is completed, the process of coagulation of micelles with different 

sizes begins. The process may lead to the appearance of particles built up of tens of thousands of 

monomers. For a numerical description of the process, semi-empirical formulae obtained by the MPV 

method are useful. We introduce for this purpose:

a = 1/2. KoNot (3-7-A-15)

where Ko is the constant of coagulation, No is the number of micelles in a unit volume at the outset 

of coagulation, and t is the time. It is convenient to carry out the calculations using dimensionless time G:

0=KoNot (3-7-A-16)

Solutions of the Smolukhovski's equation at Kj = K0= const will then assume the following forms.

- concentration of particles built up ofj atoms (molecules, monomers): 

nj (t) = No 
(I + a)]+,

459

(3-7-A-17)
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- total concentration of particles, containingj* and more atoms: 

a) 

N* =No a) = n, (t) (3-7-A-18) 
(1 + a) j=j 

- mass of all particles (expressed as the mass of monomers) for particles withj > j*: 

(a * ).a 1"' 

M*= YZJ.ni(t)=No (a + . =N*.(j" +a) (3-7-A-19) 
(+ a)J 

- concentration njt) reaching a maximum at: 

a = I1. Ko Not U.J 1) (3-7-A-20) 
2 2 

- maximum concentration: 

n. (max) = 4N0 u (3-7-A-21) (u + 1)'+1 

or, atj > 5, with sufficient accuracy 

n. (max) =- 0.5- j-2 (3-7-A-22) 

The concentration of clusters composed ofj monomers increases rapidly during the initial period of 

time until it reaches a maximum, defined by Eq. 3-7-A-21; the concentration growth then gradually slows 

down.  

The time after which clusters containing more thanj atoms appear is defined as: 

I 

The constants of coagulation between micelles composed of i and j monomers in the Brownian 

diffusion regime equal: 

K = K j(iV3 ) (3-7-A-24)

In this case, the solution of Smolukhovski's equation assumes the form:
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1n2 J_. _" 

n(j, N exp 2 (3-7-A-25) 

In a(t).3f2v- 18 In2 (o(t)) 

wherej is the number of molecules in a cluster,jg is the first momentum of the time t in the function 

of distribution nqQ, a is the second momentum, and Nis the number of clusters in the unit volume at the 

outset of the coagulation. Eq. 3-7-A-25 is commonly used for the approximation of the self-sustaining 

spectrum and its transformation with time.  

The change for the total concentration of clusters (particles) in time may be defined as: 

N(t) 1 

No I + [I + exp(ln2 
0 )]KNot (3-7-A-26) 

where ao is the second moment of the distribution function in the initial moment of time (n6,O)).  

The solution for the second moment is: 

2 [ exp(91n 2 c2o)-2 1 
nm "=9 + 1 + [1 + exp(1n 2 a)]KN0t (3-7-A-27) 

If the a priori form of the solution for the Smolukhovski's equation with the coagulation constants 

(Eq. 3-7-A-24) in analytical form (Eq. 3-7-A-25) is not known, the exact solution requires the use of 

analytical methods. Using the MPV algorithm, Pashenko and Sabelfeld (1992) obtained approximating 

equations for the second moment n(j,Q: 

" = (co - A)(KNot +1)-0 37 + A (3-7-A-28) 

a = ( 0 o - A)(KNot +1)-138 + A 

where A is the second moment of the function nGt) at large times (0 > 104), when the spectrum of 

distribution of particles by sizes approaches the self-sustaining form (see Figure 3-7-A-36).  

It should be noted that all formulae presented above are used only at KNot >- 1, which stems from 

the physical meaning of the problem: at least one act of collision (coagulation) of particles must occur for 

all particles in the spectrum. Figure 3-7-A-38 compares the results of the calculations using both types of 

formulae (3-7-A-27 and 3-7-A-28).
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4- Figure 3-7-A-38. The change of the second 
momentum of the size distribution function for 

a micelles as a function of the dimensionless time of 
5- coagulation E. a - using analytical Eq. 3-7-A-27) at 

initial cr0: 1- 1; 2 - 1.8, 3 - 2.6, 4 - 3.2, and 5 - 4; 
44 b - using Eq. 3-7-A-28 at initial ao0 :1 - 1, 2 - 2, 3 

3, and 4 - 4.
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Chapter 3-8. Thermal History of Yucca Mountain 

By Y. V Dublyansky and J.S. Szymanski 

The data presented in the preceding chapters demonstrate that waters with elevated temperatures 

(up to 60-85 TC) circulated and deposited minerals in the upper part of the vadose zone of Yucca 

Mountain in the geologic past. We believe the following question needs to be answered: what was the 

source of energy that heated these waters to unambiguously "hydrothermal" temperatures? Our answer is 

discussed in this chapter.  

The Yucca Mountain Project researchers have made a number of suggestions in an attempt to 

reconcile the elevated temperatures with their contention that secondary minerals found in the ESF are a 

product of rainwater percolating through the mountain. They attempt to connect the elevated temperatures 

with Miocene silicic volcanism. They speculate: (a) that the deposition of secondary calcite and silica 

minerals found in the ESF "...likely began during cooling of the tuffs..." (Whelan et al., 2000); (b) that the 

Yucca Mountain vadose zone has experienced a gradual cooling of the rocks over millions of years, in 

response to the cooling of a magma chamber located beneath the Timber Mountain caldera north of Yucca 

Mountain (Marshal and Whelan, 2000), or (c) that the rocks in the vadose zone were heated conductively 

by thermal waters that circulated at a depth of >1000 m, under Yucca Mountain, during the Timber 

Mountain Caldera hydrothermal episode some 10.5 Ma ago (Whelan et al., 2001). Thus far, these and 

similar claims remain largely unsupported by any substantive evidence; moreover, some of the published 

data flatly contradict these speculations. The latest example of the rather cavalier treatment of the problem 

can be found in the U.S. Department of Energy's Yucca Mountain Science and Engineering Report (U.S.  

DOE, 2001). The report dismisses the significance of the fluid inclusion data by bluntly stating "... there 

was a well-documented thermal period that affected the volcanic rock for a long time after its formation." 

(p. 4402).  

In this chapter our intent is to provide the background for interpreting the paleotemperature results 

obtained from secondary minerals at Yucca Mountain. We first evaluate the feasibility of numerical 

thermal modeling by assessing the constraints of the methodology. Then we summarize what is known 

and what can be inferred with reasonable certainty about the thermal history of Yucca Mountain (and 

specifically about the proposed repository zone) on the basis of the geologic record. We put special 

emphasis on two aspects of the history: (1) what temperatures and heat flows could have existed at the
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proposed repository horizon during the known thermal events, and (2) when did these events happen and 

how long did they last.  

3.8.1. Thermal modeling 

Igneous-related geothermal systems (i.e., geothermal systems, for which bodies of magma residing 

in the upper 10 km of the Earth's crust serve as a source of heat) constitute a significant part of the 

geothermal resource base of the United States (White and Williams, 1975). The need to assess the heat 

contents of igneous-related geothermal systems has prompted the development of a methodology for 

thermal modeling. The methodology makes use of such parameters as the probable volumes of high-level 

magma chambers and the ages of the youngest volcanism from these chambers (Smith and Shaw, 1975; 

Wohletz and Heiken, 1992). The initial heat content, heat losses over the time elapsed since the last 

eruption, and the heat remaining in the system are assessed through thermal calculations. Researchers 

studying Yucca Mountain have used such calculations.  

3.8.1.1. USGS thermal model 

A model that was recently advanced by the Yucca Mountain Project researchers in an attempt to 

reconcile the fluid inclusion record with the geochronological data obtained from secondary minerals, 

envisages "...a gradual cooling of the rocks over millions ofyears, in agreement with thermal modeling of 

magma beneath the 12-Ma Timber Mountain caldera just north of Yucca Mountain. This model predicts 

that temperatures significantly exceeding current geotherm values occurred prior to 6 Ma. " (Marshall and 

Whelan, 2000). The model thus envisages that the rock mass in the vadose zone of Yucca Mountain was 

heated conductively and remained hot for up to 6.3 million years (between 12.7 and 6 Ma). Purportedly, 

rainwater percolating through this mass of hot rock became heated (up to 60-85 °C) and deposited 

secondary minerals.  

By the time of preparation of this report, the thermal model proposed by the Yucca Mountain 

Project researchers (Marshal and Whelan, 2000, U.S. DOE, 2001) had not been published in a form 

allowing for its critical evaluation. Judging from oral presentations at different venues, a one-dimensional 

modeling of conduction was employed. In early variants of the model, a sphere about 10 km in diameter 

approximated the shape of the magma body. In later versions of the model the body acquired the shape of 

an -7 km-thick disc with a diameter of 30 km (V= 5000 km 3) residing at a depth of 5 km some 5-7 km to 

the north of the ESF (U.S. NWTRB, 2001). The magna body was assumed to be long-lived and capable of 

maintaining a temperature of 900 °C for 3 million years, a period from 13 to 10 Ma. The cooling was 

assumed to occur through conductance only, so that the model did not take into account the convective 

heat removal by thermal waters - a process that has certainly occurred around the Timber Mountain
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caldera as the mineralogical record and geochronological data show (e.g., Bish and Aronson, 1993; Weiss 

et al., 1994).  

In subsequent sections we discuss the methodology of thermal modeling, and the constraints of the 

method. The purpose of the discussion is to further an understanding of the reliability of the results that 

are achievable through thermal modeling, particularly as it applies to the characterization of the thermal 

history of Yucca Mountain.  

3.8.1.2. Thermal modeling of igneous-related geothermal systems: constraints and uncertainties 

As is generally the case with numerical modeling, the selection of boundary conditions and input 

parameters for the calculations are the most important steps in carrying out quantitative thermal modeling.  

In the case of the thermal modeling of igneous-related systems, some of the input parameters may be 

determined with reasonable accuracy. For example, the K-Ar radiometric dating allows for a reasonably 

precise determination of the age of the last eruption. Other parameters are not so easily quantified and, as 

a consequence, serve as sources of uncertainty. For example, the volume of the magma chamber for a time 

when it is known to contain magma is a parameter that is needed for thermal calculations. The reliable 

quantification of this parameter is difficult.  

In most cases thermal modeling relies on two major assumptions. The first assumption is that the 

effects of magmatic preheating and the gains of magma by the chamber after the time of the last eruption 

are ignored. The second assumption is that the heat transfer in the rocks surrounding the magma chamber 

is by solid-state conduction only. This means that heat losses caused by other heat-transfer mechanisms, 

particularly by hydrothermal convection, are neglected. As Smith and Shaw (1975) argued, both of these 

assumptions are unavoidable, because "there are no uniform quantitative criteria for adjustments". They 

also opined that "The net effects of the two assumptions relative to the present igneous-related resource 

tend to compensate one another, but the proportional amounts are not known with any confidence." (p.  

58).  

Below we evaluate these two assumptions in the context of the geologic history of the Yucca 

Mountain area.  

3.8.1.3. Magmatic preheating of the Earth's crust in the vicinity of Yucca Mountain 

The geochronologic studies of the volcanism in the vicinity of the Timber Mountain caldera 

complex, summarized by Weiss et al. (1994), indicate that the high-level silicic magma chamber (or 

cluster of chambers) was both discharging and replenishing magma for an extended period of time (Figure 

3-8-1). The Silent Canyon caldera complex (adjacent to the Timber Mountain caldera complex from the 

north) erupted the Belted Range tuff 14.9 Ma ago. Then followed the Lithic Ridge tuff (14.0 Ma), for



467

25 km *0, & ' 

Figure 3-8-1. Calderas and major volcanic centers of the 
Southwestern Nevada volcanic field (modified from 
Weiss et al., 1994). BM - Black Mountain; CCC 
Claim Canyon Cauldron; OB - Obsidian Butte; PP(?) 
proposed Prospector Pass caldera (Carr et al., 1986), 
SC-A20 - Silent Canyon - Area 20 center; SM 
Stonewall Mountain; TM-I and TM-I1 - Timber 
Mountain Calderas; WS - Wahmonie-Salyer center.  
Doted line - approximate present limit of ash-flow 
sheets of the southwestern Nevada volcanic field.

which the volcanic center is unknown. The Silent 

Canyon complex reactivated 13.7 Ma ago, 

erupting more of the Belted Range tuff. The 

Crater Flat tuff erupted 13.2 Ma ago (location of 

volcanic center is uncertain, but it is thought to be 

in the vicinity of the Timber Mountain Caldera 

complex). The Calico Hills formation (12.9 Ma) 

is associated with the flow-dome complexes 

southeast of the Claim Canyon cauldron and Area 

20 caldera. Paintbrush tuff erupted from the 

Claim Canyon cauldron and an area of the 

Timber Mountain caldera complex between 12.8 

and 12.7 Ma. Then followed voluminous 

eruptions of Timber Mountain tuff (at 11.6 Ma 

from Timber Mountain Caldera- I and at 11.45 

Ma from the Timber Mountain Caldera-II).  

Eruptions from the western part of the Timber 

Mountain caldera complex produced tuffs of 

Cutoff Road, Fleur de Lis Ranch, and 

Buttonhook Wash (11.4 Ma) and tuffs and lavas 

of Bullfrog Hills (10.5-10 Ma).

Upon the termination of the Timber Mountain Magmatic stage 10-10.5 Ma ago, magmatic centers 

began to migrate to the northwest (Black Mountain Caldera complex - 9.2-9.4 Ma; Obsidian Butte center 

- 8.8 Ma; and Stonewall Mountain caldera complex - 7.6-7.5 Ma).  

Thus, the high-level magma chamber residing beneath the area just north of Yucca Mountain was 

continually replenishing heat and matter and discharging them through eruptions for almost 5 million 

years (between at least 14.9 and 10 Ma). The preheating of the Earth's crust before the formation of Yucca 

Mountain (12.7-12.8 Ma) lasted for about 2 million years, and certain magma gains occurred for almost 3 

million years thereafter. Unfortunately little is known with any degree of certainty regarding the volumes 

of magma involved, the compositions, depth, shapes of magma chambers, rates of magma convection, 

differentiation (the data that are necessary to make the thermal modeling a rigorous method for



468

Figure 3-8-2. Locations of areas of the hydrothermally altered rocks, selected mineral deposits and prospects in 

the vicinity of the Timber Mountain caldera complex. Red numbers indicate K/Ar ages of the alteration minerals 

(alunite, adularia, or illite-smectite; Bish and Aronson, 1993; Weiss et al., 1994). B - Bailey's hot spring, C 

Clarkdale district; CH - Calico Hills, D - Daisy mine, G - Gold Bar mine, GA - Gold Ace mine, GD 

Goldspar/Diamond Queen mine, LGB - Lac Gold Bullfrog mine, M - Mary mine, ML - Mother Lode mine, 

MM - Mine Mountain, MS - Montgomery Shoshone mine, MY - Mayflower mine, OB - Original Bullfrog 

mine, OM - Oasis Mountain, P - Pioneer mine, R - Denver-Tramps and Gibralter mines near Rhyolite, S 

Sterling mine, SB - Sleeping Butte, Si - Silicon mine, SP - Secret Pass prospect, T - Telluride mine, Th 

Thompson mine, TH - Transwaal Hills, TO - Tolicha-Quartz Mountain district, W - Wahmonie, YJ 

Yellowjacket mine, YM - Yucca Mountain deep-seated alteration (note that the exact area of the alteration is not 
known).  

TM-I caldera associated with the eruption of the 11.6 Ma Rainier Mesa Member of the Timber Mountain 

Tuff; TM-II caldera associated with the eruption of the 11.45 Ma Ammonia Tanks Member of the Timber 
Mountain Tuff.  

quantitative estimation of thermal regimes rather than one for making crude assessments). This lack of 

information is the major source of uncertainty in any attempt to employ quantitative thermal modeling for 

evaluating the thermal history of Yucca Mountain.  

3.8.1.4. Hydrothermal activity around the Timber Mountain Caldera 

In addition to the transfer of heat into the upper part of the Earth's crust by the ejection of magma 

from deeper levels and its subsequent loss to the atmosphere via eruptions and solid state conduction
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through the country rocks, igneous heat was also removed from the magma chamber by the action of 

hydrothermal convection systems. The fact that such systems played an important role in the vicinity of 

the Timber Mountain caldera complex becomes obvious from an examination of the extent of 

hydrothermal alteration and mineralization in the area. Figure 3-8-2 shows outcrops of altered rocks as 

well as radiometric (K-Ar) ages of the alterations. With the exception of the Yucca Mountain area where 

hydrothermal alteration was discovered in boreholes at a depth of more than 1000 m, the rest of the 

hydrothermal alterations are expressed as surface exposures. It may be expected that areas exist where, 

like Yucca Mountain, hydrothermally altered rocks are not exposed at the topographic surface but are 

present at depth. As White and Williams (1975, p. 2) stated "The hot dry rocks ... may not always be as 

hot and as dry at shallow and intermediate depths as generally envisioned because hydrothermal 

convection in naturalfractures may be more common than is indicatedfrom surface evidence". The extent 

of such alteration, however, is unknown.  

In any case, the extent of the known hydrothermal alteration and mineralization in the area is 

impressive. Weiss et al. (1994, p. 11) provided the following overview: "Hydrothermal alteration and 

epithermal mineralization of Neogene age affected volcanic rocks of the SWNVF [Southwestern Nevada 

Volcanic Field] and underlying, basement rocks ofpre-Mesozoic age ... Precious-metal andfluorite mines 

with significant present or past production include the Montgomery-Shoshone, Lac Gold Bullfrog, 

Sterling, Mother Lode, Gold Bear and Daisy mines ... The Wahmonie, Mine Mountain, northern Bullfrog 

Hills, Clarkdale and Tolicha districts have little recorded production, although rich ores are locally 

present. In addition, dozens of shallow prospect workings are scattered in areas of hydrothermal 

alteration near Sleeping Butte, Oasis Mountain, north of Bare Mountain, and in the Transvaal Hills, the 

Calico Hills and northwestern Yucca Mountain." 

Figure 3-8-3 shows radiometric ages of the hydrothermal alteration minerals at different locations.  

The data indicate that hydrothermal alteration was penecontemporaneous with and followed, sometimes 

for 1-1.5 Ma, after every significant volcanic event in the area. Although separated in space, magma 

chamber-based hydrothermal systems persisted in the area between 14 and 9 Ma (and probably later to 7.8 

Ma). The Figure further shows that the Timber Mountain caldera hydrothermal event reconstructed from 

studying alteration minerals in deep boreholes at Yucca Mountain (indicated as YM in the Figure) was not 

the only event that followed the Timber Mountain caldera eruption. Concurrently, hydrothermal solutions 

were circulating at Bullfrog Hills, Transvaal Hills, East and West Calico Hills, Oasis Mountain and Mine 

Mountain (see Figure 3-8-2).  

Water has a very high heat capacity; therefore, although the removal of heat associated with 

hydrothermal activity is hard to quantify, there is little doubt that it was significant. Thus, the assumption
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Figure 3-8-3. KMAr age dates of hydrothermal alteration minerals (alunite, adularia, or illite-smectite) in the 
vicinity of the Timber Mountain caldera complex. Ages of eruptions are shown for comparison. Location of 

eruption centers (cf. Figure 3-8-1): Crater Flat tuff - uncertain; likely the area of Timber Mountain, Silent 
Canyon, NW Yucca Mountain, anid/or proposed Prospector Pass caldera complex; Paintbrush luff - Timber 
Mountain caldera complex and Claim Canyon cauldron; Timber Mountain tuff - Timber Mountain caldera I 
(11.6 Ma Rainier Mesa Member) and 11 (11.45 Ma Ammonia Tanks Member); Tuffis and lavas of Bullfrog Hills 
- periphery and west of the Timber Mountain caldera II.  

Age for Yucca Mountain is shown as mean of the 12 reported K/Ar ages measured on illite/smectite from deep 

boreholes (>1100 m; Bish and Aronson, 1993). The rest of the data are individual analyses of alunite and 

adularia (Weiss et al., 1994). Error bars show I a-intervals.  

regarding the absence of the convective heat removal or redistribution would be clearly inappropriate in 

any quantitative thermal modeling of the Yucca Mountain area. Meanwhile, reliable quantification of the 

heat removal by this mechanism would be very difficult, if not impossible.  

3.8.1.5. Geometry of the model 

In addition to the uncertainties related to the poorly constrained input parameters discussed above, 

there is another problem associated with the quantitative thermal modeling of the Timber Mountain 

caldera magma chamber and thermal regimes of the Yucca Mountain vadose zone. The problem is caused 

by the geometry of the model, which is shown in Figure 3-8-4.  

In order to model quantitatively the time distribution of the temperatures in the rocks overlying the 

magma chamber shown in the Figure, an important boundary condition such as the temperature at the 

interface of the Earth's surface with the atmosphere must be specified. It is apparent that, for a given 

geometry of the problem, the most intensive flux of heat would be directed upward from the center of the 

magma chamber (most heat stored in the central part of the chamber would have to be removed in this
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Timber Mountain

Figure 3-8-4. Schematic presentation of the USGS thermal model, as described in U.S. NWTRB (2001). The 

shape of the Timber Mountain magma chamber is a 7 kmi-thick disc with diameter of 30 km (V = 5,000 kiM3 ) 

residing at a depth of 5 km 5 to 7 km to the north of the ESF. The chamber was assumed to maintain T= 900 *C 

for 3 million years (from 13 to 10 Ma). The cooling was assumed to occur through conductance only, so that the 

model did not take into account convective heat removal by thermal waters. Dotted line shows the approximate 

location of the present-day water table beneath Yucca Mountain. No vertical exaggeration Outline of the relief 

is approximate.  

direction) through the Earth's surface and into the atmosphere. For the axial part of the chamber the 

stationary heat flow may be defined as: 

h T4br .ý (3-8-1) Q= h 

where T is the temperature in the magma chamber and at the topographic surface (denoted by subscripts), 

A. is the thermal conductivity of rocks (for example, for the Yucca Mountain tuffs 2A = 1.74 W-m'r1K'), and 

h is the depth. It is apparent that setting the appropriate value of T,,,.f, or a function, T,,y(t), is crucial for 

the overall reliability of the model.  

If the temperature of the magma chamber "source" is maintained at 900 °C for 3 million years, as 

the USGS modelers suggests (U.S. NWTRB, 2001), and the heat transfer in the rocks is through net 

conduction, the temperatures of the rocks at the topographic surface would increase substantially. In order 

to define the temperature at the ground surface, a very complex and physically indeterminate problem of 

heat transfer from a heated surface into the atmosphere must be solved. Heat removal from the rocks 

primarily occurs through either infrared emission of the heated body, or convection of the air mass. In 

reality, these two mechanisms would be coupled because of the "greenhouse" effect of the water vapor 

and clouds above the heated surface. The formation of clouds would be controlled by the uplift of the 

heated air mass, which would result in the creation of a localized column of heated air. Within such a
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column, water vapor may be lifted to a height of 10-15 km, and probably more. Strong airflows directed 

from the periphery of the heated region (30 km in diameter, according to the model) toward its center 

would develop; the airflows would be expected to reach windstorm velocities. Uplifted warm vapor would 

condense in the upper parts of the column and precipitate outside the heated area (Kachurin, 1973).  

If the heat is supplied continuously for 3 million years, as the USGS model stipulates, these extreme 

atmospheric processes are expected to last for comparable amounts of time. Such a long-lasting thermal 

structure may be expected to change climatic pattern over hundreds and, possibly, thousands of kilometers 

in the prevailing direction of movements of the air masses. It would also have a strong influence on the 

relief of the land surface, due to the development of a very dynamic precipitation system.  

The historic meteorological record corroborates the plausibility of the hypothetical scenario 

outlined above. For example, conflagrations caused by massive bombing raids of the Allied Forces on 

German and Japanese cities during World War II caused the development of short-lived air circulation 

systems in the form of giant tornadoes (Kachurin, 1973).  

The effects described above may be assessed numerically. Equation 3-8-2 is used in atmospheric 

physics (Kachurin, 1973) for determination of the height of the uplift of hot air above the heated area (as, 

for example, in connection with a forest fire): 

A 1.5 w.( 3.3 -g R-AT J (3-8-2) 

where w is the in initial velocity of the air, AT is the overheating of the air; R is the characteristic linear 

dimension of the heated area (e.g., of the surface covered by wildfire or, in our problem, of the magma 

chamber footprint), u is the wind velocity, g is the gravity acceleration, T,,,m is the temperature of the 

atmosphere. It is apparent that at large values of R, the height of the uplift is proportional to R squared, 

and may be as great as 10 km and more.  

In summary, the behavior of the atmosphere above such a large and long-lasting thermal anomaly as 

the one postulated in the USGS thermal model (see U.S.NWTRB, 2001), at present, defies numerical 

modeling. This means that reliable boundary conditions for the whole problem of cooling of the magma 

chamber of a given size and shape (see Figure 3-8-4) cannot be established.  

3.8.1.6. Summary: constraints of the thermal modeling 

The purpose of thermal modeling, in the context of the Yucca Mountain studies, is to establish the 

extent and timing of the heating of the vadose zone in the vicinity of the proposed repository by a cooling 

magma chamber that resided under the Timber Mountain Caldera. The numeric results would have to be
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obtained for the specific area (denoted ESF in the Figure 3-8-4) and, ideally, would portray the function 

T(t), i.e., the change of the temperature with time within the ESF zone.  

On the basis of our discussion of the constraints of the thermal modeling method we have to 

conclude that the chances of getting reliable numeric estimates with respect to this specific problem are 

slim. The gaps in our knowledge regarding important input parameters and boundary conditions, such as 

gains and losses of igneous heat in the vicinity of Yucca Mountain, are very significant and potential 

uncertainties associated with these gaps are great. In addition, the geometry of the model is unfavorable 

for obtaining reliable solutions. Under such circumstances, any results of future numeric thermal modeling 

must be interpreted with extreme caution. The ultimate verification of the results of thermal modeling 

must come from establishing consistent trends with the known thermal history of the area, which have 

been independently determined on the basis of the geologic record. In the following sections we provide 

an overview of this history.  

3.8.2. Thermal history of Yucca Mountain based on geologic evidence 

Two thermal events are considered well established with respect to the Yucca Mountain geological 

history. The first event was the deposition of the ash-flow tuffs, which built up layers of the mountain.  

Following deposition approximately 12.7 Ma ago, the tuff "pile" was hot, and cooling to ambient 

temperatures took time. The second was the so-called Timber Mountain Caldera hydrothermal event that 

occurred -10-11 Ma ago (e.g., Bish and Aronson, 1993). It is thought that a hydrothermal convection 

system was set off by a granitic magma body, which resided under the Timber Mountain caldera, some 8

10 km to the north of Yucca Mountain. The Timber Mountain event is held responsible for pervasive 

zeolitic, montmorillonitic and carbonate alteration of the rhyolitic tuffs and the deposition of abundant 

calcite and silica below depth of >-1.2 km under the surface of Yucca Mountain. Below we examine the 

time and the heat constraints on these two events.  

3.8.2.1. Deposition and cooling of the tuffs 

It is a matter of common geologic knowledge that cooling of layers of effusive rocks deposited on 

the Earth's surface takes a relatively short time. Natural analogs are known throughout the world where 

geologically young (Quaternary) and even historic effusive volcanic rocks have reached ambient 

temperatures in short periods of time. According to Schuraytz et al. (1989), thick pyroclastic deposits like 

the Topopah Spring and Tiva Canyon tuffs were erupted and emplaced at temperatures from > 650°C to 

985°C, and, according to Rhiele (1973) they cooled to ambient temperatures within about 100 to 1,000
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Figure 3-8-5. Kinetics of the conducive cooling of 
tuffs (results of the mathematical modeling).  

Assumption: 110 m of the ash flow material with 
initial temperature T(t) = 6001C were deposited 
instantaneously.

years. By contrast, Whelan et al. (2001) believe 

that the cooling time was several orders of 

magnitude longer, "on the order of tens-to

hundreds of thousand years".  

In order to put numeric constraints on the 

process of cooling, we performed mathematical 

modeling for the cooling of a tuff pile with 

characteristics similar to those of the Yucca 

Mountain's Tiva Canyon tuff. Conservatively, we 

assumed that the 110 m-thick layer of hot ash 

(Topopah Spring tuff and Tiva Canyon tuffs 

combined) was deposited instantaneously (the 

geologic record indicates that in reality, the surface 

of the Topopah Spring tuff was cooled to relatively 

low temperatures before the deposition of the Tiva 

Canyon tuff).  

The temperature of the freshly deposited 

tuffs was taken as To = 600*C. No credit was taken 

for air convection above the hot rocks or for their 

interaction with atmospheric precipitation. A series

of curves in Figure 3-8-5 shows that even under such unrealistically "insulated" conditions, the cooling of 

tuffs occurs fairly rapidly. In the model, temperatures of 35-85°C (corresponding to the interval of the 

fluid inclusion homogenization temperatures measured in the ESF minerals) existed within the depth 

interval of the proposed repository for approximately 1.5 thousand years some 4 thousand years after 

deposition of tuffs. We want to re-emphasize that cooling of real tuffs most probably occurred even faster.  

We conclude, thus, that the time estimates of Rhiele (1993) are more realistic than those of Whelan et al.  

(2001). These estimates indicate that minerals deposited in the ESF, whose ages are less than -12.5 Ma, 

cannot be related to the cooling of the Yucca Mountain bedrock tuffs.  

3.8.2. 3. Timber Mountain Caldera hydrothermal event 

The Timber Mountain Caldera hydrothermal event was caused by the cooling of a granitic magma 

chamber, which was the "parent" to the youngest pyroclastic units in the Yucca Mountain area, the 

Rainier Mesa and Ammonia Tank tuffs (-11.6-11.45 Ma). Being emplaced inside fractured and water

saturated rock, the magma set off a large-scale convective hydrothermal system, which induced pervasive

E 

t.1

300

4nn
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montmorillonite clay (illite-smectite) and Na-zeolitic alteration of the rhyolithic tuffs, as well as the 

localized deposition of veins and irregular cavity fillings of fluorite, barite, quartz and calcite in the 

phreatic zone deep under Yucca Mountain. Adularia and albite replaced feldspar phenocrysts in some 

intervals (Warren et al., 1984). Silicic lavas in drill hole USW G2 were silicified; they contain abundant 

veins of drusy quartz and, locally, calcite and fluorite, and have undergone pervasive quartz-calcite-albite 

(±chlorite and pyrite) propilitic alteration (Caporuscio et al., 1982). The minimum lateral extent of this 

alteration is estimated as 20 km2 (Spengler et al., 1981; Caporuscio et al., 1982; Bish, 1987).  

Bish and Aronson (1993) studied the distribution and K/Ar ages of illite/smectite clay minerals 

from three boreholes in the vicinity of the proposed repository zone (USW G-1, G-2, and G-3/GU-3).  

They provided the following description of the inferred system: 

The distribution of alteration minerals and the K/Ar ages of L'S [illite/smectite] in USW G-I and G-2 

(-10.4 my) are consistent with Timber Mountain moat volcanism as the major source of hydrothermal 

alteration, rather than caldera-forming main ash-sheet eruptions. The rocks at depth at Yucca Mountain 

were apparently altered in a hydrothermal outflow plume. The nature of schematic paleogeothermal 

gradients suggests that a rain-curtain effect existed in USW G-2 to about -1067 m, below which there 

is an abrupt rise in temperature and then the thermal gradients appear essentially isothermal. The 

widespread distribution of volcanic centers in the area allows for the possibility that some of the 

alteration may have preceded the Timber Mountain volcanism, perhaps during Paintbrush volcanism, 

culminating with Timber Mountain volcanism, particularly the later stages, at 10-11 my. It is 

noteworthy, however, that the mineralogical data suggest that no hydrothermal alteration has occurred 

since the waning of Timber Mountain volcanism about 10 my ago. ( p. 159).  

Bish and Aronson noted a pronounced asymmetry of the system: "...it is apparent that a significant 

thermal event has occurred in the northern end of Yucca Mountain but has not significantly affected the 

southern end" (p. 153). A schematic presentation of the Timber Mountain event is given in Figure 3-8-6.
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Figure 3-8-6. Reconstruction of the Timber Mountain hydrothermal circulation system near Yucca Mountain 10

11 Ma ago and schematic temperature profiles for boreholes USW G-1, G-2 and G-3 estimated from 

illitefsmectite mineralogy and fluid inclusion data. Black rectangles on the upper plate indicate approximate 

depth at which the temperature of 100 °C was reached in boreholes G-2 and G-1. (Modified from Bish and 

Aronson, 1993).  

The timing of the event is fairly well constrained on the basis of the K-Ar dating of clay minerals 

and zeolites. The data of Aronson and Bish (1987), WoldeGabriel (1991), and Bush and Aronson (1993) 

constrain the age of this alteration to 10.0-10.6 Ma (Figure 3-8-7) after which the source of heat was 

exhausted and the hydrothermal activity ceased. Weiss et al. (1994) concluded that the radiometric ages 

they obtained are "... consistent with alteration coeval with post-collapse volcanism and magmatic 

activity of the Timber Mountain II caldera to the north. These ages are 1.7 to 2.7 million years younger 

than the youngest altered unit and therefore cannot reflect diagenetic or deuteric water-rock interaction 

during cooling of the host units as suggested by Castor et al. (1992). Taken together, the age data, 

mineralogy and textural features are best interpreted as the result of a large, south-flowing hydrothermal 

system driven by heat from magmatic activity in the nearby Timber Mountain caldera system " (p. 23).
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Figure 3-8-7. K/Ar dates for illite/smectite samples 

from Yucca Mountain (plotted by data of Bish and 

Aronson, 1993). For samples G-1 1511.2, G-2 1133.9, 

and G-2 1198.8, average values of two or three 

duplicate measurements are shown. Gray line indicates 
the time of eruption of the Rainier Mesa and the 
Ammonia Tank tuffs from the Timber Mountain 
caldera complex (11.6 and 11.45 Ma, respectively).

The paleo-geothermal reconstruction by 

Bish and Aronson (1993) presented in Figure 3-8

6 is revealing because it clearly shows the overall 

southward direction of the outflow from the 

vicinity of the Timber Mountain caldera. One 

shortcoming of this reconstruction is that the three 

boreholes used for the analysis are aligned to form 

the north-south transect and do not provide, 

therefore, information on the two-dimensional 

configuration of the temperature field. Below we 

present an attempt at constructing a paleo

temperature map of the Yucca Mountain area 

during the Timber Mountain Caldera thermal 

alteration event. Reconstruction of paleo

temperatures is based on two independent

mineralogical geothermometers, as graphically explained in Figure 3-8-8.  

Figure 3-8-9 shows a reconstructed distribution of temperatures during the Timber Mountain 

Caldera hydrothermal event at a depth of 1 km beneath the modem topographic surface of Yucca 

Mountain. It is apparent from the figure that both geothermometers yield fairly consistent results and show 

the structure of the thermal field with a prominent high to the north and to the east of Yucca Mountain.  

For the purpose of this analysis, it is important to note that, within the proposed repository footprint, the 

temperatures at a 1 km-depth ranged between 85 and 1351C. This translates into heat flows (which is, the 

product of thermal gradient and thermal conductivity of the rock) ranging from 2.9 to 5.0 HFU and 

maximum temperatures at the ESF level (at a reference depth of -250 m) of less than 45*C.  

In addition we point out that the reliability of the thermal paleo reconstructions related to the 

Timber Mountain Caldera hydrothermal episode would have been greatly improved if, in addition to the 

mineralogic geothermometry, the fluid inclusion homogenization temperatures had been obtained. As of 

now, only seven measurements obtained from the deep-seated calcites have been published, with the 

homogenization temperatures ranging from 74 to 260 TC (U.S. DOE, 1993-b). The absence of systematic 

fluid inclusion data from the minerals related to the Timber Mountain Caldera hydrothermal episode 

represents a significant and unfortunate gap in the Yucca Mountain Project database, which adds to the 

ambiguity of the paleothermometric reconstructions.
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Figure 3-8-9. Reconstruction of the temperature at a depth of 1 km from modem land surface during alteration of 

the Yucca Mountain tuffs 10-1 1 million years ago.  

Reconstruction is based on two independent mineralogical geothermometers: illite-smectite and zeolitic. K
Ar ages of 10-11 million years were reported for ill ite-smectite and zeolites from the boreholes used for this 
reconstruction by Aronson and Bish (1987) and WoldeGabriel (1991). Methodology of the thermometry is 
explained in Figure 3-8-8.  

An attempt to quantify the temperatures that occurred at the ESF level during the Timber Mountain 

caldera event was made by Whelan et al. (2001). The authors modeled the temperatures along the ESF 

assuming a temperature at the water table of 100 °C and linear thermal gradients from the water table to 

the land surface. The results of the model calculations are shown in Figure 3-8-10.  

In their analysis, Whelan with co-authors adopted a set of assumptions that, in our opinion, rendered 

their assessment totally unrealistic and unreliable. For example, they arbitrarily assigned the temperature 
at the water table a value of 100 0C (purportedly, in order to provide "an upper bound for the period of 

shallow hydrothermal activity"). There is, however, no geological data supporting such a high temperature 

at the water table during the Timber Mountain thermal event. To the contrary, the mineralogical data
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Dublyansky et al. (2001). It is apparent from Figure 3-8-10 that measured fluid inclusion temperatures 

show an almost perfect inverse correlation with the modeled (calculated) paleo-temperatures. The 

calculated temperatures increase, as they should, with depth as the ESF tunnel approaches the heat source, 

which in this model is the water at the water table. In striking contrast, the measured fluid inclusion 

temperatures are the highest at the shallow parts of the ESF near the portals and lower in the deepest parts.  

Two conclusions may readily be drawn from the data presented in Figure 3-8-10. The first conclusion is 

that the involvement of hot waters of the Timber Mountain Caldera hydrothermal system (or, likewise, of 

any other heat source located underneath the Yucca Mountain tuffs) in the conductive heating of the 

vadose zone is clearly contradicted by the factual data. The second conclusion is that the concept of the 

conductive heating, per se, does not seem to offer a plausible explanation of the temperature distribution 

indicated by the fluid inclusions. Higher temperatures closer to the topographic surface and cooler 

temperatures at depth would require that the heat source be located at the topographic surface, which of 

course is not possible. The structure of the paleo-thermal field was discussed in section 3.6.4.5 of Chapter 

3-6. Based on this discussion we concluded that the fluid inclusion thermometric data dictate that the heat

discussed above indicate that the 

temperatures at the water table were well 

below 100 0C (see, for example, Figures 

3-8-6 and 3-8-9).  

If the temperature at the water 

table was indeed 100 'C, and if the water 

table were 100 m higher than it is today, 

and if the thickness of the overburden 

were 100 m greater than it is today (all of 

these assumptions were made by Whelan 

et al., 2001), nevertheless the computed 

temperatures at the ESF would not match 

the actual homogenization temperatures 

determined for fluid inclusions in the 

secondary minerals. This becomes 

obvious from a comparison of the results 

of the modeling of Whelan and co

authors with the fluid inclusion data 

reported by these authors in the same 

paper (Whelan et al., 2001) and by
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source must have been linear, located to the east of the ESF zone, and relatively short-lived. These 

features unequivocally point to a convective supply of heat transported by water moving through the high

permeability fault zone (Paintbrush fault) rather than to the conductive heating of the whole tectonic block 

of Yucca Mountain.  

Summarizing our discussion of the Timber Mountain Caldera hydrothermal event we reiterate the 

major points. The event occurred between about 10 and 11 Ma ago and represented, under Yucca 

Mountain, a major out flowing plume. Mineralogical data indicate that values of heat flow in the planned 

repository area did not likely exceed 2.9 to 5.0 HFU and temperatures at the ESF level (reference depth of 

-250 m) were less than approximately 45°C. Therefore, any minerals with an established temperature of 

formation in excess of 450C and/or ages younger than -10 Ma cannot be related to the Timber Mountain 

Caldera hydrothermal event.  

3.8.3. Summary 

It is apparent from the discussion above that secondary minerals sampled in the ESF cannot be 

related to either of the two thermal events that are known to have occurred at Yucca Mountain (both 

events are genetically related to silicic volcanism). The minerals in question are located some 700-900 m 

above rock horizons that are known to have been affected by the Timber Mountain outflow plume (some 

of the minerals were found within 30-50 m from the present-day topographic surface). We have 

demonstrated above that a hypothesis about the conductive heating of the bedrock tuff by thermal water, 

during the Timber Mountain caldera episode, could not have produced the requisite temperatures. (In this 

chapter we deliberately concentrate on only the temperatures and do not discuss other problems with the 

rainwater model. These other problems are discussed elsewhere in Part Three).
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