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Research Highlights

RESEARCH HIGHLIGHTS

Weathering studies based on the microsystem concept were initiated by Korzhinskii (1959),
and recently developed by Meunier et al. (2007). Basically, these studies associate
precipitation of specific secondary products (e.g. smectite, halloysite) to specific locations in
a fractured rock mass (e.g. capillary flow micro fractures, gravity-flow fractures) where
specific flow and transport regimes prevail (e.g. chemical diffusion, advection). The scale of
these studies was the thin section scale. The first research highlight of this paper is the
extrapolation of the weathering analysis based on the microsystem concept to the

macroscopic scale, applying it to fault zones underlying a soil plus saprolite cover.

White and Brantley (2003) showed that factor time explains the discrepancy reported in many
studies between weathering rates estimated in the field and in the laboratory. The field
weathering rates reported in that study were mostly solid-state weathering rates based on the
differences between elemental, isotopic and mineral compositions measured in present-day
regoliths and in the assumed protolith. In these cases, variable time (t) represents the entire
time span of a weathering episode, commonly on the order of thousands to million years.
These rates are not directly reconcilable with solute-flux rates, also estimated in field studies,
that stand for contemporary weathering during groundwater percolation in the fractured
rocks, in which case t (travel time) is just a portion of that time window, frequently ranging
from years to decades. The second highlight of this paper is a demonstration that
reconciliation between solid-state and solute-flux weathering rates can be accomplished if the
change in aquifer properties (hydraulic diffusivity, which is a proportion of the ratio between
hydraulic conductivity and effective porosity) over the geologic times is accounted for in the

weathering models.
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Abstract

The study area is situated in a fault zone with fractured granites and metassediments. In a
conceptual model, infiltrating water first passes the bedrock cover of soil and saprolite and
then partly enters the fractures. Weathering reactions of minerals occur in small pores and
fissures in the bedrock cover zone to continue in the larger fractures. Pumping tests were
carried out in a number of boreholes to measure the drawdown as a function of pumping
time. From the results, values of transmissivity (T) could be derived. In combination with the
storage coefficient (S) for similar fault zones, the hydraulic diffusivity (D = T/S) could be
computed.

Water samples, collected from the boreholes, represent fluid packets with a history of
weathering reactions in the bedrock cover and in the larger fractures. The major element
composition of these samples was used by means of the SiB mass balance algorithm
(Pacheco and Van der Weijden, 1996) to calculate the moles:L™ of dissolved plagioclase
(oligoclase with An =~ 0.20) and the moles-L™ of secondary phases (gibbsite, halloysite,

smectite) precipitated along the flow paths of the samples. These results were then used to
calculate the net dissolved silica concentrations ([H,SiOJ]) related to dissolution of
plagioclase followed by precipitation of each of the secondary phases. An interpretation of a
plot of each of these [H,SiO%]’s versus D is that at D < 0.7 m*s ™, dissolution of plagioclase

is followed by precipitation of halloysite in the large fractures of the fault zone (open
system), whereas at D > 0.7 m?s* precipitation of both halloysite and smectite occurs in the
rock matrix with small fissures and pores (semi-open system). Before being pumped, the
percolating fluids travelled 0.01 to 13.7 years. During these periods, plagioclase weathered at
rates (Wpy) of 10 29D moles-m 25, which are approximately 2.2 orders of magnitude

higher than solid-state weathering rates reported in various field studies. In this study, it is
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suggested that part of the apparent discrepancy between the results is due to changes in

hydraulic diffusivity of the weathering environments occurring over the geologic times.
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1. Introduction

Weathering of rock forming minerals can be investigated in terms of microsystems, a concept
introduced by Korzhinskii (1959). These systems are located at each water—mineral contact
and are composed of the primary and secondary minerals and local solutions. They belong to
three categories: closed, semi-open and completely open (Meunier et al., 2007). In crystalline
rocks, closed microsystems are located at primary porosity and microfracture dead ends,
semi-open at microfractures and completely open at small fractures.

Groundwater flow and solute transport regimes within a microsystem depend on their
category: in a closed system, fluids are stagnant and therefore solute transport is limited; in a
semi-open system, water moves by capillarity and solute transport occurs by chemical
diffusion; and finally, in an open system, groundwater flow is controlled by gravity and
solute transport occurs by advection. The prevailing regimes determine the secondary
products derived from alteration of the parent minerals (Baynes and Dearman, 1978; Sausse
et al., 2001): in microfractures, where the leaching of solutes is less intense because transport
is associated to chemical gradients, the most common secondary products are smectites and
vermiculites; in fractures the leaching is intensified because solutes are carried away by the
flowing water and, as a consequence allophone and/or halloysite are formed,; if velocity
and(or) the volume of flow increase, the leaching of (earth)alkaline elements and silica may
become extreme, resulting in formation of gibbsite.

Dissolution of parent minerals and precipitation of secondary products within microsystems
is accompanied by the alteration of rock porosity and permeability. In the process of chemical
weathering, water increasingly invades the microsystems developing secondary porosity that,
regardless of the quantities of the newly formed phases, generally increases because the

alteration products never completely replace the dissolved volume (Putnis, 2002; Meunier et
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al., 2007). The increase in porosity changes the geometrical parameters of the pathways.
Microfractures tend to widen and connect to other microsystems, increasing permeability
(Sardini et al., 2001; Sausse et al., 2001). In later stages of weathering, associated to the
development of saprolites, the microstructure of the rocks tends to disappear by collapsing or
sliding under gravity, causing a substantial decrease in permeability, but not in porosity
(Wright and Burgess, 1992).

Weathering studies based on the microsystem concept have been performed at the
microscopic scale (Meunier and Velde, 1979; Hochella and Banfield, 1995; Sausse et al,
2001; Meunier et al., 2007), using thin sections of rock samples as investigating materials.
The main goal of this paper is to extrapolate the analysis of microsystems to the macroscopic
scale, applying it to fault zones underlying a soil plus saprolite cover. The selection of fault
zones to study the macroscopic behaviour of microsystems is adequate, because fault zones
are complex fractured environments composed of large gravity-flow fractures in hydraulic
connection with a network of small gravity-flow fractures and capillary-flow microfractures
(rock matrix). At the scale of a fault zone, the evolution of pathway parameters can be
described by hydraulic diffusivity, which is the ratio of hydraulic transmissivity (a proportion
of permeability) to the storage capacity (a function of porosity). The aim is to verify if
changes in the hydraulic diffusivity have an effect on the type of secondary minerals formed
by weathering of plagioclase.

A complementary objective of this study is to calculate plagioclase weathering rates, taking
into account particularities of the fractured rocks relative to groundwater travel time and area
exposed to groundwater. The aim is to verify if the relation between weathering rates and
groundwater travel time can also be described in terms of progressive hydraulic diffusivity

changes.

Text and References 5



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Text and References 7 November 2011

2. Study Area

The region of Vila Pouca de Aguiar is located in the North of Portugal and occupies an area
of approximately 437 km? (Figure 1). It is characterized morphologically by large-scale
tectonic valleys, associated to the so-called Vila Real fault, surrounded by the Alvéo (to the
West) and Padrela (to the East) mountains. Altitudes range from a minimum of 200 m in the
Northern valleys and a maximum of 1200 m up in the mountains.

Climate in the area is temperate with wet—cold and dry—warm alternating seasons. The annual
precipitations range from 900 mm-yr " in the Northeast to 1900 mm-yr™* in the Southwest of
the region (Figure 2), being influenced by the topography.

The geology of the area is characterized by Hercynian (syn- to post-tectonic) granites that
intruded Palaeozoic (Cambrian to Devonian) metassediments and were covered by
Quaternary alluvial and terrace deposits along the Vila Real fault (Figure 2). In the Southeast
part of the area, occupied by an extensive outcrop of metassediments, a geological structure
was defined, in which tectonic laminae are folded and separated by major thrusts (Pacheco et
al., 1997).

The Vila Pouca de Aguiar granites are composed of (in weight %) quartz (31.5), plagioclase
(35.3), K-feldspar (26.7), biotite (4.4) and muscovite (1.4), with minor amounts of apatite and
ilmenite. The plagioclase composition ranges from albite-Ang to andesine-Angy (Pacheco et
al., 1999). The metassediments, which include greywackes, phyllites, quartzites and graphitic
slates, contain quartz, muscovite and smaller amounts of biotite, K-feldspar and albite-

oligoclase (Pacheco, 1995).
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3. Hydrogeologic Setting

3.1. Conceptual Flow and Weathering Models

The fate of infiltrated rainwater in a fractured massif comprises lateral flow through the
bedrock cover (soil and saprolite) and recharge. Recharge includes refilling of the rock
matrix, composed of a network of small gravity flow fractures and capillary flow
microfractures, and of fault zones composed of large gravity-flow fractures and crushed rock.
Figure 3 illustrates the lateral flow of shallow groundwater through a saprolite horizon with a
thickness zp (m), succeeded by its infiltration into a couple of sub-vertical fault zones. It also
shows paths of groundwater through the rock matrix until they reach the same fault zones.
Similar models of groundwater flow through fractured rocks towards fault zones have been
adopted by Herbert et al. (1992) and Verweij (1995).

The saprolite horizon is assumed an open system given the high effective porosity and
sometimes (granite saprolites) also high hydraulic conductivity of the disaggregated
materials. Depending on precipitation (P, mm), which determines the volume of flow,
secondary products expected to result from weathering of plagioclase are halloysite (lower
precipitations) or gibbsite (higher precipitations). In Portugal, gibbsite is the most common
secondary product for annual precipitations higher than about 1000 mm-y*, whereas for
precipitations lower than this limit the dominant product is halloysite (Martins et al., 1995).
The fault zones are also assumed open systems because large gravity-flow fractures dominate
in these environments. However, no extreme flushing conditions are expected to occur given
the compaction of these zones caused by the burden of overlying rocks. For that reason,
plagioclase weathering is expected to produce halloysite. Finally, the rock matrix is assumed

a semi-open system given the dominance of small gravity-flow fractures and capillary-flow
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microfractures in this environment. In this case, halloysite and smectite are both assumed

products of plagioclase weathering (Meunier et al., 2007).

3.2. Boreholes

In the past three decades, about 50 to 60 wells were drilled in the region of Vila Pouca de
Aguiar to be used as sources of drinking water for public supply. The location of 31 of the
most productive boreholes is plotted in Figure 1 (labelled circles) and the information on
name (l1d), intersected rock type (granite or metassediment), depth (z, m), slope of the
topographic surface (d in %, sampled from the Digital Elevation Model of Figure 1) and local
precipitation (P in mm-y™*, sampled from Figure 2), is depicted in Table 1. The associated
yields are illustrated in Figure 2 and can be justified by a combination of factors
encompassing the high annual precipitation, the abundance of quartzites within the
metassediments, and especially the proximity of the borehole to the Vila Real fault, to folds
and thrusts, or to the contact between granites and metamorphic rocks, places where the
fracture sets are usually more dense and interconnected. A number of studies reported the
proximity of boreholes to densely fractured regions as an important cause for observed high
yields (Siddiqui and Parizek, 1971; Mabee, 1999; Neves and Morales, 2007; among others).
During the drillings, several gravity-flow fractures were intersected by the boreholes
releasing variable amounts of water. The depth of intersection of fracture i (z;, m) and its
corresponding yield (Q;, m>h™) are listed in Table 1 for the above mentioned 31 boreholes.
Depths of intersection and yields were reported by the well drillers. For the first fracture, the
depth was set when water started flowing upward through the borehole emerging naturally at
the surface. For the other fractures of the same borehole, depths were set when an increase in
the natural outflow was noted. Yields were determined as the rate of water that can be

airlifted on a continuous short-term (generally tens of minutes) basis. These approaches for
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estimating fractured aquifer depths and yields are common and have been used in many other
studies (e.g., Moore et al., 2002). The average depth of the gravity flow fractures (Zmed, m)

was estimated by weighting the depth of each fracture according to its yield:

- Z1.2,Q; 1)
ZLQ,

where n is the number of fractures intersected by the borehole.

3.3. Pumping Tests and Hydraulic Parameters

Pumping tests were conducted on 14 of the 31 boreholes, lasting in all cases but one from
1140 to 2760 minutes. The exception was the test conducted on borehole Nr 22 (Cevivas)
which ran for just 330 minutes. The duration of the tests and their pumping rates and
hydrostatic levels are listed in Table 2.

In all cases, the scatter points drawdown (s, m) versus time (t, min) in a semilogarithmic plot
could be fitted with a straight line, after the first 100 minutes of pumping. In three cases (tests
to boreholes Nr 4, 19 and 20), the points could be linearly fitted with different two slopes, the
first after 10 minutes of pumping and the second after 100 minutes of pumping. Figure 4
illustrates the test to borehole Nr 4. The fitting of (s,t) points to one straight line in a
semilogarithmic plot is conform with type curves derived for porous media aquifers, and for
that reason aquifer transmissivities (T, m?.s™*) based on the straight lines fitted to the after-10
and/or after-100 minutes period(s) were calculated using a classical porous media model (the

Cooper-Jacob, 1946, formula):

T 2.3Q @)
47As
where Q (m®s™) is the pumping rate and As (m) the change in s corresponding to a log cycle

of time. The two fittings reported for boreholes Nr 4, 19 and 20 can be attributed to

heterogeneity of the tested rocks: boreholes drain several gravity-flow fractures, with
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different hydraulic heads, that apparently reacted to pumping at two different moments
during the test. The influence of rock heterogeneity on pumping test results and interpretation
has been quoted by Dagan (1986), Newman (1990), Belcher et al. (2001), Kollet and Zlotnik
(2005), among other workers.

2 S—l

The hydraulic diffusivity (D, m* 2gt

) is the quotient of transmissivity (T, m“-s *) and storage
coefficient (S, dimensionless):

D=TI/S (3)
Fractured rocks and regoliths derived therefrom span a wide range of D values, as depicted in
Table 3. The hydraulic conductivity (K, m-s™) is the quotient of transmissivity and the
drainable thickness (b, m):

K=T/b 4)
The drained thicknesses of the tested boreholes are listed in Table 2 and were estimated by
multiplying the number of intersected fractures (Table 1) by the length of the screened tubes
casing the borehole around those fractures (in general 6 m, but 3 or 1 m for boreholes
Cevivas and Santa Marta, respectively). Effective porosity (ne, dimensionless) is the volume
of connected voids in a sample divided by the total volume of the sample, and can be derived

from the storage coefficient (Domenico and Schwartz, 1998):

S

n, =
pPbo,

()

where py, is the specific weight of water (999.1 kg-m 2 at T = 15°C) and o, the
compressibility coefficient of water (4.7x10° m*kg2).

4. Sampling and AnalysisSamples of borehole water were collected within the limits of the
Vila Pouca de Aguiar municipality from January 2006 to April 2006. The sampling sites are
shown in Figure 1. At the sampling site, electrical conductivity (EC), temperature (T, °C) and

pH were measured and a water sample was filtered through a 0.4 um membrane filter. The
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filtered water was split into 2 portions; one was stored for analysis in the home laboratory,
acidified to pH 2 using pure nitric acid, and the other for analysis of alkalinity in the field
laboratory, within 24 hours using the Gran plot method. In the home laboratory, ICP-OES

was used for analysis of Si. The analytical results are shown in Table 4.

5. Weathering Reactions and Rates

Not all minerals present in the granites or in the metassediments are important as weathering
reactants. In general, the abundance of plagioclase in granites is significant and therefore the
relative contribution of plagioclase weathering to groundwater composition is expected to be
expressive. However, because plagioclase has a low resistance to weathering, when compared
to other minerals composing these rocks (e.g. quartz, biotite, muscovite; Bland and Rolls,
1998; Appelo and Postma, 2005), this relative contribution may not be just expressive but
dominant. For example, in granite areas of central Portugal, Pacheco and Van der Weijden
(1996) and Van der Weijden and Pacheco (2006) reported contributions greater than 90%. In
the Vila Pouca de Aguiar granites, this dominance was also recognised by Pacheco et al.
(1999), which reported contributions between 95 and 98%, and of 99% when weathering was
associated to fault zones. In the metassediments, plagioclase may be present solely in small
amounts. However, weathering of plagioclase may also contribute dominantly to ground
water composition, because the surrounding minerals (e.g. quartz, chlorite) are usually much
less reactive. For example, in an area with metassediments where groundwater chemistry was
explained by weathering of plagioclase (albite) and chlorite (Pacheco and Alencodo, 2006 ),
the abundance of chlorite is about twice the abundance of albite, but on average the relative

contribution of albite weathering to groundwater composition is greater than 90%. For the
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reasons described above, it is assumed in this case that plagioclase weathering explains the

natural composition of ground water, namely the concentrations of silica and bicarbonate.

5.1. Mass Balances

Reactions of plagioclase producing gibbsite, halloysite, or smectite are listed in Table 5. The
contribution of each reaction to groundwater composition can be accomplished by solving a
set of mole balance equations based on the reaction stoichiometries, namely on the
bicarbonate to dissolved silica ratio (r) which is a key parameter in distinguishing between
different reactions (Garrels, 1967; Pacheco and Van der Weijden, 1996). For the reactions

listed in Table 5, the ratios are:

Isibb = ;:_); (6a)

e (6b)
_06(1+x)

r.Sm - O.95—5+.65x (GC)

where X is the anorthite content of plagioclase (0 < X < 1), and the mole balance equations

are.
[HCO; |= oo [H. IO Tainp + g [H,SIO ],y + e [H,SIO (7a)
[H4SiO?1] = [H4Sioi]Gibb + [H4Sioi]Hal + [H4Sioi]5m (7b)

where square brackets represent dissolved concentrations. The unknowns of the system are x
and the partial concentrations of dissolved silica. An average value for x can be obtained
from chemical analysis of granite and metassediment plagioclases (in the Vila Pouca de
Aguiar region, plagioclase is faithfully represented by an oligoclase, meaning that x ~ 0.2).
However, to become a determined system, set 7a,b must be completed with an additional

equation.
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According to the conceptual flow and weathering models illustrated in Figure 3, the
concentration derived from reaction Rgipy ([H,SIO%].;,,) is released when shallow
groundwater moves along the saprolite path, whereas the concentrations derived from Rya
([H,Si0f%],,,) and Rsm, ([H,SIO%].,,) are released or consumed along the fault zone plus rock
matrix paths. In the first case, the movement of water is sideways and water-mineral
interactions occur within a relatively narrow depth range (from ground surface to zp). Solute
concentrations will be higher or lower depending on whether the length of the saprolite flow
path is longer (Isp in Figure 3) or shorter (ssp), but they will be independent of circulation
depth (2). In the second case, water moves laterally as well as vertically, being sampled in the
boreholes at a depth z = zmeg. The value of zneq Varies from place to place (e.g., from 18 to 96
meters in the study area, Table 1). If dissolution of plagioclase and transport of silica along
the fault zone plus rock matrix paths are assumed continuous, then a range in circulation
depths are expected to follow a concomitant range in the dissolved silica concentrations, the
overall result being a regression between [H,SiO%],,, +[H,SIO%].,,and zmeq. This relationship
is not universal but can be defined for each particular case. With this relation added to

Equations 7a,b, the set becomes determined, and a unique solution can be found for its

unknowns.

5.2. Moles of Dissolved Plagioclase
The moles of plagioclase ([PI]) dissolved along the saprolite, fault zone and rock matrix flow
paths are obtained by multiplying the concentrations of silica derived from reactions Rgipp,

Rua and Rspy, by the concomitant plagioclase to silica ratios (£), as deduced from Table 5:

[PI]= ﬁGibb[H4SiO(z)1]Gibb + Bra [H4Sio(z)1]HaI + Bsm [H4Sioi]5m 8)
where
Baivn = 3Tlx (9a)
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Brar = i (9b)

:BSm = % (9C)
The first term of the right-hand side of Equation 8 represents the number of moles of
plagioclase dissolved along the saprolite path ([PI]o) whereas the sum of the second and third

terms represent the moles dissolved along the fault zone plus rock matrix paths.

5.3. Plagioclase Weathering Rates

Weathering rates of plagioclase can be estimated using:

WPI — [PI]_t[PI]O x % (10)

2.5 is the rate and [PI]-[PI]o (mol-m®) its concomitant dissolved

where Wpy (mol-m
concentration, t (s) is the average groundwater travel time of water packets flowing through
the fault zone and through the rock matrix, V, (m®s™) is the volume of water entering the
fault zone in a unit time, and Ap; (M?s™%) is the surface area of plagioclase in contact with that

volume of aquifer water. An equation for Ap;was developed by Pacheco and Alencodo

(2006), describing the area of fracture surfaces in contact with aquifer water in unit time:

Ao = 2apV, X %
H (11)

where ap is the proportion of plagioclase in the rock, 4 (1.14 x 102 kg-s *m™ at T = 15°C)
is the dynamic viscosity of water, and g is the acceleration of gravity (9.81 m-s ). Replacing

this equation in Equation 10 and rearranging gives:

W, = [P gt— [Pll, [1244,K (12a)
aPI pwgne

Further substitution of Equation 5 in Equation 12a gives

w, = PI=lPlb - 5 (12b)

ta,
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where

CW _ /]_ZyTWUW — 256x10° S1/2 (at T= 150c) (12C)

Equation 12b describes the weathering rate as an explicit function of hydraulic diffusivity.
6. Groundwater Travel Times

The average groundwater travel time is the length of the flow path divided by the mean
velocity of water along that path. According to the conceptual flow model (Figure 3), water
will move towards the fault zones following two distinct paths: the fault zone path or the rock
matrix path. The length of the fault zone path can be equated to zmeg—2o, assuming that fault
zones are almost vertical, where znmeq IS the average depth to the conductive fractures
(Equation 1) and zy is the thickness of the saprolite layer. The length of the rock matrix path
is difficult to assess, because it depends on the average distance between the recharge areas
and the fault zones as well as on the tortuosity of the path, which are unknowns. In this study,
the length of the flow path was approached to zyeq—2zo. This provides minimum values for
flow path lengths and consequently to groundwater travel times, maximizing weathering rates
(Equation 12). Difficulties in determining the rock matrix flow path length were also
encountered and not resolved by Meunier et al. (2007). The mean velocity of water along the
flow path (v, m-s™) is (Domenico and Schwartz, 1998):

Ki
V=—
n

e

(13)

where i is the hydraulic gradient (dimensionless). Although hydraulic gradients are
influenced by recharge and discharge rates as well as by groundwater withdrawal, they follow
primarily the local relief (Appelo and Postma, 2005), being determined by the slope of the

topographic surface (d, dimensionless). Hence, the travel time of groundwater moving from
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the bottom of the saprolite layer till the average depth of conductive fractures can be written

as:

t= (ZmedK_dZO)ne (14)

It should be mentioned that K and n, were estimated from results of long-term pumping tests,
and therefore correspond to an average of the hydraulic conductivities and effective porosities

of the fault zone plus rock matrix.
7. Results and Discussion

7.1. Hydraulic Tests

The hydraulic test of borehole Bornes 1 (Figure 4) ran at a pumping rate Q = 13.5x10 3 m*h"
! (Table 2). For the log cycle 10 to 100 minutes, the scatter points fit to a straight line with
drawdowns s;p = 2.5 and s;90 = 7.8 m, respectively. The change in the drawdown is As; = 5.3

2,41

m which results in T; = 1.31x10“* m (Equation 2). For the next log cycle of time (100 to

1000 minutes) the scatter points fit to a less inclined straight line resulting in a smaller As, =

2.3 m and a larger transmissivity T, = 3.05x10 * m?s !

. Even though the time spans linked to
T, and T, are usually different (Figure 4), the average fault zone transmissivities were
calculated using the arithmetic mean (T1+T,)/2. For the fault zone intersected by borehole
Bornes 1, Tmed = 2.18x107* m?s*. When considering the results of all pumping tests, Tmeg =
(1.5+1.2)x10* m*s L. There were no observation wells around the tested boreholes so a
reasonable value had to be found for the storage coefficient. The choice was the average
storage coefficient of a 33.2 m thick fault zone estimated by Pacheco (2002): S =
(7.75+1.71)x10™°. Standing on this coefficient, the hydraulic diffusivities were calculated by

2,41

Equation 3 and compiled in Table 4. On average, D = 1.7£1.4 m*.s . These values lie in a

range of values observed for fractured weathered crystalline rocks (0.1-10 m?s*; Table 3)
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and are in agreement with results obtained in other studies (Talwani, 1981; Talwani and
Acree, 1984; Rastogi et al., 1986; Shapiro et al, 1997; Talwani and Cobb, 1999).

For borehole Bornes 1, b = 18 m and s0 Kmeq = 12.1x10 ®m-s* (Equation 4). For the entire
set of tested wells Kpeg = (8.845.7)x10° m-s* (Table 2). Hydraulic conductivities decrease
steadily with zmeq as shown in Figure 5. The scatter points in this figure can be fitted to an
exponential function:

K(x10°m-s?) =53.37e %%« R2=(.7 (15)
This equation was used to estimate hydraulic conductivities for the non-tested boreholes
(Table 4). The effective porosity was based on the adopted storage coefficient (S = 7.75x10"

%), and was estimated using Equation 5. The result was: ne = 0.50.

7.2. Weathering Reactions
The physicochemical parameters of the sampled waters are given in Table 4. During the
saprolite, fault zone and rock matrix paths, reaction of water with rock forming minerals

releases solutes and precipitates clay minerals, hydroxides, etc. One of the reaction-derived
solutes is silica (H,SiO%) and for the studied borehole waters the concentrations of H,SiO}
(mol-L™) increase with depth (zmeq, Figure 6). The sympathy between [H,SiO%] and Zpeq is
clear, in spite of the scatter bounded by two dashed lines. This scatter can be ascribed to the
contribution of saprolite weathering to [H,SiO%], i.e. to weathering occurring before the
entrance of shallow ground water into the rock matrix and fault zones intersected by the

drilled wells, because this contribution is not supposed to depend on znmeq . According to the

conceptual weathering model described before, the saprolite contribution to weathering is
referred to as[H,SiO}],,,. Since water moves laterally along the saprolite path (Figure 3),

interacting with minerals within a narrow range of circulation depths (0—z, meters), there is
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no reason why [H,SiO%],,,should depend on zyeg. Instead, [H,SiO%];,, should vary in
agreement with changes in the saprolite path length, as interpreted from a detailed analysis of
Figure 6. In this figure, we shall presume that [H,SiO%],,,is represented by a point in the
dotted line. This line marks the intersection between the lower dashed line and the X-axis (zo)
and stands for the average thickness of the saprolite layer (zo = 16 m). If the path followed by
groundwater during the stage of saprolite weathering is the largest (Isp in Figure 3) then

[H,Si0%].:,, is also the largest and represented by the intersection between the upper dashed

line and the dotted line. If this path is the shortest (ssp) then [H,SiO%].;,, Will approach zero
and be represented by the intersection between the lower dashed line and the dotted line. In
general (values in Table 4),

[H,SiI0%T 55 = [H,SiO%]- 0.0043(Zmed-2o) (16)
where 0.0043 is the slope of the dashed lines.

For the present case study, Equation 16 is required to convert Equations 7a,b into a set with a
unique solution for [H,Si0%],,, and [H,SiO%];...

The concentrations of silica derived from reactions Rgiph, RHat and Rsy (Table 5) are listed in
Table 4. In all cases [H,SiOS];,,and [H,SiO%],,, are positive, meaning that the corresponding
reactions invariably release silica to solution. With four exceptions (samples from drilled
wells Nr 11, 12, 17 and 26), [H,SiO}].,, is negative, meaning that Rsy generally consumes
silica from solution. These results are in keeping with the equations for the r ratios (Equations
6a—c), because for any value of X rgip, and ryy are positive while rsy is positive only for x <
0.056 (albite). The exceptions represent cases where adoption of x = 0.2 is inadequate. For
the cases where Rsp,, consumes silica, the reaction proceeds only if there is some silica

available in the solution, for example transported along the flow path from places where
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weathering of plagioclase has released this solute, i.e. from places where Rgijpp O Rya Were

the prevailing reactions.

7.3. Weathering Reactions and Hydraulic Diffusivity

A plot of silica concentrations derived from reactions Rya and Rspy, (Table 5) versus hydraulic
diffusivity (D) is illustrated in Figure 7. For silica released by Ryq, concentrations decrease as
D increases, according to a power function. When silica is consumed by Rsp, this
consumption increases for increasing values of D, according to a linear function.

Fault zones are low diffusive environments because water tends to follow large gravity
fractures (the easiest routes). Contrarily, the rock matrix is potentially a high diffusive
environment because water has to move in a network of connected small gravity flow
fractures and capillary flow microfractures; the higher the connectivity the higher the
hydraulic diffusivity (Knudby and Carrera, 2006). According to this setting, fault zones must
be plotted to the left-hand side of Figure 7 and the rock matrix to the right-hand side of that
diagram. The boundary between the two environments must be drawn in keeping with the
conceptual weathering model described before. According to this model, reactions involving
plagioclase and occurring along fault zones (completely open systems) should be related to
precipitation of halloysite, and reactions occurring along the rock matrix (semi-open system)
to precipitation of smectite plus halloysite. In Figure 7, this scenario becomes more evident
for D~ 0.7 m2s™*: when D < 0.7 m%s ™, concentrations derived from Ry are high (average:
280 mmol-L ™) and concentrations related to Rsm approach zero (average: —16 mmol-L™?); for
D > 0.7 m%s*, both reactions play a role in weathering of plagioclase (the average
concentrations are 158 mmol-L™ for Ry and =67 mmol-L™ for Rgn), with a growing relative

2,51

importance of Rgy,. Although the limit of D = 0.7 m may be considered arbitrary, it
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certainly can be used as provisional threshold for the separation between fault zone (open
system) and rock matrix (semi-open system) weathering.
An association can also be recognized between precipitation of halloysite and advective flow

along gravity fractures of the fault zones and rock matrix. This is illustrated in Figure 8. No
correlation exists between [H,SiOS].;,, and Zmeq, but even was not expected as production of
gibbsite is ascribed to the saprolite path, not to the fault zone or rock matrix paths. A

correlation between the remainder of silica ([H,SiOS],,, + [H,SIO%],) and zmneq was already

discussed (Figure 6) but Figure 8 shows that only [H,SiO%],,, is correlated with depth. This is
a remarkable result because confirms that production of halloysite is indeed associated with
plagioclase weathering along the mean direction of flow, and that the same does not hold for
production of smectite. In keeping with these results, it may be concluded that production of
halloysite does occur along the walls of gravity-flow fractures, in fault zones or the rock
matrix. In these two media, solute transport is advective and therefore concentrations must
increase with increasing flow path lengths (zmeq) justifying the observed correlation.
Conversely, production of smectite occurs at micro fractures adjacent to the gravity flow
fractures, where solute transport is diffusive, mediated by local gradients of chemical
potential and by the length of diffusion trajectories between the capillary and gravity-flow

fractures, and hence not necessarily dependent on the flow path lengths.

7.4. Groundwater Travel Times, Plagioclase Weathering Rates and Hydraulic Diffusivity
Groundwater travel times (t) calculated by Equation 14 are given in Table 4 and range from
0.01 to 13.7 years, being on average 2.2+3.5 yr. Plagioclase weathering rates (W) calculated
by Equation 12b are compiled in Table 4, with an average logarithmic value of —-12.9+1.1.

These rates are plotted in Figure 9 (filled circles) along with field weathering rates reported in
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other studies (White and Brantley, 2003, and references therein; open circles), with an
average logarithmic value of —15.1+1.0.

Literature rates are on average 2.2 orders of magnitude lower than the rates calculated in this
study. In a first glance at Figure 9, it could be suggested that factor time is the sole
explanation for this discrepancy, but a thorough analysis of the various results reveals that
other factors are also important. The open circles are mostly solid-state weathering rates
based on the differences between elemental, isotopic and mineral compositions measured in
present-day regoliths and in the assumed protolith. In these cases, variable t represents the
entire time span of a weathering episode, commonly on the order of thousands to million
years. The filled circles are solute-flux rates that stand for contemporary weathering during
groundwater percolation in the fractured rocks, in which case t (travel time) is just a portion
of that time window, frequently ranging from years to decades. For the open circles, it is
inherently assumed that the weathering environment is initially a fresh rock (the protolith),
i.e. a medium with a very high hydraulic diffusivity (Table 3). For the filled circles, it is
recognised that many groundwater parcels have circulated through the fractured rocks over
the full time span of weathering, which had as consequence a progressive decrease in the
hydraulic diffusivity, till present day values that do not exceed 5 m?.s™ (Table 4).

The consequences for weathering rates of changing the hydraulic properties of the percolated
rocks are predicted by Equation 12b: the impact in the Wp, values is proportional to the square
root of the change in the D values. To elucidate the full relationship between weathering rate,
hydraulic diffusivity and time, an equation describing the drop in D as a function of t has to
be defined. If, as working hypothesis, it is assumed that D decreases according to a power

function of t, then Equation 12b can be rewritten as:

PP, 0,60 an)

W =
" 2(77t)aP|
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with t given in years and where f is the decreasing rate, n converts years into seconds (n
=3.1536x10" s-yr %), and Dy is a proxy for the initial hydraulic diffusivity. The plot of
Equation 17 in Figure 9 is represented by the dotted lines, each one representing a different
Do. In this plot, it is assumed that [PI] — [PI]o = 0.686 mol-m™ (the average value; Table 4),
that ap) = 0.353 (the proportion of plagioclase in the granites) and that f = 1. According to the
distribution of the Dy lines, most solid-state rates are indeed related to the weathering of a
protolith with 10° < Do < 10° m?/s whereas solute-flux rates are related to a weathered
fractured rock with 107 < Dy < 10 m?/s. It is also clear that, in case the aquifers investigated
in this study were composed of average diffusivity protoliths (Do = 10°> m?s™%; Table 3),
instead of being composed of low diffusivity weathered fractured rocks (Do ~ 10° m?.s™;
Table 4), the calculated rates would be 2.5 orders of magnitude higher (A-double arrowed
line in Figure 9). This difference may be defined as the impact on weathering rates resulting
from continuous recirculation of groundwater through the studied fault zones, over the
geologic times. Factor time adds up to the previous impact, being minimal for waters that
circulated through the system only a few days or months and maximum for waters with
residence times of several years or decades. In the studied region, the difference between
minimum and maximum rates spans 4 orders of magnitude (B-double arrowed line). In
summary, the past changes in hydraulic diffusivity till present day values account for
approximately 40% reduction in weathering rates (2.5 orders of magnitude), relatively to their

presumed original values, whereas travel time accounts for the remaining 60% (4 orders).

8. Conclusions

The drawdown (s) in boreholes (observed during pumping tests), plotted against log cycles of

pumping time (t) could be fitted by two straight lines, one for a short (10 to 100 minutes), the
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other for a longer (100 to 1000 minutes) period of pumping time. Using the latter results, the
average transmissivity (T) was estimated and, in combination with an average storage
coefficient (S) typical for regional fault zones, the hydraulic diffusivity (D = T/S) could be

calculated: on average D = 1.7+1.4 m?s !

. Lower values of D are typical for fault zones with
large fractures, while higher values are indicative of connected networks of small to very
small fractures typical for the rock matrix. Applying the so-coined SiB mass balance
equations (Pacheco and Van der Weijden, 1996) to the water composition, the contribution of
dissolved plagioclase to the water chemistry as well as the amounts of secondary precipitates
(gibbsite, halloysite, smectite) withdrawn from these waters can be calculated. Next, the net
release of dissolved silica from plagioclase dissolution in combination with precipitation of
gibbsite and halloysite and its consumption by smectite formation can be computed. The net
release of dissolved silica derived from plagioclase dissolution in combination with halloysite
precipitation correlates with the average depth (zmeq) Of the productive sectors of the drilled
wells, strongly suggesting halloysite precipitation along fractures in the bedrock.
Combinations of dissolved silica concentrations derived from plagioclase dissolution with
precipitation of gibbsite or smectite lack a correlation with zqeg. The relation between the net
dissolved silica concentrations and D suggests that for D < 0.7 m?s ™ the weathering of
plagioclase is largely followed by precipitation of halloysite and takes place in the completely
open system of the fault zone, whereas at higher values reactions occur also in the rock
matrix with precipitation of both halloysite and smectite. Groundwater travel times are on
average 2.2+3.5 year. Weathering rates (Wp, ’s) are calculated from the moles of plagioclase
dissolved along the flow path per unit of area of plagioclase exposed to the fluid and travel
time t. The average (Wp) = 10- 2% mol-m2.s7* is 2.2 orders of magnitude higher than

solid-state weathering rates reported in various studies. The explanations for the apparent

discrepancy are partly the past changes in hydraulic diffusivity of the weathering
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environments, from approximately 10° m?/s in the protoliths to 0.1-1 m?/s in present-day

weathered fractured rocks, and partly the duration of weathering.
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Abstract

The study area is situated in a fault zone with fractured granites and metassediments. In a
conceptual model, infiltrating water first passes the bedrock cover of soil and saprolite and
then partly enters the fractures. Weathering reactions of minerals occur in small pores and
fissures in the bedrock cover zone to continue in the larger fractures. Pumping tests were
carried out in a number of boreholes to measure the drawdown as a function of pumping
time. From the results, values of transmissivity (T) could be derived. In combination with the
storage coefficient (S) for similar fault zones, the hydraulic diffusivity (D = T/S) could be
computed.

Water samples, collected from the boreholes, represent fluid packets with a history of
weathering reactions in the bedrock cover and in the larger fractures. The major element
composition of these samples was used by means of the SiB mass balance algorithm
(Pacheco and Van der Weijden, 1996) to calculate the moles:L™ of dissolved plagioclase
(oligoclase with An =~ 0.20) and the moles-L™ of secondary phases (gibbsite, halloysite,

smectite) precipitated along the flow paths of the samples. These results were then used to
calculate the net dissolved silica concentrations ([H,SiOJ]) related to dissolution of
plagioclase followed by precipitation of each of the secondary phases. An interpretation of a
plot of each of these [H,SiO%]’s versus D is that at D < 0.7 m*s ™, dissolution of plagioclase

is followed by precipitation of halloysite in the large fractures of the fault zone (open
system), whereas at D > 0.7 m?s* precipitation of both halloysite and smectite occurs in the
rock matrix with small fissures and pores (semi-open system). Before being pumped, the
percolating fluids travelled 0.01 to 13.7 years. During these periods, plagioclase weathered at
rates (Wpy) of 10 29D moles-m 25, which are approximately 2.2 orders of magnitude

higher than solid-state weathering rates reported in various field studies. In this study, it is

Text and References 2



43

44

45

46

Text and References 7 November 2011

suggested that part of the apparent discrepancy between the results is due to changes in

hydraulic diffusivity of the weathering environments occurring over the geologic times.
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1. Introduction

Weathering of rock forming minerals can be investigated in terms of microsystems, a concept
introduced by Korzhinskii (1959). These systems are located at each water—mineral contact
and are composed of the primary and secondary minerals and local solutions. They belong to
three categories: closed, semi-open and completely open (Meunier et al., 2007). In crystalline
rocks, closed microsystems are located at primary porosity and microfracture dead ends,
semi-open at microfractures and completely open at small fractures.

Groundwater flow and solute transport regimes within a microsystem depend on their
category: in a closed system, fluids are stagnant and therefore solute transport is limited; in a
semi-open system, water moves by capillarity and solute transport occurs by chemical
diffusion; and finally, in an open system, groundwater flow is controlled by gravity and
solute transport occurs by advection. The prevailing regimes determine the secondary
products derived from alteration of the parent minerals (Baynes and Dearman, 1978; Sausse
et al., 2001): in microfractures, where the leaching of solutes is less intense because transport
is associated to chemical gradients, the most common secondary products are smectites and
vermiculites; in fractures the leaching is intensified because solutes are carried away by the
flowing water and, as a consequence allophone and/or halloysite are formed,; if velocity
and(or) the volume of flow increase, the leaching of (earth)alkaline elements and silica may
become extreme, resulting in formation of gibbsite.

Dissolution of parent minerals and precipitation of secondary products within microsystems
is accompanied by the alteration of rock porosity and permeability. In the process of chemical
weathering, water increasingly invades the microsystems developing secondary porosity that,
regardless of the quantities of the newly formed phases, generally increases because the

alteration products never completely replace the dissolved volume (Putnis, 2002; Meunier et
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al., 2007). The increase in porosity changes the geometrical parameters of the pathways.
Microfractures tend to widen and connect to other microsystems, increasing permeability
(Sardini et al., 2001; Sausse et al., 2001). In later stages of weathering, associated to the
development of saprolites, the microstructure of the rocks tends to disappear by collapsing or
sliding under gravity, causing a substantial decrease in permeability, but not in porosity
(Wright and Burgess, 1992).

Weathering studies based on the microsystem concept have been performed at the
microscopic scale (Meunier and Velde, 1979; Hochella and Banfield, 1995; Sausse et al,
2001; Meunier et al., 2007), using thin sections of rock samples as investigating materials.
The main goal of this paper is to extrapolate the analysis of microsystems to the macroscopic
scale, applying it to fault zones underlying a soil plus saprolite cover. The selection of fault
zones to study the macroscopic behaviour of microsystems is adequate, because fault zones
are complex fractured environments composed of large gravity-flow fractures in hydraulic
connection with a network of small gravity-flow fractures and capillary-flow microfractures
(rock matrix). At the scale of a fault zone, the evolution of pathway parameters can be
described by hydraulic diffusivity, which is the ratio of hydraulic transmissivity (a proportion
of permeability) to the storage capacity (a function of porosity). The aim is to verify if
changes in the hydraulic diffusivity have an effect on the type of secondary minerals formed
by weathering of plagioclase.

A complementary objective of this study is to calculate plagioclase weathering rates, taking
into account particularities of the fractured rocks relative to groundwater travel time and area
exposed to groundwater. The aim is to verify if the relation between weathering rates and
groundwater travel time can also be described in terms of progressive hydraulic diffusivity

changes.
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2. Study Area

The region of Vila Pouca de Aguiar is located in the North of Portugal and occupies an area
of approximately 437 km? (Figure 1). It is characterized morphologically by large-scale
tectonic valleys, associated to the so-called Vila Real fault, surrounded by the Alvéo (to the
West) and Padrela (to the East) mountains. Altitudes range from a minimum of 200 m in the
Northern valleys and a maximum of 1200 m up in the mountains.

Climate in the area is temperate with wet—cold and dry—warm alternating seasons. The annual
precipitations range from 900 mm-yr " in the Northeast to 1900 mm-yr™* in the Southwest of
the region (Figure 2), being influenced by the topography.

The geology of the area is characterized by Hercynian (syn- to post-tectonic) granites that
intruded Palaeozoic (Cambrian to Devonian) metassediments and were covered by
Quaternary alluvial and terrace deposits along the Vila Real fault (Figure 2). In the Southeast
part of the area, occupied by an extensive outcrop of metassediments, a geological structure
was defined, in which tectonic laminae are folded and separated by major thrusts (Pacheco et
al., 1997).

The Vila Pouca de Aguiar granites are composed of (in weight %) quartz (31.5), plagioclase
(35.3), K-feldspar (26.7), biotite (4.4) and muscovite (1.4), with minor amounts of apatite and
ilmenite. The plagioclase composition ranges from albite-Ang to andesine-Angy (Pacheco et
al., 1999). The metassediments, which include greywackes, phyllites, quartzites and graphitic
slates, contain quartz, muscovite and smaller amounts of biotite, K-feldspar and albite-

oligoclase (Pacheco, 1995).
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3. Hydrogeologic Setting

3.1. Conceptual Flow and Weathering Models

The fate of infiltrated rainwater in a fractured massif comprises lateral flow through the
bedrock cover (soil and saprolite) and recharge. Recharge includes refilling of the rock
matrix, composed of a network of small gravity flow fractures and capillary flow
microfractures, and of fault zones composed of large gravity-flow fractures and crushed rock.
Figure 3 illustrates the lateral flow of shallow groundwater through a saprolite horizon with a
thickness zp (m), succeeded by its infiltration into a couple of sub-vertical fault zones. It also
shows paths of groundwater through the rock matrix until they reach the same fault zones.
Similar models of groundwater flow through fractured rocks towards fault zones have been
adopted by Herbert et al. (1992) and Verweij (1995).

The saprolite horizon is assumed an open system given the high effective porosity and
sometimes (granite saprolites) also high hydraulic conductivity of the disaggregated
materials. Depending on precipitation (P, mm), which determines the volume of flow,
secondary products expected to result from weathering of plagioclase are halloysite (lower
precipitations) or gibbsite (higher precipitations). In Portugal, gibbsite is the most common
secondary product for annual precipitations higher than about 1000 mm-y*, whereas for
precipitations lower than this limit the dominant product is halloysite (Martins et al., 1995).
The fault zones are also assumed open systems because large gravity-flow fractures dominate
in these environments. However, no extreme flushing conditions are expected to occur given
the compaction of these zones caused by the burden of overlying rocks. For that reason,
plagioclase weathering is expected to produce halloysite. Finally, the rock matrix is assumed

a semi-open system given the dominance of small gravity-flow fractures and capillary-flow
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microfractures in this environment. In this case, halloysite and smectite are both assumed

products of plagioclase weathering (Meunier et al., 2007).

3.2. Boreholes

In the past three decades, about 50 to 60 wells were drilled in the region of Vila Pouca de
Aguiar to be used as sources of drinking water for public supply. The location of 31 of the
most productive boreholes is plotted in Figure 1 (labelled circles) and the information on
name (l1d), intersected rock type (granite or metassediment), depth (z, m), slope of the
topographic surface (d in %, sampled from the Digital Elevation Model of Figure 1) and local
precipitation (P in mm-y™*, sampled from Figure 2), is depicted in Table 1. The associated
yields are illustrated in Figure 2 and can be justified by a combination of factors
encompassing the high annual precipitation, the abundance of quartzites within the
metassediments, and especially the proximity of the borehole to the Vila Real fault, to folds
and thrusts, or to the contact between granites and metamorphic rocks, places where the
fracture sets are usually more dense and interconnected. A number of studies reported the
proximity of boreholes to densely fractured regions as an important cause for observed high
yields (Siddiqui and Parizek, 1971; Mabee, 1999; Neves and Morales, 2007; among others).
During the drillings, several gravity-flow fractures were intersected by the boreholes
releasing variable amounts of water. The depth of intersection of fracture i (z;, m) and its
corresponding yield (Q;, m>h™) are listed in Table 1 for the above mentioned 31 boreholes.
Depths of intersection and yields were reported by the well drillers. For the first fracture, the
depth was set when water started flowing upward through the borehole emerging naturally at
the surface. For the other fractures of the same borehole, depths were set when an increase in
the natural outflow was noted. Yields were determined as the rate of water that can be

airlifted on a continuous short-term (generally tens of minutes) basis. These approaches for
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estimating fractured aquifer depths and yields are common and have been used in many other
studies (e.g., Moore et al., 2002). The average depth of the gravity flow fractures (Zmed, m)

was estimated by weighting the depth of each fracture according to its yield:

- Z1.2,Q; 1)
ZLQ,

where n is the number of fractures intersected by the borehole.

3.3. Pumping Tests and Hydraulic Parameters

Pumping tests were conducted on 14 of the 31 boreholes, lasting in all cases but one from
1140 to 2760 minutes. The exception was the test conducted on borehole Nr 23-22 (Cevivas)
which ran for just 330 minutes. The duration of the tests and their pumping rates and
hydrostatic levels are listed in Table 2.

In all cases, the scatter points drawdown (s, m) versus time (t, min) in a semilogarithmic plot
could be fitted with a straight line, after the first 100 minutes of pumping. In three cases (tests
to boreholes Nr 4, 48-19 and 4920), the points could be linearly fitted with different two
slopes, the first after 10 minutes of pumping and the second after 100 minutes of pumping.
Figure 4 illustrates the test to borehole Nr 4. The fitting of (s,t) points to one straight line in a
semilogarithmic plot is conform with type curves derived for porous media aquifers, and for
that reason aquifer transmissivities (T, m?.s™*) based on the straight lines fitted to the after-10
and/or after-100 minutes period(s) were calculated using a classical porous media model (the

Cooper-Jacob, 1946, formula):

T 2.3Q @)
47As
where Q (m®s™) is the pumping rate and As (m) the change in s corresponding to a log cycle

of time. The two fittings reported for boreholes Nr 4, 19 and 20 can be attributed to

heterogeneity of the tested rocks: boreholes drain several gravity-flow fractures, with
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different hydraulic heads, that apparently reacted to pumping at two different moments
during the test. The influence of rock heterogeneity on pumping test results and interpretation
has been quoted by Dagan (1986), Newman (1990), Belcher et al. (2001), Kollet and Zlotnik
(2005), among other workers.

2 S—l

The hydraulic diffusivity (D, m* 2gt

) is the quotient of transmissivity (T, m“-s *) and storage
coefficient (S, dimensionless):

D=TI/S (3)
Fractured rocks and regoliths derived therefrom span a wide range of D values, as depicted in
Table 3. The hydraulic conductivity (K, m-s™) is the quotient of transmissivity and the
drainable thickness (b, m):

K=T/b 4)
The drained thicknesses of the tested boreholes are listed in Table 2 and were estimated by
multiplying the number of intersected fractures (Table 1) by the length of the screened tubes
casing the borehole around those fractures (in general 6 m, but 3 or 1 m for boreholes
Cevivas and Santa Marta, respectively). Effective porosity (ne, dimensionless) is the volume
of connected voids in a sample divided by the total volume of the sample, and can be derived

from the storage coefficient (Domenico and Schwartz, 1998):

S

n, =
pPbo,

()

where py, is the specific weight of water (999.1 kg-m 2 at T = 15°C) and o, the
compressibility coefficient of water (4.7x10° m*kg2).

4. Sampling and AnalysisSamples of borehole water were collected within the limits of the
Vila Pouca de Aguiar municipality from January 2006 to April 2006. The sampling sites are
shown in Figure 1. At the sampling site, electrical conductivity (EC), temperature (T, °C) and

pH were measured and a water sample was filtered through a 0.4 um membrane filter. The
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filtered water was split into 2 portions; one was stored for analysis in the home laboratory,
acidified to pH 2 using pure nitric acid, and the other for analysis of alkalinity in the field
laboratory, within 24 hours using the Gran plot method. In the home laboratory, ICP-OES

was used for analysis of Si. The analytical results are shown in Table 4.

5. Weathering Reactions and Rates

Not all minerals present in the granites or in the metassediments are important as weathering
reactants. In general, the abundance of plagioclase in granites is significant and therefore the
relative contribution of plagioclase weathering to groundwater composition is expected to be
expressive. However, because plagioclase has a low resistance to weathering, when compared
to other minerals composing these rocks (e.g. quartz, biotite, muscovite; Bland and Rolls,
1998; Appelo and Postma, 2005), this relative contribution may not be just expressive but
dominant. For example, in granite areas of central Portugal, Pacheco and Van der Weijden
(1996) and Van der Weijden and Pacheco (2006) reported contributions greater than 90%. In
the Vila Pouca de Aguiar granites, this dominance was also recognised by Pacheco et al.
(1999), which reported contributions between 95 and 98%, and of 99% when weathering was
associated to fault zones. In the metassediments, plagioclase may be present solely in small
amounts. However, weathering of plagioclase may also contribute dominantly to ground
water composition, because the surrounding minerals (e.g. quartz, chlorite) are usually much
less reactive. For example, in an area with metassediments where groundwater chemistry was
explained by weathering of plagioclase (albite) and chlorite (Pacheco and Alencodo, 2006 ),
the abundance of chlorite is about twice the abundance of albite, but on average the relative

contribution of albite weathering to groundwater composition is greater than 90%. For the
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reasons described above, it is assumed in this case that plagioclase weathering explains the

natural composition of ground water, namely the concentrations of silica and bicarbonate.

5.1. Mass Balances

Reactions of plagioclase producing gibbsite, halloysite, or smectite are listed in Table 5. The
contribution of each reaction to groundwater composition can be accomplished by solving a
set of mole balance equations based on the reaction stoichiometries, namely on the
bicarbonate to dissolved silica ratio (r) which is a key parameter in distinguishing between
different reactions (Garrels, 1967; Pacheco and Van der Weijden, 1996). For the reactions

listed in Table 5, the ratios are:

Isibb = ;:_); (6a)

e (6b)
_06(1+x)

r.Sm - O.95—5+.65x (GC)

where X is the anorthite content of plagioclase (0 < X < 1), and the mole balance equations

are.
[HCO; |= oo [H. IO Tainp + g [H,SIO ],y + e [H,SIO (7a)
[H4SiO?1] = [H4Sioi]Gibb + [H4Sioi]Hal + [H4Sioi]5m (7b)

where square brackets represent dissolved concentrations. The unknowns of the system are x
and the partial concentrations of dissolved silica. An average value for x can be obtained
from chemical analysis of granite and metassediment plagioclases (in the Vila Pouca de
Aguiar region, plagioclase is faithfully represented by an oligoclase, meaning that x ~ 0.2).
However, to become a determined system, set 7a,b must be completed with an additional

equation.
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According to the conceptual flow and weathering models illustrated in Figure 3, the
concentration derived from reaction Rgipy ([H,SIO%].;,,) is released when shallow
groundwater moves along the saprolite path, whereas the concentrations derived from Rya
([H,Si0f%],,,) and Rsm, ([H,SIO%].,,) are released or consumed along the fault zone plus rock
matrix paths. In the first case, the movement of water is sideways and water-mineral
interactions occur within a relatively narrow depth range (from ground surface to zp). Solute
concentrations will be higher or lower depending on whether the length of the saprolite flow
path is longer (Isp in Figure 3) or shorter (ssp), but they will be independent of circulation
depth (2). In the second case, water moves laterally as well as vertically, being sampled in the
boreholes at a depth z = zmeg. The value of zneq Varies from place to place (e.g., from 18 to 96
meters in the study area, Table 1). If dissolution of plagioclase and transport of silica along
the fault zone plus rock matrix paths are assumed continuous, then a range in circulation
depths are expected to follow a concomitant range in the dissolved silica concentrations, the
overall result being a regression between [H,SiO%],,, +[H,SIO%].,,and zmeq. This relationship
is not universal but can be defined for each particular case. With this relation added to

Equations 7a,b, the set becomes determined, and a unique solution can be found for its

unknowns.

5.2. Moles of Dissolved Plagioclase
The moles of plagioclase ([PI]) dissolved along the saprolite, fault zone and rock matrix flow
paths are obtained by multiplying the concentrations of silica derived from reactions Rgipp,

Rua and Rspy, by the concomitant plagioclase to silica ratios (£), as deduced from Table 5:

[PI]= ﬁGibb[H4SiO(z)1]Gibb + Bra [H4Sio(z)1]HaI + Bsm [H4Sioi]5m 8)
where
Baivn = 3Tlx (9a)
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Brar = i (9b)

:BSm = % (9C)
The first term of the right-hand side of Equation 8 represents the number of moles of
plagioclase dissolved along the saprolite path ([PI]o) whereas the sum of the second and third

terms represent the moles dissolved along the fault zone plus rock matrix paths.

5.3. Plagioclase Weathering Rates

Weathering rates of plagioclase can be estimated using:

WPI — [PI]_t[PI]O x % (10)

2.5 is the rate and [PI]-[PI]o (mol-m®) its concomitant dissolved

where Wpy (mol-m
concentration, t (s) is the average groundwater travel time of water packets flowing through
the fault zone and through the rock matrix, V, (m®s™) is the volume of water entering the
fault zone in a unit time, and Ap; (M?s™%) is the surface area of plagioclase in contact with that

volume of aquifer water. An equation for Ap;was developed by Pacheco and Alencodo

(2006), describing the area of fracture surfaces in contact with aquifer water in unit time:

Ao = 2apV, X %
H (11)

where ap is the proportion of plagioclase in the rock, 4 (1.14 x 102 kg-s *m™ at T = 15°C)
is the dynamic viscosity of water, and g is the acceleration of gravity (9.81 m-s ). Replacing

this equation in Equation 10 and rearranging gives:

W, = [P gt— [Pll, [1244,K (12a)
aPI pwgne

Further substitution of Equation 5 in Equation 12a gives

w, = PI=lPlb - 5 (12b)

ta,
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where

CW _ /]_ZyTWUW — 256x10° S1/2 (at T= 150c) (12C)

Equation 12b describes the weathering rate as an explicit function of hydraulic diffusivity.
6. Groundwater Travel Times

The average groundwater travel time is the length of the flow path divided by the mean
velocity of water along that path. According to the conceptual flow model (Figure 3), water
will move towards the fault zones following two distinct paths: the fault zone path or the rock
matrix path. The length of the fault zone path can be equated to zmeg—2o, assuming that fault
zones are almost vertical, where znmeq IS the average depth to the conductive fractures
(Equation 1) and zy is the thickness of the saprolite layer. The length of the rock matrix path
is difficult to assess, because it depends on the average distance between the recharge areas
and the fault zones as well as on the tortuosity of the path, which are unknowns. In this study,
the length of the flow path was approached to zyeq—2zo. This provides minimum values for
flow path lengths and consequently to groundwater travel times, maximizing weathering rates
(Equation 12). Difficulties in determining the rock matrix flow path length were also
encountered and not resolved by Meunier et al. (2007). The mean velocity of water along the
flow path (v, m-s™) is (Domenico and Schwartz, 1998):

Ki
V=—
n

e

(13)

where i is the hydraulic gradient (dimensionless). Although hydraulic gradients are
influenced by recharge and discharge rates as well as by groundwater withdrawal, they follow
primarily the local relief (Appelo and Postma, 2005), being determined by the slope of the

topographic surface (d, dimensionless). Hence, the travel time of groundwater moving from
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the bottom of the saprolite layer till the average depth of conductive fractures can be written

as:

t= (ZmedK_dZO)ne (14)

It should be mentioned that K and n, were estimated from results of long-term pumping tests,
and therefore correspond to an average of the hydraulic conductivities and effective porosities

of the fault zone plus rock matrix.
7. Results and Discussion

7.1. Hydraulic Tests

The hydraulic test of borehole Bornes 1 (Figure 4) ran at a pumping rate Q = 13.5x10 3 m*h"
! (Table 2). For the log cycle 10 to 100 minutes, the scatter points fit to a straight line with
drawdowns s;p = 2.5 and s;90 = 7.8 m, respectively. The change in the drawdown is As; = 5.3

2,41

m which results in T; = 1.31x10“* m (Equation 2). For the next log cycle of time (100 to

1000 minutes) the scatter points fit to a less inclined straight line resulting in a smaller As, =

2.3 m and a larger transmissivity T, = 3.05x10 * m?s !

. Even though the time spans linked to
T, and T, are usually different (Figure 4), the average fault zone transmissivities were
calculated using the arithmetic mean (T1+T,)/2. For the fault zone intersected by borehole
Bornes 1, Tmed = 2.18x107* m?s*. When considering the results of all pumping tests, Tmeg =
(1.5+1.2)x10* m*s L. There were no observation wells around the tested boreholes so a
reasonable value had to be found for the storage coefficient. The choice was the average
storage coefficient of a 33.2 m thick fault zone estimated by Pacheco (2002): S =
(7.75+1.71)x10™°. Standing on this coefficient, the hydraulic diffusivities were calculated by

2,41

Equation 3 and compiled in Table 4. On average, D = 1.7£1.4 m*.s . These values lie in a

range of values observed for fractured weathered crystalline rocks (0.1-10 m?s*; Table 3)
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and are in agreement with results obtained in other studies (Talwani, 1981; Talwani and
Acree, 1984; Rastogi et al., 1986; Shapiro et al, 1997; Talwani and Cobb, 1999).

For borehole Bornes 1, b = 18 m and s0 Kmeq = 12.1x10 ®m-s* (Equation 4). For the entire
set of tested wells Kpeg = (8.845.7)x10° m-s* (Table 2). Hydraulic conductivities decrease
steadily with zmeq as shown in Figure 5. The scatter points in this figure can be fitted to an
exponential function:

K(x10°m-s?) =53.37e %%« R2=(.7 (15)
This equation was used to estimate hydraulic conductivities for the non-tested boreholes
(Table 4). The effective porosity was based on the adopted storage coefficient (S = 7.75x10"

%), and was estimated using Equation 5. The result was: ne = 0.50.

7.2. Weathering Reactions
The physicochemical parameters of the sampled waters are given in Table 4. During the
saprolite, fault zone and rock matrix paths, reaction of water with rock forming minerals

releases solutes and precipitates clay minerals, hydroxides, etc. One of the reaction-derived
solutes is silica (H,SiO%) and for the studied borehole waters the concentrations of H,SiO}
(mol-L™) increase with depth (zmeq, Figure 6). The sympathy between [H,SiO%] and Zpeq is
clear, in spite of the scatter bounded by two dashed lines. This scatter can be ascribed to the
contribution of saprolite weathering to [H,SiO%], i.e. to weathering occurring before the
entrance of shallow ground water into the rock matrix and fault zones intersected by the

drilled wells, because this contribution is not supposed to depend on znmeq . According to the

conceptual weathering model described before, the saprolite contribution to weathering is
referred to as[H,SiO}],,,. Since water moves laterally along the saprolite path (Figure 3),

interacting with minerals within a narrow range of circulation depths (0—z, meters), there is
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no reason why [H,SiO%],,,should depend on zyeg. Instead, [H,SiO%];,, should vary in
agreement with changes in the saprolite path length, as interpreted from a detailed analysis of
Figure 6. In this figure, we shall presume that [H,SiO%],,,is represented by a point in the
dotted line. This line marks the intersection between the lower dashed line and the X-axis (zo)
and stands for the average thickness of the saprolite layer (zo = 16 m). If the path followed by
groundwater during the stage of saprolite weathering is the largest (Isp in Figure 3) then

[H,Si0%].:,, is also the largest and represented by the intersection between the upper dashed

line and the dotted line. If this path is the shortest (ssp) then [H,SiO%].;,, Will approach zero
and be represented by the intersection between the lower dashed line and the dotted line. In
general (values in Table 4),

[H,SiI0%T 55 = [H,SiO%]- 0.0043(Zmed-2o) (16)
where 0.0043 is the slope of the dashed lines.

For the present case study, Equation 16 is required to convert Equations 7a,b into a set with a
unique solution for [H,Si0%],,, and [H,SiO%];...

The concentrations of silica derived from reactions Rgiph, RHat and Rsy (Table 5) are listed in
Table 4. In all cases [H,SiOS];,,and [H,SiO%],,, are positive, meaning that the corresponding
reactions invariably release silica to solution. With four exceptions (samples from drilled
wells Nr 2011, 1112, 16-17 and 2526), [H,SiO}].,, is negative, meaning that Rsq, generally
consumes silica from solution. These results are in keeping with the equations for the r ratios
(Equations 6a—c), because for any value of X rgip, and ruy are positive while rgy, is positive
only for x < 0.056 (albite). The exceptions represent cases where adoption of x = 0.2 is
inadequate. For the cases where Rsy, consumes silica, the reaction proceeds only if there is

some silica available in the solution, for example transported along the flow path from places
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where weathering of plagioclase has released this solute, i.e. from places where Rgipp O Ryal

were the prevailing reactions.

7.3. Weathering Reactions and Hydraulic Diffusivity

A plot of silica concentrations derived from reactions Rya and Rspy, (Table 5) versus hydraulic
diffusivity (D) is illustrated in Figure 7. For silica released by Ryq, concentrations decrease as
D increases, according to a power function. When silica is consumed by Rsp, this
consumption increases for increasing values of D, according to a linear function.

Fault zones are low diffusive environments because water tends to follow large gravity
fractures (the easiest routes). Contrarily, the rock matrix is potentially a high diffusive
environment because water has to move in a network of connected small gravity flow
fractures and capillary flow microfractures; the higher the connectivity the higher the
hydraulic diffusivity (Knudby and Carrera, 2006). According to this setting, fault zones must
be plotted to the left-hand side of Figure 7 and the rock matrix to the right-hand side of that
diagram. The boundary between the two environments must be drawn in keeping with the
conceptual weathering model described before. According to this model, reactions involving
plagioclase and occurring along fault zones (completely open systems) should be related to
precipitation of halloysite, and reactions occurring along the rock matrix (semi-open system)
to precipitation of smectite plus halloysite. In Figure 7, this scenario becomes more evident
for D~ 0.7 m2s™*: when D < 0.7 m%s ™, concentrations derived from Ry are high (average:
280 mmol-L ™) and concentrations related to Rsm approach zero (average: —16 mmol-L™?); for
D > 0.7 m%s*, both reactions play a role in weathering of plagioclase (the average
concentrations are 158 mmol-L™ for Ry and —67 mmol-L™ for Rgn), with a growing relative

2,51

importance of Rgy,. Although the limit of D = 0.7 m may be considered arbitrary, it
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certainly can be used as provisional threshold for the separation between fault zone (open
system) and rock matrix (semi-open system) weathering.
An association can also be recognized between precipitation of halloysite and advective flow

along gravity fractures of the fault zones and rock matrix. This is illustrated in Figure 8. No
correlation exists between [H,SiOS].;,, and Zmeq, but even was not expected as production of
gibbsite is ascribed to the saprolite path, not to the fault zone or rock matrix paths. A

correlation between the remainder of silica ([H,SiOS],,, + [H,SIO%],) and zmneq was already

discussed (Figure 6) but Figure 8 shows that only [H,SiO%],,, is correlated with depth. This is
a remarkable result because confirms that production of halloysite is indeed associated with
plagioclase weathering along the mean direction of flow, and that the same does not hold for
production of smectite. In keeping with these results, it may be concluded that production of
halloysite does occur along the walls of gravity-flow fractures, in fault zones or the rock
matrix. In these two media, solute transport is advective and therefore concentrations must
increase with increasing flow path lengths (zmeq) justifying the observed correlation.
Conversely, production of smectite occurs at micro fractures adjacent to the gravity flow
fractures, where solute transport is diffusive, mediated by local gradients of chemical
potential and by the length of diffusion trajectories between the capillary and gravity-flow

fractures, and hence not necessarily dependent on the flow path lengths.

7.4. Groundwater Travel Times, Plagioclase Weathering Rates and Hydraulic Diffusivity
Groundwater travel times (t) calculated by Equation 14 are given in Table 4 and range from
0.01 to 13.7 years, being on average 2.2+3.5 yr. Plagioclase weathering rates (Weg;) calculated
by Equation 12b are compiled in Table 4, with an average logarithmic value of —-12.9+1.1.

These rates are plotted in Figure 9 (filled circles) along with field weathering rates reported in
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other studies (White and Brantley, 2003, and references therein; open circles), with an
average logarithmic value of —15.1+1.0.

Literature rates are on average 2.2 orders of magnitude lower than the rates calculated in this
study. In a first glance at Figure 9, it could be suggested that factor time is the sole
explanation for this discrepancy, but a thorough analysis of the various results reveals that
other factors are also important. The open circles are mostly solid-state weathering rates
based on the differences between elemental, isotopic and mineral compositions measured in
present-day regoliths and in the assumed protolith. In these cases, variable t represents the
entire time span of a weathering episode, commonly on the order of thousands to million
years. The filled circles are solute-flux rates that stand for contemporary weathering during
groundwater percolation in the fractured rocks, in which case t (travel time) is just a portion
of that time window, frequently ranging from years to decades. For the open circles, it is
inherently assumed that the weathering environment is initially a fresh rock (the protolith),
i.e. a medium with a very high hydraulic diffusivity (Table 3). For the filled circles, it is
recognised that many groundwater parcels have circulated through the fractured rocks over
the full time span of weathering, which had as consequence a progressive decrease in the
hydraulic diffusivity, till present day values that do not exceed 5 m?.s™ (Table 4).

The consequences for weathering rates of changing the hydraulic properties of the percolated
rocks are predicted by Equation 12b: the impact in the Wp, values is proportional to the square
root of the change in the D values. To elucidate the full relationship between weathering rate,
hydraulic diffusivity and time, an equation describing the drop in D as a function of t has to
be defined. If, as working hypothesis, it is assumed that D decreases according to a power

function of t, then Equation 12b can be rewritten as:

PP, 0,60 an)

W =
" 2(77t)aP|
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with t given in years and where f is the decreasing rate, n converts years into seconds (n
=3.1536x10" s-yr %), and Dy is a proxy for the initial hydraulic diffusivity. The plot of
Equation 17 in Figure 9 is represented by the dotted lines, each one representing a different
Do. In this plot, it is assumed that [PI] — [PI]o = 0.686 mol-m™ (the average value; Table 4),
that ap) = 0.353 (the proportion of plagioclase in the granites) and that f = 1. According to the
distribution of the Dy lines, most solid-state rates are indeed related to the weathering of a
protolith with 10° < Do < 10° m?/s whereas solute-flux rates are related to a weathered
fractured rock with 107 < Dy < 10 m?/s. It is also clear that, in case the aquifers investigated
in this study were composed of average diffusivity protoliths (Do = 10°> m?s™%; Table 3),
instead of being composed of low diffusivity weathered fractured rocks (Do ~ 10° m?.s™;
Table 4), the calculated rates would be 2.5 orders of magnitude higher (A-double arrowed
line in Figure 9). This difference may be defined as the impact on weathering rates resulting
from continuous recirculation of groundwater through the studied fault zones, over the
geologic times. Factor time adds up to the previous impact, being minimal for waters that
circulated through the system only a few days or months and maximum for waters with
residence times of several years or decades. In the studied region, the difference between
minimum and maximum rates spans 4 orders of magnitude (B-double arrowed line). In
summary, the past changes in hydraulic diffusivity till present day values account for
approximately 40% reduction in weathering rates (2.5 orders of magnitude), relatively to their

presumed original values, whereas travel time accounts for the remaining 60% (4 orders).

8. Conclusions

The drawdown (s) in boreholes (observed during pumping tests), plotted against log cycles of

pumping time (t) could be fitted by two straight lines, one for a short (10 to 100 minutes), the
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other for a longer (100 to 1000 minutes) period of pumping time. Using the latter results, the
average transmissivity (T) was estimated and, in combination with an average storage
coefficient (S) typical for regional fault zones, the hydraulic diffusivity (D = T/S) could be

calculated: on average D = 1.7+1.4 m?s !

. Lower values of D are typical for fault zones with
large fractures, while higher values are indicative of connected networks of small to very
small fractures typical for the rock matrix. Applying the so-coined SiB mass balance
equations (Pacheco and Van der Weijden, 1996) to the water composition, the contribution of
dissolved plagioclase to the water chemistry as well as the amounts of secondary precipitates
(gibbsite, halloysite, smectite) withdrawn from these waters can be calculated. Next, the net
release of dissolved silica from plagioclase dissolution in combination with precipitation of
gibbsite and halloysite and its consumption by smectite formation can be computed. The net
release of dissolved silica derived from plagioclase dissolution in combination with halloysite
precipitation correlates with the average depth (zmeq) Of the productive sectors of the drilled
wells, strongly suggesting halloysite precipitation along fractures in the bedrock.
Combinations of dissolved silica concentrations derived from plagioclase dissolution with
precipitation of gibbsite or smectite lack a correlation with zqeg. The relation between the net
dissolved silica concentrations and D suggests that for D < 0.7 m?s ™ the weathering of
plagioclase is largely followed by precipitation of halloysite and takes place in the completely
open system of the fault zone, whereas at higher values reactions occur also in the rock
matrix with precipitation of both halloysite and smectite. Groundwater travel times are on
average 2.2+3.5 year. Weathering rates (Wp, ’s) are calculated from the moles of plagioclase
dissolved along the flow path per unit of area of plagioclase exposed to the fluid and travel
time t. The average (Wp) = 10- 2% mol-m2.s7* is 2.2 orders of magnitude higher than

solid-state weathering rates reported in various studies. The explanations for the apparent

discrepancy are partly the past changes in hydraulic diffusivity of the weathering
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environments, from approximately 10° m?/s in the protoliths to 0.1-1 m?/s in present-day

weathered fractured rocks, and partly the duration of weathering.
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TABLE LEGENDS

Table 1 — Identification (Nr, 1d), intersected rock type (A = granites; B = metassediments),
and depth (z) of 31 boreholes drilled in the region of Vila Pouca de Aguiar. Slope (d) of the
topographic surface around the borehole and precipitation (P) falling in its vicinity in one
year. Depths (zj, zmeq) and water yields (Q;, 2Q) of fractures intersected during the execution

of the drillings. The value of zneq is calculated by Equation 1.

Table 2 — Results of the hydraulic tests. Symbols: Nr — borehole identification, zmeq — average
depth to the productive sectors (Equation 1), b — drained thickness, t — pumping test duration,
Q — pumping test discharge rate, ho — initial hydraulic head, s; — drawdown at time t (10, 100
and 1000 minutes), As; — change in drawdown corresponding to the log cycle of time t (10 to
100 and 100 to 1000 minutes), Kmeq — average hydraulic conductivity. (*) three meter long

screened tubes, (**) one meter long screened tubes.

Table 3 — In situ hydraulic diffusivities of rocks and regoliths. References: 1 — Domenico
and Schwartz (1998), 2 — Roeloffs (1997); 3 — Abrisqueta et al. (2006). Diffusivities of
unweathered rocks are based on values of hydraulic conductivity and effective porosity
reported in reference 1, and were estimated using Equations 3-5. Minimum and maximum

regolith diffusivities were measured at water contents of 15% and 30%, respectively.

Table 4 — Hydrologic parameters of the sampled boreholes: hydraulic diffusivity (D;
Equation 3), hydraulic conductivity (K; calculated by Equation 4 for the tested boreholes and
estimated by Equation 15 for the non tested boreholes), drained thickness (b), and

groundwater travel time (t; Equation 14). Results of the field and laboratory measurements:
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electrical conductivity (Ec), temperature (T), pH, and measured bicarbonate ([HCO,]) and
silica ([H,SiO%]) concentrations of the borehole waters. Results of the weathering modelling:
concentration of silica derived from plagioclase reactions Rgipp, Rnai and Rsm, as depicted in
Table 5 ([H,SiO% 15 [H,SIO%],,, and [H,SiO%]s,); moles of plagioclase dissolved along the

saprolite ([PI]o) and saprolite + fault zone + rock matrix ([PI]) flow paths (Equation 8), and

plagioclase weathering rates along the fault zone + rock matrix path (Wp; Equation 12b).

Table 5 — Reactions of plagioclase (Nai_x CaxAl1.+x SizxOg, Where x is the anorthite content)
producing smectite ((Mg, Al ¢ )Si ,0,,(OH) , -5H,0-Cazl..), halloysite (Al,Si,Os5(0OH)y)
and gibbsite (Al(OH)3). Structural formula of smectite adopted from Van der Weijden and

Pacheco (2006).
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TABLE 1
Rock z d P 71 22 Z3 yn Zs Zs Zmed Ql QZ Q3 Q4 QS QG ZQ
Nr Id
Type
m | % | mmy? m méht

1 Balugas B | 121 [237] 1087 | 85 | 97 96 |05]85 9
2 | Barreiros2 | B | 101 [405] 1252 | 36 | 48 | 60 | 84 62 |15[30(35]40 12
3 Barrela A | 83|96 1206 1533 42] 69 41 [20]05[15]20 6
4 Bornes 1 B | 90 [196] 1207 | 15 | 32 | 47 39 [10]60]80 15
5 Bornes 2 B | 83 [417] 1223 | 19 | 33 | 39 36 053560 10
6 Bornes 3 B | 74 [326] 1113 | 26 | 46 | 56 43 [35]85]30 15
7 Bornes 4 B | 80 [331] 1114 | 22 | 29 | 40 | 48 42 |o5]15]60]70 15
8 Bornes 5 B | 92 [46.0] 11210 | 27 | 45 | 52 48 [05]30]60 10
9 C?;Tssolde B | 91 |218] 1221 | 27 | 43 | 57 | 70 48 |05|45/|10] 10 7
10 C?;Tgsozde B | 130 |247| 1219 | 29 | 33 | 57 | 79 | 90 | 120 | 74 |05|05|14|10|10]|10]| 5
11 Castelo A | 122|335 1514 | 16 | 27 | 58 | 106 70 |05]05|05]15 3
12 Covas B | 100 [127] 1084 | 51 | 63 | 68 | 84 | 92 75 (1010|1010 20 6
13 Eiriz A | 120|177 1086 | 56 | 84 | 90 | 96 88 [05|10(35]20 7
14 |  Freixeda A | 106|123 1022 | 15 | 19 | 60 | 72 44 |02]05)03]05 2
15 Granja B | 90 [169] 1043 | 37 | 52 | 70 51 [15]10] 10 4
16 Lagoa B | 70 [106] 1041 | 25 | 30 | 45 33 [10]10]10 3
17 Montei‘egre'o A | 151 |184| 1325 | 43 | 90 | 103 | 133 84 [09|06|05]05 3
18 Momegegre'o A | 80 |206]| 1320 | 30 | 47 | 62 43 | 25(35]10 7
19 Nuzedo B | 33 [149] 1206 | 13 | 22 18 |60/9.0 15
20 | Reboredo A | 80 |223]| 1115 | 13 | 27 | 49 34 |05|25]20 5

Novo
21 | santamarta | B | 92 [135] 1727 | 14 | 18 | 37 23 [20]25]20
22 Cevivas B | 88 [343] 1044 | 50 | 59 | 76 67 031720
23 Souto A |100]87| 1637 | 18| 22 | 30 | 40 | 60 32 [20]10]05]15]10
24 Teldes A | 121|170 1643 | 20 | 23 | 26 | 33 | 38 | 40 | 31 [40]10]20]30]|40][40] 18
25 | Treminas B | 112 164 1053 | 34 | 42 | 96 | 102 81 [15]10| 11|44 8
26 | Vilacha A | o1 |165| 1565 | 70 | 73 | 79 | 82 78 [20]20/40]40 12
27 | Vilaribho1 | B | 85 [247] 1126 | 19 | 38 | 76 51 |03]02]05 1
28 | Vilarinho2 | B | 95 [342] 1131 | 31 | 38 | 44 | 60 41 [20]10]20]10 5
29 Vilela 1 A | o1 |51 1a]17] 2] 34 27 10|10 2040 7
30 Vilela 2 A |10 (127 w067 | 7 | 10| 62 18 [10]15]05 3
31 | vreiadedales | B | 121 | 93 | 1208 | 19 | 43 38 [03]12 2
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TABLE 2
Zimed b t Q x107 ho S10 | Swo | Swoo | AS; | Ay | Kineax10™
Nr
m m min | m¥h? m m m m m m m-s
4 39 18 | 2280 | 135 07 |25| 78 |100]| 53 | 23 43.60
5 36 18 | 1620 | 10.8 9.7 14 | 4.6 3.2 34.88
6 43 18 | 1620 | 135 10.4 50 | 7.4 2.4 57.23
7 42 24 | 1980 | 135 15.1 1.0 | 29 2.0 52.82
8 48 18 | 1140 | 135 3.1 6.2 | 11.8 5.6 24.53
11 70 24 | 2640 | 3.0 9.5 255 | 34 8.5 2.69
12 75 30 | 1200 7.6 26.7 235 | 335 10.0 4.64
15 51 18 | 2760 | 3.6 18.5 45 | 9.0 45 8.14
19 18 12 | 1680 | 10.8 00 [1.75| 58 | 130 40 | 7.3 31.97
20 34 18 | 1440 | 5.4 00 |17 26 0.9 64.63
21 23 3 2640 6.8 15 00 | 84 8.4 49.05
22 67 9 330 7.2 28.9 21.0 | 59.0 38.0 3.86
28 41 24 | 1920 | 5.0 18.7 51 | 6.9 1.8 21.19
30 18 18 | 1500 | 3.1 15 31 | 38 0.7 45.05
TABLE 3
Hydraulic Diffusivity — D (m?-s™) Reference
Material
Minimum Maximum
Unweathered fractured crystalline
d Ty 3.41x10° 6.39x10° 1
rock (protolith)
Weathered fractured crystalline rock 1.00x107* 1.00x10" 2
Regolith 2.90x107° 2.20x107° 3
Tables and Legends 4
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TABLE 4
D Kx10® b t Ec T [HCO5] | [HsSi0% | [HaSiOLTainn | [HaSiOL e | [HaSiOLlsm | [Po | [P | Wex10™2

Nr pH

m?st ms?! m yr uS-em® | °C umol-Lt molm2s*
1| 0.06 04 12 13.70 | 106 74 | 65| 520 437 92 392 -47 33 | 705 0.02
2| 070 2.3 24 0.80 38 11.8 | 5.8 | 207 328 130 198 -1 46 | 175 0.18
3| 202 6.5 24 0.64 69 13 | 6.0 | 264 513 404 111 -2 144 | 231 0.26
4 | 281 12.1 18 0.25 130 | 143 |68 | 766 602 504 199 -100 180 | 1222 | 10.83
5] 225 9.7 18 0.09 129 | 138 | 6.7 | 761 595 509 186 -101 182 | 1221 | 27.46
6 | 3.69 15.9 18 0.23 120 | 128 | 6.8 | 787 571 454 224 -106 162 | 1275 | 14.67
8 | 341 147 18 0.25 151 13 | 69| 1141 560 421 320 -180 150 [ 2002 | 21.43
9| 145 4.7 24 0.49 87 114 | 6.4 | 628 707 570 196 -59 204 | 868 2.19
10| 0.57 1.2 36 3.05 112 | 133 | 6.8 | 823 662 412 346 -97 147 | 1250 0.30
11| 0.23 0.7 24 1.68 157 | 122 | 56 | 113 342 110 209 nd 39 | 170 0.05
12| 0.50 13 30 6.30 112 | 11.8 | 6.0 | 287 584 331 244 nd 118 | 271 0.02
13| 0.18 0.6 24 11.06 | 236 6.9 | 7.4 | 1513 584 272 556 -245 97 | 2689 0.13
14| 1.72 5.6 24 0.71 62 13.4 | 59| 395 405 283 160 -38 101 | 553 1.12
15| 0.53 23 18 0.81 38 139 | 5.7 | 239 215 66 170 -21 24 | 321 0.41
16| 2.26 9.8 18 0.27 38 12.2 | 6.3 | 469 93 18 160 -85 6 | 888 7.79
17| 0.22 0.7 24 8.12 47 11.2 [ 6.0 | 195 532 239 267 nd 85 | 252 0.01
18| 1.38 5.9 18 0.35 39 11.2 { 59| 290 432 315 131 -14 113 | 325 111
19| 1.37 8.9 12 0.01 57 122 | 6.2 | 361 326 315 56 -46 113 | 568 83.08
20| 4.17 18.0 18 0.14 33 129 | 54| 151 193 114 88 -9 41 | 178 3.09
21| 053 | 136 3 0.05 51 122 | 59| 316 77 49 86 -58 17 | 600 34.89
22| 0.12 11 9 1.33 56 129 [ 59 | 266 269 50 235 -17 18 | 320 0.18
23| 4.01 10.3 30 0.28 41 129 | 58 | 220 299 230 84 -15 82 | 268 1.58
24| 4.99 10.7 36 0.13 66 13.2 | 6.6 | 764 286 219 197 -131 78 | 1398 | 24.23
25| 0.27 0.9 24 7.29 100 | 10.8 | 6.8 | 830 279 0 409 -131 0 | 1453 0.14
26| 0.32 1.0 24 5.76 78 154 | 6.1 | 348 820 556 246 nd 198 | 352 0.02
27| 0.91 3.9 18 0.58 66 144 | 6.2 | 466 538 386 191 -39 138 | 617 1.22
28| 1.82 5.9 24 0.17 52 121 | 59| 361 137 31 163 -56 11 | 629 6.52
29| 423 | 137 24 0.24 256 | 148 | 7.0 | 1107 447 401 236 -189 143 | 2027 | 21.64
30| 291 125 18 0.01 114 | 139 | 6.0 251 351 345 27 -21 123 | 330 58.98
31| 118 7.6 12 0.50 42 48 |58 | 225 270 174 112 -16 62 | 283 0.92
Tables and Legends 5




ms_Tables and Legends 2 June 2011

TABLE 5

Id Clay Reaction

Mineral

Raibb glbbSIte _ —
2 p14+2c0,— "0 L Gp+ 21T X Nat 42— ca? 4 2HCO; + 25X H,Si0°
1+X 1+X 1+X 1+X

Rea | halloysite 2 nH,0 1-X X N
——PI+2CO, —— 2~ yHal+2=—=Na"+2—Ca*" + 2HCO; +4——H,SIO|
1+x 1+X 1+x 1+Xx

Rsm smectite 1.65 nH.O
1'—PI +0.35Mg* +0.6CO, —2—>

+ X
Sm+1.65-= % Na* + 24X 0175000 ¢ grcoy + 29706 g0
1+X 1+Xx 1+Xx
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FIGURE CAPTIONS

Figure 1 — Location and Digital Elevation Model (DEM) of the Vila Pouca de Aguiar region.
Distribution of topographic slopes (contour lines) and of studied drilled wells (filled circles).
The numbers close to the circles are in agreement with the numbers under the heading “Nr”
in Tables 1, 2 and 4.

Figure 2 — Simplified geologic map of the Vila Pouca de Aguiar region. Spatial distribution
of annual precipitation (contour lines) and production of drilled wells used for public supply
of drinking water (graduated filled circles).

Figure 3 — Flow paths of shallow groundwater towards and within fault zones. Characteristic
fractures prevailing in fault zone and rock matrix environments. Weathering of plagioclase

along the saprolite path is described by Rgipp (Table 5) producing [H,SiO%]s,.,, along the fault
zone path by Ry producing [H,SiO%],..,, and along the rock matrix path by Rsy and Ry
producing [H,SiO%],, and [H,SiO%],.,. When the saprolite path is the shortest (ssp), it is
assumed that [H,SiO%].,,,= 0, when is the largest (Isp) that [H,SiO%].,,,= max.

Figure 4 — Semilogarithmic plot of drawdown (s) versus time (t) relative to borehole Bornes
1 (Nr = 4). The description of symbols and interpretation of the graph is given in the text.

Figure 5 — Relation between hydraulic conductivity (K) and average depth to the productive
sectors of the drilled wells (Zmeq).

Figure 6 — Relation between concentration of dissolved silica ([H,SiOS]) and depth to the
productive sectors of the drilled wells (zmeg). The lower and upper dashed lines describe the
evolution of dissolved silica concentrations along the fault zone plus rock matrix paths when
the saprolite path has been the shortest (ssp, see also Figure 3) or the longest (Isp),
respectively. Regardless of the saprolite path, dissolved silica concentrations increase 0.0043
mmol-L™ per unit depth. The ssp line intersects the x-axis where zmeg = 16 m (z0). Making a
note that the ssp corresponds to vertical flow of groundwater towards the fault zone (Figure
3), 2o represents the average thickness of the saprolite layer. The concentration of dissolved
silica at the beginning of the fault zone plus rock matrix paths, in cases where the saprolite
path is Isp, is marked by the intersection between the upper dashed and the dotted line.

Figure 7 — Relation between concentration of dissolved silica ([H,SiO%]) and hydraulic

diffusivity (D). D ~ 0.7 m st is the threshold assumed to separate fault zone (open system)
weathering, where the prevailing reaction is Rya (Table 5), from rock matrix (semi-open
system) weathering where Ryy as well as Rsy, play a role in plagioclase weathering.

Figure 8 — Relation between depth to the productive sectors of the drilled wells (zmeq) and
concentration of dissolved silica ([H,SiO%]), discriminating the weathering reactions

Figure captions 1
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involved (Rsm, Ruai and Rgibp; Table 5). Only the concentrations related to Ry correlate with
Zmed, Meaning that only halloysite represents weathering of plagioclase along advective flow
paths (gravity fractures of the fault zones and rock matrix).

Figure 9 — Plot of weathering rates versus time. The filled circles represent present study
rates, the open circles literature results compiled from White and Brantley (2003). The dotted
lines are graphical representations of Equation 17, for various initial hydraulic diffusivities
(Do). The double arrowed lines represent the role of hydraulic diffusivity change (line A) and
time (line B) in the drop off of weathering rates, relative to the presumed rate of an average
protolith (unweathered rock).
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