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Abstract

A numerical multicomponent reactive transport model described fully in
Steefel and Lichtner (1998) is used to simulate the infiltration of hyperalkaline
groundwater along discrete fractures at Maqarin, Jordan, a site considered as a
natural analogue to cement-bearing nuclear waste repositories. In the Eastern
Springs area at Maqarin, two prominent sets of sub-parallel fractures trending
NW-SE are approximately perpendicular to the local water table contours, with
the slope of the water table indicating northwestward flow. Extensive miner-
alogic investigations (Milodowski et al.,/1998; Alexander et al., 1998) indicate
that the width of intense rock alteration zone bordering the fractures changes
from about 4 mm at one locality (the M1 sampling site) to approximately 1
mm 100 meters to the northwest in the flow direction (the M2 site}, suggesting 14\
a lessening of alteration intensity in that direction. Using this information, the \(\u\g.w ey
dimensionless parameter (Steefel and Lichtner, 1998) dv/¢D’ (¢ = porW
= effective diffusion coefficient in rock matrix, 4 = fracture aperture* and v
= fluid velocity in the fracture) and measurements of the local hydraulic head
gradient and effective diffusion coefficient in the rock matrix, a mean fracture
aperture of 0.194 mm and fracture flow velocity of 266 m/day are calculated as-
suming the cubic law applies. This information, in combination with measured
groundwater compositions at the Maqarin site, is used as input for numerical
simulations of the hyperalkaline groundwater infiltration along fractures. The
width of the alteration zones in the rock matrix bordering fractures is also used
to constrain mineral dissolution rates in the field.

The simulations predict that ettringite [CagAl2(SO4)3(OH)12 - 26H2 0] with
lesser amounts of hillebrandite and tobermorite (hydrated calcium silicates or
CSH phases) will be the dominant alteration products forming at the expense
of the primary silicates in the rock matrix and fracture, in agreement with
observations at the Maqarin site. The simulations also come close to matching
the pH of water samples collected along fractures at the M1 and M2 sites, with a
fracture aperture of 0.22 mm giving the closest match with the data (within 13%
of the value indicated by the rock matrix alteration widths). The simulations
suggest two possible scenarios for the time evolution of the fracture-rock matrix
system. Where rate constants for secondary mineral precipitation reactions
are the same in both the rock matrix and fracture, the rock matrix tends to
become completely cemented before the fracture. This results in a downstream
migration of the hyperalkaline plume. In contrast, if rates are as little as one
order of magnitude higher in the fracture than in the rock matrix, it is possible
to seal the fracture first, thus causing the mineral zones to collapse upstream
as a result of the reduction in fracture permeability. Sealing of fractures is
observed at Maqarin and the simulations predict a mineral paragenesis in the
fracture resulting from this scenario which is broadly compatible with field

observations.
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INTRODUCTION

The intention of many nations to dispose of radioactive wastes in low-permeability
formations has led to an increased interest in the behavior of contaminants in frac-
tures. In many of these cases, the permeability represented by the fractures is orders
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of magnitude larger than the permeability of the rock matrix, whereas the bulk rock ~

fracture porosity is much smaller than the matrix porosity. A growing body of work
is devoted to understanding the physi¢s of flow and transport in discrete fracture
__systems(Neretnieks, 1980;, Tang et alél%l Neretnigks et al./1982; Moreno e,t/ al.,
1985; Skaglus aTNe’fmeks y986 oreno et al./1988; Tsang and Tsang,/1989
Morene et al;, 1990; Cacas et al/, 1991; Cvetkovic,,1991; Dykhuizen 1992; Thoma
et al.; 1992; Moreno and Neretnieksy 1993 Maloszewskl and ,Zuber,/1993; Therrien
and Sudlcky\/ 1996; Nordqvist et al./1996; Vandergraaf et al./1997; Park et al.,"1997;
Odling and Rodeny 1997). A much’smaller amount of research, however, has focused
on the coupling of multicomponent chemical reactions and transport in such systems
(Novak and Sevougian, 1992; Steefel and L1chtner/1994 Novak /1’996 Steefel and

Lichtner, 1998). et anted i rdaenee s

While flow velocities in fractures are often relati
matrix can significantly reduce the effectiv

kind of chemical reaction, the diffusive Toss o
fractures may be significant, justifying the need to consider a model incorporating
fracture-matrix interaction for transport in fractured media. Matrix diffusion will
be even more important in the case where chemical reactions affect the mobility
of contaminants, since_the rock matrix provides additional sorption and buffermg
T capacity W Tang et al. 4 1981; Steefel and Lichtner Y 1994; Nova}(

1996). et e e

An important issue that arises in assessing the likely performance of nuclear waste

reposxtones is whether the physical and chemical properties of the fractured host 10c9§ 2(

will remain constant for the life of the repository (McKinley and Alexander /19
Steefel and Llchtne(/§994 Smellie et al/ 1997). Because nuclear waste rep031tor1es
need to function over long periods of times (hundreds to tens of thousands of years),
reaction-induced modifications of the physical and chemical properties of the near-
field host rock may be important. In certain cases, significant modifications to the
hydrologic and chemical character of the near-field rocks may occur on the time scale
of hundreds of years,or less. Using one-dimensional reaction-diffusion calculations,
Steefel and Lichtner/(1994), for example, suggested that the porosity of a rock matrix
with a marl composition such as would be found in the near-field surrounding the
proposed Swiss low—level waste repository could be substantially modified within as
little as tens of years. The greatest uncertainty in this estimate appears to be the
magnitude of the reacting surface area of minerals used in the calculations. Steefel
and LichtnerJ( 1994) pointed to several possible effects, including a porosity increase or
decrease in the rock matrix and fracture. A porosity decrease in the rock matrix could
affect effective solute velocities in the fracture by 1) decreasing the effective diffusion
coefficients for solutes in the matrix, thus reducing the “diffusive loss” to the matrix,
and 2) by reducing the amount of reactive surface area on minerals available for both
sorption and dissolution (and possibly precipitation) reactions.

A related issue in the design of a nuclear waste repository is how the materials
used in its construction may affect performance. Much of the attention in this regard

y high, diffusion into the rock /
cities in the fracture and retard '

solutes into the rock matrix bordering \_
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has focused on the use of large amounts of cement in repositories, since groundwaters
reacting with the cement may attain very high pH values (B}iardon 1992) In terms
of the performance assessment of the repository, the primary concern is that the
groundwaters which have reacted with cement will be very far from equilibrium with
respect to the near-field repository host rocks, thus causing a number of reactions to
take place which could alter the propertles of the near-field rocks over relatively short

periods of time. -

( (gg d\ & .\««A ‘c be (\futj\'\?d her

The possible change # the K drologic.ang/ chemlcal properties of the/ ep031tory
near-field is certainly onef the prime’reasong’ why it is mrt‘re;predlct réposntory
performance over the long periods of time that they are expected to function. While
realistic field-scale experiments are an essential part of the performance assessment
analysis, the length of time that they can be carried out is limited. Workers hay,
turned, therefore, to natural analogue sites (e.g., McKinley and Alexander, 1
where one or more of the processes or conditions expected at the repository site has
been operating for substantial lengths of time. One such site which is being actively in-
vestigated is located at Maqarin, Jordan where the dissolution of naturally-occurring
portlandite (the principal component of cement) has led to high pH groundwater infil-
trating the local rock along fractures (Alexander et al / 1998) Extensive mineralogic,
hydrogeochemical, and isotopic investigations of the site have documented a complex
suite of alteration products resulting from the hyperalkaline groundwater infiltration.
Despite the widespread occurrence of alteration effects and even completely sealed
fractures, high pH groundwater can still be sampled at the site (Waber et al 1998),
indicating the system is still active.

In this paper, we use the numerical multlcomponent reactive transport model and
the results on reaction front geometries described in Steefel and Lichtner (19,9@ to
interpret the mineralogic alteration effects and the hydrogeochemistry of the Eastern
Springs area at Maqarin, Jordan. Of particular interest is whether the mineralogic
alteration observed in and along fractures at Maqarin is compatible with the observed
hydrogeochemistry of springs at the site. In addition, we are interested in obtaining
a first order estimate of the rate of fracture permeability and rock matrix porosity
modification, assuming that we can match most or all of the significant observations
at the site. Finally, we wish to see whether a fully coupled dynamic model of the
kind used here can offer any insight into the complex sequence of mineralogic events
(i.e., the mineral paragenesis) at Magarin.

PHYSICAL SYSTEM

Consider a thin nondeformable fracture developed within a saturated porous rock
matrix with a significantly lower permeability compared to the fracture such that
flow within the rock matrix is negligible (Figure f) Solute transport within the rock
matrix, therefore, is via molecular diffusion only. Steady-state flow in the fracture is
assumed. The fracture is assumed to have a constant aperture and smooth parallel
walls initially. In addition, we assume in all cases that the width of the fracture is
much smaller than its length and that transverse diffusion and dispersion within the

3
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fracture cause complete mixing across the fracture width. The rock matrix is assumed

to have initially homogeneous physical and chemical properties. Finally, a constant
conce tration boundary condition is assumed to exist at the inlet to the fractures

hyperalkaline.composition jacquire Py rgactlon with portlandite occurrences
in the metamorphosed rock at Maqarin %ssummg that the rock consists of a set of
equally spaced, parallel fractures, symmetry requires a zero flux condition midway
between fractures.

GOVERNING EQUATIONS

Formulation for Discrete Fractures

The mathematical formulation for multicomponent reaction in discrete fractures
is described in detail in Steefel and Lichtner (1998). Briefly, the differential equations
describing the conservation of solute mass in a single fracture can be written as

ac! oc! ¢! M- D' aCcy
J — J ——_‘"{'Zujsra ¢ (j:]'?""Nc)’ (1)

ot 9z 022 “ 5 3:1: i
and for the rock matrix as
8 m o ,BC"‘ ,E)C’"‘ Al
—t [¢C] ] —- (9—.'L‘ [¢D IL‘ } [¢D ] Zuysrn (2)

z -—coordinate along the fracture, L
r —coordinate perpendicular to fracture, L
t -time, T,
v -—groundwater velocity in the fracture, L/T
ij ~total dissolved concentration of jth component in fracture, M/L3
C™ -total dissolved concentration of jth component in rock matrix, M/L3
¢ -rock matrix porosity, dimensionless
N, -number of reacting minerals in the system
N, -number of independent chemical components in the system
vjs -stoichiometric reaction coefficient
r, -reaction rate of mineral m, M/L3T
T —tortuosity, dimensionless
D' —effective diffusion coefficient in the rock matrix (D' = 7D,,), M?/T
D,, -diffusion coefficient in water, M?/T
D disperson coefficient, M?/T
26 —fracture aperture, L.

For a fuller discussion of the governing equations and associated parameters, see
Steefel and Lichtner (1998).

e
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Fracture permeability and flow

We assume that fracture permeability is described by the “cubic law” which
states that rate of fluid flow across a section of the fracture is proportional to the
applied pressure gradient and the cube of fracture aperture (e.g., Snow, JIQGS; Phillip@{
1991). The permeability for a set of parallel fractures with smooth walls is given by =

(Snow,/1968) i?
/ _ ¢fb2 _ le3
(& " T ®)
where n is the number of fractures per unit distance across the rock (L™!), b is the

fracture aperture (b = 2§), and the fracture porosity, ¢, is related to the fracture
density and aperture by the expression

b7 = nb. (4)

For practical purposes, the cubic law is assumed to hold over the length of a numerical
grid cell along the fracture, allowing for the possibility that the fracture apertures

evolve with time.
\u\

The Darcian flux in a unit volume of porous medlum\ given by S
pgk Oh
= ———_— 5
u . 9z’ (5)

where p is the fluid viscosity, p is the fluid density, g is the gravitational constant,
and dh/9z is the gradient in hydraullc head in the fracture plane (de Marsﬂy, /1986)
Since the mean flow velocity v is related to the Darcian flux by

=~ (6)

oo
T ¢ nb’

the mean flow velocity can be written as

b* 6h

124 8z

Kinetic Formulation for Mineral Dissolution and Precipitation “ St
. . t\‘ x'

We use a kinetic rate law based on the assumption that attachment and detach- . ;Q‘t"
ment of ions from mineral surfaces is the rate-limiting step (i.e., a surface reaction- 7%
controlled rate law). The strong pH-dependence of the mineral dissolution reactions-

far from equilibrium is incorporated by including parallel reactions which are summed

to give the overall rate law for a particular mineral (Steefel and Lichtne;/ 1998). The

rate law takes the form

Nr,
Ty = —As {Z kla

=1

(®) ——==
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where k, is the far from equilibrium dissolution rate constant for the {th parallel

reaction, pj; is the order of the /th parallel reaction, N,, is the number of parallel
reactions corresponding to the sth mineral, Q, is the ion activity product, K, is the
equilibrium constant, and A, refers to the surface area of individual minerals in the
rock matrix or fracture. We have assumed here that the same dependence of the
rate on the mineral saturation state applies for all of the various parallel reactions,

although this need not be done. y fecrwoe end cppicae h Z’

In the simulations presented 'f‘le prec1p1tat10n of minerals with high molar vol-
umes locally causes the porosity to <5D. We use the folowing {0 dompute

mineral surface areas as a function of t—hedecrea:sﬁrg‘pomsny time

®o

,. , -
(A, | f,.. e \ A= 45 (Q) \) %\%s\wo o)

> ¢

U( véhere A° and ¢, refer to'the initial surface area and initial porosity, respectively.

//'

\/

Mineral Alteration Equations

The mineral alteration equations for both fractures and the rock matrix have the
form

99,
ot

where V, refers to the mineral molar volume and @, refers to the mineral volume
fractions. The porosity can be calculated directly from Equation 10 (assuming no
other processes result in a change in porosity) since

N,
p=1-) ¢, (11)

= _‘—/ar.n (10)

The rate of change of the fracture aperture half-width can be related to the rate
of change of the mineral volume fractions in the fracture by applying Equation 10 to
the fracture yielding. Writh W wz chian

96 ALNY; ¥ SR
5”_(5; i —JgV,r,, | (12)

where ¢/ refers to the mineral volume fractions in the fracture. In finite difference
form, this equation becomes

8(z, t + At) = §(z, t) (1 + Atz V,r,) ) - (13)

This equation is used to update the fracture aperture as a function of time and space
in the simulations.
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NUMERICAL SOLUTION METHOD

The governing partial differential equations are solved with a slightly modified
version of the code GIMRT (Steefel and Yabusaki,/f996) which uses a global implicit
or one-step method to couple transport and reaction (Steefel and Lasaga,/1994; Steefel
and MacQuarrie/ 1996). A fuller discussion of the advantages and disadvantages of
this approach for this kind of problem can be found in Steefel and Lichtner (1998).

GEOMETRY OF REACTION FRONTS IN EXPLICIT FRACTURE
& MODEL

Steefel and Lichtner (1998) gave an expression for equal contours of the concen-
tration'in an explicit fractiire model based on the analytical solution for transport
and reaction in a single fracture and adja€ent rock matrix. The analytical solution is
based on linear kinetics, stationary staté conditions, and pure advective transport in

the fracture along with pure diffusion ih the rock matrix. From the analytical solution
that equal contours of the concentration

are represented by wd‘emcds-f rded 4

i + -)‘ff- = constant, (14)

where A, and Ay are the equilibration length scales in the rock matrix and fracture,
respectively. Since the reaction is assumed to be linear, Equation 14 also corresponds
to constant contours of the reaction rate. For a quasi-stationary state system, the
lines of constant concentration and reaction rate also mark the position of mineral
fronts. This form of the analytical solution for the rock matrix, therefore, can be used
to obtain an expfession for the geometry of the mineral fronts in the explicit fracture

Dem————

model (Figure2). The slope of the quasi-stationary state mineral fronts is then equal be p

~ to the ratio of the matrix and fracture equilibration lengths

v’ vé

’
de _ A _ (kg L 9D
dz /\f

:7
where k; is the rate constant in the fracture. QT\?/WWN@/HIS expressio /

terms of the fracture equilibration length scale in the absence of matrix diffusion”to
yield

dzr Am @D’
T M7 . 1
dz (A‘} + vd ) (16)

Note that the second term in brackets is independent of the kinetic rate constants
and depends only on the fracture aperture, matrix porosity and diffusion coefficient,
and the fracture fluid velocity. Under surface reaction-controlled conditions, then,

’ 1 .
e

Qe

Lt
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the second term dominates, since in general one expects the equilibration length scale
in the fracture to be larger than in the rock matrix, yielding
dz D'
dz ~— vd’
This expression will be used to estimate fracture apertures based on the widths of
mineral alteration fronts along fractures at Maqarin, Jordan.

(17)

HYPERALKALINE GROUNDWATER AT MAQARIN, JORDAN

At Magqarin, Jordan, hyperalkaline groundwater results from interaction with
natural occurrences of portlandite [{Ca(OH).], the result of in situ combustion of
bituminous marls (Alexander et al/, 1998; Smellie et al.,/1998). Because of the inter-
est in the long-term effects of groundwater interaction with cement in nuclear waste
repositories, the Maqarin area has been intensively studied as a natural analogue site
for low-level and intermediate-level waste repositories. Magarin is located in northern
Jordan, close to the Syrian border (Figurlg(z/gO within a stratigraphic sequence consist-
ing of Cretaceous-Tertiary carbonate rocks overlain by Quaternary basalts and soils.
The units of principal interest, because they host the portlandite occurrences, are the
Cretaceous Muwaqqar Formation or Bituminous Marl Formation, and the overlying
Lower Tertiary Rijam and Wadi Shallala Formations, jointly referred to as the Chalky
Limestone Formation. The thickness of the Bituminous Marl formation is about 220
m in the study area, while the Chalky Limestone Formation ranges from 30Q-390 m

~—— thick. Combustion of bituminous marls within the sequence has caused ‘ydra—
.———=— tion and fedécarbonation reactions which locally produced mineralogy analégous to
that found in portland cement. This is referred to as the “metamorphic zone”, and is
restricted to the top of the Bituminous Marl and the bottom of the Chalky Limestone
Formation (Khoury et al.,/1998). Groundwater circulating through the metamorphic
zone attains chemical compositions very close to those found in cement porewaters,
i.e., waters with a very high pH (12.1 to 13.5) and high Ca*? contents (Smellie et
a}4 1998). In addition, much of the groundwater flow is through fractures, so the
site represents an excellent analogue of the kind of hydrologic and hydrogeochemical
conditions expected in the near-field region of a nuclear waste repository.

Hydrologic and Hydrogeochemical Setting

Regional groundwater flow in the Maqarin area is generally westwards towards
the Jordan River valley and northwest towards the Yarmouk River valley (Khoury et
al.,/1998). Several spring complexes occur jn the area, including an Eastern Springs
area and a Western Springs area (Figuré 3). On a more local scale, three main
groundwater bodies have been identified in the Eastern Springs area, all of which flow
northwards towards the Yarmouk River valley (Smellie et ?‘}2 1998): 1) groundwater
in a deep confined aquifer in the Amman Formation underlying the Bituminous Marl,
2) groundwater derived from infiltration of meteoric water through the Chalky Lime-

. stone unit which penetrates down into the metamorphosed Bituminous Marl, then

8
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migrating along the contact between metamorphosed, cement-bearing marls and un-
metamorphosed marls, and 3) groundwater infiltrating the Chalky Limestone directly
above the A-6 adit, the site of most of the mineralogic and hydrogeochemical inves-
tigations of the Eastern Springs area. The second type of groundwater mentioned
above gives rise to most of the hyperalkaline spring water observed at the Eastern
Springs area. Hyperalkaline groundwater is also observed at the Western Springs
area, although part of the flowpath at this locality lies within Quaternary colluvium.

Hyperalkaline groundwater at the Eastern Springs area infiltrates the Bitumi-
nous Marl primarily along fractures, the formation otherwise acting as an aquiclude.
Khoury et al. /1998) report that hydraulic conductivities based on pumping tests in
unfractured portions of the Bituminous Marl are less than 10~® m/s, while conduc-
tivities in fractured marl range as high as 10~7 m/s.

Groundwaters within the unmetamorphosed parts of the Bituminous Marl (Mu-
waqqar) and Chalky Limestone (Rijam and Wadi Shallala) Formations show near-
neutral pH values and range from relatively dilute Ca-Mg-(Na)-HCO;-(Cl)-type ground-
waters to more strongly mineralized Na-Ca-SO4-Cl-type groundwaters (Waber et als;
1998). Isotopic and hydrogeochemical studies of groundwater that has circulated
through the metamorphosed (cement-bearing) portion of the Muwaqqar Formation
suggest that the groundwater is dominantly meteoric and of lgeal origin, initially
relatively dilute and with near-neutral pH values (Waber et a.li 1998).

There is evidence that the Ca(OH),-rich hyperalkaline springs have been active
for some time, since extensive alteration products are observed in fractures and rock
matrix bordering fractures. Alteration in the Eastern Springs area is particularly well
exposed in the A-6 adit (or tunnel) and has been examined in detail at two points,
the M1 and M2 sampling sites {(Figure 4). The host rock at these sampling sites is
described by Milodowski et (1998) ‘as a clay biomicrite. The mineralogy will be
described in greater detail below since this information will be used in constraining
the modeling, but we summarize the alteration effects here. Wallrock bordering the
fractures is generally leached of calcite, kaolinite, and silica, with porosity immediately
adjacent to the fracture increased. Primary silicate and carbonate phases are replaced
by fine-grained ettringite [CagAl>(SO4)3{OH);2 - 26H,0] and CSH (hydrated calcium-
silicate) phases. Fracture mineralization at the M1 and M2 sites is dominated by an
infilling of ettringite with lesser amounts of CSH-phases which generally postdate the
ettringite. Many fractures are filled completely with secondary hyperalkaline reaction
products, while other fractures are apparently newly formed, showing little alteration.

M1 and M2 Sampling Sites in the A-6 Adit, Eastern Springs area

The focus of this study is on a set of fractures exposed in the A-6 adit within
the Eastern Springs area at Maqgarin (Figure 4). Extensive hydrogeochemical, iso-
topic, and mineralogic sampling has been camed t along the fractureg-at the M1
and M2 sites within the A-6 adit (Alexander et al,/ 1998; Smellie et al,/1998). High
pH examples include waters from the M1, M2, and M3 sites (Table’1; Waber et als;
1998). Both the M1 and M2 sites are located in the A-6 ad1t (Fi u,té 4), while the
M3 site is located in the railway cut to the east of the adit (Figlyg 3). In each case,

\
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pH has been computed on the basis of a titration of hydroxyl ion which is consid- -
ered more reliable than field pH determinations which tend to be consistently higher
(Waber pers. comm., Y998). The groundwaters also show significant concentrations
of SO;2 which are atfnbuted to oxidation of pyrite. The highest pH values occur
at the M3 site where the groundwater is at or very close to equilibrium with port-
landite. In addition, silica concentrations are very low (well below quartz solubility),
strongly suggesting solubility control by a CSH phase. Using the geochemical code
PHREEQC (Parkhurst,/ 1995), Waber et al/ (1998) have shown that the M3 geo-
chemistry can be obtained by reacting the local near-neutral Na-HCO3; groundwater
to equilibrium with portlandite, and by reacting lesser amounts of pyrite to yield
the elevated SO;? concentrations. Minor adjustment of Na and K concentrations are
also needed. Similar results were obtained with reaction path calculations using the .-
GIMRT package (Steefel and Yabusaki,/1996), which is also used below to carry out s
the full 2D reactive transport simulations. The M1 and M2.groundwater analy;;gs s
shaw somewhat lower pH values compared to the M3 sme@ﬂ_rcllt’_s_eglj‘/lguremli)x
ugh thisymay be the result of local near-neutral groundwaters simply undergo-

W .
ng less reaction with portlandite and pyrite than at the M3 siteg ied by they __
"%é‘a&ctlon path calculations carried out by Waber et al. (1998), we argue-below-thata

more plausible explanation is that the lower pH values at these sampling sites are the
result of interaction between the hyperalkaline groundwaters and the fractured clay
biomicrite (or marl) downstream of the portlandite occurrences.

A contour map of the phreatic surface in the vicinity of the A-6 adit is shown in
Figure JB The presence of two local groundwater highs suggests two recharge points,
one of which occurs directly above the A-6 agljsj\lote the location of the A-6 adit”

Within which the M1 ‘and M2 s__ghr;g sites occur.. Khoury et al_/(1998) report
t?}hﬁfm the area is about 458 mm /year, most of which apparently makes its
way to the water table. The hydraulic head gradient along the trace of the fracture
systems exposed in the A-6 adit (here simply the elevation of the water table since the
aquifer is unconfined) is about 0.1. Assuming a steady-state groundwater flow system
with a Darcian velocity of 0.458 m/year and a hydraulic head gradient of about 0.1,
one calculates a hydraulic conductivity of approximately 4.5 m/year (107%% m/s).

- While it is unlikely that all of the rainfall actually becomes recharge, the calculated
hydraulic conductivity is close to the range reported by Khoury et al. /(1998) based
on pumping tests (10~7 to 10~° m/s). The bulk hydraulic conductivity value is only
used in determining the number of fractures per meter necessary to transmit the bulk
groundwater flow. Actual velocities in the fracture are calculated using the hydraulic
head gradient and Equation 17. It should also be noted that the slope of the water
table indicates groundwater flow should be to the northwest, in agreement with the
regional pattern of groundwater flow towards the Yarmouk River. According to the

-

hydrologic data, then, the M27jte lies downgradient from the M1 site. b) o

_ Meeal ‘ e
mn C\‘Ehe M1 and M2 mtes:;@ -ﬁle most mtenswehms’:te di§ Joca
mineralogic point of view.: According to Alexander et aV the M1 site
represents “the most intense fracture mineralization and wallrock alteratlon observed
at Maqarin”. Most of the alteration of the rock matrix at the M1 site occurs within
0.5 to 4 mm of the fracture. Fine-grained matrix calcite, kaolinite, silica, traces of

10
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illite, albite, and organic matter are dissolved. The original mineralogy tends to
be completely replaced by fine-grained secondary phases. Porosity is significantly
enhanced within about 1 mm of the fracture. A narrow zone of fine-grained calcite is
precipitated at the interface between altered and unaltered marl at the M1 site and
at several other nearby sampling localities (Milodowski et al/./1998).

The fracture mineralization at the M1 site is highly complex, reflecting several
episodes of fracture filling and reopening. The earliest formed mineralization is arag-
onite, which is followed by precipitation of a thaumasite-ettringite solid solution and
gypsum. Fracture reactivation is followed by various CSH phases, including tober-
morite and jennite. Zeolites, which are locally found as the latest stage of mineral-
ization, are not found at the M1 site. Further work on other sample localities within
about 20 meters of the M1 site (the C353 site, see Figure/l),indicate a similar par-
agenesis, with ettringite dominating volumetrically (Figure,,é). The clay biomicrite
(marl) alongside the fracture is intensely altered and partly converted to ettringite
and thaumasite.

Mineralization both in the fracture and in the adjacent wallrock at the M2 site
(and nearby localities) is similar in style to the M1 site, differing primarily in the
intensity of the alteration. Intense alteration of the rock matrix extends to about 1
mm from the fracture wall, in contrast to nearly 4 mm at the M1 site. Like the M1
site, however, wallrock replacement is mostly by ettringite which also makes up the
bulk of the fracture filling along with lesser CSH phases.

In detail, the fracturing and alteration at all of the localities is extremely complex,
with clear evidence for repeated sealing and reopening of fractures. This is also borne
out by the observation that some fractures in close proximity to each other may show
different fracture infilling. Fracture apertures are highly variable at any one place as
well, with active fractures locally showing apertures up to 5 mm. Both sealed and
open fractures are observed at the M1 and M2 sites. Locally, the fractures occur as
abundant, closely spaced fine anastomosing networks, and at the M1 site, the zone
of discharge is actually an array of microfractures covering an area of 0.1 to 0.2 m?
(Khoury et al.,/1998). As is evident from Figure 4, the M1 and M2 sites do not lie
along the same fracture set, although the argument might be made that flow moving
down the two distinct fracture sets could experience similar histories.

MODELING THE A-6 ADIT FRACTURE SYSTEMS

As discussed above, fracture sets exposed in the A-6 adit (Eastern Springs area) at
Magarin are oriented approximately N4OW, sub-perpendicular to the local hydraulic
head contours. The slope of the water table towards the northwest indicates the
fracture flow should be from the M1 site towards the M2 site. Calculating a bulk
Darcy velocity through the fractured clay biomicrite based on the assumption of
steady-state water table elevations indicates a bulk hydraulic conductivity of about
4.5 m/year. The Maqarin region has a distinct rainy season and dry season. During
the heavy rainfalls of the rainy season there is an appreciable runoff and not all water
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infiltrates into the underground. Also evaporation might make up to 60% of rainfall.
Thus 458mm/year rainfall certainly represents an upper limit for annual infiltration.

If we assume that the cubic law holds and that the fracture permeability depends
on the cube of the fracture aperture and that flow is down a set of parallel fractures
whose mean aperture is known, we can calculate velocities in the fracture. The
transmissivity of the fractures should depend on the harmonic mean of the fracture
aperture (weighting the results towards the minimum aperture over the length of
the fracture system). The ideal way to proceed would be to carry out one or more
tracer tests to determine fracture velocities directly. To our knowledge, however,
this information is not available and therefore we rely on the change in the thickness
of the alteration envelope bordering fractures at the M1 site (about 4 mm) to the
width of about 1 mm observed at the M2 site 100 meters downgradient as a way of
constraining the fracture aperture and velocity. Even though the two sampling sites
do not lie along the same fracture set, we argue that groundwater flowing down the
fractures may experience similar histories. To carry out the analysis, therefore, we
project the M1 sampling site onto the fracture which crosses the adit at the M2 site
(Figure 4). We make use of the expression for the geometry of wallrock alteration
zones derived in Steefel and Lichtner (1998) and given above (Equation 17). Chambers
et al. (1998) give the effective diffusion coefficient (D' = 7D,,) at Maqarin as 3x10~!1
m?/s and the average porosity of the clay biomicrite or marl as 30%. Assuming surface
reaction-control, the geometry of the wallrock alteration zones (see Figure 2) implies
the following relation

Az v
= -1 . =
00/0 003 D’

Az (18)

where Az is the distance along the fracture between the projection of the M1 site
(Figure 4) and the M2 site and Az in the change in the width of the rock matrix
alteration envelope between these two sites. Using the values for the porosity and
the effective diffusion coefficient given above gives a value of vd of 3 x 10~7 m?/s.
Combining this information with the expression for the mean flow velocity in the
fracture given in Equation 7, we obtain the following expression

Az  8pg|oh
=D = 2|2 = 19
ov=2¢ Az 3u |0z’ (19)
or solving for the fracture aperture half-width,
3u¢D' Az |8k 13
— handadl il . 20
d [ pg Az |0z ] (20)

Using the approximate hydraulic head gradient of 0.1 obtained from Figure 5, this
yields a fracture aperture half-width of 0.097 mm and a fracture velocity of 267
m/day. If the fracture permeability consists of a set of equally spaced fractures with
this aperture, a bulk hydraulic conductivity of 4.5 m/year (corresponding to a bulk
permeability of 1.4x1071* m?) requires fractures spaced about 44 meters apart (see
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Equation 3). This is close to the distance between the M2 fracture set and the nearest
fracture set to the southwest (Figure 4).

This calculation, which is based on the assumption that the cubic law applies,
gives fracture velocities that appear high. There is considerable field evidence ques-
tioning the validity of the cubic law (Raven et al/ 1988). Raven et al. (1988), for
example, show that tracer tests camed out at the Chalk River Nuclear Laboratories
yield velocities in the fractures which are 4 to 10 times slower than those calculated
based on pump tests assuming the cubic law applies. One could argue, therefore,
that velocities in the fractures exposed in the A-6 adit may be as low as 26 m/day,
although one or more tracer tests would be required to verify this. In order for the
expression for alteration front geometry to apply, this would require an effective aper-
ture 10 times larger. Clearly, the cubic law could not be applied in this case, since
it would predict either extremely high bulk hydraulic conductivities or very widely
spaced fractures, neither of which are observed in the Eastern Springs area. One
might rationalize the use of a lower fracture velocity and larger aperture by pointing
out that the aperture as it appears in the cubic law should be a harmonic mean aper-
ture, weighted towards the smaller values which control the overall flow rate through
the fracture. In contrast, the aperture which appears in the equation for alteration
front geometry (Equation 17) determines the volume of fluid whose concentration
must be adjusted by diffusion through the fracture wall. This might be Better ap-
proximated by an arithmetic mean. As pointed out by Raven et al. (198§), zones of
relatively immobile water in wider portions of a non-smooth fracture store solute mass
and must be considered in the overall solute mass balance, even though they don’t
contribute significantly to the fluid flux through the fracture. This effect, however, is
not explicitly considered in the present model.

The change in the thickness of the rock matrix alteration zone as a function of
distance along the fracture is only one of the parameters that can be used to constrain
the fracture velocity and aperture. We can also check whether the numerical simula-
tions can match the solution chemistry (especially the pH) of the springs exposed in
the adit. The consistency (or lack thereof) between the pH of the active springs and
the rock matrix alteration thicknesses gives us an additional control on the validity
of the model.

\Uk’ é Thermodynamic and kinetic data base

Geochemical reactions included in the simulations of Maqarin are given in Ta-
bles 5 and 6. Most of the equilibrium constants are taken from the EQ3/EQ6 database
(V8.R5 release). A number of the equilibrium constants for reactions involving high
pH phases, including the minerals ettringite, tobermorite, Si-hydrogarnet, tricarboa-
luminate, and hydrotalcite, are taken from the database compilation of Glasser (Rgx/s
commun., 1996). One dimensional reaction-diffusion calculations were carried out
at an early stage with a larger list of possible solid phases. The present list includes
those secondary minerals which formed somewhere within the domain at some time in
the simulations. Many of the equilibrium constants for the high pH secopdary phases
are associated with significant uncertainty. For example, Reardon (1992) reports the
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log of the equilibrium constant for the ettringite dissolution reaction as 57.81 while
Glasser (pers. commun.i/1996) reports a value of 55.22.

The values of the equilibrium constants for hillebrandite and portlandite were
changed from previously reported values on the basis of the Maqarin water chemistry.
The extremely low silica concentrations at both the M1 and M3 sites (well below
quartz solubility, see Table/1) strongly suggest that they are controlled by a CSH-
phase. However, none of the reported equilibrium constants for CSH-phases were low
enough to give the observed silica concentration. The closest was hillebrandite, so the
log of the equilibrium constant for hillebrandite was revised to 35.3 {(compared to a
previously reported low value of 36.3). The equilibrium constant for portlandite was
also slightly revised upward to make it in equilibrium with the groundwater reported
at the M3 site (from 22.55 to 22.66).

Intrinsic rate constants, including their pH dependence, are given in Table 7 and
are mostly taken from the excelleny summary of silicate mineral weathering rates
edited by White and Brantley (1995). References to the original source of data are
given in the table.

Initial and Boundary Conditions for A-6 Adit Simulations

N Initial and boundary conditions must also be specified in order to carry out a
,\ \\gfj\.}\ full multicomponent reactive transport calculation. As a boundary condition, we use
SR . a slightly modified version of the M3 site groundwater (Table 2; see Table 1 for orig-
B&:‘ e Y inal analysis) collected at the railway seepage shown in Figure 3. This particular
RN groundwater sample comes from a site some distance from the A-6 adit, so its use as
N a boundary condition in the A-6 adit fractures is hypothetical. As discussed above
& and in Waber et al/ (1998), this groundwater composition can be obtained by react-

ing the local near-neutral pH Na-HCOQO; groundwater to equilibrium with portlandite
and then by oxidizing sufficient pyrite to raise the SO;? concentration. The prin-
cipal modifications we have made to the measured M3 compositions involve species
like aluminum and inorganic carbon which are most subject to analytical error. We
calculate aluminum by assuming the groundwater is in equilibrium with muscovite
while total carbonate is calculated based on equilibrium with calcite. Solution pH is
calculated from the acid titration data. Use of the field-determined pH results in sig-
nificant supersaturation with respect to portlandite, while the pH based on hydroxyl
ion titration results in a near-equilibrium solution. As an initial condition, we use
one of the near-neutral pH, Na-HCOj; groundwaters (sampling site M6, not shown)
which is similar to the composition used to obtain an approximation of the M3 water
after reacting with portlandite and pyrite (Table 4). The results are not particu-
larly sensitive, however, to the details of the near-neutral pH groundwater, since this
water tends to be flushed out of the system by the infiltration of the hyperalkaline
groundwater.

Mineral volume fractions in the clay biomicrite rock matrix are variable in detail,
as shown by the careful study of Milodowski et Al. (1998). We ugeé the average values
for porosity and mineral abundances given by Chambers et a\%fQQS) (Table 3).
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One-Dimensional Diffusion-Reaction Calculations

. One-dimensional diffusion-reaction calculations are used to estimate primary
mineral reactive surface areas based on alteration zone widths observed in the field.
As is evident from the analytical solution for pure diffusive tyansport and kinetically-
controlled mineral dissolution and precipitation (Lichtner, 1988; Steefel and Lichtner,
1998), the equilibration length scale, A, in the rock matrix depends on the rate of
diffusive transport relative to the effective rate constant (including both the intrinsic
rate constant and the mineral reactive surface area)

_[?D
Am = (21)

In the transient stage before the primary minerals in the rock have dissolved com-
pletely at any point within the domain, the equilibration length scale determines the
width of the alteration zone, with smaller effective rate constants, k,,, resulting in
correspondingly larger alteration zones.

The intrinsic rate constants (in units of mol per m? mineral per second) used
in the calculation are given in Table/7. Values for mineral reactive surface areas are
also needed. Many studies of geochemical reaction rates in the field have assumed
that mineral reactive surface areas are known (as they are in controlled laboratory
studies) and have attempted to determine intyinsic rate constants iy the field (mole
per unit surface area per time) (e.g., White, 1}{95; Drever and Clowf;‘l995). However,
in natural porous media, the hydrologically accessible reactive surface area appears
to be much more poorly known than the intrinsic rate constants themselves. In this
study, therefore, we assume that laboratory-determined intrinsic rate constants are
known (even though there is clearly a level of uncertainty associated with these) and
we use the azdlable information to attempt to constrain mineral reactive surface

areas.
‘ (\cA\: )

In galeo-field>systems dominated by fracture flow, it is often difficult to use this
approach since the rate of fluid flow tends to be poorly known. The rate of diffusion
through porous media, however, may be known with better precision, suggesting that
field occurrences of diffusion-reaction systems may provide better natural settings for
estimating in-situ reaction rates than do paleo-flow and reaction systems. Alterna-
tively, the rate of diffusion can be determined directly in the laboratory assuming the
physical properties of the rock have not changed significantly from when the alteration
took place. In this study we rely on the effective diffusion coefficient in porous media
(D') reported by Chambers et al/ (1998) and use one-dimensional reactive transport
calculations to estimate the appropriate values for reactive surface area needed to
match the observed alteration zone widths in the rock matrix bordering fractures at

Maqarin.

As a preliminary estimate for the maximum possible reactive surface area of
the primary minerals, we use either typical specific surface areas reported for the
minerals of interest (normally determined by BET measurements and reported in
units of m2/g), or we use a geometric estimate based on grain size. Maximum specific
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surface areas used are given in Table 7. Simulations are then carried out by varying
the reactive surface areas of the primary minerals from these maximum values. We
expect that these values provide an upper limit for-reactive surface area, because not
all of the minerals physically present in the rock will be exposed to the pore fluid (i.e.,
not all of the mineral surface area is hydrologjeally accessible). Reactive surface areas
for secondary minerals are very poorly knewn (Steefel and Van CappellenﬁQQO). If
the rate constants for second:«slr&z pi{Mcipihation reactions are chosen sufficiently
large that near-equilibrium 1.e., the dissolution of primary minerals is the
rate-limiting step), then the Tesults are not particularly sensitive to the value of the
reactive surface area used in the simulation. S

The one-dimensional diffusion-reaction calculations arg¢ carried out using the
boundary condition given in Table 2 as a Dirichlet or fixed cqncentration condition. A
no-flux boundary is assumed at 0.2 meters distance from the¢ fracture. Figure 7 shows
secondary mineral volume percentages plotted versus distarce in millimeters from the
fracture wall for a simulation using primary mineral surface areas one fifth of their
maximum values given in Table 7. All of the simulations/(irregardless of what values
for the reactive surface areas are used) predict that ettg%lgite is the major secondary
mineral which forms, in agreement with observations 6f both rock matrix alteration
and fracture filling at the Eastern Springs area(/l%li]m. Lesser amounts of fos-
hagite and hillebrandite (both CSH phases) precipi se to the fracturesTogether
with ettringite, they cause the porosity in the rock matrix to go to zero in as little
as 10 to 50 years, depending on the reactive surface areas used in the simulations.
Observations from the Eastern Springs area (summarized by Alexander et al. 1998
and Milodowski et al.,/1998) indicate a complicated history of alteration, including
some calcite dissolution and precipitation which is not predicted by the modeling. In
simulations of the Swiss low-level site reported in Steefel and Lichtner (1994), calcite
and brucite precipitated at the expense of dolomite, forming a narrow cemented zone
some distance from the fracture wall. This produces a pattern very similar to what
is observed along many of the Maqarin fractures. While mixing of pore water via dif-
fusion will tend to precipitate calcite, the precipitation front will migrate away from
the fracture as the relatively small quantity of dissolved carbonate in the pore fluid
is locally exhausted. The calcite precipitation mechanism, therefore, requires the dis-
solution of a carbonate phase to mix with the carbonate-depleted hyperalkaline pore
fluid. Dolomite, however, is not reportyﬁ in most of the exposurey’ examined in the
Eastern Springs area (Alexander et al./1998; Milodowski et al., #998). It is possible
that the dissolving phase is a Mg-rich, more soluble foraminferal calcite (there is clear
textural evidence of dissolution), while the calcite which precipitates in a narrow band
millimeters from the fracture may be a lower-Mg calcite in equilibrium with the local
groundwater, but no information to suggest that this is the case is available.

As a constraint on the reaction rates, we use the alteration zone widths reported
for the M1 sampling site in the A-6 adit at Maqarin. Alexander et al. (1998) report
that intense alteration widths bordering the fracture range from 1 to 4 mm. Figure8
shows the porosity of the rock matrix after 50 years for a range of reactive surface
areas. By 50 years, the porosity is locally completely cemented, so no further broad-
ening of the alteration envelope occurs. The porosity evolution is primarily the result
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of precipitation of ettringite with lesser volumes of CSH phases. The simulations
indicate that the best fit with the mineralogic data is obtained with reactive surface
areas within about one order of magnitude of estimates based on either BET mea-
surements or geometry (i.e, the maximum values). Using reactive surface areas more
than one order of magnitude below these values results in widths of strongly altered
rock greater than 1 cm, significantly more than the 4 mm observed at the M1 site.

Two-Dimensional Simulations of Discrete Fractures at Maqarin

Two-dimensional simulations of multicomponent reactive transport are now used
to interpret chemical compositions of seepages from fractures in the A-6 adit. The nu-
merical simulations have the advantage of being able to include the time dependence
of the entire process, since mineral precipitation and dissolution are expected to mod-
ify substantially the physical properties of the fracture-matrix system. Of particular
interest is whether the physical parameters used to match the solution composition
at the M1 and M2 sampling sites are compatible with the parameters deduced from
the change in the width of alteration bordering fractures using Equation 20 above.
If the simulations are able to match both the alteration zone thicknesses and the
chemical composition of the ground water actively circulating through the fracture
system, then there is some basis for confidence that the model is capturmg at least
the first-order behavior of the reactive flow system.

As a first attempt at matching the pH values reported from sampling sites in the
A-6 adit (the M1 and M2 sites), we use the hydrologic parameters deduced from the
change in alteration zone thickness as a function of distance downstream along the
fracture (an aperture of 0.194 mm and a fracture velocity of 267 m/day). Using these
values, we obtain too large a drop in pH over the distance between the M1 and M2
sites, indicating that a higher flow velocity and/or larger aperture is needed to match
the data. We obtain the best fit to the measured pH at the M1 and M2 sites by using
an aperture of 0.22 mm and a velocity in the fracture of 341 m/day. This requires
a fracture spacing of about 66 meters in order to account for the bulk hydraulic
conductivity observed at the site. Again, this is reasonably close to typical distances

between (ajor fractures observed in the A-6 adit (Figure 4). These calculated values\ S

of the fracture velocity and aperture are within about 13 C

Reaction-induced porosity and permeability change in both the fracture and the
rock matrix result in some complex time-dependent behavior. The system behav-
ior is highly sensitive to the rate constants used, although the constraint that they
reproduce the observed alteration zone thickness limits the range of values that the
parameters may take. Reactive surface areas of primary minerals are assumed to be
1/5 of the maximum values given in Table 7. The simulations predict that if the
rate constants and reactive surface areas for secondary minerals are the same in the
fracture and the matrix, the matrix will seal first. This causes the slope of both the
reaction front boundaries and lines of equal concentration to approach 0 (i.e., to be-
come sub-parallel to the fracture) with time (Figure 9-A). One can view this as the
result of the numerator of the expression Az/Az = ¢D/vé approaching zero faster
than the denominator. This causes a migration of all reaction fronts downstream with
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time and no sealing of the fracture (Figure 10-A). Insofar as the natural analogue re-
sults apply to the performance of cement-bearing nuclear waste repositories, this is
a worst case scenario in which radionuclides might eventually prigrate through the
near-field with essentially no retardation (Steefel and Lichtnef/ggzl). However, the
observation at Magarin is that the fractures eventually seal themselves, although an
initial downstream migration due to rock matrix cementation is not ruled out by the
data. In order to have the fractures seal, either a porosity in the fracture comparable
to that found in the rock matrix is necessary, or reaction rates need to be at least
slightly higher in the fracture. If secondary mineral precipitation rates are assumed
to be 10 times greater in the fracture than in the matrix, then it is possible to obtain
a very different system behavior in which the fracture seals before the rock matrix.
One might rationalize this mechanism as being the result of a greater hydrologic ac-
cessibility of surface area available for mineral precipitation in the fracture than in
the matrix. Or it may be that nucleation of secondary minerals is enhanced in the
fracture, thus generating reactive surface area at a greater rate there than in the rock
matrix (Steefel and Van Cappellen/ 1990). The higher rates in the fracture generate
a gradient in concentration which drives a diffusive flux of reactive solutes into the
fracture where they precipitate. The enhanced precipitation of secondary minerals
in the fracture leads eventually to a reduction in fracture permeabjlity (Figure 10-

.B) and a subsequent collapse of reaction zones upstream (Figure 9-B). Initially, the
gradual reduction in fracture permeability approximately balances the reduction in
the porosity of the rock matrix (which reduces the effective diffusion coefficient), thus
stabilizing the pH profile for up to about 50 years (Figuy/Q/—B).

The two-dimensional behavior of the system is shown in Figure 11 and Figure 12.
The simulations again assume values of the reactive surface areas of primary minerals
to be 1/5 of the maximum values given in Table 7. They also assume a ratio of reactive
surface area in the fracture versus the matrix of 10 to 1. In fracture-matrix systems
without a feedback between reaction and the medium’s porosity and permeability,
relatively simple linear reaction front geometries develop (see Steefel and/Lichtner,
1998 for an example). In contrast, the fully coupled system shows a more complex
behavior in which the evolution of the porosity in the matrix and the fracture results
in distortion of the front geometries. By 100 years, the porosity in the rock matrix
approaches zero over a substantial distance along the fracture, while the fracture
porosity approaches zero about 180 meters from the fracture inlet. This decrease in
porosity results in a reduction in fracture permeability, thus slowing the rate of fluid
flow, and a reduction in the effective diffusion rate in the rock matrix. The result is
a limitation of the distance into the rock matrix and fracture that the high pH can
migrate (compare early and late times in Figure 12).

Mineral Paragenesis in the Maqgarin Fractures

The upstream collapse of reaction zones predicted by a model in which the frac-
ture seals faster than the rock matrix results in a characteristic mineral paragenesis
with time. Here we examine the behavior of the system in which the ratio of fracture
to matrix secondary mineral reactive surface areas is 10 to 1 (see Figure 9-B). Initially,
ettringite is the dominant secondary mineral phase precipitating over a substantial
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portion of the fracture length. However, with the gradual sealing of the fracture
and the resulting reduction in fracture flow velocity, mineral zones collapse upstream
(Figure ¥3). This causes a migration of the tobermorite (CSH) zone upstream over
the ettringite zone. Such a time evolution results in a mineral paragenesis such as
the one observed at 200 meters down the fracture and shown schematically in Fig-
ure 14. This is the mineral paragenesis observed in the Eastern Spring occurrences at
Magqarin (Alexander et al,/ 1998). Some of the previous modeling of the Maqarin hy-
peralkaline system (Smellie et al., 1998) has suggested that CSH phases develop closer
to the fracture inlet than the ettringite does. We do find the CSH phase hillebrandite
developing close to the fracture inlet, but in the simulations we have carried out,
the bulk of CSH mineralization occurs downstream of the ettringite zone. Resolving
the relative position of the CSH and ettringite zones is clearly important, however,
since it affects our interpretation of whether the mineral paragenesis observed in the
Magarin fractures indicates a downstream or upstream migration of reaction fronts.
We argue here that gradual sealing of fractures may provide a single explanation for
the mineral paragenesis observed in the field.

DISCUSSION

The occurrences of hyperalkaline groundwater and alteration products at Magqarin
Jordan provide a possible natural analogue for low-level nuclear waste repositories
constructed with significant amounts of cement. The Maqarin site is also particularly
useful because much of the groundwater flow is along discrete fractures developed
in otherwise relatively low permeability marl, much like that at the proposed Swiss
low-level waste repository at Wellenberg. One of the critical questions concerning
natural analogue sites, however, is their applicability to the nuclear waste reposi-
tory in question. Clearly, if the analogue site is a perfect match for conditions at
the repository site (this is extremely unlikely to be the case), then only minimal
interpretation of the analogue site is necessary. If there are important’differences,
however, some level of interpretation is necessary in order to draw conclusions about
the performance assessment of the nuclear waste repository based on observations
at the analogue site. One possible way to maximize the usefulness of the analogue
site is to carry out reactive transport modeling designed to capture the dynamics of
the physical and geochemical system at the analogue site. To the extent that this
ambitious goal is possible, it lays the basis for a rigorous analysis of the performance
of a nuclear waste repository, even though conditions at the analogue site and waste
repository are not identical. In addition, simulations of the natural analogue site may
be useful in highlighting the fundamental sensitivities of the system. In other words,
is it possible to obtain very different kinds of system behavior with relatively small
changes in various parameters (e.g., reaction rate constants, initial porosities, etc.)?
Although some might argue that this is a limitation on the usefulness of the modeling
effort (since no single definitive answer can be provided), it may in fact be an essen-
tial result since it points out the unpredictable behavior of the natural system. This

uncertainty must be taken into account in the design\%/a nuclear waste repositoryc .'\3
2

The simulations of the Maqarin system are at least partly successful at a number
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of levels. First, the modeling demonstrates that both the rock matrix alteration
and the present-day groundwater compositions at the M1 and M2 sites in the A-
6 adit can be interpreted in terms of reactive groundwater flow to the northwest
along a set of discrete fractures. We have not established, however, that this is the
only possible interpretation of the data. The modeling predicts changes in solution
chemistry and the formation of altegg gcg% products as a function of distance along the
fracture which are compatible with,the field observations. Analytical and numerical
analyses indicate that the amount of reaction deduced from the change in rock matrix
alteration width and solution pH are broadly comparable. This greatly enhances the
usefulness of the Maqarin site, since it argues that the present-day system, as recorded
in groundwater compositions (Waber et al_/1998), and the paleo-syftem as recorded
in matrix and fracture secondary mineralization (Milodowski et al.\(é)QS), may not be
very different. Second, the modeling predicts many of the important secondary phases
which are observed at Maqarin. Most important of these is the mineral ettringite (the
dominant reaction product in all of the simulations carried out), followed by various
CSH phases which occur in lesser amounts in both the fracture and the rock matrix.

After drawing these fundamental conclusions from the modeling study conducted
here, more definitive statements become difficult to make because of the system sen-
sitivity. Simulations carried out with equal reactive surface areas and rate constants
in the fracture and matrix, for example, suggest that the rock matrix should seal first.
In terms of the performance of a nuclear waste repository, this is a worst case sce-
nario since it leads to a loss of the buffering capacity of the rock matrix (Steefel and
Lichtner, 1994). The loss of the buffering capacity of the rock matrix due to its ce-
mentation leads to a downstream propagation of the hyperalkaline plume. However,
field observations at Magqarin indicate that the fractures seal eventually, although
some initial downstream propagation of fronts is not ruled out. The simulations indi-
cate that one possible way to achieve this result is to have larger precipitation rates
of secondary minerals in the fracture than in the matrix, presumably as a result of
greater accessible reactive surface area in the fracture. With reactive surface areas
only 10 times greater in the fracture than in the matrix, it is possible to seal the
fracture and collapse the system upstream as a result of the permeability reduction.
The sensitivity of the system indicated by these modeling results suggests that the
behavior of a nuclear waste repository with a fractured near-field, and hyperalka-
line groundwaters as a result of reaction with cement may not be easily predictable.
Relatively small changes in a system parameter like the reaction rate of secondary
minerals can potentially lead to completely opposite behaviors. Moreover, the actual
time scales for porosity and permeability reduction are also uncertain. '

The simulations suggest that the mineral paragenesis observed in the Eastern
Springs area of Maqarin might be interpreted as the result of sealing of fractures
and the upstream collapse of reaction fronts. Most important of the observations is
that ettringite dominates in the early stages of fracture mineralization while lesser
amounts of CSH mineralization postdate ettringite.

It is clear that in order to draw much firmer conclusions from the Magarin site,
a more detailed knowledge of the fracture system is necessary. Particularly since
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the cubic law can not be expected to apply rigorously, it is essential to carry out
both tracer tests and detailed field mapping and/or drilling of fractures to determine
fracture apertures throughout the fracture system. In addition, field and/or labora-
tory tests of the reactivity of the rocks at Maqgarin are necessary. Modeling of rock
matrix alteration widths suggest that reactivities are high (close to experimentally-
determined intrinsic reaction rate constants and maximum primary mineral surface
areas). Presumably this could be confirmed by conducting flow or diffusion cell ex-
periments involving both non-reactive and reactive fluids.

CONCLUSIONS

A numerical multicomponent reactive transport model described fully in Steefel
and Lichtner (1998) was used to simulate the infiltration of hyperalkaline ground-
water along discrete fractures at Magarin, Jordan, a proposed natural analogue site
to cement-bearing nuclear waste repositories. The simulations predicted that ettrin-
gite with lesser amounts of hillebrandite and tobermorite (hydrated calcium silicates
or CSH phases) are the dominant alteration products formed at the expense of the
primary silicates in the rock matrix and fracture, in qualitative agreement with obser-
vations at the Magarin site. The simulations also predicted the pH of water samples
collected along fractures at the M1 and M2 sites, with a fracture aperture of 0.22
mm giving the closest match with the data (within 13% of the value indicated by
the rock matrix alteration widths). The simulations suggested two possible scenarios
for the time evolution of the fracture-rock matrix system. Where rate constants for
secondary mineral precipitation reactions are the same in both the rock matrix and
fracture, the rock matrix tends to become completely cemented before the fracture
resulting in a downstream migration of the hyperalkaline plume. In contrast, if rates
are as little as one order of magnitude higher in the fracture compared to the rock
matrix (presumably due to a larger hydrologically accessible reactive surface area),
it is possible to seal the fracture first, thus causing the mineral zones to collapse
upstream as a result of the reduction in fracture permeability.

The sensitivity of the system indicated by these modeling results suggests that
the behavior of a cementitious-based nuclear waste repository may not be easily pre-
dictable. Relatively small changes in a system parameter such as the rate constant or
surface area of a secondary mineral can potentially lead to completely opposite behav-
ior. Moreover, the actual time scales for porosity and permeability reduction obtained
in the calculations are also uncertain. To clear up these uncertainties, experimental
work is suggested involving flow or diffusion cell experiments for both non-reactive
and reactive fluids. Further field work is also needed to constrain fracture apertures

and velocities.
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Table 1: Compositions of hyperalkaline groundwater from the East-
ern Springs area, Maqarin. Data kindly provided by N. Waber,
Universitat Bern, Switzerland.

M1 Site M2 Site M3 Site

(molality) (molality) (molality)
OH- 248x1077 1.52x10°% 3.09x10°2
Total Al3+ 5.19x107% 6.68x107% 5.56x107°
Total K+ 2.53x107% 3.74x10~* 5.07x10~*
Total Na*t 2.05%x1073% 2.23x10~% 2.03x107°3
Total Ca2t 1.68x1072 1.07x1072 2.01x10°2
Total Mg?* 4.12x1077 4.12x1077 4.12x10°7
Total SiOz(aq) 2.56x1077 5.25x107% 1.15x107°
Total CO, 6.17x107% 3.67x10~* 4.84x10°*
Total SO3~ 3.18x107% 2.84x107% 3.01x1073
Total Cl~- 1.48x1073 1.92x1073 2.04x1073
T(°C) 248 20.7 232
pH (titr.) 12.30 12.09 12.39
pH (field) 12.67 12.47 12.76
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Table 2: Solute concentrations and constraints for groundwater
which has circulated through the “metamorphic” (portlandite-
bearing) zone at the Eastern Springs, Maqgarin. This composition
is a modification of the M3 water reported in Table 1 and is used
as a boundary condition in the simulations.

Concentration Constraint
(mol /1)

OH~ 3.09x10~%  Titration
Total A+ 9.23x10~°  Ettringite Equilibrium
Total K+ 5.07x10™*  Chemical analysis
Total Na*t 2.03x10™%  Chemical analysis
Total Ca?t 2.01x10"2  Chemical analysis
Total Mgt 2.34x10~%  Brucite Equilibrium
Total SiOz(aq)  1.15x10™®  Chemical analysis
Total CO, 1.00x10~%  Calcite Equilibrium
Total SO3~ 3.01x10=®  Chemical analysis
Total Cl- 2.04x10"%  Chemical analysis
T(°C) 75
(M) 5.565x102  Computed
pH 12.39 Computed
log Pco, -13.00 Computed
Alkalinity 3.39x1072  Computed

this study.

Table 3: Initial modal composition of Magarin rock matrix used in

Mineral Volume %
Calcite 49.0
Muscovite 1.4
Non-reactive 12.6
Kaolinite 35
Chalcedony 3.5
Porosity 30.0
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Table 4: Solute concentrations and constraints for the Magarin
pore water used as an initial condition in the calculations. The
chemistry is slightly modified from an analysis of a water from the
M6 sampling site.

Concentration Constraint

(mol/1)
Total A’ 1.08x10~°®  Muscovite equilibrium
Total K+ 9.20x107%  Chemical analysis
Total Na* 2,02x10"*  Chemical analysis
Total Ca2*t 6.88x10~*  Calcite equilibrium
Total Mg?+ 2.23x10"*  Chemical analysis
Total SiOz(aq)  1.70x10~*  Chemical analysis
Total CO, 3.56x10~%  Chemical analysis
Total SO;~ 3.00x107%  Chemical analysis
Total Cl1™ 5.90x10"*  Chemical analysis
T(°C) %5
I(M) 2.15x1072  Computed
pH 7.77 Field measurement
log Pco, ~-241 Computed
Alkalinity 3.46x10~%  Computed
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V Table 5: Reactions and equilibrium constants for aqueous species -
used in the calculations.

Reaction Log K.,
OH™ + H* = H,O 14.00
HCO; = CO;? + H* -10.33
COy(aq) + H,O = CO;% + 2H* —-16.67
NaHCO;(aq) & CO3;? + H* + Nat —10.48
NaCO; = CO;? + Na* —-0.51
Al{OH)*? + H* = Al*® + H,0 4.96
Al(OH)} + 2H* = Al™? + 2H,0 10.60
Al(OH)3(aq) + 3H* = Al*3 + 3H,0 16.16
Al(OH); + 4H* = Al*® + 4H,0 22.88
H,Si0;? + 2H* = SiO3(aq) + 2H,0 22.96
H3SiO; + H* = SiOy(aq) + 2H,0 9.95
NaOH(aq) + H* = Na* + H,0 14.80
NaSO; = Na* +S0;? —-0.82
MgCO;(aq) = COz? + Mgt? ~2.98
MgHCO7F = CO;? + Mg*? + HY ~11.37
MgOH* + H* & Mg*? + H,0 11.79
MgClt = Mg*? + Cl- 0.13
MgH,Si04(aq) + 2H* = Mg*? + SiO,(aq) + 2H,0 17.48
MgH;SiOF + HY = Mg™? + SiO(aq) + 2H,0 8.54
MgS04(aq) = SO;% + Mg*? —241
CaH,Si04(aq) + 2H* & Ca*? + SiOy(aq) + 2H,0 18.56
CaH;SiOf + H* = Ca*? + SiO,(aq) + 2H,0 8.79
Ca(H3Si04)2(aq) + 2H* = Ca*? + 2S5i03(aq) + 4H,O  15.05
CaHCOF = CO;2% + Cat? + H* —~11.38
CaOH* + H* = Ca*? + H,0 12.85
CaSO4(aq) = Ca*? + S0O;? -2.11
KOH(aq) + H* & K* + H,0 14.46
KSO; = K* +S80;? —0.88
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/ Table 6: Reactions and equilibrium constants for minerals used in
the calculations.

Mineral Reaction Log Keq
calcite CaCO; = Ca*? + CO;? ~8.48
muscovite KAl138i30,0(0H)2 + 10H 2 K* + 3Si02(aq) + 3AIT3 + 6H,0 13.59
kaolinite Al;Si05(0OH)4 + 6H+ = 25i0,(aq) + 2A1+3 + 5H,0 6.81
chalcedony 5i0; & Si02(aq) -3.73
sepiolite Mg4Sig015(0OH)z - 6H20 + 8H* = 6Si02(aq) + 4Mgt? + 11H,0 30.44
brucite Mg(OH); + 2H* = Mg*? + 2H,0 16.30
ettringite CasAly(SO4)3(0OH)yz - 26H;0 + 12HF = 2A173 + 6Cat? 4+ 3S0,2 + 38H,0  57.81
tobermorite CasSig012(0OH)10 + 10HT = 68i02(aq) + 5Cat? + 10H,0 64.35
portlandite Ca(OH); + 2H* & Ca*? + 2H,0 22.56
gypsum CaS04 - 2H,0 = Ca*? +5S0;? + 2H,0 —4.48
si-hydrogarnet Ca3Al;S8i04(0H)s + 12H* & 2A113 4+ Si05(aq) + 3Ca*? + 10H,0 69.37
tricarboaluminate CagAl;(CO3)(OH);z - 24H;0 + 12H = 2A143 + 3CO5 2% + 6Cat? + 36H,0  51.60
hydrotalcite MgyAl;04(0OH)g + 14H = 2A113 + 4Mg*? + 10H,0 75.44
friedel-salt CayAl,Cla(OH)y 3 + 12HT = 2A113 + 4Cat? + 2C1- 70.13
hillebrandite Ca;5i03(OH); - 0.17H,0 + 4H* = Si0;(aq) + 2Ca*? + 3.17H,0 35.30
foshagite CaySiz0g(OH); - 0.5H,0 + 8H* 2 3Si02(aq) + 4Ca*? + 5.5H;0 63.00
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Reaction rate constants and maximum reactive surface areas used for mineral

able 7:

~/§issolution and precipitation reactions. ky.,: refers to the pH-independent rate constant,
while kgeig and Kpgsic refer to the HT- and OH™-dependent rate constants, respectively.
Nacia and Npq.4c refer to the exponential dependence of the reaction rate on Ht and OH~

(i.e., the reaction order), respectively.
Mineral Log Kneut Log Kacid Dacid LOE Kbasic  Hbasic Reference Surface Area
(moles/m2/s) (moles/m?/s) (moles/m?/s) (m?/m3)
Calcite —6.19 (1) 6000
Muscovite —11.38 0.39 —-11.91 0.22 (2) 5.7x10°%
Kaolinite —11.58 0.17 —10.88 0.54 3) 5.7x103
. Chalcedony -13.39 —10.20 0.3 (4) 5.3x10°
Sepiolite —11.00 (5) 100
Brucite ~8.00 (5) 100
Ettringite ~8.00 (5) 100
Hillebrandite ~8.00 (5) 100
Si-hydrogarnet —~8.00 (5) 100
Foshagite —8.00 (5) 100
Tobermorite —8.00 (5) 100
Portlandite —-8.00 (5) 100
Tricarboaluminate -8.00 (5) 100
Hydrotalcite -8.00 (5) 100
Friedel-salt -8.00 (5) 100
Gypsum —8.00 (5) 100

(1) Chou et al./(1989)

(2) Data from experimental study of Knauss and Woler (19‘8//) at 70°C, cor-
rected using an activation energy of 22 kJ/mol {Nagy, 1995).

(3) Data from Caroll-Webb and Walther ( 1%5{)(& 25°C, pH dependence refit-
ted.

(4) Using rate constant and pH dependence for quartz in Dove (1995).

(5) Rate constant chosen to be faster than dissolution of primary minerals.
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Figure 1: Schematic representation of the explicit fracture model showing flow along
a fracture with simultaneous diffusion into a rock matrix with low permeability. In
the simulations, a fixed concentration is assumed at the fracture inlet.

35



Fractures at M-qarin, Jordan Steefel and Lichtner

S’ —~—

=

-3

4[{
e
l'atioo »
Lo
Qr

- Ax
Rock Matrix

>
Fracture z

Az

Figure 2: Schematic representation of rock matrix reaction front geometries in dis-
crete fracture-matrix systems. The reaction front is furthest from the fracture at the
inlet where the reactivity of the infiltrating fluid is the highest. Gradual reduction
of the reactive capacity of the fluid in the fracture as it migrates downstream causes
reaction fronts to converge eventually on the fracture. The slope of reaction front
(Az/Az) under surface reaction-controlled conditions is approximately equal to the
parameter ¢.D’/dv where the distances Az and Az give the width ang length of the
alteration envelope respectively (see text and Steefel and Lichtner (}g)S) for further
discussion). Note figure is not drawn to scale. i
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Figure 4: Map of the A-6 adit in the Eastern Springs area, Magarin. Note location
of the M1 and M2 sampling sites discussed in the text. Also shown is the projection
of the M1 site onto the fracture set which crosses the adit at the M2 site. The slope
of the local phreatic surface indicates flow is from southeast toward the northwest,
approximately parallel to the fracture orientations shown. Modified after Milodowski
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/ Figure 5: Contour of the phreatic surface in meters in the vicinity of the A-6 adit,
Eastern Springs area at Maqgarin, Jordan. Modified after Khoury et 311/,4/1998).
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Steefel and Lichtner

Fractures at Maq: , Jordan |
50 - . - r — : - .
Porosity
o--—e Ettringite
40 + +— Tobermorite | -
==& Hillebrandite
-=--= Foshagite

Volume %

0 2 4 6 8 10
Distance (mm)

/ Figure 7: Secondary mineral volume percentages at 50 years calculated using reactive
surface areas 1/5 of the maximum values given in Table 7.
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Figure 8: One-dimensional reaction-diffusion simulations used to estimate values
for primary mineral reactive surface areas based on alteration zone width. Intense
alteration at the M1 sampling site occurs within about 4 mm of the fracture wall
(Alexander et al., 1998), suggesting that reactive surface areas within about 1 order
of magnitude of the maximum values given in Table 7 are needed.
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Figure 9: pH versus distance along the fracture. A.) Case where reactive surface
areas for secondary minerals in the rock matrix is equal to that in the fracture.

Sealing of rock matrix before the fracture causes downstream propagation of hyper-
alkaline plume. B.) Case where reactive surface areas for secondary minerals in the
rock matrix is 1/10 of the value in the fracture. More rapid precipitation in the
fracture causes it to seal before the rock matrix, resulting in an upstream collapse
of the hyperalkaline plume.
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Figure 11: Time evolution of the porosity in the fracture and rock matrix. This
case assumes a reactive surface area for primary minerals 1/5 of the maximum value
given in Table 7 and a ratio of reactive surface areas for secondary minerals in the

fracture versus the matrix of 10 to 1.
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igure 12: Time evolution of the solution pH in the fracture and rock matrix. This
case assumes a reactive surface area for primary minerals 1/5 of the maximum value
given in Table 7 and a ratio of reactive surface areas for secondary minerals in the
fracture versus the matrix of 10 to 1.
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Figure 13: Mineral volume fractions of the ettringite and tobermorite (CSH) in the
fracture as a function of time. For case where secondary mineral reactive surface
areas in the rock matrix are 1/10 of the value in the fracture (Case A in Figure 9
and Figure 10). Note the upstream encroachment of tobermorite over ettringite.
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Figure 14: Schematic representation of the mineral paragenesis at a distance of 200
meters along the fracture based on time evolution shown in Figure 13. Early formed
ettringite is followed by the precipitation of CSH minerals. This paragenesis in the
simulations is the result of the reduction in the permeability of the fracture which
causes a collapse of the reaction fronts upstream.
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