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I. Introduction: Objectives and Scope

The main issue in assessing the suitability of a high level nuclear waste repository site is 

whether the physical environment at the site has the inherent characteristics that would make 

escape and movement of radionuclides into the biosphere, even in the long term, a highly 

unlikely event [1]. To quantify this somewhat, by "long term" it is usually stated that 10,000 

years is about the time required for containment with a probability of success at better than 95%.  

If, as appears to be the case, the repository is used to store young radioactive materials with 

a high rate of decay, the containment cannisters (spaced 5 meters apart) would reach tempera

tures above 2000 C and the rock between cannisters would reach temperatures well above 100'C 

and remain so for a long period of time [2,3]. Because of the high temperatures, it seems gen

erally agreed that the most likely and serious problems with containment arise from the possibil

ity of invasion of a repository by water, or a combination of water, steam and, in the extreme, 

case gas (ie. C0 2).  

In case of water invasion of a high temperature repository it is likely that corrosion and 

container break-down would be relatively rapid and that continuing fluid flow could then act to 

transport any leaked radioactive material, taken into solution, to significant distances within the 

ground water system. Further, gas and steam flow, when present, could also result in transport 

directly into the atmosphere.  

If fluid and gas intrusion were to occur in association with an earthquake that caused rock 

faulting within the repository and rupturing of some (but probably few) of the containment can

isters, then exposure of some of the radioactive material to the moving fluid flow could occur 

very soon after the event. Likewise, occurrence of nearby volcanic activity, with or without 

significant earthcuakes, could also result in rather rapid fluid and gas injection, with similar pos-
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sibilities for transport of radioactive material out of the repository. Consequently, possible 

changes in the tectonic and hydrologic environment at or near the repository site are of major 

concern, for if these changes were properly coupled and of sufficient magnitude, they could 

result in water and/or gas intrusion in a relatively short time. Considering the thermal state of 

the repository there would be clear risk for a resulting loss of containment.  

It has been pointed out by some scientists [4], in review of the stringent standards for con

tainment, that the required degree of confidence over a period of many thousands of years can

not, in truth, be given. However, the need to give such confident assurances before a high level 

waste repository can be built could lead those responsible for the preliminary assessment process 

to practice a form of self delusion, in which the necessary assurances and supporting technical 

arguments are generated by narrowly focusing on that part of the geologic data and evidence that 

seems to allow quite conventional interpretations to be made supporting the suitability of the 

site.  

Since even an extensive body of geologic, geochemical and geophysical data can be subject 

to a lack of unique interpretation, in that more than one theory or conceptual framework can 

appear viable as a means of explaining the .aservations, it is certainly possible to focus on the 

approach that interprets the data in the most favorable light. Given this (probably superficial) 

lack of uniqueness and a natural inclination to be selective when it comes to interpreting a very 

large body of uncorrelated information and data, it is not too difficult to produce, at least ini

tially, a description of the geologic environment, including both its history and its probable 

future, that supports a site as a safe repository. This, of course, does not mean that the interpre

tation so formed is necessarily incorrect but it does mean that it may be much more uncertain 

than is apparent to its formulators and that the interpretation could well prove to be incorrect
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when examined in greater depth and with wider comparisons to field data.  

These considerations apply to the current preliminary, generally positive, assessment of the 

Yucca Mountain geologic environment by the DOE and its contractors, principally the US Geo

logical Survey. However, these pitfalls are also present for any interpretation of the geologic 

environment at Yucca Mountain, whether it results in a positive or negative assessment of the 

site as a suitable repository. In this regard, the model described by J.S. Szymanski [5], which 

attempts to integrate geologic, hydrologic and geochemical information into a framework of 

interpretation involving the tectonics and hydrology of the Yucca Mountain area, is basically 

subject to similar uncertainties for the same general reasons that apply to other assessments and 

models of the site. Thus, while Szymanski's interpretation results in quite a negative assessment 

of the site's suitability, this fact obviously makes it no less suspect as a framework for interpreta

tion than the alternative interpretations resulting in a much more favorable assessment. In addi

tion, because Szymanski's conceptual framework for prediction and interpretation of the geology 

is relatively complex and has not yet been studied quantitatively in any detail (partly because the 

processes involved are strongly non-linear) there is a natural inclination to view his "model" 

with more than usual scepticism. Certainly there are reasons for such an attitude among scien

tists, a as much as most have a built-in preference for simple theories and a natural and proper 

reluctance to subscribe to anything that they do not feel they adequately understand or that has 

not been adequately tested.  

Nevertheless, since the individual mechanisms and physical processes evoked in 

Szymanski's integrated conceptual model for the behavior of the tectonic and hydrologic 

environment at the site are all recognized to be possible physical phenomena and could be 

important (produce large effects) in some circumstances, it is clearly necessary to consider
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whether they are applicable, in the interactive combinations used in Szymanski's dynamical 

model, to Yucca Mountain. Therefore, it is the primary objective of this report to evaluate the 

model that has been proposed by Szymanski as a conceptual framework for interpretation of the 

observations of the geologic record at Yucca Mountain.  

The model explains the presence of numerous calcite-opal veins and extensive surface cal

cretes at Yucca Mountain in terms of upward water flows, and associated mineral deposition, 

triggered by interactions between the rapid stress changes following an earthquake and the 

hydrological state of the medium. Furthermore, it predicts cyclic recurrences of up-welling 

water, including many in the past and more in the future. In detail the model recognizes that tec

tonic stresses are a result of an extensional environment at Yucca Mountain. This extension is 

expected progressively to increase the density and interconnection of open fractures within the 

upper crust in the area. Thus, slow tectonic deformation is expected to increase the hydrological 

storage capacity and permeability of the region and lower the water table under conditions of 

approximately constant water inflow. A long period of extensional deformation of this sort, with 

gradual lowering of the water table, is expected to end with a large earthquake, or be upset by 

any renewed volcanic activity, and a rapid readjustment of the distended deformational state of 

the medium is then expected to occur. This readjustment involves closure of water saturated 

fractures in many regions and opening of new fractures in others. At this stage, pressure forced 

flows, that is "seismic pumping", from depth to the surface are expected to be transient, followed 

by convective flows driven by the high thermal gradients prevailing in the area. These long last

ing convective flows, along areas of new and ancient fracturing, are expected to deposit a variety 

of minerals, but principally calcite and opal, in fractures, fault zones and along the surface from 

the outflows of water along fault zones. This coupled hydrological-tectonic process is expected 

to be recurrent, that is be repeated with time intervals corresponding to the times between large
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earthquakes or recurrence periods of volcanic activity.  

This model, therefore, is one that would produce episodic. rapid deposition of calcite-opal 

deposits throughout the mountain and invoi,,e large volumes of water and gas injection to near 

surface depths and even to the surface itself. Because of the recurrent nature of the flow 

processes and their coupling to the build up and release of tectonic stress, this sequence of 

processes will be called a "Cyclic Hydro-Tectonic" (CHT) model.  

Many, if not most, scientists familiar with the geology and tectonics of the Basin and Range 

Province, within which Yucca Mountain lies, would probably agree that the general processes 

just described can conceivably occur. That is, many would agree that, in a strongly extensional 

tectonic environment at least, some and possibly many fractures in the upper crust could be open 

(particularly those that are vertically oriented); that changes in the stress field will change frac

ture apertures (where some may close and some open depending on the details of the stress 

change); and that these coupled changes in the fractures and tectonic stresses can upset the 

hydrological stability and produce both rapid pressure-driven flows (seismic pumping) and 

longer term convective flows. Further, it would likely be agreed that both forms of flow will 

result in some associated mineral deposition. What is much less generally accepted is the mag

nitude, spatial extent and duration exhibited by such flows. That is, there is considerable uncer

tainty as to whether earthquake related tectonic stress changes and associated changes in the 

fracture controlled permeability and storage capacity are large enough and of a character to pro

duce flow effects involving large volumes of water transported upward to, or very near, the sur

face of the earth from significant (several kilometer) depths in the upper crust. In this regard, 

many of the scientists involved in the Yucca Mountain project are clearly doubtful that such 

strong tectonically initiated effects can occur, either at Yucca Mountain or elsewhere. While
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most might agree that some level of readjustment in the hydrological environment occurs in 

response to tectonic activity, they expect it to be transient and of modest to low magnitude with 

no significant wide spread and long lasting effects. These views appear, however, to be largely 

based on brief, isolated observations and intuitive expectations rather than solid, site-related evi

dence or realistic theoretical inference.  

There are, however, two obvious approaches that can be followed in assessing whether 

large magnitude flow effects, involving an upper crust depth range, can occur in response to 

changes in the tectonic state of the medium. First, one might investigate its plausibility by 

modeling the complete nonlinear mechanical and hydrological processes using computer based 

simulations. In this case, one would have to have considerable confidence in the rheological 

representations adopted, for the solid, including failure criteria, as well as in the approximations 

to the coupled flow and deformational equations that must be adopted in order to place great 

weight on the modeling results. Nevertheless, one can certainly explore, by this approach, the 

range of quantitative flow responses that could be expected using a reasonable range of material 

conditions and rheologies that spanned the possibilities for the upper crust at the site.  

The second approach is fundamental, and that is to evaluate geologic field data from the 

area to look for evidence of past upward flow and mineral deposition. Broadly speaking, one 

would expect to see evidence of relatively rapid depositions of minerals in veins and, in some 

cases, along the surface, with such deposition being episodic and strongly correlated with near 

vertically oriented fracture zones and faults since the flows are considered to be triggered by 

relatively infrequent major tectonic events and to be focused in, if not largely confined to, highly 

fractured or faulted zones. Further, the observed stress field and fracture density, and their orien

tation in the medium, should be compatible and be such as to indicate fracture controlled per-
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meability and storage capacity. In addition, the mineralization itself should reflect the chemical 

composition of the water and strata at depth; in the case of Yucca Mountain a major constituent 

should be calcium from the paleozoic limestones beneath the mountain. Likewise, the isotopic 

character of the mineral deposits should be compatible with water at considerable depth; or at 

least compatible with a mixture of the water from greater and shallower depths since the isotopic 

properties of the water vary with depth.  

We should also expect mineral deposition in veins to be observed throughout the depth sec

tion above the present water table, as well as on the surface, if major up-welling of water has 

occurred frequently in rhe past. Further, the ages of such minerals should span a considerable 

period, from at least several million of years ago up to essentially the present. In addition, in any 

restricted area, the ages should be distributed in a reasonably uniform manner if we are to have 

confidence in the "frequent" occurrence of this up-welling depositional process and its extrapo

lation to future occurrences.  

Finally, one might expect to see evidence of hydrothermal alteration and brecciation of the 

country rock along faults and in fracture zones, particularly if volcanism has in the recent past 

been responsible for upward intrusions of water. Again, the ages of any such occurrences would 

be critical in assessing whether the processes responsible for such high temperature phenomena 

are still active.  

In subsequent sections of this discussion we will explicitly consider field data relative to 

Szymanski's model in an effort to judge consistency of the model with observations. This 

evaluation will be in two parts. The first will involve primarily physical geology and hydrology; 

that is, for example, the compatibility of the Szymanski model predictions with the character and 

ages of observed faults; the occurrence of mineral deposits at the surface and at depth; and the
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current stress and fracture state of the system. The second part of the observational evaluation is 

to compare observed isotopic characteristics of the mineral deposits with those to be expected 

from this hydro-tectonic model; specifically, whether the isotopic ratios observed for the 

calcite-opal deposits are consistent with a process involving up-welling of water from consider

able depth beneath the mountain. We will also consider the fundamental physical processes 

involved in the model from a theoretical standpoint, including the likelihood of dilatancy in the 

upper crust to considerable depth and, ultimately, employ theoretical modeling to assess some of 

the quantitative characteristics of the flow processes that are expected.  

In the following section of this report we define the CHT model as understood by us and 

describe its features in reasonable detail. We have attempted to represent accurately the original 

model proposed by Szymanski in his 1989 report. We have also incorporated some elaborations 

of the model developed since that time, all in order to provide a more complete logical basis for 

its evaluation relative to observations and modeling studies.  

In order that we may better evaluate the CHT model relative to the geologic observations at 

Yucca Mountain, we consider an alternative model that has been advanced to explain the obser

vations. This model, which we have termed the "Pedogenic Model", is described in Section III.  

Part of our assessment approach is to contrast the ability of the two different models to provide 

an explanation of the geologic observations at the site. In terms of plausible models based on 

our collective knowledge of the geophysical and geologic processes &nown to be operative, we 

consider the CHT and "Pedogenic" models to be those that are by far the most likely to be active 

in the area. Indeed, it is almost certain that both are active to some degree. The question is, is 

only one of them responsible for most of the calcite-opal veins and surface calcrete deposits at 

the site, which indicate water depositional processes at work in the past, or are both involved and
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at what times in the past and to what degree. If the CHT Model fits most or all the observational 

data, then up-welling water has probably reached the surface from rather great depths and might 

flood the repository in the future. If the Pedogenic Model provides an explanation for most geo

logically recent vein and calcrete related data, then it would be much less likely that up-welling 

water is a problem for repository safety.  

Section IV is devoted to the evaluation of critical geologic observations relative to the two 

model predictions. Here we seek to isolate those geologic features at the site that are most 

definitive in terms of an assessment of the CHT model. We also consider the compatibility of 

this field data with pedogenic model predictions in order to explore and evaluate alternative 

explanations for the origins of these field observations.  

Section V is concerned with a review of new material by Szymanski relating to expected 

geochemical consequences of his model. In particular this section focuses on isotopic charac

teristics of water deposited minerals at and near the Yucca Mountain site. Here again we find it 

useful to contrast his model-based explanations of the observed isotopic abundancies with those 

from the pedogenic model. Our main interest is to judge whether this data can now, or may in 

the future, previde an unequivocal test of the CHT model or at least an evaluation as to which of 

the models is best supported by this data.  

Of course Szymanski's model is largely qualitative, so that, in the sense of quantitative 

predictions, its full character is still emerging. Therefore the present assessment is in this respect 

limited, since we do not systematically and completely explore and assess all of its more quanti

tative implications. Nevertheless, we do attempt to evaluate some quantitative aspects of the 

model through analysis of the mechanics of dilatancy and through numerical modeling studies 

and we discuss the implications of these investigations in sections VI and VII.
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These latter sections involve quantitative, physics based, investigations of important 

aspects of the CHT model. Thus, in Section VI we investigate the conditions under which frac

ture opening (dilatancy) can occur to rather large depths in a previously heavily faulted area like 

Yucca Mountain. This arises in our assessment because of the view expressed by some scien

tists that dilatancy in a faulted medium is unlikely. Thus, while the physical evidence from drill 

cores as well as pumping and hydrofrature experiments at Yucca Mountain indicate an open 

fracture system at least to depths of about one kilometer, it is important to determine why this is 

the case and to what extreme depths one can expect this behavior to occur. Specifically, if the 

conditions for dilatancy are very special and can occur only in limited zones at shallow depth, !n 

rare circumstances, then the possibility that the high volume flow processes following a shallow 

crustal earthquake will occur at Yucca Mountain are greatly reduced, at least in the form 

described by Szymanski. However, if regional "on-going" extension and the pre-existing fault

ing prevailing at Yucca Mountain can be shown to produce upper crustal dilatancy prior to 

failure along a major fault, then high volume water and gas flows with origins in the upper crust 

are not only possible but likely.  

In this regard, Section VII describes the results of a computer Dase numerical modeling 

investigation of some hydrological consequences of a large earthquake in an "open", vertically 

fractured, medium. This study is designed to investigate the movement of water in a fractured 

medium in response to stress changes in the rock matrix due to an earthquake which, in turn, 

produce fluid pressure gradients and accelerated movement of the water. Further, local reduc

tion of the fluid pressure below the ambient level results in degassing of the water, so that a mul

tiphase flow may occur and such effects are included in the modeling. Our objective here is, 

therefore, to obtain estimates of the magnitude and character of pressure driven water and gas 

flows resulting from earthquakes under conditions that could prevail at the Yucca Mountain site.
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While this modeling is preliminary in the sense that it neglects certain dynamical effects that 

could be important and is not broad ranging enough to explore the full range of conditions and 

material parameters that may be appropriate to this site, it nevertheless provides indications of 

what total volumes and rates of flow might occur. Hence it provides a quantitative test of one 

aspect of the model proposed by Szymanski, that is a test of whether seismic pumping of 

significant magnitude may be possible at this site.  

Section VIII addresses some of the consequences of the water and gas flooding that could 

occur as a result of seismic pumping and convection following a large tectonic event. Our pur

pose is to gauge the consequences of tectonically induced water and gas movement into the 

planned repository area and thereby gain a better perspective of the magnitude and nature of the 

hazard involved.  

Section LX lists all the consensus statements by the full panel regarding the Szymanski 

Model. Additional conclusions from this minority report, regarding the Szymanski model and 

its relevance, are given in Section X. Finally, in Section XI, we give a general integrated discus

sion of the evidence, conclusions and recommendations of this study, including the full panel 

consensus views, as they pertain to the suitability of the Yucca Mountain site as a high level 

nuclear waste repository.
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H. Szymanski's Cyclic Hydro-Tectonic (CHT) Model 

The Szymanski reports [5] are lengthy and demand careful study. For the convenience of 

the reader of this report we will outline the essential elements of the CHT model as it is 

described by Szymanski in these reports and in various conversations we have had with him dur

ing this study. We feel that a brief synthesis of the essential features of the model, incorporating 

his verbal explanations and elaborations as well as the essentials from the reports, may clarify 

the reader's understanding of his conceptual model. In addition, we feel that it is necessary to 

establish a logical foundation for the later discussions in this report. Although the form of 

presentation and the description of processes and mechanisms is our own, we feel that our dis

cussion accurately presents the CHT model that Szymanski has described and used in his 

interpretations.  

The essential and most striking feature of Szymanski's model is the emphasis on nonlinear 

dynamical coupling between tectonic phenomena, which includes both earthquakes and volcanic 

activity, and the hydrological state of the upper crust. In broad terms he has focused on the 

known coupling between fluid transport in a fractured medium and the state of stress and tem

perature in the medium. More specifically, he has taken note of the fact that, in some cir

cumstances, open fractures can be produced by tectonic stresses within the upper crust and that 

the fluid storage capacity and hydrological permeability can be dominated by the presence of 

these fractures. The open fractures, however distributed and whether fluid saturated and inter

connected or not, must be in equilibrium with the prevailing stress field in the medium so that a 

change in the tectonic stress, which can be rapid and large in case of an earthquake or as a conse

quence of volcanic activity, will close some fractures and open others and, in extreme cases, 

create new fractures as a material response to these stress changes. This can therefore result in
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drastic spatial and temporal changes in the storage capacity and permeability of the solid 

medium and result in rather rapid dynamical changes in the distribution of water within the 

medium.  

One such dynamically coupled flow process is "seismic pumping" resulting from local 

reductions in storage capacity and associated transient over-pressurization, producing rapid out

ward water flows. In addition, Szymanski notes that thermal gradients in the crust, especially the 

upper crust, are large in most tectonic areas and particularly at Yucca Mountain. Citing meas

ured values of these gradients ranging from 20'C / km. to about 501C / km., he points out that 

these values are well within the range of thermal instability for water in a highly permeable solid 

and that one would therefore expect local convection of the water at depth in the saturated zone 

at the present time. Furthermore, he notes that initiation and changes of convective patterns due 

to tectonically induced changes in the fracture controlled permeability and storage capacity 

could occur in zones of high thermal gradients. Consequently, he expects significant changes in 

convective patterns of flow due to a large earthquake, which would be expected to alter dramati

cally the stress field and the spatial configuration of open fractures. Thus, he points out that an 

earthquake may lead, in some cases, to initiation of major long term up-welling of water from 

depth into previously unsaturated zones as the result of changes in permeability and porosity.  

Likewise, he notes that renewed volcanism could be expected to increase thermal gradients and 

also increase fracture permeability in some localized areas; thereby also producing the onset of 

strong convective up-welling in these zones due to the changed hydrological and thermodynamic 

conditions in the system.  

Consequently, Szymanski expects initiation of both rapid transient flows and slower, but 

longer enduring, convective flows in a highly fractured permeable medium in response to tec-
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tonic activity in the form of either a large earthquake or volcanism. In association with such 

flows he expects deposition of minerals as the fluids move from depth to a lower pressure and 

cooler environment, so that fracture filling will occur as these flow processes continue. He 

therefore expects to observe a period of fracture controlled vein deposition of minerals carried 

by the water from depth and a slow constriction and decrease in the convective cell size and flow 

rate as the fractures are partially or totally filled by precipitating minerals.  

In applying these general concepts to a description of the tectonic and hydrological 

environment at Yucca Mountain, Szymanski has advanced a specific, albeit qualitative, model 

that he feels is required on the basis of the applicable physics and the observed geologic, tectonic 

and hydrologic setting specific to this site. The character of the model, which might be termed a 

cyclic hydro-tectonic model, is described in terms of a progression of physical states through 

which the system (taken to be the medium underlying the mountain and its immediate surround

ings to a depth of about 10 kin) progresses or evolves. A definition of the spatial extent and 

character of the Yucca Mountain "system" is illustrated in Figure 1.  

The evolution of the state of the system is expected to have a cyclic character in that it 

repeats itself in response to slow tectonic stress increases followed by recurrent rapid decreases 

during an earthquake or volcanic event, where such singular events mark the end of one cycle 

and the beginning of the next. Beginning at the current state of the Yucca Mountain system, this 

cyclic model is illustrated in Figure 2 and may be described as follows: 

The Contemporary, Meta-Stable State.  

The system is characterized by a high density of open, mostly vertical, fractures to consid

erable depth, well below the current water table level at nearly 500 meters below the surface, so 

that the medium is in a dilatant state due to tectonic stresses. The open fractures are a manifesta-
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tion of the predominantly extensional tectonic strains and are in equilibrium with the local stress 

field (which is a superposition of lithostatic and tectonic fields). Because of the existence of 

many open fractures, the local stresses in the medium around such fractures must deviate appre

ciably from the average stress level in the system in order to maintain static equilibrium.  

The very low level of the water table is a consequence of the fracture controlled high 

storage capacity within the medium, resulting from the high density of open fractures, and also 

because of the high permeability of the medium, which is a consequence of the relatively large 

numbers of connected open fractures that provide low impedance pathways for vertical flow to 

great depth. Thus the system can be classified as a "hydrological sink"; in that current water 

flow is largely from the surface downward to the water table at considerable depth. Because of 

the open fracture system above the water table, the water in open connected fractures for a con

siderable depth below the water tabie is at hydrostatic pressure relative to the top of the water 

table, rather than at lithostatic pressures.  

The thermal gradients within the system are : ferred to be high, varying from 200C/km near 

the surface to 40 to 60'C/km at depths below I to 2 km. This implies localized connective water 

flows in the connected fractures which reduce the shallow thermal gradients below the water 

table while the presence of larger thermal gradients at depth imply lower permeability and little 

or no wide-spread convection of the water through connected fractures. The depth level above 

which many fractures are abundantly open and interconnected is termed the "Z level" by Szy

manski. It would therefore be the depth level at which the fluid pressure in the fractured zone 

below the water table began to rapidly increase from hydrostatic and also where the temperature 

gradient with depth should begin to rapidly increase, from one in a freely convective zone (near 

20 0C/km) to a higher level in the 40 to 50 0 C/km range. This occurs because the thermal gra-
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dients are controlled by the possibility of water flow through interconnected open fractures; that 

is the convective flow in the open fracture zone below the water table reduces the thermal gra

dients.  

Just a few kilometers to the north of the Yucca Mountain system, the water table is 

observed to be higher, by several hundred meters, than at Yucca Mountain and this is interpreted 

by Szymanski to be, most probably, a consequence of a reduction in the numbers (density) of 

open vertically connected fractures in this area. This reduction may be due, primarily, to a 

change in orientation and magnitude of the tectonic stresses from incipient failure in shear to 

more isotropic at lithostatic pressures.  

This description of the current state of the Yucca Mountain system, and its immediate sur

roundings, is summarized schematically in Figure (1.).  

'.isturbed State following a Tectonic Event.  

In the CHT model, the current Yucca Mountain system is judged to be meta-stable in that it 

can accommodate slow, small changes in the external stress conditions and the hydrodynamic 

and thermal fluxes and remain, for a limited time, in a state in which no major hydrologic 

changes occur. However, any rapid change of moderate to large magnitude in the external stress 

conditions or fluxes into the system would almost certainly cause the mechanical and hydro

dynamic state of the system to change dramatically. This is considered to be not only likely but 

unavoidable because of the necessity of corresponding rapid changes in fracture apertures in 

response to stress changes on the one hand and the strong coupling between fracture controlled 

fluid pressures, storage capacity and flow permeability, which directly affect pressure driven and 

thermally driven water flows through the fractures, on the other hand. Of the changes most 

affecting the system stability, direct tectonic stress changes would therefore be the most impor-
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tant. However, thermal flux changes would also be critical since a change in heat flow from 

beneath the system resulting from volcanism would increase thermal gradients which could pro

duce convective instability of the water in a previously stable fluid-filled fracture system.  

In addition, Szymanski argues that external changes of stress conditions on the system 

boundaries and changes of fluxes through the boundaries into the system give rise to slow 

changes in the internal tectonic stress levels within the system and that these must lead to insta

bility, in that eventually a large earthquake can be expected to occur resulting in major stress 

changes throughout the system. Such an event would be expected to be initiated near the lower 

bo-undary of the system-, below about 5 km, with a failure zone rapidly extending up to the sur

face. The earthquake would reset the system stresses so that some existing open fractures would 

rapidly close down while some could be created and opened. In view of the tensional tectonic 

stresses prevailing, it is most probable that such an earthquake would produce a narrow failure 

zone nearly perpendicular to the free surface at the shallower depths with a slowly decreasing 

dip angle with increasing depth, becoming nearly parallel to the free surface at perhaps greater 

depths, in the range from 5 to 10 km. That is, the expected event would produce a so-called "lis

tric fault". The geometry of such a failure zone, or fault, is illustrated in Figure 3.  

Szymanski maintains that, based on current rather rough estimates of faulting patterns in 

the general area of Yucca Mountain, earthquakes with magnitudes in the range from 6 to 7 could 

be expected to occur every few thousand years. Given the current high differential stress levels 

in the mountain [6], [7], [8] and presumably in the upper crust beneath it, he considers the time 

to the next seismic event to be relatively short, perhaps less than one hundred years.  

An earthquake in the magnitude range indicated, occurring within the Yucca Mountain cru

stal zone, is expected to produce wide-spread, relatively sudden, relaxation of the tectonic
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stresses; so that many fractures would try to close and, below the water table particularly, the 

fluid pressure in previously connected fractures would rapidly rise from hydrostatic to levels 

near lithostatic. This pressure rise would result in a pressure driven flow of the water, generally 

upward due to the prevailing fracture orientation, away from the most highly pressured zones.  

Further, the fluid pressures in the unconnected water saturated fractures and pores would also 

initially increase to a value far above the current minimum principal stress level. That is, to a 

magnitude in excess of the new minimum principal stress level in the rock which, near the 

failure zone at least, would be near lithostatic. Such an increase in fluid pressure in unconnected 

fractures could produce fracture growth by extension and interconnection of these previously 

isolated fractures to other neighboring fractures and a net increase in permeability and pressur

ized flow through the network of fractures. Thus, at least some of the previously immobile pore 

and fracture water is expected to be able to move through the system.  

Adjacent to the fault zone, that is essentially within the fracture zone produced by a normal 

dip-slip type earthquake, it is expected that the density of open fractures would be very high 

from the surface to considerable depth and so provide a connected open fracture pathway for any 

upward fluid flow from depth towards the surface. Therefore, in addition to a general volume 

distributed flow due to wide spread rapid pressurization of the fracture and pore water, it is 

expected that enhanced and rapid flow would occur along, or within, the relatively narrow, stee

ply dipping, upper section of the fault zone due to its high permeability and connection to pres

surized water at depth.  

As the seismic pumping phenomena described is expected to be transient and of relatively 

short time duration. It nevertheless is expected to result in an appreciable total flow volume, on 

the order from 108 m3 to 109 m3 for a large earthquake. A significant fraction of the flow
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volume is expected to be extruded at the surface, along the fault trace itself. The duration of the 

flow would be controlled by the permeability of the medium and the spatial extent and magni

tude of the pressurization, with water transport reducing the steep pressure gradients and sharp 

flow transients after a time period that is expected to be from months to a few years. During this 

period of flow it is expected that some quite modest degree of chemical deposition would occur, 

principally from waters originating from considerable depth (2 to 10 km.) moving upward into 

near surface zones of lower pressure and temperature.  

The expected behavior of the system is therefore a slow transition from a meta-stable dila

tant, high tectonic stress state to an unstable state resulting in mechanical failure and an earth

quake. The consequence of the earthquake and the associated material failure and tectonic stress 

field changes would be a major change of storage capacity in the rock and a relatively short tran

sient period of seismic pumping of water from depth into the under-saturated zone above the 

water table and to the surface, particularly along the narrow fault zone formed by the event. The 

upward water movement should also result in the deposition of small quantities of carbonates 

and/or opal in the under-saturated zone and at the surface. Thus, the transient movement of 

water, coupled with the decrease in storage capacity, would result in an upward migration of the 

"Z surface", that is the surface above which the fracture system is largely interconnected and 

open and a similar upward migration of the water table surface to a shallower depth, reflecting 

the overall decrease in storage capacity. The local, upward movement of these surfaces could be 

from tens of meters to hundreds of meters, depending on the type, magnitude and precise loca

tion of the earthquake. The effect of such an earthquake is, therefore, to reset, or change, the 

entire hydrological and tectonic state of the system.  

Distributed Disequilibrium and Thermal Convection.
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Following the rapid changes in stress, medium porosity and permeability, and the transient 

pressure driven "seismic pumping", it is expected that a relatively long period of convective, 

thermally driven, water flow would occur. This is expected to occur because of localized 

increases in the density of connected fractures in and near the earthquake fault zone, resulting in 

increased permeability in the region of high thermal gradients below the "Z surface". With such 

a change, the water is able to more readily flow through the new fracture system at depth and, 

because of the high thermal gradients, will begin to convect vigorously. This convective process 

is expected to occur in localized cells which are long lasting and initially quite energetic in view 

of the high temperature gradients below about 2 km. It is therefore expected to be able to carry 

water from great depths to the surface. During this convective period large volumes of water are 

expected to move from the vicinity of, and even from below, the earthquake hypocenter along 

zones where the density of connected fractures has been greatly increased by the earthquake.  

Such regions occur within the narrow failure zone itself and in zones where the tension in the 

rock matrix increases because of the large scale failure. (The pattern of pressure changes in the 

medium surrounding the fault zone is roughly quadrupolar, with alternating lobes of compres

sion and dilatation, so that at least some zones within the system will experience increased dila

tion of existing fractures and additional fracturing.) 

As the high temperature water moves upward it is expected that the water would be 

saturated with C0 2, calcium and silica from the limestone and tuff formations at depth. As it 

cooled, decompressed and degassed during upward transport, it would deposit opal or calcium 

carbonate in the fractures and along the surface downslope from surface intersections of deeply 

penetrating fault and fracture zones. An importantcharactenrstic of this flow, and the associated 

mineral deposition, is that it involves water transport from great depth, from 5 to 10 km. or 

more. Therefore the flow would consist, in part, of water carrying isotopes of oxygen, carbon,
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uranium, etc., that are characteristic of "old", deep seated meteoric water that has resided in 

Paleozoic limestones and the underlying Precambrian basement for many thousands of years.  

As this latter water is convected upward it would mix with shallower water residing in the 

younger tuffs, so that the isotopic signature of the water depositing the minerals would be a com

posite of the isotopic characteristics of both shallow and deep seated water beneath the moun

tain.  

Within one episode of this convective process, the deposition of minerals would slowly 

plug the fracture system, and decrease the density of connected fractures, so that the process 

would slow and eventually stop. This is estimated to take of the order of many hundreds of 

years. At the end of this convective stage it is expected that the storage capacity and permeabil

ity would be relatively low and that the water table would have been elevated to a much shal

lower depth, perhaps several hundred meters higher than its present level. Likewise the "Z" 

level would also be shallow, probably quite near the surface.  

The Quasi-Stable State with Gradual Tectonic Extension and Shear.  

At the end of the convective episode the system would be in a low internal energy state; 

with low tectonic stresses and with temperature and pressure gradients at low levels. Because 

the hydrological storage capacity and permeability would also be low, there would be no poten

tial for large volume rapid water flows. The system, at this stage, could be considered to be 

essentially stable, with the only change being its response to the slow continuing build-up of tec

tomc stress. Such a slow stress increase, which is predominately extensional, would eventually 

begin to produce tension fractures and reopening of fractures previously closed by the last large 

earthquake, or volcanic episode. The system would therefore be expected to "migrate" towards 

the meta-stable state observed at the present time. That is, as fractures opened and intercon-
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nected the hydrological storage capacity and permeability would increase and the water table 

would drop. The "Z" level would also, of course, be expected to migrate to a greater depth as 

more fractures were opened at progressively deeper levels in response to the ever increasing tec

tonic extension. At a later stage, when the average tectonic stress levels in the system had built 

back up to high levels, the water table and "Z" level would both be at relatively great depth, as at 

present, and the system would be in a state which could shortly become unstable with continued 

increases in tectonic stresses. Thus, after a long period (thousands of years) of slow increase in 

tectonic stress the entire cycle would repeat itself. Because of the abundance of calcium car

bonate veins and fracture fillings, as well as surface deposits, with ages spanning many hundreds 

of thousands of years, it is thought that the cycle has been repeated many times; perhaps hun

dreds of times.  

This cyclic model, as described by Szymanski and as summarized above, describes the 

sequence of events that is expected to occur in response to a large earthquake within or close to 

the Yucca Mountain system. A similar sequence is expected to occur as a consequence of the 

sudden onset of volcanism involving either extrusion or intrusion of magmatic material. In this 

case rapid changes in the stress field are expected, along with earthquakes, as well as major 

changes in flux levels at the boundaries of the system. When such an event actually involves 

intrusion of material into or just beneath the system, flows of gas and fluid would be expected 

and could lead to particularly energetic phenomena, including extrusion of high temperature 

water along with highly energetic gas flows producing intense fracturing and brecciation. It 

would also be expected to produce intense hydrothermal alteration and vein mineralization in the 

fractured and faulted medium. Thus, the expected sequence of flow phenomena would be simi

lar to that described for a large earthquake, but more energetically extreme.
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UI. Alternate Hydro-Geologic Models for the Yucca Mountain System: The "Pedogenic 

Model" 

To place the comparison of observations with conceptual models in a wider and more 

definitive context, we also consider an alternative to Szymanski's model in order to check 

whether another reasonable explanation of the observations is available. In this regard, the criti

cal question is whether up-welling water is the source of the extensive opal-carbonate deposits 

observed or whether these deposits, or at least those near the surface, can be explained by eva

poration and transportation (by plant roots) involving only descending meteoric water. If a 

strong case can be made in favor of rain water origins for the deposits observed, then the neces

sity of an explanation of their existence involving up-welling water deposition is diminished and 

the likelihood that the hydro-tectonic processes described could produce strong hydrological 

flows bringing water and gas to the surface is greatly reduced. In this case the likelihood of 

occurrence of the most serious hazard, namely rapid large-volume intrusion of water and gas 

into the repository region, would also be greatly reduced.  

A complete definition and discussion of the alternative to Szymanski's model for the Yucca 

Mountain system has not, to the knowledge of the authors, been published in the professional 

literature or in a government report. Rather, the model has emerged in "bits and pieces" in pub

lications focused on narrower issues, such as local hydrology or the isotopic characteristics of 

Yucca Mountain opal-carbonate veins [9]. Based on this information however, a rough "model" 

can be defined at this stage and is useful for comparative purposes. In the following we outline 

the relevant essentials of this model which, because of its most important feature, will be 

referred to as the Pedogenic Model".

Hydrologic and Tectonic Features of the "Pedogenic Model"
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The Yucca Mountain system, as defined earlier, is considered to be presently in a quasi

stable tectonic state, with moderate tectonic stresses prevailing. The hydrological state is 

characterized by a very deep water table (about 500 meters beneath the mountain) and fracture 

controlled permeability at depths above the water table and probably somewhat below it, but 

connected fractures are not pervasive to great depths in the upper crust. The hydrological state is 

reasonably stable, in that the occurrence of a major tectonic event, in particular an earthquake, 

could perturb the hydrological equilibrium, but not in a very drastic manner that would involve 

either short term very large scale water flow or large long term changes in the water table. Only 

in the event of volcanic activity directly beneath the mountain, at shallow depths, might there be 

any major disturbance in the water table due to greater heat flux or actual magma and gas intru

sion.  

Thus, the possible occurrence of an earthquake along one of the existing major faults on the 

margins of the mountain is expected to produce, perhaps, some seismic pumping of relatively 

small amounts of water locally near the fault zone. In terms of hazards to a repository, the earth

quake could produce strong shaking at repository levels and, if the faulting actually intersected 

the repository, some fairly large offsets (of the order of a meter) along fault surfaces within the 

repository. However, only the unlikely intersection of the repository by a new fault would pose 

any danger of loss of containment.  

Because of the weakness of the coupling of tectonic effects to hydrological conditions and 

flows, rapid water up-welling and longer term changes in the water table would be of relatively 

low magnitude and confined spatially and, overall, a second order perturbation relative to litho

logically controlled gravity forced flow. The hazard posed by tectonically coupled pressure

forced flows (seismic pumping) is therefore considered small.
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Similarly, widespread changes in the deep fracture porosity and permeability due to an 

earthquake are expected to be relatively small and localized in the vicinity of earthquake faulting 

in any case, so that without a major change in heat flux into the system, no widespread thermal 

convection in the water would be likely following a major earthquake. Again, any thermally 

driven convection of water would be expected to be weak and localized near the failure zone at 

depth and not able to reach the 'epository level. Only a volcanic episode, essentially within or 

very near the boundaries of the system, might produce heat flux changes sufficient to result in 

thermal instability and convection in the water. This is considered to be an unlikely event at 

Yucca Mountain. Thus the system is viewed as, essentially, hydrologically stable.  

Deposition of Vein and Surface Calcite-Opal Minerals in the Pedogenic Model 

The incidence of calcite-opal surface deposits are interpreted to be largely due to near sur

face evaporation of meteoric waters that have taken up calcium, carbon dioxide and silica into 

solution [9,38]. In addition, particularly in the case of vein-like deposits, plant roots are con

sidered as sources of calcite deposits by processes of transportation. Thus, rain water is expected 

to dissolve wind blown calcium carbonate deposited along the surface, as well as silica from the 

surface exposed tuffs, and redeposit these minerals upon evaporation in particularly suitable 

locals where the topography focuses drainage and allows the evaporative processes to accumu

late the minerals in surface parallel deposits. Because the plants also absorb water, they will 

produce mineral deposits with characteristic features that include the carbon isotope signatures 

from the particular plants involved.  

Because fracture zones, especially highly fractured major fault zones, can form traps for 

surface water run-off, it is expected that inflows into such zones can be relatively large when the 

local topography provides an extended source area for rain water drainage to the fracture zone.
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Thus, under appropriate surface conditions it is expected that the water would drain downward 

into the fractures and upon evaporation deposit calcites and opals in layers along the fracture 

walls. With recurrent faulting, fractures that were filled or partially filled could be reopened and 

experience another epoch of deposition by this process. Additionally, plants growing within the 

relatively water rich fracture zones could produce some mineral deposits at depth due to the 

extension of root systems several tens of meters below the surface in some cases.  

Since these depositional processes involve surface drainage of rain water and near surface 

evaporation for the most part, the deposits so formed are termed "pedogenic", that is, literally, 

"soil-forming". Thus, deposition is expected to be at shallow depths by evaporation or by root 

transportation at low temperatures and pressures. Further, the process will occur at a relatively 

low rate which is chiefly dependent on the availability of wind transported calcite, the amount of 

rainfall and the local topography which governs the water volumes available for deposition and 

where such deposition can occur.  

In addition to original deposition of minerals, the pedogenic mechanisms may rework older 

deposits that could be of similar origin or of other origins, such as calcite-opal veins of hydroth

ermal origin. In instances where calcium and silica are dissolved and redeposited, the original 

deposits can be expected to take on isotopic and morphological characteristics that are deter

mined by the chemistry of the rain water involved and the physical environment (eg. slope con

ditions) in the zone of re-deposition. This re-working can therefore have the effect of altering 

age determinations for a deposit as well as altering its physical and chemical characteristics.  

General Features and Rates of Deposition 

Whatever other mechanisms and processes may be active and responsible for calcite and 

other mineral deposits at Yucca Mountain and similar sites in desert environments, there is little
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doubt that the pedogenic mechanisms described do operate. slowly re-working old deposits near 

the surface and also depositing new ones in some select areas. Thus, from this point of view, it 

is quite certain that these mechanisms play a part in the geology and geochemistry of the vein 

calcites and surface calcretes at the Yucca Mountain site.  

An important question, however, is whether such a low depositional rate process can 

account for the large volumes of calcites observed both near the surface and in veins at depth in 

the mountain. Since there is little rain water accessibility to calcite, except that which is laid 

down by the wind carrying particles from limestone formations in mountains several miles away, 

one can estimate maximal rates of der ion by measuring the rates at which such dust is accu

mulated. Data from dust traps at Yucca Mountain [41] indicate that, on average, of the order of 

1 cm. of calcite per 10,000 years can be deposited by this process, if all the dust blown calcite is 

"captured" and deposited. Accounting for the likelihood of an extended source area for dissolu

tion and runoff to a restricted area for deposition, the maximum rate could perhaps be a factor of 

10 greater depending on the local terrain; so that a rate of 10 cm. per 10,000 years could con

ceivably occur at some locales. In this regard, the the maximum depositional rate for pedogenic 

carbonate in the Southwestern U.S. is reported to be about 0.5 gm/cm 2 per thousand years [10], 

which translates into about 2 cm of carbonate per 10,000 years. These rates are much lower than 

that to be expected from calcium rich up-welling water from the limestones beneath Yucca 

Mountain, for which rates of the order of 1 cm. per year or greater can be expected. Thus the 

rates of deposition by the two mechanisms appear to be different by a factor of at least 1000.  

This rate difference will clearly be important in assessing the origins of the calcite-opal veins 

and calcites at Yucca Mountain and ultimately in assessing the observational basis for the flow 

model proposed by Szymanski.
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Other differences in model predictions, besides modes and forms of mineral deposition, are 

also of importance in the assessment of these models; specifically the shallow depositional 

characteristics of pedogenic processes as compared to the likelihood of deposition throughout an 

extensive depth section by the up-welling flows that are associated with the hydro-tectonic 

model. In the following sections these and other differences between the model predictions will 

be useful, if not definitive, in the evaluation of the physical and geochemical field evidence.
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IV. Evaluation of the Principal Geologic Field Observations: Faulting, Volcanism and 

Calcite-Opal Veins and Calcretes 

A major problem in assessing the importance of the Szymanski report relates to the magni

tude of the effects inherent in his model. It was recognized by the panel that the veins which 

crop out in and around Yucca Mountain, and their behavior at depth, constitute critical evidence 

as regards the potential magnitude to which the ground-water level may be raised above its 

present position. We therefore discuss the data related to these veins and surface deposits in 

some detail.  

In this section we shall outline the evidence which has led us to the conclusion that the 

veins which crop out at the surface throughout the Yucca Mountain area are the result of up

welling fluids coming from considerable depth. We also conclude that in many instances this 

vein-fluid poured out through fissures which intersect the topographic surface and that this pro

cess has been repeated in the area many times and has resulted in the development of extensive 

vein systems, which contain calcite and opal, and has also given rise to the generation of thick 

and sometimes extensive sheets of tufa or calcrete on the topographical surface.  

We take the extensive emplacement of veins at the surface and at depth in the area as evi

dence that the water-table, or transient excursions of the water-table, have from time to time 

reached the surface. Thus, these phases of upward movement of the water-table have attained 

altitudes higher than that at which the proposed repository is supposed to be emplaced. We 

argue, in a later section, that such migrations of the water-table could place at risk the integrity 

of the proposed repository.  

In view of the fact that other interpretations of the vein and slope parallel calcite deposits 

have been made using the Pedogenic Model described in Section III, we contrast these interpre-
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tations with our own. The alternative interpretations are that either the deposits are entirely due 

to descending rain water deposition of calcite and opaline silica along the surface and in accessi

ble fractures and faults, over a relatively long period of time, or that meteoric water has dis

solved and redeposited ("reworked") old calcite and silica deposits originating from hydrother

mal deposition during the last very active epoch of volcanism, which ended some 10 million 

years ago. These processes are characterized by very low depositional (or redepositional) rates 

and both are, by their very nature, confined to the near surface zone which might extend, at most, 

to a depth of a few tens of meters.  

General Characteristics of Veins and Vein Minerals 

The conventional interpretation of the development of veins in sediments and meta

sediments is that the infilling material (commonly, calcite and silica) has been deposited on the 

walls of fractures by the precipitation of these minerals from saturated solutions as the fluids 

pass through the fractures in the sediments. (Thin quartz bodies which resemble veins may also 

result from the pressure-solution-exsolution process, but these need not concern us here.) 

The vast majority of geologists consider that the source of fluids from which precipitation 

occurs is the result of the expulsion of interstitial water and brine, contained in sediments and 

some volcanic rocks, following compaction and/or orogenic processes. An additional sour,." of 

fluid is attributed to the dehydration reactions that can occur during the pro-grade metamorphism 

of sediments. These fluids may flow from below to the surface (whether this be sub-aerial or 

sub-marine) as a "single pass" operation.  

Alternatively, when thermal and tectonic conditions are suitable, convection of the intersti

tial water occurs. This results in a "multi-pass" process that can give rise to a relatively high 

proportion of vein to country-rock. Another manifestation of this multi-pass process is that it
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may concentrate relatively insoluble minerals, such as gold, within the veins. (Gold-beaning 

veins are known to occur in the vicinity of Yucca Mountain[ 17].) 

The solubility characteristics of silica and calcite are obviously important in vein formation 

[34]. The solubility of silica at temperatures below 300'C is mainly unaffected by pressure and 

is influenced only by temperature and the pH value of the water in which it is dissolved. At 

300'C as much as 0.1 percent of SiO2 can be held in solution (at pH values from 2-8). The solu

bility decreases with temperature in a linear fashion so that at a temperature of 150'C, and 

below, the solubility is reduced to a few parts per million. However, at 201C the solubility of 

amorphous silica is very much higher, at about 100 p.p.m.. Also, at pH values of greater than 9 

there is a rapid increase in the solubility of SiO 2. However, we mention in passing that the pH 

value of rain-water is usually about 3.0. It requires very special and unusual conditions to bring 

about very high pH values in ground-water, especially near the top of a mountain. It is, for 

example, unlikely, in the extreme, that extensive pools containing highly alkaline solutions (with 

high values of pH) ever existed near the crest of Yucca Mountain.  

The solubility of calcite is also controlled in part by temperature. However, this mineral is 

unusual in that it exhibits a decrease in solubility with increase of temperature of solution. The 

temperature effect is, however, over-ridden by the partial pressure of CO 2 in solution; typically 

without CO2, calcite is relatively insoluble in water. The maximum partial pressure that can be 

sustained in solution is related to the total fluid pressure (p). In up-welling water, the degassing 

of the fluid can result in precipitation of calcite. Water extruded at the surface, or that accumu

lates from rain. will contain no more than that proportion of CO2 that can remain in solution at 

one atmosphere of pressure. In order that calcite can be induced to precipitate from such surface 

water, it is necessary to reduce the volume of water by evaporation. We will return to this point
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Fig. 4. - Views of a carbonate vein exposed in a quarry face located approximately '0 km. south of McCarron Air
port, Las Vegas, N.V.  

a] A general view from which the scale of the structure can be inferred.  

b] A carbonate vein that cuts through poorly cemented, bedded ash and gives way to a carbonate apron, or pedi
ment, at the topographical surface. Although the view is oblique, it can be infrred that the apru, i: " h h .st 

immediately adjacent to the intersection of the vein with the toooarao)hic surface.
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Fig. 5. - A view of veins exposed in the cliff face that borders, to the east, the highway as it descends into the southern part of Death Valley. The mi 

v' ire at least a metre thick and extend vertically for at least 150 m. As in l•ig. 1,, the veins give way to a carbonate [tufa] apron at the topographic 

,• .Thc crystals in the veins at the base of the cliff attain lengths of sewv -itimeters, while the apron tufa is extremely fine grain.
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when discussing the size of crystals that are likely to develop in a calcite vein.  

In exceptional circumstances, exposure permits one to see clearly the relationship between 

a vein and the associated pediment of calcrete. This relationship is illustrated in Fig. 4. a and b.  

This thin calcite vein cuts through, poorly cemented, bedded-ash which crops out about 20 km 

south of McCarran Airport at Las Vegas, NV. The inset figure (4a) is intended only to show the 

scale of this relatively small structure. The details of the vein can more clearly be seen in Fig.  

4b. Note that the thickness of the pediment appears to be greatest immediately adjacent to the 

intersection of the vein and the topographic surface. This is a relationship commonly seen where 

springs deposit minerals at the surface.  

When exposure permits, one can usually trace individual veins through considerable verti

cal distances, as in Fig. 5. This figure shows a series of veins that crop-out in a cliff face bord

ering Death Valley. The veins are well over one meter thick in places and, it can be inferred, 

have a vertical extent in excess of 200 m. It is important to note that even though the veins are a 

consequence of up-welling water in a hydrothermal area, there is no obvious hydrothermal 

alteration of the country rock adjacent to the veins. Thus the up-welling water was not at very 

high temperatures at these near surface depths. We can expect, therefore, that some exposed 

veins in hydrothermal areas will not show associated high temperature alteration of the country 

rock near the veins while some will, depending on local conditions and the details of the flow 

process and water chemistry.  

Thus, from Figs. 4 and 5, we infer that when the summit of an upward moving plume of a 

convection-cell intercepts the surface, some of the fluids are lost to the cell and, in sub-aerial 

conditions, result in the veins cropping out at the surface. In arid or semi-arid conditions these 

out-flowing fluids can readily give rise to calcretes and related features when calcium-rich lime-
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stone are present. Of course, not all calcrete pavements form by this mechanism, but it is clear 

that in hydrothermal areas the process is common.  

One of the features of the veins shown in Fig. 5 is that in the veins exposed at the bottom of 

the cliff, where they are readily accessible, it can be seen that individual calcite crystals are of 

the order of several centimeters in length. In contrast, the veins in Trench 14 exhibit grain sizes 

of the order of a few microns. There is a tacit assumption, and implied conclusion drawn by 

some investigators, that the difference in grain size in the two situations is indicative of different 

modes of emplacement. Hence, the implication is that the near surface deposits are the result 

directly, or indirectly, of rainwater deposition. However, the grain size in the calcitic tufa at the 

top of the vein shown in Fig. 5. is also exceedingly small. Therefore, we consider the emplace

ment of veins in somewhat more detail.  

The development of large crystals in such calcite veins permits one to draw two inferences: 

1) Large crystals mainly develop in a water-filled hole or fissure (c.f. the crystal forms so 

commonly seen in geodes).  

2) When large crystals develop, one can infer that conditions for intense crystal nucleation 

do not exist, i.e. the solution giving rise to the development of the large crystals is only a 

little over-saturated.  

It will be recalled that calcite is deposited when the partial pressure of CO 2 is reduced. The 

maximum partial pressure that can be sustained is related to the total fluid pressure (p) of the 

vein fluid; that is, in a system open to the surface, the maximum amount of CO 2 in solution will 

be related to the near hydrostatic fluid pressure of the vein-fluid at specific depths. As the vein

fluid approaches the surface, the fluid pressure automatically decreases in magnitude and CO2 

bubbles are generated. The generation of bubbles results in a significant reduction in the
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inhomogeneity introduced by the clasts.  

In near surface environments, where the grain size of the calcite crystals is microscopic, a 

single well-defined suture is unlikely to be developed. Fracture of the near suiface veins may 

take place anywhere within a vein band, or more likely will form between bands or even at the 

junction of the vein with wall-rock. Hence, the symmetry of banding, so often seen in veins 

which formed at depth, will not be so clearly evident, or may not exist, in veins formed near the 

surface. Nevertheless, well defined banding near the surface will often be a characteristic of 

veins which develop from up-welling water with fluctuating physical properties.  

Field Relationships Between Faults, Veins and Calcrete Deposits At Yucca Mountain 

Figure 7 shows the map location and areal outline of the planned Yucca Mountain reposi

tory. Some of the major faults traversing the area are indicated (in red in the figure) and loca

tions of some important calcrete deposits and major exposed calcite-opal veins, to be described 

below, are indicated as well. These "type" locations for calcite-silica surface and vein deposits 

have been selected from among many in the immediate area of Yucca Mountain because they 

are well exposed, reasonably easy to describe and, collectively, could well be regarded as 

definitive with respect to the mechanism of calcite-opal emplacement in this area.  

Of the locations shown, those at and near the south end of Yucca Mountain are particularly 

important. These are indicated as "Stop 106", "106-F", "Red Cliff Gulch" and "W.W. (Wailing 

Wall) Fault". The sites denoted as "Stop 106" and "106-F" are at two ends of an exposure of a 

very extensive calcrete deposit, extending down slope from what appears to be a fault exposed at 

"106-F". The calcrete material at "Stop 106" was dated at 78 ka and is very thick, with about 

two to three meters of its thickness exposed by erosion at some points along the wash which 

extends south from the fault.
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(average) density of the vein-fluid. This reduction in density, at a specific depth, results in a 

reduction of the fluid pressure. This further reduction in fluid pressure, in turn, results in the 

generation of yet more CO 2 bubbles. Near the surface this effect may become so pronounced 

that the fluid could resemble the outflow from a well shaken bottle of champagne.  

This dramatic loss of CO 2 results in the fluid becoming increasingly super-saturated as it 

approaches the surface. The rate of nucleation is correspondingly enhanced, so that, rather than 

adding only to the dimensions of existing crystals, myniads of new micro-crystals come into 

existence.  

Hence, the change in dimension of calcite crystals at depths of a few hundred meters com

pared with those which form within a few meters of the surface cannot be used to indicate that 

the near-surface calcite has resulted from rain-water. The change in dimension of crystals is a 

natural result of the changes in CO 2 content as the up-welling vein-fluid approaches the surface.  

In a related effect, we note that veins are commonly banded. with the infill material exhibit

ing this banding symmetrically arranged about a suture. In this regard, although not providing a 

very clear reproduction of the structure. Fig. 6 illustrates a simple two stage development around 

a suture. Such sutures develop in veins which grow and form at some hundred or more meters 

below the surface, where the rate of loss of CO 2 is slow or modest. As the period of vein 

development comes to a close and the last of the fluid flows up through the vein, the sutures are 

not completely sealed and so remain as planes of weakness. Such planes of weakness are 

exploited during further extension and another phase of vein development can take place and 

successive phases of vein development can result in a symmetry of banding in the vein.  

Thicker, more complex veins, with wall-rock or mineral clasts, tend to be formed by a 

larger number of phases of emplacement, and show a more complex structure because of the
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Fig. 6. - Details of a vein, exposed in the vicinity of Yucca Mountain, with an open suture. From the knife, used for 
scale, it can be inferred that the suture has parted by as much as 0.5 cm. In the field it can be clearly seen that the 
vein material on either side of the suture exhibits two faint bands, indicating that the vein has developed in two 
stages. [Unfortunately the quality of photographic reproduction is such that these bands cannot be clearly seen in 
this figure.1
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The series of photographs in Figs. 8-15, which were taken at or in the vicinity of Yucca 

Mountain, show examples of the characteristics of various features of the veins and calcretes and 

their relationship to faults, which we believe are crucial in assessing the origin of the veins and 

the vast majority of the calcretes exposed in the study area.  

Brecciated material and vein development exposed at the south end of Yucca Mountain are 

shown in Figs. 8 and 9. Such brecciated veins, often with associated staining of the country rock 

and pedicles of alteration surrounding individual pieces of country rock included within the 

breccia are not uncommon in metamorphic and volcanic rocks as well as indurated sediments in 

many of the fold belts of the world. In the various locations around the world the ages and the 

temperatures of formation of these features have resulted in geologists attributing such brecci

ated veining and staining to hydrothermal effects. These veins, both world-wide and at Yucca 

Mountain, are often injected to form extension features or may be associated with faults. The 

close relationship of staining and faulting at Yucca Mountain is indicated in Figures 9 and 10.  

Here staining is almost certainly associated with hydrothermal alteration from up-welling warm 

or hot water along the fault.  

In both of the sites seen in Figures (9.) and (10.) extensive calcretes are exposed in gullies 

down-slope from the faults. These faults are within a mile or two of each other as indicated in 

Figure 7. Relatively little calcretes are seen above either of the two faults shown here. While 

the fault scarp in Figure (9) is only exposed locally over about a 30 foot extent, with a steep 

walled gully extending down slope from it, the fault scarp in Figure (10) is exposed over a con

siderable distance along the side of a canyon, with numerous small gullies downslope and 

extending to the bottom of the canyon. The red staining of the tuff on the scarp in Figure 10 is 

also present in the tuffs a few feet down-slope and are exposed in the gullies below; with the
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Fig. 9. - Another example of brecciation and vein development, together with staining of the surrounding rock mass. Such staining is a feature which is commonly asso
ciated with the upwelling of hot and/or chemically active hydrothermal fluids. These features are exposed in the footwall of a geologically recently formed fault scarp, 
one of several that can be seen in this area at the southern end of Yucca Mountain just north of "Stop 106" at the location "106-F" shown in the map in Figure 7.
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color shading from red to orange-yellow.  

The scarp in Figure 10 can be seen intermittently over a distance of several hundred feet 

along the west side of the canyon with only the northern-most section shown in the figure. As 

noted, calcretes are present down-slope and are exposed in the gullies with apparent thicknesses 

of several inches. The breccia veins shown in Figure 8 are exposed at the bottom of the canyon, 

some hundred feet or so below the scarp shown in Figure 10. No noticeable faulting, veins or 

calcretes are present on the opposite side of the canyon.  

The interpretation that appears to be evident to us is that the fault in Figure 10 (actually a 

fault zone having some width to it) served as a fracture zone conduit for up-welling hot water 

which produced hydrothermal alteration in the tuff in and near the fault zone and flowed down

slope depositing calcite and silica to form the calcretes. The width of the zone of faulting and 

up-welling probably extended from the canyon bottom to the well defined scarp shown in Figure 

10, a width of a hundred feet or so. The exposed breccias at the canyon base appear to us to 

indicate very energetic flows, probably involving CO 2 gas along with hot water. The breccia 

veins, along with considerable amounts of calcrete, are well exposed along about the half mile 

extent of the canyon floor indicating a large volume of flow.  

Because the scarp in Figure 10 is hardly eroded and is well preserved over most of the 

length of the canyon, we conclude that it is a young feature. Accordingly, geologically young 

talus downslope from the scarp is cemented with calcite minerals clearly associated with scarp

exposed veins. However, there are no age dates available for the faulting, veins or calcretes in 

this area so that we do not have precise knowledge of the absolute or relative ages of these seem

ingly inter-related features. However, the physical evidence seems to require hydrothermal up

welling of the type described by Szymanski, with the calcretes produced by outflow along faults,
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Fig. 10. A panoramic view of a fault scarp at the southern end of Yucca Mountain, showing discolored rock in the hanging wall. Besides discolora
tion, the rock adjacent to the fault contains muscovite mica. This site is at "Red Cliff Gulch" shown on the map in Figure 7.
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almost certainly within the Quaternary. Thus, there is good evidence that the processes 

described by Szymanski do take place in this area, which is at the south end of Yucca Mountain 

some 300 or more meters above the current water table, but we do not have a firm hold on when 

this activity took place, other than by the young appearance of the scarp and mineral placements 

shown, in part, in Figure 10.  

Figure 11. shows people and a dog standing near the outcrop of rock along the fault shown 

in Figure 9. Evidence of the staining in Figure 9 is quickly lost as one moves upslope along the 

stream channel. Also, it can be seen in the foreground. It can be inferred that the thickness of 

calcrete associated with the cobbles is greatest along the fault line.  

Such observations are completely in keeping with the interpretation that warm or hot 

hydrothermal fluids moved up along the fault plane. Thus, it appears that where the fault 

cropped out and hot fluids reached the surface, they cooled rapidly and were therefore only able 

to cause alteration of the country rock for a short distance on either side of the fault. We infer 

that when the vein-forming fluid extrudes onto the surface it tends to exhibit a high degree of 

super-saturation hence, as we have already noted [Fig. 4.], it is to be expected that the calcretes 

nearest the fault would most rapidly accumulate and that there would be a progressive reduction 

in thickness of the calcrete as the distance from the fault increases.  

Figure 12 shows calcretes further down-slope from the stained fault zone (shown in Figure 

9.) and the bank of calcite encrusted cobbles, shown in Figure 11. This photograph was taken 

near the site ("Stop 106") where a sample was taken and dated at 78 ka. If the interpretation of 

this thick calcrete bed as a deposit formed by outflow down-slope from the fault zone is 

representative of the age of the entire deposit, then this date suggests that up-welling along the 

fault has taken place quite recently. Since this site is about 300 meters above the present water
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Fig. 11. - A bank of cobbles cut by the fault in Figure 9. The thickness of the calcrete associated with the cobbles is greatest along the fault line, from which it is reasonable to infer that the calcrete results from water upwelling along the fault plane. Near the feet of the people and dog, the rock is stained by hydrothermal activity (shown in Figure 9.) This staining is quickly lost as one moves upslope, into the photograph, indicating that staining, that is direct evidence of hydrothermal activity, - dimin
ish rap: - away from a fault plane.
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Fig. 12. - This figure shows a thick band of calcrete located downslope in the wash below the fault and cobbles shown in Figures (9) and (10). This site 

is located just north of "stop 106" where an age-date of 78,000 years has been obtained. If this age is representative, so thick a unit of calcrete could not 

accumulate, in the given time, by pedagenic processes relying on rainwater. Given the downslope relationship to the fault shown in Figure (9) it is rea

sonable to infer that these calcretes are due to outflow along the fault zone. (Other washes in this area have no exposed calcretes nor are they ter
minated by a fault, as is this one.)
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table, then this would support Szymanski's hypothesis that up-welling from great depth is 

currently possible and probably likely in the future, in the event of an earthquake or volcanism.  

Because of the possibility of rain-water reworking of the calcrete resulting in the appear

ance of younger isotopic ages, this single young age value for the calcretes cannot be viewed as 

necessarily representative of the true age of the deposit. Clearly much more systematic dating at 

various levels and locations within the calcrete zone is required for added confidence. However, 

if this age is indeed representative then, in our view, it is extremely unlikely that such a thick

ness of calcrete could have been deposited by any process other than rapid up-welling of water 

along the fault, followed by down-slope deposition. In particular, a pedogenic process involving 

rain water deposition is far too slow a process to provide such a thick accumulation in such a 

short time. Further, this calcrete would have to be viewed as unrelated to the fault and calcite 

encrusted cobbles shown in Figure 9 and 11, whereas the calcretes are exposed continuously all 

the way to the fault, so that such a condition strains credibility.  

Other similar relationships between faulting, calcite-opal veins and calcretes occur at other 

sites at and adjacent to Yucca Mountain. In this regard, Figure 13 shows calcite veins and brec

cias in the area of the Solitario Canyon Faults on the west side of Yucca Mountain. Extensive 

calcretes are also present down-slope, to the west from this series of north-south trending faults 

(see Figure 7.). Here again the ages are not certain, but the physical evidence strongly suggests 

recent faulting and a causal relationship between the faults and depositions of the calcites.  

Figure 14 shows a large fault scarp (the "Wailing Wall" fault) at the south end of Yucca 

Mountain just northeast of stop 106. This dramatic example of faulting is accompanied by 

calcite-silica cementing of the sand along the foot-wall of the fault. We infer that the develop

ment of slickensiding and polishing on a fault surface is evidence that, at the time these features



Fig. 13. - Evidence of hydrothermal activity can be found at many sites in the Yucca Mountain area. These views show veins and breccias which have 

developed adjacent to the western flank of Yucca Mountain itself, at the. well site "WT-7" near the Solitario Canyon Faults shown in Figure 7.



-40-

developed, the fault surface was dry and was heated to high temperatures. However, it takes, at 

most, only a few seconds for the fault to move sufficiently for frictional heating to melt the rock 

and a correspondingly short time for the melt material to cool to form those very thin features on 

the fault surface.  

Subsequent to the phase of polishing, ground-water, as the result of seismic pumping, is 

quite capable of reaching the surface along the erstwhile dry fault plane. Further, later up

welling associated with thermal convection moving upward along the fracture zone could occur.  

Indeed, holes dug in the sand adjacent to the fault line, as shown in Fig. 15, reveal that, close to 

the fault, the sand has been cemented by carbonates. Other excavations in the downthrown 

block, at a short distance perpendicularly away from the trend of the fault trace, show that the 

sand is uncemented. Thus, only along the base of the scarp is the sand cemented.  

One can infer from from disposition of the cemented sands and also from the topography of 

the site, as shown in Figs. 14 and 15, that the most feasible source of water bearing the cement

ing material is from that which may well up and be transported along the fault zone.  

While this fault could be relatively old, as is suggested by its limited exposure, it can serve 

as a conduit for up-welling water at times much later than its origin; so the cementation in the 

sands along the footwall could be quite recent. Indeed, the fact that loose sands are cemented at 

the surface would certainly imply a young age. In any case, whatever the age of the fault and the 

footwall cementing, in our view up-welling water along the fault is by far the most likely process 

and would indicate that mechanisms like those proposed by Szymanski may have been recently 

active and produced flows along available fault zone conduits.  

The area in Figure 7 labeled "Harper's Valley", somewhat to the north of the "Wailing 

Wall" fault, is characterized by the exposure of numerous silica dikes and plugs intruded into



Fig. 14. - The footwall of the "Wailing Wall" Fault (W.W. Fault in Figure 7) which exhibits polished and slickensided surfaces could lead one to suspect that this structure supports the thesis that the water-table at the time of faulting was low and remained low. Certainly, when the polishing of the 
fault plane occurred, the rocks were ory, so that the ground-water was at some depth. However, it takes, at most, only a few tens of seconds for the frictionally heated rock to melt and them cool to form a polished veneer. Subsequently, as the result of seismic pumping, or convection, the ground water 
may reach the surface and produce fault, or earthquake, related mineral 'inosits.



Fig. 15. - Holes dug in the sand adjacent to the fault line shown in Figure 14 reveal that, close to the fault, the sand was cemented by carbonate minerals. Away from the fault the sand is uncemented. One can infer from the topography shown in this figure and the fact that there are no similar carbonates in the vicinity that the most feasible source of water, bearing the cementing minerals, is from upwelling water transported along the fault zone.
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formations with ages from just over 10 million years. The abundance of these intrusives and the 

strong deformation associated with them requires a very energetic mass transport source from 

depth. Because there is no isotopic age data available here, nor detailed mapping of which we 

are aware, .t can only be concluded that these features are younger than the rocks in which they 

were emplaced; that is younger than about 10 million years. However, there is no doubt that 

they were emplaced after the last recognized major volcanic activity in the area. Thus, the possi

bility exists that they could have occurred during the early Quaternary when cones were active 

within Crater Flat, a few miles to the west of this site, or as recently as the last eruption at the 

Lathrop Wells Cone, a few miles to the south, which is estimated to have occurred only about 

100 thousand years ago.  

It might be argued that the deposits described and illustrated in the Figures 8-15 are of rain 

related pedogenic origin and have accumulated slowly and independently from any faulting, 

with the age date obtained at Stop 106 merely reflecting the age in an on-going process that is 

essentially continuous. In this case an age of 78 ka would merely reflect an age of deposition of 

one (recent) part of the deposit, with other sections being deposited much earlier, or it may 

reflect some recent reworking of an older pedogenic deposit. However, if the deposits are 

argued to be of such an origin, then it would require very special pleading to explain how such 

thick sections of calcrete are formed (as they are up-slope from "stop 106") and exposed in a 

gulch below a fault zone while nearly identical gulches, in the near vicinity, show little traces of 

calcrete.  

Likewise, it is certainly difficult to explain calcretes below a fault exposed along a steep 

canyon wall that shows strong hydrothermal alteration along the fault zone itself and down-slope 

along the surface within the calcrete zone, as at "Red Cliff Gulch", while on the opposite side of
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the canyon there is little trace of calcretes. Surely if a rain water depositional mechanism were 

involved, one would expect to see calcretes exposed somewhere in the immediate vicinity other 

than just below the fault on the steep side of the canyon. Furthermore, pathological conditions 

are required to explain the cementation of talus on steep bedrock terrain as can be seen in Figure 

10. Similarly, cementation of the sand only at the footwall of the "Wailing Wall Fault" is very 

peculiar if a rain depositional process is all that is involved since more wide-spread cementation 

could hardly be avoided, yet there is no evidence for it. Similar difficulties are apparent at other 

sites as well, such as along the Solitario Canyon Fault Zone where calcretes appear conspicu

ously down slope from the faults.  

Our conclusion is that no satisfactory explanation of these features and observed relation

ships is possible using a pedogenic argument involving deposition by rain water. However, our 

impression is that nearly all project personnel describe surface calcite-opal deposits as pedogenic 

as a matter of course, issuing what amounts to an incantation upon each sighting. Questions by 

us, relating to the difficulties mentioned above, were often unanswered or answered by a com

ment to the effect that such "pedogenic deposits" are always "here and there", being controlled 

by subtilties of erosion and deposition, so that spatial relationships of calcretes to faults for 

example, are simply fortuitous. This is hardly satisfactory in view of the observations cited.  

On the other hand, the existence of faulting was sometime questioned, with the fault-like 

scarp in Figure 9 being explained as an erosional feature while the red alteration of the tuff con

sidered a result of heating from the deposition of overlying volcanics. If true, this would be a 

remarkable coincidence in itself, in that calcretes are only present in the gully down-slope from 

this redden tuff and have a 2 to 3 meter thickness for several hundred meters below it. Further, it 

seems to us that if the bed was indeed altered by heating from deposition of hot overlying
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Fig. 16.- A view along the scarp, of thc fault shown in Fig. 9 and denoted as "106-F" on the map in Figure 7, indicat
ing general alignment with the Lathrop Wells cinder cone. This cone is situated to the south-west of, and adjacent 
to, Yucca Mountain and can be seen in the background of this photo.
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material, then it should have done so over a considerable area and that exposures of this 

reddened bed should be seen in, at least, the nearby erosional cuts. What is seen, about a mile or 

so away to the north, is the fault and calcretes shown in Figure 10. It is not likely that confusion 

could exist as to whether the scarp shown at this location is due to faulting. There, as noted ear

lier, the relationships of faulting, hydrothermal alteration and down-slope calcrete deposition is 

quite evident, even if the age is not quantitatively known.  

These considerations, involving the association of features illustrated in Figures 8 through 

15, appear to us to be quite straight forward evidence of up-welling along faults. As noted ear

lier, however, the age of these deposits is not certain, but they could be quite recent.  

The origins of the deposits at the south end of Yucca Mountain could very well be con

nected with Crater Flat volcanism. In this regard, Figure 16. shows the orientation of the fault 

shown in Figure 9 relative to the volcanic cone at Lathrop Wells. The strike of the short section 

of the exposed scarp is in the direction of this cone, as is the strike of the "Wailing Wall" fault 

and the fault shown in Figure 10. A fault on the east flank of the cone, with associated calcretes 

and calcite coated cobbles, has this NE-SW trend as well, so that a rather wide fault zone extend

ing from the cone to the area at the south end of Yucca Mountain is suggested. If not certain, it 

is at least conceivable that up-welling along various sections within such a fault zone explains 

the extensive carbonates seen in this area.  

In this regard, two other volcanic cones at Crater Flat are shown in Figure 17. As noted in 

the figure caption, they occur along a NW-SE line to the Lathrop Wells Cone and it can be 

inferred that the volcanic activity at the surface is controlled by faults. Thus, it is probable that 

both the volcanism itself and associated intense convection in the water were controlled by exist

ing fault zones in this region. Therefore, there is the possibility that the calcite-silica deposits at



Fig. 17. - The two cinder cones shown in the foreground in this figure occur to the west of, and adjacent to, Yucca Mountain. These two cones, 

together with the Lathrop Wells cone shown in Figi16, occur along a straight line. It can be inferred that the development of these cones is structurally 

[i.e. fault] controlled. An analysis regarding the probability of future cone development that is based on the assumption that future cones will develop at 

random (ignoring the likelihood that emplacement of such cones will be structurally controlled) would therefore be inappropriate and misleading.
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the south end of Yucca Mountain are related to the quite recent volcanic activity at the Lathrop 

Wells cone and involved thermally driven convection, focused upward along existing fault zones 

in the area, which manifested over an area mainly to the northeast of the cone. The extensive 

young calcite deposit on the northeast side of the cone could be another manifestation of such 

up-welling water closer to the cone. Most of these deposits, if associated with thermally driven 

up-welling, could occur at a time considerably later than the volcanic activity itself and could 

therefore be very recent. Alternately, some or all of the deposits could be a consequence of up

welling associated with seismic pumping and later convection due to earthquakes along faults in 

area, of which there are many. In either case, the evidence for up-welling seems to us to be quite 

strong and appears closely related to new and old faults in the area.  

It should be noted that the majority of the examples shown in Figs. 8-17 are situated at the 

southern end of Yucca Mountain and are near, or above, the level of the proposed repository. In 

addition, from our analysis of the Stage Coach Road Fault complex given in Section VI, it is in 

this area that we expect seismic pumping to be particularly efficacious in the event of a large 

earthquake.  

Calcite-Opal Veins and Calcretes at "Trench 14" 

We now consider the structures exposed in Trench 14 and shown in Fig. 18. Many of the 

arguments relating to the rain-water hypothesis appear to revolve around the structures exposed 

here. As it was exposed, when viewed by us, the data relating to the origins of the structures in 

Trench 14 were not as clear-cut and unequivocal as one might wish. Without doubt, further 

excavation would lead to more clearly defined evidence which would enable one to reach a 

firmer conclusion as to the mechanism(s) involved in vein emplacement here.  

At this site, as opposed to some of the others illustrated in previous figures, there is little
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18. - View of the veins and associated structures exposed in Trench 
.-er excavation (deepening) has taken place since this photo.

"s seen by the authors. The location of this trench is shown in Figure

low
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obvious evidence of hydrothermal alteration of the country rock near the veins shown in Figure 

18. Therefore the temperatures during deposition were low and, as estimated by various means 

[5], probably in the range from 15'C to 30°C. This in itself does not rule out the possibility that 

the veins were implaced by up-welling water. However it makes emplacement of the deposit by 

rain water at least a possibility.  

The structures exposed in Trench 14 can be divided into three main groups of features, as 

follows: 

1.) Three relatively thick veins can be seen which are approximately perpendicular to the topo

graphic surface. The lower portion of the left-hand vein is, however, inclined at an apparent dip 

to the right of about 800 and continues as a thinner extension. Also the upper portion of the right 

hand vein has an apparent dip to the left of about 650. Hence these main veins and associated 

smaller features occupy a fan with a downward closing angle of about 35'. All these veins exhi

bit marked banding.  

2.) There are two main, light-cream colored "veins" which make an apparent angle of 200 to 30' 

with the current surface as indicated by the sky-line. (Because of perspective and irregular sur

faces, the angles quoted must perforce be designated as apparent, and are merely given so that 

the reader can readily locate the structures in question.) The upper of these "veins" also shows 

some banding structure. The banding of the central of the three near-vertical veins is continued 

to the top of the highest, gently inclined "vein". One may infer that the top of this uppermost 

gently inclined "vein" was at one time the topographic surface onto which the vein-fluid 

extruded and then flowed downhill. The banding within the right, near-vertical vein can also be 

seen to extend into the gently dipping, light-cream colored layer. However, the banding emanat

ing from the steeply dipping vein is seen to turn sharply and trend sub-parallel to the topographic
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surface which was extant at that time.  

The lower of the gently inclined veins also exhibits evidence of banding. This banding is 

seen most clearly towards the left hand limit of the figure. Unfortunately, however, much of the 

exposed surface of this particular vein is obscured by a dark mass, with a dendritic pattern, 

which can probably be attributed to the root system of a plant which utilized the remnant mois

ture associated with the vein development. This low angle vein appears to have its origin in the 

left-hand, near-vertical vein, in part from the thinner spur and, at a higher level, from the main 

part of this left-hand vein, which sends off bands at right angles to form the gently dipping vein.  

3.) The upper portion of the picture shows dark cream, or brown bands of calcite cobbles which 

we assume are formed by the evaporation of water on the surface, during its downhill flow.  

Let us now comment on the formation of the lower gently inclined vein. In near-surface 

environments, such as the one in Fig. 18, the axes of principal stress will be aligned approxi

mately normal and parallel to the topographic surface. In a region undergoing extension, the 

maximum principal stress, at depth, is likely to be steeply dipping. However, as the surface is 

approached the value of the steeply dipping (surface normal) effective stress goes to zero. It is 

the surface-parallel stress (in the direction of maximum slope) that is likely to become the max

imum principal stress.  

The magnitude of the differential stresses near the surface is, however, likely to be quite 

small. Hence, in a developing vein, the propagation of which is partly determined by the pres

sure [p] of the vein fluid, tip stresses of the developing fracture are likely not only to give rise to 

a fan-form fracture pattern, but also provide sufficient energy for the fracture to burst through to 

the topographic surface, irrespective of the magnitudes of the in-situ rock stresses.
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Eventually, after several phases of emplacement (as may be inferred from the banding of 

the near vertical veins) the fracture becomes well sealed, while the addition of a significant 

amount of vein material may even enhance the magnitude of the surface-parallel principal stress.  

At this stage, the pressure [p] of the vein-fluid can exceed that of the body weight of the upper

most layers of rock and "float-off' the cover. The gently dipping vein, thus initiated, will reach 

the surface up hill from and out of frame of the exposure represented in Fig. 18. When the 

vein-fluid reaches the surface it will then flow downhill, lose all remaining CO 2 and also begin to 

evaporate, thereby depositing some or even all of the calcrete which forms the uppermost layer 

seen in Fig. 18.  

Whereas the banding in the lower, gently-dipping unit can readily be explained by assum

ing up-welling water, it would require special pleading to explain these specific bands as due to 

rain water deposition. As we understand the hypothesis, rain-water is said to cause the more 

steeply dipping bands by flowing into open fissures. However, for the specific bands in question, 

proponents of this hypothesis would need to explain how such low angle fissures came into 

existence. Alternatively, if they wish to argue that these specific bands were deposited on the 

surface, they must explain specifically why these bands are so different in appearance from the 

deposits which form the dark upper portion in Fig. 18.  

However, as we have already mentioned, such banding does not present a problem for an 

up-welling process. Veins formed at depth are commonly banded, with the infill material exhi

biting this banding symmetrically arranged about a suture (see Fig. 6.) With water up-welling to 

the surface and depositing very fine grained material, it follows that, near the surface, such sym

metry is less than perfect. Nevertheless banding, representing different phases of emplacement, 

is to be expected.
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In order to ascertain whether rain-water deposition will result in banded veins of the type 

seen in Trench 14 and elsewhere in the Yucca Mountain area, it is useful to examine examples of 

open fractures from other areas that have been filled-in by rain derived deposits, or otherwise 

affected by rain water.  

In this regard, fissures which currently, or in the recent past, reach the surface can be seen 

in certain, constrained, environments. For example, they sometimes form near the edges of the 

topographical high ground adjacent to some valleys, and they are to be found in extension 

regimes such as Iceland and, of course, in the Basin and Range Province. In these environments 

the reasons for the development of the fissures are different, but an examination of the type of 

infill, or lack of it, is instructive.  

Fissures may form near the edge of a scarp, adjacent to some valleys. These are best seen 

when relatively strong rock, which occurs near the top of the ridge, rests upon weak mudstone or 

shale that dips very gently into the valley. Some such fissures, in Britain, may reach depths of at 

least 30-40m. The hill-top vegetation in localities where such fissures exist usually consists of 

grass and small bushes. The only sign of infilling these fissures exhibit is the occasional jointed 

block that has fallen from high in the walls of the fissure and an irregular smearing of soil and 

clay carried down the walls of the fissure by run-off water.  

Fissures, or former fissures, in Iceland occur above thick "blind dikes", i.e. dikes which do 

not quite reach the surface. The valley floors in some parts of Iceland are covered with peat or 

grass. Here the fissures are frequently flooded to form water-ways. However, the water is some

times quite shallow and reveal that the fissures are largely filled with fallen blocks of basalt. In 

the upland areas, the tracks of fissures are defined by gullies, again with large blocks of basalt.  

In some areas near the coast and in the deserts of Iceland, the blocks of basalt that fill the fissures
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Fig. 19 (a) and (b) - Views of 
way 95.

a boulder, rubble and sand filled fissure exposed to the west of and adjacent to High-



- 49 -

are largely covered by blown, black basaltic sand.  

Many fissures in the Basin and Range are, we believe, the result of movement on listric nor

mal faults. However, we would expect the infill of such fissures to be similar to those exhibited 

by the fissures in the coastal and desert areas of Iceland. Thus, the formation of the fissures will 

be accompanied by seismic activity and this activity is likely to cause blocks of wall-rock to fall 

into the fissure, especially near the topographic surface, thereby partially sealing the fissure. The 

near surface sealing process continues by entrapment of wind blow sand collecting between the 

fallen blocks. An example of what is believed to be such a sealed fissure, which occurs adjacent 

to Highway 95, is shown in Fig. 19a & b. We made a brief search for calcite among this infill 

material, but found none.  

Let us now turn to the infilling of ancient fissures. We have seen a few examples where 

gullies, buried karst topography and old cliff sections have been infilled with later material.  

Such material has usually been a melange of boulders, silts and clays.  

An example of infilling of a small ancient fissure is shown in Fig. 20. This fissure, in a 

Caledonian granite, infilled with fine material from the overlying Keuper, and was discovered 

when coring a quarry in the English Midlands. Three views of this core [Fig. 20] show the 

infilling sediments to be extremely well-bedded and, moreover, the bedding may also form in 

calcite deposits.  

However, let us first consider the effects of rain-water on limestones. Rain-water dissolves 

all rock, but its effects on limestone can be particularly dramatic. In its extreme form, the direct 

or indirect effects of rain-water on massive limestone is to produce karst topography. Let us 

consider the effects of such solution on the geometry of open fractures and the characteristics of 

any infilling that may occur. In exposed platforms of limestone, rain-water flows down joints
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Fig. 20. - Three views of a core of granite showing the orientation of bedding in sediments which were deposited in 
open fissures in the granite.
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and any other open fractures which intersect the topographic surface. The primary effect of the 

rain-water is to remove material from the topographic surface and from the walls of the fractures 

by solution. This process results in fractures developing a funnel-shaped profile which widens 

upward towards the topographic surface. Thus, deposition of calcite on the walls of such frac

tures, near the surface, does not occur. The influence of such solution is, of course, best seen 

where the rainfall is reasonably high and the rock is well exposed and not covered by soil and 

vegetation. This solution process will continue to operate in arid areas with low levels of rain

fall, but its effects will be suitably diminished.  

Of course, rain-water can eventually result in the deposition of calcite, sometimes at con

siderable depths below the surface. The best examples of such deposits occur in caves in mas

sive limestones. These deposits include pendulous [and often dirty] calcretions on steep walls, 

stalagmites and stalagtites. Occasionally, in pools of standing water, carbonates develop hor

izontally bedded surfaces. These various forms of cave deposits are attributed to evaporation of 

water, resulting in supersaturation of the fluid which, in turn, leads to precipitation of calcite and 

other carbonates. An example of a fissure in limestone which is partially infilled is shown in Fig.  

21. This particular feature occurs in the vicinity of Titus Canyon, Death Valley. It will be seen 

that the erosional surface reveals a section through the deposited calcite which ranges from pen

dulous lobe to horizontal bedding. We submit, therefore, that the structures represented in Figs.  

19 and 20 do not in any way resemble the structures of the veins exposed in Trench 14 and in 

other veins seen elsewhere in the study area.  

Let us now consider the effects of a period of rain, of such sufficient duration and intensity 

that it produces run-off in the study area. Such periods of rain will be infrequent, or even rare, 

but can certainly give rise to flash-floods. The rapidly flowing water soon becomes muddy and
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Fig 21. - Partially filled fissure exposed in the vicinity of Titus Canyon, Death Valley Banding in the infilling cal
cite (deposit shows a variety of orientations, as discussed in the text.
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even capable of transporting pebbles and small boulders. Such flow will not be uniform 

throughout the area, but drainage will tend to concentrate on dendritic channels. If such a flow 

of water crosses a fissure or an open fracture it will deposit its mud, sand and pebbles into the 

void space. The dendritic drainage will ensure that water will mainly flow into any open fracture 

at points controlled by the drainage patterns. Such material could adhere to the walls in small 

lobes, but is more likely to give rise to sedimentation, possibly well-bedded, of the type illus

trated in Fig. 20.  

However, it must be emphasised that the agent most likely to cause the infilling of open 

fractures, which intersect the topographic surface in desert areas, is not water, but wind. After 

all, the wind frequently blows strongly, while a significant rainfall may occur only rarely. This 

simple observation is useful in interpreting the vein deposits at Trench 14.  

In this regard, within the central suture of one of the veins in Trench 14, a thin deposit of 

ash can be seen. This was almost certainly introduced by wind action at a time when the suture 

had been opened by regional extension. However, it would not cause us any concern if the ash 

were introduced from water run-off, because the important point is that the ash is not cemented.  

This is an important observation that mitigates against a pedogenic origin for the calcite-opal 

veins in Trench 14. Specifically, the ash presumably filled a narrow fissure that had developed 

in a vein in Trench 14 during the activity of one of the near-by spatter cones, some many tens of 

thousands of years ago. If efficient deposition of calcite and opal by rain-water occurs to give 

the vein formation, then, by its very nature, it should occur throughout the time span after the 

deposition of the ash, so that the ash should be cemented - but it is not. Conversely, the presence 

of uncemented ash in the vein is not a problem if episodic up-welling water is the source of the 

vein minerals. One would merely conclude that there has been no up-welling fluid which has



-52-

passed through that particular vein since the emplacement of the ash.  

We observe that all the evidence we have adduced and illustrated in relation to Trench 14 is 

entirely consistent with the traditional way of interpreting veins as practiced by almost all geolo

gists. This logical approach results in specific interpretations that are consistent with 

Szymanski's model. We submit that this interpretation is not only the simplest, but appears to be 

the only one that provides a self consistent explanation of the observations.  

Calcite-Opal Veins at Depth at Yucca Mountain 

Assuming high concentrations of silica and calcium in rain water at the surface there will 

certainly be deposition of opal and calcium carbonates along surfaces where evaporation occurs.  

This process can accumulate such minerals on the surface and can also fill cracks and faults into 

which the water can flow. However, this is a very slow depositional process and open fractures 

and faults will rapidly fill with local rock fragments due to erosional processes before such a pro

cess can accumulate any appreciable mineral volumes along fracture walls. This debris filling 

will be particularly active near the surface, where such local material will enter the fracture most 

rapidly. In this case the water still enters the fracture zone and moves down, but now by seepage 

in a permeable fragmented medium with narrow void spaces and high solid surface area exposed 

to wetting. In this case the water moves downward slowly and mineral deposition will be 

efficient near the surface, where evaporation will occur along the large total surface area 

presented by the fragments. This process of mineral deposition will therefore tend to rapidly 

seal the fracture zones at the earths surface and the higher the concentrations of calcium and sil

ica in the water the faster the sealing will take place.  

At this stage rain water would not be able to penetrate the fracture or fault zone. Conse

quently the only deposition of minerals by this mechanism will be in the zone close to the sur-
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face - probably only to depths of a few meters. Further, the texture of the calcite-opal material 

filling this upper-most zone of a fault or fracture would be characterized by fragments of country 

rock in contact with each other, with "pockets" of calcite-opal having no well developed con

tinuous banded texture. That is, the zone would be a rather heterogeneous mix of small and 

large fragments of country rock and discontinuous and thinly layered calcite and opal. This pro

cess, therefore, is very unlikely to account for the calcite-opal veins at great depths in Yucca 

Mountain and does not appear to be consistent with the near surface veins in faults that are 

observed to have thick vertical bands of nearly pure calcite alternating with similar bands of 

opal, usually enclosing relatively large "floating" fragments of Tuff. On the other hand, a rapid 

process of up-welling of mineral rich fluids could be expected to produce such veins, both at the 

surface and at depth.  

The existence of calcite-opal veins at depth at Yucca Mountain, throughout the unsaturated 

zone and within the saturated zone to the deepest points penetrated is by itself, evidence support

ing the hypothesis of upward moving calcium rich water deposition from the limestone forma

tions at depth. Figure 22a, b, c shows sections of drill core from the bore hole USW-GU3 

located, as shown in Figure 7-b, near the south end of the proposed repository at Yucca Moun

tain. Rather thick veins of calcite occur in Figures 22a and b, while in 22c thin veins are present 

at many locations. The tuff is clearly altered and stained both above and below the large vein in 

Figure 22a so that hydrothermal deposition is indicated. Fluid inclusions are observed in the 

vein material and homogenization-temperature determinations [39] indicate emplacement in the 

range from 100'C to 200'C. Therefore, at least some veins at depth are of considerable width 

and appear to be associated with hot up-welling water deposition. These examples are indicative 

of the calcite veins encountered throughout the roughly 1 km depth range explored at several 

sites at Yucca Mountain and, in our judgement, clearly require up-welling water as the
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Fig. 22a. - Core samples from the drill hole USW-GU3 in the depth range from about 380 to 420 ft. below the sur
face. About a four foot wide calcite vein is encountered at around 385 ft. The tuff is also locally altered on either 
side of the vein.
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Fig. 22b. - Core samples from the drill hole USW-GU3 in the depth range from about 410 to 435 fL below the surface. A four to five foot calcite vein is encountered at about 420 ft. and the tuff is also altered local to the vein.
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Fig. 22c. - Core samples from the drill holes USW-GU3 in the depth range from about 465 to 490 ft. below the sur
face. Numerous thin veins of calcite are encountered in this range.
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depositional mechanism.  

The ages of these veins are critical, since if they are old then they could have originated 

during an early active volcanic phase when water convection from depth would have been likely.  

But, in this regard, the ages obtained for vein calcites at depth are quite recent, ranging from 

about 25 ka to 500 ka, as reported by Szabo and Kyser [11], [12], Szabo et al. [13]. If these 

dates are accurate and represent the true ages for the veins, then it would certainly be probable 

that up-welling occurred recently and had produced fracture filling all the way to the surface.  

On the other hand, if the isotopic ages are unreliable or could have been altered by rework

ing from infiltrating meteoric water, then the situation is less certain. Obviously the true ages 

would have to be very much older than measured in order to correspond to the last major vol

canic activity of about ten million years ago, and it doesn't seem likely that a straightforward age 

measurement error of such magnitude has occurred. What might be considered plausible, under 

the pedogenic model hypothesis, is reworking by rain water. However, we find this possibility 

less than compelling since, taken in its entirely, the infiltrating rain water processes would have 

to simultaneously deposit the abundant vein fillings and calcites seen at the surface and as well, 

result in the dissolution and redeposition of calcite and silica at great depth.  

First of all, if the process of deposition at the surface is efficient enough to produce the 

observed surface deposits then, as described earlier, it would surely seal the surface and make it 

difficult for such run-off to infiltrate to depth in any wide spread manner throughout the area of 

the mountain. On the other hand, if the pedogenic processes are not really very efficient, as we 

in fact believe, then they may not seal off the deep zone and so some reworking is possible.  

However, now it is difficult, if not impossible, for such a process to produce the veins and cal

cretes at the surface in the volumes observed. Therefore, the pedogenic model cannot simultane-
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ously explain both the surface calcite-opal deposits and the calcite veins at depth.  

Therefore, the evidence of calcite veins at depth produces a problem for any pedogenic 

model since it is difficult, at best, to simultaneously explain both the extensive surface deposits 

and these deep veins, regardless of the ages of the vein deposits. Given the current open fracture 

system at Yucca Mountain with probable rapid rain water drainage to the water table in at least 

some areas at the site, the interpretation that does seem plausible to us is that both the surface 

veins and those encountered by drilling at depth are due to up-welling water and that there has 

been some re-working, resulting in altered ages for the deposits. Such reworking would be 

expected to be localized and erratic so that at least some, if not many, of the ages obtained for 

the vein material would reflect true ages of deposition. Consequently, the likelihood is, in our 

view, that the veins are relatively young (much younger than can be attributed to the volcanism 

at 10 ma) and are associated with up-welling water from depth. Additional age dates, using a 

variety of methods, would of course be necessary to produce a very confident estimate of the fre

quency of such occurrences, but we see little possibility that all these veins could be much older 

than the ages already obtained.  

Calcite Veins and Calcretes in Sand Ramps at Busted Butte 

Another difficulty encountered by a pedogenic model and the reliance on rain water deposi

tion of calcite and opal veins is the emplacement of veins in the sand-ramps which occur in the 

vicinity of Trench 14 and elsewhere in the study area. In this regard, sand ramps occur on both 

the east and west flanks of Busted Butte and hydrogenic deposits are found 400 m. above the 

current water-table. Figures 23a and 23b illustrate the ramps and deposits on the west side of 

Busted Butte [37]. Several (typically three) calcrete layers, each about one meter thick are 

exposed, usually in erosional channels within the sand-ramps, as in Figure 23b. These layers are
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Figure 23a View of western flank of Busted Butte from southern Yucca 
Mountain. Sand ramps contain erosional channels at mid-height in the 
photo.
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Figure 23b Calcrete layer exposed in an erosional channel 
of the sand ramps on the western flank of Busted Butte.
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parallel to the slope of the ramp and presumably indicate different surface levels at different 

stages in the accretion of the sand-ramp.  

Near-vertical veins are also exposed on the steep slopes flanking the erosional channels.  

On the western flank of Busted Butte the veins are thin, of the order of a few centimeters. On 

the eastern flank veins are exposed that exceed 20 cm. in thickness and can be traced for a verti

cal distance of about 10 m. Comparable vertical veins are also exposed in the bed-rock where 

the drainage channels reach the base of the sand-ramp.  

In order to evaluate the potential of the Pedogenic Model as a means of explaining the 

occurrence of these veins, consider for the moment the hypothesis that the inclined calcrete 

sheets in the sand-ramps are the result of deposition by rainwater. These inclined sheets will 

form a carapace which tends to shed water from the ramp, so that rain-water penetration into the 

sand below the calcrete layer will be minimal. Hence, the sand ramp will be essentially dry.  

Consequently, any vertical free-standing surface i.e., vertical fractures, cannot be sustained in 

such material for long since caving and filling would be very rapid. (At a more pragmatic level, 

one need only construct the Mohr's envelope for sand to realize that in a large sand mass, failure 

can only take place by shear, so that this kind of analysis also indicates that such a material can

not sustain an open fracture.) Therefore, the very presence of such planar vertical veins automat

ically rules out a pedogenic rain-water depositional origin for these vertical veins.  

The next question is whether these vertical veins can be explained in terms of rapidly up

welling waters emanating from great depth, as would occur in the hydro-tectonic model. In this 

regard we have observed, at Tecopa Hot Springs, CA. located about 100 km south of Yucca 

Mountain, spring water issuing from the summit of a sand mound which stands about 2m. above 

the surrounding land level. When considering such a small feature, it is easy to envisage that
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Figure 24a Discharges of mineralized spring waters 
sometimes form ascending orifices, as illustrated 
in Thermopolis, WY.

Figure 24b Spring discharges into (paleo) lakes 
sometimes form tall spires of calcium carbonate, 
as illustrated at Mono Lake, CA.
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up-welling spring-water, saturated in calcium carbonate, will precipitate calcite in the sand, first 

at the base in the immediate vicinity of the spring orifice beneath the sand. Then as this precipi

tate prevents easy lateral migration of the up-welling water, precipitation is forced to occur 

higher and higher, until eventually the spring is forced to flow out at the top of the sand body.  

We therefore conclude that a similar mechanism has operated within the sand-ramps to form the 

observed veins. Indeed, Figures 24(a) and (b) demonstrate that this process can operate even 

when the spring water wells up into the air.  

In view of the probable origins of the sand ramp veins, it is also clearly appropriate to con

sider whether the calcretes within the sand-ramp can be the result of rain-water deposition. Pro

ponents of the rain-water hypothesis explain the generation of calcrete in terms of wind-borne 

dust which contains calcite. This calcite is dissolved in rain-water and then, sometime after 

some degree of transport and concentration by drainage, develops as sheets of calcrete. The 

obvious questions that present themselves are: 

1.) If these layers of calcrete are the result of rain-water,, why are they discrete and why is the 

process in the sand-ramps not a near continuous one, interrupted only by the periods of drought? 

2.) Calcite-bearing dust will be blown everywhere in the vicinity of Yucca Mountain. Rain, 

when it occurs will fall over reasonably wide areas. Why then, are areas of surficial calcrete 

commonly associated with areas downslope from faults within which vein development is 

known to occur? 

On the other hand, there are areas where, because the exposure is extremely good, calcretes 

are known not to exist; for example in the cinder cone at Lathrop Wells shown in Fig. 25. Here, 

however, wind-blown dust occurs and it sometimes rains, yet calcrete development is conspicu

ous by its absence throughout the excavated section of the structure. Surely, if the process were
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Fig. 25. - A view showing mining excavations into the Lathrop Wells cinder cone. In these fresh exposures there is 
clear evidence of ancient wind-blown dust, but there is no evidence of the development of hydrogenic calcretes or 
of veins.
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a significant source for calcrete deposition in this area over the last several million years, one 

would expect some sign of it here.  

Of course, calcrete pediments are observed to occur where no veins are apparent. We 

would argue that trenching and other forms of investigation would often demonstrate that veins 

associated with faults underlaid these pediments, or that a fault zone with veining existed up 

slope from such pediments. Needless to say, however, it is not a part of our thesis that calcrete 

deposits can not result from rain-water. We merely conclude that such deposits represent a very 

small proportion of the total amount of calcrete seen on and around Yucca Mountain.  

Depositional Rates and Ages of Calcite Deposits 

Beyond the considerations of the simple mechanical aspects of rain water deposition of cal

cites versus those up-welling water, it is important to consider quantitative aspects of these 

processes. It has been observed [41] that, in the vicinity of Yucca Mountain, wind transports and 

deposits dust and sand at a rate of between 15-30g/ m2 /year. Of this, perhaps 15 percent is 

composed of calcite. Rain could dissolve the calcite, along with other mineral species. When 

the surface water then infiltrates the surface layers and evaporates, one would expect that most of 

the dissolved minerals would be precipitated within about 1 m. of the surface. If we make the 

assumption (favorable to the rain water hypothesis) that occasional large influxes of flood water 

do not remove a significant proportion of the calcite accumulation so formed; then, over some 

specific period, slope-parallel layers of calcrete could develop.  

To form a 1 m. thick calcrete deposit, many tens of meters of wind blown dust need to have 

been leached of calcite; the remaining dust must then be blown away. However, the supply of 

both surface moisture and of wind-blown dust is severely limited. The average rainfall for the 

area for the last million years is likely to have been close to 15 cm/yr, and the supply of wind
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blown calcite has been about 3gm/m 2/yr for the past several years [41]. Infiltrating rainwater can 

only be expected to reach levels of saturation of CaCO 3 of about 10 ppm. Even if we assume 

that solution/redeposition process is 100 percent efficientt, it requires at least one and possibly 

several million years to produce a I m. thick layer of calcrete by this process. Notably. this 

bounding rate is comparable with the maximum rate of growth for calcretes throughout the 

Southwestern U.S. [10].  

In this regard, conditions at Busted Butte appear unsuited for achieving maximum average 

rates of dust accumulation in the Southwester U.S. , yet meter thick units of layer-parallel cal

crete have formed in about one tenth of the time, i.e. 105 yrs., if we accept dates given for these 

deposits as representative. In this case the rates of deposition by rain water would be too low by 

at least an order of magnitude to explain the volumes accumulated and their ages.  

Another striking observation in veins is the frequently observed association of quantities of 

opaline silica within dominantly calcite veins. In the Pedogenic Model, the rain-water that is 

supposed to form a specific vein does not materially change its average composition over a 

period of a million years or so. Similarly the rocks over, or through, which the rain-water flows 

remain the same. A mechanism by which evaporative rain-water deposition can explain the jux

taposition of near pure, wide bands of completely different mineral species within the same vein 

has not been discussed in any detail to our knowledge. However, our own analysis leads us to 

expect that the Pedogenic Model, at best, can only provide traces of opal with no very clear 

banding.  

However, a juxtaposition of calcite and opal is possible or even likely in terms of the con

ventional theory of vein emplacement by up-welling water and is commonly observed in 

" Anyone who witnessed the flash-flooding of down-town Las Vegas on June 10th, 1990, will be convinced that th 

proposed system of calcrete accumulation is far from 100 per cent efficient.
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association with contemporary springs in the region. In this regard, a fundamental aspect of the 

Szymanslci model is the important influence of periodic cycles of convection. These convection 

cells are not expected or likely to be constant in space or time. Therefore, in this model it is rea

sonable to expect that up-welling waters emanating from different source areas may, from time 

to rime, change their dominant mineral in solution from calcites to silica.  

It has also been noted that the solubility of silica, at temperatures of less than 1500 C, is 

low. In order that silica may be brought to the surface in the concentrations required, one would 

require a rather rapid up-welling of fluid from considerable depth. Such rapid up-welling of high 

temperature fluids is likely to occur relatively infrequently. The fact that the silica veins and 

bands are usually relatively sparse (but well developed and pure) could be taken as testimony for 

this "infrequency".  

The Mode of Emplacement of Veins at Yucca Mountain: A Summary of Principal Problems for a 

Pedogenic Model Origin 

We have considered at some length two methods of vein emplacement. These are: 

1.) The conventional theory of vein development which relates the formation of these struc

tures to the upward flow of saturated fluids through fractures, 'which also can result in 

extensive surface deposits of calcite and/or silica when the fluids are extruded on the sur

face.  

2.) The rain-water/pedogenic hypothesis of vein formation.  

As regards the first of these alternatives, we can state with confidence that we have not 

observed a single feature or manifestation associated with vein development in the Yucca Moun

tain area that we have not been able to explain in terms of the conventional up-welling theory of 

vein formation.
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As the reader will appreciate, we cannot make a comparable statement regarding the rain

water/pedogenic hypothesis. Indeed, we have indicated in the preceding section, a number ot 

fundamental criticisms that we consider prohibit the apphcation of this model to vein emplace

ment at Yucca Mountain. These criticisms include the following: 

1.) Calcite veins observed in cores at depths of hundreds of meters at Yucca Mountain are 

difficult if not impossible to explain as descending rain water deposits. Some of these veins 

have young isotopic ages (25 to 50 ka) and the cores also indicate hydrothermal alteration 

of the surrounding tuff. The likelihood of altered ages by reworking is minimal at these 

depths, so that these are, most probably, relatively recent hot-water vein deposits. This is a 

particularly critical problem, for there is no point in supporting the rain-water hypothesis if 

it is considered to account for only the vein material in the top few tens or meters. To be of 

any use in lending support to a stable water-table argument, the rain-water hypothesis mus, 

be held capable of causing veins to develop at depths down to a kilometer or more.  

2.) Features we have noted in surface exposed veins and which we feel cannot be explained in 

terms of the rain-water hypothesis include: 

"* The marked difference in internal structures between veins, which we claim are the 

result of up-welling fluids, and fissures that are known to have been infilled from 

above.  

"* The increase in grain-size of calcite crystals from the surface downward.  

"* The juxtaposition of calcite and opaline silica in wide adjacent bands within a single 

vein.  

"* The inability of this hypothesis to account for the development of vertical veins in 

sand-ramps.
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"* The commonly observed uniform and symmetric encrustation of cobbles by calcite 

downslope from faults.  

"* The lack of calcretes and veins in the exposed cone at Lathrop Wells.  

* The common occurrence of vein breccias with floating textures.  

"* The lack of cementation of the ash within fissures at Trench 14.  

"* The orientation of the calcite-opal veins and "floating" tuff inclusions in Trench 14.  

"* The localized down-slope relationship of observed thick calcrete beds to faults and the 

localization of veins and calcretes at faults.  

3.) Even if the rain-water/pedogenmc mechanism is assumed to be 100 percent efficient, it is 

still much too slow a process to produce nearly pure calcite-opal banded vein deposits in 

competition with infilling by local country rock debris driven by wind and rain erosional 

processes.  

4.) Finally, it is clear that observations of hydrothermal alteration along with vein calcites at a 

fault are difficult to explain using a pedogenic model.  

In the light of these various problems and shortcomings, we have reached the conclusion 

that the rain-water/pedogenic hypothesis cannot be regarded as a realistic source mechanism for 

the calcite-opal veins, or most calcrete deposits, of the type observed.
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V. Evaluation of Geochemical Evidence and the Isotopic Composition of Calcite-Opal 

Veins and Ground Waters 

The CHT model proposed by Szymanski has some rather complex implications for the 

water circulanon to be expected in a system that is controlled by these non-linear dynamical 

interactions. In particular, since the system would evolve through a series of dynamical states, 

as indicated in Figure 2, it can be expected that any water flow patterns would evolve and change 

with time as well. Furthermore, if a whole geologic region is tectonically active, as is most of 

the Basin and Range Province and in particular the area in the vicinity of the Nevada Test Site.  

then it might be expected that different parts of a large region would be in different stages of any 

evolutionary cycle that was occurring, simply because of heterogeneity in physical properties 

and tectonic conditions over a large area. Thus, local "systems", corresponding to relatively 

small geologic units such as Yucca Mountain, could be expected to be in different stages o' 

deformation and their hydrological states would also reflect this situation. Consequently, the dif

ferent geologic units would be expected to be in different stress and deformational states, to 

exhibit different thermal and fluid pressure states and, in the context of a CHT model, to be 

evolving with different time constants and strengths of interaction.  

In terms of water flows that would be exhibited at a given time, some of the systems could 

be in a state dominated by thermal convection from large depth or by seismic pumping, while 

some would be dominated by simple gravity flow or a combination of gravity flow and localized 

(relatively shallow) convection. Since water flows will also involve degassing and deposition of 

minerals and will impart isotopic signatures to the deposits that are characteristic of the water 

involved, it would be expected that the ancient deposits of minerals within the geologic units 

would typically reflect a past hydraulic flow state when deposition was particularly efficient ar
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wide-spread; such as would be the case dunng an episode of hydrothermal convection. Conse

quently, the current state of a hydrologic system and its flow characteristics would not ordinarily 

be expected to match the state which was responsible for most past mineral deposition; nor 

would the cw-rent character of the water at depth need to be like that which deposited the 

minerals. It also follows, therefore, that the isotopic characteristics of the minerals need not be 

similar to the water in the depth vicinity of the deposit, since the water actually involved in the 

deposition could have been a mixture of very deep water transported upward to the near surface 

and the local water. In a CHT dominated system this would, in fact, be the expectation.  

In a series of responses to a publication on the isotopic character of the carbonate veins in 

Trench 14 by Quade and Cerling [9], Szymanski produced a series of letters and reports [5] in 

which he developed, in some detail, his view of what relationship vein mineral isotopes should 

have to the subsurface water at a site such as Yucca Mountain. To do so he used the idea that 

the area around Yucca Mountain, covering a large part of the Nevada Test site and its immediate 

surroundings, could be subdivided into spatial units corresponding to distinct hydrologic systems 

with special and identifiable characteristics. The basis of such a spatial partitioning was simply 

that if the whole region was controlled by tectonic interactions, as in a CHT model, some areas 

would be in a state largely dominated by up-welling of water from considerable depth while oth

ers, in a more stable state of the CHT cycle, would exhibit gravity dominated flow involving 

recharge and largely downward and lateral movement of shallow water. These two general 

types of hydrological systems were characterized as "sources" and "sinks" and because of the 

different flow characteristics could, in Szymanski's view, be identified from field evidence 

involving differences in thermal and pressure states and in water chemistry.  

If such a subdivision into these two classes of systems exists, then the isotopic characteris
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tics of the water in each group should differ, since the source and paths for the water in the two 

cases would be different. In particular, the isotopic charactenstics of water samples from source 

areas involving up-welling from depth should differ from those in sink areas and, further, the 

isotopic abundances in the water from source areas should lie in the same range as those for vein 

calcites if these veins are indeed due to up-welling water controlled by a CHT mechanism.  

Thus Szymanski, in effect, devised a direct test of his model based on observable isotopes 

from water samples at sites that are currently up-welling source areas. In the context of his 

model, conditions of up-welling would be expected to have produced the calcites at Trench 14 

and elsewhere at Yucca Mountain in the past, but such conditions are no longer existent at the 

sites since the system has evolved to a current state that is closer to a "sink". Therefore the 

Yucca Mountain vein calcites (and many calcrete deposits) should not compare isotopically to 

the current shallow water at the site, but should be comparable to the water samples at other sites 

that are currently sources of up-welling; that is to a mix of deep and shallow water as produced 

in a up-welling state. To evaluate the relevance of the Szymanski CHT Model to the hydrology 

at Yucca Mountain it is therefore important to check whether the isotopic properties of the vein 

calcites can, in fact, be adequately fit in this way.  

Hydrolic Source and Sink Areas: Comparisons of Ground Water Isotopes from "Source Zones" 

to Calcite Vein Isotopes 

The source and sink concept used by Szymanski [5] is illustrate by the schematic in Figure 

26. Here the convective cells illustrate zones of up-welling and down-going fluid motion. The 

regions between cells define a "source zone", where water is generally moving upward, or a 

"sink", where the water moves down. Here the sense of cell circulation alternates between cells, 

as is typically the case with convective systems. Since there is a flux of water downward f&or
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meteoric input and lateral fluxes into and out-of the region shown, any real patterns of flow 

would be distorted from those depicted because of these fluxes, as well as because of the spatial 

variability of porosity and permeability that would be expected in the actual earth medium.  

Therefore the patterns of flow could be more complicated than those suggested in the figure.  

In trying to identify source and sink zones in the area surrounding Yucca Mountain, Szy

manski used criteria involving observed thermal gradients, hydraulic gradients and water chem

istry that he expected to be sensitive to, and indicative of, the sense of vertical flow. In particu

lar, for source zones the criteria used was: An upward vertical hydraulic gradient; a high down

ward increasing temperature gradient; and high concentrations of chlorine, sulfate, sodium and 

potassium ions in solution. For sink zones the criteria are essentially that these variables would 

have considerably lower values, with the hydraulic gradient being downward instead of upward 

and the temperature gradient being significantly lower.  

The problem in this approach is how to classify intermediate cases which would 

correspond, in the context of an evolving system, to something between the most extreme states; 

that is between a vigorous up-welling state and a true sink. In reality, assuming the model 

applies in the first place, one should expect a range of behavior between these extremes •g.  

weak up-welling). Assigning zones as belonging to one (extreme) class or the other might there

fore be somewhat arbitrary. This, of course, would be further complicated by a lack of com

plete, reliable data relating to the variables used in the partitioning process.  

Nevertheless, if the approach is pursued, doing the best that can be down with the available 

data, a partitioning could be achieved that may be further tested. In particular, the indicators 

used by Szymanski can be used as a "first cut" along with other criteria, such as the presence of 

springs, to partition a region into "source" and "sink" zones. The other properties of the subsur
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face water from the zones, in particular their isotopic properties, can then be examined and com

pared. If the isotopic ratios that can be measured from subsurface waters in the various zones 

produce two separate, well defined distribunons, then it would be appropriate to conclude that 

two different generic classes of water were present and that (most of) the zones in which these 

water types existed had been properly identified. If the isotopic properties of the waters from 

"source zones" and "sink zones' did not clearly separate, or overlapped strongly, then one might 

try other subdivisions in an effort to obtain a better resolution. Iterations of this sort should 

make it evident whether such distinct water types can be identified from the existing data or not 

and probably whether they exist or not.  

Figure 27 shows the distribution of source and sink zones identified by Szymanski on the 

basis of the criteria listed earlier. Here the Yucca Mountain area is labeled a "dilated region" 

while in his discussion he calls it a "hybrid source-sink", which refers to the combination of 

downward moving, "sink-like" flows in most of the upper subsurface penetrated by boreholes 

and upward, "source-like", convection in narrow zones along significant local faults, i.e., the Sol

itono and Paintbrush Canyon Faults (see Figure 7). Thus, he views the Yucca Mountain area as 

being somewhere between a pure "sink" or pure "source" zone. This would likely be the case for 

other areas as weU, and one would therefore expect some scatter in observations, producing, for 

example, a wider range in isotopic ratio data distributions from water samples within such zones 

than for the pure "source" or "sink" systems. Figure 28 shows a plot of the relative frequency of 

occurrence of measurements of the calcite saturation index when frequency plots for "source" 

and "sink" areas are computed independently using the zones identified in Figure 27 to separate 

the data. As would be expected, "source" zones, which are considered to involve up-welling 

water, show higher values of the saturation indices. The overlap in the two populations may, ii 

part at least, be due to the presence of hybrid systems. Nevertheless, the data indicates two
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reasonably well separated distributions so that, with respect to this parameter at least, there does 

appear to be a significant difference in the water from the two types of zones.  

Similar plots for isotopic oxygen and carbon in the waters for these two types of hydraulic 

regions are shown in Figures 29-31. In each case, when separately plotted, the "source" and 

"sink" zones waters result in distinct distributions of observations with significantly different 

means. We have added a frequency plot for the combined data from all areas taken together 

(shown as a dashed curve), superposed on the "source%-"sink" frequency curves provided by 

Szymanski. This plot allows us to assess whether the complete data set itself indicates a bi

modal distribution for the individual isotopes without imposition of any partitioning procedure.  

While this presentation of the data shows less dramatic indications of two partly overlapping dis

tributions, it is evident that, taken together, the data indicate bi-modal behavior.  

Some of the data, such as for Oxygen in Figure 29, shows rather weak indications of bi

model behavior, while the bi-modal distribution of the carbon isotopes is more evident. As 

shown by Szymanski's sample numbers on his "source" and "sink" frequency plots, considerably 

more of the sampling was done in source areas than sink areas, so that this sort of sampling bias 

tends to mute the evidence for bi-modularity in the composite distribution functions. This mut

ing is, of course, removed by the partitioning used by Szymanski, as is evident from his separate 

distribution function plots. In any case, it is important that bi-modularity in the undifferentiated 

data can be deteted, since this distribution is obviously not affected by the choices made by 

Szymanski in his partitioning and therefore provides an independent check of his hypothesis.  

Thus, the unpartitioned ("raw") data alone provide support for the concept of "sources" and 

"sinks" within an area involving basically different types of ground waters.  

Figure 31 shows, in addition, the range of the 813C ratio for the calcite-silica deposits at
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Yucca Mountain. Szymanski compares this with the relatively shallow water in the alluvium

tuff zone beneath "source" regions in the NTS area around Yucca Mountain. (Note that for such 

a depth range, the Yucca Mountain hydraulic system corresponds to a "sink"). For "source 

zones" the water at this depth should be of the type (mixed deep and shallow waters) producing 

near surface mineral deposits and so should be comparable to the calcite-opal deposits at Yucca 

Mountain. As indicated in the figure, this agreement is as required.  

The unstable isotopes of Uranium and Strontium are also present in the water and vein cal

cite at the surface and at depth in the area and should produce similar relationships under this 

hypothesis. Indeed the postulated trends are found in the data, however, there are some compli

cations in the isotopes of Uranium that are of interest, both in the present context and for later 

considerations.  

In this regard Figure 32a,b shows plots of 234U/238U versus 23 0°'I-U with data from the 

NTS area, in Figure 32a, and with data from only Trench 14 and the nearby Busted Butte area in 

Figure 32b. The Uranium activity ratios for water sites at and near NTS are also shown in Fig

ure 32b. These figures also show theoretically predicted loci of activity ratios, parameterized by 

age, for an isolated mineral sample in which only radioactive decay of' unstable isotopes occur, 

without loss or exchange of isotopes with water or other mobile constituents that might be 

present.  

The variable age data shown in Figure 32a is seen to have values of 234U/238U ratios that 

are usually below 1.75, with most in the range from 1.5 to 1.0. The similar data in Figure 32b all 

show 234U/23su ratios at or below 1.5. However, many data points in Figure 31a have 

23°Thf234U ratios between 1 and 1.3, while having low 234 U/238U ratio values. As can be quickly 

deduced form the theoretical curves, most of these data points lie completely outside the
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predicted value range of isotopic ratios for isolated samples of any age whatsoever. The same 

observation applies to the single point. on the lower right side shown in Figure 31b, for the 

sparser data set for Trench 14 and Busted Butte. Since the measurement uncertainties are rela

tively small (on the scale of the figures, the error bars are smaller than the size of the points 

shown), then it can only be concluded that these data points indicate that open system processes 

have resulted in large variations in the measured ratios from those for an idealized closed sys

tem. Further, all the data shown would be likely to have been affected by open system 

processes, not just those with the very high a3°'Fh/2 34U ratios.  

In our view, the mechanism most likely to be responsible for the very high 2 3 °Th23
4 U 

values in vein minerals exposed to water in fractures, and as well to result in lower values of 

23U/238U in these minerals, involves the decay of the parent isotope (238 U) from which 234 U and 

energetic alpha particles are produced. In conserving momentum and energy during the decay 

process the 234 U nucleus acquire momentum and moves through the crystalline lattice, this usu

ally being described simply as "alpha recoil". If the medium is macro- and micro-fractured with 

water in the fractures, then some of the 234U atoms at fracture surfaces will be ejected directly 

into the fracture water while others will enter solution from damaged zones in the lattice. Thus 

2 3 4U is lost from the solid and added to the water. This mechanism will therefore produce dise

quilibrium between 23 4U and its parent isotope 23sU in both the water and the crystalline 

material, in that the 234U/ 23 8U ratio in the water will be increased over that normally expected 

(the water solubility of both Uranium isotopes are essentially identical) while the 234 U/ 23 8U ratio 

in the solid will be decreased from that expected in an isolated crystalline sample.t 

tThe disequilibrium in the water due to this "alpha recoil" mechanism was noted by Stuckless et al. [38], but they 

do not mention that it would also necessarily produce disequilibrium in the 234U/238 U ratio in the vein material ir 
contact with such water.
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The consequences, in terms of the data in Figures 32a and b, are that the vein mineral data 

values will have lowered 234U/ 238U values and increased 23ofl'/ 34 U values, over those in a 

closed isolated system, due to the alpha recoil mechanism ejection of 234U atoms from in the 

crystalline material and absorption of the recoil atom by fracture water. Therefore, to interpret 

the data in Figure 31a using the normal decay curves for an idealized closed system, it would be 

necessary to apply a correction in the direction of decreasing the 23°Th/234 U values and increas

ing the 234U/ 238U values for mineral samples to account for open system influences. A similar 

correction would, of course, apply to the Yucca Mountain-Busted Butte vein data in Figure 32b.  

Thus, a correction is necessary for the vein material if we wish to use the decay curves to obtain 

estimates of initial ratios of 234U/ 2 38 U at the time of water deposition ( 23 °Th34U = 0 at this 

time, since 23°Th is essentially insoluble in water) and if we wish to compare this initial ratio to 

that of available depositional waters. The water, however it acquires its Uranium isotope char

acter, will set the initial Uranium ratio of the precipitated vein material. Therefore comparisons 

are made to water samples as observed, without adjustment.  

It is difficult (at least at this time) to accurately estimate the size of the correction required, 

although from the data distribution at high values for the 23'I'hf-U ratio in Figure 32a we con

clude that the correction is at least about a .3 unit decrease in the 23 0Th/234U ratio for the older 

vein minerals. (This correction would bring the data within the envelope of the closed system 

decay curves shown.) The 234U/238U correction would also to be of this order, but involve an 

increase in value. However, different ages of the vein minerals are represented in the data and, 

because the effect must decrease with decreasing age, the size of the correction will decrease for 

the younger mineral samples.  

Compensating for open system trends in this manner implies that age estimates obtaine
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from uncorrected data may be too large, that is the corrections have the effect of producing 

younger estimates for the age of formation. Although not in itself conclusive, it is worth noting 

that this trend for over-estimating ages using closed system theory is born out by data where 

independent age estimates were obtained using decay rates for 14C [45].  

Consequently, if we apply corrections of roughly this size (ratio corrections of .3 uruts) to 

the data of older apparent age and, say, linearly decreasing corrections to the younger samples in 

order to allow estimates of initial values of the Uranium ratio (at which point 23 WTh/23 4 U = 0) 

using the decay curves, we find initial 234U/2 38U values for NTS area vein minerals that lie in the 

range from about 1.25 to 3.5, with most in the range from 2.0 to 2.5. (These may be "conserva

tive" values, in that the corrections could be somewhat larger and if so would result in higher 

values for the initial 234U/238U ratios.) For the Trench 14 and Busted Butte data in Figure 32b, 

the range would be more clustered, from around 1.5 to 2.25. However, we are not sure that .. e 

data shown represents all the most recent data for these latter sites. The values for water samples 

at Ash meadows and other sites, shown in Figure 32b are still, however, quite different than the 

values for the veins.  

Nevertheless, these considerations will have an important impact on the comparisons of 

Uranium isotopic ratios of the water at Yucca Mountain relative to initial values for the vein 

minerals at Trench 14 and elsewhere. For example, the Figure 4 in the paper by Stuckless et al.  

[38] shows superimposed histograms of the 234U/238U ratios for Paleozoic water at Yucca Moun

tain along with the (uncorrected) vein mineral ratios. If the correction in the amount suggested 

earlier is used, taking account of the age and decay rates of Uranium isotopes in the vein 

minerals, then the histograms for the Paleozoic water and the (corrected) vein minerals at Yucca 

Mountain will have much stronger overlaps. Thus, given the conservative nature of the correc-
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tion and the wider sample distribution to higher 234U/238U ratios implied by the data in Figure 

32a, we conclude that there is reasonably good agreement between the Uranium isotope values 

for the Paleozoic depth water and those appropriate to the initial values for the vein minerals at 

Yucca Mountain; in particular those for veins at Trench 14.  

When the Uranium isotopic ratio data is partitioned on the basis of "sources" and "sinks" by 

Szymanski, the resulting distributions have the form shown in Figure 33. The range for the 

234U/238U initial ratio is shown for samples from calcite-silica veins, at the surface and at depth, 

at Yucca Mountain. The initial ratio values cover the range inferred for the corrected data, as 

described earlier in relation to Figure 32a. The range of the water 234U/238U ratio for "source" 

regions in the NTS area is consistent with that for the vein minerals at Yucca Mountain and both 

distributions actually peak near the same value, near 2.5.  

The distribution of Uranium isotropic ratios for the water from sink zones is very broad, 

probably reflecting the range of disequilibrium for 234U relative to 238U in water from relatively 

shallow zones where fracture porosity may be highly variable and the degree of disequilibrium 

in the water correspondingly variable from place to place. The distribution of values for all sam

ples, taken together, is shown as the dashed curve. As for the Carbon and Oxygen isotopes, the 

composite distribution function indicates bi-modal behavior, which manifests itself even without 

partitioning of the data. Again, the match of the vein mineral Uranium isotope ratios to up

welling water at "source" regions is quite good.  

An important isotopic characteristic of vein minerals in the area is the range of values 

observed for the Strontium isotopes. Figure 34 shows the range for Yucca Mountain 87 Sr/86 Sr 

ratios in calcretes and veins as compared to the distributions of the ratio in water from "source" 

and "sink" zones. The mineral range agrees with that for water from the "source" areas, agaiL
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implying a good fit to the water from deep up-welling sources. Szymanski has indicated what he 

believes is a manifestation, from two "source" water samples, of up-welling water from the Pre

Cambrian basement. These two isolated samples have high 87Sr/86Sr ratios near .7165. The 

curve representing the composite of all the data taken together, without partitioning, shows rea

sonably clear evidence of bi-modal structure, with a hint of an anomaly at the very high ratio 

values.  

We regard Szymansci's demonstration of compatibility of the CHT model predictions of 

deep up-welling water as the source of the vein calcite-silica deposits and calcretes at Yucca 

Mountain to be quite convincing. The distributions of all the NTS isotopic data, involving iso

topes of Carbon, Oxygen, Uranium and Strontium, all show indications of bi-modal structure.  

When all these data are partitioned on the basis of temperature and pressure gradient criteria, and 

then normalized to remove sampling bias, the data clearly show distinct distributions of isotopic 

character for the water, with that characterized as "source zone" water being, in all cases, compa

tible with the surface vein and calcrete data as well as the isotopic data from veins at depth.  

Because the "source zone" characterization is based on high thermal gradients and upward 

pressure gradients in the water, it follows that these zones involve upward moving water flows 

from depth. However, it is not possible to ascertain from what depths the water is convecting, so 

that we cannot be absolutely sure that it is from a very deep zone, nor can we ascertain to what 

(quantitative) degree the observations represent mixing of deep, shallow and infiltrating water.  

While we conclude that the isotopic data can be explained in terms of "up-welling water" 

from the "source" zones identified by Szymanski, we cannot conclude that this "fit", by itself, 

provides a definitive determination of the source of the calcium-silica veins and calcretes at 

Yucca Mountain, since to do so requires that we also demonstrate that water welled up in the
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past at Yucca Mountain in a manner similar to that now taking place at the various "source 

zones" identified by Szymanski. Thus, what has been demonstrated is that if water did well up 

in this manner then it would have deposited vein and calcretes with the isotopic characteristics 

seen in the field samples. In short, what has been demonstrated is compatibility with the CHT 

model, not a proof that it is required to explain the data.  

Consequently, it is necessary to evaluate other possibilities in order to judge whether the 

mechanism proposed by Szymanski is required by this data. (This amounts to the attempt of a 

proof by elimination of all other possibilities.) However, it is quite possible that the isotopic data 

is ambiguous, in that more than one mechanism or process can adequately fit the observed data.  

That is, there may not be a unique "model" implied or required by the data. If not, then this 

should be made clear now, if possible.  

Pedogenic, Descending Water, Correlations with the Calcium-Silica Vein and Calcrete Isotopic 

Data at Yucca Mountain 

The "Pedogenic Model" deposition vein and surface parallel calcite-silica minerals 

represents the only other proposed explanation of the origin of these mineral deposits. In order 

to evaluate both the CHT model and the "pedogenic alternative", project scientists have focused 

on the isotopic data from veins and calcretes, principally those at Trench 14, in an effort to 

obtain an unambiguous determination of which of the models fits the observations. The recent 

articles by Quade and Cerling (9] and Struckless et al. [381 have been particularly assertive in 

this regard, having concluded that up-welling water cannot explain the isotopic data from the 

veins and that a pedogenic origin is required. However, we have described results from 

Szymanski's correlative study of the vein and calcrete isotopes relative to in subsurface water 

from areas deduced to be up-welling and find evidence for a strong correlation. This correlatior.
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then leads to the conclusion that the veins and calcretes at Yucca Mountain could have been 

formed by up-welling water from great depth.  

In view of these contrasting conclusions, it is clear that one or the other (or both) must be in 

error. In this regard, it is not unusual for a conclusion to be based on unstated, and possibly 

unrecognized, assumptions. This often results in an overextended conclusion that is not war

ranted. This appears to be the case with the final conclusions stated by both Quade and Cerlng 

and by Struckless et al.  

We summarize our review of the Quade and Cerling arguments first, and focus on the basis 

for their conclusion rather than on the details of their analysis. In this regard, Quade and Cerling 

use calcite incrusted pebbles, cobbles and "soil calcretes" as their comparative reference, or stan

dard, for a pedogenic deposit produced by rain water deposition. They then go on, after a series 

of arguments and corrections to the carbon and Oxygen isotopic data from these calcites, to com

pare the resulting isotopic data to that from Trench 14 vein calcites. However, they have 

assumed that the soil calcretes and encrustations are of pedogenic (rain watcr) origin, but they 

may not be.  

In fact, as discussed in the previous section and illustrated in Figure 11, calcretes and cal

cites incrusted cobbles are seen at and near Yucca Mountain in relationships down-slope from 

fault zones where up-welling water flows may have occurred. Indeed, our judgement was that, 

for at least those deposits that were seen by us, the most likely water source for deposition of the 

calcite in the down-slope calcrete and cobble zones was from up-welling water along the fault 

zones. In addition, reworking of surface spring deposits or fault zone vein deposits by 

infiltrating rain water moving down and then laterally through alluvial materials and soils could 

produce secondary calcite deposits having a "mixed" isotopic signature, reflecting both primary
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and secondary dispositional origins.  

If some or many of the calcite samples used in the Quade and Cerling study were due to 

either of these processes (up-welling or reworking), then the "soil calcites" used in the com

parison would not have a valid, purely "pedogenic" origin as assumed and the comparison 

would, or could, indicate an up-welling water origin instead. Therefore, the comparison hinges 

on the assumption of a pedogenic, descending rain water, origin for the soil calcretes and encrus

tations in order that the conclusion reached be valid; which was that the carbon and Oxygen iso

topes in the vein material require a pedogenmc origin.  

On the other hand, if the sampling of encrustations and soil calcretes was successful in iso

lating young, near surface pedozenic deposits of rain water origin, then the Trench 14 vein cal

cites would appear to have carbon and Oxygen isotopic characteristics compatible with those of 

pedogenic origin. This would be permissive evidence that a pedogenic process involving 

infiltrating rain water is allowed as the depositional mechanism on the basis of carbon and oxy

gen isotopic data, but is not evidence that only a pedogeric origin is possible. Indeed both a 

pedogenic process and up-welling may be possible and compatible with the carbon and oxygen 

isotope data. The only way to eliminate an up-welling source is by comparison of isotopic con

tent from water sources of this type to the isotopic character of the vein minerals in question.  

However, as has been noted earlier the "source region" water samples identified by Szymanska 

also correlate with the isotopic data from the veins. Therefore, assuming the isotopic signatures 

also match those for infiltrating rain water, both mechanisms must be allowed as possibilities 

and the Carbon and Oxygen isotopic data do not appear to differentiate between them.  

The study by Stuckless et al. compared additional isotopic data, in particular isotopes of 

Uranium and Strontium, from the veins at Trench 14 to both "standard pedogenic carbonates
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and to the relatively shallow water beneath Yucca Mountain. With regard to the comparison of 

87Sr/86 Sr to the "pedogenic carbonate" ratios used by them, we again note that the pedogeruc 

standard used was asserted to be of pedogenrc origin but, as with the previous study, this need 

not be the case. What were assumed or concluded to be pedogenic deposits in the area could 

well have an up-welling water origin. Therefore the comparison of the vein carbonate ratios to 

such a standard, which does not produce a particularly strong correlation in any case, begs the 

question and a conclusion cannot be drawn on this basis.  

The comparison of the Trench 14 vein isotopes to the isotopes in water from bore holes in 

the tuffs at Yucca mountain, on the other hand, are n essential agreement with the conclusion 

reached by Szymanski in his correlation study of "source" and "sink" region waters. That is, the 

relatively shallow water at Yucca Mountain represents a current sink zone and consists of down

ward moving meteoric water that does not (and should not) correlate with vein calcites and cal

cretes. Thus, what has been demonstrated is not that "all modes of origin that require bringing 

water from depth to form vertical vein deposits can be ruled out", as stated by the authors, but 

that shallow water, consisting primarily of downward moving meteoric water, is not the origin.  

The proposition that the vein calcite deposition was from deep up-welling water mixing with 

shallow water is not addressed by this study, since none of the water data was from the deep 

zone (greater than 1.5 to 2 lan) that is considered to contribute to the deposition process, 

although it is worth noting that the water from the single borehole to penetrate the underlying 

limestone formation, i.e., UE25 P-l, came closest to matching the ratios for both Strontium and 

Uranium.  

On the other hand, the correlation of the vein isotopes with the "source regions" where the 

water is probably a mixture of deep and shallow up-welling (convecting) water does constitut'
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evidence that such a mix can produce water with isotropic properties matching the vein calcretes 

at Trench 14 and elsewhere at Yucca Mountain under similar convective conditions. Thus, if 

these conditions existed in the past, then both the veins at depth and at the surface would be 

expected to have the isotropic characteristics that are currently observed.  

On the basis of this review, we have concluded that neither the pedogemc nor the up

welling water mechanisms can be ruled out as being responsible for the calcite-opal veins and 

calcretes at Trench 14, or other areas at Yucca Mountain, on the basis of isotopic comparisons, 

at least by us. However, in order to properly evaluate a pedogenic origin, the basis for assump

tions of pedogenic standards should be stated and examined since these standards obviously play 

a critical part in the argument. In addition, a number of rather important details regarding 

corrections and interpretations of the pedogenic related isotropic data are in dispute, as is evident 

from comments and discussion by Szymanski [5] and by Cerling and Quade [42]. It is not clear 

to us, as non-specialists, how and in what direction all of these problems will be resolved. How

ever, we note that the isotopic data involves open system interactions, such as the alpha-recoil 

effects discussed earlier. It appears to us that these effects have not been carefully addressed, or 

accounted for, in some of the studies. Likewise the possibility that rain-water reworking of ear

lier surface vein deposits, possibly of up-welling water origin, has not been considered.  

We are therefore of the opinion that much has to be done before definitive conclusions can 

be reached using the isotropic data. However, if anything, the correlations obtained by Szyman

ski, as described earlier, may be the best way of investigating the isotopic relationships between 

existing water and vein isotope data. Much more data would certainly be appropriate, however, 

in order to firm-up the somewhat preliminary correlations obtained.  

Finally we note that if the observation by Whelan and Stuckless [14], based on carbon iso.
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tope data from vein calcites at depth at Yucca Mountain, that the water table "may have varied 

from about 300 meters below to 500 meters above its present position" is unambiguously sub

stantiated and reflects a recent history of such changes, then the case for up-welling water at 

Yucca Mountain would, in our view, be made. Even without this finding however, we conclude 

that the available isotopic data from the vein minerals both at the surface and at depth imply that 

up-welling water from considerable depth, when mixed by the flow process with the shallower 

water, is the probable source of these calcite-opal deposits.  

Other Geochemical Data and Observations At Yucca Mountain 

Table 1 indicates base metal concentrations at Yucca Mountain ([16], [18]), where the con

centrations from silicified breccia in Trench 14 can be compared to the mean values obtained in 

the Yucca Mountain area around Trench 14. Higher concentrations of base metals, particularly 

from the section on the "north wall", than are found as background mean values, suggest that 

hydrothermal fluids may have been involved in the formation of these breccias.  

Table 1 - Base Metals: Concentrations at Yucca Mountain 

A A ._ A C._ I, _l ,, P b _ 1 11. 1 ,. I I. I Cd 

hum Wahm - YW= aO.IPPI 0026 3101 0.001 6.13 1 0101 0.10 1[ 0.25 02 1150 1 1 IN 025 010 

=1i16WmON 0.034 193 0,00 1 7.15 0122 10507 715 <0.247 <0494 2141 (10MI ,ý0EPP 

If Tom b6c1l4 m0"uI 0.423 110.0 000S 5 27.9 01700 653 1154.0 24.6 <049 312 .1 0249 212 

.I*uA 0.031 731 0.021 4.52 01471 0.422 1 .3 <0.245 <0.49 IK 101245 -0090 

While it is generally agreed that much of the calcite at Trench 14 was deposited by modest 

to low temperature fluids near 20'C, it is probable that these silicified breccias were formed at ai 

earlier stage with higher temperature fluids involved. The data suggest, in any case, that welling
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up of higher temperature fluids may have occurred during the early formation of the vein struc

ture. However, there appear to be other mechamsms that could be responsible for such relatively 

mild metal concentrations, particularly in the early chemical history of the hot volcanic tuffs in 

the area, so that an unambiguous interpretation is not presently available. However, a more sys

tematic and in-depth study is certainly appropriate [20].  

Additional geochemical data regarding metal content in pore water at depth at Yucca 

mountain [21] is also suggestive. In particular, similarly high concentrations of base and noble 

metals were obtained from water samples from isolated pores in the tuffs at depth. The high 

metal concentrations in such pores suggest that hydrothermal water, up-welling during past 

periods of convection at the site, could have been trapped by the sealing produced by accom

panying calcite precipitation and so now represent samples of this ancient water. As with the 

calcite veins themselves however, there is uncertainty as to the age of these inclusions. In par

ticular, they could be old relative to the time scale of importance here. Further, there are other 

possibilities for the interpretation of these metal concentrations in the pore waters which require 

careful consideration before a final conclusion is warranted.  

Nevertheless, taken together, these observations and those of hypothermal alternation of the 

tuff surrounding calcite veins at depth (see Figure 22) strongly imply high temperature water 

intrusion into the entire depth section beneath Yucca Mountain, up to the surface. If this proves 

to be certain or highly probable, then the critical question would be: when did the most recent 

intrusion occur and how frequently have they occurred in the past.
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VI. An Analysis of Conditions for Dilation of a Fractured and Faulted Medium: Dilation 

of the Upper Crust at Yucca Mountain 

An important feature of the CHT model for Yucca Mountain is the gradual opening of frac

tures under extensional strain, with the region contaimng many open fractures (a dilated zone 

[22]) slowly expanding from the near surface to greater depths in the crust. This downward 

expanding zone of dilation has been described by Szymanski in terms of the movement of a sur

face, the "Z surface", that separates the shallow zone containing many open iradically spaced 

fractures, from the deeper crustal zone containing few open fractures.  

While we expect that such a neat geometric division of the upper crust at Yucca Mountain 

into dilatant and non-dilatant zones as a function of depth and time may be an over

simplification in view of heterogeneous material properties and the strongly non-umform distri

bution of pre-existing faults and fractures, we nevertheless feel that there is strong evidence for 

an open fracture system currently existing at Yucca Mountain and that it extends from the sur

face to well within the saturated zone. We wish to investigate how such a zone can be formed 

and whether it can be expected to have the spatial extent and time dependent growth consistent 

with the Szymanski model. More specifically, it might well be expected, in such a heavily 

faulted area as Yucca Mountain, that most of the extension would occur along the weak fault 

zones and not within the medium surrounding or between the faults. In this case the faults 

would tend to "absorb" the extensional deformation because they are so weak and opening along 

existing or newly created fractures in the bulk of the medium might be minimal. Our question 

is, therefore, whether such a faulted and fractured medium allows spatially extended dilatancy, 

characterized by a high volume density of open fractures, and if so under what conditions.  

The importance of this question relates not only to one particular aspect of the Szymanslk
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model, but also to the likelyhood of large volume water and gas flows in the upper crust follow

ing a major tectonic event. Clearly the magnitude and character of such flows would be depen

dent on the nature of the open fracture system within the medium. In particular, a dominance of 

connected and vertically oriented open fractures throughout the depth section of the mountain 

would permit maximum vertical flow effects from large depths. Such flows are expected by 

Szymanski to be pressure driven initially, due to rapid stress field changes associated with a tec

tonic event, and thermally dnven in a later, longer lasting, flow that would be allowed by local

ized increases in the fracture porosity and permeability in existing crustal sections exhibiting 

high thermal gradients. Thus, since quantitative estimates of the nature and magnitude of pres

sure driven seismic pumping are dependent on valid estimates of both the natural porosity of the 

medium and, more importantly, on the fracture porosity and permeability, it is important that the 

conditions for dilatancy be established. Furthermore, thermally driven convection from depths 

of several kilometers in the upper crust could also be expected to be controlled, to a large extent, 

by existing fracture porosity and the orientation and distribution of the fractures. Thus, in terms 

of an assessment of the Szymanski model, it is important to evaluate the likelyhood of recurrent 

periods of dilatancy under extensional loading since it is so fundamental to this model.  

In the following we shall focus on the conditions required for dilatancy in a medium, like 

that at Yucca mountain, that is heavily fractured and faulted. This, of course, is a precondition 

for recurrent large scale seismic pumping as a consequence of major earthquakes in that, without 

open fractures in the medium surrounding an earthquake failure zone, no very large scale water 

flow is likely to occur in response to the strain changes produced by the earthquake. Addition

ally, of course, the network of open fractures must be water saturated-or partially saturated and 

interconnected.



-84-

We therefore first examine the conditions under which dilatancy in a fractured and faulted 

medium can occur and then evaluate the situation at Yucca Mountain relative to these cntena.  

The issues of water saturation and interconnection of open fractures at Yucca Mountain can, to 

some extent, be determined quantitatively using bore hole measurements of subsurface water 

levels and the permeability of the medium at depth. In this regard the water table and saturation 

levels are reasonably well established at Yucca Mountain, as is the high permeability of the 

medium to depths somewhat exceeding 1 km. Therefore, there already is field evidence that 

strongly implies high levels of fracture porosity and permeability at shallow depths, above one 

kilometer or so. However, showing, or at least providing a highly plausible argument, that much 

of the upper crust, to depths of a few kilometers at and near Yucca Mountain, is likely to be in a 

dilatant state is necessary in order to infer the likelihood and quantitative aspects of both seismic 

pumping and thermally driven convection in the upper crust follow-.ng a major earthquake or 

nearby volcanic event. Thus, the argument for dilatancy must be such as to imply a highly dila

tant state in order to infer connected fractures and high permeability for the medium at quite 

large depths, to 5 kIn. or so. t 

Field Evidence Supporting Dilatancy and Seismic Pumping 

Evidence of the existence of dilatancy is provided, in some circumstances, by direct obser

vations of seismic pumping [26]. Sibson et. al. [22], in their paper on seismic pumping, cited the 

evidence of the Kern County California Earthquake of 1952, with a seismic magnitude of 7.7, 

where warm springs discharged directly from granite. Granites are dry rocks and such fluids as 

they may contain will be stored in fractures within the granitic body. The ejection of warm 

t Soviet scientists (S.P. Kapitza, personal communication, 1990) have stated that rapid horizontal movement of wa
ter was observed at a depth of about 12 km. in their deep borehole drilling experiment on the Kola Peninsula. Thus, 
free water circulating at great depth, while previously thought by many geologists to be unlikely, may, in fact, be 
not unusual.
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fluids from granite in the Kern County event is therefore evidence for seismic pumping from 

considerable depth and likewise supports dilatancy to such depths.  

Reports given at the May, 1991 American Geophysical Union Meenng relating to the 1983 

Idaho Earthquake [M = 7.3] provide other important, more recent. observations. Some of the 

observations reported in papers by Wood [23, 24] and Whitehead [25] indicate increased rates of 

discharge from many spnngs surrounding the epicenter and evidence of violent, large volume 

discharges near the epicenter. From Fig. 7 of Whitehead's paper, we note that startng in early 

November 1983 and including data up to August of 1984, it can be inferred that, in a period of 

280 days, the total fluid flow was approximately (4 x 107 ) M3 . In addition, Wood comments that 

in the 6 months following the earthquake event, the total area affected produced an outflow of 

about 0.1 km3 or 108 M3 . Moreover, when last reported, the flow rate was still extraordinarily 

high, so that the production of extruded fluid from all sources for a whole year is likely to be 

one, or perhaps two, orders of magnitude greater than that from the Matsushiro earthquake 

swarm, that is between 108 and 109 M3 .  

Wood also made the point that "the major documented increase in groundwater discharges 

are from warm spring systems." This would suggest that the water is from relatively deep, 

confined aquifer systems. Indeed, from the temperatures observed, Wood suggests depths of the 

aquifers are from 0.5 to 2.0 kIn. Therefore it is reasonable to conclude that waters derived from 

such depths may be attributed to seismic pumping from a relatively deep dilatant zone.  

Hence, the evidence of fluid flow from the granite of Kern County and that of the flow from 

Warm Springs in Idaho, among other sites including Matsushiro, clearly requires a conclusion 

that some earthquakes, of relatively high magnitude, can eject significant volumes of water at the 

surface as the result of seismic pumping. In this context "significant" means a volume of fluid o
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106 M3 , or more, ejected as the result of an event of magnitude of about M wig7. Further, it can 

be inferred that the water flow is from relatively deep zones and most probably involves fracture 

flow.  

Relationships between Laboratory and Field Evidence 

The difficulties of interpreting the behavior of large volumes of rock using laboratory data 

are obvious. For example, a laboratory test specimen is usually reasonably homogeneous and 

isotropic. Large volumes of crustal rock are, almost invariably, neither homogeneous nor isotro

pic.  

The differential stress necessary to induce failure in laboratory experiments designed to 

illustrate dilational behavior prior to failure may be 3-4 kbars, with a commensurately high 

stress-drop associated with failure. The stress-drop associated with natural failure on large faults 

is commonly reported to be about 100 bars, or less. These obvious differences between expen

mental and natural conditions and the disparity in the stress drop after failure in the two situa

tions have been invoked to indicate the extreme difficulty, if not impossibility, of correlating the 

experimental results with natural events. While we acknowledge the difficulty of extrapolating 

from laboratory conditions to a field environment, we believe that it is incumbent upon us to do 

so; otherwise one's chances of correctly quantifying the mechanical response to natural seismic 

(and other) events becomes vanishingly small.  

The large differences in the stress-drops of the laboratory and a typical natural event, for 

example, can be explained by recourse to known rock mechanic concepts and the application of 

common sense. The dilational experiments, at least to date, were conducted on "strong" dry 

rock. If the experiments had been conducted on saturated specimens with the fluid pressure set 

and controlled so that it is equal to the total least principal stress, then the differential stress at
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failure and the attendant stress-drop could easily be a factor of 3-4 lower than that cited above, 

so that the stress-drop in experiments which more correctly model crustal environments would 

be about 1.0 kbar, or even less.  

It is also known that the strength of some rocks is related to the size of the volume of rock 

considered. For example, rock types, such as coals and shales which contain a large array of 

small fractures, exhibit a very marked decrease in strength with an increase in size. Thus, if the 

volume of the test specimens is increased by 8-9 orders of magnitude, the strength of the speci

mens is reduced by as much as 90 percent. The relationship between strength and "specimen" 

size for strong rocks is not known. However, in a rock mass with relatively few fractures it can 

be argued that the rate of decrease in strength with dimension of the rock mass will be smaller 

than that for coals and shales, so that in the crust the strength of a rock unit [with a low fracture 

density] may not be much smaller than that obtained in the laboratory under commensurate con

ditions of temperature, effective confining pressure and strain-rate.  

Thus, even accounting for inherent fractures in-situ, the stress-drops inferred from modified 

small scale experimental data are still too large, in that they still exceed reported "natural" 

stress-drops by about an order of magnitude. However we note that the presence of water in 

rocks at elevated crustal pressures and temperatures leads to chemically related weakening of the 

rocks and this effect is not accounted for in the standard laboratory experiments. The weakening 

effects are accelerated by long term deviatoric stresses and high temperatures and can be 

expected to reduce the inherent strength of rocks, perhaps by as much as an order of magnitude.  

Further, we would point out that the natural stress-drops are not "directly observed" but 

"inferred" and moreover these inferred values are "averages" for the whole of the various active 

fault zones which have been studied. In such fault zones it can reasonably be assumed that the
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stress-drop goes from near zero at the edges of the area of active displacement (or the stress may 

even increase) to some maximum positive value where the rock within the affected volume had a 

maximum resistance to shear. With such a distribution of real stress-drops, it requires little ima

gination to conclude that the interpretation of the average stress-drop associated with a real 

seismic event would not be greatly different from an "average stress-drop" one could calculate 

from an integration of the individual stress-drops. obtained in the laboratory, for the range [and 

relative proportion] of rock types and strengths associated with a natural seismic event.  

Unfortunately, we are not able to ascertain, with accuracy, the exact types and vanations of 

rock strengths involved in any natural seismic event. Similarly, the magnitudes of the principal 

stresses and the orientation of these stresses everywhere on the fault plane are not ascertainable.  

Consequently, we are reduced, at this time, to relatively simple models of natural seismic 

phenomena. In this regard, in the following sub-sections we will outline the experimental evi

dence regarding dilation and then apply these concepts to a model of re-shear on a fault. In this 

model we take slip on an existing fracture to be related to frictional resistance, in which we 

assume the stresses, which are not quantified, to represent the appropriate average stress condi

tions of both magnitude and orientation with regard to a planar fault. Such a model, while 

clearly very rough, is expected to be adequate for inferences of first order behavior at quite shal

low depths in the crust.  

Experimental Evidence Regarding Dilation 

Experimental evidence relating to dilation of rock samples subjected to a differential stress 

is sparse, and takes the form represented in Fig. 35a. The deformation of the specimen is 

divided into four parts. In regions I and 11 the specimen experie-,ces compressive volume 

change. The hypothetical extension of this path to the failure stress [f' is represented by the
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Fig. 35. - (A.) Qualitative representation of the stre ain ((a, - ,3 ]/e) and stress/volume ((a 1 - a3 1/dv) relation.  
ships for a dry, cylindrical rock specimen at a confining pressure [a3] and subject to a progressively increasing axial stress [fa] until failure is induced [f). Here: el, denotes lateral, i.e. curcumferential, strain; e1i,,i denotes axial or longitudinal strain. The notation: 1, IL, Ill, and IV denotes stages of deformation as defined in the text. dv denote -hanges in volume of the specimen as deformation progresses; "Fail. Dil." denotes Dilation at failure: am kal - a3)Da denotes the differential stress that marks the on-set of dilation. This stress is usually about half that required to cause failure.  
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(B.) Envelopes showing failure conditions for [i] unsheared [fJ, and [ii] sheared rock, when, in the latter instance, the axis of maximum stress makes the ideal or optimum angle as defined in the text.  The differential stress required to cause initial failure (f] is [alf- a3f 1. Three smaller circles a, b and c, with magnitudes of half that required to cause the initial failure ( i.e. these circles represent I at - a 3J]o in Fig. 35A) are also shown. The significance of these smaller circles is discussed in the texL
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dashed line which continues into parts III and IV. However, estimates of the change in volume 

of the specimen, based on measurements of the longitudinal and lateral strains, indicate that at 

the boundary between II and III the decrease in volume of the specimen departs from the linear 

relationship which dominates in zone II. The rate of decrease in compressive volume change 

reaches zero at the boundary between zones III and IV and becomes markedly dilational in zone 

IV. The degree of total dilation is indicated by the horizontal line connecting f to f'. In experi

ments, the length of this line permits one to infer that the increase in volumetric strain Is of the 

order of 10-.  

The position of the boundary between zones 1I and III is likely to be specific to a given rock 

type. However, for our purposes it is sufficient to assume that this boundary occurs at approxi

mately half the final failure stress. In Fig. 35b. the large stress circle represents the conditions 

necessary to induce brittle failure for an arbitrary, but representative, failure envelope in an 

intact specimen. The failure envelope for a suitably oriented shear plane, with zero cohesion, is 

shown as passing through the origin 0. Three stress [semi] circles (A,B and C) are also 

represented. These have a diameter of half the failure conditions for the erstwhile intact speci

men. That is, they represent the stress conditions when the boundary between zones II and Inl 

are attained. It will be recalled that, in the build-up from zero differential stress to the stress 

conditions represented by these three circles A,B and C, little or no dilation occurs within the 

rock specimen.  

In Fig. 35b, it will be seen that circle A is tied to C3,. This circle is incompatible with the 

failure envelope, so that re-shear would occur at a differential stress less than that shown by cir

cle A. Hence, it can be inferred that for the situation in which the stress circle is tied to a3f dila

tion of the specimen, prior to re-shear, will not take place. Similarly, if we take circle C, whicl
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is assumed to develop about the mean stress point, it will be seen in Fig. 35b that this stress cu-

cle is not quite capable of inducing reshear. If the differential stress is slightly increased, reshear 

will then occur and the specimen will experience a minute amount of dilation.  

Only for circle B (anchored to (Tr,) are the stress conditions well below that required for 

reshear. For reshear to take place when the stress circle is tied to at, the diameter must exceed 

that of circle B. Only for this condition will a modest amount of dilation take place prior to 

reshear.  

It can be inferred that the stress circles A, B and C relate to the three main groups of faults.  

Circle A relates to re-shear on a Thrust, when the vertical stress is equal to the least principal 

stress; circle B relates to movement on a Normal Fault, when the maximum pnncipal stress is 

equal to the vertical stress; and circle C relates to movement on a Strike-Slip fault, when the 

vertical stress is taken to be the intermediate principal stress (which is here assumed to equa 

(al + a3 )/2).  

If we may extend these experimental and theoretical concepts to field conditions, then the 

conclusions indicated above are in agreement with the statement that significant dilation of the 

country rock adjacent to an active fault can rarely be inferred from seismic data. Even if we take 

the example of circle B, the conclusion that a small amount of dilation will take place is compa

tible with the statement that such minor dilation is likely to be restricted to the zone adjacent to 

the shear plane.  

The arguments set out above are based on conditions lacking in certain dimensions. For 

example, the junction between zone II and Ill may be different from that represented in Fig. 35a 

and the failure envelopes may have slopes which are different from those shown in Fig. 35b.  

However, adjustment of these quantities is not likely to result in a major change to the expresse.,
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conclusions. Hence, these conclusions, which also fit in with the statements made by some 

members of the geological and geophysical community, do not appear to augur well for the 

occurrence of dilation and earthquake induced seismic pumping. However. there is an in-built 

tacit and limiting assumption to the preceding arguments, namely that the onentation of the axis 

of maximum principal stress makes an angle [ E ] with the existing plane of weakness, such that 

0 = 45' - 0[/2 M 

where, it will be recalled, 4 is the angle of sliding friction. It is also a tacit assumption that the 

axis of intermediate principal stress is contained within the plane of shear.  

Provided the rock in question obeys the Navier-Coulomb failure criterion, this relationship 

[given in Eq. 1] exists when the plane of weakness is initiated. However, it is a special case if 

the stress conditions satisfy Eq. 1 when the weakness plane experiences re-shear. It is to be 

expected that, more usually, the conditions required by Eq. 1 wwi be satisfied. This is the 

general case, which we will now address.  

Re-Shear on an Existing Fracture - The General Case 

In the true general case, all three axes of principal stress can be oblique to the plane of 

shear. Here, we shall continue to assume that the axis of intermediate [or possibly least] princi

pal stress lies in the plane of the fracture, so in reality we are dealing with a "restricted" general 

case.  

If we assume that frictional sliding can be initiated by Amonton's Law, then it can be 

shown that if the axis of principal stress makes an angle [ E 1, which does not necessarily satisfy 

Eq. 1, see [Fig. 36a] then [35]: 

C1r/o3 = [1 +d] / [1 -d] [2' 

where d = [sin 2 0 + cos 2 0. tano ]/ tano.
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If we let • - 300, then Eq. 2 can be expressed graphically as shown in Fig. 36b and c. It 

will be seen that the ratio of principal stresses goes to infinity at values of I of 00 and 60'. If the 

least principal stress is greater than zero, the curve shown in Fig. 36b is truncated as shown in 

Fig. 36c. For a value of C03 = 342.5 bar, the limits, between which sliding is possible. are set at 

10 and 500.  

What this means in terms of stress magnitudes and potential slipping on an existing shear 

plane can also be represented in terms of Mohr's envelopes [Fig. 36d]. If the fracture plane is 

oriented at an angle smaller than 1P' or greater than P3" to the axis of greatest principal stress. then 

the differential stress necessary to enable slip to take place on the plane of weakness is actually 

greater than that required to generate a new fracture plane. The situation represented in Fig. 36d 

is of two pre-existing fractures which are both exactly at the critical angles 3' and P3". The stress 

circle necessary to rejuvenate these fractures is exactly equal to that which will initiate a fresh 

shear fracture [B]. Clearly, if a shear plane is oriented at an angle a little greater than P' or a lit

tle less than P" the differential stress that will induce re-shear will only be a little less than that 

required to cause the generation of a new shear. Under these conditions, the pre-existing frac

ture will not take the form of a significant energy sink and the whole of the rock mass will 

experience dilation comparable with that represented in Fig. 35a. Thus, if a re-shear is induced 

on a pre-existing fault-plane which is oriented at close to either of the limiting angles [ for 3" ] 

the differential stress needed to cause reshear on the fault will be so high that considerable pre

shear dilation will develop. Further, the collapse of this dilation, when re-shear occurs, could 

engender a significant degree of seismic pumping.  

The question which must now be addressed is whether the major fault[s] adjacent to, or in 

the vicinity of, the Yucca Mountain Site are likely to meet the conditions of dilation and energy
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which will ensure the ejection of relatively large quantities of water from relatively deep crustal 

levels as the result of seismic pumping and thermally driven convection.  

Stress Conditions and Possible Seismic Pumping in the Yucca Mountain Area 

The important point to establish is the onentation of the axis of greatest pnncipal stress 

relative to a fault plane likely to experience movement within the next few thousand years. In 

order to do so, let us consider the sub-parallel complex of faults formed by the Stage Coach 

Road Fault, and the Mine Mountain Fault Zone with its extension into Jackass Flats and the 

north-south trending faults which are probably second order structures associated with the first 

order Stage Coach Road Fault. (See Figure 7.) 

The first order fault comes within a short distance of the proposed Yucca Mountain site, 

while some of the smaller, second order, N-S faults cut the site area, as shown in Figure 7b. The 

first order fault can be traced for about 30 km [see also plate 3.3.1 - 3. of the Szymanski Report! 

and trends almost exactly N42' E; though portions of the fault trace deviate from this bearing by 

a few degrees.  

From the linearity of the first order structure and the angular relationship of the secondary 

faults, it is reasonable to infer that this major fault originated as a strike-slip fault and that the 

fault plane was approximately vertical. This fault, in the past few tens of millions of years, has 

almost certainly been modified to become a listric normal fault. However, as may be inferred 

from such deep fissures as Devil's Hole, within several kilometers of the surface the fault plane 

is still likely to be steeply inclined or even approximately vertical. As regards the second order, 

N-S trending faults, where these can be seen or inferred from surface topography, it is clear that 

these faults are also steeply inclined.
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Let us now consider the probable onentation of the principal stresses m the upper regions 

of the crust [i.e. to a depth of several kilometers]. The orientation of the stress trajectones on a 

local scale, especially adjacent to faults. is likely to be somewhat variable from place to place.  

However, the regional stress trajectories will be largely determined by the current onentation of 

axes of principal strain-rates, the principal axis of extension is in the NW-SE direction. If we 

equate the orientation of the minimum principal stress with the regional axis of extensional 

strain-rates, it follows that the axis of the least principal stress makes an angle of approximately 

900 with the mean trend of the Stage Coach Road Fault. In addition, in areas where topographi

cal relief is low, the axis of one of the principal stresses will tend to be close to the vertical. Tius 

is a situation that may persist to depths of several kilometers. Also, since we are probably deal

ing with the analysis of a listric normal fault, the near vertical principal stress will be the greatest 

principal stress [ t .  

Thus, we have the situation that both the fault plane and the axis of maximum spatially 

averaged principal stress are steeply inclined so that it is reasonable to conclude that this acute 

angle between them will indeed be very small. As may be inferred from Fig. 36d. this is one of 

the situations that ensures that movement can take place on the fault plane only if the differential 

stress is very large.  

The two dimensional representation of the greatest and least principal stresses relative to 

the fault plane is shown in Fig. 37a-c. In Figure 37d we show the differential stress that is neces

sary to cause shear failure on a pre-existing fault plane when the axis of maximum principal 

stress acts at the "ideal" angle 0 id... [ where ®id.W = 45* - 0/2, in our example this is 32.50] and 

also when the angle between the axis of principal stress is 20* and 100 respectively. It will be 

seen that the differential stress required to cause shear on an existing fault plane, in this near sur-
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Fig. 37. - Inset diagrams a. b and c represent the orientation of a fault plane which is inclined to the vertical at 
angles of 32.5* 2O and I0l respectively. It is assumed that the axis of is parllel to the strike of the fault plane 
and, therefore, that crj acts normal to the strike of the fault plane. The condition of e - 32.50 is such that the axis of 
maximum principal stress will cause failure at the minimum possible differential sumess. This is represented by the 
circle [ a, - a3j in the main diagram which shows the possible stress conditions relative to the failure envelope for 
an existing fault. For values of e a 200 and 10 the stre conditions necessary to caus movement of the existing 
fault are given by [(a - aa,] and (a, - a3j respectively.  
It can be inferred, by reference to Fig. (36.) that, for small angles of 0, the stress conditions necessary to 
failure on the fault are such that large dilation must develop in the adjacent fault blocks. The application ot .  
concept to the Stage Coach Road Fault Complex is obvious.
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face environment, becomes very large as the value of 0 becomes small. As we have seen, these 

conditions could well ensure that the region experiences a dilation of approaching 10= prior to a 

seismic event.  

As regards the N-S trending secondary faults, these would have a comparable relationship 

between the axis of maximum pnncipal stres and the inclination of the fault plane to that dis

cussed above. Moreover, as may be seen from Fig. 38., one can infer that the least principal 

stress makes an angle of approximately 450 with the fault trend. Hence, the honzontal normal 

stress acting perpendicular to the strike of the fault plane would be significantly larger than that 

which the least principal stress would generate, if, as for the first order fault, it acted normal to 

the strike of the fault plane. Hence, the dilation associated with the second order faults immedi

ately prior to their movement could be even larger than that experienced by the first order fault.  

We note that if shear failure takes place along most of the 30 km. length of the Stage 

Coach Road Fault during a single event, a large earthquake [M>7.01 could result. In these cir

cumstances (and comparing the probable effects of this future event with observed and inferred 

effects regarding fluid ejection after the Idaho earthquake of comparable magnitude), we submit 

that quite large quantities of fluids could be ejected in the vicinity of the Stage Coach Road 

Fault, and hence in the vicinity of the Yucca Mountain Site, as the result of seismic pumping.  

Further, one might also expect significant out-flow along the N-S trending secondary faults 

within the repository area proper.  

Elsewhere, just to the north and east of the Yucca Mountain Site, the conditions regarding 

faulting are somewhat different from that at the site itself. Szymanski shows [Plate 3.3.1-5] near 

linear fault scarps which are the result of recent movements. The trend of these faults is approxi

mately N-S. Moreover, within and to the east of the test site area, strike-slip movement is
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Fig. 38. - The orientation of the extension direction and, hence, the probable orientation of the axis of least principal stess is shown with reference to the trend of the N-S faults associated with the main Stage Coach Road 3ulL One may infer that such au orientation of the least principal stis is far from the ideal, or optimumr conditions, discussed in the tXL Consequealy, it is likely that movement on these faults will also be preceded by significant dilation 
within the adjacent fault blocks.
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inferred on the basis of seismic data from nuclear tests [44]. Thus, it can be inferred that the 

extension direction in the Test Site and at Yucca Mountain is not umform.  

In some localities the least principal stress appears to trend 120-300'. From the orientanon 

of the faults and the inferred orientation of the axis of maximum principal stress, it follows that 

known active faults can have orientations relative to the axis of horizontal principal stress that 

are likely to differ from the "ideal" situation, as defined by Eq. 1., by 100 or less. Assuming that 

the stress [semi] circle C in Fig. 35b. represents the conditions at which dilation will be initiated 

and that the dilation curve in Fig. 35a. represents the stress-dilatancy behavior for the rock mass 

in the nuclear test area, then it can be shown by simple constructions that the amount of dilation 

that will occur when the orientation between the maximum principal stress and the strike-slip 

fault differs from the ideal orientation by 00 and 100, is respectively 0.06 x 10-4 and 0.10 x 10-4.  

If we take the dilation that occurs when movement takes place on the Stage Coach Road Fault to 

approximate closely 1.0 x 10"4, the dilations quoted above, for strike-slip faults, would be 

respectively 6.0 and 10.0 percent of that associated with the major normal fault.  

We have noted that the depth to which the water-table may sink is likely to be related to the 

maximum degree of dilation that can be experienced in a spatial domain, since both the permea

bility and porosity, or storage capacity, would be related to the amount of dilation in the rock.  

Therefore, for the sake of argument, assume that dilation at Yucca Mountain is approaching the 

maximum value of 1.0 x 10-4 and that consequently the water-table is 500 m below a specific 

datum level. For the two degrees of dilation that may be exhibited in a region with strike-slip 

faults as cited above, the maximum level below the datum line the water-table may sink could be 

as little as 30 and 50 m respectively. Thus, this effect may contribute to the rapid changes in 

elevation of the water-table to the north and northwest of the site area.
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In conclusion, we find that the existing stress loading and fault zones at Yucca Mountain 

are oriented in such a manner as to favor dilanonal benavior in the upper crust at Yucca Moun

tain. This inference is consistent with ,he limited pumping and flow data indicating fracture 

dominated flow at the Yucca Mountain site and is consistent with that part of the Szymanski 

model that involves medium dilation at a late stage in the evolution of the tectonic cycle. The 

results of this analysis, which indicate that dilation is to be expected under the circumstances at 

Yucca Mountain, also suggest that significant pressure and thermally driven flows can occur as a 

consequence of the altered strain state and fracture conditions in the medium following a tec

tomc event.  

These inferences are compatible with Szymanski's model, but are not quantitatively 

discriminating. However, the magnitude of the flows that might occur can be estimated from 

past events occurring in similar environments, from modeling studies delineating the range of 

possible flows and from geologic evidence involving the volume and ages of water born 

minerals in the area; with each estimate carrying varying degrees of confidence. As part of this 

quantitative assessment, in the next section we consider the more precise estimates afforded by 

numerical modeling studies in an effort to determine whether the large volumes of water 

required by the Szymanski model can be transported from upper crustal depths to the surface.
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VII. A Preliminary Quantitative Analysis of Some Aspects of the Hydro-tectonic Model 

The two dynamical processes of greatest importance in Szymanski's CHT model, as illus

trated in Figure 2, are seismic pumping and the late stage thermal convection. The quantitatve 

charactensucs of flows of these types, occurmng in response to a tectonic event such as an earth

quake, are clearly of importance in evaluating the viability of the proposition that groundwater 

may be forced into circulation over depth sections involving essentially the whole upper crust.  

that is to depths of over 5 km and over areas of the order of 100 km 2, by a large earthquake or 

volcanic event. Our interest is therefore in estimating, by quantitative means, whether flows of 

this sort, originating at earthquake hypocentral depths of from 5 to 20 km, can in fact produce 

high volume, high initial velocity flows from such large depths that will result in water moving 

all the way upward into near surface unsaturated zones and to the surface itself.  

Our investigation is necessarily limited, due to constraints of time and resources, so we 

shall only investigate the seismic pumping phenomena that is one part of the response to the 

stress field changes from a tectonic event. Obviously, a theoretical investigation of the thermally 

driven convective processes that may occur as a second stage of flow in response to a tectonic 

event is of high priority, since the thermally driven flow is expected to be longer lasting and 

involve greater volumes of water. Indeed, the panel consensus position was that seismic pump

ing, is likely to be of secondary importance in terms of its influence on water table changes and 

mineral deposition. However, the long term thermal convection that might be stimulated by a 

tectonic event is more difficult to model, inasmuch as it will be initiated by nonlinear fracture 

production associated with an earthquake(s) and the subsequent pressure forced seismic pumping 

following immediately afterwards, during which additional fracturing due to gas and water over

pressures may occur. In addition, changes in fracture patterns expose water to alternate distribu
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tions of rock temperatures and stored heat, which would inevitably stimulate vigorous thermal 

convection. Furthermore. to realistically model the phenomena both (CO 2) gas release from the 

water and chemical deposition must be included. In this connection, the state of modeling capa

bility and general understanding of systems of this type has been discussed by Torgersen [28].  

While it is, in pnnciple, possible to incorporate these phenomena, it requires major expansion of 

current modeling programs and a very large, fast computer to perform the calculations for the 

long times required to obtain the desired understanding of the late stage response of the hydro

logical system.  

Therefore, since the time progression of phenomena to be modeled is first the earthquake, 

then transient pressure forced (seismic pumping) flow and finally the late stage thermally forced 

convective flows, it is reasonable, as a first step in analyzing the magnitudes of the flow effects 

to be expected, to begin with a modeling study of the first two phases of the process - that is, the 

occurrence of a large earthquake and prediction of the nature of the seismic pumping. Accord

ingly, initial conditions for earthquake-induced processes are constrained by data derived from 

the contemporary system. We expect that if the seismic pumping is significant and involves 

vigorous flows from large hypocentral depths, then the second stage thermally driven flows 

would be similarly vigorous and depth extended. Consequently, at least a partial check on the 

quantitative aspects of the CHT model can be achieved.  

The Geophysical Environment at Yucca Mountain 

Since Yucca Mountain is in the Basin and Range Province, the environment is that of a tec

tonically active area that is undergoing extensional deformation. The crust and mantle structure 

at and near the Nevada Test Site has been quite extensively studied and is characterized bv an 

upper mantle low velocity zone for both compressional and shear wave velocities and a rela
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tively thin continental crust, as described. for example, by Archambeau ei i. [43]. High heat 

flow in the region as well as a bro3 - and pronounced gravity low. coupled with a variety of 

seismic data indicating unusually low compressional velocities in the upper mantle, strongly 

imply a partial melt zone just below the crust-mantle boundary which, on average, extends to a 

depth of about 200 km. As a probable consequence of the partial melt condition in the upper 

mantle, deep seated volcanism, with up-welling intrusions into the crust originating from the 

upper mantle, has characterized the region and has been particularly active near Yucca Moun

tain, with the last major phase ending about 10 million years ago. Relatively moderate, more 

recent activity has occurred in the adjacent Crater Flat area and resulted in eruptions producing 

cinder cones, some within about 10 km of Yucca Mountain.  

Recent seismic surveys and tomographic studies (e.g. [27], [28]) suggest low compres

sional velocity zones in the middle crust, as well as in the upper mantle, at and near Yucc, 

Mountain. Since compressional velocity decreases with increasing depth in a crustal or upper 

mantle depth section are most likely caused by partial melting, then the presence of such a zone 

very near or beneath Yucca Mountain implies the possibility of further volcanism originating 

from this crustal zone. Such volcanism would be different than that produced from the mantle in 

the past, and could represent a different phase of volcanism for the area in the future.  

These conditions imply high crustal temperature gradients and generally high tectonic 

stress levels for the area as well as possibilities of modem volcanic activity. However, it is also 

known that the Basin and Range Province is highly heterogeneous, with crustal thicknesses vary

ing rapidly, along with the thickness of the upper mantle low velocity zone and the observed 

heat flow. This implies that stress levels, thermal gradients and other variables, important in the 

present context, vary rapidly as well and that units as small as Yucca Mountain can have charac
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teristics that are quite different at a single point in time than those considered typical for the pro

vince. For example, this variability seems to be manifested in the "source" and "sink" zones 

identified by Szymanski within the Nevada Test Site area, where the pressure and temperature 

gradients and water flows are quite different from one relatively small zone to another. Like

wise, the rapid change in the water table level at the north end of Yucca Mountain implies an 

adjacent zone in a very different state than that found at Yucca Mountain. As previously noted, 

this may be due to a change in the tectonic stress state, with the main part of Yucca Mountain in 

an extensional environment with normal, dip-slip or listnc faulting, while to the north the defor

mation and faulting is surface parallel shearing (strike-shp faulting).  

In terms of the characterization of Yucca Mountain for earthquake and flow modeling pur

poses, the most important properties are the tectonic stress state and the hydrological properties 

of the medium; that is, the natural and fracture porosity and permeability of the medium. Within 

this relatively small geological unit, we expect these properties to be only mildly variable 

laterally, at least away from the major faults, but quite strongly variable with depth in the upper 

crustal zone to be modeled. As was discussed in detail in the preceding Section VI, we expect 

the medium to be in a dilatant state and the faulting to be produced by any large earthquake to 

be dip-slip or listnc, with stress drops in the moderate range from 20 to 50 bars. Thus, the 

medium porosity and permeability is expected to be controlled by open fractures to considerable 

depth (i.e., to the "Z surface" at about 1.5 kin), with predominantly vertical fractures and, conse

quently, highly anisotropic permeability. That is the permeability in the vertical direction is 

expected to be much greater, by about an order of magnitude, than that in the lateral direction, 

perpendicular to fracture surfaces. Likewise, the fracture porosity is assumed to dominate over 

natural porosity and to be, on average, high (10-3 to 10-4) at shallow depths and to decrease th, 

"Z surface".
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The initial thermal state of the medium can be characterized by relatively high gradients 

and temperatures, which are in keeping with the situation in the Basin and Range as a whole, but 

with strong variability in the temperature gradient with depth. as is observed at Yucca Mountain.  

However, while the thermal state would be very important in modeling the late stage thermal 

convection, it plays no essential role in modeling the pressure forced seismic pumping that will 

be considered here.  

What is important for the seismic pumping, however, is the role of CO 2 gas that could 

come out of solution when the water pressure in fractures is reduced below ambient in response 

to the stress changes produced by an earthquake. In particular, at Yucca Mountain we expect the 

water at great depth to contain considerable amounts of CO 2 in solution due to the history of 

local volanism and to the presence of the thick Paleozoic limestones beneath the overlying tuffs.  

Since CO 2 would come out of solution when the pressure drops below the ambient level, then 

degassing of the water can occur. Subsequent increases in pressure will not readily force the 

CO 2 back into solution, so that once released the gas remains as a second phase component 

along with water. Therefore dynamical fluctuations in pressure during an earthquake, which can 

be very large, can produce significant CO 2 which will, by itself, pressurize the fracture system 

and will flow at high rates, pushing water with it. Additionally, the water will produce addi

tional gas as it moves upward into a lower pressure environment, so that this entire process can 

produce very energetic gas-fluid flow phenomena.  

Continuum Equations and Approximations for Earthquake Stress Changes and Gas-Fluid Flows 

in a Fractured Medium 

In considering the full complexity of the problem of modeling both the dynamics of earth

quake failure and the gas-fluid flow that can take place in the surrounding water filled fractured
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medium, we conclude that as a first step it is appropriate to model only the flow effects to be 

expected from the final stress changes due to an earthquake. That is, the strong dynamical stress 

fluctuations accompanying a rapidly growing failure, which will likely be very efficient in driv

ing CO 2 gas out of solution, wIll be neglected in this preliminary investigation. Thus. ,nly the 

final, static changes, in the stress field will be considered in the process of pressure drive flow 

and degassing. In this case, if the dilatation in the rock locally increases due to the event, then 

the fluid pressure in fractures would be reduced below the initial ambient level and CO 2 will 

come out of solution in direct proportion to the pressure reduction from ambient. Hence gas will 

be produced, but not nearly as much as would be produced by the strong fluctuations in the 

dynamic pressures. That is, while the dynamical fluctuations would not have much direct effect 

on the fluid flow in fractures, due to inherent inertial effects in the fluid flow mechanics, they 

would have a large and important effect on gas production. Neglect of this dynamical effect.  

and only accounting for late time (static) pressure changes, will therefore produce a minimum 

amount of C0 2 , but nevertheless will provide an indication of the gas flow effects that can occur.  

In this case, however, we will get a "lower bound" estimate of the gas production and flow.  

Another effect that is related to gas production is new fracturing, or pre-existing fracture 

opening, that can occur as a consequence of gas production. In this preliminary study we will 

not incorporate fracture failure conditions, except along the zone of primary earthquake rupture.  

or conditions for fracture re-opening, into the dynamics of the flow process in the fractures and 

will hold the fracture porosity and permeability fixed. Therefore we also neglect the important 

effect that gas production, and water pressures, can have on new fracture production and 

enhancement of permeability in areas where gas is released and fluids are pressurized, which 

occurs during both the transient phase of failure zone growth and as a consequence of the final
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(equilibrium state) stress changes produced by the earthquake. This also will give us a 

"minimum" estimate of the resulting flow rates and volumes.  

Therefore, we will consider only the final stress changes in the rock matrix due to an earth

quake acting as the driving force for the pressure forced flow in the fractured system. We 

account for CO 2 production by allowing degassing in proportion to the pressure drop in the frac

ture water below the ambient, but do not account for fracture opening and permeability changes.  

so that the permeability of the system remains fixed during the ensuing pressure forced flows.  

Degassing will occur where the earthquake induced dilatation in the rock increases, and pressure 

forced water and gas flows will occur in directions away from areas where the rock dilatation is 

decreased by the earthquake (where pressures on the fracture water are increased).  

As noted earlier, the medium is considered to be in a dilatant state with most frd,, ures 

oriented vertically, and this condition will be incorporated in the modeling. That is, the permea

bility in the vertical direction will be taken to be of the order of ten times that parallel to the 

earth's surface and perpendicular to the fracture surfaces. We can, of course, vary this condition 

to check the sensitivity of the predicted flows with respect to this anisotropy.  

The flows to be modeled, therefore, are two phase water and gas flows which are induced 

by dilatation changes in the rock that change the pressures on the water (and gas) in the frac

tures. The earthquake induced stress changes that will be used are those representing (only) the 

equilibrium field changes and consequently can be adequately described in terms of stress 

changes produced by a dislocation of the medium due to some specified offset along a fault 

plane. This representation of earthquake induced stress field changes is easily calculawd for 

quite general cases by finite element or finite difference methods. We show some of the rather 

standard results for particular cases of dip-slip and listric faulting in a medium appropriate tt
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Yucca Mountain in the next sub-section. These results provide the "driving" pressure field on 

the water to produce the degassing as well as the water and gas flows in the medium.  

The modeling of the water-gas flows in the fractured medium are not nearly as straightfor

ward however. Here we note that the flows are through a fractured system and the usual approx

imations for seepage flow using Darcy's law in the context of a mixture theory formulation is not 

expected to be a good representation. Instead, we believe that a much more realistic approxima

tion can be achieved by including the Darcy type drag forces on the water or gas flows, due to 

fracture geometry changes and viscosity coupling to the rock at the fracture boundaries, as an 

equivalent body force term in the equations of motion for these two constituents. In this case we 

can approximate the effects of changes in fracture geometry (e.g. branching, curvature and con

strictions in width) by introducing random spatial fluctuations in the drag coefficients and simul

taneously represent, by other spatial variations in the drag force coefficients, the effects of larger 

drag along the fracture surfaces than in the interior of the fracture.  

The formulation of the flow problem is now simply given by the conservation equations for 

a multi-component flow of a (viscous) fluid, which can be a gas or a liquid, or both. The conser

vation of mass for the nth constituent of the flow is: 

-j-VT (n~p(•()) = r•n) ) 

where the summation convention applies to repeated (spatial) indices that are not enclosed in 

parentheses. Here r(n) is the rate of production of the nth constituent, and V_(n) = 0. Conservan 

tion of momentum for each component is: 

p(n1) F +in 0 '1 + Fin) (2) 

where Fin) are the external forces on the nth component and is taken to include the gravity force
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and the (equivalent) drag forces. Here Pp) is the generalized stress, which normally includes 

viscosity effects in the nth component material. Here the drag force equivalent will be taken to 

have the form: 

d I V(n) - vm) (3) 

where the cc"m) is the drag coefficient tensor between the nth and mth constituents and consists 

of spatially variable randomized functions, while vn) is the kth particle velocity component of 

the nth constituent.  

The conservation of energy can be put in the form: 

a (Cn)T(n)) + vj) -(C.n)T(n)) = a KJ•) -T(n) - p(n) av(n) +(D(n) (4) 
cit i X~ _jk~ 7+T (j(n (4) 

where p(n) a PJP)&k. and CD(n) represents the sum of viscous dissipation and energy exchanges 

between constituents due to the interactive drag forces. Also, in Eqn (4), T is the temperature

Cn) is the specific heat at constant volume and KJ~n) is the thermal conductivity tensor, which is 

taken to have the isotropic form Kjj') = Kn)6kj.  

In the fundamental equations, (1) through (4), the dependent and independent variables are 

normalized with respect to typical values. In particular, distances are normalized through the 

characteristic depth which is of the order of 10 km here. Velocities are normalized with respect 

to c,, the sound velocity in water at the Earth's surface. Similarly, density, pressure and tem

perature are normalized to surface values, and the independent variable, time t, is normalized by 

using the standard depth and velocity. As usual, dimensionless ratios are obtained by this pro

cess, whose magnitude is a measure of the relative importance of the terms in the basic equa

tions.

The equation of state for the gas is taken to be ideal, that is
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pM)= k- pM•T (5) 

where kB is Boltzman's constant and m(l) is mean molecular weight of the gas, taken as com

ponent 1. Because the water is relatively incompressible, any gas present will dominate the 

pressure terms for both gas and water, so that this equation of state will dominate both com

ponents and will depend on the amount of gas present initially and that released through 

decompression of the water.  

The equations can now be split into two sets, one governing the ambient field, with the 

other representing the transient flows due to sudden stress changes. The ambient field is that of a 

water system under hydrostatic pressure gradients with zero velocities. In this case it is assumed 

that very little gas is present, except as dissolved in the water initially. This ambient solution 

gives a hydrostatic pressure gradient which balances the gravitational forces and is readily 

removed form equation (2), leaving similar equations for the transient flows of each component.  

The resulting set of non-linear partial differential equations are converted to a correspond

ing set of finite difference equations for computer integration in time and space. Upwind dif

ferencing is used for first order spatial gradients with the advection velocity terms acting at the 

upswing point. However, if the velocity operates on its own velocity gradient, such non-linear 

terms are treated non-locally on the lattice for stability.  

The updated velocity variable is projected not from just the old dependent variable, a pro

cess that is inherently unstable, but from a distributed smooth average of the variable at locations 

surrounding the specific spatial location and such a smoothing method brings stability to the dif

ferencing scheme. It also helps in stabilizing the integration at grid comers and boundaries.  

Numerical diffusion is produced by this process, but is constrained by having no smoothing of 

the density variable while allowing velocities and temperature to be smoothed sufficiently for
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long-term stability, given a sufficiently small time-step. The second order derivatives in the 

viscosity and thermal conductivity items are modeled by finite differences taken at the surround

ing spatial locations. In the integration scheme, the velocities, flow temperature and density are 

obtained from integration of their continuity equations. The governing pressure is obtained from 

insertion of the updated gas density and temperature into the ideal gas equation.  

Pressure Driven Flows (Seismic Pumping) in Response to Equilibrium Stress Field Changes 

From Large Earthquake 

Figure 39 shows cross sections of displacement, stress and dilatation fields produced by two 

slightly different kinds of earthquakes, as modeled by a finite element computation. A uniform 

one meter offset on a failure plane was used to produce stresses and displacements in the 

medium. The earthquake hypocenter is at 12 km depth and is unilateral, propagating from this 

depth to the surface. The grid extends 40 km in depth and 80 km wide. The important field van

able, in terms of pressure forced flow and degassing, is the dilatation, which is plotted in the 

lower left panel in the set for each earthquake type. Since the negative of the rock dilatation is 

proportional to the pressure on the fracture water, zones of increasing rock dilatation (colored 

red) correspond to decreases in pressure in the fracture water, while decreases in rock dilatation 

(blue) is the opposite. In zones of increased fluid pressure (blue), the fluid will be forced to flow 

in a direction from higher to lower pressures, i.e. along the maximum gradient, and will, in so 

doing, reduce dt pressure on the fluid and its gradient. Regions of increased dilatation (red) are 

zones of reductions in water pressure and degassing of the water. Thus, these are zones of CO2 

production.  

We note that the listric fault produces a more complex pattern in all the fields but particu

larly in the rock dilatation. This will manifest itself in a somewhat more complicated pattern foi
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Normal Dip-Slip Fault ( offset = 100cm )

Normal Listric Fault ( offset = 100cm ) 
Fig. 39. - Displacements, shear stress and dilatation in the upper crust in the vicinity of a dip-slip (600) and a listric 
(60' to 00) fault with hypocenters at 12 kmi. depth. The inset at the upper right indicates the field variable plotted for 
eoch fault type in the four vertical cross -sections shown. (Horizontal and vertical displacements, dilatation and shear

-40.  
I
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degassing and water-gas flows.  

Figure 40 shows the dilatation pattern in cross section for the normal. dip-slip earthquake as 

well as depth cross-sections of the water and gas flows produced when the permeability is abCut 

1 mihli-Darcy and the porosity is 10-2 to 10-3. The square outlined in this top panel (2C km -'% 

20 kim) shows the region of flow in the lower panels. As indicated, the early time water 9,1%k 

are upward from the (hanging wall") area adjacent to. but above, the dipping fault plane and :>1c 

highest upward parmcle velocities are just above the hypocenter of the earthquake. In the ie1-: : 

below the fault plane (the "foot wall"), the water pressure is reduced and there is .ttte 1A, 

except just below the zone of upward flow. In this area the particle velocity direction ,s .: 

ward, with the water being supplied at the interface between these zones by lateral inflot1, pi

manly into the plane of the cross section shown. At later times, as illustrated in the lower panel.  

a simple pattern of an upward moving column of water flowing to the surface as indicated b,, 

the blue zone) while below it the flow is downward. The horizontal components of the L),, 

velocity field converge into this zone to provide the necessary fluid mass for the divergent "up 

and down" vertical flow. This divergence corresponds to cellular flow patterns above and below 

the failure plane that have opposite vertical velocity directions where they meet along the fault 

plane. These "cells" extend from the hypocentral depth, at 12 km in this example, to the surface 

and from below the hypocenter throughout the crustal zone, although the flow rates are very low 

in the deep crust. An essential point is that the water flow is widespread throughout much of the 

crust and in particular involves upward flow from the mid-crust hypocentral depth to the surface.  

Decreases in the permeability reduce the flow rates but the patterns of the flows are about the 

same. Decreases in fracture porosity can increase flow rates, but the total volumes of water car

ned upward by the flow remains about the same so long as the porosity does not get very low 

below about 10-4.
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( blue/red = up/down at 0.1 m 3 /s-m 2 ofplan ) 
Fig. 41. - Water and CO 2 gas flow histories in a (pre-dominantly) vertically fractured crustal section shortly after the 

occurrence of dip slip faulting resulting in an earthquake of magnitude of about 6.
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Fig.42. - Water and CO 2 gas flow histories in a fractured crustal section as in Fig. 41, but with a randomized drag 

coefficient.
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The CO 2 gas flows shown in the right side panels are similar in their general character to 

those for the water except that upward flow occurs below the fault plane near the hypocenter as 

well as above it. This is due to the release of gas from solution in the zone of increased rock 

dilatation, where the pressure on the water is therefore reduced. In this zone gas buoyantly wells 

up of this gas occurs and results in the flow pattern shown. At late times the gas flow is nearly 

identical in its spatial pattern to that for the water, except that higher particle velocites are 

involved.  

Figure 41 shows a longer time span of the same water and gas flows. At later times the gas 

flow, in particular, is upward moving throughout the section shown, which extends to depths of 

20 km. The water flow, at yet later times than that shown, also is upward through the depth sec

tion, but has lower upward velocity values than that for the CO2 

Figure 42 again shows the flow response to the earthquake but in this case the drag 

coefficient in equation (3) has been heavily randomized. The effect of this randomization manu

fests itself in the early stages of the water and gas flows but is rather rapidly overwhelmed at 

later times by the forced uniformity in the flow patterns due to the (relatively uniform) pressure 

distribution patterns produced by the earthquake. Obviously, more complex patterns can easily 

be produced by introducing strong spatial variability in all the material properties, including 

elastic properties, so that a wide variety of variability in these basic patterns can be expected.  

However, the general characteristics of these predicted flows persist. In particular, circulation of 

water and gas from very great (hypocentral) depths can be expected if the fracture porosity and 

permeability persist at a modest level throughout a major portion of the crust.  

In the examples shown, the (effective) permeability was taken to be uniform along the cru

stal depth sections involved in the model calculation and of moderate level (about 1 milli-
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Darcy). Much lower average levels and spatial variability reduce flow velocities but, for a fixed 

fracture porosity, do not much change the total volume of flow when integrated over a long 

period of time, so long as the porosity is in the range from 10-' to 10-4. For porosity values 

from below 10-4 to 10-5 the flow volumes begin to be limited by porosity. However, only for 

rather large depths, below 5 km, do we expect lowered fracture porosity along conduits in tec

tonic areas. In this regard, we again note that the deep Kola Peninsula bore-hole in the Soviet 

Union showed horizontal water flow at its greatest depths, near t2 km. Further, similar determi

nations and inferences of very deep water circulation have been made in various other areas in 

the world (e.g. [30]-[32]) so that relatively high levels of permeability and porosity at upper and 

mid-crustal depths clearly occur and these occurrences are not just confined to tectonic areas like 

the Basin and Range Province.  

An important quantitative aspect of the flows modeled is the flow rate through the upper 

surface. In the calculations shown in Figures 40-42, this upper surface would correspond to the 

top of the saturated zone. In this regard, Figure 43 and 44 show the flow rates for water and gas 

in cubic meters per second per meter of fault length perpendicular to the cross section of Figures 

40-42.  

These plots show that the flow rate for both water and gas is very high in the first few 

seconds and drops off quickly to a near constant level after a few minutes. The rates for the gas 

flow are seen to be uniformly higher than those for the water. If we use about a 10 km fault 

length as appropriate for a magnitude 6 1/2 earthquake (with a stress drop around 20 bars and a 

one meter fault offset) then we can estimate the amount of water (and gas) that can be expected 

to be "pumped" into the unsaturated zone. Based on the asymptotic rate levels at late times, we 

get about 106m3/year of water for this particular case. Gas volumes at atmospheric pressures
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would be about 3 to 4 times as high. For a larger event, with a magnitude around 7, we estimate 

volumes of water between 107 and 108 m3/year. These values are in the range of those observed.  

for example for the Borah Peak earthquake.  

Depending on how the water flows within the unsaturated zone such pressure forced water 

flows could result in a rise in the water table. However, we would expect the flow to be more 

channeled in this zone and to flow upward along fault zone conduits and reach the surface at iso

lated locations. Thus, an estimate of the rise in the water table for this pressure forced initial 

flow would be complicated by this expected surface outflow and run-off. In any event, the major 

rise in the water table would be expected to occur over the much longer period of thermally 

driven flows. However, if an area of about 100 km 2 encompassing Yucca Mountain is involved 

in seismic pumping of the sort described here, then using the estimates obtained for the total 

volume flow over one year, one gets a water table rise of about 500 meters if the unsaturated 

zone porosity is uniformly near 10-3, and of about 50 meters if it is near 10-2. Here we assume, 

as in the modeling described earlier, that the horizontal permeability in the plane of the cross

section analyzed is about an order of magnitude lower than the vertical permeability.
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VIII. Possible Consequences of Water and Gas Intrusion for Repository Containment 

A number of U.S. government reports [2,3] describe design features of the repository pro

posed for Yucca Mountain and include preliminary calculations of the thermal state of the sur

rounding rock medium after emplacement of the units. Since the plan is to place the high level 

waste in the site without much of a cooling period before emplacement, they are quite "hot" and 

produce rather high temperatures in the medium. The calculations indicate that the canrusters 

would reach 250'C and the surrounding rock temperatures would average around 1200 to 130 0C, 

depending on thermal parameters used in the computational estimates. The repository zone 

would remain this hot for several hundred years, and would only very slowly cool down with 

time. Thus, since the thermal energy stored in the medium surrounding the repository is large 

and because of the high temperature differential between the rock mass and the vaponzation 

temperature of water under normal pressure conditions, the waste heated rock is a potential 

source for steam generation during water intrusion.  

In particular, if rapid extrusion of water from depth were to occur, such as by "seismic 

pumping" which has been documented for a number of earthquakes of the type expected at 

Yucca Mountain, then large volumes of water and gas (C0 2) could be injected into the heated 

repository area. One could then expect some conversion to steam resulting in pressurization of 

the tunnel system, a rise in the vaporization temperature leading to the presence of super-heated 

water and the creation of a very corrosive environment that could cause rapid break-down of the 

waste containers.  

In addition to steam, it would be expected that CO 2 gas flows would normally accompany 

any incidence of water up-welling at Yucca Mountain and so could also result in pressurization 

of a sealed repository. Eventually the combined effects of both steam production and gas inflow
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would be expected to produce venting of the repository. We consider these possibilities in 

somewhat more detail in the following subsections.  

Estimates of the Effects of Water and Steam Intrusion 

In order to get a rough estimate of what could occur, we can assume that only 10% of the 

water that was observed to have flowed out at the surface as a consequence of the Borah Peak 

earthquake in Idaho (108 M3 at least) might be expelled by a similar event at Yucca Mountain: 

that is 107m3 of water pumped toward the surface and coming in contact with the repository 

zone. Then, with the pervasive fracture system existing at Yucca Mountain one could expect 

about a 20*C drop in rock temperature (to about 100'C) due to transfer of heat to the up-welling 

water.  

The mechanism for heat transfer to the water in such an environment is likely to involve 

steam production in fractures that are not open to the repository tunnels, but that can be rela

tively easily opened or extended into the repository by over-pressures produced by the steam 

inside the fracture. What we have in mind, as the likely mechanical process, is up-welling water 

occupying void fractures accessible from below followed by vaporization of some of the water 

producing pressures sufficient to open the fracture and extend it to intersect other fractures.  

Such fracture growth could allow escape of the vapor into the new conduit region and continued 

upward flow of the heated water and steam. With upward flow of the vapor and fluid, the pres

sure would drop in the zone behind the upward moving fluid-gas front and the fracture would 

tend to close behind the front. However the process would be repeated with the water and steam 

working its way upward into the repository through the network of largely vertical fractures.  

The net effect would be a series of mixed steam and hot water "jets" working upward through 

the fracture zone and eventually into the repository tunnels.
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This process would be such that the water must necessarily be in contact with the hot rock 

in each fracture zone long enough to produce sufficient steam pressure to open the fracture to 

provide interconnection. Hence it would be a fairly efficient process in terms of extraction of 

heat from the rock and we expect that, in a rather heavily pre-fractured rock. the mechanism 

would reduce the temperature of the rock to about the boiling point of water. Since the fractures 

are open, the initial pressure on the water would be near one atmosphere so that the vaporization 

temperature would be near 100*C initially. Of course as steam is formed in the fracture, the 

pressure in the fracture would increase dramatically and raise the vaporization temperature.  

However, with most of rock at 120 0C to 130'C in the repository area, we expect that the pres

sure would be released by fracture opening well before the vaporization temperature of the water 

approached the temperatures of the rock. As successive opening and closing of interconnecting 

segments between fractures occurred we would also expect that opening would become progres

sively easier. Nevertheless, at some stage the rock temperature would be reduced to the level at 

which insufficient vaporization would occur to raise the pressure high enough for opening, and 

the process would stop. We expect, however, that this temperature would not be far above 

100TC. Hence an estimate that the rock in the repository area could be reduced by about 20°C, 

through this "thermal pumping" process, does not seem unreasonable.  

The mass of water that could be converted to steam by this process can be roughly 

estimated by considering the energy balance for the heat exchange between the water, in con

verting it to steam, and the thermal energy extracted from the heated rock reservoir. That is, the 

energy balance is given by: 

MV,,) (lw + C•w)ATw) = MR CýR)ATR 

where MV denotes the mass of water vaporized, lw the latent heat of water (23xIO5
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joules/Kgm.), Cqw) the specific heat of the water (4.2 joules/gm-deg.) and AT, the required 

increase of water temperature to the boiling point. MR denotes the mass of rock participating in 

the heat exchange with an associated temperature decrease of ATR. Here CýR) is the specific heat 

of the rock mass (.83 joule/gm-deg.). The repository volume, that is heated to an average tem

perature of 120*C, is about 6 x 107m 3. (The area of the repository is 5.5 km- and a depth inter

val, for such an average temperature, is taken to be 12 meters.) Taking the density of the rock at 

2.7 x 103 kg/m 3, this gives the mass of heated rock to be 1.8 x 1011 kg. If the rock mass is highly 

permeable, as is the case at Yucca Mountain, then over a reasonable period of time most of the 

rock mass participates in a heat exchange with the upward moving water, probably in the manner 

previously described. The estimate of an average temperature drop due to circulation of water 

into the fractured rock, and heated during the "thermal" pumping described, was around 20'C.  

That is, ATR - 20*C.  

In this case the heat exchanged between the thermal reservoir and the water is sufficient to 

vaporize a mass of water given by 

MV) = MR lw+CpwAT w 

For water injection at 30* C, then AT, = 65*C and 

MV) = 1.2 x 109kg.  

This is about 106 m 3 of water vaporized. This corresponds to about 10% of the water assumed to 

be extruded upward (107m3) and an amount equal to about 1% of the total water extruded at the 

surface after the Borah Peak earthquake.  

Based on the earlier discussion of the thermal pumping mechanism, we can expect that the 

steam ejected into the repository tunnel system would rapidly raise the internal pressure in the 

tunnels. The increase in pressure would increase the vaporization temperature for water in the
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tunnels and at a rather early stage the steam being "pumped" into the repository tunnels would 

begin to condense into super-heated water. Thus, an equilibrium would be reached by the 

dynamical process such that the steam pressure in the tunnels would remain at a fixed level and 

super-heated water would accumulate. Of course as the water came in contact with the waste 

containers, which would be at temperatures of about 250'C, more steam could be produced and 

further increase the tunnel pressures. A rough estimate, based on the pressure dependence of the 

vaporization temperature of water and the efficiency of the additional vaporization of water by 

the hot cannisters suggests that pressures of a few tens of atmospheres could be reached.  

This estimate assumes the tunnels to be closed off to the atmosphere, as is planned for the 

repository and that there is no natural venting. However, even rather low over-pressures would 

probably result in natural venting through the fractured rock above the repository, with release of 

steam into the atmosphere. Therefore it is likely that natural venting will keep tunnel pressures 

at "modest" levels of, perhaps, several atmospheres, but at the expense of venting steam out of 

the repository area.  

The presence of high temperature water and steam in the repository tunnels and its contact 

with the waste cannisters presents serious possibilities of very rapid corrosive break-down of the 

cannisters. While we have only superficially reviewed the literature in this subject area, it is 

apparent that thwre are some rather extreme processes which might be expected to occur. One of 

these involves the production of steam bubbles at the surface of a very hot body. These bubbles 

are observed to form in such environments and rapidly collapse at short distances from the hot 

surface, with the production of a high velocity fluid jet directed back toward the surface. The 

jets produce pitting of the surface and result in greater surface area of hot material exposed to the 

water. This greater area allows larger numbers of steam bubbles to be formed and an accelera-
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tion in the pitting and material break-down. Obviously the process is highly nonlinear and 

builds upon itself. In the case of hot canmsters, the process could erode the containment vessels 

and possibly expose waste material to the water and steam environment. The same process 

could then act to break up the hot nuclear waste and allow it to be rapidly moved into solution or 

be ejected by steam flows to the surface. Such a possibility underscores the serious conse

quences that could result from up-welling water intrusion and certainly makes a careful study of 

the implications of Szymanski's model imperative.  

Gas (CO 2) Production and Associated Pressurization Effects 

An important additional effect tending to raise the pressure in the repository involves the 

interpretation that the ground water at depth beneath Yucca Mountain probably contains large 

concentrations of dissolved CO2 gas. This gas could be released during the rapid pressure 

fluctuations in the medium during an earthquake and, as a consequence of upward flow be 

injected into the repository tunnels along with water and steam.  

An aspect of this is discussed in the previous section VII on modeling of the flow effects 

following an earthquake. One mechanism of gas release and flow was considered in this model

ing and demonstrated as being likely to be important in determining the flow associated with 

seismic pumping. In this process we considered only the equilibrium changes in the stress field 

produced by an earthquake. The gas coming out of solution was therefore confined to only those 

zones in which there was a long term (static) drop in the fluid pressure below that prevailing 

before the earthquake. Nevertheless, the volume of gas released and flowing upward in the frac

tured medium was found to be appreciable.  

However, in addition to seismic pumping of CO% and water caused by equilibrium stress 

changes, there are other mechanisms whereby CO2 could be released and produce potentially
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important side effects. In this regard, earthquakes result in spatially complex stress field 

changes, with locally large transient stress changes which may either increase or decrease the 

background stress in the medium. That is, as the failure zone expands, at a rate which is some

what less than the local shear velocity, a nearby matenal element can experience a rapid increase 

in the stress levels as the front of the failure zone approaches followed by a rapid decrease as it 

passes by. If the initial stress state is non-uniform, then the stress levels in the near distance 

range can oscillate rapidly over several cycles. The magnitude of the effect can be large with 

ground accelerations well over Ig occurring, as were observed for the San Fernando earthquake.  

These large transient changes in the stress levels and their gradients occur near the failure 

zone during its growth, so that fracture stored fluids would be subjected to rapidly oscillating 

decompression and compression. This process would be something like shaking a bottle of 

champagne, with CO 2 rapidly coming out of solution and pressurizing the fractures. Because of 

the high tectonic stresses, it is likely that fractures would dynamically open and grow as the gas 

pressure increased. For interconnected fractures, or fractures growing to interconnect, there 

would be high velocity gas flow carrying liquid along with it and a drop in the gas pressure and 

water pressure, inducing additional gas outflow from solution. The process could be highly 

unstable, in that as more fractures were opened by the high transient gas pressure yet more gas 

would be produced from the more slowly moving fluid as the gas flowed rapidly upward through 

the fracture system. The amount of CO2 produced could be large and it could extensively frac

ture the medium, most likely along rather narrow zones extending upward from the "source 

areas" near the earthquake failure zone.  

In the event of an earthquake near Yucca Mountain, gas dissolution and flows originating 

from fracture fluid pressure changes due to both long term changes in rock stress and large
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dynamical stress fluctuations would therefore be expected. Such flows could be expected to 

inject rather large amounts of CO 2 into the repository tunnels in the right circumstances, for 

example if an event were initiated at depth along the Stage Coach Road Fault with subsidiary 

faulting along the north trending faults in the immediate proximity to the proposed repository.  

The subsequent gas flow would combine with the steam production, and enhance the efficiency 

of the fracture opening process described earlier, to produce overpressures in repository tunnels.  

While it is difficult to make predictions with any great degree of confidence because of the many 

uncertainties in the controlling parameters in the fractured medium affecting access to the repo

sitory area, it is not unreasonable to expect a build-up of pressure to as much or more than that 

expected from steam under conditions prevailing at the site. Thus, in an initially sealed reposi

tory one would expect a rapid build-up of steam and heated CO2 gas to pressures of several tens 

of atmospheres. Such pressures are more than sufficient to cause venting through the fractured 

medium above the repository. The consequences for repository safety are similar to those 

described earlier for steam alone, except with the addition of CO 2 inflow it might be expected 

that venting would be more energetic and break-down of containment materials more probable 

and rapid.



- 121 -

IX. Evaluation of the Szymanski CHT Model: September 1990 Consensus Statements of the 

Entire Panel.  

The review panel developed a series of consensus positions on processes, assumptions, and 

field evidence that are at the core of the conceptual model proposed by Szymanski to explain 

tectonic effects on the groundwater flow system at and in the vicinity of Yucca Mountain. In 

this section we summarize the key panel positions as they relate to the Szymanski model. In the 

Appendix 1 these consensus positions are incorporated in the framework of a statement of the 

key processes within the Szymanski model in an effort to present them in context. Since these 

consensus positions, adopted by the full panel as of Sept. 1, 1990, represent the shared views of 

all the members, they are presented here, in a separate section, to distinguish them from conclu

sions reached by the present authors that may or may not reflect the current thinking of the other 

three members of the panel. In any case, the authors of this minority report are in general agree

ment with the following conclusions and statements; though in some areas we have reached 

more specific conclusions which are listed in the next section.  

1. Geological conditions within the Basin and Range are unusual on a global scale, and 

highly heterogeneous. It is unclear to what extent Yucca Mountain is representative.  

unusual or unique within the Basin and Range.  

2. The essential feature of the tectonic setting of Yucca Mountain is that it is located in an 

extensional terrain, in an area with high regional heat flow and nearby evidence of 

geological-recent volcanic activity, indicating up-welling mantle material.  

3. Two models have been proposed by project participants to explain vein and calcrete for

mation in the vicinity of Yucca Mountain. They differ in mechanism, but the important fac

tor is the indication they provide of the past elevation of the water table at Yucca Mountain.
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The JS model, as interpreted by the panel in its position statements on key processes (see 

the Appendix 1), and based on tectonically-driven up-welling fluids, is considered a valid 

hypothesis by all panel participants. There was divided opinion on whether the field evi

dence confirms that the water table has reached the ground surface in the geologically

recent past. The key evidence to consider is the vein and fracture-filling material 

throughout the saturated zone at Yucca Mountain.  

4. The panel considers the issue of saturation of the present unsaturated zone to be the 

critical issue, rather than the focus on competing hypotheses for origins of the veins and 

calcretes. For this reason, the panel considered an integrated summary of the hydrogeo

logical history of the unsaturated zone to be a first step and of immediate concern.  

5. Because of the extensional tectonic setting, existing and new fractures are opening 

within the tuffs during the period prior to earthquake rupture. Many fractures will close by 

strain relief associated with earthquakes. The pattern of strain relief will be complicated 

and some fractures may be opening or created while others are closing. Open fractures 

imply that the stress is heterogeneous on a size scale perhaps as large as 10 m, and cer

tainly on a smaller scale. Because the average minimum principal stress is low, as inferred 

from hydraulic fracturing tests, it is unlikely that the minimum value will be near-zero at 

many points late in the cycle. The panel does not view the existence of these points of low 

minimum principal stress as a major driving force, but views them as additional evidence of 

open fractures that may change aperture with small changes in stress or pore pressure.  

6. The lithostratigraphic framework, with its control on the patterns and rates of ground

water flow and the effects of tectonically-induced changes in the hydraulic and transport 

properties on patterns and rates of groundwater flow, should be viewed as a coupled prob-
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lem of mass and energy transport within a deforming fractured medium. This is the case in 

both the interseismic period, and in the time period following seismic rupture and wall 

separation. During seismic rupture, large changes in the hydraulic properties of the rock 

mass are possible.  

7. Long-lasting fissures at the ground surface can be related to listric faulting, fluid pres

sures are involved in the process but only as a second order influence. However, transient 

pore pressure increases accompanying earthquakes could open veins and joints in the 

vicinity of the fault. Wall rock separations are not the driving mechanism for resetting of 

the stress field. Their formation is the result of the kinematics of fault slip, coupled with the 

listric geometry of faults. The panel considers it probable that large wall rock separations 

(on the order of several meters) are the results of several to many events.  

8. The panel agrees that seismic pumping from dilatant zones at focal depths is not a criti

cal issue since an earthquake, even unaccompanied by seismic pumping, could reset the 

strain field and close fractures within the tuffs. Of the three panel members expressing an 

opinion on the likelihood of seismic pumping, estimates of the probability of past and future 

occurrences of seismic pumping on favorably oriented faults ranged from possible to near 

certainty.  

9. The thermal data characterizing the present-day conditions do not allow for an une

quivocal distinction between a convection-dominated system and a thermal regime 

reflecting regional groundwater flow patterns (an advectively-dominated system). The 

thermal data do not contradict the view that Yucca Mountain could be late in the tectonic 

cycle. In view of the magnitude of the regional heat flux, and the nearby presence of recent 

volcanic activity, the tectonic setting of Yucca Mountain is favorable for hydrothermal con-
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vection. A low velocity zone in the crust beneath Yucca Mountain, indicating partial melt

ing or renewed volcanic activity near Yucca Mountain, such as at Crater Flat, would make 

hydrothermal convection at Yucca Mountain inevitable.  

10. The evidence to evaluate past hydrothermal circulation is geologic observation. The 

quantity of vein filling calcites cannot be explained by seismic pumping. Because of the 

composition and volume of vein materials at Yucca Mountain, some panel members believe 

that hydrothermal convection is the only feasible mechanism that explains the origin of 

vein-filling calcites. The remaining panel members consider it a possibility.
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X. Minority Group Evaluation of the Szymanski CHT Model: Conclusions and Recommen

dations 

In addition to the consensus statements of the previous section, with which we subscribe 

but view as somewhat imprecise general statements, we have amved, after further investigation.  

at more definitive conclusions and recommendations that reflect the broader and more detailed 

study conducted in the last year.  

Additional Statements and Conclusions by the Minority Group 

The principal additional conclusions relating to the objectives of this study, which is to 

evaluate the Szymanski CHT model and its relevance to the Yucca Mountain system, are: 

"* The physical and geologic field evidence relating to observed calcretes and calcite-opal 

veins at the surface and at depth, such as relationships to faulting and hydrothermal altera

tions, support the interpretation of deposition by up-welling water from considerable depth.  

This finding is consistent with the Cyclic Hydro-Tectonic model proposed by Szymanski.  

The geologic observations are not, in several particulars, consistent with a pedogenic, des

cending water origin for most of these mineral deposits.  

"* The physical processes and mechanisms incorporated in Szymanski's model for an interac

tive hydro-tectonic system at Yucca Mountain are meaningful and appear appropriate; and 

can provide a basis for prediction. The dynamical interactions are, however, highly non

linear and quantitative predictions based on analytical formulations and numerical model

ing are very approximate and incomplete, in that only some of the phenomena inherent in 

the model can presently be incorporated in a computational program. Nevertheless, in 

principle Szymanski's model can be described in terms of a set of coupled integral

differential equations that analytically express the dynamics of such a system. In this
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regard, a preliminary computation, designed to simulate a short time history of seismic 

pumping in a fractured medium following an earthquake. did predict significant water and 

gas flows that could be indicative of those to be expected at Yucca Mountain. However, no 

other quantitative aspects of the model. such as long term convection and chemical deposi

tion, could be evaluated. Nevertheless. while only preliminary, the quantitative analysis so 

far accomplished does support at least one aspect of the Szymanski model: that is the possi

bility of pressure driven water and gas flows. from upper to mid-crustal depths. following a 

large earthquake.  

* Field observations as well as modeling calculations indicate that gas-assisted (CC 2 ) flows 

of high energy may occur in some circumstances. In particular, it is concluded that such 

flows have occurred at Yucca Mountain in the past and that there is a reasonably high pro

bability that they could also occur in the future. This inference is beyond those drawn by 

Szymanski and specifically incorporated in his model, but nevertheless is compatible with 

it.  

The isotopic and mineralogic characteristics of the calcite-opal vein deposits at the surface 

and at depth are similar and imply a common origin of deposition. Owing to sealing and 

near surface erosional infill, pervasive pedogenic descending-water deposition at depth is 

highly unlikely. Consequently, the numerous veins at depth are almost certainly due to up

welling water from the Precambrian and the Paleozoic limestone formations beneath Yucca 

Mountain and, by inference based on isotopic similarity, those exposed at the surface 

should also have this origin as well.  

* The isotopic characteristics of the calcite-opal veins at the surface at Yucca Mountain. in 

particular those at Trench 14, appear to be consistent with up-welling water from depth.
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from 2 to 5 km or deeper, mixed with the shallower water from the tuff formations. If the 

calcite encrustations on cobbles and soil calcretes used as a pedogenic standard are indeed 

rain water evaporation deposits, as assumed in the study by Quade and Cerling. then the 

oxygen-carbon isotopic data for Trench 14 also appears to be consistent with a 

descending-water "pedogenic" origin. However, if the latter assumption is not true, then a 

pedogenic model origin is doubtful and deep up-welling water deposition is preferred. If 

the assumption is true, then both origins can apparently be in agreement with the data and 

cannot be differentiated on the basis of C-0 isotopic data alone.  

* The isotopic characteristics of the vein calcites at Trench 14 appear consistent with a 

source of deep up-welling water as inferred by Szymanski through his demonstration of the 

correlation with the water from current "up-welling source regions" in the area of the 

Nevada Test Site. The lack of correlation between calcite isotopes at Trench 14 and those 

from the shallow water currently beneath Yucca Mountain, as inferred by Stuckless et. al..  

can only enforce the conclusion that young meteoric water from shallow depths was not 

involved, or was only a minor constituent of the water depositing these vein calcites. This 

conclusion clearly does not negate the possibility of the source being from up-welling water 

from great depth.  

* Stuckless et. al. assumed a pedogenic model origin for a number of calcite deposits that 

they use as a standard. If these are wholly or partly of up-welling origin, then their com

parison of these deposits with Trench 14 vein carbonates could force them to a different 

conclusion; namely that up-welling water from large depths could be responsible for the 

Trench 14 vein carbonates.  

* An up-welling, deep source for the water that deposited vein calcites and silica at Yucca
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Mountain is quite possible based on Szymanski's isotope correlations and is permissible on 

the basis of the Stuckless et. at. study. This possibility is also supported by the inference. by 

Whelan and Stuckless, of large water table elevation changes at Yucca Mountain in the 

past; to as much as 500 meters above and 300 meters below the present level.  

Age dates for the deposition of calcretes and calcite-opal veins at Yucca Mountain are 

somewhat uncertain, so that a highly confident assessment of when the most recent up

welling has occurred, and how frequently it has occurred in the past, is not possible at 

present. Indirect lines of evidence and inference lead us to believe, however, that the 

young ages obtained for some veins and calcretes are probably representative of true depo

sitional ages, but we cannot absolutely rule out different, possibly older, ages.  

Based on all lines of assessment, the model proposed by Szymanski appears to be a good 

working model for interactive dynamical processes at Yucca Mountain, including water 

flow and mineral deposition, and certainly is not one that can be rejected as incompatible 

with current observations or theory. Indeed, it is the only model that is self consistent and 

compatible with the field observations.
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Recommendations by the Minority Group 

In addition to recommendations made by the full panel, and included in the Appendix 1. we 

consider the following to be appropriate and desirable investigations designed to achieve a 

confident general consensus: 

"* Age dating of the exposed calcite-opal veins and calcretes, sampled at close intervals spa

tially, is needed to determine age profiles and times and rates of deposition.  

"* Trenching, up-slope from Trench 14, is required to determine the source of the slope paral

lel calcrete deposits at this site. Extending the depth of the present trench to follow the 

course and extent of the veins with depth is also important.  

"* Detailed dating, mapping and trenching of some additional fault sites having carbonate 

deposits is needed to determine the relationship of the carbonate deposits to these faults.  

"* Seismicity studies and high resolution tomographic studies of the crust and upper mantle in 

the vicinity of Yucca Mountain would be important in assessing the state and stability of 

the crust-mantle in this area.  

"* Complete isotopic characterization and age dating of calcite-opal veins at depth at Yucca 

Mountain would help confirm their origins. Similarly, sampling of deep waters in bore

holes and measurements of isotopic content would be important in comparative studies 

with vein deposits.  

"* Comprehensive numerical modeling of the cyclic hydro-tectonic model should be initiated 

in order to quantitatively assess the character and magnitude of both pressure-driven and 

thermally-driven flows that might occur in response to large tectonic events under a vanety 

of conditions.
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"* A complete program of measurements should be initiated in dnll holes across the zone of 

rapid change in the water table level at the north end of Yucca Mountain.  

"* These or similar projects should be initiated as soon as possible and be planned for comple

non within two to three years at most. The results should then be integrated with the 

already extensive data set for this site to assess site suitability. Such an integrated study 

can best be carried out by a select group of scientists from both inside and outside the 

official program, but with a majority from outside the project.
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XI. General Summary and Overview 

In the previous Section X, we have listed our conclusions regarding the scientific ment of 

Szymanski's hydro-tectonic model and its relevance to the geology and hydrology at Yucca 

Mountain. These conclusions are supplementary to the consensus statements of the entire panel 

listed in Section IX and the Appendix I of this report and constitute an expansion of the com

plete panel assessment. These additional conclusions, in part, reflect our later efforts at assess

ment, since Sept. of 1990, which are summarized in the main part of this minority report.  

In this section we wish to address the range of more general issues relating, in part, to how 

well we can access the suitability of Yucca Mountain as a nuclear waste repository at the present 

time. This leads us to considerations of uncertainties and ambiguities of interpretation, estimates 

of confidence in current interpretations and, in the end, to probablistic assessments. As a conse

quence we are naturally led to think about how to resolve any uncertainties and ambiguities so as 

to improve our collective confidence in the assessment process.  

As is apparent already, and may become more so, we are quite confident in our own assess

ments of the available field data, the relevance of Szymanski's model and the viability of the 

Yucca Mountain site as a safe repository for nuclear waste. However, we recognize that our 

assessments alone are not sufficient to insure a broad range of consensus and appropriate action 

by the DOE. For these latter events to take place it is evident that a more complete set of data, 

and integrated analysis of it, is required. As a result, we recommend what we regard as critical 

field and analysis work that should be pursued immediately in order to resolve remaining issues 

and allow a broad and confident consensus to be reached within the scientific community and the 

DOE.  

In order to address these goals in the following discussion, we will try to integrate key
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observations and analysis described in earlier sections to achieve a general overview of the con

ditions at Yucca Mountain that relate to the containment of nuclear waste. In doing so we will 

state our conclusions regarding these conditions and also try to address the factors of ambiguity 

and uncertainty that have caused debate and contention. A pnncipal goal will be to evaluate the 

ambiguities of interpretation of certain of the data, but in the broader context of an integrated set 

of data, in order to either eliminate the uncertainty or at least focus the assessment program on 

specific new data and analysis that could be obtained to resolve the issue.  

On the basis of our evaluation, no other mechanism, other than up-welling ground water 

from considerable depth, seems entirely capable of explaining the observed calcite-opal vein 

compositions and the presence of such veins throughout the mountain. In particular, ram depo

sited calcium carbonate and silica evaporates, which would be confined to the near surface zone 

by the evaporative process involved in deposition of the minerals, would be extremely unlikely 

to be able to fill fractures at depth and even at the surface, at the rate and volume required. Nor 

is rain and infiltrating rain water likely to produce the types of banded calcite and opal veins 

observed.  

The Tuffs along some fault zones in the area, particularly on the south end of Yucca Moun

tain, are hydrothermally altered indicating that reactive, most likely hot or at least quite warm, 

water flowed from these fault zones. This can only be explained by upward moving water from 

depth. These same fault zones are also associated with extensive calcite-opal deposits, both 

within the fracture zone and immediately down slope along the surface. Some of these surface 

deposits are very thick, of the order two to three meters. One such calcrete deposit has been 

dated at 78,000 years before the present. Based on the maximum rate of about 1 meter per mil

lion years for rain deposited calcium carbonates at the surface, it is evident that deposition of a



- 133 -

thickness of 2-3 meters of such minerals by precipitation - evaporation over about 100,000 years 

is not credible over such a broad area. Indeed the maximum credible deposition by infiltrating 

rain water over such a period is deficient by at least an order of magnitude. Consequently, given 

the thickness, spatial proximity and continuous downslope relationship of the surface calcium 

carbonate deposits relative to the hydrothermally altered fault zones, it is eminently reasonable 

to conclude that rapid outflow of heated water, that could only originate from depth, deposited 

the calcite in the fractured fault zone and down-slope along the surface.  

In addition to observations related to calcite veins and surface calcretes, which appear to 

require up-welling water as the causal mechanism rather than rain water evaporates, data from 

random sampling of both the surface material and the pore fluids at depth in Yucca Mountain 

indicate past intrusion of the present unsaturated zone, as well as outflow at the surface, of metal 

rich fluids. In particular, assays of Yucca Mountain surface vein deposits at Trench 14 and else

where by State of Nevada geologists [16-20] show relatively high levels of zinc, lead, molybde

num and other metals compared to background levels. Similarly, recent analysis of pore water, 

trapped within presently unconnected voids in the Tuff above the water table, show quite high 

metal content which includes rather high levels of precious metals [21]. This water is likely to 

be representative of that from the most recent intrusion of water into the unsaturated zone. Since 

these metals are very unlikely to originate from direct meteoric sources of water, but might very 

well be expected as constituents in up-welling water from considerable depth, it follows that 

these observations suggest past invasion of up-welling water into the present unsaturated zone, 

all the way up to the surface. In view of the young age dates found for some of the calcite veins 

at depth in the mountain, the last intrusion of metal rich water could have been in the recent past.  

Because of the presence of suspended, or "floating" fragments of the local rocks (Tuff)
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within calcite vein deposits at and near Yucca Mountain, it is also quite likely that in many 

instances, gas fragmentation processes played an important role in forming the calcite vein depo

sits. This conclusion is reinforced by the quantitative modeling analysis performed. Therefore.  

in addition to evidence of hydrothermal alteration along faults, the evidence favoring gas 

assisted brecciation would also favor a depositional process involving up-welling water and gas 

from depth and not an evaporative or "pedogenic" processes of deposition. Thus, at an altitude 

above the planned repository, there is strong evidence for rapid extrusion of calcium - silica rich 

water and CO 2 gas from depth which appears to have occurred, geologically speaking, in the 

recent past.  

These conclusions, which are in part based on isotope dating of vein and calcrete deposits, 

are subject to the caveat that the age dates are assumed to represent the time of deposition of the 

calcites. If this date is in error, in the direction of being much too young, or if the calcretes have 

been extensively reworked by young meteoric water so as to produce an apparent age that is 

much younger than the original age of deposition, then we can only say that much of the physi

cal field evidence strongly supports up-welling deposition at some time in the past. The point to 

be settled is whether these deposits and evidence of hydrothermal activity could date from an 

much earlier, well documented, volcanic episode that ended some 10 million years ago, rather 

than the much more recent past. In this case the evidence for up-welling might be interpreted to 

indicate that a mechanism like that proposed by Szymanski had operated in the relatively remote 

past, but had become dormant after the end of this major volcanic period, with the rain water 

reworking only making it appear that outflow at faults and associated calcite deposition occurred 

recently. This line of argument would also make it possible for a greater period of time to have 

elapsed between faulting, with associated hydrothermal up-welling, and the accumulation of 

downslope calcretes. In this case pedogenic processes could, it might be believed, have had the
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time to slowly accumulate the observed thick downslope calcrete deposits.  

In order to address the possibilities that the calcrete age date could be misleadingly young, 

we have to consider more of the geologic evidence, other than just the near surface data. In par

ticular, we observe that some of the calcite veins intersected at depth by drilling also have very 

young isotopic ages; several younger than 100,000 years and two as young as 36 ka and 25 ka.  

We have earlier noted that deposition of such deep veins by evaporation of descending rain 

water is very unlikely. Likewise, wide-spread reworking of old veins at such depths by the rain 

water is similarly unlikely, due to inaccessibility because of sealing, infill and near surface eva

poration. Therefore, the ages represented. in the calcite veins at depth, which span a range simi

lar to those at the surface, are most probably not altered appreciably by reworking. Further, the 

general isotopic characteristics of the calcite in veins at depth and at the surface are similar.  

This makes wide-spread reworking at the surface essentially as unlikely as at depth, so that this 

process is probably not very common at Yucca Mountain.  

A remaining possibility is that all the isotopic age measurements are grossly in error, by 

more than an order of magnitude. Obviously, this is large error and might be viewed as unrea

sonable purely on the basis of its size. However, it cannot be ruled out at the moment on the 

basis of our understanding of the intrinsic reliability of the measurement. We merely comment 

that wide-spread age dating using a variety of methods is critical for a final evaluation.  

Nevertheless, in spite of uncertainties in assessing ages of surface vein and calcrete depo

sits, other results of our assessment lead us to conclusions supporting the model proposed by 

Szymanski. In particular, our analysis indicates that dilatancy in the local area of Yucca Moun

tain is likely and furthermore appears to currently manifest itself in the observation of flow 

characteristics during pumping tests at the site. In addition, the modeling studies incorporating
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fracture permeability indicate that major pressure-forced flows of water and CO 2 gas are possible 

after an earthquake in the area, particularly along the Stage Coach Road Fault zone. We also 

find that the rapid upward migration in the level of the water table to the north and adjacent to 

Yucca Mountain may also be related to tectonically controlled dilatancy, in that a surface paral

lel shearing (strike-slip) onentation of the tectonic stresses in this area (as opposed to an exten

sional orientation at the Yucca Mountain site) would produce much less dilatancy (by an order 

of magnitude) and consequently a much higher water table.  

Our own field studies and assessments of other, independently gathered, field data and sub

sequent analyses also convince us of the likelyhood of up-welling water in the past, particularly 

in view of our assessment of the inadequacy of a pedogenic model to explain the calcite veins at 

depth and many features of the surface exposed veins and calcretes. In this regard, the isotopic 

characteristics of the calcite veins, while considered by some investigators to support a 

pedogenic model at Trench 14, appear to us to be, at best, ambiguous and could equally support 

a model of episodic up-welling involving transport of water and minerals from considerable 

depth (greater than 2-3 kilometers) to the surface.  

Indeed, the recent work by Stuckless et. al. [38], even if taken at face value, would simply 

indicate that the young meteoric water at shallow depths is not isotopically compatible with the 

vein calcites in Trench 14. A conclusion that this situation is at variance with an origin involv

ing up-welling water, as described by Szymanski, is not appropriate since the CHT model 

involves transport of water from much deeper than the zone sampled in the latter study. In as 

much as the isotopic characteristics of the water obviously varies with the type of rock with 

which the water is in contact and the time of contact, then it is clear that the isotopic "signature" 

of the water in both the unsaturated and saturated zones will vary with depth and the time of
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residence. Therefore, young, shallow water would not be expected to have isotopic characteris

tics matching the vein minerals if the model described by Szymanski applies. Instead, the source 

water for the calcites would consist of a mixture of shallow and deep waters, and probably have 

isotopic propertes more like the water in the Paleozoics or Precambnan basement rocks. The 

indications are, in fact, that the isotopic characteristics of the deeper waters more nearly match 

the vein calcites and calcretes. Therefore, the isotopic data for the vein calcites may well be 

compatible with the water expected to be involved in up-welling from depth. Indeed, a lack of 

agreement with young meteoric water seems, if anything, to indicate that the vein calcites may 

not be isotopically compatible with an infiltrating rain water depositional origin.  

Similarly, the isotopic study results reported by Whelan and Stuckless [39] appear ambigu

ous but could be interpreted to indicate that major changes in the water table from its present 

level may have taken place in the recent past. Indeed, based on carbon isotope data from calcite 

veins at depth in the well USW-G4 at Yucca Mountain, the authors state that the data suggest 

that the water level "may have varied from about 300 meters below to nearly 500 meters above 

its present position". This, of course, would support a model of episodic up-welling at Yucca 

Mountain. In particular, Szymanski's predictions of recent and future, up-welling are supported 

if the age dates for the calcite veins represent true ages of deposition for these veins. As noted 

earlier, we expect that they do, but additional dating using a variety of methods seems to be 

required for greater confidence.  

The study of carbon and oxygen isotopes characterizing the vein calcites at Trench 14 by 

Quade and Cerling [9] produced a conclusion, by them, that these veins were of pedogemc ori

gin. However, as discussed in this report, Szymanski has argued that these data, as well as the 

isotopic data used by Stuckless et al., can be equally well fit by an up-welling convective model,
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involving transient and spatially variable source and sink flow areas, that is a natural conse

quence of a CHT model. These two diffenng conclusions suggest to us that the data are open to 

various interpretations and that conclusions are also dependent on the initial assumptions which 

must be made in order to draw any conclusion. In this regard, we note that Quade and Cerling 

assume that the calcite incrusted pebbles, cobbles and solid calcretes that they use as the stan

dard for pedogemc calcite deposits are in fact deposits from rain water evaporation. However.  

we have seen several calcrete and calcite incrusted cobble beds at and near the Yucca Mountain 

area but invariably they have been located down-slope from a fault and, we conclude, are quite 

probably due to outflow from the fault zone. (See Figure 11 for example.) Therefore, the soil 

calcretes used by Quade and Cerling could be products of up-welling flows rather than from rain 

water evaporation. If the cobble incrustations and "soil calcites" are in fact due to deposition 

from up-welling fluid flows, as they well could be, then their conclusion might have to be that 

the vein calcites at Trench 14 are compatible with an up-welling water source rather than a rain 

water derived ("pedogenic") source.  

At the least, we view the argument for the origins of the vein calcites based on isotopic 

characteristics, as put forth to date, to be poorly constrained and, in fact, open to more than one 

interpretation. Further, the data do not appear incompatible with an up-welling water source of 

the type discussed by Szymanski, but instead are characterized by a remarkable degree of com

patibility.  

Taken as a whole, our assessments, particularly those related to observations mentioned 

earlier in this summary, lead us to believe that a recurrence of up-welling water from depth is 

possible within a time frame of 10,000 years. In view of the hazard posed by strong upward 

flooding into a repository, as briefly discussed earlier in this report, it is clear to us that such
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phenomena, if even remotely likely to reoccur in the next ten thousand years, rules out Yucca 

Mountain as an appropriate site for high level nuclear waste containment.  

In this regard, at the present time if called upon to make a judgement as to the suitability of 

Yucca Mountain as a site for an underground high level nuclear waste facility, we would not 

hesitate to reject this site. The probability of water flooding, based on the evidence available. is 

too high to warrant the risk involved.  

However, we have already noted that there is an uncertainty in the ages of deposition of the 

calcite veins at Yucca Mountain and therefore an uncertainty in how recent, and how frequent.  

the up-welling has been. Therefore, if the decision is to be put off until more data are available, 

as will likely be the case, then our recommendation would be to focus subsequent efforts in two 

or three limited areas to get definitive results and to make a decision very soon, i.e. within two to 

three years.  

This accelerated approach appears to us to be warranted in view of the evidence already 

indicating the extremely strong possibility of up-welling water and gas flows from earthquakes 

and volcanoes during the Quaternary period (with ages less than about 2 million years). Earth

quakes, in particular, are frequent enough and sufficiently predictable (on the time scale involved 

here) to indicate the probability of recurrences of flooding. What is required here, however, is 

more confidence in the observations and predictions of water and gas flows connected with large 

local earthquakes (and volcanoes) and, obviously, more confidence in the age dates of the vein 

calcites which relate to past water flooding at Yucca Mountain.  

Therefore we would recommend, as a minimum, strong efforts in: (1.) Dating calcretes and 

the minerals in veins at and beneath Yucca Mountain; (2.) Extensive and fundamental modeling 

studies of induced flow phenomena in fractured media associated with major tectonic events,
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partcularly earthquakes, and (3.) Both detailed mapping and systematic chemical - isotopic stu

dies of calcretes and vein minerals at fault zones at the site, along with isotopic analyses of the 

water to depths as great as is reasonably possible.  

By way of overall summary, we have concluded that Szymanski's model has considerable 

merit and that it is a good working model for the dynamical processes occumng at Yucca Mioun

tain. We find that the currently available physical evidence for up-welling water and gas flows 

at Yucca Mountain is certainly strong enough to cause major concerns as to the suitability of the 

site. However, we have recommended specific areas of study to evaluate remaining uncertain

ties and to provide the basis for a wider consensus and a confident decision in the near future.
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Appendix 1 

A Consensus Statement of the Review Panel Evaluation of 
Key Physical Processes in the Szymanski Model and 

Recommendations for Additional Investigative Studies 
(Sept. 1, 1990) 

In an attempt to comprehend the many processes in the JS model, and the linkage 

between these processes, the panel found it helpful to construct a "table" that summarizes 

the key components of the JS model. t This table is reproduced here. It is based on the 

identification of seven key processes. For each process the panel identified the conse

quences of that process (that is, why the process is included in the JS model) and the evi

dence offered in support of the process occurring in and around the region at Yucca 

Mountain. Both the statement of consequences, and the evidence, reflect the author's (J.  

Szymanski) viewpoint. In panel discussions the author was presented with the panel's 

synthesis of his model, and he concurred that it was a reasonable synthesis. Conse

quences and evidence not included in the panel's original draft of the table were added if 

the author felt important points had been omitted. New evidence not included in the 

author's 1989 report, but which the author feels support his model, is included in the 

table and is so identified. (Other data and evidence, added in various reports by the 

author after Sept. 1990, are not considered here but have been referred to and discussed 

in the body of this minority panel report.) 

For each key process the panel attempted to reach a series of consensus positions.  

These consensus positions reflect the panels assessment of the process, its consequences 

and the evidence to support its occurrence. For each process the panel developed a series 

t "'no abm "IS model" ned 6uo. da.us Wpmk mden to I.S. Saymmki's bybo-amoi mdel at ft Yuc
ca Mmminica m dncnbWidn his mpon of 1969.
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of recommendations for data collection and/or analysis that, if implemented, could con

tribute to a better understanding of the potential influence of the tectonic setting on the 

hydrologic system at Yucca Mountain. Within this table no priority is assigned to the 

recommendations; for reasons of clarity they are ordered according to process. In the 

next section of the report these recommendations are reproduced as a prioritized list.  

The seven key processes in the JS model have been identified as: 

(1) Mantle Convection 

(2) Cyclic Variation in the In-Situ Stress Field 

(3) Tectonic Deformation Model: The surface Z(x,y,t) (Depth range of Open Frac

tures) and It's Influence on the Field-Scale Hydraulic Properties of the Tuffs 

(4) Episodic Wall Rock Separation of Large Magnitude 

(5) Dilatant Zones at Focal Depths - Seismic Pumping 

(6) Vein and Calcrete Formation by Upwelling Fluids, Including Mixing with 

Young Meteoric Water 

(7) Transient Hydrothermal Convection 

Processes (2) through (6) am closely related, and represent a finer subdivision of the JS 

hypothesis than is implied in Processes (1) and (7).  

Proce 1. Mantle Convection 

Consequences: 

(i) Basal shear to drive cyclic deformation above the surface Z.  

(ii) Delivery of heat to the upper crust, with high lateral thermal gradients, to drive
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hydrothermal convection.  

Evidence (JS): 

- Seismic velocity anomaly in the upper mantle, suggesting a partially molten upper 

mantle.  

- Scale of the inhomogeneity in P wave seismic velocities, reflecting heterogeneous 

viscosity.  

- Volcanic cones, with a basaltic composition.  

Panel Position 

Inferences based on mantle convection are not a critical aspect of the proposed 

model. The essential feature is that Yucca Mountain is located in an extensional terrain 

with regional high heat flow and nearby evidence of geologically recent volcanic activity 

indicating upwelling mantle material. Doming of the crust due to upwelling in the man

tle is the likely cause of extension; a model of basal shear beneath the low velocity zone 

is not needed.  

Geological conditions within the Basin and Range are unusual on a global scale, 

and highly heteogeneou. It is unclear to what extent Yucca Mountain is representative, 

unusual or unique within the Basin and Range. A characteristic length scale of hetero

geneities may be on the order of 50 to 100 km, based on inferences from geological data.  

Recommendations: 

(1) High-resolution seismic tomography, to examine the possibility of low-velocity 

zones in the crust in the vicinity of Yucca Mountain, should be initiated and could
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indicate the presence of partial melt. This data could be used to evaluate the potential for 

increasing heat flow through time in the vicinity of Yucca Mountain. This recommenda

tion supports refinement of earlier work by Montfort and Evans (1982).  

Process 2. Cyclic Variation in the In Situ Stress 

Field 

"Cyclic", as used here, means a sequence of processes develop through time which is re

initiated following a major earthquake on one of the faults in the area. Cyclicity does not 

imply periodicity.  

Consequences: 

(i) The rock mass at Yucca Mountain must be characterized in terms of the cyclic defor

mation of a fractured medium. Fractures within the medium are pervasive. Dilated frac

tures reflect those with a preferential orientation to the stress field at a given point in 

space and time.  

(ii) Deformation is cyclic because of renewed faulting (large scale failure). Deformation 

is variable in space because of local stress domains, each associated with slip on a major 

fault having a characteristic length of the order of 5 - 10 km. Local stress domains are 

distinguished on the basis of their position in the time cycle. The time scale of cyclicity 

is on the order of l0' years.  

Evidence (JS): 

- The state of strmss across Yucca Mountain, and comparisons to other areas on the NTS.  

- Inferences of the state of stress from hydraulic tests, and correlation with the water



-5-

table configuration.  

- Deformational history of Pleistocene movements on faults.  

- Vein-filling breccias provide an estimate of extension in the region of Yucca Mountain; 

250 m in 107 years, 10 m in 250,000 years (the latter estimate using veins in alluvium).  

Panel Position 

Because of the extensional tectonic setting, existing and new fractures are opening within 

the tuffs during the period prior to earthquake rupture. Open fractures will probably be 

more frequent in the welded tuffs than in the nonwelded tuff units. Many fractures will 

close by strain relief associated with earthquakes. The pattern of stain relief will be 

complicated and some fractures may be opening or created, while others are closing.  

While the concept of strain domains (of order 10 to 100 KMn ) is useful, it will be 

difficult, if not impossible, to define their boundaries in an operational sense.  

Open fractures imply that the stress is heterogeneous on a size scale perhaps as large 

as 10 m, and certainly on a smaller scale. Because the average minimum principal stress 

is low, as inferred from hydraulic fracturing tests, it is unlikely that the minimum value 

will be near-zero at many points late in the cycle. The panel does not view the existence 

of these points of low minimum principal suess as a major driving force, but views them 

as additional evidence of open fractures that may change apetnure with small changes in 

stress or pore pressure. Because of standard procedures in carrying out hydraulic fractur

ing and slug tests, these tests measure stress (or allow inferences on stress) on different 

size scales, and in intervals with different fracture characteristics.  

Because seismic data can be used to infer oblique movement on faults, one may
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infer that it is probable that the axis of maximum principal stress is far from vertical, 

except near the ground surface. Consequently, deformation may involve a significant 

component other than extension and these should be resolved or investigated by surface 

and bore-hole strain measurements.  

Recommendations: 

(1) Establishment of a surface strain monitoring network, and installation of at least one 

borehole strain meter is recommended. The borehole data should be collected in a way 

that permits correlation of strain measurements with fluid pressure fluctuations.  

(2) A program of distributed in-situ stress measurements in existing boreholes, with 

emphasis on measurements in boreholes located downgradient, across, and upgradient of 

the region at Yucca Mountain with the steep slope on the water table is appropriate. The 

full length of each borehole should be examined to identify suitable locations for in-situ 

stress measurements by hydraulic fracturing. Hydraulic slug tests may also be designed 

to provide estimates of in-situ stress. Any program of in-situ stress measurements and 

permeability measurements (recommended later) should be planned as conjunctive 

experiments and interpreted jointly.  

(3) An investigaon of possible oscillations of water level in continuously monitored 

boreholes should be implemented to: (a) better resolve the character and origin of 

anomalous water level data, and (b) determine water table changes and infer the 

response of the fractured tuffs to seismic loading. The sampling rate of fluid pressure 

measurements should be on the order of a few measurements per second. Open hole 

pressure changes in response to seismic loading should be monitored in 5 to 10 

boreholes, with the presure response in short, packed-off intervals below the water table



-7-

monitored in at least 3 boreholes.  

Process 3. The Tectonic Deformation Model and Its 
Influence on Field Scale Hydraulic Properties of the Tuffs 

Consequences: 

(i) Tectonically-controlled groundwater flow system in the tuffs.  

(ii) The water table is not a durable characteristic of the flow system.  

(iii) The state of stress in a deforming fractured medium is the determining factor of the 

hydraulic properties of the altered tuffs in the zone below the water table, not the lithos

tratigraphic framework.  

Evidence (JS): 

- The present water table configuration and its correlation with the limited in-situ stress 

measurements.  

- Correlation between gradients in hydraulic conductivity and gradients in the in-situ 

stress at Rainier Mesa/Yucca Flat and at Yucca Mountain.  

- The large magnitude of the gradient in hydraulic conductivity in single boreholes.  

- The character of the fluid pressure distribution with depth and temporal variations in 

water levels in the limited data record that is available.  

Panel Position: 

The lithostratigraphic framework, with its control on the patterns and rates of 

groundwater flow, and the effects of tectonically-induced changes in the hydraulic and 

transport properties on patterns and rates of groundwater flow should be viewed as a
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coupled problem involving mass and energy transport within a deforming fractured 

medium. This is the case in both the interseismic period and in the time period following 

seismic rupture and wall rock separation. During seismic rupture large changes in the 

hydraulic properties of the rock mass are possible.  

According to JS, a surface (Z) divides a near-surface region, in which localized 

shear failure on fractures accompanied by opening of fractures has occurred, from a 

deeper region in which shear failure has not occurred during the interseismic period.  

Above the Z surface, heterogeneous stress due to open fractures is expected, below it the 

magnitudes of these stress fluctuations would be greatly diminished. Thus, the spatial 

variation of the contemporary Z surface could conceivably be inferred from careful stress 

measurements with depth, but lithologic factors may make interpretations ambiguous.  

Although this is a useful concept, the depthward motion of this surface during the interse

ismic period, as proposed by JS, would be difficult to verify.  

Closure of fractures will decrease the bulk hydraulic conductivity of the tuffs.  

However, as noted in Process 2. the pattern of strain alteration will be complex, some 

fractures can be expected to open and, in addition, the closure of unmated fractures is 

difficult. Therefore, the magnitude of the effect on hydraulic conductivity is uncertain.  

Additional decreases in hydraulic conductivity can result from sealing of fractures due to 

precipitation of calcium, silica, etc. from upwelling fluids driven by hydrothermal con

vection (see Processes 6 and 7).  

Recommendations: 

(1) Implementation of a comprehensive field program to determine the factors giving
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rise to the steep water table gradient at Yucca Mountain is recommended.  

(2) A program of hydraulic tests to characterize the permeability of the rock mass below 

the water table at Yucca Mountain, and to determine its variation with Lithology and 

strucrure, would be desirable. Small packer intervals should be used. These tests should 

be coordinated with the study of stress values in the various regions near and within the 

area of the steep water table gradient at the north end of Yucca Mountain (see Process 2).  

Process 4. Episodic Wall Rock Separation of Large Magnitude 

Consequences: 

(i) Episodic waUl rock separation resets the in-situ stress field, with the surface Z(x,y,t) 

returning to a position close to the ground surface, to begin another tectonic cycle. Limit 

equilibrium conditions only occur close to the ground surface following stress release.  

(ii) Formation of wall rock separations on fissures, and formation of breccias.  

(iii) Change in medium conditions that enhance hydrothermal convection.  

Evidence (JS): 

- Field observations (Devil's Hole, the site 5 mi. east of Lathrop Wells on Highway 95, 

along Bare Mounain and Solitario Canyon Faults).  

- Measurements of stress at Yucca Mountain 

- Massive appearance of calcite veining, suggesting single, rather than multiple events.

Panel Position:



- 10-

Long-lasting fissures at the ground surface can be related to listric faulting, fluid 

pressures are involved in the process but only as a second order influence. However, 

transient pore pressure increases accompanying earthquakes could open veins and joints 

in the vicinity of the fault.  

Wall rock separations are not the driving mechanism for resetting of the stress field.  

Their formation is the result of the knematics of fault slip, coupled with the listric 

geometry of faults. The panel considers it probable that large wall rock separations (on 

the order of several meters) are the result of several to many events.  

The implosion process associated with fault opening is another potential mechanism 

for creating breccias.  

Recommendations: 

(1.) A study to determine to what extent wall rock separations are a characteristic feature 

of fault zones within the Basin and Range could be helpful. The question to be addressed 

would be: Is such opening unique to the region around Yucca Mountain? 

Process 5. Dilatant Zones At Focal Depths - Seismic Pumping 

Consequences: 

(i) A condition leading to wall rock separation upon failure.  

(ii) A condition allowing fluid flow to the fault zone and the region surrounding a fault.  

These are two consequences stated in the 1989 report. In discussions with the panel, JS 

acknowledges that seismic pumping from a dilatant zone at focal depths is not an essen

tial part of the model; other processes could trigger the readjustment of the hydrological 

system. JS emphasizes that the key issue is that the critical value of closure pressure ( a)
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approaches zero. However, JS is "absolutely sure" on the basis of field evidence that 

seismic pumping has occurred at Yucca Mountain. Seismic pumping does not, however, 

necessarily contribute to vein formation.  

Evidence (JS): 

- Analogy to groundwater discharges related to seismic events in other tectonically active 

settings.  

- Field evidence, ie. wall rock separations and some breccias indicate a pressure pulse at 

some time in the past.  

- The overall tectonic setting.  

Panel Position: 

The panel agrees that seismic pumping from dilatant zones at focal depths is not a 

critical issue since an earthquake, even unaccompanied by seismic pumping, could reset 

the stain field and close fractures above the surface Z. Those members expressing an 

opinion felt that seismic pumping at Yucca Mountain was a possibility for favorably

oriented faults. (Two members felt unable to judge the issue. Of those expressing opin

ions, the probability of past and future occurrences of seismic pumping ranged from pos

sible to near certainty.) 

Recommendations: 

(1) Stress measurements and surface strain measurements are essential to evaluate the 

probability of a large (M=7) earthquake, within the time frame of interest, on faults such 

as the Stage Coach Road Fault that may be favorably oriented for seismic pumping.  

Such measurements are therefore, recommended.
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Process 6. VeinCaicrete Formation by Upwelling Fluids, 
Including Mixing with Young Meteoric Waters 

Consequences: 

(i) The veins and calcretes provide the most direct evidence for upwelling of fluids from 

depth, indicating that the water table has reached the ground surface in the past.  

(ii) Resealing of fracture controlled hydraulic conductivity near zones of upwelling ("glu

ing").  

(iii) Increase in the geothermal gradient because of upward-welling fluids and reduction 

in the bulk effective thermal conductivity of the tuffs. The rise in the water table must be 

accompanied by a rise in subsurface temperatures.  

Evidence (US): 

- Surface textures, banding , frequency of veining, morphology and structural relation

ships within veins, between veins and calcretes.  

- Elimination of other possible origins (ie., rainfall, followed by surface and/or shallow 

subsurface flow) 

- Isotopic characteristics and precipitation temperature of deposits classified as traver

tines by Szebo and Kyser (1984).  

Additional evidence has been given to the panel that does not appear in the 1989 report: 

- Inferred precipitation rates of minerals (fast).  

- Uranium series geochemistry (low values and heterogeneous).  

- Correlation of oxygen/carbon ratios with those in the Amaragosa Desert.
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- Depthward gradient in BnO, SC, implying a geothermal gradient greater than 22*C/km.  

Panel Position: 

Two models have been proposed by project participants to explain vein and calcrete 

formation. They differ in mechanism, but the important factor is the indication they pro

vide of the past elevation of the water table at Yucca Mountain. The JS model, as inter

preted by the panel in its position statements on key processes (which is based on 

tectonically-driven upwelling fluids) is considered a valid hypothesis by all panel partici

pants. There was divided opinion on whether the field evidence confirms that the water 

table has reached the ground surface in the geologically-recent past. The key evidence to 

consider is the vein and fracture-filling material throughout the unsaturated zone at 

Yucca Mountain.  

The panel has examined an interpretation of geochemical data provided by JS, and 

also various reports by project investigators and other scientists. Differing weight was 

given by the panel members to inferences drawn for the geochemical data. The panel 

agreed that the role of the available geochemical data in evaluating the JS model is lim

ited because the processes envisioned in the formation of the veins and calcretes permit 

different fluid pathways that are difficult to distinguish on the basis of the existing geo

chemical daa. Thus, the available geochemical data cannot rule the JS model out.  

The panel considers the issue of saturation of the present unsaturated zone to be the 

critical issue, rather than the focus on competing hypotheseL For this reason, the panel 

considers an integrated summary of the hydrogeological history of the unsaturated zone 

to be a first step and of immediate concern.
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Recommendations: 

(1) An integration of information on vein/fracture filling, character, relative abundance 

with depth, volume, chemistry, age, and other mineralogical information bearing on 

hydrogeological history of the unsaturated zone at Yucca Mountain is considered critical 

and strongly recommended. Analysis of age and spatial relationships must be included.  

(2) Based on integrated information, further analyze the age, chemistry, temperature of 

formation and other data in order to examine the merits of upwelling fluids or other 

mechanisms to form veins within the unsaturated zone.  

(3) Extend the exploration of Trench 14 across the ridge and to depth to identify the 

source of fluids for surface deposits at Trench 14.  

Proces 7. Transient Hydrothermal Convection 

Consequence: 

(i) Formation of water table mounds and sinks. Above an upwelling limb of a convection 

cell, the water table may reach the ground surface.  

(ii) Delivery of calcium, silica, and uranium to the surface to produce veins and calcretes.  

(iii) Healing of the rock mass adjacent to the fault zone by cementation, for a distance on 

the order of I km around the faulL 

(iv) Cyclic discharge of groundwater at the surface, with a chemical signature that 

reflects some proportion of water having circulated to depths of at least several kilome

ters.  

(v) Large input of heat by transport, resulting in a temperatre increase in the upper crust, 

beginning after seismic rupture, on a time scale of order 101 year.
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Evidence (JS): 

- Occurrence of spring deposits at elevations far above the present water table 

- Isotopic signatures, age dates of deposits.  

- Present-day thermal gradient, compared to paleotemperatures inferred from precipita

tion temperatures of calcites.  

- Expected Rayleigh numbers exceed critical Rayleigh numbers (based on assumed 

geometry, permeability, geothermal gradient).  

- Surprisingly large lateral temperature gradients at and immediately below the water 

table.  

- Laterally-heterogeneous heat input from the mantle.  

- Identification of water table mounds at several sites within the NTS.  

Panel Position: 

The thermal model presented by JS is consistent with his interpretation of veins and 

calcretes as resulting from upwelling fluids. The thermal data characterizing the 

present-day conditions do not allow for an unequivocal distinction between a 

convection-dominated system and thermal regime reflecting regional groundwater flow 

patterns (an advectively-dominated system). The thermal data do not contradict the view 

that Yucca Mountain could be late in the tectonic cycle. In view of the magnitude of the 

regional heat flux, and the nearby presence of recent volcanic activity, the tectonic setting 

of Yucca Mountain is favorable for hydrothermal convection. A low velocity zone in the 

crust beneath Yucca Mountain, indicating partial melting (see recommendation to evalu

ate this possibility under Process 1), or renewed volcanic activity near Yucca Mountain,
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such as at Crater Flat, would make hydrothermal convection at Yucca Mountain inevit

able.  

The evidence to evaluate past hydrothermal circulation is geologic observation.  

The quantity of vein fieling calcites cannot be explained by seismic pumping. Because of 

the composition and volume of vein materials at Yucca Mountain, some panel members 

believe that hydrothermal convection is the only feasible mechanism that explains the 

origin of vein-filling calcites. The remaining panel members consider it a possibility (see 

Process 6).  

Recommendations: 

(1) A quantitative basis for establishing the sequence of hydrothermal events, and the 

magnitude of their impact on the chemical and hydrologic system, needs to be developed.  

In particular, the potential magnitude of a water table rise due to hydrothermal convec

tion should be evaluated, together with the interaction of advective heat transfer and 

hydrothermally-driven convection, given the permissible range of parameter values and 

timing of basal boundary fluxes. These model studies should focus on the geologic set

ting at Yucca Mountain.  

(2) Dedicated boreholes, designed specifically to obtain reliable subsurface temperature 

measurements, undisurbed by fluid flow along the axis of the borehole, are recom

mended in onier to better define the thermal regime at Yucca Mountain.
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SUMMARY OF RECOMMENDATIONS 

Panel recommendations are grouped into three categories: 

A. Recommendations the panel assigns high priority.  

B. Recommendations that relate to issues the panel views as important to resolve.  

C. Recommendations that relate to a longer-term improvement in the understanding of 

how the tectonic setting at Yucca Mountain may influence the hydrologic system.  

Priority A: Recommendations that the Panel Assigns High Priority 

(1) Integrate information on vein/fracture filling, character, relative abundance with 

depth, volume, chemistry, age and other mineralogical information bearing on the hydro

geological history of the unsaturated zone at Yucca Mountain. Analysis of age and spa

tial relationships must be included.  

(2) Based on integrated information, further analyze the age, chemistry, temperature of 

formation and other data, to examine the merits of upwelling fluids or other mechanisms 

to form veins within the unsaturated zone.  

(3) Extend the exploration of Trench 14 across the ridge and to depth to identify the 

source of fluids for surface deposits at Trench 14.  

(4) Implementaos of a comprehensive field program to determine the factors giving rise 

to the steep water table gradient at Yucca Mountain.  

Priority B:Recommendatons That Relate to Issues the Panel Views as Imporant to 

Resolve 

1. Establishment of a surface strain monitoring network, and installation of at least one 

borehole strain meter. The borehole data should be collected in a way that permits
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correlation of strain measurements with fluid pressure fluctuations.  

2. A program of distributed in-situ stress measurements in existing boreholes at Yucca 

Mountain, with emphasis on measurements in boreholes located downgradient, across, 

and upgradient of the region having a steep slope of the water table surface. The full 

length of each borehole should be examined to identify suitable locations for in-situ 

stress measurements by hydraulic fracturing. Hydraulic slug tests may also be designed 

to provide estimates of in-situ stress. Any program of in-situ stress measurements and 

permeability measurements (recommended later) should be planned as conjunctive 

experiments and interpreted jointly.  

3. An investigation of possible oscillations of water levels in continuously monitored 

boreholes should be implemented to: (a) better resolve the character and origin of 

anomalous water level data, and (b) determine water table changes and infer the response 

of the fractured tuffs to seismic loading. The sampling rate of fluid pressure measure

ments should be on the order of a few measurements per second. Open hole pressure 

changes in response to seismic loading should be monitored in 5 to 10 boreholes, with 

the pressure response in short, packed off intervals below the water table monitored in at 

least 3 boreholes.  

4. A program of hydraulic tests should be initiated to characterize the permeability of 

the rock mass below the water table at Yucca Mountain and to determine its variation 

with lithology and strcture. Small packer intervals should be used. These tests should 

be coordinated with the study of snress values in the various regions near and within the 

area of the steep water table gradient (see Process 2).  

5. A quantitative basis for establishing the sequence of hydrotiermal events, and the
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magnitude of their impact on the chemical and hydrologic system, needs to be developed.  

In particular, the potential magnitude of a water table rise due to hydrothermal convec

tion should be evaluated, together with the interaction of advective heat transfer and 

hydrothermally-driven convection, using the permissible range of parameter values and 

timing of basal boundary fluxes. These model studies should focus on the geologic set

ting at Yucca Mountain.  

Priority C:Recommendations that Relate to a Longer-Term Improvement in the Under
standing of How the Tectonic Setting at Yucca Mountain May Influence the 
Hydrologic System 

(1.) High-resolution seismic tomography, to examine the possibility of low-velocity 

zones in the crust in the vicinity of Yucca Mountain indicating the presence of partial 

melt, should be initiated. This data could be used to evaluate the potential for increasing 

heat flow with time in the vicinity of Yucca Mountain. This recommendation supports 

refinement of earlier work by Montfort and Evans (1982).  

(2.) A study to determine to what extent wall rock separations are characteristic feature 

of fault zones within the Basin and Range; in particular is such opening unique to the 

region around Yucca Mountain? 

(3.) Stress measu ments and surface strain measurements are essential to evaluate the 

probability of a large (M=7) earthquake, within the time frame of interest, on faults such 

as the Stage Coach Road Fault that may be favorably oriented for seismic pumping.  

(4.) Dedicated boreholes designed specifically to obtain reliable subsurface temperature 

measurements, undisturbed by fluid flow along the axis of the borehole, should be 

installed.
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ASME Applied Mechanics Division, Vol. 16, [Proceedings of the Symposium on the 

Effects of Voids on Material Deformation, Salt Lake City, Utah, 14 June 1976], 13-30, 

1976.  

3. "The Inception of Faulting in a Rock Mass with a Weakened Zone", Journal of 

Geophysical Research, 82, 84-854, 1977.  

4. "The Effect of Stress-Induced Anisotropy on a model of Brittle Rock Failure as 

Localization of Deformation", in Energy Resources and Excavation Technology (edited 

by F.-D. Wang and G. B. Clark) [Proceeding of the 18th U.S. Symposium on Rock 

Mechanics, Keystone, Colorado, 22-24 June 1977], 3B4-1 - 34B-8, 1977.  

5. "Deformation of Spherical Cavities and Inclusions in Fluid-Infiltrated Elastic Materials" 

(with J.R. Rice and D. A. Simons), International Journal of Solids Structures, 14, 

289,303, 1978.  

6. "Earthquake Precursory Effects Due to Pore Fluid Stabilization of a Weakening Fault 

Zone" (with J. R. Rice), Journal of Geophysical Research, 84, 2177-2193, 1979.  

7. "The Stabilization of Slip on a Narrow Weakening Fault Zone by Coupled Deformation 

Pore Fluid Diffusion", Bulletin of the Seismological Society of America 69, 1011-1026, 

1979.  

8. "Rotation of Principal Stress Axes Caused by Faulting", Geophysical Research Letters, 

6, 135-138, 1979.  

9. "Fracture Mechanics Applied to the Earth's Crust", Annual Review of Earth and 

Planetary Science (ed. F. Donth), Vol. 8, 489-525, 1980.  

10. "A Note on Some Features of the Theory of Localization of Deformation" (with J. R.  

Rice), International Journal of Solids and Structures, 16, 597-605, 1980.  

11. "An Inclusion Model for Processes Preparatory to Earthquake Faulting", in Solid Earth 

Geophysics and Geotechnology, (ed. S. Nemat-Nasser), Applied Mechanics Division 

Volume 42, American Society of Mechanical Engineers, New York, 39-52, 1980.



12. "Effects of Fault Interaction on Moment, Stress Drop, and Strain Energy Release", (with 

H. Kanamori), Journal of Geophysical Research, 86, 1785-1793, 1981.  

13. "On Energy Radiation from Seismic Sources", (with L. B. Freund), Bulletin of the 

Seismological Society of America, 71, 583-595, 1981.  

14. "On 'Fundamental Solutions for a Fluid-Saturated Porous Solid', by M. P. Cleary," 

international Journal of Solids and Structures, 17, 855-857, 1981.  

15. "Discussion of 'On Finite Plastic Flows of Compressible Materials with Internal Friction' 

by S. Nemat-Nasser and A. Shokooh", International Journal of Solids and Structures, 

18, 357-360, 1982.  

16. "Energy Radiation from a Spherically Symmetric Homogeneous Source" Bulletin of the 

Seismological Society of America, 73, 901-908, 1983.  

17. "A Formulation for Studying Coupled Deformation - Pore Fluid Diffusion Effects on 

Localization of Deformation", in Geomechanics Proceedings of The Symposium on the 

Mechanics of Rocks, Soils, and Ice (edited by S. Mechanical Engineers, New York, Vol.  

57, pp. 35-44, 1983.  

18. "A Class of Elastic-Plastic Constitutive Laws for Brittle Rocks", Journal of Rheology 28, 

759-778, 1984.  

19. "Amplification of Moment and Strain Energy Release due to Interaction between 

Different Size Fault Slip Zones", (with K. Hirashima and J. D. Achenbach), Journal of 

Geophysical Research, 89, 5828-5834, 1984.  

20. "Effect of Pore Fluid Diffusion on Deformation and Failure of Rock", in Mechanics of 

Geomnaterials, (edited by Z. P. Bazant), Proceedings of the IUTAM William Prager 

Symposium on Mechanics of Geomaterials: Rocks, Concretes, Soils, September 11-15, 

1983, Northwestern University Evanston, Illinois, John Wiley & Sons, Ltd., pp. 315

347, 1985.  

21. "Reply to J. Boatwright's Comments on 'Energy Radiation from a Spherically Symmetric 

Homogeneous Source'," Bulletin of the Seismological Society of America, 74, 1487-1493, 

1984.  

22. "Effects of Dilatant Hardening on the Development of Concentrated Shear Deformation 

in Fissured Rock Masses," Journal of Geophysical Research, 89, 9259-9270, 1984.  

23. "Coupled Deformation-Diffusion Effects of Water Level Changes Due to Propagating 

Creep Events," (with E. Roeloffs) Pure and Applied Geophysics, 122, 560-582, 1984/85.  

24. "Slip on an Impermeable Fault in a Fluid-Saturated Rock Mass," in Earthquake Source 

Mechanics, Geophysical Monograph 87 (Maurice Ewing American Geophysical Union,



Washington, 1986.

25. "Fluid Mass Sources and Point Forces in Linear Elastic Diffusive Solids." Mechanics of 

Materials, 5, 383-393, 1986.  

26. "Plane Strain Dislocations in Linear Elastic Diffusive Solids," Journal of Applied 

Mechanics, 54, 545-552, 1987.  

27. "Physical Models for Earthquake Instability and Precursory Processes," Pure and Applied 

Geophysics, 126, 531-552, 1987.  

28. "Stabilization of Rapid Frictional Slip on a Weakening Fault by Dilatant Hardening," 

(with C.-H. Chen), Journal of Geophysical Research, 93, 4745-4757, 1988.  

29. "Pore Pressure Changes Induced by Slip on Permeable and Impermeable Faults," (with 

T.-C. Hsu), Journal of Geophysical Research, 93,3275-3285, 1988.  

30. "Plane Strain Shear Dislocations Moving Steadily in Linear Elastic Diffusive Solids," 

(with E. A. Roeloffs) Journal of Applied Mechanics, 112, 32-39, 1990.  

31. "Bifurcations of Compressible Pressure-sensitive Materials in Plane Strain Tension and 

Compression" (with K. T. Chau) Journal of the Mechanics and Physics of Solids, 38, 

875-898, 1990.  

32. "Steady Propagation of Plane Strain Shear Cracks on an Impermeable Plane in an Elastic 

Diffusive Solid," (with D. A. Koutsibelas), International Journal of Solids and 

Structures, 27, 205-225, 1991.  

33. "Boundary Layer Analysis of Plane Strain Shear Cracks Propagating Steadily on an 

Impermeable Plane in an Elastic Diffusion Solid", Journal of the Mechanics and Physics 

of Solids, 39, 201-221, 1991.  

34. "Localization of Deformation in Brittle Rock: Theoretical and Laboratory Investigations" 

(with W. R. Wawersik, W. A. Olsson, D. J. Holcomb, and K. T. Chau), 

Micromechanics of Failure of Quasi-Brittle Materials (edited by S. P. Shah, S. E.  

Swartz, and M. L. Wang), Elsevier Applied Science, pp. 115-124, 1990.  

35. "Reporter's Summary: Session Three, Theoretical Fracture Mechanics Considerations", 

in Toughening Mechanisms in Quasi-Brittle Materials (ed. S. Shah), NATO Advanced 

Science Institutes Series E, Vol. 195, Kluwer Academic, pp. 203-205, 1991.  

36. "Surface Deformation and Energy Release Rates for Constant Stress Drop Slip Zones in 

an Elastic Half-space", (with M. Wu, C. H. Kuo, and L. M. Keer), Journal of 

Geophysical Research, 96, 16,509-16,524, 1991.
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Consultin Geologist

Adjunct Professor
Department of Geological Sciences
Universitv of Texas at El Paso
El Paso, TX 79968

Education
Ph.D., Geology, Princeton University (1980)
B.S., Geology, Iowa State University (1967)

Exnerience and BRackground
Technical:

Chairman and member. external peer review panel for the Yucca Mountain Project, reviewing
tectonic and hydrologic concerns

Water table controls on evaporite deposition: Permian Salado Formation and Death Valley, CA

Integrated study of hydrogeology of the Permian Rustler Formation in southeastern New Mexico

Shaft mapping (4 shafts) for the Waste Isolation Pilot Plant project east of Carlsbad, NM

Geological prospects for preserving viable bacteria in hostile environments

Geological studies of Cenozoic volcanic sediments in Argentina for paleoenvironmental
reconstruction and stratigraphy

Proprietary studies of frontier sulfur prospects; consulting on evaporite brine sources

Geological investigations of Permian Castile, Salado, Rustler, and Dewey Lake Formations in the
Delaware Basin (USA) to determine depositional patterns and dissolution history

Preliminary seoimentological and geochemical studies (majors, some minors and metals) of a
modem evaporative playa, Salt Flat graben, west Texas (USA)

Geological and geophysical studies of the Waste Isolation Pilot Plant (WIPP) site from 1975 to
1980 as part of site characterization for a repository for radioactive waste

Sedimentologic, stratigraphic, and tectonic investigations of Mio-Pliocene sediments in the
rift valley of northwestern Kenya

Stratigraphic asd sedimentological studies and experience in Egypt, India, and western US;
volcanic gcology/mining experience, Topa Durango, Mexico
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Experience and Background, cont.  
Management: 

Start and manage consulting business (since 1988) with 1 full-tine employee (1990).  

Supervised contract work, research projects, and graduate theses, Department of Geological 

Science, UTEP. 1983-1988.  

Supervisor. Earth Sciences Division, Sandia National Laboratories. from 1980 to 1983.  

Technical staff of eight with expertise in geology, geophysics, geochenustry, hydrology, 

modeling, structural geology, petrology. Annual budgets to about S3M (US). Full technical and 

administrative responsibility.  

Supervised a matrix group from Sandia National Laboratories during 1980-81 that conducted 

preliminary screening of the Lake Superior region to select areas of crystalline rocks that 

might be suitable for further characterization for radioactive waste disposal.  

Represented Sandia geotechnical work on the WIPP to numerous review groups such as the 

Governor's Task Force (New Mexico), Environmental Evaluation Group (New Mexico), and both the 

WIPP Panel and the Committee on Radioactive Waste Management of the National Academy of 

Sciences. Served as WIPP representative to the Site Interface Coordination Group of the Office 

of Nuclear Isolation.  

Affiliations: 
Geological Society of America 

Society of Economic Paleontologists and Mineralogists 

El Paso Geological Society 
Computer-Oriented Geological Society 

Other Professional Activities: 
peer review of book-length manuscript, papers, proposals 

member of Environmental Subcommittee, West Texas Council of Governments group evaluating 

proposed sites for low-level radioactive waste disposal for Texas
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PARTIAL LIST OF PUBLICATIONS 

journal Articles and Reviewed Publications[Documents: 

Holt. R.M.. and Powers. D.W., 1991, Geotechnical activities in the air intake shaft (AIS): DOE,,'WIPP 

90-051. U.S. Department of Energy, Carlsbad, NM.  

Powers, D.W., Holt. R.M., Beauheim, R.L., and Rempe, N., eds., 1990, Geological and hydrological 

studies of evaporites in the northern Delaware Basin for the Waste Isolation Pilot Plant 

(WIPP): Guidebwok 14, Geological Society of America (Dallas Geological Society), 186 p. (author 

or coauthor on six articles and roadlog) 

Holt, R.M., and Powers, D.W., 1988, Facies variability and post-depositional alteration within the 

Rustler Formation in the vicinity of the Waste Isolation Pilot Plant, southeastern New Mexico: 

WIPP-DOE- 88.-004, Department of Energy, Carlsbad, NM, 88221.  

Powers, D.W., and Holt, R.M., 1987, Rustler Formation in the waste handling and exhaust shafts.  

Waste Isolation Pilot Plant (WIPP) site, southeastern New Mexico, in Chaturvedi. L., ed., The 

Rustler Formation at the WTPP site: EEG-34, Environmental Evaluation Group, Santa Fe, NM., p.  

26-35.  
Fleagle, J.G., Powers, D.W., Conroy, G.C., and Waters, J.P., 1987, New fossil platyrrhines from 

Santa Cruz Province, Argentina: Folia Primatol., v. 48, p. 65-77.  

Powers, D.W., and LeMone, D.V., 1987, A summary of Ochoan stratigraphy, western Delaware Basin: 

Guidebook 18, El Paso Geological Society, p. 63-68.  

Robinson, J.Q., and Powers, D.W., 1987, A clastic deposit within the lower Castile Formaion, 

western Delaware Basin: Guidebook 18, El Paso Geological Society, p. 69-79.  

Holt, R.M., and Powers, D.W., 1987, The Permian Rustler Formation at the WIPP site, southeastern 

New Mexico: Guidebook 18, El Paso Geological Society, p. 140-148.  

Powers, D.W., Holt, R.M., and Hoffer, J.M., 1987, Preliminary studies of near-surface sediments, 

Salt Flat graben, west Texas: Guidebook 18, El Paso Geological Society, p. 184-194.  

Powers, D.W., 1986, A simple rack for slabbing small diameter rock core with a rock saw: J. Sed.  

Pet., v. 56, p. 553-554.  
Powers, D.W., and Hassinger, B.W., 1985, Synsedimentary dissolution pits in halite of the Permian 

Salado Formation, southeastern New Mexico: J. Sed. Pet., v. 55, p. 769-773.  

Keller, G.R., Veldhuis, M.., and Powers, D.W., 1983, An analysis of gravity and magnetic anomalies 

in the Diablo Plateau area: Permian Basin Sec., SEPM, Pub. 83-22, p. 152-165.  

Powers, D.W., and Easterling, R.G., 1982, Improved methodology for using embedded Markov chains to 

describe cyclical sediments: J. Sed. Pet., v. 52, p. 913-923.  

Powers, D.W., 1981, Geologic investigation of the WIPP site: overview and issues, in Environmental 

Geology and Hydrology in New Mexico: New MeL Geol. Soc., Spec. PubL 10, p. 119-122.  

Maglio, Vi., and Powers, D.W., 1981, Exploration for Miocene faunas of East Africa: Nat. Geog.  

Soc. Res. Reports, v. 13, p. 405-41& 

Reilinger, R., Brown, L, and Powers, D.W., 1980, New evidence for tectonic uplift in the Diablo 

Plateau region, west Texas: Geophys. Res. Ltrs., v. 7, p. 181-184.  

Anderson, R.Y., and Powers, D.W., 1978, Salt anticlines in Castile-Salado evaporite sequence, 

northern Delaware Basin, in Geology and mineral deposits of Ochoan rocks in Delaware Basin and 

adjacent areas: New Mex. Bur. Mines and Min. Res. Circ. 159, p. 79-84.  

Cerling, T.E., and Powers, D.W., 1977, Paleorifting between the Gregory and Ethiopian Rifts: 

Geology, v. 5, p. 441-44 5.  

O'Brien, P.D., and Powers, D.W., 1976, The southeastern New Mexico radioactive waste disposal pilot 

plant: Proc. 23rd. Ann. Mtg&, Southwestern Petroleum Short Course, p. 335-344.  

plus several journal articles in review or preparation 

plus numerous abstracts and formal presentations
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Other Publications, all reviewed; available from NTIS: 
Holt. R.M.. and Powers. D.W., 1986, Geotechnical activities in the exhaust shaft. Waste Isolation 

Pilot Plant: DOE-WIPP 86-008. Department of Energy, Carlsbad, NM 88221.  

Borns. D.J.. Barrows. L.J.. and Powers, D.W.. 1983, Deformation of evapontes near the Waste 

Isolation Pilot Plant site: SAND82-1069. Sandia National Laboratories, Albuquerque, NM 87185.  

Holt. R.M.. and Powers. D.W., 1984, Geotechnical activities in the waste handling shaft. Waste 

Isolation Pilot Plant (W-PP) project, southeastern New Mexico: WTSD-TME 038, Department of 

Energy, Carlsbad, NM 88221.  

Jarolimek. L., Timmer, M.J., and Powers, D.W.. 1983, Correlation of drill and shaft logs, Waste 

Isolation Pilot Plant (WIPP) project, southeastern New Mexico: TME 3179, Department of Energy, 

Albuquerque. NM 
Powers, D.W., Lambert, S.J.. Shaffer. S-E., Hill. L.R.. and Wean. W.D., eds., 1978, Geological 

characterization report. Waste Isolation Pilot Plant (WIPP) site, southeastern New Mexico: 

SAND8-1596, v. I & 1I. about 1500 p., Sandia National Laboratories, Albuquerque, NM 87185.  

Hern, J.L.. Powers, D.W.. and Barrows. L.J., 1978, Seismic reflection data report, Waste Isolation 

Pilot Plant (WI-PP) site, southeast New Mexico: SAND79-0264, V. I & 11, Sandia National 

Laboratories, Albuquerque, NM 87185.  

contributed to and edited 23 additional reviewed reports from Sandia National Laboratories; limited 

listing of individual authors.  

several reports in review or preparation.  

Unreviewed Reports: 
Powers, D., Rudnicki, J., and Smith, L., 1991, External review panel, majority report: report to 

U.S. Department of Energy, Yucca Mountain Project Office, Las Vegas, NV, 92 p.  

proprietary reports to sulfur companies on frontier prospect areas.
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I. Address

Office Department of Geological Sciences
University of British Columbia
Vancouver, British Columbia
Canada V6T 2B4
(604) 822 4108

Home

II. Education

B.Sc.

Ph. D.

1974 Department of Geology
University of Alberta

1978 Department of Geological Sciences
University of British Columbia

III. Professional Employment Record

1978-79
1979-81
1981-

Lecturer
Professor
Professor

University of British Columbia
University of Utah
University of British Columbia

IV. profassional Affiliations

Fellow, American Geophysical Union
X cber, Geological Society of America



V. Professional Activities

1980-pres.  

1983-1989 

1984-1989 

1984-1989 

1987-1990 

1988-1991 

1984 

1986 

1986 

1986 

1988

Consultant for various government and 
private agencies, involving projects 
related to computer modeling of groundwater 
supply systems, review of work plans in 
site characterization, peer review of 
project work at hazardous waste management 
facilities, peer review for high-level 
nuclear waste disposal programs.  

Member, Associate Committee on Hydrology, 

National Research Council of Canada.  

Associate Editor, Water Resources Research 

Member, Groundwater Committee, Hydrology 

Section, American Geophysical Union.  

Member, Committee on Opportunities in 
Hydrologic Sciences, U.S. National 
Academy of Sciences.  

Member, Environmental Earth Science Grant 
Selection Committee, Natural Sciences 
and Engineering Research Council of Canada 

Co-convenor, Geological Society of America 
Penrose Conference on Transport Processes 
in Fractured Rock, Park City, Utah.  

Convenor, Symposium on the Role of 
Groundwater Flow in Geologic and Geodynamic 
Processes, American Geophysical Union 
Spring Annual Meeting.  

Instructor, International Groundwater 
Modeling Center, Short Course on Stochastic 
and Geostatistical Analysis in Groundwater 
Modeling, Indianaplois, Indiana.  
Repeated in 1987, 1988.  

Instructor, Geological Society of America, 
Annual Meeting, Short Course on Contaminant 
Hydrogeology, San Antonio, Texas.  
Repeated in 1987, Pheonix, Arizona 

Instructor, Assoc. of Groundwater 
Scientists and Engineers, Short Course 
on Introduction to Contaminant Transport 
Modeling, Denver, Co. and Tampa, Fl.



1988 Convenor, Special Session on Field Scale 
Characterization of the Hydraulic and 
Transport Properties of Fractured Rock, 
American Geophysical Union Fall Meeting.  

1989 Instructor, Short Course on Contaminant 
Hydrogeology: From Field Investigation to 

Remedial Design: A Strategy for Decision
Making, San Diego, California. Repeated 
March 1990, Atlanta, Georgia; May 1991, 
Washington, D.C.  

1990 Member, American Geophysical Union, 
Panel to develop a Union position on NASA's 
proposed Earth Observing System (EOS).  

1991-1992 Member, Committee on Fracture 
Characterization and Fracture Flow, U.S.  
National Academy of Sciences.  

VI. Awards 

1984 O.E. Meinzer Award, Geological Society of 
America, awarded "in recognition of 
distinguished contributions to 
hydrogeology".  

1987 James B. Macelwane Medal, American 
Geophysical Union, awarded "in recognition 
of significant contributions to the 
geophysical sciences by a young scientist 
of outstanding ability".  

1987 Fellow, American Geophysical Union.  

1990 Birdsall Distinguished Lecturer, 
Geological Society of America 

1990 UBC Killam Research Prize 

1991 E.W.R. Steacie Fellowship, Natural Sciences 
and Engineering Research Council of Canada



VII. Research 

Stochastic simulation of fluid flow and 
solute transport in porous media 

Transport processes in fractured rocks 

Influence of groundwater flow on the 
thermal regime of the upper crust 

Role of groundwater flow in geologic and 
geodynamic processes 

VIII. Publications 

Stochastic Analysis of Fluid Flow and Solute Transport 

Smith, L. and R.A. Freeze, "Stochastic analysis of steady 
state groundwater flow in a bounded domain, 1: One-dimensional 
simulations", Water Resour. Res.,15(3), 521-528, 1979.  

Smith, L. and R.A. Freeze, "Stochastic analysis of steady 
state groundwater flow in a bounded domain, 2: Two-dimensioi 
simulations", Water Resour. Res., 15(6), 1543-1559, 1979.  

Smith, L. and F.W. Schwartz, "Mass transport 1: A stochastic 
analysis of macroscopic dispersion", Water Resour. Res., 
16(2), 303-313, 1980.  

Schwartz, F.W. and L. Smith, "An evaluation of the ability to 
predict radionuclide transport in groundwater flow systems", 
Proc., Material Res. Society, Sym. on the Scientific Basis of 
Nuclear Waste Management, Plenum Press, 1980.  

Smith, L., "Spatial variability of flow parameters in a 
stratified sand", Mathematical Geology, 13(1), 1-21, 1981.  

Smith, L. and F.W. Schwartz, "Mass transport 2: Analysis of 
uncertainty in prediction", Water Resour. Res., 17(2), 351
369, 1981.  

Smith, L. and F.W. Schwartz, "Mass transport 3: Role of 
hydraulic conductivity data in prediction", Water Resour.  
Res., 17(5), 1463-1479, 1981.



Smith, L. and F.W. Schwartz, "Dependence of prediction 
uncertainty on hydraulic conductivity data in mass transport 
modeling", Proc., Sym. on Uncertainties Associated with the 
Regulation of the Geologic Disposal of High Level Radioactive 
Waste, Oak Ridge National Lab., NIUREG/CP-0Q22, CONF-810372, 
1982.  

Smith, L. and F.W. Schwartz, "Megascopic controls on 
radionuclide transport in groundwater flow systems", Material 
Research Society, Sym. on the Scientific Basis of Nuclear 
Waste Management, Elsevier Press, 355-362, 1982.  

Tang, D.H., Schwartz, F.W. and L. Smith, "Stochastic modeling 
of mass transport in a random velocity field", Water Resour.  
Res., 18(2), 231-244, 1982.  

Smith, L., "Stochastic models of fluid flow in heterogeneous 
media", Proc., Inter. soil Science Soc. Workshop on Soil 
Spatial Variability, Las Vegas, Pudoc Wageningen, 96-110, 
November, 1984.  

Schwartz, F.W., McClymont, G.L., and L. Smith, "On the role of 
mass transport modeling" Proc. Second Canadian/American Conf.  
on Hydrogeology, ed. B. Hitchon and M. Trudell, Alta. Res.  
Council and National Water Well Assoc., 2-12, 1985.  

Freeze, R.A., de Marsily, G, Smith, L, and J. Massmann "Some 
uncertainties about uncertainty", Proc. DOE/AECL '87 Conf.  
Geostatistical, Sensitivity, and Uncertainty Methods For 
Groundwater Flow and Radionuclide Transport, 231-260, 1988.  

Freeze,R.A., Zapf-Gilje, R., Massmann. J., Cahn, L., Smith, 
L., and B. James, "Advances in the assessment of data worth 
for engineering decision analysis in groundwater contamination 
problems", Proc., in Groundwater Flow and Quality Modeling, 
Custodio et al. (eds.), D. Reidel, 665-697, 1988.  

Cahn, L., and L. Smith, "Use of a stochastic groundwater flow 
model in developing guidelines for design of sampling 
programs", Proc. Sympos. on Solving Groundwater Problems with 
Models, Assoc. of Groundwater Scientists and Engineers, 
Indianapolis, Indiana, 1989.  

Smith, L., Freeze, R.A., and J. Massmann, "A geostatistical 
approach to site characterization and risk assessment related 
to groundwater contamination at hazardous waste management 
sites", in Risk Assessment for Groundwater Pollution Control, 
ed. by W.F. McTernan and E. Kaplan, Environmental Engineering 
Div., Amer. Soc. Civil Engineering Monograph, 281-311, 1991.



Freeze, R.A., Massmann, J., Smith, L., Sperling, T., and B.  
James, "Hydrogeologic decision analysis 1: A framework', 
Ground Water, 28, 738-766, 1990.  

Massmann, J., Freeze, R.A., Smith, L., Sperling, T., and B.  
James, "Hydrogeologic decision analysis 2: Applications to 
groundwater contamination", Ground Water, 29(4), 536-548, 
1991.  

Sperling, T., Freeze, R.A., Massmann, J., Smith, L., and B.  
James, "Hydrogeologic decision analysis 3: Application to the 
design of a groundwater control system at an open pit mine, 
Ground Water, in press, 1991.  

Transport Processes in Fractured Media 

Schwartz, F.W., Smith, L. and A.S. Crows, "Stochastic analysis 
of groundwater flow and contaminant transport in a fractured 
rock system", Sym. on the Scientific Basis of Nuclear Waste 
Management, Plenum Press, 1981.  

Schwartz, F., Smith, L., and A.S. Crowe, "An analysis of masr 
transport in fractured media", Canadian Nuclear Society, 
Inter. Conf. on Radioactive Waste Management, Winnipeg, 636- 
640, 1982.  

Schwartz, F.W., Smith, L., and A.S. Crowe, "A stochastic 
analysis of macroscopic dispersion in fractured media", Water 
Resour. Res., 19(5), 1253-1265, 1983.  

Smith, L. and F.W. Schwartz, "Macroscopic dispersion in a 
fractured rock mass", Inter. Assoc. Hydrogeol., Canadian 
Nation. Chap., Inter. Groundwater Sym. on Groundwater Resour.  
Utilization and Groundwater Contamination, Montreal, 539-548, 
1984.  

Smith, L. and F.W. Schwartz, "An analysis of the influence of 
fracture geometry on mass transport in fractured media", Water 
Resour. Res., 20(9), 1241-1252, 1984.  

Smith, L., Mase, C.W., Schwartz, F.W. and D. Chorley, "A 
numerical model for transport in networks of planar 
fractures", Inter. Assoc. Hydrogeol. Sym. on Hydrogeology of 
Rocks of Low Permeability, Tuscon, 666-675, 1985.  

Schwartz, F.W. and L. Smith, "A new continuum approach for 
modeling dispersion in fractured media", Inter. Assoc.  
Hydroqeol. Sym. on Hydrogeoloqy of Rocks of Low Permeabili 
Tuscon, 538-546, 1985.



Smith, L., Mase, C.W., and F.W. Schwartz, "A model for 
transport in networks of planar fractures", Inter. Assoc.  
Hydraulic Res., Sym. on the Stochastic Approach to Subsurface 
Flow, Paris, France, June, 1985.  

Schwartz, F.W. and L. Smith, "Stochastic modeling of 
dispersion in fractured media", Advances in Transport 
Phenomena in Porous Media, Martinus Nijhoff Pub, 1986.  

Smith, L., C.W. Mase, and F.W. Schwartz, "Estimation of 
fracture aperture using hydraulic and tracer tests", Proc.  
28th U.S. Rock Mechanics Symposium, Balkema Publ., 453-464, 
1987.  

Smith, L., Mase, C.W., and F.W. Schwartz, "Application of 
stochastic methods for simulation of solute transport in 
discrete and continuum models of fractured rock systems", 
Proc. DOE/AECL '87 Conf. on Geostatistical, Sensitivity, and 
Uncertainty Methods For Groundwater flow and Radionuclide 
Transport Modeling, 425-440, 1988.  

Schwartz, F.W. and L. Smith, "A continuum approach for 
modeling mass transport in fractured media", Water. Resour.  
Res., 24(8), 1360-1372, 1988.  

Smith, L., Clemo, T., and M. Robertson, "New approaches to the 
simulation of field-scale solute transport in fractured 
rocks", Proc. 5th Canadian/American Conf. on Hydrogeology, eL 
S. Bachu, National Water Well Assoc., 329-342, 1990.  

Smith, 1., and F.W. Schwartz, "Solute transport through 
fracture networks", in Heat and Mass Transport in Fractured 
Rocks, ed. by J. Bear, C.F. Tsang, and G. de Marsily, Academic 
Press, in press, 1991.  
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