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Abstract — The Nopal I uranium mine in the Sterra Pefa Blanca, Chilmahua, Mexico serves as a natural analogue to
the Yucca Mountain repository. The Peda Blanca Natwral Analogue Performance Assessmont Model simulates the
mebilization and transport of radionuclides that are released fram the mine and ransported to the saturated zone. The Peila
Blanca Natural Analogue Model wses probabilistic simulations of hydrogeologic processes that are analogous 1o the
processes that oocur at the Yucca Mountain site.

The Nopal | uranium depasit lies in fraciured, welded, and altered rlyolitic ash flow tafls that overlie carbonate rocks,
o setiing anmlogous (o the peologic formations af the Yucca Mountain site.  The Nopal | mine site has the following
eharacteristics ax compared 1o the Yueca Mountain repository siie.

* Apalogous source: U0 urantum ore deposit = sperit nuclear {in?." in the repository
s Analogous geologic setting:. fractured. welded, and altered rhyolitic ash flow tufls overlying carboanate rocks
* Analogous climare: Semiarid o arid
* Analogous ﬁwchem.‘.m}-; Oxidizing conditions
_* Analogous hvdrogeelogy. The ore deposit lies in the  unsaturated zone above the water fable
The Nopal ! deposit is approximately § < 0.5 million vears old and has been exposed to oxidizing conditions during the
fast 3.2 to 3.4 million years, ﬁf.Ffﬂﬂ Blunca Natural Analogue Model considers that the wreanium oxide and wranium
silicates in the ore deposit were originally anafogons to uranium-oxide spent muclear fuel  The Peia Blanca site has been
characterized using .({:.'?d and laboratory investigations of its fawlt and &mre‘ distribution, mineralogy, fracture fillings,
.'.vfpagﬁ into the mine adits, regional hydrology, and wineralization that shows the extent of radionclide migration,
iree borekoles were drilled at the Nopal [ mine site in 2003 and these boreholes have provided .mmp.'r:ﬂnr firholegic
characterization, water-level measurements, and water samples for laboratory analysis of the satwrated zone water
chemistry.  The results of the field investigatrons and laboratory analyses of rock and water samples collected at Nopal I are
used 1o calibrate the Pevia Blanca Natural Analoges Model

L INTRODUCTION

The Nopal | uranium deposit, located in the Sierra
Pefia Blanca, approximately S50 km north of Chihuahua
City, Chihuzhua, Mexico, is a natural analogue to the
Yuecca Mountain repository [1], and is referred 1o a5 the
Peiia Blanca natural analogue. Murphy and Codell [2]
proposed thet the wramum oxide and wamum silicales
comprising the bulk of the radionuclides at the deposit
were originally directly analogous to spent nuclear fucl,
which is largely composed of uranium oxide. The Peiia
Blanca Natural Analogue Model (PBNAM) adapts the
Yucca Mountain  performance-assessment model 1o
simulate the release and transport of mdionuclides from
the Nopal | ore deposit using GoldSim software [3]. The
PBNAM is supported by field mwvestigations and the
results of laboratory analysis of rock and water samples
collected at the Pefia Blanca Nopal 1 ore deposil.

LA Setting

The Mopal T ore deposit lies on the southeast side the
Sierra Peda Blanca in a high desert terrain in the Basin : ; :
and Range geologic province (Figures 1 and 2) (4], The Figure 1. Location of the Nopal 1 Ore Deposit
deposit lies in fractured, welded, and altered rhyolitic
ash-flow tuffs similar o the volcanic rocks at Yucca
Mountain [3]. The land surface at the Nopall deposit
exposes o small portion of the ore body.
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Figure 2. Cross sections of the Nopal | ore deposit and
local geology

Mining of the WNopal 1 ore deposit in the late 19705 and
carly 1980s, left two promunent benches across the ore
body a1 the O-m and +10-m levels {vertical mine
coordinates). There are two adits from land surface, and
one principal shaft and adits at the 20-, 40-, and 706-m
levels below the O-madit, as shown on Figure 3
(Figure 25 in [6]). The total depth of the mamn muneshaft

is approximately 110 m below the -20-m level.
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Figure 3. Nopal I Mine Shaft Schematic
(Modified from [6], Figure 25, p. 205)

The Nopall ore deposit was estimated to be
approximately 84 0.5 million years old ([7], p. 117).
Examination of the weathening muveralogy of the ore
body indicates that the deposit was stable and under
reducing  conditions  until  approximately  three million
vears ago. At that ome it was exposed 1o oxidizing
groundwater, infilirstion  from  precipitation, and
weathering processes resulting in an alteration zone of
oxidized secondary minerals, including uranium silicates,
around the ore body [2].

The wp 30 m of the ore deposit lies in the Nopal
Formation, a fractured rhyolitic wi, and the lower 70 m
lies in the Coloradas Formation, n weakly welded,
fractured, ignimbritic Wff  The ore deposit is underlain
by 60m of Pogos Formmbon, o silicified, detrital
conglomerate, composed principally of altered limestone
clasts, which lies on Cretaceous limestone. A near
vertical fault, with greater than 10 m of offser, mtersects
the hill contaming the ore body and lies 1o the east of the
deposit, hut does not appear 1o cut the ore body. Minor
faults and fractres are observed in the vertical walls of
the open faces of the mine above the 0- and 10-m levels,

The ore body has a roughly cylindncal, brecein-pipe-
like form, approximately 18 m by 30 m m the honzontal
phlane and 100 m i the vertical dimension.  The deposii is
presently estimated o contain 333 mT of waniwm [5).
Uramum comprises approximately 0.23 percent ol the
deposit by volume [5). Pearcy e ol (4] and Murphy and
Codell 2] estimated that the ore body contaimed 408 mT

of uranium ps uranium oxide before it was oxidized.

The Nopal | ore deposit lies in the unsaturated zone.
The water table is approximately 122 m below the ore
deposit  ([9], Section 104)). Green and Rice [10]
conducted an anificinl recharge study at the Nopal | mine,
and the Feld observations were used to estimate the
hydraulic properties of the intact and oxidized portions of
the ore body. Their mvestigations indicate that the total
porasity of the ore deposit ranges from 0.05 10 0.08 for
unaltered rock, 0030 for aliered rock. The satarated
hydraulic conductivity ranges from 6 107 en/s for the
wmaltered rock, 1o | x 107 civs for the altered rock.

LB Conceptual Maodel

The PBNAM considers the possibility of the
generation, liberation, and transport of " Te and uranium
species from the Nopal | deposit, a5 well as protactinmm,
radium, and thorium.  The PBNAM considers o steady-
state condition in which the magnitude of the source term
with respect to time depends on the degradation rate. The
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unsaturated and saturated zones are divided 1into mixing
cells o simulate adionuclide transport.

The conceptual model for radionuclide transport from
the Nopal 1 ore body assumes that “Tc has been
generated primarily by the spontaneous fission of U
[11]. The b mventory for the simulations was
developed based on the potenual production of "T¢ from
the spontaneous fission of ““U. The estimation is based
on the algorithm presented in [11] and the abundance of
uranivwm species at the Nopal 1 deposit.

The ™Te produced from *"U is conservatively [12]
presumed to be in the soluble and mobile lorm of
pertechnetate ion (TeOy ) [13]). As such it is subject to
leaching from the Nopall ore body and svailable for
transport by groundwater, The work of [ 14] indicates that
uranium-mineral alteration of the Nopal | ore deposit has
only resulted in local-scale migration of wraniferous
species with precipitation of secondary uranium minerals
and sorption of released urinyl species after tens of
meters of lateral travel. Given the age of the Nopal [
deposit, the PBNAM analysis uses ' ¢ a5 a surrogate
radionuclide to estimate transport of conseérvative, non-
sorbing specigs in the natmral environment.

The PBNAM of the Nopal [ ore deposit treats the
original and present urmnmite n the ore body a5 having
been subject to oxidation and dissolution following the
change from reducing to  oxidizing  conditions
approximately theee million years ago, Dissolution was
followed by the release of uranium species in a manner
similar to the degradation of the spent-fuel waste forms in
the waste packages expecied to be emplaced in the Yucea
Mountain repository.  However, the PENAM has no
waste package to delay water-uraninite internction or to
hinder direct release and transport of radionuclides. In the
PBNAM, the dissolved species are subject to advective
and diffusive transport from the ore body.

. MODEL CONFIGURATEON

The PENAM was configured based on the physical
description of the Nopal I mine site found in [4] and [15].
The physical description of the site was supplemented
with feld observations and additional nformation
provided during site visits. Field observations obtained
during drilling and sampling operations at observation
wells PB-1, PB-2, and PB-3 (Figure 4), conducted i 2004
and 2005, were also used.
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The PBNAM is analogous to the overall structure of
the Yucea Mountain total-system performance assessment
model.  The analogous performance measure for the
PBNAM is the agreement of mdionuclide concentrations
predicted in groundwater in the saturated zone beneath
and  downgradient from the Nopal | ore body  with
ohserved concentrations in groundwater samples obtained
from wells at and near the Nopal | mine,

ILA Initinl/Boundary Conditions

A one-dimensional flow tube type model was used
for the PBNAM. The upstream model boundary is
defined by precipitation infiltration. The climate of the
Penia Blanca region 15 and, with an estimated 250 mm/yr
of precipitation [4]. Perched water in shot holes drilled
into the +10-m level indicates that precipitation
infiltration occurs in the area of the Nopal | mine [16].
Becanse of the chimatic similarity of Siera Pefa Blanca
wnd the Yucca Mountain site, and becanse there are no
demiled infiltration studies at the Nopal [ mine site, the
precipitation and infiltration observations made at Yucca
Mowntain are used to consirain the PBNAM [17]. The
PBNAM assumed a constunt average infiltration rate of
O mm'yr.  Transient climate  Juctustions were 1ol
considered and would not likely influence the long term
model performance. The downstream model boundary
was laken (o be an infinite volumetric sink,

Initial water saturation was set o zero and one in the UZ
and SZ respectively, These initial saturation values do
not affect the steady-state model performance examined
here, Initial radionuclide concentrations are defined for
the oré body.




ILE Source Term Dissohdion and Radionuelide
Inventory

The source term for the FENAM was an ovoid cylinder of
uranium oxide based on the dimensions estimated from
the mipe workings (Figore 3). The soumrce was defined
using a single sowce term group in the PENAM
consisting of bwo waste packages. This methodology was
wsed to allow the definition of a dissolution rate for che
vranivm oxide ore from time zero, which is defined a3 the
time when the ore body was exposed oxidizing conditions
approximately three millico years ago.

Uranivm-cxide degradation was modeled using the sane
rate equation used in the Yucca Mountain performance-
aszezsment model.  The dependent variables of the
dissolution rate of the ore body wers assumed to be pH,
total cerhonate concentration, temperatusz, and oxygen
fugacity. The comrnercial spent fuel (CSNF) dizgolution
rate model developad in [18] is

Log (DR} = a + 8, T + 85 x pCO;

+ayxpO;+ayxpH ({1}

whers
- DR iz the dissolution rae
- Boy By, 87, 83, and 4, are wncensin regrassion
pararmsters i the PENAM
-T is lemperaturs
= pli} iz the negative log of towal carbonate
mwlar concentration {uncertain parameter)

- pQ; 13 the negative log of oxygen fugacity

- pH i3 the oegative log of hydrogen ion

concentration (uncertain parameter).
The sequence of uraninite alteration at Nopal [ is modeled
as gimilar to that of CEMF and UQy in the labotalory teata,
The comoéion products observed in laboratory CSNF and
U, tesis confortm to the minetal phases seen at Napal ]
[13].

The inventory of uranivm species and some daughter
producis, togethe=r with radiochemical analyses of Nopal 1
ore pilez and vegetation residoes [E9], wers used to
estimate the approximate invenory of radiomclides. used
for the PENAM simwulalions.

The estimated radionuclide inventory was used as the
initial inventory for the PENAM. Because of iis half-life,
*Tc was further defined with an accumulation function
[11] based on a steady-siate inventory of mU, which has
a half-life of 4.5 x 10° years. "Tc is assumed to grow
Usiog the assumed

ibroughout the model domazin.

inventory, the dissolved mass from the ore deposit was
mixed into a single mixing cell, with the volome set equal
to the physical velume of the ovoid cylinder representing
the vramiom deposit, taking into account the porosity [10].
The todai flow out of the mixing cell was set equal to the
infilmation flux times the cross-sectional arca of the
deposit. The PBNAM incorporates solubility values for
My, By, By, ®'pa, P'Th, ™Ra, and *Tc that fall
within the ranpe of values used in the Yucca Mountain
performance-assessment model.

ILC Umsaturated Zone

The vertical LJZ section of rack below the ore body is
approxittely 120 m thick ([6), Table 12, Section ¥,
p. 213; and [%], Section 10.4) and is composed both of the
lower pant of the volcanic wit and volcanic conglomerate
of the Pozos Formalion and of the upper part of the
Cretaceous limestone  that undeclies this region of
northemn Mezico. Because there were not sufficient field
observations from the WMopall site to create a
sophisticated  site-specific mndel, tansport of *Te
through the UZ beneath the Mopsl I deposit was modeled
using mixing cells in the GoldSim sofrware. In the
Pefis Blanga Matural Analogue Model, infiltrating waler
contacted the ore body and the volume of percolating
water corresponded to that derived from the present-dey
climare. The 120.m thick UZ was discrelized into five
mixing cells. The mass release from the ore deposit in the
source-mixing cell was fed into the first UZ mixing cel at
a mae equal to the infilration mbe tmes  the
cross-sectional area. The cross-sectional area of the ore
body (18 m by 30 m) was used, with the height of the
depasit {100 m) [4] and a porosity of 15 percent [10] used
to estimate the volume of fluid percolating through the
deposit.

TLID Suiwrated Zone

The PBNAM accurnulates the water flogwing through
the unsaturated zooe and passes it to the saturated zones at
the water table. The modeled fluid contains radionuclides
leached from the MNopal T ore body based on the estimaned
radionuclide inventory for the Mopall ore body. The
eatimated leachate from the Nopall deposit primarily
contains wraniwn isotopes and T Te, The theoretically
contaminated groundwater flows eastward in the sahrated
2one through the Cretaceous limestone according to the
hydraubic gradient ([20], Figure 4.8). Samrated zone flow
in the PENAM wses 5 1-D flow and wransport madel with
cross-sectional area assumed to be identical 1o the ore
body. The saturated zone way discretized in ten mixing
cells amanged in series consistent with a 1-D model. The
rate of mass fAux in the salurated zone was set equal o the
mass fluy leaving the ore body. The PBNAM captures




the concentrations provided by the saturated zone mixing
cell ‘at any specified distance of inferest, such as a
monitoring well.  Observation wells PB-2 and PB-3 are
50 m from PB-1, the spproximate center of the Nopal |
ore  deposit The PBNAM did not consider
dose-to-receptor  values  becanse the goal of the
investigation was (0 cstimate  concenirations  in
groundwater of “Te and some uranium species at selected
distances from the Nopal | mine.

11 Results

Figure 5 shows the results of the base-case PBNAM
simulation. The concentration of each of the radionuchde
species simufated 15 shown for the model cell directly
bencath the ore body. The results were calibrated using
concentrations of wraniom reporied for water samples
collected from boreholes PB-1, PB-2, and PB-3 installed
ol the Nopal T ore deposit in 2003, Figure 5 shows the
results of the base-case simulations using the best
estimates of site pammeters and capture of the
radionuclide concentrutions at the unsaturated-saturated
#one mierface bengath the ore deposit.  The results show
that the radionuclide concentrations are dommated by
U, with lesser contnbutions from other uranium
species.  The concentration of Hipy peaks and falls off
becouse of the limited protctimivm mventory. With s
half-lifie of 325 = 10" years, the PEBNAM does not include
a generation fimction for “''Pa. The results also show that
the 2.13 % 10’ year half-life of “Tc means that “Te
rapidly decays, producing only very low concentrations
for the mayority of the simulation me,
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Figure 5, Caleulated Radionuclide Concentrations at the
Top of the Saturated Zone beneath the Nopal T Ore

Deposit

After the initial mcrease n concentration, the
concentration of “T¢ is maintained by taking mito account
"Te production from spontaneous fission of “™U [11].
Because of the 4.5 billion vear half-life of ™*U, the
resuliing "I concentrations did not noticeably increase
or decrease for the remainder of the simulation period but
remmined at a relatively low concentration throughout the
entire one million-year simulation penod.

The results were mveshgsted wusing sensitivity
analysis for the distribution coefficient (Ky). Figure 6
shows the sensitivity of the results to the K, of material in
the unsaturated zome. In this simuolation, a relatively large
Ky value was used for uranmum (1 m’a’kg'.i. but the Ky for
"Tc was sot at zero, The results indicaie that the ="l
concentrahons were reduced, whereas the
" e concentrutions remained ot o constant  low
concentration.
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Figure 6. Calculated Radionuchide Concentrutions
beneath the Nopal [ Ore Deposit Using High K, for ™"

Figure 7 shows the observed concentrations of
uranium reported for water samples  collected from
observation wells PB-1, PB-2, and PB-3 (Figure 4), and
from the mining camp supply well, PB-4 (Figure 4), as
reported in Section 104 of [9]. The lhagh initial
concentrations of urapium in PB-1, PB-2, and PB-3 are
likely due to drilling contamination. The gradual decay of
concentrations seen in these borcholes reflects post-
drilling dilution by groundwater flow through the
boreholes. Therefore, the late-time sample analyses on
Figure 7 are mote representative  of  natural
concentrations.  These lute-time sample analyses were
used 1o cabibrate the results obtained with the PENAM.
As seen on Figure 7. wranium concentrations at the
mining-camp well are negligible,
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Figure 7. Uranium Concentrations in Ciroundwater in
Water Samples from Nopal 1 Observation Wells. PB-1,
PB-2, and PB-3 Drilled in Fiscal Year 2003 ([9],
Figure 10.4-15)

Figure 8 shows the results of the base-case simulation
for U for 100 realizations of the uncertain dissolution
paramaters, but not including sorption.  The observed
concentrations of the late time sample analyses Fom
observation wells PB-1, FB-2, and PFB-3 (Figure 4) are
also shown on Figure 8. The observed concentrations
beneath the ore deposit are bracketed by the range of
results obtained i the simulations and within the
uncertainty of the source dissolution parameters
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Figure 8. Results of the Base-Case Simulation for ™
for 100 Realizations of the Uncertain Dissolution
Parameters with Observed Concentrations in Late Time
Groundwater Samples from the PB-1, PB-2, and PB-3
Boreholes

IV. CONCLUSIONS

The MNopall uranium-ore deposit at the Sierra
Pefia Blanca was modeled as & patural analogue of the
Yucea Mountain repository 1o estimate the mugration of
uranium gpecies and analyzable quantities of dissolved
“Te using the PBNAM.

The snalysis indicates that picogram quantities of
e generated by spontuneous fission of *"l may be
detectable at 50m and 1,300 m from the Nopal | ore
deposit. In addition, uranium appears to be transported in
limited quantities.  Howewver, released oranium  is
apparently exchanging with uranium minerals  that
precipitate n fractures around the ore deposit.  Diespite
this precipitation, there is sufficient wranium available to
be transported through the Cretaceons limestone below
the Sicrma Pefia Blanca.

The results at the distances of the Nopal | boreholes
show sorption of uranium because of the values of the
uranium distribution coefficient used in the PBNAM.
The resulis indicate that uraninm sorption may Increase
the estimated concentration of **Tc relative 1o the uranium
concentration. However, the results indicate that the ™ Te
concentration would still be very low, but analyzable ut o
concentration of 2.8 x 10 mg/L. The low concentrations
of uranium al the Nopal | borcholes may be due either to
uraninm retardation in the vicinity of the ore deposit or to
the location of the boreholes relative to the regional flow
direction,

Radionuclide transport by groundwater is the most
likely aff-site transport pathway that could possibly affect
the performance of the Yweca Mountain repository.
Despite some uncertainty in the estimated dircction and
gradient of groundwater flow, the Pefa Blanca natural
analogue site offers o unigue opportunity to examine the
groundwater flow and transport of wmnium and some of
its daughter products in & climatic and geologic setting
very similer to that of Yuocca Mountain. Both sites are set
in voleanic tuff in an oxidizing unsaturated rone, and they
are in similar semiarid environments. The Nopal | mine
was originally comprised of uraninite, which is essentially
the same notenal as the spent nuclear fuel destined for
the Yucca Mountain repository, and the ore deposit was
pnalyzed wsng a modified version of the metal-fuel
dissolution model used in the analysis of the performance
of the repository. The PENAM evaluated the transport
of “Te, an expected conservative ion that will be released
from the waste packages in the Yucca Mountuin
repository, The calculated walves of wooium
concentration in the groundwater bemeath the Nopal 1 ore
body are generally in  agreemenmt  with obscrved
concentrations (Figure 7). Thus, the PBNAM simulation




demonstrates the ability of the Yucea Mountain
performence-assessment model  to forecast  the
mobilization and transport of radionuclide: from a
peologic source analogpoue to the vuclear material
emplaced at the Yucca Movniain reposicory.
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