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Dr. Michael L. Corradini, Chairman
Nuclear Waste Technical Review Board
* 2300 Clarendon Blvd., Suite 1300
Arlington, VA 22201-3367

Dear Dr. Corradini:

Enclosed you will find a copy of a document entitled "Review Of The Report
*Thermochronogical Evolution Of Calcite Formation At The Potential Yucca Mountain Repository
~ Site, Nevada™ published under the auspices of the Siberian Branch of the Russian Academy of -

Sciences United Institute of Geology, Geophysics and Mineralogy, which was authored by two
- members of the Institute of Mineralogy and Petrography, Dr. Yuri V. Dublyansky and Dr. Sergey Z.
Smimov. The document is a review of a two part report written by UNLV coordinators, Nick
Wilson, Jean Cline and Y. Amelin, of the Yucca Mountain Thermochronology Project, a project
conducted in response to a suggestion by the Nuclear Waste Technical Review Board in 1998 to
- resolve differences in the interpretation of certain fluid inclusion and stable isotope data, which had
spawned a heated controversy between scientists representing the State of Nevada and those
-representing the interests of the DOE (primarily the USGS) concemmg the origin and ages of
secondary minerals in the interior of Yucca Mountain. _
Dr. Dublyansky was Nevada's representatlvc for the UNLV. Thermochronology Progect.
Except for DOE representatives’ concession that the secondary minerals in question were, indeed,
formed from heated aqueous fluids, the disagreement between the scientists, particularly the source
of the heat, has persisted to the present day. The DOE aligned interests still maintain that the
source of the depositing fluids was meteoric water in the form of infiltrating rainwater passing
through a mountain that remained hot for millions of years. Dr. Dublyansky and a group of
" internationally based scientists working with him, which include many of his colleagues at the
Institute, Jerry Szymanski of Las Vegas, Nevada and Dr. Tim Harper of England are convinced,
based on many lines of evidence, that the secondary minerals were deposited by hydrothermal
fluids driven from deep beneath Yucca Mountain and that episodes of such deposition are recent in
geologic time. If hydrothermal fluids were to flood the proposed repository during its 10,000-year
lifetime or even an extended period of many tens of thousands of years, steam explosions would
" undoubtedly result and the canisters would be breached. As the fissile ‘material is rearranged
tremendous quantities of radioactivity would be released through a variety of pathways to the
biosphere, not the least of which are those created by predlctable low yield nuclear explosions and
uncontrollable in situ criticality processes.
In a letter written to the NWTRB by the Yucca Mountain Project Manager, J. Russell Dyer,



.. dated January 24, 2002, the lack of a consensus in the lingering rainwater-upwelling controversy
"was documented. Inexplicably, however, NWTRB Chairman Jared Cohon wrote a letter addressed
to Mr. Lake H. Barrett, Acting Director of OCRWM dated March 11, 2002, which stated: '
At the Board meeting and in a letter to the Board dated January 24,2002, the DOE
concluded that the hypothesis of hydrothermal upwelling proposed by Mr. Jerry Szymanski
had been adequately addressed and may be discounted. These conclusions were based on
the DOE's positive response to a Board recommendatlon that a joint federal-State of Nevada
project be conducted to determine the ages' of fluid inclusions at Yucca Mountain. A
systematic joint study was coordinated by University of Nevada-Las Vegas scientists and
can be considered a model for successful resolution of some contentious scientific issues.
The Board concurs with the DOE's conclusions and considers this issue resolved.
. The important point to recognize with respect to the foregoing communications is that they_
contain nothing more than political opinion. The decision whether or not the controversy is
scientifically resolved is a technical issue related to the safety of the site, which is committed to the
jurisdiction of the Nuclear Regulatory Commission's licensing board. 'The NRC is the sole entity
. responsible for safety considerations conceming the licensing of the Yucca Mountain site.
Furthermore, the decision whether or not the State of Nevada will raise a contention based upon the
continuing controversy is a questiori, which rests solely with the Nevada Attorney General. The
bottom line is that the controversy is resolved neither politically nor scientifically.
: . Other political statements such as the one attributed to you as the consequence of your
_‘recent co-authorship of an editorial in a Madison, Wisconsin newspaper that in your opinion
nucléar waste can be "stored safely at Yucca Mountain" are counter productive in the effort to
provide the world community with a fair and unbiased process. Since that bell cannot be unrung,
an appropriate strategy for the mitigation of the effects of the dissemination of misinformation
might come in the form of reopening the scientific review of the origin and ages of the secondary
miperals at Yucca Mountain before the NWTRB.
< An unbiased consideration of reasonable interpretations, which may be attributed to data
acquired during the UNLV Thermochronology Project, is warranted. A number of questions,
which were raised by Board members, regarding findings by the Thermochronology Project in a
meeting of the full Board on May 9, 2001 need to be resolved. Among these were questions raised
concerning the source of magnesium found in samples of secondary minerals, the source of
hydrocarbons in all gas inclusions, an explanation for the high salinities in the fluids of the
inclusions, the use of a constant lead correction for uranium-lead age dating, thermodynamic
limitations to the rainwater hypothesis, etc. ' ‘
The review authored by Dr Dublyansky and Dr. Smimov enclosed herein and a second
review authored by them: “Commentary on: ‘Physical and stable-isotope evidence for formation of
secondary calcite and silica in the unsaturated zone, Yucca Mountain, Nevada’ by J.F. Whelan, J.B.
Paces, and Z.E. Peterman” (submitted for publication in Applied Geochemistry, a peer-reviewed
journal) as well as the reports of the USGS and UNLYV researchers regarding their interpretations of
the data produced by the UNLV Thermochronology Project can provide valuable resources to
define the issues. The position of the international group of scientists referred to above will be fully
discussed in a book length monograph presently in a draft format pending review, which will
contain multiple lines of evidence proving without question that the deposition of the secondary
minerals was caused by the upwelling of hydrothermal water. :
The NWTRB has the statutory mandate in Section 503 of the NWPA, 42 U.S.C. 10263, to
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evaluate the technical and scientific validity of activities undertaken by the Secretary of Energy in
relation to,  among other things, site characterization activities. This broad grant of authority
provides the Board with the power and the duty to oversee the DOE's consideration of potentially
disruptive events such as the possible flooding of the proposed repository by upwelling water and to
intervene with appropriate admonitions and recommendations to the Department of Energy. Itisa
dereliction of this duty for the Board to disregard its mandate by leaving contentlous 1ssues
 affecting the performance of the proposed repository left unresolved.

- The Board also has the duty to report to the Congress and the Secretary of Energy with
regard to findings, conclusions and recommendations as to matters within its purview. See 42
U.S.C. 10268. To the extent the Board has prematurely terminated consideration of the need for a
- comprehensive risk assessment of potential consequences associated with the controversy discussed
- herelin, it appears that both the Secretary of Energy and the Congress have been misled by previous
reports from the Board. Eventually, evidence of the dangerous nature of the site will certainly cause
the abandonment of the site. At that time certain individuals and entities will be held accountable
for the expenditure of billions of dollars and, more importantly, years of lost time in the resolution
of a pressing national environmental problem. There will be plenty of blame to go around. Unless
the NWTRB takes steps to rectlfy its past nonfeasance it will likely become the scapegoat for the

misfeasance of many.
I commend the enclosed review for your careful consideration and appropnate action.

Cordla ly,
o Lpmerss o

ainston -
Attorney t Law

Enclosure

cc:

The Honorable Brian Sandoval, Nevada Attorney General, Carson City NV
The Honorable Kenny Guinn, Nevada Governor, Carson City, NV

The Honorable Harry Reid, Nevada Senator, Washington DC

The Honorable John Ensign, Nevada Senator, Washington DC

The Honorable Jim Gibbons, Nevada Representative, Washington DC

The Honorable Shelly Berkley, Nevada Representative, Washington DC

The Honorable Jon Porter, Nevada Representative, Washington DC

The Honorable Spencer Abraham, Secretary of Energy, Washington DC

Brian McKay, Chairman, Nevada Commission on Nuclear Projects, Reno, NV
Michon Mackedon, Vice Chairman, Nevada Commission on Nuclear Projects, Fallon, NV
Richard H. Bryan, Nevada Commission on Nuclear Projects, Las Vegas, NV
Larry Brown, Nevada Commission on Nuclear Projects, Las Vegas, NV
Steven Molasky, Nevada Commission on Nuclear Projects, Las Vegas, NV
Myrna Williams, Nevada Commission on Nuclear Projects, Las Vegas NV
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Robert Loux, Executive Director, NWPO, Carson City, NV

Pricilla P. Nelson, member, NWTRB, Arlington, VA
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Executive summary

posted at the UCCSN WebPages, contain a large volume of meticu-
lously collected observations and measurements of fluid ‘incliision ™
homogenization temperatures. Other data, not directly related to fluid , .,

inclusions, are presented in an overly abbreviated form. For example
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the numeric results of the’ mlcroprobe analyses are not grven in the _‘_
report and are riot tabulated in the techmcal data files. The results of © "+ ' %

the LA-ICP-MS are not’ reported at ‘all; although contents of such” ***
elements as U, Th, St and Mn have been measured (Wilson and Cline,: . >
2002, p. 17). The results of the cathodoluminescence studies are not .

documented in the report (except for a single photograph) and docu-:j _ ’

mentation is inadequate in the téchnical data files. Thése téchnical |
shortcomings cause most of the geochemical information to be largely.- ..

unusable, and does not.permit the mdependent verification of a , ..

number of statements that appear in the report ST e T

overly generalized, and those in the technical data files are too sketchy.

The presence of at least one mineral identified’ by the UNLV ‘

RTINS
We found that-the mineralogic descriptions given in the report are ...

researchers, strontianite, was not reported either in the report’s text e ;;" :
or in 'the technical data files (identification of this:mineral was -- ... ;..

confirmed by personal communication with N. erson 2001).

Another mineral, barite; although reported in the technical data files; -
was not mentioned in the report. The paragenetic relationships be- ;

tween these accessory mmerals (as well as accessory zeollte) and other Sy e 3

Neither the genetic significance of the observed accessory mmerals
nor how their presence constrains the chemrstry of the mineral form-
ing flurds was drscussed

TR
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A morc serious problem with the UNLV report is the mterpretatron

of the data: No rational models of the processes responsible for the -

formation of secondary minerals at Yucca Mountain are proposed;
their formation in the vadose zone is simply asserted. In many
instances, the causal nexus between processes and features discussed

by the UNLYV researchers cannot be traced (see Section 1.2 of this

review, for example). Even more problematic, some speculative mod-
els appear to be in conflict with the principles of physics (see Section
1.3.2, for example). Overall, the authors of the UNLYV report have
failed to develop a coherent and defensible model, explaining the
origin of secondary minerals at Yucca Mountain. Rather, they
arbitrarily subscribe to the DOE/USGS model of a rainwater origin.
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Preface

Between April 1999 and August 2001, Yuri Dublyansky served as an official representative of the
State of Nevada, overseeing the progress of the Yucca Mountain Thcrmochrono]ogy Project; a U.S.
DOE funded project that was being conductéd by researchérs at the University of Nevada at Las
Vegas (UNLYV). Early independent studies of fluid inclusions in the Yucca Mountain secondary minerals
had been conducted by two research groups, the first from the Institute of Mineralogy and Petrogra-
phy, Russian Academy of Sciences, Novosibirsk (IMP) represented the State of Nevada, and the
second from the U.S. Geological Survey (USGS). These studies yielded conflicting results and inter-
pretations (see e.g.; Roedder ef al./ 1994; Roedder and Whelan, 1998; Dublyansky and Reutski, 1995;
Dublyansky, 1998). In-response to a suggestion by the Nuclear Waste Technical Review Board
(NWTRB) in July 1998, the U.S. DOE made an offer to the Nevada Agency for Nuclear Pl‘O_]CCtS/
Nuclear Waste Projects Office INWPO) in September 1998 to enter into a joint investigation to resolve
the differences in the findings of the two groups. Together, in concert with the UNLYV rescarchers, the
NWPO and DOE initiated the UNLYV project to provide a third set of data, which would verify the
results of either one or the other of the previous fluid inclusion studies. Researchers from the USGS
elected to carry out a parallel study; researchers from the IMP were commissioned by the State of
Nevada’s Agency for Nuclear Projects to pursue separate studies of the subject minerals. Under this
arrangement, IMP researcher, Yuri Dublyansky, carried out fieldwork, as well as laboratory fluid
inclusion and stable isotopic studies; another researcher Sergey Smirnov, collected samples and
conducted mineralogic and geochemical studies of the Yucca Mountain minerals.

Pursuant to the contract with the State of Nevada, Yuri Dublyansky attended quarterly technical
meetings of the UNLV and the USGS researchers. He maintained a detailed record of the activities of
the group, which is contained in a series of letter reports, memos, and minutes from meetings, submit-
ted to the Agency for Nuclear Projects. Although not stipulated in Dr. Dublyansky’s contract, a
critical evaluation of the final report(s) detailing the outcome of the UNLYV project would have been
a logical conclusion to the State’s oversight of the project. Since the final reports were not filed by the
UNLY researchers until May 2002, and were available for downloading from the UNLYV Internet site
even much later (i.e., well after the expiration of Dr. Dublyansky’s contract with the State of Nevada),
this task was not accomplished.

The evaluation report presented below is an unsolicited document. It has been prepared on a pro bono
publico basis by the researchers of the Institute of Mineralogy and Petrography — an entity within the
United Institute of Geology, Geophysics and Mineralogy, Siberian Branch of Russian Academy of
Sciences, Novosibirsk, Russia. )

The authors of this evaluation have reviewed the two parts of the UNLV report (TR-02-005.1 and TR-02-
005.2) prepared by the UNLV researchers, as well as a collection of the supporting technical data files
entitled «Compilation of Task 4 Data» by Dr. N. Wilson, submitted to the Harry Reed Center of the UNLV
on December 24™ 2001. The UNLYV report has been downloaded from the University and Community College
System of Nevada (UCCSN) WebPages (http://hrcweb.nevada.edu/qa/Tech htm). Technical data files have
been downloaded from the «non- quahﬁed data» section of the same WebPages (http://hrcweb.nevada.edu/
data/tda/).



We focus our review on what we see as major problems with the UNLYV reports that affect, quite
severely in our judgment, the soundness of the conclusions reached by the UNLYV researchers. Numerous
minor technical lapses and inaccuracies in presentation and interpretation of the data are not ad-
dressed.

Dr. Yuri Dublyansky Dr. Sergey Smirnov
Senior researcher ' Senior Researcher

The authors of this evaluation may be reached at the following e-mail addresses:

kyoto_yuri@hotmail.com (Dr.‘ Yuri DuBlyansky)

szmr@uiggm.nsc.ru (Dr. Sergey Smirﬁov)
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Commentary Handlmg dlssent in science :
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In hts letter to Dr J ared L. Cohon Chamnan of the Nuclear Waste Techmcal Revrew Board (NWT RB)
dated January 24, 2002 the Yucca Mountdin Project Manager ‘Russel Dyer, outlined the scope and
orgamzatlon of the UNLV pro_]ect as follows. """

IS IR SN I L R Iy RYNGE ol HUSES PSP L L K W e LR e i "M«t-*“\x A:' 'v_t'é..“u

“Asthe Board suggested ‘the DOE funded a joint research program coordmated by Dr. Jean Chne. Umversrty of
't *'Nevada, Las Vegas (UNLV) in which scientists from the State of Nevada, the U.S. Geological Survey (USGS) Ce ]
“‘and UNLV conducted detarled analyses of the fluid mclusrons found in mineral deposrts Participants met on -
“a regular basis between March 1999 and’ March 2001- to “establish a common methodology for sample" E
collectlon and handlmg ‘and share the fesults of thetr mvesttgatrons S : o
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The scientific outcome of the pI'O_]CCt was summarrzed in Mr. Dyer s letter by the followmg three
paragraphs o e e e o i .
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Paces et al state in'the absrract of the 2001 USGS report «Ages and Ongms of Calcite and Opal in the B
Eproratary Studxes Faczltty Tunnel Yucca Mauntam Nevada» The physrcal and 1sotop1c data from calcite B ]
and opal indicate they formed from solutlons of meteorrc ortgm percolatmg through a ltmtted network of
" connected fracture pathways m the unsaturated | zone rather than by mundatron from ascendmg groundwa—
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i, ston, Clme, and Ameltn state in the abstract for Part 2 of therr report Results from thts study are R
.consistent with a2 model of descending meteoric water that infiltrated the coolmg tuff sequence, | became
. heated, and precrprtated secondary ‘minerals within the vadose zone. And further, This study demonstrates
“that the hypothesrs ‘of geologrcally recent upwelling hydrothermal ﬂurds is untenable and should not drs- -

quahfy the Yucca Mountam asapotentral ‘nuclear waste storage srte "'j" N
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: Jomt UNLV/USGS/State of Nevada research pro;ect» by Jerry S Szymanskz and Dr Yun V Dublyansky,
. May 2001 pp 19 «The proposed conceptual model rmphes that yadose zone 1s occasronally subjected to
.an upward ﬂux of heat and gas-charged ﬂurd m addmon to bemg sub_]ected to a small ﬂux of mﬁltratmg
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It is apparent from the excerpts of Mr. Dyer’s letter above that the parttes to the Prolect bave farled tg

reach a consensus as to the orlgtn of secondary minerals at Yucca Mountain. What is partrcularly
unusual and alarming, howevér; i$ that'diametrically opp051te interpretations emerged from parallel
studies of the same collection of samples by virtually identical methods. Under such circumstances, we
believe, the responsible course of action for the U.S. DOE would be to arrange for a thorough evalu-
- ation of both the quality of the data produced by the parties, and the soundness of the 1nterpretat10ns
that have lead the scientists to their conclusions.

...........



This procedure, known as peer review, is a hallmark of academic science. Such an approach is dictated
by common sense. If two groups of qualified researchers, studying the same samples by the same
methods, have produced substantially different results, one of the groups must have done something
wrong. Until the cause is found and the discrepancy is explained, the results reached by both groups
should be viewed with suspicion. If, however, the technical results are similar but the conclusions
based on these results are different, the soundness of the reasoning and interpretations must be evalu-
ated.

It seriously concerns us that, instead of pursuing a proper course of evaluation and verification, the
DOE hastily embraced the conclusions of the UNLV and USGS groups and bluntly dismissed the
dissenting opinion of scientists representing the State of Nevada. Russell Dyer, DOE’s Yucca Mountain
Project Manager, in a letter dated January 24, 2002 addressed to Jared L. Cohon, Chairman of the
NWTRB stated: «The data collected by both DOE and UNLYV researchers confirm that the conceptual
model of descending percolation is correct. The DOE further concludes that the «upwelling waters» or
«seismic pumping» hypotheses for the origin of secondary mineralization at the Yucca Mountain site
have been adequately addresses and may be discounted.» (Dyer to Cohon, 01.24.2002). We find this
attitude both arrogant and inappropriate.

It is scientifically unacceptable to read only the conclusions of the reports and to judge which of the
proffered hypotheses is correct on the basis of the number of «votes cast in support» of the competing
models. Backin 17 century, a famous philosopher and mathematician, Rene Descartes, warned against
the futility of such an approach: «Jt would be no use to total up the testimonies in favour of each, meaning
to follow that opinion which was supported by the greater number of authors; for if it is a question of
difficulty that is in dispute, it is more likely that the truth would have been discovered by few than by
many.» (Descartes, Rules for the Direction of the Mind).

It is particularly disturbing to us that the NWTRB, an entity charged with a high public calling and, as
a consequence of their duty, needs to be respected for integrity and open-mindedness, seems to have
adopted the same mode of perfunctory inquiry. A letter from Jared L. Cohon, Chairman of the
NWTRB, addressed to Mr. Lake H. Barrett, Acting Director Office of Civilian Radioactive Waste
Management of the U.S. Department of Energy dated March 11, 2002 reads: «A¢ the Board meeting
and in aletter to the Board dated January 24, 2002, the DOE concluded that the hypotheses of hydrother-
mal upwelling proposed by Mr. Jerry Szymanski had been adequately addressed and may be discounted.
These conclusions were based on the DOE's positive response to a Board recommendation that a joint
Sfederal-State of Nevada project be conducted to determine the ages of fluid inclusions at Yucca Mountain,
A systematic joint study was coordinated by University of Nevada-Las Vegas scientists and can be
considered a model for successful resolution of some contentious scientific issues. The Board concurs with
the DOE'’s conclusions and considers this issue resolved.»

With due respect, we disagree. As far as science is concerned, the issue is far from being resolved by the
UNLYV study. The validity of the USGS-UNLYV depositional model was not proved. DOE’s rush to
judgment was self-serving. The suggésted invalidity of the hydrothermal upwelling hypothesis was not
demonstrated by the study. The DOE'’s conclusion, in this regard, was equally self-serving, and on a
larger scale, potentially dangerous. We belicve that a critical evaluation of the UNLYV report and the
technical data presented below will provide ample justification for our opinions.

HYdrdthermal upweliing concept and phreatic environment

It appears to us that many of the contentions that will be treated in'this review stem from a
misunderstanding, by the authors 6f the UNLV report, of the hydrothermal upwelling concept in addi-
tion to their arbitrary trcatment of the terminology: phreatic environment. In order to clarify the sub-
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ject matter, we precede our revrew wrth a brief explanatlon of the hydrothermal upwellmg concept
The subject is"treated exhaustrvely in Szymanskl etal. (2002), we refer the 1nterested reader to that
source for a more complete explication of the concept.. :. »=1s /0 s« o7 b a0 T e e

The hydrothermal upwelling concept does not envisage a more or less uniform rise ofithe water table, so
that the whole of the Yucca Mountain tectonic block (horst) becomes flooded. Instead, the concept
envisages relatively short-term invasion(s) of deep-seated fluids-into the vadose zone that follows a
large («characteristic») earthquake (Flgure 1). The invasion is induced by the establishment within a
fault-based conductivity channeél of a so-called Raylelgh “Beérnard ‘instability (convective ‘cell) and 1is
enhanced by a mechanism known as seismic pumping. The hydraulic «mound», formed in this way, is
necessarily a transient feature, so that the dissipation of the mound begins almost simultaneously with
its establishment. During the decay of the mound the waters are generally controlled by gravitation
and move downward, toward the water table. .. o0 . L e Ly e e Y

The' ‘decp-seated fluids, which are mjected into the vadose zone along the fault- based enhanced
conductivity channel move laterally away from the channel. As they move thcy evolve; they cool,
degas, oxidize, mix with other waters and deposit minerals. Their path is prlmarlly controlled by the
conductivity structure of .the:host rock mass; therefore, not all cavities in the rock -are; .necessarily
accessed by | the fluids, and fluids do not deposit minerals in all cavities that are accessed.: .-,

In the context of the model, the term, phreatic environment, indicates a situation whereby the cavities
in which minerals grow are filled with water, so that the growth occurs in a submerged state. This may
happen within transient water bodies located well above the static water table. This approach parallels
the terminology employed in karst science, where two broad categories of cave forrnatlons, subaerial
and subaqueous; are distinguished based on their formation above or below the surface of the water.
Deposits acquire characteristic features of subaqueous mineral growth even if. thcy form in a. small
cave pond located thousands of meters above the regronal water table. _

T » P ! -
B v

S e e e e . . 2 e '

‘ . . . : 4, ey . PR .
PR O e N el o Lo ! . ’ .o 2 . ' - Lol

v 1 . warmspring .-

Figure 1. Schematic diagram illustrating  p—z__*
changing hydrology of vadose zone ata _
time following the occurrence . of
charactenstlc earthquake, «hydrothermal
upwellmg concept» (from Szymanskl et
al 2002) L .

a-— Setsmtc pumpmg mduced and
Raylelgh-Bemard mstabrhty assrsted
invasion of waters into the vadose zone
along the fault based conducttvrty =
channel. b~ Decay of the mound, asso- ,' SRRt

1
ciated with formation of perched bodies ~vadose (“"sa’“’a‘ed)““e .
of water, grnvxtatton—dnven filtratlon, and -
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phreatic (saturated) zone

~;; translent geothermal plume thermally and volumetrically
mteractlon with meteonc (ram) waters.'." " expressing thermal Instablhty L decaying bodles of perched
5 otdeep -seated fluids . water |
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Charactenstlc features of the model 1.

Upwellmgs ‘of ‘thermal“fliids are Pantniig ST s

restricted to deep~seated horst- boundmg faults such as Solltano Canyon and Pamtbrush 2; Both upward and down-
ward movements of geothermal fluids occur in the vadose zone 3. Asymmetry of the drffusmg plume isa result of the
near-surface enhancement of the conductivity, mostly affectmg the hanging wall block. 4. The local temperature gradr-
ent in the vadose zone expresses the transient nature of the instability. 5. At and around the fault-based conductivity

channel; cavities in the rock are completely lined with minerals, whereas away from this channel the mineral drstnbu-i

tion in cavities may be an expressron of the dxssrpatxon of perched bodres of water. .
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1. REVIEW OF THE REPORT: THERMOCHRONOLOGICAL EVOLUTION OF CALCITE
FORMATION AT THE POTENTIAL YUCCA MOUNTAIN REPOSITORY Site, NEVADA:
PART 1, SECONDARY MINERAL PARAGENESIS AND GEOCHEMISTRY

By N.S.F. Wilson and J. Cline. Community College and Unnersnty System of Southem Nevada.
Report TR-02-005.1. 2002

1.1. ’Obs'erv.a'tions «not consistent» with the phreatic environment
of mineral growth

In this section of the review we first address, on a point-by-point basis, the list of observations that, as
Wilson and Cline (2002) believe, «... are not consistent with the formation of secondary minerals in the
phreatic zone». The list of arguments appears in the section 8.5. «Formation of secondary minerals in
the Vadose Zone» (p. 23-24).

Argument 1. The majority of primary and secondary porosity contains no evidence of secondary
minerals. If secondary minerals precipitated in a phreatic environment by upwelling hydrothermal
fluids or rising groundwaters, a more extensive record of secondary minerals would be expected in the
available open space.

As we explained in the section, «Hydrothermal upwelling concept and phreatic environment,» above,
the absence of secondary minerals in part of the open cavities is not inconsistent with and is, in fact, to
be expected within the hydrothermal upwelling model. The meaning of “precipitated in a phreatic
environment by the upwelling of hydrothermal fluids” into the vadose environment must be adjusted
to reflect the transient nature of hydrothermal upwelling.

Argument 2. Some pores in lithophysal cavities, fractures and breccias are rimmed by thin layers of
calcite, suggestive of meniscus textures that indicate precipitation in a vadose environment. Some
pore fillings exhibit multiple luminescent growth zones indicating multiple fluid events.

The presence of the telltale vadose zone textures,
such as meniscus and pendant textures, or flowstone
appearance of calcite (Figure 2), has not been docu-
mented by other researchers working on splits of
samples from the UNLYV collection. We have ex-
amined several tens of fluid inclusion sections, both
from UNLV project and from our independent
sampling activities, and have not observed textures
that could be interpreted as meniscus or pendant
textures. During the quarterly UNLV-USGS-IMP
meetings of 1999-2000, which meetings had, as one
of the major goals, joint work with samples and the
discussion of petrographlc observations and inter-
pretations, neither meniscus nor pendant nor other
gravity asymmetric textures were observed or dis-
cussed. So, we would be hesitant to accept the in-

>\ - Figure 2. Schematic examples of the characteristic vadose-

- zone textures expressing surface tension and gravity asym-
metry. None of these textures have been reported from the
Yucca Mountain samples.




Figure 3. Textures of the sample ESF 21+61.8. Note
complete coating of the tuff clasts with white calcite,
showing no meniscus textures. For many tuff clasts the
whole coating is represented by optically continuous
calcite. g — is the direction of gravity force. Photograph is
from the technical data files posted at the UCCSN
WebPages. Blue is epoxy resin.

terpretation given in the UNLV report («suggestive of
meniscus texturesy) without a documented demonstra-
tion of the presence of such textures.

We have examined photographs of the two samples
(ESF 21+61.8 and ESF 74+19), presented by Wilson
and Cline as an example of the meniscus texture, and
also examined actual sections prepared from these
samples. In both cases we failed to observe the
meniscus texture or other textures suggestive of a
vadose zone environment. Sample ESF 21+61.8 is
shown in Figure 3. It is clearly seen that tuff frag-
ments are completely coated with crystalline calcite.
On many fragments, coatings have a fairly uniform
thickness (<1 mm). No concave surfaces (meniscus
textures) are observed in abundant voids. Examination under polarized light reveals that the small tuff frag-
ments are typically embedded in optically continuous calcite crystals, while the meniscus texture is characteristic
of polycrystalline aggregates. Uniform thickness of coatings over several loci (within the sample) argues
against gravity-controlled deposition. Summarizing, the textures of the samples cited by Wilson and Cline
(2002) as supporting the vadose depositional setting is perfectly compatible with, if not indicative of, the
phreatic environment of mineral deposition.

One additional comment is in order. The appearance of the meniscus textures has a simple physical cause,
which is the surface tension at the interface between liquid and vapor phases. If a water film wets a «rugged»
angular substratum, menisci inevitably form in the reentrants (see Figure 2). At Yucca Mountain, the inner
surface of the lithophysal cavities and some fractures is remarkably rugged due to the presence of a «palisade»
of the vapor-phase crystals. Similarly, aggregates of bladed calcite crystals possess abundant narrow reentrants.
A water film placed over such a surface would inevitably form menisci in large numbers. If secondary minerals
indeed were deposited from films of water, as the
UNLYV researchers believe, menisci would be ex-
pected to be the most common texture of the sec-
ondary minerals at Yucca Mountain. It is revealing,
therefore, that such textures have not been observed
in the Yucca Mountain samples. By contrast, the
conspicuous absence of such textures is commonly
noted (Figure 4).

Figure 4. Micro-photograph showing early bladed
calcite crystals (A; formed at ~50 °C) and late bladed
crystals (B) formed at T ~40 °C in interstices between
the early crystals. Note angular pores without any
indication of the meniscus textures. IMP sample #1291,
ESF station 28+81.
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Figure 5. Examples of gravity-controlled crystal growth in the phreatic hydrothermal and ambient-temperature
envrronment a - hydrothermal quartz-ankente assemblage, Urals, Russia (from Grigoriev and Zhabin, 1975), b~low
temperature gypsum-sulfur deposit Shor-Sou, Turkmenistan (Yushkin, 1966), and ¢ — hydrothermal karst cave Mti4s-
hegy, Budapest, Hungary (from Dublyansky, 1995). Note that crystals of ankerite (a), celestite (b) and barite (c) grow
only on the upward facmg surfaces of earlier crystals (quartz, native sulfur and calcite, respectively).

And finally, a sporadlc appearance of the vadose-zone textures may be expected within the hydrother-
mal upwellmg model at very ]at , waning stages of the dissipation of the hydraulic mound (see Figure

1- b) ‘j.:".;‘r." et

Argument 3. The lack of 1sopaehous textures is not consistent with formation in the phreatic zone.
Secondary minerals occur predominantly on the footwalls and bases of lithophysal cavities, fractures
and breccias.

Isopachous textures (i.e., thin linings of inner pore surfaces with mineral layers of nearly equal thick-
ness) are characteristic textures of the phreatic, particularly marine cements, but they are, by far, not
the only textures characteristic of the phreatic environment. They are not sine qua non features. By
contrast, large euhedral (three-dimensional) crystals of calcite simply do not form from water films.
They require, instead, submerged conditions of growth (e.g., Kendall and Broughton, 1978). This
subject will be discussed in more detail below.

As for the occurrence of minerals at the floors of cavities, two observations are in order. First, al-
though not very common, gravitation-cbntro]led distribution of minerals (nucleation and growth on
the upward facing surfaces), is reported from both hydrothermal and ambient-temperature phreatic
environments (Figure 5). This feature, therefore, is not incompatible with the phreatic setting. Sec-
ond, it is important that near the north portal of the ESF both silica minerals and calcite commonly
fail to show gravitation control in their distribution in cavities, developing on both floors and ceilings
of cavities. This may emphasize the difference in the fluid dynamics near the enhanced conductivity
channel (Paintbrush fault zone in the vicinity of the ESF north portal) and the fluid dynamics far
removed from it. :

Argument 4. Growth zonation of MGSC indicates repeated fluctuations in ﬂuxd composmon Such
fluctuations are difficult to reconcile with saturated envrronment ' I

The authors of the report seem to lump together two features that mist be kept distinct. The fi _S_t is the
generally increased (up to ~1.3 wt.%) contents of Mg in some parts of the calcite (including late

oscillatory-zoned calcite, MGSC). The second is the oscillatory character of the Mg growth zonation -

exhibited by MGSC. We would agree that the first feature is likely related to the generally increased
Mg/Ca ratio of the fluid at the time of formation of the Mg-enriched calcite (this subject wxll be
discussed in more detail in Section 1.2).
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.However, explaining the oscillatory Mg zonation by external causes (i.e. by cyclic fluctuations of the
fluid’s Mg/Ca ratio), as Wilson and Cline do', represents a clearly non-unique mterpretatron Oscilla-
tory mineral zonation is usually associated wrth crystal growth in a system, whrch ‘may be’ ‘driven
sufficiently far from thermodynamic equlhbrrum to-produce autonomous patterns by geochemlcal
self-organization (Holten et al., 2000). The coupling of the chemical reaction with diffusive transport
through a boundary layer léads to a feedback mechanism that’can produce oscillatory zonatron

Rescarchers Wang and Merino (1992) studied oscillatory zonation in calcite. They developed a model
based on growth inhibition by divalent cations such as Mn?, Fe?* and Zn?*. Although they did not
consider Mg?, itis well known that the Jatter is also an 1nh1b1tor for calcite growth (Zhang and Dawe,

2000), and the Wang-Merino model; thus, should apply to Mg zonatron in calcite. “Holten et al. (2000)
studied mathematically the effect of external disturbances (noise) on the calcrte zonation produced by
the Wang-Merino model and concluded that such zonation is not ‘sensitive to the noise.

The bottom ling of these studres is srmply that oscrl]atory zonatlon in calcite docs not requrre fluctua-
‘tions of the Mg/Ca ratio of the mineral forming water. Tt may develop in‘a growing crystal even if the
MgICa ratro of the bulk mmeral forrmng ﬂurd remams constant or undergoes non-penodlc ﬂuctua-
zonatlon (e.g., Wang and 'Mcrmo, 1992, Haldén and Hawthorne, 1993 Halden '1996, Bryxma and
Sheplev 1997), but this analysrs has not been done for the Yucca Mountain MGSC Thus, unless the
‘external ¢ caus¢ of the Mg zonation in MGSC is persuasrvely demonstrated, mterprctmg it as a feature
expressing a ‘climatic signal and thus irreconcilablé with the’ hydrothermal upwelling model would
certainly be in conflict with the universally accepted understanding in modern mineralogy concerning
the origin of mineral zonation: «Oscillatory mineral zonation is usually associated with crystal growth in
an open systen, either a hydrothermal system oramelt .. »'(Holten et al.; 2000, p. 1893)...

Argument 5.1f upwellm g hydrothermal fluids perrodxcally invaded Yucca Mountam ‘the fluids would
be cooled by ‘contact thh colder rocks, and srlrca mmerals partlcularly quartz would precrpltate
Although srhca mmerals are relatlvely abundantin some samples in the NPR and SPR these mmerals
aré part of the early to intermediate assemblages and srhca mmerals are sparse in younger assem-
blages and in other parts of the srte

Thrs argument 1s ambrguous and a non sequztur Flrst erson and Clme postulate that upwellmg

the parts of the ESF:tunnel closest to the horst-bounding fault zones, wh1ch provide the major av-
enues for fluid upwelling. Near the portals the highest fluid inclusion temperatures have been measured
(see Figures 12 through 14 below). Thus, the ESF portal arcas are exactly the places to look for silica
minerals, if their hydrothermal 6rigin is presumed. Observations of the mineral assemblages are per-
fectly compatlble thh and even suggestlve of: the hydrothermal upwellmg model. .

leson and Clme bluntly dlsmrss the srgmﬁcance of the observatrons argum g that srhca mrnerals «are

........

and only the younger mmerals of the assemblage d1d not" How e]se can therr reasonmg be under-
stood" -

,,,,,,,,,

gestmg that whatcver process was rcsponsrble for deposrtron d1d not occur umformly through the
reposrtory horlzon Such a record is drfﬁcult to reconcrle wrth a phreatlc envrronment "

- et . P - . . T
-1,,_“—v n\,‘A SRR A B omr b - “.,-v,,.,
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' «The fine osc:llatory growth zoning shows that the Mg/Ca ratio in the fluid fluctuated repeatedly and ina fatrly
regular, cycltcal manner.» (Wilson and Cine, 2002, p. 21).
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ECRB07+93 ® O Figure 6. Summary cross-plbt for four samples with
ECRB 14+69 A" A different morphologies. Overall direction of growth
ESF38+80 ® O}  i5shown by arrows. The latest morphologic variety
ESF52+43 ¢ of . . . :

in all four samples is blocky calcite with opal

(circles). Note that in sample ECRB 07+93 early part
of the record is missing,.

5180, % SMOW

The claim that no single location records the
o ecntirehistory of secondary mineralization is
40 8 6 4 -2 o 2 4 6 8 10 debatable. Our studies show that in differ-
' ent parts of the repository block, minerals
deposited from geochemically (and tempo-
rally) equivalent fluids may have different
morphological appearances. Isotopic studies show, for example that 8"*C in the fluid evolved from
strongly positive (ca. +8-9 %o PDB) to negative values (ca. —10 %o; Figure 6). The trend is always
unidirectional (i.e., no reversals have been documented in samples with readily interpretable textures).
Importantly, in different parts of the repository, similar trends have been measured in crystals with
different morphologies (e.g., combinations of granular, bladed, and blocky crystals) and in crusts of
different thickness (1 mm to 2-3 cm). This indicates to us that notwithstanding the differences in the
appearance, mineral crusts in many locations do record a consistent depositional history.

813C, % PDB

It is not uncommon also that, at some locations, parts of the record are missing (e.g., sample ECRB
07+93 in Figure 6). This is to be expected in a dynamic system, in which fluids evolve in time and
space. As the fluids move away from the fault zone, along which they were injected, they cool down,
degas, oxidize, mix with other waters and deposit mincrals. Their path is primarily controlled by the
permeability structure of the host rock; therefore, these fluids may not access some cavities. Fluid
inclusion temperatures record this spatially complex picture as shown in Figure 14 below. The spatial
structure is also emphasized by the decreasing abundance of silica minerals away from the horst-
bounding fault (sec discussion in the preceding sub-section).

Argument 7. The presence of glass in the host tuff suggests that these tuffs have not been below the
static water level. These data strongly indicate that the volcanic rocks have not been in contact with
fluids in a phreatic environment for any length of time during their history.

Although it is true that within the horst of Yucca Mountain the glass-bearing tuffs are generally
confined to the present-day vadose zone, but in the adjacent tectonic depressions, Jackass Flats and
Crater Flat, it is not so. In western Jackass Flats the preserved glass has been found deep below the
present-day water table at a depth of about 230 m in drill holes J-12 and J-13. In central Crater Flat
the glass has been found in drill hole USW VH-2 at a depth up to 920 m below the present-day water
table. Closer to the repository footprint, glass was found below the water table in drill holes USW
G-3, UE25 p#1 and a#1 (Carlos and Chipera, 1989). This glass was preserved, in the phreatic zone for
a time comparable to the lifetime of these tectonic depressions, that is, for millions of years. The
argument that the volcanic rocks could not have been «in contact with fluids in a phreatic environment
Jor any length of time» must therefore be discarded as demonstrably invalid.

In addition, as was stated in the section «Hydrothermal upwclling concept and phreatic environment»
above, the hydrothermal upwelling concept does not envisage a geologically extended state of satura-
tion within what is now the vadose zone of Yucca Mountain. Instead, it envisages relatively short-
term injections of the deep-seated fluid into the vadose zone with the formation'of a transient hydrau-
lic mound followed by dissipation of the mound. The time of the exposure of volcanic glass to aqueous
fluid in such a system would be much shorter than the time of exposure of glass found below the water
table in boreholes.
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1.1 Summary on. sectlon «Formatron of Secondary Minerals i in the Vadose Zone»

Above we addressed arguments and observatlons that were deemed by WllSOIl and Cline to be incon-
srstent w1th thc formatlon of the Yucca Mountain mmerals in the phreatxc enV1ronment We conclude
that none of these arguments and observatlons 1nvahdates the hydrothermal upwellmg model of for-
mation of the Yucca Mountam secondary mmerals S

e
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1.2. Relations between the Mg-enrlched calcrte and’ the cllmate o

(an example of amblguous mterpretatron) e -
| T A S S
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The subject of the discussion by Wilson and Cliné that appears on’p. 22 of their report deals w1th the
cause for the appearance of the Mg-enriched calcite that exhibits oscrllatory growth zonation. The
‘authors postulate'that the latter feature (Mg oscillatory zonation) is related to climatic changes that
occurred from around 2.9 Ma to the present day. The style of argumentation by Wilson and Cline,
characteristic of their scientific analysis, deserves scrutmy and evaluauon They postulate the follow—
mgcontentxons and we respond: TR T O T O P DA A0 St S SO SRS MRS
‘Contention 1.'«This time period corresponds with a major c'hzm‘gé in No'r'tlxefh ‘Heémisphere glaciation
which occurred around 2.67 Ma (Prueher and Rea, 1998). An abrupt change in deep-sea sediment
character.related to a change from-non-glacial to a glacial environment occurred.across the North
Pacific at this time. This change occurred too rapidly to be a direct response_to tectonic or orbital
Sorcing (Pruecher and Rea,~1998) and terrestrial changes that corresponded with: deep sea-reIated
changes would be expected.» ... i, T oui Tt U c e

The onset of major glaciation'in the Northern Hemrsphere as Prueher and Rea (2001) argued was
triggered by explosive volcanism in the Kamchatka-Kurile and Aleutian arcs. What bearing, if any,
this fact has on the sources of Mg in the Yucca Mountain calcite remains unclear. Since no specific
mechanism relating the transition from mter-glac1a1 to glacral chmate and the increase in Mg content
of the mmeral formmg waters is proposed the whole passage ‘seems to be 1rre1evant o

Contcntlon 2 «The gradual uphft of the Szerra Nevada wesl of Yucca Mountam caused a change in
,water chemzstry durmg the last 3m. .Y N Smtth et al, 1983 ) » :

: L ',": b

‘Wilson and Cline do not specify what waters they are talkmg about The uplift of the Slerra Nevada
‘by some 950 m-over the last-3 million yéars could have influenced the chemistry of some waters,
partrcularly the chemlstry of the runoff from the Sierra, the chemistry of desert lakes (related to in-
creased eévaporation dué to rain-shadow effect), the chemistry of groundwaters (related to changing
‘proportions of watersheds with different lithologies), ‘and ‘the isotopic geochemistry of atmospheric
precipitation (related to orographic depletion of deuterium in inland bound Pacific storms). How the
auplift could cause an increase in the Mg/Ca ratio in meteoric waters that fall as atmospheric precipita-
tion on the surface of Yucca Mountam and percolated down fracture pathways (a model advocated

by the UNLV researchers) remarns unexplalned R

Teatr e rebee e Lt
‘Contention 3 -«This change in‘ chemzstry led to deposrtron of considerable doIomrtes and Mn-enrrched
clays'in playas and lakes in the Amargosa desert during the Pliocene (3.2-2.1:Ma):(Hay et al.; 1986).

-These minerals may have contributed Mg to fluids that percolated into Yucca Mountain during climate-
‘related cycles, forming MGSC. This process may have been accelerated by the earlier.Pliocene nonglacial
‘environment, when the climate was substantially wetter and springs in the Amargosa Desert were more
widespread and had greater discharge (Hay et al.”1986).» .. . .t < 70 0 “ove oy b
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The description above does not provide any explanation of how the dolomites and Mg clays deposited
in the Amargosa Desert at the discharge sites of moderately thermal springs (Hay et al., 1986) would
contribute to the «fluids that percolated into Yucca Mountainy. It should be noted that Yucca Mountain
is located some 30-60 km to the north (up-gradient) and some 800 m higher relative to the Amargosa
discharge sites. As a consequence, it remains equally unclear how this (unspecified) process could be
accelerated by a wetter climate and a greater discharge in the Amargosa springs.

“Contention 5. «Alternatively, it is possible that the increase in Mg could be related to atmospheric dust
related to erosion of Paleozoic dolomiltes in the southwest (J. Stuckless, personal communication, 2000).»

Outcrops of Paleozoic dolomites and limestones are present not only generally in the southwest, but
also in the immediate vicinity of Yucca Mountain (Bare Mountain ~15 km to the west and in Calico
Hills ~10 km to the northeast). Wind erosion of these rugged terrains should produce atmospheric
dusts similar to the one that Wilson and Cline, following the lead of Stuckless, invoked as a source-
term for Mg in Mg-enriched calcite.

Guthrie et al. (1995) studied the mineral composition of modern dusts collected in the vicinity of
Yucca Mountain. The dusts contain 45-47 wt. % feldspar, 18-22 % quartz, 6-8 % smectite, 34 %
zeolite (clinoptilolite), 1-3 % mica, as well as minor amounts of tridymite, cristobalite, chlorite,
amphibole, and hematite. Calcite was found in trace amounts or, in some samples, was not deter-
mined at all. Dolomite was not found. From this example we can see that this speculative model does
not withstand scrutiny when confronted with the hard data.

Summary. The discussion by Wilson and Cline, evaluated above, may create a perception for the lay
reader that a reasonable explanation of the appearance of Mg-enriched calcite has been offered. In
fact, however, the discussion provides no more than a set of assertions. The possible genetic links
between the processes discussed by Wilson and Cline and features described by them are not shown,
and scientifically defensible models of the development of the Mg enrichment are not proposed.

1.2.1. Mg-enriched calcite and the hydrothermal upwelling model

When considering p0551ble sources for the Mg-enriched calcite at and around Yucca Mountam itis
important to recognize that Mg enrichment is a geochemical feature that is typically associated with
minerals deposited at ancient discharge sites, commonly from fluids with elevated temperatures.
Vaniman et al. (1995) reported that Mg-enriched calcite commonly occurs at contemporary and fossil
discharge sites of thermal waters in Death Valley (Travertine Point, Grapevine Spring, and Nevares
Spring) and at the southern end of Yucca Mountain (USGS site #199). The Mg content varies be-
tween 1.53 and 2.63 wt. % MgQ, for the Death Valley locations, and between 3.0 and 5.8 wt. % MgO,
for site #199. Further, the Nye County well NC-EWPD-1S revealed that the USGS site #199 is under-
lain, at a depth of about 20 meters, by a ~100 meters tall hydraulic «mound», which is composed of
thermal water with a Ca-Mg bulk composition (Farnham et al., 2002).

The calcxtc of the surficial ca]cretes and bedrock veins (a potential source-term of the vadose-zone
calcite in the USGS-UNLYV model) contains low abundances of Mg (<1 wt.% MgO; Vaniman ef al.,
1995). The distribution coefficients for Mg in the solution-calcite system are very low (X, ~ 0.02-0.03
at T=20-40 °C; Rimstidt et al., 1998). Thus, calcite crystallizing from solution that acquired its Mg
through dissolution of surface calcretes is expected to contain substantially (orders of magnitude) less
Mg than the «parent» calcretes. The actual contents of Mg in the MGSC, however, are greater than
those in the surface calcretes (up to 1.3 %), which makes the latter an unsuitable source of Mg for the
subsurface calcite. We conclude that neither the rhyolite tuffs nor the surface calcretes could have

ser‘ved as an adequate source of Mg for the subsurface minerals at Yucca Mountain.

16



'The Paleozoic dolomite of the Roberts Mountain Formation is widely recognized as a'source of Mg
for the Mg-rich carbonates found in spring deposits of the region. At Yucca Mountain, the Roberts
Mountain dolomite underlies the tuffs and occurs at a depth ranging between 1.2 and >3.5 km. Up-
welling thermal waters would pass through the dolomite; it is therefore perfectly compatible with the
hydrothermal upwelling model that this dolomite served as a source of Mg in secondary calcite.
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We found that'a number of i 1mportant questrons have not been dlscussed by the UNLY researchers,
-notwithstanding the fact that the information, which they obtained in the course of their study clearly
permitted such a drscussron or even begged for it. These questrons in our oplmon have a profound

bearmg on the issue of the orlgm of secondary mlnerals at Yucca Mountam T
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Wllson and Clme (2002) report the | presence of calcrte (CaCO ), opal (SrO nH O), chalcedony (SlOz),
quartz (SlOz), fluorite (CaF,) and zeolite (likely heulandite, Ca4[Al Sl (0] 2] 24H ,0). Although it is not
stated in the; report they also observed bante (BaSO4, reported 1n techmcal data files ‘posted at the
UCCSN WebPages) and strontramte (SrCO erson, 2001, pers. com ). Although Wilson and Cline
‘describe the major secondary minerals (calcrte and silica minerals) in consrderable detail, they do not
describe paragenetrc relationships between major and accessory minerals and'fail to discuss the’ ge-
Inetic significance of the mmeral assemblage asa whole The mmerals are present; they are co-genetic;
‘'so what does thls mean" o .;- el wlew, !- . , S B ‘.'Tx'.'i ; IR TP

H

3ae

,components (ln the casc of Yucca Mountam these are: Ca, Sr, Ba, Sr, HCO LV F-, SO, 2 -)and then become
‘ supersaturated wrth respect to these components ‘Wilson and Cline do not drscuss how the fluids dcquire
_their. solutes Accordmg to the genetlc model they advocate (along with the USGS researchiers), these -
‘mmerals were formed essentrally, from ramwater that fell on the ground pcrcolatcd through sorls and

.......

‘be relatrvely short (roughly, equal to the depth from the surface 30 to 300 m). The only rocks available
for dxssolutlon along thrs path are (a) surface sorls (that could be calcareous) and (b) rhyolitic tuffs.
Thermodynamrc modelmg by Palyanova etal. (2003) has dcmonstrated that natural water reactmg with

,,,,,

LT

.rclatlve to some of these’ mmerals partrcularly fluonte under any geologrcally reasonable set of conditions.

.The deposmon of strontramte does not seem to be p0551blc within the model envrsagmg the derivation
“of the dnssolved components from surﬁc:al calcareous deposrts The Sr/Ca ratio in the solution resulting
‘from dissolution of surficial carbonates in'rainwater wotild be equal to that in the dissolving calcite
(assuming congruent dissolution). Surficial carbonate deposits studied in Trench 14 on Exile Hill (east
slope of Yucca Mountain above north ramp of, the ESF) contain, on-an-average, -2100 ppm of-Sr
“(Vaniman et al.;1995), which gives a Sr/Ca ratio of about 0.0024. Fairchild et al. (2000) have demon-
strated that, due to the selective leaching, the Sr/Ca values of leachates of weathered bedrocks show

_up to 5: fold ennchment relatlve to the respectlve values of the bedrock carbonates. Talung into ac-

count thls effect; the reasonable estrmate of the St/Ca’ value of. the solutlon equlhbrated with the
Yucca Mountam slope calcretes would be Sr/Ca @ 0. 01 By contrast, solutions in equrllbrrum with
both calcite and strontianite in the 25 to 100 °C-range must have Sr?*/Ca?*ratios of 0.1 to 0.5 (Helz
-and Holland, 1969;.Kinsman, :1969). Thrs simple ,calculatlon shows that thé hypothetical Tainwater
dissolving slope carbonates would be strongly ndersaturated wrth respect to strontxamte
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Summary. To be acceptable, the model of formation of secondary minerals must rationally explain
where and how the fluids acquired their solutes. The model adopted by Wilson and Cline (2002) does
not provide a plausible explanation.

1.3.2. Euhedral character of minerals

All researchers of the secondary minerals at Yucca Mountain, Wilson and Cline included, report that
in many locations cavities host large, up to 3 cm, freestanding calcite crystals developed roughly per-
pendicularly to the substratum. The morphology of such crystals is termed «cuhedral».

The concept suggested by the USGS researchers and endorsed by UNLYV rescarchers envisages the
formation of secondary minerals at Yucca Mountain via the growth of crystals from thin water films
(Figure 7-¢). From the standpoint of the theory of crystal growth this does not seem to be possible.
For minerals with relatively low solubilities, such as calcite and quartz, the growth of large euhedral
crystals may only occur in a submerged state from a slightly supersaturated fluid, because molecules
that build the crystal lattice must be supplied uniformly to all crystal faces at a steady low rate (e.g.,
Sunagawa, 1982).

Two important questions do not seem to have satisfactory answers within the «film water» growth
model. First, how and why did the large euhedral crystal start to acquire their shape? And second,
how was the matter supplied to the tips of large crystals, where the growth preferentially occurred at
advanced stages of growth?

Describing the characteristic textures of calcite deposits formed from water films (speleothems), Kendall
and Broughton (1978) provided a simple and logical explanation why the crystals formed through this
mechanism always have very small sizes: «...distinctive fabrics of palisade calcite are formed because
precipitation usually occurs from thin water films that flow over the growing speleothem surfaces. Large
crystal terminations do not form on the speleothem surface because they form projections that disturb the
water flow away from the projections which, as a consequence, are gradually eliminated.» (p. 519). The
situation is schematically shown in Figure 7-a. This rationale is universally used by petrologists to
discriminate between vadose and phreatic environments of formation of mineral deposits. For ex-
ample, describing a case-study of calcite spar from Lake
Valley Formation, New Mexico, Goldstein and Reynolds
(1994) write: «Some growth bands define crystal terminations
X X m of well-formed euhedra with as much as 5 mm of relief on the

termination, suggesting growth within a water-saturatedpore,

water film growth arrested

a bedrock such as that which would be present below a perched or per-
manent water table ...» (p. 159).
ter fil rowth arrested . ge e . .
waRriim s If an individual crystal, rather than a multitude of micro
V< - crystals, develops within a water film (requiring a very low
b bedrock
Figure 7. Examples of crystal growth from water films (thickness
( exaggerated),
— supplyofmatter 5 _ orowth of palisade aggregate (typical of speleothems); growth is
. —P crystalgrowth arrested as soon as the crystal’s length reaches the thickness of water
7tsur(ac? water film film; b — growth of a single euhedral crystal; ¢ — hypothetical growth
. ension . . .
. of the Yucca Mountain scepter calcite from water films. Drawing ¢
—_, — ! — combines the observed (inferred from physical evidence) directions
of crystal growth with postulated supply of matter by water films (Paces
c bedrock et al., 2001; Whelan et al., 2002; Wilson et al., 2002).
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nucleation rate and low supersaturation) the preferential flux of:the matter to such crystal will be
directed parallel to the film surface (Figure 7-5). In accordance with Curie’s principle of symmetry, the
direction of the fastest growth will also be oriented parallel to the film surface (i.e., parallel to the
cavity surface Shafranovski,’ 1968). In striking contrast, bladed crystals at Yucca Mountaln are almost
invariably oriented roughly perpendicularly to the cavity floors (Figure 7-c). It is unclear, therefore,
how and why large freestandmg euhedral crystals would form from water films, instead of the «<ndormal»
palisade aggregates of micro crystals typical for such a setting (see Figure 7-a)..; ;.. = 1, -

The next important question is: what process would be capable of taking a hypothétical mineral-laden
water sitting as a film on the cavity floor and transporting it all the way up to the top of a 2-3 cm-tall
crystal? The USGS researchers proposed a-model in which water films are drawn up the crystal faces
by surface tension (Pacés et al.; 2001; Whelan et al., 2002). Wilson and Cline seem to accept this
model?, which is schematically presented in Figure 7-c. ‘

The model, however, seems to be in conflict with basic principles of physics. Capillary forces can only
be effective in lifting up hqulds if they, operate in thin channels or pores. In geological objects, the size
range in which caprllary forces play a dxscemxble rolei is from 0. 0002 100.5 mm for cylindrical channels
and from 0.0001 t0 0.25 mm for' slot-shaped channéls (Chukhrov, 1955); In widef channels capillary
forces are insignificant and do not produce any substantial hftmg of water. It is easy to demonstrate
that under the most conservative assumptlons, the water film rise along a flat surface of a free stand-
ing crystal canfot be" greater than'~4 mm. Simple experiments with’ actual Yucca Mountam crystals
partly immersed in waters with different salinities have shown that the water meniscus «climbs» up the
crystal surface for approximately 1.5 mm. Thus, the proposed mechanism of supply of the mineral-

-forming solutions to the tips of 2-3 cm-tall crystals by surface tension represents a physical impossibility.

Summary. ‘We contend that the growth of large euhedral crystals and aggregates similar to those
found at Yucca Mountam is only p0551ble in the submerged (phreatlc) state and cannot occur from
films of water. We drspute, thus, the. statement by Wllson and Chne «The. questton of whether the

: secondary minerals formed in a vadose or phreatzc envzronment cannot be dzrectIy answered because no

single texture observed in the rocks unequzvocally zdenttf es the envzronment of preczpztatton » (leson

fora phreatlc settmg durmg ‘their growth B i,';! T

I.v I3 . . s LY
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1 3 3 Sl'g—nlflcance of the «heavy posmve» 6"C r :', SRR S TR

......

calcite. WllSOI‘l and Clme (2002) do ot dlSCUSS the genetrc s1gmﬁcance of these unusually heavy 8%C °

© Values but nevertheless, claim that therr stable 1sotope data «. mdzcate that caIczte preczpttated from

meteoric fluids .. » (p. 21). We challenge the validity of this clalm

oy e
The 8¥C in calcite is controlled by isotopic, propertles of the sources of carbon All such potentlally
available sources at Yucca Mountain (within the’ UNLV-USGS genetic model) have anisotopically

- light composition of carbon (e.g., :+1:t0™~1 %o for marine carbonate dust; —7, %o for atmosphenc CO,;

—10 to —12 %o for surface carbonates, —9 to —17 %o for soxl CO —14 to-16 %o for CO m the under-

an aqueous ﬂuld acqumng 1ts ‘carbon from these’s sources

" The formation of calcite with a «heavy posmve» 1sotop1c composmon of carbon ; requrres a preferen-

tial enrxchment of dlssolved oxidized carbon species that take part m the prec1p1tatlon of calc1te w1th
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2 «Water was drawn up the faces of growing crystals by surface tension ...» (leson and Clme, 2002 p 24)
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the «heavy» carbon isotope (**C) at the expense of the reduced species (notably, CH,). Effective parti-
tioning requires a strictly anoxic environment and is favored by a-long length of time available for
reaction and elevated temperatures (Ohmoto, 1986). This suggests that at least the early parts of the
mineral forming fluids at Yucca Mountain have been equilibrated with a reducing, strictly anoxic
environment (see Section 2.7.1 of this review for additional independent corroborating evidence).
From general geologic and hydrogeological considerations, the persistence of an anoxic reducing
environment within the thick vadose zone of Yucca Mountain in the past is highly improbable (see
Section 2.7.1. for discussion). :

Summary. If the UNLYV researchers intend to defend their model of deposition of secondary calcite at
Yucca Mountain by downward migrating meteoric water, they need to provide a reasonable and
verifiable explanation of how calcite with a §"*C of +4 to +10 %o PDB was formed.

2. ReViEw OF THE REPORT: THERMOCHRONOLOGICAL EvoLUTION OF CALCITE
FORMATION AT THE POTENTIAL YUCCA MOUNTAIN REPOSITORY SiTE, NEVADA:
PART 2, FLuiD INCLUSION ANALYSES AND U-PB DATING

By N.S.F. Wilson, J. Cline, and Y. Amelin. Community College and University System of Southern
Nevada. Report TR-02-005.2. 2002

2.1. Conclusions by Wilson et al. (2002)

In the conclusion of their report Wilson and others state: «Results from this study are not consistent
with models requiring formation of secondary minerals in a saturated environment at Yucca Mountain.
Results, furthermore, provide no evidence for the former presence of upwelling hydrothermal fluids.
Alternatively, results are consistent with infiltration of a cooling tuff sequence by descending meteoric
water. This study demonstrates that the hypothesis of geologically recent upwelling hydrothermal
fluids is untenable and should not disqualify Yucca Mountain as a potential nuclear waste storage
site.» (p. 26, emphasis added).

After studying the report and accompanying technical data posted at the UCCSN WebPages, we have
failed to find any data that could be deemed inconsistent with the hydrothermal upwelling model. The
report does not contain a summary of the results and arguments that, as Wilson with co-authors
assert, negate the possibility of a hydrothermal upwelling mode of formation for secondary minerals,
and indicate formation from descending meteoric fluids instead. We attempted to compile a list of
arguments presented in the report, which could be interpreted by a reader as supporting the per
descensum model. These arguments are: '

1) Fluid inclusions trap a low-salinity water (p. 16);
2) Fluid inclusion water has 8D values characteristic of the meteoric waters (pp. 24, 25);

3) The fluid inclusion temperatures are uniformly distributed across the repository block;
they do not show significant lateral gradients and do not exhibit a central hot plume. (p. 22).

In subsequent sections we.critically evaluate these three positions.

2.2. What does «low salinity fluid» mean?

Summarizing their Section 4.4, «Fluid Inclusion Ice Melting Temperatures», Wilson and others state:
«Results indicate that the 2-phase FIAs [fluid inclusion assemblages] consistently trapped a low-salinity
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Figure 8. Chloride concentrations in water samples from Yucca Mountain (plotted from Meijer, 2002) compared with
the concentrations measured in fluid inclusions, as reported by Wilson et al. (2002). Boundanes between fresh brack-
1sh and sahne waters are accordmg to the clasmﬁcauon of Davxs and De Wlest ( 1966) a !

Sluid.» (p. 16). The quoted statement employs a loose term, «low-salinity fluid», which is not defined
in the text. The use of sucha term might be misleading to a lay:reader. In hydrogeological terms,
waters analyzed by Wilson and others from fluid inclusions (salinities ranging from 0.35 to 2.74 wt. % =

= 3,500 to 27,400 ppm; see p..16) would be classed as brackish (1, 000 to 10, 000 ppm) and salm (10 000

to 100 000 ppm; classification by Davis and De Wiest, 1966). -

A comparlson ‘of the fluid inclusion’ salinities w1th salmmes of dlfferent types of Yucca Mountam

. waters is shown in Figure 8. The most saline is the pore water of the PTn non-welded tuff. The maxi-

mum contents of Cl for this water range up to about 7 Meq/l (245 ppm), or the equivalent of 405 ppm
of NaCl. Thus, the «low-sahmty fluid» of Wilson and others, ‘inferred from fluid inclusions data,
appears to be 8 to 70 times more salty than the most saline of the naturally occurring waters found at
Yucca Mountam and up to 7000 (') more salty than the surface runoff waters. - -

Fmally, does the alleged «low sahmty» of the water in the fluid inclusions make 1t mcompatlble w1th
the hydrothermal origin? Of course not! For example, Criss and Taylor (1986) state: «Geothermal
waters commonly contain appreciable amounts of solutes. Total concentrations are typically several thou-
sand p ppm, but range from essentially fresh water (few ppm ) ‘to concentrated brines (25 wt. % solute).
The, most lmportant are neutral to aIkaIme chlorzde waters whzch have a predommance of alkali and
alkaline earth chlorides (NaCl, KCl, CaCl ), are often close to saturation with calcite and amorphous
silica, and contam a wzde varzety of other constztuents (Ellis and Mahon 1964 Whtte et aI 1971 ) »
(p 390) Il . LSRN

The general characterlstlc of the geothermal waters glven in the cxtatlon above bears a stnkmg
resemblance to the characterlstlcs of the. Yueca Mountam paleo waters inferred from mineralogic and
fluid inclusion studies. Total concentrations ranged from near 0 to 27,400 ppm NaCl equivalent
(Dublyansky et-al.2001; Wilson et al. 2002). Since the waters were depositing calcite, silica (opal,
chalcedony, quartz), fluorite, heulandite, strontianite, and barite, they should have reachéd satura-
tion levels with theése minérals; hence, substantial amounts of dissolved silica, bicarbonate, ﬂuorme
and sulfate must be inferred. S CSIET i :
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2.2.1. Summary on salinity of paleo fluids

1. A loose usage of the undefined term, «low-salinity fluid,» by the authors of the UNLYV report to
characterize paleo waters trapped in fluid inclusions creates a perception that such waters are not
compatible with the hydrothermal upwelling model and that they have likely derived from meteoric
precipitation.

2. A closer look reveals that the fluid inclusion waters: (a) range in salinity from brackish to saline; (b)
are perfectly compatible with the hydrothermal water source; and (c) are 8 to 70 times more saline that
the most concentrated natural waters (pore waters residing in non-welded tuff) encountered at Yucca
Mountain.

3. Thus, the salinity of waters trapped in fluid inclusions in calcite, instead of indicating a surficial
origin of the precipitating fluids, provides, in our view, a strong argument in support of the hydrother-
mal upwelling model. As of now, no reasonable explanation for these brackish and saline waters in the
context of the model involving descending infiltration of meteoric precipitation waters has been pro-
posed. ’

2.3. The 8D of waters trapped in fluid inclusions

Wilson and others reported the data on 8D values of waters trapped in fluid inclusions. Ten 8D measurements
were obtained from three calcite samples. We are not satisfied with the way either the methodology of the
analyses or the results are described in the report. For example, the data in the main report (reproduced as
Table 1) do not correspond to the results presented in technical data files posted at the UCCSN WebPages
(Table 2). Only one method of analysis was briefly described in Section 3.3, whereas from Table 1 it is
apparent that two different methods were employed (an online continuous He flow-laser ablation technique
and «conventional» offline Zn reduction method). Further, when describing the method of the 8D analysis in
the continuous He flow, Wilson and others refer the reader to a paper by Sharp et al. (2001). The latter
citation, however, does not contain a description of the method in which water from fluid inclusions is
released by «decrepitation» (?!) of samples by a CO, laser.

Table 1. 8D compositions of fluid inclusion fluids (reproduced from Wilson et al., 2002)

Sample Number | 8D (%o) Mean 8D (%) | Description Th (°C)
AL#5 00+28.5 -120, -90 =105 Outer pari of mineral crust — intermediate calcite 35-45
ESF 27484 -110,-115* -112,5 MGSC <35
ESF 60452.5 -131° C-3 MGSC <35

* Duplicate analyses were performed by the conventional technique of heating the sample in vacuum with an external
furnace. H20 is collected in a 6 mm diameter Pyrex tube with "magic” Indiana zinc. The tube is sealed off, heated
to 550 °C and the Zn reacts with H20 to make ZnO + Ha. The H: is cracked directly into the mass spectrometer and
analyzed using dual inlet-bellows system.

Table 2. Summary of 8D isotopic composition of fluid inclusion fluids (as presented at the UCCSN WebPages

Sample Number | 8D | Comments
AL#5 00+28.5 -120, -90 Sample was from the outer part of sample above the 8.24 Ma chalcedony
‘ layer that contalned inclusions with Th's of 35-45 °C.

AL#5 00+28.5 -61,-59 Sample was from the inner part of sample older than 6,24 Ma chalcedony
layer that contained inclusions with Th's of 35-45 °C and greater.

ESF 60+52 -131 Sample of MGSC . .

ESF 27+84 -90, -87, -69 Sample from the basal calcite layer containing 2-phase FlAs with Th's of
>35-45 °C.

ESF 27+84 -110 (-115 conventional Outer MGSC layer.

analyses)
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Two replicate analyses for sample Al#5 00+28.5, by this method, showed a discrepancy in the measured
D values as large as 30 %o (see Tables 1 and 2) Instead of trying to address the reason for this large
dtfference, Wilson and'others srmply report the mean for these two analyses, “which is- clearly
inappropriate. The difference between the replicate samples may be real; alternatively, it might be an
‘artifact indicating analytical problems. Before the reasons of the discrepancy are understood, it would
be prudent to assume that actual errors associated with the ‘data could be much greater than the
declared analytical precision’'of £2 %o.' =+ -7 - -l - :

The 6D data from fluid inclusions are novel and have not been available for Yucca Mountain samples
before. We expected to see a comprehenswe discussion of them.  Unfortunately, the discussion is reduced
to one assertive statement repeated several times in different parts of the report: «These data indicate that
the inclusions trapped meteoric fluids.» (p.:16), «The low 8D signatures of fluid inclusion ﬂuzds (e.g.

< -105 %o;-Table 1) indicate that intermediate calcite and MSGC could only have formed from meteoric .
Sluids.» (p. 24); and «6D composztzons of mclus:on ﬂzudr mdzcate formatton from meteoric fluids.» (p. 25).

Since no discussion is prowded, it is unclear what Wilson and other mean by ‘«metéoric fluids». If they
use the term to define a broad category of waters antithetic to «juvenile» (i.e., derived from the upper
mantle of the Earth), or magmatic waters, the statement is _1ust1ﬁable3 (although water from early
calcrte ‘from Alcove #S5 is cornpauble with- both ‘these: sources®). It! must be noted; hoivever, that a
determmatlon that waters ‘which deposited calc1te are of meteonc ori gm cannot be used asan argument
has long been established that «... essentially all geothermal waters on continents and islands are domz-
nantly of meteoric origin, although a small (~5 %) component of magmatic waters cannot be excluded.»
(Criss and Taylor, 1986; p. 390). Thus, the definition of ‘meteoric fluids”- does not exclude other
possibilities such as hydrothermal upwelling water as the ongm of water, whxch formed the secondary
calcite. R B P I

We were astonished, also, by the fact that the' UNLV researchers based their mterpretatxon on only
one isotope, hydrogen. In modern hydrogeologrc xsotope ‘studies, 8D properties are never used in
isolation. As Sheppard (1986) argued: «The combined H- and O-isotope approach has overwhelming
advantages because potentially it can give information concerning both the source and history of the
water...» (p. 165).'In meteoric waters (e.g., precipitation), H- and D-isotope composmons vary ina
very systematlc way, described by linear equation of the so called meteoric water line: . P

ool e D= 85'804‘ 10 (m %00).:- R S s SRR '

Most meteorlc waters that have not undergone extensrve evaporatlon plot within 2 ‘band up to e § %o

"0 of this line' (Sheppard '1986). Multiple studies have demonstrated that chlonde-type waters from
hydrothermal systems normally show 8D values identical or close to the values of local meteoric precipi-
tation waters. Meanwhile, the §80 in such waters exhibits a'so-called 30 shift toward «heavier» values
which is caused by an oxygen 1sotop1c exchange between heated meteoric waters and ®O-rich rocks

A determmatlon of §"0 for waters derrved from ﬂurd mclusmns is techmcally possrble but not feasrble
for oxygen-beanng mmerals fonned at elevated temperatures (e.g, calcite or quartz) since these waters
could have exchanged oxygen 1sotopes w1th the host mmeral Therefore the 80 of mmeral-formmg
water is normally calculated from 8'80 values of the hydrogemc mmerals To make such calculatlons

ot H

. B P , - . Lok . S . .
P ) Fapae, . e e o . . R L N S T L T
- o YUY SN ,l‘.‘, [EPIARINS § SR CE SUOR S TE R P A A S IR REATES.

3iJuvenile» waters are generally beheved to have 8D =248 20 %o, and waters of magmatic origin'are characterized
by 8D =40 t0 <90 %o (Sheppard and Epstem 1970 Hoefs. 1976 Rollmson 1993) 50 the va]ues of 8D <—90 %o are

notcompatnblewrththesesources I A O U TE { HANE S VI BRSNS D P SRR

‘ The data for this sample are not shown m the report (see Table 1) and appear only m techmca] data f les posted at the

© UCCSN WebPages (see Table 2) wooe T e e -
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Table 3: Temperatures of formation (by fluid inclusions), §'*0 of calcite (measured), 8O of minerai forming water (calculated), and
measured 8D for selected Yucca Mountain samples .

Station, description T indicated by T determined from Measured Calculated range §D,
Wilson et al. Ty distributions,"C*  g§®*g_,, of 5"Ouwners %o SMOW
(2002), °C %o SMOW %o SMOW

Al#5 004285, Inpner 35-45 and more 51-55 12.9;13.7 -9.310-10.7 ~59; -61

part, 2-phase FIAs ’ :

A5 004285 Outer 35-54 3743 13.4; 144 -10.31t0-12.6 -90;-120

part, 2-phase FlAs

ESF 27+84, Basal, 2- >35-40 40-50** 13.3;14.8 -9.0t0~12.1 -87; -89, -90

phase FlAs

ESF 27+84, Outer part, 25-35*%* na 16.2;17.1 ~9.3t0-12.2 -110;-115

MGSC, all-liquid FlAs

ESF 60+52.5, MGSC, 25-35*** n/a 18.2; 18.6 -1. 8 to-10.2 -131

all—hquld FlAs

- Temperatures obtained from T hxstograms reported as technical data at the UCCSN WebPages and include
90% of data in the distribution. ** - the 7}, distribution for this sample is bimodal; the analyzed water most likely
represents a mixture of waters trapped at two different temperatures. *** - the temperature estimates accepted for
calculations.

possible, the temperature of the fluid must be established independently, for example from fluid inclu-
sions (Sheppard, 1986; Rollinson, 1993). It is assumed that isotopic equilibrium was nearly complete
between a given mineral and the mineral-depositing solution.

All necessary data for these calculations are available form the UNLYV report. The temperature of
formation for Yucca Mountain samples has either been measured from fluid inclusions, or inferred
from the absence of two-phase inclusions and the presence of all-liquid inclusions. We recalculated
8"0 values measured in those calcite samples for which 8D values and 7;’s were obtained from fluid
inclusions (Table 3) using the equation:
18 18 106
60,=60,-278——7s)||-2.89
(T +273)

taken from Faure (1986). The resulting «boxes» are shown in Figures 9 through 11, where the results
are placed in a proper context with the isotope geochemistry of local waters and in the broader context
of the meteoric precipitation waters and geothermal fluids.

Obviously, any interpretation based on such a scant database must be considered tentative. Although
we assume in the analysis below that the ten 8D values of fluid inclusion water reported by Wilson et
al. (2002) are valid and representative, it must be born in mind that much more data need to be ob-
tained to make interpretations scientifically defensible.

Modern waters sampled from wells in the Yucca Mountain region have 8D values ranging between —
96 and ~110 %o (Paces et al., 2002). It is apparent from Figure 9 that D values of waters trapped in
fluid inclusions overlap the 8D values of modern waters and extend to both «heavier» and «lighter»
values. Waters trapped in the latest calcite, MGSC, have 8D values substantially lower (10-20 %o)
than those of modern waters. The data for most calcites exhibit a prominent shift of §'*O values to the
right of the meteoric water line, representing the classic '*O-shift common for the near-neutral chloride-
type geothermal waters. Interestingly, the O shift for late calcite from Yucca Mountain is greater
than that observed in the modern hydrothermal system at Steamboat Spring, Nevada (see Figure 10).
Importantly, the 8D-6"*0 data for the Yucca Mountain paleo fluids from late calcite (MGSC in Fig-
ure 9) scem to provide strong evidence against the USGS concept, relating deposition of secondary
minerals with evaporation occurring underground (Whelan et al., 2002). Evaporation leads to the
concomitant increase of both 6D and 80 in the residual fluid, so that its composition moves to the
right and upward on the §D-5"0 cross-plot, remaining at all times below the meteoric water line.
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2.3.1. Summary on 8D data

1. The data of this type are novel in the Yucca Mountain secondary mineral studies and the database
is meager (10 measurements).

2. Wilson and others used only one parameter, 8D, to infer the «meteoric water» origin of waters
trapped in inclusions. The inference is ambiguous because it does not discriminate between two pro-
posed mechanisms of mineral formation: percolation of surface waters through heated rock (USGS,
UNLYV) and upwelling of the deep-seated fluids (IMP). The 8D values in near-neutral water are little
affected by the water-rock interaction; therefore, in a given region these values are typically indistin-
guishable for both processes. The employed methodology, thus, is in _principle not capable of distin-
guishing hydrothermal and meteoric precipitation waters. As such, the employed methodology must
be deemed inappropriate.

3. The UNLYV researchers did not use the combined analysis of H and O isotopes, which provides a
more powerful and universally acceptable analytical tool. After applying this approach, we found that
water from inclusions in calcite have isotopic properties similar to those of modern thermal springs in
Nevada and California, and virtually identical properties to fluids that have formed many hydrother-
mal deposits in Nevada.

4. Assuming that the limited isotopic data on paleo fluids obtained by UNLYV researchers are accurate
and representative, we conclude that these data are not compatible with the paleo hydrogeologic model
advocated by authors of the UNLYV report (the model envisaging percolation of meteoric waters from
topographic surface). Instead, the data seem to be perfectly compatible with the hydrothermal up-
welling model. :

5. A more detailed discussion of the isotopic trends and features that seem to be present in the §D-5"*O
data is not appropriate at this time due to the scarcity of the data and the substantial variations (30 %o) -
obtained from two replicate samples, indicating a potential problem with the data. Further discussion
must be preceded by a demonstration of the reliability of the data and enlargement of the database.

2.4. Structure of the paleo temperature field

The homogenization temperatures determined in samples from across the repository block are not
uniform, which is apparent from Wilson and other’s Figure 5, as well as from descriptions in the text,
e.g.: «The highest homogenization temperatures in calcite were reported in samples from NP and NR
[North Portal and North Ramp areas). ... The data from the NR indicate that, where 2-phase FIAs are
present, the calcite in these samples precipitated at temperatures slightly greater than temperatures recorded
over most of the Yucca Mountain site (Fig. 5)...» (p. 14). Wilson and others expended little effort
directed to a visualization of their data in the context of the topography of Yucca Mountain and the
geometry of the repository block. Examples of such visualizations are given in Figures 12 through 14,

The heterogeneity of the paleo temperature field, as recorded by fluid inclusions, is apparent in the
data obtained by the three research groups that studied fluid inclusions at Yucca Mountain (UNLYV,
USGS and IMP). In Figures 12 and 14 we show a compilation of the thermometric data. A number of
observations can be made with respect to the data presented in the figures.

(1) A substantial east-west paleo-temperature gradient is apparent in all three datasets. From this we
may safely conclude that the gradient is real. Although it is more prominent in the North ramp, the
cast-west gradient is also apparent in the South ramp. A prominent minimum is recorded between
ESF stations 35+00 and 55+00.

(2) The temperature change seems to be unrelated to the lithology. Although the higﬁest temperatures
measured from the ESF are from the Tiva Canyon tuff (TCw), the trend continues into the Topopah
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Figure 12. Schematic east-west cross-section of Yucca 1400 w E_
Mountain showing surface and ESF elevations (a) and DriliHole .- . 'Sy z
distribution of the high- ‘T modes of theT;’sinsamples o 1300' ,‘,N“h - %
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.measurements 'Data by UNLV (Wilson et al., 2002 % 1006 . TSw . o sl
data from the UCCSN WebPages), USGS (Whelan'er. in . . | o ' 2|3
al., 2001), and IMP (Dublyansky et al., 2001 * 900+ -E’lu
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to the lithology; and (c) the T, dlstnbutton isunrelated : - 407 °g ; :
to «normal» geothermal gradrent with temperatures : 30 - , - b
dcclmmg with i lanCaSlng depth . ' 3000 i 2500 20I00 1560 ' 1ol0° 560 ‘;" 6
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_ Sprmg tuff umt (T Sw) (see thure 13) Thus, we have to dxsagree wrth the statement of erson and
others: «EarIy, high temperature ﬂuzds were restrzcted to welded Tzva Canyon Tuff and dzd not extend to

"deeper areas.» (p 22)

(3) The paleo-temperatures are mverse]y correlated wrth depth from surface (see Flgure 13) The htgh-
est temperatures of 75-90 °C were measured near the North portal, at a depth of only 30-50 m. The
temperatures thus, are unrelated to the geothermal gradrent m fact they show an mverse relattonshtp,
dechnmg rather than mcreasmg thh depth. , e =

A two- dnmenswnal presentauon of the data is gtven in Flgure 14 The Frgure compares the drstrlbu-
tions of maximum’ ‘paleo temperature inferred on the basis of T, data that have been available in 2001
(IMP data only) and in 2002 (combmed UNLYV, IMP and USGS datasets) The overall pattem of the
thermal field is consistent in both vartants of the paleo temperature map. There is a prominént high
close to the North portal along' the Bow Ridge fault and a prominent low in the central and western
part of the reposrtory block. In the ,map shown in Figure 14-b, which includes data from the’ ECRB
there i is an mdlcatton of a temperature increase at. the western side of the repository block, near the

A ; - S horst bounding Solitario Canyon fault. The in-

SR '_f S / ISP ' crease is documented by 7,’s meastired in only one
PP L Main drift Southramp sample of fluorite (ECRB 25+30), this interpreta-

* Ping tton therefore, must be consrdered tentatlve

- ; 'Figure 13, Comparison ofthe high-T'modes of the T, dis-

* tributions from'secondary ‘minerals of .the ESF reported
i ,Iby three research groups. Each mode was calculated on
... thebasisof tensto hundreds of mdxvrdual T, mcasurements
12 R Data by UNLV (W' lson et al 2002 UCCSN WebPages),

. USGS (Whelan et al., 2001), and IMP (Dublyansky etal.,

Wy, - 2001 Dublyansky. 2001-a). All data were statrstlcally
8000 . treated except for those from Whelan et al (2001), which
_are reported as modal values. . .

; Modal Ty, °oc
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Figure 14. Reconstructed field of maximum paleo temperatures (in °C) in the repository area, by fluid inclusions. Yellow
circles indicate locations of samples. @ — Map based on the data of Dublyansky ez al. (2001) and Dublyansky (2001);
b —Map based on the integrated data of UNLV (Wilson ez al., 2002; UCCSN WebPages), USGS (Whelan ez al., 2001), and
IMP (Dublyansky et al., 2001; Dublyansky, 2001-a). Black lines show the footprint to the ESF and the ECRB tunnels.
Graphic interpolation was done with Mathcad PLUS 6.0 software. Note that reliability of isotherms is poor at the corners
of the map owing to the absence of the data there.

62

Figure 15. Structural similarity in paleo- and modern temperature fields in the Yucca Mountain area.
a — Reconstructed field of maximum modal paleo temperatures (°C) in the repository area, by fluid inclusions. Yellow
circles indicate locations of samples (data from UNLV, USGS, and IMP). Note that the temperatures of fluids in eastern
part of the repository block were substantially higher than in its central part. b — Present-day temperatures measured in
boreholes at the water table (°C) in the vicinity of the proposed repository (based on data of Sass et al., 1987). Boreholes
are shown as white circles. Black lines show the footprint to the ESF and the ECRB tunnels. Note two maxima indicating

hydrothermal circulation along the horst-bounding fault zones. Graphic interpolation was done with Mathcad PLUS 6.0
software.
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‘The configuration of the paleo-temperature field; as recorded ‘by fluid- inclusions, bears a striking
similarity to the structure of the modern temperature field, revealed by measurements in boreholes at
the water table. These two ﬁelds are compared in Figure 15. Both fields show maxima associated with
the horst-boundmg fault zones (Solitario Canyon and Parntbrush Bow Ridge faults) and a mrnunum
assocrated wrth the central part of the Yucca Mountam block From a hydrologrst s perspectrve the
conﬁguratlon of the modern temperature fiéld can be mterprcted asa feature which reﬂects the enhanced
conductmty of the fault zones, allowmg for the convectrve crrculatron o_f heated ﬂurds (Sass et al.,

ture l' eld, 1nferrcd from the ﬂurd mclusron data, ,strongly suggests that thesc fault zones served as
condu1ts for crrculatron of. heated flurds, from whrch mrnerals were deposrted T e

\'v,- .
l

MY i e SE e A Telh g
2 4.1. Interpretatlon of the paleo temperature freld by Wllson and others' e

In view of the 1nformatron presented in Frgures 12 through 15,itis mconcervable to tis how the follow-
‘ing statement could havé been made by erson and others: «It is noteworth y that temperatiires récorded
across the Yucca Mountain repository hortzon do not exhibit a central hot phime and large lateral ther-
mal gradzents that are present in geothermal and epithérmal Systems | Henley, 1985). The lack of a
szgmf cant temperature gradzent and presence ‘instead, of relatr vel y umform temperatures argues agamst

‘. )
IS8T

an upweIItng hot ﬂuzd model » (p 22) ‘ i

4 . PP

In thelr statement Wllson and others bluntly deny the presence of lateral thermal gradrents that are
clearly observed in their own and the other’s data. We note that terms such as «srgnrficant gradrent»
-and «relatrvely uniform drstrrbutron» are arbitrary. We rerterate in this regard our opinion stated in
‘Section 2.1 above, that usage of loose and undeﬁned terms could be seriously mlsleadmg and should,
therefore, be avoided. We insist, that from the standpomt of both hydrogeology and gcothermometry,
the characterization of thé paleo temperature field shown'i m Frgure 15-a ‘as «relatrvely umform» is

grossly mlsleadrng and therefore absolutely mapproprrate ' T :

erson and others further refer to a «central hot plume» ('7'), whrch they do not observe The data
show, however, (e.g., Figure 15-0) that- the locatron of the thermal high, both from a hydrologrst s
perspective, as well as from the perspective of the hydrothermal upwellrng model, is precrsely where it
should be: along the zone of enhanced permeabrhty accompanying the deep-seated fault. Thermal
hrghs presently ex1st at the water table m assocratton with these zones (see Figure 15-b).

erson and others opmed that the temperature vanatlons recorded by fluid inclusions do not reflect a
spatial trend but, rather, a temporal trend: « These temperatures, furthermore, are not related to lateral .
temperature gradtent across the site because the temperature variations occurred at different tzmes » (p.
16) or «The distribution of. ﬂutd temperatures is related to the timing of mineral precxpztatzon at vartous
vatrons and arguments supportmg them must be carefully documented. We could not findin the erson
and other s report any convmcmg evrdence in thrs regard. : -

The followmg isan unsubstantrated argument made by the UNLY researchers: « 771e wall rock surface
in most fracture and breccia samples consists of broken tuff that lacks vapor-phase minerals. These sur-
faces suggest that fracture/breccia development occurred after vapor-phase alteration of the host tuffs
and, in turn indicate that secondary minerals in fractures and breccias began to precipitate later than
secondary minerals in LC [lithophysal cavities» (Wilson and Cline, 2002, p. 19-20). Without basis,
they stretch this argument further and state: «The low homogenization temperatures in samples form the
IFZ [Intensely Fractured Zone] suggest that fracture- and breccia-related calcite probably had not pre-
crpttated when the earliest, higher temperatiire fluids i in vaded the site. The lack of vapor phase minerals in
these samples is consistent with their later formatzon These observattons suggest that the varzous tem-
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perature ranges recorded across the site reflect fluid fluxes that occurred at different times... « (Wilson et
al., 2002, p. 14). :

The argument that the absence of vapor-phase minerals in fractures and breccias indicates that sec-
ondary minerals there «began to precipitate later than secondary minerals in lithophysal cavities» is a
non sequitur. During early stages of the cooling of the tuff, vapor-phase minerals formed on the walls
of cavities. Formation of the vapor-phase minerals ended shortly after the deposition of the red-hot
ash flow mass and its compaction and conversion into welded tuffs. The tuffs at Yucca Mountain
likely compacted and cooled to ambient temperatures within about 100 to 1,000 years after deposition
(Riehle, 1973; U.S. DOE, 2001) and the stage at which vapor-phasc minerals formed took only a
fraction of this time. Thus, the absence of the vapor-phase minerals on the fracture walls tells us no
more than that the fracture is younger than 12.7 Ma but, in the context, «younger could mean millions
of years or just tens of years.

The fallacy in Wilson and others argument is best demonstrated by the fact that the highest homogeni-
zation temperatures measured at Yucca Mountain (for example, ESF 01+62.3 and ESF 04+73.4)
came from fractures devoid of vapor-phase minerals: «4 NR [North Ramp] sample from a fracture
occurrence ... contains primary 2-phase FIAs with homogenization temperatures that reach 75 °C.»
(p. 20). This means that the fractures were present during the earliest stages of fluid circulation, but
were absent carlier, during the stage of the vapor-phase alteration. In addition, both the U-Pb age
dates of Wilson et al. (2002) and Neymark et al. (2002) show that many fractures contain minerals,
which in fact appear to be glder than their counterparts from the lithophysal cavities (Figure 16).’

The relative ages of minerals can also be assessed on the basis of their stable isotope properties. It has
been shown for the Yucca Mountain samples that the «...6”C compositions decrease from positive
values in older calcite at the base of crusts to negative values around —6.0 to ~8.0 in the youngest calcite.»
(Wilson and Cline, 2002, p. 17; see also Figure 6 in this review). Figure 17 shows clearly that the early,
«dVC-positiven calcite is present in all temperature zones of the ESF ~ from the high-temperature
portal areas (see Figure 13) to the coolest area between ESF stations 35+00 and 55+00 (Wilson and
Cline’s IFZ zone). This is consistent with conclusions made by the USGS researchers, e.g.: «The large
range of 613C values, as plotted against location in the ESF ..., shows that the entire paragenetic se-
quence is present in mineral coatings throughout the ESF.» (Whelan et al., 2002, p. 742).

Carbon is a «conservative» component of the fluid,
whose isotopic composition reflects the

-
o

of = ¥ O Cavitios ] compositions of sources of dissolved bicarbonate,
ge o0 Fractures - such as deep-seated-, soil-, or atmospheric CO,, for
g7 o0 : example. Fractionation of carbon isotopes changes
§ 6 n . little with temperature (for example, the fraction-
Ei I o ation coefficient between HCO;,, and CaCO,
; 3 " P o )

2 . § Figure 16. U-Pb age dates obtained from opal and

1ms & 1 | chalcedony in fractures and lifhophysal cavities of Yucca

0 +— T T R Mountain. Combined data from Wilson et al. (2002) and

0 2000 4000 6000 8000

Neymark er al. (2002). Circles — lithophysal cavities;

Distance from north portal, m squares — fractures.

SWe cannot, at this time, accept the validity of the U-Pb ages reported by Wilson et al. (2002) and by Neymark etal.
(2002). We refer to these age data simply to highlight the internal inconsistency of the argument. Specific problems
with the U-Pb dating will be discussed in Section 2.6 of this report.
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Figure 17. §C values of calcite from basal, intermediate " “yg - P o N

and outer parts of mineral crusts. Data from Wilsonand g4 S e 3 °
Cline (2002) and Dublyansky (2001) PRI »-‘V-'is ] * "o"-o s i R} T
. SRS BN S

‘changes by 0.4 % between 20 to 90 °C)" a2, T O g e Basal -
Nevertheless, in the Yucca Mountain samples :: : . e :'c')“‘:’"l‘h"‘:_":f"
.carbon shows a:dramatic unidirectional shift, de- . %_4 JRLE b . ;8 0 0 w
creasing from ca. +10 at the bases to.ca. =10 %oin- .- ~: g do g it t =000 0 68 5oy g 8

the outer parts of crusts Reversals or repetltlons 78 N §° '3 .% )
have riot been obscrved (in samples that have” ™ 0 d——— 8, l.,- SENATLE FEL
readily interpretable textures). From this, one must * ="' ~70 " ~"2000 - ¥ 4000 6000 - 8000

infer dramatic and'unidirectional changes in the . : o .D'f‘t.a",c? fr 9'“,-".‘,’".h portal.m . . .

source of CO, dissolved in the fluid. - io o Tenn e el e T

‘Wilson and others.speculate that waters with different temperatures entered .the repository block at
different times: earlier in the portal areas and later in the IFZ area. In order to reconcile, this model
with the 81C data shown in Figure 17, one must assume that the waters that entered the portal area,
say around 10 Ma ago. (Wilson,et al., 2002), and thosc that entered the IFZ area a few million years
',later had the same initial isotopic composmons (posmvc 8‘3C) and subsequently evolved in the ¢ same
manner (toward negatlvc 8"3C values of ca. -8 to -10 %o) It is dlfﬁcult to 1magme a geologlcal situa- -
tlon in whlch sources of the dlSSOlVCd carbon changed so dramatlcally (by about 20 %o) more than
once, . . e ST

T L A I T ".‘::f:-;;f',‘ seeo Ry ;r“ TIPS i
A strarghtforward explanatron that accounts forall observatlons is that the waters 1njected along the
Paintbrush-Bow Ridge fault zone (north-and south portal areas-of the ESF) moved westward and
cooled down. The carbon isotope properties of the fluid-are not expected to change substantlally in
such a system, so that the carly parts of the fluids deposited calcite with nearly the same «heavy posi-
tiven §°C values (+8.to +10- %o PDB). While in the portal arcas these minerals were deposited at
temperatures as hlgh as 70-85 °C, in;the IFZ arca located far from the «feeder conduit» the tempera-
ture of the fluid was lower. For example, in'a number of samples, which possessed 8°C values of +9 %o
characteristic of the earliest calcite, two-phase fluid inclusions (indicating elevated temperatures) were
not found (e.g., sample ESF 52+43 shown in Frgure 6). Thls reflects the progressive coolmg of the

'ﬂuld asit moved away from the condult

rrrrr .' Jd{-' - : ‘r,

e
. e ey e 'a .
R ST I A .

2 a. 2 Summary on the. structure of the paleo temperature field

1 The fluld mcluswn data mdlcate that a strongly non-umform temperature field existed w1th1n the reposntory
block durmg crystalhzatlon of the early secondary minerals. Lateral gradients of 15-20°C/km appear to be
charactenstrc of that stage of mmeral deposmon Maximum temperatures were associated with the
Pamtbrush Bow Rldge fault zone. The ex1stence 'of strong. lateral gradrents is apparent in the data of
the three mdependent research groups (UNLV USGS IMP; sce Flgures 12 through 15).

2. Wilson'and others asserted that the observed fluld inclusion temperature distribution is caused by
different tlmes of fluid mﬁltratlon .50 .that locatlons with hlgher fluld mclusxons temperatures were
only later by cooler ﬂUldS Based on thls assertlon they proposed the «lack of a szgmf cant lemperature
gradient and presence, instead, of relativel ly umform temperatures». ;

3. We have found that the interpretation of Wilson and others is not supported m the report by any
factual ewdence Asa hypothetlcal mechanism, it would require a geologically unrealistic chain of
events. Actual realization of such a cham of events is not supported by avallable geologic and geochemi-
cal data.
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2.5. Are the fluid inclusion results representative?

Analyzing the data presented in the technical files posted at the UCCSN WebPages, we observed that
a number of samples were characterized by 7T,’s measured from only one to three FIAs. It was not
uncommon for all FIAs to be analyzed from the same chip of a polished section. The question thus
arises: how representative were these results?

We address this question by comparing the fluid inclusion results reported by the UNLV researchers
with the results of the IMP group. The following needs to be noted in this regard:

1). Both groups used the same heating stage (Linkam THMSG 600) calibrated with synthetic inclu-
sions, so the instrument-related errors should be minimal.

2). Inall cases used in this comparison, the 7,’s measured for individual FIAs are internally consistent
(i.c., fall within a relatively narrow temperature interval); and

3). Samples for fluid inclusion studies were collected independently and at different times. This means
that although the specimens were collected from the same locations (fractures, cavities), they do not
necessarily sample immediately adjacent parts of mineral crusts.

By comparing the results, thercfore, we may assess both the role of the number of analyses done on the
sample, as well as the variability of the 7,’s within an individual mineralized cavity. Figure 18 shows
the results from two adjacent cavities (located within 1 m from one another; ESF 28+80 and 28+81). It
is immediately apparent that the number of analyses is quite important. In sample ESF 28+81 two
modes are clearly seen in the IMP data (16 FIAs analyzed), while only one mode is apparent in the
UNLYV data (3 FIAs). Similarly, in sample ESF 28+80, fewer data obtained by IMP (3 FIAs) show
only one mode at 40°C, whereas 6 FIAs analyzed by UNLV reveal a small, but statistically distinct
mode at 52 °C. Thus, if only individual datasets of IMP or UNLV were used, the samples would be
treated as showing different 7T, distributions
(monomodal and bimodal). If the two datasets are
combined, it becomes apparent that both samples
show bimodal distributions with virtually identi-
cal characteristics.

601 roge #2- 400C 0 UNLV (6 FlAs; n = 112)
n IMP (3 FlAs; n = 42)

8

R 4

g 20 Sample In the two examples given in Figure 18, the results

& ESF 28+80 obtained by the two groups are consistent in the

£ 2 fact that the positions of one of the two 7, modes
Mode #1-52°C coincide. This suggests that the samples, most

likely, are adequately characterized by the
combined dataset. Figure 19 shows a somewhat

4 %0 60 70 8 90 gifferent situation, in which a relatively large

7 O UNLV(3FIAsin=49) number of FIAs analyzed by UNLV (9 FIAs) from

60 - m IMP(16FIAs;n=126)  two chips of the thick section, yielded internally

50 - consistent results, but these results are distinctly
= Mode#1-50° different from the IMP results obtained on only 3
g 401 Sample FIAs from a sample collected in the same fracture.

+

& 30 1 Modek2-40% sor et Regarding this sample Wilson and others stated:
i «Figure 6 illustrates the consistency of homogeniza-

Figure 18, Comparison of the fluid inclusion results ob-
tained from two samples (ESF 28+80 and 28+81) by UNLV

Th, °C and IMP groups.
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Figure 19. Data obtained by UNLV and IMP from sample . O UNLV(9FIAs;n=155) ;

o
o

ESF01+63.2. . . . T S ST -mp(armsn =20), .., - gSample . .

404 . ... . SR
S

tion temperatures for;181 fluid inclusions in sample % ., | , "9-“',2 Wc !

ESF 01+62.3 from NP [North Portal]. Most inclu-.: § . T

sions homogenized from 61-67 °C, a temperature :{r %S Hotek3.72%¢

range of 6°C. Data include all homogenzzatlon tem-" L | woderrimce | -

peratures fromi one chip and data from six FIAsiden- "+ |

tifi edm asecondcth These results show zhata,gmglg' : I | T

(p. 13; emphasxs added). OurFxgurel9 shows that ! qﬂao‘l‘,’ " 40 5o 60 L. 3

although thiese 9 FIAs might be Tepresentativeof ~*=~ " ,‘." o T
the sample (i.c., thick section or chip); the'sample ~ P

tself, however, is not necessarily representative of the mineral dccurrence (1e of the ‘assemblage of
secondary minerals present in a given mineralized cavity). Therefore, it may not provide complete
information regarding the temperatures of fluids that deposited minerals in this particular cavity. ~ :

809 - . 5 g b e T St
S '. ' E LT ‘ ’ , . o Flgure20 Compansonof thehlghestT modesforsamples
S TN - y ::"\;‘F}V S . collected in the same cavities (but_not exactly at the same
O Tmi e , L locatlons)byUNLVandIMP e
60 . AR Lo e
EoT B "VASa consequence inferences based on ‘such data
g_so e E PR e " may be in error. For examplé, Wilson and others
= C% R -0 have stated: «InterestmglynosamplesfromNPand
40+ ° ~ NR [north portal and north ramp] have bimodal
30' distributions...» (p. 22). Our Figure 18 shows that
o 2000 4000 6000 8006 the sample 01+63.2 from the NP area does show a

o Distance from north portal, m ‘ polymodal distribution. This emphasnzes the need
S T of a more spatlally dlstnbuted samplmg w1thm

partlcularly 1mportant for mineral occurrences m Wthh the paragenetlc context is comp]ex and not

readlly dempherable (eg brecma cementatlon) rﬂ"j'_’"v'l"“rn A A 1

Fluid mclusxon data obtaxned by UNLV and IMP from thé same cavmes ‘but from dlfferent samples are
compared in Figure 20. The Figure shows statistical modes of the T, distributions (for each sample only
the hlghest- Tmode s shown) It is apparent that devxatlons in the modal values may be as great as 10 °C

. "';ep‘.. oo L‘." H e ’.fl,!,

: .‘1]! S . ’x.a‘
2.5.1. Summary on the representatlveness of the fluld mclusmn data L
1. Several samples from report by Wllson and others were characterized by T’s measured from oneto
three FIAs. While these data do reflect real iemperatutes of mineral forming ﬂmds (provided the FIAs
meet the criteria of consistency), they may sample only a fragment of the thermal history of a given
mineral occurrence.

2. Nearly all of the data reported by Wilson and others were obtained from single thick sections,
prepared from samples collected in the course of the joint UNLV-USGS samplmg program. A
comparison with the data obtained from different sections (from other parts of the same mineralized
cavities) indicates that in'some cases-individual sectlons reveal only a part of thermal hlstory of the

.’:"-f o T 1 —

given mineralized cavity.: " - PR T e
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3. Therefore, for any mineralized occurrence, a reliable picture of the thermal history can only be
obtained from several samples taken from different parts of the cavity and characterized by 7;’s
measured in a reasonably large number of FIAs.

4. The latter is particularly important for cavities in which the style of mineralization is not readily
decipherable (notably, the calcite-cemented breccias).

5. It is conceivable that in a number of mineralized occurrences that have been deemed lacking the
two-phase fluid inclusions, such inclusions could have been found, if samples from other parts of the
cavities had been collected and examined. This is supported by the fact that even in sections prepared .
from the same sample (i.c., located within a few mm from onc another) there are «... variations in the
abundance of 2-phase FIAs.» (p. 21). In another example made apparent from the materials posted at
the UCCSN WebPages, Wilson and others reported two-phase fluid inclusions from sample ESF
29+79. However, in a sample collected from the same lithophysal cavity carlier, two-phase fluid inclu-
sions were not found (Dublyansky, 1998).

2.6. Problems with the U-Pb ages

In their report, Wilson and others assessed the ages of the inclusion bearing layers of calcite (7, = ~45-
60 °C) by «bracketing» them between the U-Pb-dating of opal layers. They concluded that waters with
clevated temperatures accessed Yucca Mountain until as recently as 4.0-5.3 Ma.® The data reported
by Wilson and others appear to be gencrally consistent with the data by Neymark et al. (2002) who
reported U-Pb age dates for Yucca Mountain opals and chalcedonies ranging from ca. 10 Ma to
several Ka. There seem to exist, however, a serious conflict between the U-Pb age dates and the paleo
temperatures, a conflict which does not permit us to accept these U-Pb ages as valid or even approxi-
mate.

2.6.1. General thermodynamic consideration

It is generally accepted that modern landforms were already established at Yucca Mountain 11.6
million years ago, and since that time, the rates of crosion were very low (<0.1 to 0.5 cm per thousand
years; U.S. DOE, 2001). It is further believed that no more than ~100 m of the rocks could have been
removed from Yucca Mountain. This means that secondary minerals studied from the Yucca Mountain
vadose zone have formed at a depth similar, or just slightly greater (100 m) than they are located
today. '

Thus, the acceptance of the two independent data sets: paleo temperatures (based on fluid inclusions)
and U-Pb ages would lead to the conclusion that temperatures as high as 45-60°C have persisted in
the shallow vadose zonc of Yucca Mountain (at a depth of 30 to 300 m from the paleo surface; see,
e.g., Figure 12) during the several million year-long period (between 9-10 Ma or carlier and 4-5 Ma).
These temperaturc/depth relationships translate into paleo heat flows as great as 3.5 to 62 HFU’;
roughly 2 to 36 times the average in the western United States. These values are extraordinarily high.

¢ Ma = million years ago; Ka = thousand years ago.
THeat flow, g, is defined as geothermal gradient d7/dz [°C-km™'] multiplied by thermal conductivity of the rock, &,

[W-m-K'} and is expressed in [mW-m?] or in Heat Flow Units, abbreviated HFU (1 HFU = 42 mW'm?). The mean
value of heat flow for the Western USA is ¢ = 1.8 HFU (o = 0.87, n = 190, Sass et al. 1971).
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In northern Nevada, for example, heat flows of ~24 HFU support geothermal power generating plants
as well as other non-electrical geothermal 'applicat'ions (Sass; 1999).'Such high heat flows are possible
only in association with geologically short-lived events (e.g., cooling of the freshly deposrted pyroclas-
tic rock) or in active geothérmal systems. There is no geologically reasonable source of energy "avail-
able to generate and discharge, through Yucca Mountain, that much heat over such a long period of
time (4- 6m11110nyearsormore) o G e i oy .
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'2 6 2 Thermal hlstory of Yucca Mountam known on the basrs of geologlc and
mmeraloglc evndence ST e e e T

Two therrnal events are consrdered well estabhshed in the Yucca Mountarn geologtcal hlstory The
first event was the deposition of the ash- flow tuffs, which built up layers of the mountain. Following
its deposrtlon by 12.7 Ma, the tuff “pile” was hot; however, cooling to ambient temperatures took a
relatively short time (between 100 and 1000 years; Riehle, 1973; U.S. DOE; 2001). The second was the
Timber Mountain Caldera hydrothermal event. A hydrothermal convection system was set off by a
gramtlc magma body, Wthh resrded under the Trmber Mountam caldera some 8-10 km to the north
of Yucca Mountam The Timber Mountaln event is held responsrble for pervasrve zcolmc
montmorlllomttc and carbonate alteratton of the rhyohtlc tuffs and the deposrtron of abundant calcrte
and srhca below ~1. 2 km under the surface of Yucca Mountam The data of BlSh and Aronson (1993)
on the K-Ar ages of clay mrnerals and zeolttes constram the age of thrs alteratlon to 10 0—10 6 Ma,
after which the source of heat was exhausted and the hydrothermal actrvrty ceased. Mmeralogrcal
data indicate that, during the Timber Mountain Caldera event, values of heat flow in the planned
repository area did not likely exceed 2.9 to 5.0 HFU and temperatures at the ESF level (reference
depth of ~250 m) were less than approxrmately 35—37 °C (Szymansk1 etal., 2000)

Summarrzmg the tune and temperature constramts bncfly dtscussed above 1t ‘1_s_ ,easxly demonstrated
that secondary mmerals collected at the level of the ESF or htgher wrth an estabhshed temperature of
formation >~45°C andlor ages younger than ~12.7. Ma cannot be related to the Trmber Mountain

Caldera hydrothermal EVENL. .y "t i e gt

Summary Elevated temperatures (35—85 °C) recorded by’ flurd inclusions'in the’ vadose zone between
ca. 10 Ma and 4.0-5.3 Ma (U-Pb ages by. Wilson et al., 2002) cannot be related to either of the known
thermal events at Yucca Mountam on the basrs of geologrc and m1neralog1ca1 records An apparently

.
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2 6 3 ‘What is wrong wrth the U-Pb datmg? e st e

The U-Pb dating is a method, which is typically apphed to relatively old geological obJects (hundreds
of Ma‘and older) Thls method has helped earth’ sc1entlsts determme the age of the earth The amounts
of radrogemc 2°"Pb and 2°7Pb 1sotopes accumulated due to the in sitit dccay of thelr parent 281 and %y
over relatlvely short perrods of tlme (e g, 10 Ma) is very small because of the long half hves of the
parent 1sotopes ( ‘= 4 7 brlhon years for mU and T = 0 7 bllhon years for 235U) Even though these'

-----
..........

hrgh), the results remam highly susceptrble to perturbatrons N

Pashenko and Dublyansky (2002-a and -b) developed a physrcochemtcal model whtch demonstrates ,
that the applicability of the U-Pb method could be severely limited when dating minerals that: (a)
form in open cavities (>0.1 cm), (b) form from colloidal solutions, and (c) are young (Miocene or
younger). The model stipulates that minerals growing in an open cavity are exposed to a flux of addi-
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tional radiogenic Pb isotopes, not accounted for by the “common lead” correction. The parent for
these isotopes is U, which resides in the surrounding rock. The decay chains of U contain radon,
which, being a gas, readily diffuses into the cavity and, after several decays, produces stable isotopes of
Pb. Modeling shows that concentrations of this Rn-derived radiogenic Pb in relatively large cavities
will be substantially higher than in thin fractures (<0.1 cm).

Opals, particularly uraniferous ones, normally form from colloidal solutions (Zielinski, 1982). The
USGS researchers seem to agree that the Yucca Mountain opals also formed by this mechanism.
Discussing the geological meaning of the U-Pb ages, they. stated: «If amorphous opal-A forms from
maturing silica gel precipitated from water (Ludwig et al. 1980; Zielinski, 1982), its U-Pb age would
reflect the time when the water redistribution and migration of dissolved ions terminated within the pre-
cipitating solid phase. This is probably very close to the time of the silica gel deposition, assuming closed
system behavior from that time until the present. However, subsequent crystallographic ordering and
transformations like opal-A—opal-CT—chalcedony complicate the exact meaning of U-Pb ages.»
(Neymark et al. 2002, p. 724).

In colloidal solutions, the accumulation of the Rn-derived Pb isotopes occurs through adsorption on
the micelles. Upon coagulation and sedimentation, the micelles become incorporated in the opal.
Calculations show that concentrations of **Pb and *“Pb on the order of #2:100 ppb, typically observed
in the Yucca Mountain opals, may be acquired by micelles of silica over a period of several days.
Controlled primarily by the velocity of water exchange in cavities, the absolute quantities of Pb contained
in the Yucca Mountain opals could accumulate within 7100 to n-1000 years.

2.6.4. Summary on the U-Pb dating

1. The results of the U-Pb age dating by Wilson et al. (2002), indicating the presence of thermal waters,
within the vadose zone at Yucca Mountain over a 4 to 6 million years period of time seem to be
problematic. Keeping several cubic kilometers of rock constituting the vadose zone of the mountain
this hot (as required by the USGS and UNLYV models) requires an extremely potent source of energy.
The existence of such a heat source does not seem to be possible from general thermodynamic
considerations; it is also not supported by the available geologic and mineralogical data:

2. The model developed by Pashenko and Dublyansky (2002-a, -b) explains why the U-Pb ages of
secondary minerals may not be correct. The Yucca Mountain silica minerals could have formed within
a much shorter period of time, on the order of thousands of years. Due to the incorporation of the
additional radiogenic Pb isotopes produced by emanation and diffusion of radon, its decay to Pb,

subsequent adsorption of Pb on silica colloids and coagulation and sedimentation of the latter, the
apparent U-Pb ages calculated by employing conventional dating equations would become much greater
than the true ages.

3. Our analysis of results of the U-Pb dating of sccondary silica minerals, reported in Wilson et al.
(2002), shows that the analysis was done «by the book». Nevertheless, we contend that the use of a
method in a situation, which stretches the limits of its applicability, must be preceded by a careful
evaluation of the possible limitations of the method. The physical mechanism outlined above (involving
emanation of Rn and coagulation of colloids) may be one such limitation. The conceptual model
supporting hydrothermal upwelling fluids suggests there are others.

4. Unless a reasonable and verifiable explanation reconciling the apparent COI‘lﬂlCt between the U- Pb
age dates and paleo temperature data is offered, the U-Pb ages cannot be accepted.
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2.7. Questions not asked : Pt R S A N

The UNLV researchers formulated the goal of therr research as follows «Smce secondary mmerals
formed Jrom Sluids’ that mvaded the reposrtory rocks the secondary mmerals have been exammed to
determme whether they formed ina vadose or phreatrc environment, and from downward percolatmg
meteoric ﬂuzds or from upweIlmg hydrothermal ﬂuzds' » (Wl]son and Clme 2002; p.. 6) The UNLV
researchers failed to use at least one method Wthh had the potentlal for provxdmg answers to the
qUCStlon posed T T T

2 7 1 Composrtlons of gases trapped in’ mclusmns !

One potentral means f or dlscrrmmatmg between the vadose (above water surface) and phreatlc (below
. (Newman etal; 1996) Prehmmary data’ reported by Levy et al.' (1995) suggest that calcite from the
'ESF contams gases, whose ratios indicaite reducing anoxic conditions (dominant CH,; very little O,)
and a phreatxc environmient of formation’ (H,0=99.2 to 99.9 mol %). Both' O, contents and OZIN
ratios are identical to those of the hydrothermal carbonates and dissimilar, by as mush as 1 to 2 orders
-of magnitude, from the vadose zone pedogemc carbonates studied at different locations in the south-
:western United States (Newman eral.,1996). . i e s

Pecullar all-gas 1nclusrons have been reported by all researchers studymg secondary mmerals from
Yucca Mountam "Wilson' and Clme (2002) and Wilson et al. (2002) have also reported them. No effort
was made to analyze the: chemistry of these inclusions or to’ evaluate their significance. Based on
strong lummescence under Raman'studies, Dublyansky (2001-b) suggested the presence of gaseous
‘aromatic (cyclic) hydrocarbons in-these inclusions. As the gases trapped in fluld inclusions secm to
‘have chemistries that arenot compatlble with the' chemlstry of the underground air, the results of both
‘studies argue against the model in which minerals are deposited in the vadose zone from water frlms It
is unfortunate that studies were not performed on these inclusions during the UNLV project.:

If the overall topography of Yucca Mountam remamed unchanged and the 300-700 m-thick vadose
zone exrsted at the' mountain at all times over the last 10 mllllon years '0r'so (as the «meteoric water»
model of secondary mmerals postulates é.g., U.S. DOE, 2001; Whelan et al., 2002), the physical
‘processes controllmg the mrgratlon of gases through the mountain may be expected to persist throughout
its history. The present day data, thus, may ‘be used as a baseline for assessing the chemrstry of the
underground atmosphere The modem day underground air contains- o, and N,in- atmospherrc

proportrons and sllghtly elevated concentratrons of CO, (up'to 0.13 vol.: %) Both underground air
and soil ‘gases are depleted m’CH (0.05 to 0.2 ppmv and 0.5to <1.7 ppmv), in comparison to the
atmospheric air (1.7 ppmv; Thorstenson et al.;1989). It is apparent that modern day underground

gases have no genetrc relatlonshlp to the gases trapped in the fluid inclusions. .
- .rm,.}- PR
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2 8. Genetlc models for the formatlon of secondary mmerals e

In séction 6.5. «Genetic Models for the Formatron ‘of Secondary Mineralsy, WllSOl‘l and others state
that their data are consistent with the models proposed by U.S. Geologlcal Survey geologists. They
provide an abbreviated description of how, in their view, the minerals were deposited. The description
rests heavrly on the publications of USGS scientists, which are extensively referenced. Since it appears
to.us that Wl]son and others have perfunctorrly endorsed everythlng that’ ‘was proposed by USGS
scientists, we address below the most glaring mconsrstenc1es of thrs joint USGS UNLV model

R I
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2.8.1. Origin of elevated temperatures

One of the crucial questions raised in the interpretation of the fluid inclusion data is: what was the
source of heat that is expressed by circulation of waters with elevated temperatures? Wilson and others
secem to belicve that the tuff sequence at Yucca Mountain was «warm» (>50 °C) for several million
years «... following intrusion of the Timber Mountain at around 10 Ma (Marshall and Whelan, 2000).»
(p. 25; emphasis added).® Furthermore, that thin films of surficial waters infiltrated down into the
rock and became heated upon contact with the warm rocks. In order to be compatible with the fluid
inclusion data and the U-Pb dating results, the rock must have been heated conductively to tempera-
tures significantly exceeding ambient temperatures (35 to 85°C, as compared to ca. 22 °C at the ESF
level today) for some 4-6 million years (see discussion in Section 2.6 above).

We submit that such a prolonged conductive cooling of the rock mass is not possible. Cooling of a
shallow magma chamber, which was invoked by the USGS researchers as a heat source (Marshal and
Whelan, 2000) takes about 1-2 million years depending strongly on the volume of melt that remained
in the chamber after eruption (e.g., Wohletz and Heiken, 1992). In the case of the Timber Mountain
caldera complex, recent work suggests that the magma chambers experienced nearly total evacuation
during each cruption (Bindeman and Valley, 2003).

Many additional factors contribute to faster cooling, the major factor being convective removal of
heat from surrounding rocks by circulating fluids. Extensive magma chamber-based hydrothermal
activity existed around the Timber Mountain caldera complex continuously between ca. 13 and ca. 9
Ma (Weiss et al., 1994). During the Timber Mountain Caldera hydrothermal event between 11.5 and
10.0 Ma, a large south flowing hydrothermal plume existed just beneath Yucca Mountain (Bish and
Aronson, 1993). As was stated above in Section 2.6.2, the temperatures at the ESF level during that
time did not exceed 35-37 °C, and could only be lower afterwards (Szymanski et al., 2000). So, the
model proposed by the USGS researchers and accepted by the UNLV researchers is not supported by
what is known regarding the cooling of shallow intrusive bodies, in general, or by the geologic record
of the thermal history of Yucca Mountain.

In connection with their description of the model for the formation of secondary minerals, Wilson and
others state: «T/he NP [North portal] recorded localized elevated temperatures that were not recorded in
the underlying tuffs units.» (p. 25). This statement merely summarizes their results of the fluid inclu-
sions studies and does not explain why the highest temperatures (up to 75 °C by Wilson and others and
up to 95 °C by Whelan et al., 2001) were present at a depth of only 30 to 50 m from the land surface
and become cooler with increasing depth (see Figure 12). We believe that it would be extremely diffi-
cult to explain such a distribution of temperatures by conductive heating of the rock mass by a distant
magma chamber. Neither Wilson and others nor the USGS researchers scem to have a reasonable
answer to this question, so further discussion of the phenomenon is carefully avoided.

Furthermore, the cast-west temperature gradient established by temperatures obtained from the fluid
inclusions (see Figure 14 for example) was not explained by the magma-chamber heating model. Such
a gradient does not seem to have a rational explanation if the presumed heat source is located some 8-
10 km to the north of the ESF (Marshall and Whelan, 2000). One known hydrothermal system related
to the Timber Mountain magma chamber did produce, as expected, the north-south geothermal gra-
dient under Yucca Mountain (Bish and Aronson, 1993).

8 In addition to sloppy phrasing («intrusion of the mountain») the Wilson and others take undue freedom with numbers:
the original publication reads: “...a gradual cooling of the rocks over millions of years, in agreement with thermal
modeling of magma beneath the 12-Ma_Timber Mountain caldera just north of Yucca Mountain.” (Marshall and
Whelan, 2000; emphasis added).
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Summary. No meaningful model, which explains the origin of the elevated temperatures or their distri-
bution within the repository block has been presented by Wilson with co-authors. e

. MR - ‘e - - T
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The report provides a summary of a large volume of metrculously collected fluid inclusion data along
with a lesser amount of other data (petrography; stable isotopes, electron microprobe elemental analysis,
cathodolummescence) The report, however, does not represent a standalone document. Due to the
substantial generalizations presented, it can only be evaluated along v wrth the accompanying technical

(non-QA) data posted at the UCCSN WebPages.:."

The report contams quitea number of minor lapses and inaccuracies associated with the presentation
of the data (e g., the data presented in the main report do not match those presented in the technical
data filés; erroneous entries were found in the Table1: of the Part I (C and O isotope data), etc.). Self-
contradxctory statements are common (e.g. statéments such as: «Liquid-only inclusions comprise the
only mcIuszon assemblages in bladed caIczte » and «A small number of 2-phase FIAs were identified in
the basal part of the bladed calcite...» whlch appear in Part II on the:: same page, page 12) It appears to
us that the report has undergone before submlttal nelther techmcal nor edxtorlal revrew

The dlscusswns and mterpretatlon of the results as they appear m the report are not satrsfactory In
many instances meaningful discussions are either absent altogether or replaced by debatable asser-
tions (examples of which are abundant throughout this revrew) In most, if not all instances, “clearly
plausible and straightforward alternattves to the proposed mechamsms are not considered. A number
of i 1mportant questions have not been addressed at all (see Sectrons l 3 and 2.7 of this revrcw)

Out of the three conclusions formulated in Part 1, only one deals wrth the inferred origin of the second-
ary minerals from the Yucca Mountain vadose 2 zotie.-The conclusion’states that textures and features
of these mmerals arenot consistent wrth saturatron of the site with water and formation of minerals in
a phreatlc environment. Our analysis shows (see Section 1.1 of thrs review) that the conclusion is not
warranted. Factual evidence presented in Part I is susceptlble to radxcally different 1nterpretatxon
Addltlonal data and dlscusswn presented in Sectlon 1.3 of this review reinforce this opinion. "~

The conclusron of Part 11, statmg that the results of the UNLV- study are not consistent with the
formation of secondary minerals in a saturated environment and with the former presence of hydro-
thermal upwelling ﬂurds appears to be equally hollow and unsubstantiated by factual evidence. ..

No meamngful model Wthh mlght serve as’an alternatlve to the hydrothermal upwelling model was
formulated in the report ‘The presentatlon that appears in Section 6.5. «Genetic Model for the Forma-
tlon of Secondary Minerals», Part I1; is so general and mcoherent that it'is not amenable to serlous
evaluatron Some fragrnents of the model appear to v1olate pr1nc1ples of physics (e.g., moving water
films rising up the flat faces of crysials for 2-3 cm «by surface tensmn») The model, as presented, does
not seem to be capable of rationally explaining most features of the mineral forming system at Yucca
Mountain, inferred from mmeraloglc geochemlcal and ﬂurd mclusron studles (e.g., complex mineralogy
of secondary deposrts cuhedral morphology of mmerals strong east-west thermal gradient, high sa-
linity of mineral forming fluids, chemistry of gases trapped in inclusions, etc.).

Unless (a) unwarranted or otherwise problematic stateménts and conclusions present in the UNLV
report are revrsed ) alternative interprétations and models are discussed and demonstrated to be
wrong or irrelevant, and () a number of critical but omltted issues are addressed and satisfactory
explained by the UNLV genetic model,’ we'cannot’ accept the UNLV genetic model presented as a
viable alternative to the hydrothermal upwellmg model ¢ o . j
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