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Application of analytical diffusion models to outcrop
observations: Implications for mass transport by fluid flow
through fractures

M. Antonellini?, P. N. Mollema?, and L. Del Sole?

'Department of Biological Geological and Environmental Sciences, University of Bologna, Bologna, Italy

Abstract A pavement outcrop with excellent exposure of spatial relationships among joints, veins, small
offset normal faults, and associated alteration halos (redox fronts) provided an opportunity to compare
predictions of analytical models for reaction front propagation in a fracture-matrix system with a real-field
situation. The results have important implications for fluid flow and pollutant transport through a fractured
medium. The alteration halos observed suggest that all joints of different sets and most small faults are
conductive to meteoric water at shallow depth. On the other hand, veins are local barriers to mass transport
by diffusion. By using petrologic and petrophysical data, analytical modeling, and the width of the alteration
halos, it was possible to estimate when the fracture network was open to fluid flow. The inferred time for
fluid flow and diffusion through the fracture network is sensitive to the porosity n of the rock matrix used in
the analytical solutions: 2200 = 500 years with n 0.08, 4600 = 900 years with n 0.05, and 16,000 = 4000 with
n 0.02. The second and third age determinations are consistent with the landscape evolution of the area
since the end of the last Wiirmian ice age and with the timing required to fill the fractures observed in
outcrop. We suggest that analytical modeling is an important tool for the determination of transport and
reaction time scales in fractured formations where it is constrained by a robust petrophysical and chemical
properties data set.

1. Introduction

Alteration halos around fractures in rocks are often associated with preferential fluid flow through those
fractures [Eichhubl et al., 2004, 2005, 2009]. When oxygenated water flows through a fracture and interacts
with reduced sandstone matrix, a so-called redox front forms and propagates [Ortoleva et al., 1986]. A redox
front separates oxidized rock (reddish-brown) from reduced rock (bluish-gray) [Miller et al., 1994]. In this
paper, the oxidized rock around fractures is called the alteration halo and the outer edge of the alteration
halo is defined as the redox diffusion front. In low-permeability rocks, the mass transport of dissolved oxy-
gen from the fluid in the fracture to the matrix occurs mostly by diffusion, which supplies reactions in the
rock matrix [Ortoleva et al., 1986; Sidborn and Neretnieks, 2007].

During the last three decades, the study of reactive transport in fractured rocks has attracted a large interest
in the environmental and physical sciences, both in interdisciplinary theoretical and applied fields [Bryant et
al,, 2001]. In particular, research focused on transport in low-porosity rocks hosting nuclear waste reposito-
ries [Tang et al., 1981; Sudicky and Frind, 1982; Lever and Bradbury, 1985; Banwart et al., 1999; Smellie and
Karls-son, 1999; Park et al., 2001; MacQuarrie and Mayer, 2005; Holtta et al., 2008; Dideriksen et al., 2010;
MacQuatrrie et al., 2010; Hartley et al., 2015; Tsang et al., 2015]. Furthermore, redox front characteristics help to
understand pollutant transport in porous [Cribbin et al., 2014] or fractured rocks [Akagawa et al., 2006]. The
reaction chem-istry associated with redox fronts helps to constrain the dynamics of pollutants exchange
from the high-permeability fracture to the surrounding low-permeability rock-matrix [Mutch et al., 1993;
Mazurek et al., 1996; Rubin et al., 1997; Brown et al., 1998; Banwart et al., 1999; Molinero and Samper, 2006; Greer
et al, 2010; Wu et al, 2010; Houseworth et al.,, 2013; Vujevic and Graf, 2015]. This is also of interest in the
context of two-phase flow and DNAPL movement from fractures into the adjacent rock matrix [Esposito and
Thomson, 1999].

Reactive transport of metal contaminants is also of concern in porous and fractured rocks, because of
mining activities [Brown et al., 1998]. Redox front dynamics may help control mining-related pollution and
guiding the exploitation of ore deposits [Marshall and Oliver, 2008]. Geochemical boundaries, such as those



controlled by a change in redox conditions, were studied by a careful analysis of outcrops and the oxidation
or reduction halos associated with fractures or other geologic features [Drake et al., 2009; Dideriksen et al.,
2010]. Banwart et al. [1999] and Lee and Kim [2014] evaluated the recharge rates of hard rock fractured aqui-
fers by studying alteration halo patterns.

The fundamental research questions that we address in this paper are: (1) Do outcrop characteristics of
alteration halos associated with fractures match the predictions of theoretical diffusion models?; (2) Do
alteration halos provide information on the connectivity and barrier properties of a fracture network in a
low-porosity sandstone?; (3) Do alteration halos give quantitative information about flow and mass trans-
port? The modeling performed in this study aims to constrain the time and spatial scales of the diffusion-
reaction processes based on the alteration halos observed in the outcrop. Such information is fundamental
for assessing pollutant transport [Mutch et al., 1993] and rock slope stability in fractured and layered rocks
[Meisina, 2006; Binet et al., 2007, 2009; Jomard et al., 2007; Bronnimann, 2011; Liu and Li, 2015; Galeandro
et al, 2014; Szalai et al., 2014]. The novelty of our work is the integration of field observations, laboratory
measurements, and analytical modeling to extract hydrologic information from alteration halos associated
with fractures. We hope that the techniques that we present in this paper will be applied to fractures and
halos in other geological settings.

In order to justify the analytical models used, we briefly review the available literature on the subject. Bryant
and Thompson [2001] summarized theoretical, modeling, and experimental studies of reactive transport in
porous media. These authors point out how the real behavior of geologic media is often different from the-
oretical predictions. The models differ from reality because of heterogeneity or where complex processes,
such as matrix-fracture mass transfer, are occurring. During some reactive transport processes, the fractures
and the porous medium undergo permeability and porosity modification [Sausse et al., 2001], due to precip-
itation and dissolution reactions [Chen and Liu, 2002].

The mass transfer and the form of redox fronts associated with diffusion and fluid flow in rock fractures was
investigated by analytical modeling [Grisak and Pickens, 1980; Grisak et al., 1980; Tang et al., 1981; Sudicky
and Frind, 1982; Rubin et al., 1997; Park et al., 2001; Worman et al., 2003; Houseworth, 2006; Sidborn and Ner-
etnieks, 2007, 2008; Houseworth et al., 2013; Rajaram and Arshadi, 2016], experimental work [Holtta et al.,
2008; Trivedi and Babadagli, 2009; Hatiboglu and Babadagli, 2010], and numerical modeling [Steefel et al.,
2005; Spiessl et al., 2007; MacQuarrie et al., 2010; Vujevic and Graf, 2015; Watanabe and Kolditz, 2015]. Orto-
leva et al. [1987a, 1987b] theoretically studied the physical processes associated with redox-infiltration
fronts and their instabilities. Several processes control how dissolved oxygen (DO) in water drives redox
reactions in the rock matrix; some of these processes are biotic (mediated by bacteria) and other abiotic
[Sidborn and Neretnieks, 2007]. Shapiro [2001] and Molinero and Samper [2006] modeled reactive solute
transport in fracture zones at the field scale in granite rock whereas Banwart et al. [1999] conducted bore-
hole tests and geochemical monitoring to evaluate the hydrological and reactive processes during rapid
recharge to fracture zones. Most work done so far focused on granite, metamorphic rocks [Shapiro, 2001],
tuff [Reimus and Callahan, 2007], or shale [Willmann et al., 2013; Huang and Goltz, 2015], while this paper
focuses on low-permeability sandstone. We refer to fracture as a general term defined by Priest and Hudson
[1976, 1981] and Aydin [2000], which includes the following structures: veins, stylolites, joints, and faults.
Faults are fractures with shear displacement (Il or lll mode), joints are opening mode | fractures [Pollard and
Segall, 1987; Schultz and Fossen, 2008], and veins are opening mode | fractures filled with minerals.

2. Methods

2.1. Study Area

The outcrop that forms the basis for our analysis is located in the Northern Apennines (Emilia Romagna
Region, Italy) at 44°10'5”N latitude and 11°14'49"E longitude, between the cities of Bologna and Florence at
a topographic elevation of 1000 m (Figure 1). The exposure is in turbiditic sandstones of the Ligurian Monte
Venere Fm (MOV). The structural geology of the Northern Apennines is complicated by multiple tectonic
phases, changes in microplate movements, and different types of depositional environments, which lead to
a fragmented and varied geology over short distances [Cibin et al., 2001; Antonellini and Mollema, 2002; Gas-
peri et al., 2005; Argnani et al., 2006]. At a regional scale, the turbiditic sandstone beds of the MOV Fm have
an arkose to subarkose composition and are well cemented [Argnani et al., 2006]. The sandstone layers
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Figure 1. Index map. (a) Location of the outcrop (red dot) and of the Ligurian units (Helminthoid flysch  blue color) in the Northern
Apennines. The dashed line is the boundary of the Emilia Romagna region. (b) Aerial photograph of the outcrop. (c) Overview photograph
of the outcrop that shows the alteration halos and their association with the fractures.

alternate with fine-grained marly deposits. The MOV Fm contains typical turbiditic flow structures such as
wavy and cross-bed laminations and flute casts at the base of the turbidites. The strata are overturned in
many places, including our study site. At the top of the MOV Fm, the siliciclastic fraction (clay) in the fine-
grained levels is prevalent over the calcareous fraction. The MOV Fm is one of the most landslide-prone tur-
biditic-sandstone sequences of the Northern Apennines (Italy) [Gasperi et al., 2005; Bordoni et al., 2007,
2010; Cervi et al., 2007; Leuratti et al., 2007; Ronchetti et al., 2008; Regione Emilia-Romagna, 2016].

2.2. Modeling

Given that the alteration halo boundaries observed in the field have all the characteristics of redox fronts
propagating by diffusion [Sidborn and Neretnieks, 2007], we assume that they are as such and we study
them with the analytical techniques used for reactive fronts by Sidborn and Neretnieks [2007] and Rajaram
and Arshadi [2016]. In our case, the reactive front is the combination of a redox front where O, in solution
(hereinafter referred to as DO) diffuses into the rock matrix from water in the fracture and a dissolution front
where Fe?* goes into solution from the matrix (Figure 2a). Other assumptions of the analytical techniques
are that flow is saturated and infiltration is continuous under a steady state regime. These assumptions are
justified by the existence of a very thin soil zone (less than 0.2 m; Figure 1c), the humid climate (especially
during the last ice age) and the low rock porosity. During the fieldwork, we observed that saturated condi-
tions persist for extended periods. This does not mean that the vadose zone is absent but in view of the
lack of data for the application of unsaturated flow boundary conditions, we consider saturated flow a first
approximation to the problem.

Following Sidborn and Neretnieks [2007], we assume that given the relative large size of individual bacteria
(0.5-5 um), they mediate redox reactions only in the fracture (typical fracture opening 10 um) and not in
the porous matrix (pore throat sizes <1 pm). We also assume that as atmospheric oxygen dissolved in rain-
water infiltrates along the fracture, it is transported from the fracture by diffusion through the rock matrix
and reaction with the Fe?" in solution, so that the DO concentration will be different at different distances
(depth from the surface in our case) along the fracture (Figure 2a). Among alternative reaction pathways in
the porous matrix [Sidborn and Neretnieks, 2007], we consider nonoxidative dissolution of Fe** matrix
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Figure 2. Schematic representation of the flow and diffusion models. (a) Terminology of geometric properties of a single joint with alteration halo. The penetration distance of the redox
front is d and dj,e is the penetration distance at the inlet of the fracture. The fracture opening is 2b, ¢ and ¢ are the DO concentrations in the pore water within the matrix and in the

fracture, respectively, ¢, is the constant DO concentration maintained at the inflow boundary and qq is the concentration of the reducing mineral in the rock. (b) Interaction of alteration
halos propagating from both the topographic surface and the joints. S is the spacing of the joints. Zp,, is the depth at which the alteration halo becomes continuous by the merging of

the alteration halos propagating from the joints.

minerals (biotite, chloritoid, and pyrite), diffusion of dissolved Fe?* and DO in the matrix, and oxidation of
the dissolved Fe?™ ions inside the rock matrix next to the fracture. This reaction path is based on the color
of the sandstone (bluish-gray) that indicates reducing conditions (Fe*" dissolution) in the matrix far from
the fracture, whereas close to the fracture the rock color (orange-brown) suggests oxidation of the dissolved

Fe®" (see also results of outcrop characterization).
We use analytical modeling to investigate (1) how DO within the fracture network affects the redox condi-

tions in groundwater within the rock matrix surrounding the fractures; (2) how DO affects the position of
the reactive front; and (3) whether field observations can be explained with model predictions.

2.2.1. Reactive Front Position

2.2.1.1. Sidborn and Neretnieks [2007] Model
The model presented by Sidborn and Neretnieks [2007] includes nonoxidative dissolution of Fe*" matrix

minerals, diffusion of dissolved Fe** and DO in the matrix, and oxidation of the dissolved Fe** ions inside
the rock matrix. Additional simplifying assumptions (with respect to those listed in section 2.2) for this
model are (1) the reaction with the mineral is instantaneous; (2) the DO concentration in the water filling
the pores of the matrix is smaller than the reducing mineral concentration in the rock; (3) the reaction time
is long enough to achieve quasi steady state conditions. These assumptions are reasonable in geologic con-
ditions and time scales [Sidborn and Neretnieks, 2007]. In this case, the pseudo steady state approximation is
valid [Neretnieks, 1986] and the two following mass-balance equations yield a solution for flow in the frac-

ture and diffusion in the matrix:
oce | Ocg  DeOc _De Cl,—o .
E”ﬁ = b a0~ (in fracture), (1)
O ?
a—; =D, —azg R(c) (in matrix), (2)

where ¢ and ¢ are the DO concentrations in the pore water within the matrix and in the fracture, respec-
tively, and x and z [m] are the directions along (x) and normal to the fracture plane (z) (Figure 2a). R is the
depletion rate due to reaction; we assume it is infinitely large at the redox front. b [m] is the half-aperture of
the fracture, D, [m® s '] is the pore diffusivity, D, [m”> s ']is the effective diffusivity in the matrix, and v is



the water flow velocity [m s ']. The effective diffusivity D, is related to the pore diffusivity D, and the diffu-
sivity in the liquid D, by De  Dpn n (/) where n is the porosity and 7 the tortuosity [Sidborn and Neret-
nieks, 2007].

The initial and boundary conditions used to solve equations (1) and (2) are
¢ (t=0,x) =0,
c(t=0,x,z) =0,
¢ (t,x=0) = co,
¢ (t,x) =c(t,x,z=0),
where ¢, is the constant DO concentration maintained at the inflow boundary.

A special case (for the previous assumptions) is where dispersion and diffusion in the fractures are
neglected and the mass of the reducing mineral is much larger than the mass of DO. These latter condi-
tions are those of a pseudo steady state [Sidborn and Neretnieks, 2007] and the first terms in equations (1)
and (2) are equal to zero. When the reaction rate between DO and the reducing mineral is fast and
approaching infinite, a sharp moving reaction front develops in the matrix. This assumption complies
with the relative sharpness of the fronts observed in our field case. By using a simple mass balance equa-
tion that accounts for the amount of DO that diffuses into the matrix up to the reaction front and the
amount of mineral that reacts, we can calculate the position of the redox front into the matrix (d;,e), after
a time t at the inlet of the fracture [Cooper and Lieberman, 1970]. At this position, the DO concentration is
zero in the matrix

DeCQ . (3)
qof

diner= d(t, x=0)= \/2

The position d to the reaction front at a location x downstream is

Deco Dex Deco 2D xW
d(t,x)= 4/2 t =4/2 t 4
( 7X) \/ qu vb \/ qu Qflow ' ( )

where fis the stoichiometric coefficient [mol Ox/mol Red], g is the concentration of the mineral in the rock
[mol Red m 3], W [m] is the width of the fracture, and Qo [m> s '] is the flow rate in the fracture. Equation
(4) is valid for d > 0; otherwise, it is equal to zero. Equations (3) and (4) are used to explore how far the reac-
tion front penetrates into the matrix due to water flow along the fracture.

2.2.1.2. Rajaram and Arshadi [2016] Model

The model presented by Rajaram and Arshadi [2016] is based on a similarity solution for reaction front prop-
agation in fracture-matrix systems. This solution neglects diffusion and dispersion in the fracture and
assumes the existence of a sharp reaction front in the matrix. The solution applies to a broad variety of reac-
tive transport problems where mineral reactions occur in fracture-matrix systems and is suitable for our
study case (relative sharpness of the front observed in outcrop). By using, the terminology and reference
system previously introduced (Figure 2a); the advective transport equations that Rajaram and Arshadi
[2016] solve are the following:

b aCf + Qflow % _ 0C

B W o 2nDp§ » (in fracture) (5)
and
8(8ntc) % (n p%> = mkcM (in matrix), (6)

where n is the porosity (assumed n 1 in the fracture), W [m] is the width of the fracture, Qg m3s "is
the flow rate in the fracture, k is a mineral rate parameter with dimensions [mol ' L> T '], M is the mineral
molar density [moles of mineral per unit porous medium volume], and m is a stoichiometric coefficient [m
moles of ¢ reacts with p moles of M]. The mineral mass balance equation is



8_/\:’: pkcM. (7)

The imposed initial and boundary conditions to solve equations (5)-(7) are the same reported in section
2.2.1.2 with the addition of condition
M(t=0,x,z > 0) = qo.

Rajaram and Arshadi [2016] invoke the presence of a sharp moving boundary reaction front d(xt), at which
¢ goes to 0, and ahead of which the mineral is unreacted, to replace equation (6) with

oc 9 (0c
o (Dpa(a))* 0,0 <z < dx, t), (8)

and
M(x,z,t) =0,z <d(x,t),
M(x,z,t) =M;,z > d(x,t),
where M; is the mineral concentration ahead of the front (unreacted rock).

Rajaram and Arshadi [2016] report all details of the derivation of the similarity solution to equations (5), (7),
and (8). They argue that when t > x/v where v Qqou /Wb, the front behavior is well approximated by
dropping the transient term in (5) and quasi steady state conditions apply. This is also justified by a slow
rate of mineral depletion. Incorporating these simplifications, the final form of the position of the reactive
front in the rock matrix is

D,co 2nD,xW
d(t,x)=,/2n——t P )
( i ) \/ qu Qﬂow

Note that Sidborn and Neretnieks [2007, equation (4)] and Rajaram and Arshadi [2016, equation (9)] are
equivalent when D, D, n. We use equations (4)-(9) to model the propagation of the redox fronts across
the veins with different values for D..

2.2.2. Alteration Parallel to the Topography

The depth of penetration of a continuous redox diffusion front moving downward from the topographic
surface into a jointed rock mass is a function of the joint spacing (0.1-1 m observed in outcrop), the width
of the alteration halo into the matrix at the fracture inlet, and the depth for DO depletion in the fracture
(Figure 2b). The homogenization depth of the alteration halo Z,,, is the depth at which the alteration halo
is continuous by the merging of the alteration halos propagating from individual joints,

Z Odep (dinler %)

) (10)
d inlet

Zhom=

where diner [M] is the width of the alteration halo into the matrix at the fracture inlet, Zoqe, [M] is the deple-
tion depth for the DO in the fracture, and S [m] is the joint spacing (Figure 2b).
2.2.3. Timing of Fracture Flow
Some of the fractures have complete or partial fillings of hydroxide minerals. We use these fillings to estimate
for how long the fractures were open to flow using simple calculations and assuming an instantaneous reac-
tion process in the fracture (i.e., bacterial oxidation) as well as a stationary concentration gradient from the
porous matrix and the fracture (stationary state). In particular, we consider a concentration gradient over the
half-spacing of the joints. For modeling purposes, we explore the whole range of Fe>" concentrations mea-
sured in the pore water of reducing aquifers, which is variable from 0.1 to 50 mg/L, and then we focus on the
range 5-10 mg/L, which includes the most typical values [Appelo and Postma, 2005]. As first-order approxima-
tion to calculate the thickness T{(t) of the filling material deposited through time on the fracture walls, we use
the first law of Fick [Domenico and Schwartz, 1998]. Under the above assumptions, T [m] equals

De OCeaa+

T= = 9% ¢ (11)
pgoefFe

where D, [m? s ']is the effective diffusion coefficient for Fe?*in the porous medium and ce.>" [mgm ]is
the concentration of Fe?* in the pore water. Furthermore, Pgoe [IMg M 3] is the density of the mineral



hydroxide goethite (given its crystalline form, goethite is the most likely iron hydroxide to be found in a
fracture opening), fr. is the fraction of iron in the mineral hydroxide, and t [s] is the time. The concentration

gradient 055% is computed over half of the joint spacing (%).

2.3. Outcrop Characterization

We documented fracture type, geometry, relationships among fractures as well as the geometry, and nature
of alteration halos around fractures on the surface outcrop by using photo mosaics from high-resolution
digital photographs (5-15 megapixels) at a scale from 1:1 to 1:20. We constructed the smaller scale (1:20)
overview maps using a rectangular grid with ruled tapes directly on the outcrop surface and then by map-
ping the structures on mm-scale ruled paper. The field maps were digitized and imported in Adobe Photo-
shop™. The width (d in Figure 2a) of the reactive fronts was measured with a ruler on the outcrop or on
enlargements of the photographs. The orientation of the fractures and reactive fronts were measured with a
Brunton™ geologic compass.

2.4. Petrophysics and Petrography

The petrophysical properties derive from direct measurements (i.e., porosity) or from the application of well-
established relationships and typical values for this type of sandstones and tectonic setting [Domenico and
Schwartz, 1998; Ingebritsen and Sanford, 2006; Kresic, 2006]. The porosity of the sandstone was mea-sured in
the lab by weight difference via imbibition with water and oven drying at 105°C of six different samples
belonging to the rock inside (three samples) and outside (three samples) the alteration halo. Point counting a
large thin section (10 X 7 ¢cm) of a rock slab containing both an alteration halo and pristine sandstone
provided 2-D porosity values for comparison with the direct measurements. The tortuosity cho-sen was 1.5,
which is typical for a medium-grained sandstone [Kresic, 2006]. The average effective diffusion coefficient for
DO was derived from the average of the diffusion coefficient at 0 and 24°C and then by multi-plying for the
porosity n and dividing by the tortuosity 7 as suggested by Kresic [2006].

The mineralogical composition of the MOV Fm was measured by petrographic analysis on a large (10 X 7
c¢m) thin section by 900 random point counts in the altered and unaltered portion of the rock. The individual
minerals were recognized based on their optical characteristics. The minerals and framework components
identified were monocrystalline quartz, polycrystalline quartz, feldspar, mica (biotite and chloritoid), iron
oxides, pyrite (opaque mineral), rock fragments (clay and igneous), and pore fillings (calcite). There were also
empty pores. The average grain size of the sandstone was measured optically during point counting
(medium grain size 0.2-0.6 mm). The molecular weights, mineralogical composition, and density of the
minerals recognized during the thin section analysis were obtained from www.webmineral.com.

3. Results
3.1. Outcrop Characterization

We observed three different fracture types in the outcrop (Figure 3), namely joints (mode | fractures), veins
(mode I fractures), and faults (mode II-lll fractures). The joints observed in the outcrop are open or partially
filled by iron hydroxides (goethite). Their opening is generally small (microscope observations), mostly
around 10-100 pum; a few of the longest fractures (>5 m) have an opening (or partial filling) around 0.5-1
mm. We observed three systematic sets of joints with trends N115°E, N150°E, N200°E that are all vertical or
subvertical (Figure 3). The N200°E trending joints abut against the joints with trend N115°E. The N150°E
trending joints interact with the N115°E trending ones by breaking down in many short segments (Figure 3).
The length of the joints varies from 0.05 to 7 m. Joint spacing varies from 0.05 to 5 m; most common spacing
is 0.1-1 m. All observed joints have an alteration halo.

The veins in the outcrop have a calcite (CaCOs) filling with a thickness varying from 0.5 to 5 mm (Figure 4a).
In certain locations, they have an en-echelon arrangement (Figure 3). The veins have varying orientations
with trends from NW-SE to NE-SW and dips that are usually vertical or subvertical (80-90°). The length of the
veins varies from 0.5 to 4 m. Vein spacing varies from 0.2 to 1 m. Veins are consistently cut by the joints and
there are no alteration halos around them (Figure 3). Veins, however, affect the geometry of the alter-ation
halo associated with the joint traces (Figure 4a).

A single set of small normal faults is present in the outcrop (Figure 3). Their average orientation is N124°E/36° (dip
azimuth/dip), which is very close to the orientation of the stratification (N120°E/35°). The spacing in between
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Figure 3. Map of a portion of the outcrop showing the different types of fractures and their relationships. Note the alteration halos associ
ated with the joints and with some of the small offset normal faults. No alteration halos are associated with the veins.
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Figure 4. Details of the alteration halos. The inset on the right shows the location of (a, b) the diffusion from the open joints (thin white
arrows), and the barrier created by the vein. (@) A 5 mm thick vein affects the propagation of the alteration halo. Note the fake offset of the
alteration halo boundary. (b) Detail of the alteration halo boundary. The halo boundary is a 15 mm wide band. The central part of the
band (5 mm wide) has a stronger orange brown coloration than the rest of the band. (c) Width of the alteration halo at 5000 years
computed with equations (4) (9) as a function of different values for the effective diffusivity D in the rock matrix. Note that for the vein to
prevent diffusion as observed in Figure 4a, D, in the vein should be 3 5 orders of magnitude smaller than the D, in the rock matrix.

the faults varies from 0.5 to 1.5 m (Figure 3) and their length from 0.3 to 1.5 m (Figure 3). Some faults are associ-
ated with an alteration halo and some are not; in any case, there are orange-brown stains on their slip surfaces.

3.2. Alteration Halos
Around all joint traces, we observed a more or less elliptical area of sandstone with a brownish-orange
color. Darker orange-brown bands about 5-15 mm thick (Figure 5) make up the boundary of the alteration



halo. Where the joint is isolated in the rock matrix, the alteration halo has a regular subelliptical shape in
2-D—an oblate ellipsoid in 3-D (Figures 5a and 5c). The edge of the alteration halo follows any change in
direction of the joint trace (Figures 5b and 5d). Where joint segments overlap or are closely spaced, the
areas of oxidized sandstone also overlap and tend to form wider zones than along the individual joints
(Figure 5b). Where the joints step laterally, the elliptical alteration halos also step laterally (Figure 5e). The
altered areas consist of three concentric zones (Figures 5¢ and 5d): (1) the sandstone in the zone closest to
the joint trace has a pale reddish-brown color; (2) the second concentric zone is 1-1.5 cm thick and consists
of sandstone with an intense reddish-brown color and a few lineations of dark colored (brown-orange) min-
erals parallel to the boundary zone (Figure 4b); (3) the third area is the unaltered rock matrix outside the
alteration halo and has a gray color (Figures 5c and 5d). The width of the altered area is rather homoge-
neous along the individual joint and it varies within a limited range (4-12 cm; Figure 6a) from joint to joint.
Figure 6a shows the relationship between alteration halo width and joint length (114 data points) measured
on the sandstone pavement (fracture inlet) (Figure 3). The average value for alteration halo width is 0.083 m
with a standard deviation (¢) of 0.0168 m. The average joint length is 1.93 m with a standard deviation of
1.73 m. Figure 6b shows the relationship between alteration halo width and fracture opening. The average
joint opening is 0.00021 m with a standard deviation of 0.00071 m.

Figure 5. Examples of alteration halos. (a) Elliptical shape of an alteration halo around an isolated joint. The joint trace consists of overlap
ping smaller joint segments. Two veins, one at high angle and one at low angle to the joint trace, cut the alteration halo. (b) The matrix in
between the closely spaced parallel joints has an orange brown coloration. (c) The different parts of the alteration halo are shown. The
outer part of the halo (light blue) has a strong coloration as in Figure 4b. The dashed red line marks a secondary halo, which is not present
along the whole extension of the joint trace. The gray areas mark small stepping joints at the fracture termination. (d) At a joint termina
tion, the alteration halo forms both along the joint trace and on a wing crack oriented at an angle of 65 70° from the joint trace. (e) Alter
ation halos follow the short joint steps.
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Figure 6. Relationships (a) between alteration halo width and joint length and (b) between alteration halo width and joint opening (or
hydroxide filling). There are 114 data points from the sandstone pavement. The halos are at the fracture inlets. Average alteration halo
widths, joint openings, and lengths are 0.083, 0.00021, and 1.93 m. The corresponding standard deviations are 0.0168, 0.00071, and
173 m.

The morphology of the alteration halo boundary is regular, relatively sharp, and continuous except where it
encounters one of the calcite-filled veins. In this case, there is perturbation of the alteration halo boundary
(see Figure 4a). The vein seems to act as a barrier to the propagation of the alteration halo; in some loca-
tions, there is a fake offset of the alteration halo boundary across the vein (Figures 4a and 5a). Most alter-
ation halos are parallel to the lithological bedding and seem to propagate away from and perpendicular to
the surface of the outcrop (Figures 7a and 7b), which is also a bedding plane; these alteration halos do not
penetrate the sandstone more than 0.2-0.4 m from the topographic surface (Figure 7a). Where different
sets of joints abut or cross cut each other, the area of oxidation widens following the breaking down of the
joints segments or the trace of wing cracks (Figure 7c).

The width of all alteration halos along the joints decreases with depth from the inlet (away from the topo-
graphic surface). Figure 8 shows this relationship. We were able to measure or estimate the relationship
between alteration halo width and depth normal to the inlet on a few bedding surfaces and vertical cuts
(normal to bedding). The maximum depth investigated, however, did not exceed 0.05-0.3 m from the pave-
ment surface (Figure 8b). Figure 8c shows a 3-D outcrop that documents this relationship.

3.3. Rock Composition

The composition of the rock obtained from point counting is the same in the alteration halo and in the
unaltered rock: an arkose. The grain size is typical for a medium-grained sand with average grain diameter
of 0.2 mm (see Table 1 for results of point counting). Chloritoid, biotite (biotite + chloritoid 6.15%), and
pyrite (0.77%) are the minerals that contain the Fe®" used for oxidation. The rock density computed from
the average mineral composition in Table 1 is 2.65 g/cm®. Based on the rock composition obtained, the oxi-
dation reaction imparting the orange-brown coloration in the alteration halos is [Sidborn and Neretnieks,
2007]
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Figure 7. Examples of different alteration halo types and their interactions. (a) View of the weathering profile (oxidation) on an outcrop
face. The dashed red line marks the penetration of a homogeneous alteration halo propagating from the surface. Below the dashed red
line, the alteration halos are only associated to the fractures. Note the different spacing of the joints in the different sedimentary layers;
the joint spacing correlates with bed thickness. (b) Bedding parallel (dashed white line) alteration halo propagating from the topo
graphic surface. The soil cover here is less than 0.2 m. (c) Wide alteration zones in the sandstone at the intersection among different
joint sets.

Fe?" +0.250,+2.5H,0 — Fe (OH),(+2H". (12)

3.4. Petrophysical Properties

Tables 2 and 3 summarize the measurements of the petrophysical properties in the host rock, the fractures,
and the physical-chemical properties of the elements and minerals. The flow rate in the fractures, which is
the most unconstrained parameter, was obtained by matching the slope of the linear relationship between
alteration halo width and depth from the inlet as measured in the outcrop (Figure 8b) with the theoretical
slope in the analytical solutions of Sidborn and Neretnieks [2007] and Rajaram and Arshadi [2016].

3.5. Analytical Modeling

Figures 9 and 10 show the analytical modeling results for the inlet area (Figure 2a) of the fracture and at
depth, respectively. The penetration distances of the alteration halo in the MOV sandstone at the fracture
inlet as a function of time according to the Sidborn and Neretnieks [2007, equation (3)] and the Rajaram and
Arshadi [2016, equation (9)] solutions are shown in Figure 9. Given that the two solutions are equivalent,
from now on we will just refer to the “analytical solutions.” Three different effective diffusivities in the rock
matrix are considered: D.(min) 1.60E-11 m%/s (n 0.02; © 1.5; D, at 0°C), De(avg) 5.83E-11 m?%/s
(h 0057 15;D,at12°C), and D(max) 123E-10m?/s(n 0.08; 7 1.5; D, at 24°C). A penetration dis-
tance of 0.1-0.12 m around the fracture inlet is typical for the situations observed in outcrop (Figures 6a
and 8b). By using D.(min) in the analytical solutions, the alteration halo width observed would correspond
to fluid circulation starting 14,000-21,000 years before present at the end of the last ice age—WUrm glacial
period. By using D.(avg), the alteration halo width observed would correspond to fluid circulation starting
4000-5500 years before present in the middle of the Holocene period. By using D.(max), the alteration halo
width observed would correspond to fluid circulation starting 2000-2500 years before present (late Holocene).
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Figure 8. Relationship between width of the alteration halo and distance from the (original) topographic surface (fracture inlet). (a) The block
diagrams explain the geometry of the system. The upper block diagram represents the actual cut in Figure 8c. (b) The relationship between
alteration halo width and depth from the inlet as measured in the outcrop (109 data points). Average alteration halo widths and depths from
the inlet are 0.083 and 0.104 m. The corresponding standard deviations are 0.0168 and 0.062 m. (c) Three dimensional rock cut showing the
decrease in alteration halo width with depth from the inlet. The white arrows indicate some selected measurements for scale.

The penetration depth of the alteration halo (width of the alteration halo observed in outcrop) into the
porous matrix of the MOV Fm sandstone downstream of the fracture inlet at 1700, 2000, 2500, and 2700
years, respectively, is plotted in Figure 10a for the analytical solutions (equations (4) and (9)) and D.(max).
On the same plot, we report the field data (width of alteration the halo versus distance downstream from
the fracture inlet). From the linear interpolation (R*> 0.8482) of the field data, we can estimate the flow
rate in the fracture (Qgoy  9.50E-10 m/s; see Table 2). This is the least constrained parameter in equations
(4) and (9). At 1700 years, the penetration depth into the matrix drops to zero at a distance downstream of
0.38 m from the fracture inlet (Figure 10a). At 2000 years, the penetration depth into the matrix drops to
zero at a distance downstream of 0.41 m from the fracture inlet (Figure 10a). At 2700 years, the penetration
depth is zero at a distance downstream of 0.48 m from the fracture inlet (Figure 10a). The average of the
field data (0.083 m width at a 0.104 m distance downstream) and the best fit to the linear interpolation line
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:;;:i't:ﬂf::que)a ces, o inlet at 3000, 4000, 5000, and 6000 years,
Rock fragment (clay) 1.54 respectively, is plotted in Figure 10b using
Rock fragment (igneous) 1.54 D.(avg) in the analytical solutions (equa-
gg:: filling (calcite) CaC0s ;‘g? tions (4) and (9)). The estimated flow rate
Total 100 in the fracture is Qg 4.60E-10 m?%/s

B o ] ] (Table 2). At 3000 years, the penetration
Note that the presence of pyrite is inferred given that it shows up as X .
an opaque mineral in thin section. depth into the matrix drops to zero at a

distance downstream of 0.36 m from the
fracture inlet (Figure 10b). At 4000 years, the penetration depth into the matrix drops to zero at a distance
downstream of 0.42 m from the fracture inlet (Figure 10b). At 6000 years, the penetration depth is zero at a
distance downstream of 0.51 m from the fracture inlet (Figure 10b). The average of the field data (0.083 m
width at a 0.104 m distance downstream) and the best fit to the linear interpolation line to the field data
fallson the t 4600 = 900 years line.

The penetration depth of the alteration halo into the porous matrix of the MOV Fm sandstone down-
stream of the fracture inlet at 12,000, 15,000, 18,000, and 20,000 years, respectively, is plotted in Figure
10c using D.(min) in the analytical solutions (equations (4) and (9)). The estimated flow rate in the frac-
ture is Qpon,  1.30E-10 m>/s (Table 2). At 12,000 years, the penetration depth into the matrix drops to
zero at a distance downstream of 0.375 m from the fracture inlet (Figure 10c). At 15,000 years, the pen-
etration depth into the matrix drops to zero at a distance downstream of 0.425 m from the fracture
inlet (Figure 10c). At 20,000 years, the penetration depth is zero at a distance downstream of 0.49 m
from the fracture inlet (Figure 10c). The average of the field data (0.083 m width at a 0.104 m distance
downstream) and the best fit to the linear interpolation line to the field data fall on the t 16,000 =
4000 years line.

The depth of penetration (Z,,,) of a continuous redox diffusion front moving downward from the topo-
graphic surface computed from equation (10) and for the characteristic joint spacing observed in the out-
crops is presented in Table 4. The joint spacing in the map of Figure 3 varies from 0.1 to 1 m, whereas in
Figure 7b it varies between 0.05 and 0.1 m. The other parameters (time and DO depletion depth) are
obtained from the analytical solutions (equations (3), (4), and (9)) and D, average.

Table 2. Modeling Parameters for the Monte Venere Formation

Property Symbol Value Unit Source/Reference
Oxygen concentration in the water at fracture inlet Co 0.03 mol m 3 Sidborn and Neretnieks [2007]
Initial chloritoid + pyrite concentration in the rock Jo 338 mol m~3 This study

Stoichiometric factor f 0.125 mol O,/molChlor+Py  This study

Fracture aperture 2b 0.00001 m This study

Qfiow 4.60E 10 m/s This study; computed for D(avg)
Qfiow 13E10 m®/s This study; computed for De(min)
Qfiow 9.5E 10 m3/s This study; computed for De(max)
Effective diffusivity in rock matrix (average value) De 5.83E 11 m?/s Kresic [2006]. This study

Effective diffusivity in rock matrix (minimum value) D. 1.60E 11 m?/s This study

Effective diffusivity in rock matrix (maximum value) De 1.23E 10 m%/s This study

Diffusion coefficient of DO at 0°C in liquid D, 1.20E 09 m?/s Sidborn and Neretnieks [2007]
Diffusion coefficient of DO at 24°C in liquid D, 2.30E 09 m?/s Sidborn and Neretnieks [2007]
Average DO diffusion coefficient in liquid D, 1.75E 09 m?/s Sidborn and Neretnieks [2007]
Porosity n 0.05 + 0.03 This study

Optical 2 D porosity 0.023 This study

Skeleton porosity (empty pores plus pore filling) 0.1 This study

Tortuosity T 15 Kresic [2006]



The thickness T(t) of the hydroxide-filling

Table 3. Modeling Parameters for Iron Hydroxide Precipitation in the

Joint Opening material deposited through time on the
Property Value Unit  Source/Reference fracture walls for a range of Fe?* concentra-
Joint spacing 1 m This study tions measured in the pore water of reduc-
Fracture area 1 m? This study ing aquifers (0.1-50 mg/L) is presented in
) ) 3 .

Goethite density 3800 kg/m”  webmineral.com Figure 11; the continuous lines indicate the
D, for Fe”™ in fluids 5.83E 11 m-/s Kresic [2006] ) .

within rock matrix most likely concentrations [Appelo and
Fraction of Fe*" in goethite 0.6285 webmineral.com Postma, 2005]. The dark shaded area in Fig-

ure 11 represents the range in thicknesses

observed in the outcrop. For typical Fe*?
concentrations values in the aquifer and the typical filling thicknesses observed in the outcrop (thick red
segment in Figure 11), the time-to-fill-starting-time is set to about 6000-10,000 years from present.

4, Discussion

4.1. Origin of the Alteration Halos

The alteration halos exposed in the outcrop have the two following characteristics: (1) they are symmetrical
around the joints; (2) they have similar width where observed on the same bedding surface regardless of
which joint set they belong to. The plots in Figure 6 show that there is no relationship between joint length

[NEEM 2013] Riss glacial
Holocene Wurm glacial period Interglacial  period
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Figure 10. Modeling results (terminology is defined in Figure 2a). Penetration depth of the alteration halo into the porous matrix (width of
the alteration halo observed in outcrop) as a function of distance downstream (vertically) from the fracture inlet for different time intervals
and D, values. The black dots represent the field data and the red square box is the average of the field data. The thin dotted line is the lin
ear interpolation to the field data (R* = 0.8482). (a) Application of D (max) in the analytical solutions. The best fit to the interpolated data is
the t = 2200 = 500 years line. (b) Application of D.(avg) in the analytical solutions. The best fit to the interpolated data is the t = 4600 +

900 years line. (c) Application of D,(min) in the analytical solutions. The best fit to the interpolated data is the t = 16,000 = 4000 years line.

and alteration halo width (R*  0.0146; Figure 6a) or between joint opening (and/or hydroxide filling) and
alteration halo width (R*  0.00004; Figure 6b). The width of the alteration halos does not depend on joint
length or joint opening, which are parameters controlling flow rate: it only depends on the chemical species
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Table 4. Topography Parallel Alteration Halof

S (m) Zhom (M) 3000 Years Zhom (M) 4000 Years Zhom (M) 5000 Years Zhom (M) 6000 Years
0.05 0.25 0.32 037 0.41

0.1 0.16 0.22 0.27 0.31

0.2 No Z,om reached 0.01 0.06 0.1

0.3 No Zom reached No Ziom reached No Ziom reached No Ziom reached
0.5 No Z,om reached No Z,,om reached No Z,,om reached No Z,,om reached

“The depth of homogenization for the alteration halo (Zy,,,) for different joint spacing (S) and times computed with the analytical sol
utions (equations (3), (4), and (9)).

concentration ratio, effective diffusivity in the rock matrix, and time. This is expected from equation (3) [Sid-
born and Neretnieks, 2007] and equation (9) [Rajaram and Arshadi, 2016] at the fracture inlet. The width of
the alteration halos decreases with depth from the surface, i.e., the inlet of the fracture. This is consistent
with the progressive depletion in DO within the fracture as it moves by diffusion into the matrix. These
observations suggest that the fluid flow forming the alteration halos was concentrated within the joint and
fault network. The symmetry of the alteration halos indicates that there was no advective mass transfer
between fracture and matrix. All these characteristics suggest that the alteration halos formed because of
mass transfer by diffusion and their outer edges represent redox fronts. Molecular DO dissolved in meteoric
water has a concentration of about 9.1 mg/L at 20°C and atmospheric pressure. DO entered the fracture
and then moved by diffusion into the porous matrix where reducing conditions prevailed. At the same
time, ferrous iron Fe" in solution within the pores of the matrix was also moving by diffusion toward the
oxic environment in the fracture. The DO encountering the Fe?* caused the precipitation of a hydroxide
mineral (such as the goethite) in the pore space adjacent to the fracture. In the fracture space, hydroxide
mineral stains formed via the redox activity of bacteria present in the oxygenated water of the fracture
[Yoshida et al., 2006; Sidborn and Neretnieks, 2007; Yang et al., 2008]. Hydroxide minerals impart the charac-
teristic orange-brownish color to the rock (Figures 4a and 4b). This phenomenon is similar to that described
extensively for granite rock [Sidborn and Neretnieks, 2007, 2008]. The redox front is relatively sharp (Figure
4b) and marked by a 1 cm thick band where the orange-brown color is more pronounced and where the
hydroxide mineral is more abundant. This band forms because the oxidation rate of Fe** ions by DO is not
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Figure 11. Time required for filling different joint openings with hydroxide mineral under different initial Fe>* concentrations in the pore
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with hairline opening, which are always completely filled; the thick horizontal black line represents the typical filling thickness observed in
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thickness data sample. The dark gray area includes all outcrop observed filling thickness within Fe?* concentrations that are likely for
reducing aquifers Appelo and Postma [2005]. The thick red segment is the range of data used to constrain the length of time for the filling
process.



instantaneous and homogeneous [Sidborn and Neretnieks, 2007] and/or the diffusion of both Fe>" and DO
toward a stationary front slightly oscillates in time (Figure 4b) [Ortoleva et al., 1987a, 1987b].

4.2, Alteration Halo As Indicator for Fluid Flow Timing

The results of the analytical modeling give us some clues about the time when joints were open to fluid
flow. In the following discussion, we consider exposures of the alteration halos at the fracture inlet (Figure
9) and exposures below the fracture inlet (Figure 10). The fractures exposed are on bed layers at a distance
of 0.2-0.5 m from the topographic surface. The soil thickness does not exceed 0.2 m; the halos observed,
therefore, were measured down to a depth of 0.3-0.35 m from the fracture inlet. The two analytical solu-
tions [Sidborn and Neretnieks, 2007; Rajaram and Arshadi, 2016] are similar and give the same timing for fluid
flow within the fracture network. The results are sensitive to the choice of D,, which in turn is controlled by
porosity and tortuosity. The analytical solutions at the fracture inlet indicate that the alteration halo widths
observed would form in a period starting 2000-2500 years before present using D.(max), 4000-5500 years
before present using D.(avg), and 14,000-21,000 years before present using D.(min) (Figure 9). Also, the
development of the front with depth from the inlet indicates a timing for flow starting 2200 = 500 years
before present using D.(max) in the analytical solutions (equations (4) and (9)), 4600 = 900 years before pre-
sent using Dg(avg), and 16,000 = 4000 years before present using D.(min) (Figure 10). The 2200 = 500 and
4600 * 900 years age determinations from start of fluid flow would make it a recent Holocene phenome-
non. On the other hand, the 16,000 =+ 4000 years age determination from start of fluid flow would set the
beginning of the process at the end of the last Wlrm ice age (Figure 9) [NEEM Community Members, 2013].
The porosity used in the computation of D, has an important effect on the results of this analysis. Given
that the optical porosity determination (n 0.023) is similar to the lower range of the lab measurement
(n  0.02), we think that the age determinations obtained with D, average and D, minimum are the most
likely. Combining these two age determinations would set a likely timing for the start of fluid flow at
t 10,000 = 4000 years.

In a geologic context, it is more likely that fluid circulation started about 10,000 = 4000 years before present
at the end of the Wiirm glacial period and the onset of the Holocene. During the last ice age, in fact, a sea
level drop caused increased erosion in the Northern Apennines (Italy) [Ori et al., 1986]. The fast erosion rate
could have brought the fractured rocks closer to the topographic surface and allowed percolation of mete-
oric water through the joint network. The climate was humid and snow-cover persistent, promoting satura-
tion conditions up to the surface. In the last 10,000 = 4000 years, the strong erosion associated with flow
through the fracture network (increase in neutral pore pressures) caused extensive mass movements due to
bedding-parallel sliding along clay-marl levels interlayered to the fractured MOV sandstone [Regione Emilia-
Romagna, 2016].

The dark gray color of the unaltered sandstone suggests that the pore water in the matrix of the MOV Fm
experienced reducing conditions (c" between 0.1 and 50 mg/L [Appelo and Postma, 2005]). The diagram in
Figure 11, obtained from equation (11), approximately indicates for how long the joints were open for water
circulation and for mass transfer by diffusion. We discuss only the likely concentration of Fe?* in the pore
water of a reducing aquifer (cZ" between 5 and 10 mg/L) and not the extreme values [Appelo and Postma,
2005]. The joints with a filling typically observed in the field (0.0007 m) require a period of about 6000-
10,000 years to fill (Figure 11). This estimate is similar to that obtained with the analytical solutions. Despite
the uncertainty in the timing of fluid flow (10,000 = 4000 years from present time—Ilikely value), we observe
that the age of the rock dates back to about 70-75 m.y. ago (Late Campanian-Maastrichtian) and deforma-
tion resulting in the structures observed in outcrop started 56 m.y. ago (Late Paleocene) [Cibin et al., 2001].
Fluid flow might have happened at any time in the last 56 Ma. Our analysis, however, constrains the timing
to the last 10,000 = 4000 years, which we consider a good approximation in a geologic perspective.

Equation (10) and a joint spacing of 0.05-0.1 m, as observed in Figure 7b, predict that a continuous homo-
geneous redox front would form after 4600 = 900 years at a depth of 0.3-0.4 m from the surface. This is
what we see in Figure 7b and Table 4. Application of equation (10) and a joint spacing of 0.5 m, as observed
in the map of Figure 3, shows that a continuous penetration front cannot form at or below the fracture inlet
(Table 4). This is what we observed in the outcrop (Figures 1¢, 3, and 7b). Fracture mechanics predicts that
long fractures are associated with large openings [Pollard and Segall, 1987] and large flow rates [Nelson,
2001], so that more DO diffuses into the matrix along the long fractures rather than the short ones and this



would be detectable below the fracture inlet. Based on the field data alone and the conditions of the expo-
sure, however, we are not able to confirm this relationship (Figure 6).

Not all faults and none of the veins are associated with alteration halos. This observation indicates that the
veins were not open during the period of flow within the joint network, so that they were not conductive to
fluids. The presence of the veins, on the other hand, seems to prevent the propagation of the redox fronts
(Figures 4a and 5a) especially where their trace is at low angle from the trace of the joints (Figure 5a). This is
due to a different effective diffusion coefficient within the vein-filling material with respect to the porous
matrix (Figure 4c).

Sensitivity analysis using equations (3), (4), and (9) showed that, to account for the barrier effect observed in
proximity to the veins (Figure 4a), the D, in the porous matrix should decrease by 3-5 orders of magnitude
(reduction of alteration halo width from 0.1 m to 0.0001-0.003 m in 5000 years; Figure 4c). To the best of
our knowledge, data on the variation of D, due to rock heterogeneities at the outcrop scale are not
reported in the literature. At field scale, Zhou et al. [2007] derived D, for fractured rocks by using tracer tests.
Our observations, on the other hand, show that there might be small heterogeneities within a fractured
rock mass that cause variations in D, larger than 3-5 orders of magnitudes. Veins may have an important
role in controlling diffusion within deformed and mineralized rocks.

4.3. Implications for Pollutant Transport

Our field observations showed that all joints and some faults regardless of orientation were conductive to
meteoric water flow during the last 10,000 = 4000 years. Today, fluid flow and advective transport may still
happen through the joints in the outcrop of this study. Pollutants, eventually, would move by diffusion
from the fracture network into the porous matrix. In terms of vulnerability to pollutants, aquifers in the
MOV Fm experience problems common to all fractured aquifers such as fast transport rates, scarce biodeg-
radation, and difficult assessment of tortuosity and dispersion effects within the fracture network [Krasny
and Sharp, 2009; Diaz et al., 2015].

5. Conclusions

The excellent outcrop exposure in the Northern Apennines (ltaly) described in this paper documents the
characteristics of fluid flow and mass transport by diffusion in a fracture network consisting of joints, veins,
and faults associated with alteration halos (reactive fronts). This is an opportunity to compare theoretical
predictions from analytical models for reaction front propagation in a fracture-matrix system with observa-
tions of a real outcrop. We used the outcrop observations to understand the fluid flow and mass transport
behavior for each fracture type present in the rock mass and to identify the period during which these pro-
cesses occurred. We observed alteration halos mostly associated with the joints and in some cases with
small offset faults. An important finding is that at shallow depth, all joints, regardless of their orientation are
conductive to meteoric water infiltrating from the topographic surface. On the other hand, fractures filled
with calcite cement (veins) are not conductive to fluid flow and function as a barrier to diffusion and the
development of alteration halos. The effective diffusion coefficient across calcite-filled veins is 3-5 orders of
magnitude smaller than in the pristine sandstone.

The fracture network made up by joints with multiple orientations was the most important element for the
transport of fluids and mass in the Monte Venere Fm. The characteristics of the alteration halos point out
that fluid flow was mostly concentrated in the joint network. The characteristics of the alteration halos also
suggest that most of the advective transport occurred in the joint network whereas transport by diffusion
occurred from the joint walls into the rock matrix (DO) and from the rock matrix toward the joint opening
(Fe™). The analytic modeling and the geometric properties of the alteration halos exposed in outcrop sug-
gest that the joint network was likely open and connected during the last 10,000 = 4000 years—a period
extending from the end of the last Wirmian ice age into Holocene. This age is consistent with a simple
diffusion-based joint filling model and with the fast erosion rate occurring in the outcrop area during the
Wurmian. The fast erosion rate probably allowed meteoric water to reach the fracture network and the start
of the diffusion-driven reactive processes observed in the outcrop.

We conclude that analytical modeling is an important tool for the determination of transport and reaction
time scales in fractured formations where it is constrained by a robust petrophysical and chemical
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