Evolution of porosity and diffusivity associated with chemical

weathering of a basalt clast

Alexis Navarre-Sitchler®"
Carl Steefel®®, Li Yang®®, Liviu Tomutsa®, Susan Brantley®*

“Corresponding Author: alexis.sitchler@uwyo.edu
! Department of Geology and Geophysics, The University of Wyoming, Laramie WY 82071
2 Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley CA
¥ Center for Environmental Kinetics Analysis, The Pennsylvania State University, University Park PA 16802

* Earth and Environmental Systems Institute, The Pennsylvania State University, University Park PA 16802



Abstract

Weathering of rocks as a result of exposure to water and the atmosphere can cause significant
changes in their chemistry and porosity. In low porosity rocks such as basalts, changes in
porosity resulting from chemical weathering are likely to modify the rock’s effective diffusivity
and permeability, affecting the rate of solute transport and thus potentially the rate of overall
weathering to the extent that transport is the rate limiting step. Changes in total porosity as a
result of mineral dissolution and precipitation have typically been used to calculate effective
diffusion coefficients through Archie’s Law for reactive transport simulations of chemical
weathering, but this approach fails to account for unconnected porosity that does not contribute
to transport. In this study, we combine synchrotron X-ray micro-computed tomography (uCT)
and laboratory and numerical diffusion experiments to examine changes in both total and
effective porosity and effective diffusion coefficients across a weathering interface in a
weathered basalt clast from Costa Rica. The uCT data indicate that below a critical value of
~9%, the porosity is largely unconnected in the basalt clast. The uCT data were further used to
construct a numerical pore network model to determine upscaled, effective diffusivities as a
function of total porosity (ranging from 3-30%) for comparison with diffusivities determined in
laboratory tracer experiments. By using effective porosity as the scaling parameter and
accounting for critical porosity, a model is developed that accurately predicts continuum-scale

effective diffusivities across the weathering interface of the basalt clast.



1.0 Introduction
The dissolution and precipitation of minerals during weathering not only changes the

chemistry of rocks, but also their physical properties such as porosity, permeability, effective
diffusivity, compressive strength, and tensile strength [e.g. Lumb, 1983; Tugrul, 2004; Fletcher
et al. 2006]. The products of bedrock weathering, detrital rock material and dissolved ions,
contribute to important environmental processes including landform development, nutrient
cycling in soils and rivers, sedimentation that ultimately leads to oil and gas generation, and the
regulation of atmospheric CO, over geologic time scales. Despite its importance to many
environmental processes, rock weathering and the formation of saprolite, rock that is chemically
weathered in situ, are not well understood partly because of the difficulty in understanding
complex interactions between physical and chemical processes. Our inability to link chemical
and mineralogical changes within a weathering environment to the evolution of physical features
such as porosity, effective diffusivity, and permeability hinders our understanding of the
important process of saprolite/sediment formation from bedrock weathering.

In weathering systems, the pore network is arguably the most important physical
characteristic of a rock because it provides pathways for water flow or infiltration and solute
transport. The permeability and diffusivity of porous media are functions of the geometry of the
pore network that is described in terms of the total porosity, tortuosity, pore-throat size, and
pore/mineral interfacial area. Chemical weathering reactions can induce changes in the pore
network geometry and can therefore change the rates of fluid transport, and thus potentially the
overall rates of mineral weathering [e.g. Lebedeva et al., 2007; Fletcher et al., 2006].
Differences between laboratory and field systems in terms of their mineral surface area and
transport properties are two of the potential sources of the observed 2-6 order of magnitude
difference between rates determined in these systems [e.g. Velbel, 1993, White and Brantley,
1995; Navarre-Sitchler and Brantley, 2007; Maher et al., 2006; White, 2008; Brantley, 2008].
Therefore, a fundamental understanding of how the pore network evolves with mineral
dissolution and precipitation is necessary for predicting field processes from laboratory
dissolution kinetics [Navarre-Sitchler and Brantley, 2007].

The coupling of reaction and transport in numerical models [e.g. Steefel and Lasaga,
1994; Lichtner et al., 1996] has made it possible to study the impacts of mineral dissolution and

precipitation on fluid transport in important environmental systems such as bedrock weathering.



Two complementary modeling techniques used to study changes in transport as a result of
mineral alteration are pore-network models and continuum models [Steefel, et al., 2005]. Pore-
network models are used to model processes at the pore scale, while continuum models are
generally used to model processes at larger scales where average properties such as porosity,
permeability, and diffusivity are defined. One of the differences between these modeling
techniques is that pore-network models explicitly consider pore geometry and spatial distribution
when calculating mass transport, while continuum models do not except in some average sense.
For example, there is no need to define an effective porosity or diffusivity within a grid cell
corresponding to a discrete pore in a pore network model—the porosity is equal to one and the
diffusivity is equal to that of the solute of interest in water. While pore network models can be
used to explicitly investigate porosity changes at the pore scale, continuum models are better
suited for modeling large-scale problems, such as weathering at the soil profile or watershed
scale. Single continuum modeling efforts are now being used to interpret weathering in field
systems [Mabher et al., 2006; Hausrath et al., 2008; Moore, 2008; Sitcher, 2008]. The results
from these modeling efforts indicate a need to understand changes in mineral surface area and
fluid transport (parameters that are influenced by porosity) with weathering. Thus, relationships
are required to extrapolate processes occurring at the scale of the pore network up to the
continuum scale. Scaling of such processes can be achieved through multi-continuum models or
functional relationships such as Archie’s Law.

In continuum models, effective upscaled transport parameters such as effective
diffusivity and hydraulic conductivity are used to extrapolate pore scale processes up to the
continuum scale [Saripalli, et al., 2001; Steefel, et al., 2005]. When determining effective
transport parameters in porous rocks at the continuum scale, it is necessary to account for
tortuosity (z), defined as the ratio of the path length the solute would flow in water alone, L,

relative to the tortuous path it follows through the rock, L. [Bear, 1972]:
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According to this definition, tortuosity is always <1 (the inverse of equation 1 has also been

used). If the tortuosity is known, the effective diffusion coefficient (D,, cm*s™) in porous

media can be calculated from equation 2,

D, =D, )

e

where D, is the diffusion coefficient in pure water (cm? sY). Tortuosity, however, changes with

changing porosity [Shen and Chen, 2007] and pore geometry as weathering progresses.
Therefore, in models of diffusion-dominated weathering systems where porosity is allowed to
vary with reaction, a functional relationship between porosity and the effective diffusivity is
defined. A common way to do so is by using Archie’s Law [Archie, 1942; Oelkers, 1996].

Archie’s Law is used to estimate the effective diffusion coefficient of porous media (D,, cm? s

according to

D, = D,g" 3)

where ¢ is the measured total porosity of the porous media and m is the cementation exponent
determined experimentally by fitting data describing diffusivity and porosity for multiple
samples [Dullien, 1992]. Values of the cementation exponent vary in geological samples from
1.33 for diffusive gas in soils to 5.4 for diffusive transport of water in clays [Millington and
Quirk, 1964; Ullman and Aller, 1982; Adler, et al., 1992; Oelkers, 1996]. The porosity in
equation 3 may either be measured as total or effective porosity depending on the sample
characteristics and measurement methods. Effective porosity is all porosity that is connected and

available for fluid transport [Tarafdar and Roy, 1998].

9. = ¢y (4)
Here, & is the connectivity, or fraction of total porosity contained in pathways that are connected
across a sample (values range from 0-1) and ¢; is the total porosity of the sample. The
distinction between total and effective porosity is important because only changes in total

porosity are typically tracked as a result of mineral alteration in continuum reactive transport



models. Therefore, total porosity in these models is used to estimate effective diffusion
coefficients.

The water saturation method is commonly used to measure porosity in geological
samples. However, in systems containing dead-end and isolated pores, not all of the porosity is
connected and accounted for when using this method. It has been shown that models better
predict diffusion experiments in granite when dead-end pores are accounted for [Lever, et al.,
1985]. Interpretations of diffusion experiments with Archie’s Law are not consistent in the use
of either total or effective porosity [Tarafdar and Roy, 1998]. For example, in the study of
Boving and Grathwohl [2001] porosity is measured by water saturation methods. Therefore, the
porosity measured is likely effective porosity not total porosity, but a distinction is not made
between total and effective porosity in the analysis of the diffusion experiments. In this study,
Boving and Grathwohl [2001] report a cementation exponent of 2.2 for sandstones and
carbonates ranging in porosity from 3.7 to >40%. It is unclear whether effective diffusion
coefficients scale with total or effective porosity in this study. These authors do suggest that
Archie’s Law describes the relationship between porosity and effective diffusion coefficients
better in the high porosity samples where effects of dead-end and isolated pores are minor
compared to the low porosity samples. Here we examine the difference between using total
porosity and effective porosity as the scaling parameter in Archie’s Law when estimating D,
across a weathering interface in basalt.

The weathering of basalt is of particular interest because it is one of the fastest
weathering silicate rocks. Furthermore, approximately 8.5% of the surface area of silicate rock
at Earth’s surface is basaltic [Amiotte-Suchet, et al., 2003]. Almost thirty five percent of
continental CO, consumption by silicate weathering is due to basalt [Dessert, et al., 2003;
Navarre-Sitchler and Brantley, 2007]. Since transport through low porosity crystalline rocks is
typically very slow in the absence of fractures [Lebedeba et al, 2007], the evolution of the pore
network and diffusivity during chemical weathering is integral to the weathering process. An
understanding of how the pore network and diffusivity evolve can help predict rates of basalt
weathering in natural systems. Here, we use pore connectivity as an indicator of changes to the
pore network and quantify the relationship between total and effective porosity using
synchrotron X-ray micro-computed tomography (CT) images of the weathered basalt clasts.
Computed tomography has proven to be a useful, non-destructive technique for imaging porosity



in complex lithologies [Ketcham and Iturrino, 2005]. We then relate the porosity to estimated
effective diffusion coefficients at different stages of weathering as determined from experimental
and numerical tracer diffusion experiments. These techniques allow us to quantify in situ
changes in both total and effective porosity resulting strictly from the chemical dissolution of

parent minerals during bedrock weathering.

2.0 Sample Description

Weathering rinds, permeable crusts enriched in immobile oxides (i.e. Fe;0O3, TiO,, and
Al,O3) that envelop unweathered cores of rock [Colman and Pierce, 1981; Sak et al., 2004],
provide a unique natural environment where chemical weathering processes occur in the absence
of physical erosion. Using weathering rinds we can study weathering processes at the core/rind
interface in detail at high spatial resolution and over long time periods where clasts subjected to
differing periods of weathering are available [Colman and Pierce, 1981; Oguchi and Matsukura,
1999; Sak et al., 2004]. Studying weathering in this small-scale weathering system removes
many of the complicating factors of larger-scale field studies such as fracturing, heterogeneity in
parent material, and differences in micro-climate. As a result we are able to focus our
experiments and analysis on a single aspect of bedrock weathering, porosity development due
solely to mineral dissolution.

Weathered basalt clasts were collected in Costa Rica from an alluvial terrace deposited
approximately 125 ka [Sak, et al., 2004]. The basaltic parent material is primarily plagioclase
(67%) and augite (27%) with trace amounts of silicate glass (2%), ilmenite (2%) and magnetite
(1%). Plagiocase and augite occur both as fine-grained matrix and as larger phenocrysts (up to ~
50 um diameter for the augites and several hundred um in length for the long axis of the
plagioclase, see Figure 1). The basalt clasts weather when precipitation advects through the
matrix material in the terrace and comes into contact with the parent basalt clasts. The basalts
are very low porosity (1-3%) and advective flow through the basalt is thus likely to be
insignificant. Instead, mass transfer of reactants and products to or from the weathering interface
probably occurs by diffusion.

The weathering products found in the rind are goethite (FeOOH), gibbsite (Al(OH)3), and
trace amounts of kaolinite (Si,Al,Os(OH),). Based upon a variety of observations [see Sak et al.,

2004 and Hausrath et al., 2008] iron oxide precipitation around augite crystals is the first



evidence of alteration in the clast. on oxide is precipitate is observed around the augite crystals.
Plagioclase is the first mineral to dissolve and create secondary porosity but is soon but is
accompanied by augite dissolution soon after the feldspar dissolution is initiated. Evidence of
this is shown in backscatter electron images collected using a scanning electron microscope of
the interface between the unweathered core and rind (Figure 1). The core/rind interface
advances into the unweathered basalt at a rate of ~0.4 mm kyr™ [Pelt et al., in press]. The

dissolution of parent minerals and mass removal from the system through aqueous
transport results in a density decrease from 2.8 g cm™ in the core to ~1 g cmin the rind [Sak, et
al., 2004]. This decrease in density corresponds to an increase in porosity from about 3 to 50%
[Sak, et al., 2004].

3.0 Methods
3.1 Chemical profiles across core-rind transition

Bulk chemical compositions were analyzed by electron microprobe (EMP) across the
reaction front of two basalt clasts. Profiles measured on polished thin sections, cut to be 4 mm in
length and oriented perpendicular to the weathering interface, were analyzed by measuring
compositions at 50 micron sized spots positioned along linear transects across the weathering
interface with 50 micron spacing. Eight to ten profiles on each clast were collected parallel to
each other at 100 micron spacing and averaged to determine bulk chemical changes across the

weathering front.

3.2 Quantification of total porosity and pore connectivity

An intact cylindrical sample, 4 mm in diameter and oriented approximately perpendicular
to the weathering interface was drilled out of a basalt clast from the 125 ka terrace. This sample
was oriented approximately perpendicular to the core-rind interface and contained material from
the unweathered basalt through the interface into the weathering rind. The rind material closer to
the outer surface of the weathered clast is extremely weathered and highly porous making it to
unconsolidated to sample through core drilling. Density in this sample was imaged as a function
of position using synchrotron X-ray based 3-D micro-computed tomography (uCT) (Beamline
8.3.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory) with 4.4 micron

resolution. Computed tomography is used to image density differences by illuminating a rotating



sample with a beam of 25kev energy X-rays. As these x-rays pass through the sample, they are
attenuated as a function of the density of the material, with lower density material attenuating the
X-rays less. By rotating the sample while measuring the intensity of the trasmitted X-rays, a
large number of radiographs (projections) are acquired. From these projections 2-D images
(slices) of the relative density of the sample are reconstructed (Figure 2). A 3-D image of the
relative density of a sample is obtained by stacking slices on top of each other. Since porosity
(air) attenuates the X-ray transmission less than the minerals in the sample, these data provide a
non-destructive method for quantifying and mapping distribution of porosity in the sample
within the limits of the resolution of the instrument (4.4 microns).

With further analysis, each voxel (3-D pixel) in the image is assigned a CT number that
indicates the relative attenuation of x-rays from 0 for no attenuation (air) to >3 for Fe-Ti oxides,
the densest material in the basalt. These CT numbers, after rescaling to values from 0 (air) to 1
(Fe-Ti oxide), were then multiplied by 255 to convert to common 0-255 grayscale. CT numbers
less than 45 using the rescaled grayscale values were defined as porosity, while those above 45
were defined as minerals. This attribution is consistent with both qualitative visual inspection of
the images and histograms of the data (Figure 3).

The CT data were sampled in two sizes of cubes, 110 and 220 um on a side, to analyze
the porosity in the unweathered basalt and across the core-rind interface. An area in the
unweathered basalt was chosen randomly and then samples were taken sequentially from that
point in the unweathered basalt in a line perpendicular to the core-rind interface from the
unweathered to the weathered basalt across the interface. Additionally, a larger sample of CT

data from the unweathered basalt, 1.1 mm on a side, was also analyzed. Total porosity (¢, ,

expressed as a percent) was defined as the fraction of voxels within a sample with a CT number
less than 45. A burning algorithm in the code Percolate [Bentz and Garboczi, 1992] was used to
calculate the connectivity, e (0< & < 1), or fraction of total porosity contained in pathways
connected from one side of the sample to the other. A burning algorithm starts on one side of a
sample in a pore voxel and “burns” that pixel by setting the grey scale number of that voxel to
one outside of the range of the data set. Any pore that touches the first pore is also “burned” in
the same fashion and this continues across the sample grid [Garboczi et al., 1999]. For each

sample connectivity was measured along all three axes and these connectivity values averaged



for the total sample connectivity. The effective porosity ( ¢,) of each sample is calculated from

the connectivity using equation 4.

3.3 Laboratory tracer diffusion experiments

Diffusion experiments using bromide as a tracer were performed on 3 samples of un-
weathered basalt (DP3, DP6, and DP5u) and 1 sample of weathered basalt (DP5w). Rectangular
samples (1x5x50 mm) were cut from 3 different basalt clasts from terrace Qt2 and glued on
ceramic sample cast holders with crystal® thermal glue, leaving only one end of the sample open
to bromide tracer solutions by protecting other surfaces of the sample during the diffusion
experiment. (Figure 4) The mounted sample units (samples plus the ceramic sample holders,
except the front ceramic cover) were oven dried at 50° C, and then placed into a stainless steel
vacuum chamber at high vacuum for several hours. Samples were then injected with 0.5M
potassium chloride (KCI) solution and were kept under 5 atm N, to ensure saturation of the
sample with KCI solution. Once saturated with KCI, the top surface of the sample was sealed
with a uniform layer of weathering resistant tape (3M® 836, about 50 microns in thickness) to
allow the transmission of X-ray fluorescence signal. Another protective rubber gasket sheet was
further placed between the sealed top surface and the front ceramic cover. The assembled
sample units were then tightly clamped together with 3 clamps and placed into 500 ml of
degassed 0.5M KBr solution. With this arrangement, only one face, measuring 1 by 5 mm, at the
end of the sample was exposed to the tracer solution.

The concentration profiles of bromide were measured at 7 days for sample DP5 and at 17
and 34 days for samples DP3 and DP6 by measuring the bromide fluorescence signals across the
top surface of the sample after removing the ceramic cover and rubber protective sheet using
synchrotron micro-X-ray fluorescence (uXRF) mapping. The synchrotron uXRF scans were
performed on beamline 10.3.2 at the Advanced Light Source (ALS) of Lawrence Berkeley
National Laboratory. Samples were scanned with an incoming energy of 13.7 KeV, 50 ms count
time and a step size of 20 microns. The Br fluorescence signal was collected with a 7 element
Germanium solid state detector.

For each concentration profile, the effective diffusion coefficient (D,, cm?®s™) was

calculated by fitting a diffusion equation to the measured concentration where the concentration
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of Br in the porous media (C) reached half that of the original diffusing fluid (C,, i.e. C£ =0.5)

(0}

outside of the sample at time (t, s):

C X
a_erfC[Z@J ©

Here, x is the distance in cm into the sample where a Br concentration of half the original

concentration was measured.

3.4 Pore network modeling of tracer diffusion

CrunchFlow [www.csteefel.com] was used to model the diffusion experiments using both
1D and 3D simulations. The 1D models assume a homogeneous media with a single effective
diffusion coefficient that is varied until the computed concentration profile matches the averaged
uXRF-determined concentration profiles from the experiment. Values of D, calculated from the
experimental data using the analytical solution from equation 5 were used to calculate the initial
tortuosity of the basalt from equation 2.

A pore network was created by defining a 3D model grid (250x250x250) with the same
resolution as the CT data (4.4 um) for both the weathered and unweathered samples. A block of
CT data in the unweathered basalt was then segmented into porosity (CT value less than 45) and
matrix minerals (CT value greater than 45). Each voxel was assigned a value representing the
tortuosity of the material. Pore space was assigned a tortuosity of one (representing diffusion in
water), while the tortuosity of mineral matrix was set equal to the initial tortuosity determined
from the 1D simulation of the bromide tracer experiments in unweathered basalt (Figure 5). In
the 3D simulations a tortuosity (or equivalently, effective diffusivity) for matrix in the pore
network was necessary to account for micro-porosity in these voxels that cannot be resolved with
the CT data. A fixed-concentration boundary condition for the tracer was used at x = 0, that is,
along one side of the cube. The tracer was allowed to numerically diffuse through the pore
network. An upscaled, effective diffusion coefficient was calculated from the laterally averaged
tracer concentration profile at 7 days (5.904x10° s) from the numerical results using the uCT

data. These numerical results were then compared to the results from the physical diffusion
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experiments DP5u and DP5w where a XRF scan was carried after the same elapsed time. Using
the same modeling approach, additional numerical diffusion experiments were performed on
smaller blocks of data (550 um on a side) that were positioned to cross the weathering interface.
With this approach, it was possible to analyze the change in effective diffusion coefficient with

connected porosity and scale of observation.

4.0 Results
4.1 Chemical profiles across the core-rind transition

Na, K, Ca, Mg, Al, and Si analyzed by EMP show relatively constant concentrations in
the core, decreases in concentrations across the 2 mm-wide reaction fronts that define the core-
rind transition, and relatively constant concentrations in the rind. In contrast, concentrations of
Fe and Ti generally increase from core to rind (Table 1). This increase, and a decrease in density
from the core to rind, is a result of the removal of other elements during iso-volumetric
weathering [Sak, et al., 2004]. In a system like the basalt clasts where weathering is
isovolumetric [Sak et al., 2004] we can compare the fraction of mass lost or the relative gain of

elements (z;) using equation 6,
CiuC:
r =i g (6)

where c is the concentration of an immobile element (i) or the element of interest (j) in the parent
(p) or weathered (w) material [Brimhall and Dietrich, 1987; Anderson, et al., 2002]. In the basalt
clasts, Ti has been shown to be relatively immobile [Sak et al., 2004] and can therefore be used
to calculate zrica and zrimg across the reaction front. Negative and positive 7 j values represent
depletion and enrichment, respectively, of an element relative to parent concentrations. z;
values of 0 and -1 represent parent concentrations and complete loss of an element, respectively.
Figure 6 documents a complete depletion of Ca and Mg across the reaction front. The only
minerals in the parent basalt that contain Ca are plagioclase and augite and the only mineral that
contains Mg is augite [Sak et al., 2004]. Therefore, the depletion of Ca and Mg indicates

complete weathering of plagioclase and augite over a distance of ~1.5 mm.
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4.2 Quantification of total porosity and pore connectivity
Porosity calculated from the uCT data increases across the reaction front from ~3% in the
core to ~40% in the rind using a threshold grayscale value of 45 (Figure 6). Pore connectivity

increases with increasing total porosity (Figure 7). Atlow ¢, (<15%), ¢, (defined by equation 4

using the code Percolate (available at http://visiblecement.nist.gov) [Bentz et al., 2002] on the 3D

data) is < 1%. The connectivity increases to 100% as ¢, changes over a range from18-25%. At
¢: higher than ~25% ¢, approaches ¢, (Figure 8). The range over which ¢, increases from 0 to
¢, increases with the size of the sample (Figure 8). Images rendered from the nCT data are

available online as supplemental material.

4.3 Laboratory tracer diffusion experiments and pore-network modeling

Effective diffusion coefficients were calculated from uXRF concentration profiles
averaged over the three laboratory tracer experiments on different samples. These coefficients
equaled 1.75x10'° cm? s for unweathered and 2.4x10° cm? s* for weathered basalt (Table 2).
The initial tortuosity value of the unweathered basalt is calculated to be 1.2x10 based on
Equation 2. Therefore, in all 3D pore network simulations of diffusion, voxels defined as matrix
minerals (CT value greater than 45) are assigned the tortuosity of the unweathered basalt
(1.2x10®) and voxels defined as porosity (CT value less than or equal to 45) are assigned a
tortuosity of 1. To carry out the 3D simulations, a 1.33 mm? pore network (1.1 mm on a side)
was imported into the code CrunchFlow, with grid dimensions corresponding exactly to the
voxel size of 4.4 microns on a side. Effective diffusion coefficients determined from model
results after 7 days from an average concentration profile in the direction of diffusion are 1.2x10
19 cm? st and 1.0x10°® cm? s for the unweathered and weathered basalt, respectively.

An additional 3D simulation was carried out with a 0.166 mm?® pore network defined by
CT data from the unweathered basalt. D, values are 3.7x10™ cm? s™* and 1.2x10™ cm? s for
the 0.166 and 1.38 mm?® samples, respectively. Numerical diffusion experiments using 0.166
mm? pore networks defined by CT data across the weathering interface demonstrate that the
calculated effective diffusion coefficient increases with connected porosity as expected (Table 2,
Figure 9). Note that the upscaled effective diffusion coefficients determined from the pore

network modeling agree closely with the experimentally determined values.
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5.0 Discussion
5.1 Pore connectivity

If we assume that all changes in porosity are the result of weathering of the parent basalt,
the uCT data allows us to examine how changes in effective or connected porosity are related to
changes in total porosity induced by weathering (Figure 6). Effective porosity in the parent
basalt is 0% at the resolution of the CT data and remains 0% until total porosity increases to
~9%. Percolation theory predicts a critical porosity below which connected pathways from one
end of the system to the other are not available [Sahimi, 1994]. Percolation theory is typically
used to describe the degree of connectivity of disordered media [Scher and Zallen, 1970]. A
variable (p) is defined to range from 0 to 1 such that when p = 0, all pathways are discontinuous
across the sample interval and where p = 1 all pathways are continuous [Sahimi, 1994]. A
percolation threshold (pc) exists for each sample such that when p < p there are no complete
connected pathways from one edge of the material to the other, but at p. one fully connected
pathway exists. As defined, the value of p. is constant if the sample size is larger than the
representative elementary volume (REV). In sample sizes smaller than the REV, p. is scale-
dependent and can vary with sample interval size in heterogeneous media such as rocks [Sahimi,
1994]. When p > p. there remains at least one fully connected pathway across the sample and
when applied to fluid transport through porous media, p. becomes the critical porosity (4,)
[Dasgupta, et al., 2000].

We can estimate a critical porosity for the basalt sample by fitting the non-zero effective
porosity (obtained by using Percolate) vs. total porosity (from CT scans) data reported in figure 8
to a scaling law based on percolation theory [Stauffer, 1985; Ellis and Wright, 2006] (equation
7),

¢e = a(¢T - ¢c)ﬁ (7)

where a is a pre-exponential factor and gis the scaling exponent [Stauffer, 1985]. We note here
that equation 7 is valid for ¢, > ¢.. Values of a are 2.4 and 1.3 and values of gare 0.9 and 1.0

for samples 110 and 220 um on a side, respectively. The critical porosity values using this
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method are 14 + 2% and 9 + 1 % for the samples that are 110 and 220 um on a side, respectively.
The critical porosity value decreases with increasing sample size at the scales we were able to
measure. Due to the narrow width of the weathering interface we are unable to sample larger
volumes of data to assess whether these sample sizes are greater than or equal to the size of a
representative elementary volume at which the critical porosity value determined would be

representative of the bulk material. Therefore, the lower of the two critical porosity values (¢, =

9%) is thus our best estimate of the critical porosity above which some pores are connected in
the weathering basalt clast.

In bulk rocks, the value of ¢, can vary as a function of pore size, shape and orientation

(e.g. Ewing and Gupta, 1993). In the sample studied here the dissolution of plagioclase is the
first reaction to result in the creation of secondary porosity. The pores that result from the
dissolution of plagioclase are the same size and shape as the original plagioclase grains (Figure
1). Therefore, the pore size, shape and orientation of the secondary porosity, and thus the value
of the critical porosity, are a function of the size, shape and orientation of the parent plagioclase
grains. This also implies that crystalline rocks with distinct textures that undergo chemical
weathering may show differing critical porosities.

Reported critical porosities in other geological materials vary based on lithology and the
presence or absence of fractures. Kieffer et al. [1999] measured total and effective porosity for
Fontainebleau sandstone and reported a critical porosity of < 5%. Connected porosity has been
identified in basalts, limestone, granodiorite, and sandstone where total porosity is as low as 1%
[Tugrul, 2004]. Such variations in critical porosity values have been attributed to the presence of
micro-cracks that provide direct conduits for fluid transport even in low porosity systems
[Gueguan, et al., 1997; Tullborg and Larson, 2006]. Methods used to measure both total and
effective porosity also vary and may cause method-specific variations in critical porosity values.
For example, Tugurl [2004] reports effective porosity values of 1.2% in unaltered basalt and
3.5% in unaltered granodiorite based on mercury intrusion techniques. In contrast, [Tullborg and
Larson, 2006] calculated a total porosity of 0.89 to 1.52% in unaltered quartz monzodiorite using
the same methods as Tugurl [2004] but an effective porosity of 0.38 to 0.57%, depending on
sample size, using water saturation methods. Comparing results between these two studies is
difficult because Hg intrusion has been shown to overestimate effective porosity relative to
measurement by water saturation [Sato, et al., 1997].
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The approximate value of critical porosity we observe for this sample is within the range
of values predicted by percolation theory. Theoretical calculations and model estimates of the
critical porosity in porous diffusive systems vary from 8-18% [Scher and Zallen, 1970; Tarafdar
and Roy, 1998; Dasgupta, et al., 2000; Cheadle, et al., 2004] while experimental measurement
of permeability in rocks as a function of porosity suggest a range of critical porosities ranging
from 3-10% [Du Plessis, 1999; Van Der Mark, 1999]. The lower value of the critical porosity
associated with these experimental studies may reflect the fact that natural samples are not
strictly disordered. While a few studies have incorporated changes in effective porosity and
transport parameters as a function of weathering or water-rock interaction [Steefel and Lasaga,
1994; Steefel and Lichtner, 1998; Saripalli, et al., 2001], experimental studies of these effects are
lacking.

Below the critical porosity, transport properties should not be greatly influenced by
changes in total porosity. However, continuum models of chemical weathering or water-rock
interaction are generally used to predict weathering at the field scale and typically only provide
information on changes in total porosity due to mineral reaction. Equation 7 also provides a
useful description of the effective diffusivity for the weathered basalt clast as a function of total
porosity above and close to the critical porosity (~9 to 44%). Below the critical porosity the
effective porosity is 0% and above a total porosity of 44% the effective porosity equals the total
porosity. Using equation 7, effective diffusion coefficients near the critical porosity can then be
estimated from a measure of the effective porosity for use in continuum models of basalt

weathering rind formation where the porosity is changing as a result of weathering.

5.2 Numerical diffusion experiments

The best-fit values of D, determined from 1D diffusion models are 1.9x10™° cm? s™ for

the unweathered basalt where porosity equals 3% and 2.5x10™° cm? s™ for the weathered basalt
where the porosity equals 14%. Concentration profiles from the experiment and the 1D and 3D
models show good agreement for both weathered and unweathered samples (Figure 9). Values

of D, from 3D models are in close agreement with the experimentally determined D, in the
unweathered basalt. In the weathered basalt, the value of D, from the 1D model is similar to the

experimentally determined D,. However, the D, determined from the 3D model is 0.65 orders
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of magnitude (a factor of 4) faster. A value of D, that is slower, i.e. more similar to the model-

calculated value, is expected due to the fact that the CT data does not include micro-porosity that
contributes to diffusion in the laboratory experiments, but this discrepancy may also be due to

the fact the laboratory and numerical experiments were not carried out on the same sample. The
heterogeneity of the weathered material is consistent with values of D, that range from 6.7x10°
cm?® s to 1.1x10°® cm? s, calculated from concentration profiles measured at different positions
using data from the 3D model.

The connectivity of the larger CT-defined pore network in the unweathered basalt is
higher than those calculated for the smaller data sets. Correspondingly, a higher D, value is
determined from the larger 3D pore network models, 3.7x10™ cm? s™ for 0.17 mm?® compared to
1.25x10™"° cm? s* for 1.38 mm®, indicating that there may be a scale dependence to the 3D

modeled values of D, plotted in Figure 10.

5.3 Total vs. effective porosity as a scaling parameter in Archie’s Law

We have calculated values of D, using total porosity as the scaling parameter in Archie’s
Law (equation 3) with a cementation exponent of 2 for comparison to laboratory measured and
modeled values of D, for the weathered basalt (Figure 10). We find that over the range of total
porosity studied here scaling effective diffusion coefficients using total porosity over predicts
measured and modeled values of D,. We also calculate D, using effective porosity as the
scaling parameter in Archie’s Law. For total porosity above and close to the critical porosity (9-
44%) equation 7 is used to estimate the effective porosity. Equation 3 is then used to calculate

D, in the total porosity range from 9-44% using effective porosity as the scaling parameter with

a cementation exponent of 2. Above ¢, of 44%, ¢, equals ¢, and the scaled D, value is the

same when either total or effective porosity is used as the scaling parameter. At the resolution of
our measurements, ¢, below the critical porosity (9%) is 0% suggesting zero diffusivity in the
unweathered basalt. However, connectivity values are likely under-estimated in the low total
porosity range of this sample due to the resolution of the CT data and the small volumes
sampled. Pores with a diameter less than 4.4 microns are not included in the CT data and it is

likely that values of connected porosity calculated for samples with very low total porosity are
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greater than zero. Additionally, results from analysis of a 2.38 mm?® sample of CT data in the un-
weathered basalt suggest an effective porosity value of approximately 0.003 %. In fact, an
effective diffusion coefficient of 1.75x10™° cm? s™ was measured in the unweathered basalt in
laboratory experiments. If we assume this effective diffusion coefficient in the unweathered

parent basalt (D,) is representative of the diffusivity at all total porosity values below the critical

porosity we can use equation 8 to calculate D, using effective porosity as a scaling parameter.

D, =D, + D,(4,) 8)

Using Equation 8 to calculate D, yields values similar to values measured in this basalt clast

(Figure 10). These values are also similar to values previously reported for D, for basalt with

10% effective porosity (7.5x10™° cm? s, [Sato, et al., 1997]). Combining equations 7 and 8
provides a useful way to calculate effective diffusion coefficients for continuum modeling of this
weathering system based upon total porosity, a measurable quantity. Strictly speaking, equations
7 and 8 are not universal laws since they are derived from a single weathered basalt sample.
However, we hypothesize that these equations will also be applicable to other rocks and
subsurface materials that develop similar pore structures as a result of chemical reactions. These
include other basaltic or volcanic rocks with similar primary rock textures. The applicability of
equations 7 and 8 to other rock types is currently unknown. However, the mathematical form of

equations 7 and 8 may be similar.

6.0 Conclusions

As basalt weathers and forms a rind of weathered material, secondary porosity is created
through the dissolution of primary minerals. In weathered basalt clasts from Costa Rica, the
dissolution of plagioclase and augite results in secondary porosity. This increased porosity
allows an increase in the transport of aqueous weathering products away from the core/rind
interface by diffusion and therefore increases rates of overall chemical reaction. However, in
this sample, until a critical porosity of ~9 % is reached, the number of connected pathways
available for fluid transport does not increase and therefore diffusive transport should not

increase until this critical porosity is obtained. The critical porosity of a sample can vary as a

18



function of the sample size below the representative elementary volume of the bulk material. In
this sample porosity increases from ~3 to 40% as a result of weathering over a very narrow
interface (~1.5 mm). We were unable to sample the data and accurately measure the increases in
effective porosity across the weathering interface at sample sizes larger than 220 um on a side.
The critical porosity determined from samples of 110 and 220 um on a side are within error, and
the critical porosity is not scale dependant at the scales we are able to sample. The critical
porosity is a function of the pore shape and distribution. In this sample plagioclase is the first
phase to dissolve and create secondary porosity. Therefore, the pore shape and distribution, and
thus the critical porosity, is controlled by the shape and distribution of plagioclase in the parent
basalt. Since the volume percent of plagioclase in the Costa Rica basalts (~66%) is greater than
the critical porosity, then the dissolution of plagioclase can be considered the rate-limiting step in
weathering progression. The presence of a critical porosity suggests that effective diffusion
coefficients should be estimated from effective (connected) porosity and not total porosity if
reactive transport models are to be used to interpret data from this system. Predicted values of
effective diffusion coefficients from equation 8 agree with results from diffusion experiments in
both unweathered and weathered basalt.

Numerical models of the diffusion experiments in 1D, assuming a single homogeneous
porous media, and 3D, where a pore-network is defined using CT data, are all consistent with the
effective diffusion coefficients measured experimentally. The consistency between these models
and the experimental results demonstrates that, where CT-defined pore networks can be
measured, they can be used not only to interpret diffusion experiments, but also to perform

numerical diffusion experiments in place of time-consuming laboratory diffusion experiments.
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Figure 1. SEM backscatter image of one of the basalt clasts that electron microprobe data
was collected for imaged across the reaction front. Labels are P = plagioclase, WP =
weathered plagioclase, A = augite. Pores are black. There is a sharp contrast in porosity
between the core and the rind as a result of dissolution of primary minerals. A large
plagioclase crystal in the middle of the image is beginning to dissolve and create
secondary porosity. Where other plagioclase crystals have dissolved, pores also remain.

Figure 2. 2-D image reconstructed from pCT data collected near the weathering interface
of a weathering rind developed on a basalt clast from the 125 ka terrace. Dark areas are
relatively less dense than light areas (black = porosity). All images rendered from the
UCT data are available online as supplemental material.
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CT valus (0.176) separating pores and malix minerals

Figure 3. Histogram of number of values measured (=count) for each CT number in a
volume of 1.33 mm? in the unweathered basalt. Based on the bimodal distribution of this
data, CT numbers less then 0.175 (45 when re-scaled to values from 1 to 255 as described
in text) are considered to be porosity and numbers greater than this value are considered
to be mineral grains.
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Figure 4. Schematic drawing of the setup for the diffusion experiments. Grey material
represents the rock sample surrounded on all but one side by ceramic. The uncovered side
is exposed to 0.5 M KBr solution. The sample holder was designed with a removable
cover to allow the sample to be analyzed for Br concentrations by uXRF.
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Figure 5. Graphical representation of the grid used in numerical diffusion experiments
defined from samples with 5 and 40% total porosity on the left and right, respectively.
Black represents voxels defined as pores in which tortuosity was assigned equal to 1.
White represents voxels defined as minerals in which the tortuosity was assigned equal to
1.2x10°. A value of 45 for CT numbers was used to determine the nature of each voxel
(see section 3.1 for further discussion).
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Figure 6. Values of 7; for Ca and Mg and total porosity plotted vs. distance from the
outer edge of the basalt clasts from the 125 ka terrace. For clasts from the 125 ka terrace
the weathering interface is generally located between 28.6 and 29.1 mm from the outer
edge of the basalt clast. 7 values for Ca and Mg decrease across the weathering front,
consistent with weathering of plagioclase and augite. There is a corresponding increase
in total porosity associated with weathering.

27



1.o-.—.ﬂ—.—|—.—i—.—|—.-|—.—-.—|—-—-.—|—-—-.-. .
1o
- m i
g n "
gM- m -
n24 u i
L
RY PIPY S PR s vy S Py S AR A

Total Porosity, ¢,

Figure 7. A plot of the connectivity versus the total porosity calculated for sets of CT
data measured on 0.166 mm?® volumes along transects across the core-rind interface in the
same basalt clast portrayed in Figure 2. Measured values of connectivity (&) increase
with increasing total porosity once a critical porosity (¢, , 9%) is reached.

Figure 8. Effective porosity plotted versus total porosity as calculated for volume
elements of 1.33x10° or 1.06x10% mm® using CT (resolution of 4.4 um). Symbols
represent measured values at points positioned along a transect across the core-rind
interface (see text and Figure 7). Critical porosity is determined by fitting the data to
equation 7 and critical porosity values are 14 + 2% for a sample size of 1.33x10° mm®
(fit shown by solid line) and 9 + 1 % for a sample size of 1.06x10% mm?® (fit shown by
dotted line).

28



Urvaathered Basalt

Figure 9. Comparison of results from diffusion experiments and models for unweathered
(top) and weathered (bottom) basalt. A) uXRF image of Br concentrations measured at
the surface of basalt samples in laboratory diffusion experiments after 7 days (see section
2.3). High Br concentrations near the y = 0 cm axis are white. B) Contour plot of Br
concentrations from 3D diffusion models run for 7 days at the same scale as uXRF
images. The position of the tracer front along the y-axis in the models is similar to the
position of the Br front in the laboratory diffusion experiments. C) A plot of

) . .. . C .
concentration of tracer relative to the original tracer concentration N versus distance

(cm) measured in laboratory diffusion experiments (solid line) and modeled in 1D (dotted
line) and 3D (dashed line) numerical models.

Figure 10. Values of D, estimated from equation 3 using Archie’s Law with total
porosity (dashed line) or from equation 8 using effective porosity as the scaling
parameter (solid line). These estimates are compared with measured D in basalt (solid
squares for diffusion experiments in this study, open square for data from Sato et al.
[1997]). Values of D, calculated from numerical diffusion experiments are plotted as
open circles. At porosities near and below the critical porosity, effective porosity is a
better predictor of D, than total porosity.
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Table 1. Average elemental weight percent and zvalues from ten profiles across the weathering interface of two basalt clasts.

Distance from
Outer Surface,

Weight Percent Element

mm

K Na Ca Mg Fe Al Si Ti TK,Ti TNa,Ti TCa,Ti Tiig,Ti Tre Ti TALTi 75i,Ti
27.00 0.13 0.05 0.17 0.13 11.18 | 14.60 5.60 0.71 -0.88 -0.99 -0.99 -0.96 0.08 -0.45 -0.93
27.05 0.09 0.05 0.16 0.08 10.18 | 15.16 | 4.31 0.51 -0.89 | -0.98 | -0.98 | -0.96 0.35 -0.24 | -0.93
27.10 0.10 0.05 0.18 0.08 9.40 15.38 | 6.11 0.55 -0.87 | -0.98 | -0.98 | -0.96 0.16 -0.27 | -0.90
27.15 0.11 0.05 0.17 0.10 8.81 15.08 5.89 0.44 -0.84 -0.98 -0.98 -0.95 0.35 0.04 -0.89
27.20 0.11 0.05 0.20 0.10 9.92 13.06 5.30 0.55 -0.87 -0.98 -0.98 -0.96 0.27 -0.25 -0.92
27.25 0.13 0.05 0.17 0.09 9.65 15.74 5.20 0.51 -0.83 -0.98 -0.98 -0.96 0.31 -0.13 -0.91
27.30 0.10 0.05 0.21 0.10 10.67 | 13.13 | 5.13 0.56 -0.89 | -0.98 | -0.98 | -0.96 0.27 -0.39 | -0.92
27.35 0.12 0.06 0.26 0.10 10.87 | 10.22 | 6.02 0.52 -0.87 | -0.98 | -0.98 | -0.96 0.45 -0.36 | -0.91
27.40 0.12 0.06 0.23 0.12 12.70 | 11.13 6.33 0.79 -0.91 -0.99 -0.99 -0.96 0.08 -0.62 -0.94
27.45 0.13 0.06 0.23 0.12 10.83 | 14.40 5.47 0.58 -0.85 -0.98 -0.98 -0.95 0.28 -0.35 -0.92
27.50 0.12 0.06 0.17 0.11 9.89 14.84 5.23 0.55 -0.87 -0.98 -0.99 -0.95 0.22 -0.26 -0.92
27.55 0.11 0.05 0.14 0.10 9.63 15.26 | 5.78 0.45 -0.86 | -0.98 | -0.99 | -0.95 0.45 -0.01 | -0.90
27.60 0.17 0.07 0.24 0.12 8.88 15.25 6.28 0.43 -0.80 -0.98 -0.97 -0.94 0.41 0.10 -0.90
27.65 0.12 0.06 0.22 0.12 8.26 13.85 6.41 0.34 -0.81 -0.97 -0.96 -0.92 0.70 0.21 -0.85
27.70 0.18 0.07 0.23 0.11 8.59 12.39 6.74 0.45 -0.79 -0.98 -0.97 -0.94 0.29 -0.27 -0.89
27.75 0.23 0.07 0.19 0.17 10.88 | 10.11 | 7.31 0.48 -0.74 | -0.98 | -0.98 | -0.92 0.53 -0.48 | -0.88
27.80 0.17 0.08 0.22 0.22 12.93 | 10.07 | 7.33 0.56 -0.82 | -0.98 | -0.98 | -0.91 0.55 -0.54 | -0.89
27.85 0.18 0.08 0.42 0.27 12.97 | 9.89 7.89 0.59 -0.84 | -0.98 | -0.95 | -0.89 0.53 -0.45 | -0.88
27.90 0.16 0.10 0.20 0.27 13.96 8.33 7.37 0.72 -0.87 -0.98 -0.99 -0.91 0.32 -0.66 -0.91
27.95 0.16 0.10 0.24 0.28 14.76 8.56 7.65 0.66 -0.85 -0.98 -0.98 -0.90 0.53 -0.66 -0.90
28.00 0.15 0.09 0.21 0.35 13.69 | 8.49 7.38 0.58 -0.85 | -0.97 | -0.99 | -0.86 0.59 -0.59 | -0.90
28.05 0.15 0.11 0.26 0.42 13.13 | 8.37 8.53 0.63 -0.85 | -0.97 | -0.98 | -0.84 0.41 -0.63 | -0.89
28.10 0.15 0.11 0.23 0.49 12.02 | 10.54 7.73 0.49 -0.82 -0.96 -0.98 -0.78 0.64 -0.29 -0.87
28.15 0.11 0.10 0.28 0.48 11.95 9.50 7.96 0.54 -0.87 -0.97 -0.98 -0.80 0.52 -0.40 -0.87
28.20 0.16 0.14 0.23 0.43 13.00 8.85 8.18 0.50 -0.79 -0.95 -0.98 -0.81 0.76 -0.45 -0.86
28.25 0.26 0.16 0.22 0.35 13.49 | 9.18 8.90 0.61 -0.74 | -0.96 | -0.98 | -0.87 0.50 -0.57 | -0.88
28.30 0.28 0.16 0.23 0.23 13.16 | 9.59 8.45 0.54 -0.71 | -0.94 | -0.98 | -0.91 0.67 -0.35 | -0.88
28.35 0.37 0.22 0.28 0.28 12.04 9.17 9.71 0.58 -0.62 -0.94 -0.98 -0.89 0.41 -0.53 -0.86
28.40 0.41 0.26 0.32 0.35 11.26 7.62 11.52 0.63 -0.62 -0.93 -0.98 -0.88 0.22 -0.63 -0.86
28.45 0.45 0.38 0.38 0.32 9.81 6.57 13.63 | 0.62 -0.56 | -0.90 | -0.97 | -0.88 0.09 -0.68 | -0.83
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Distance from
Outer Surface,

Weight Percent Element

mm

K Na Ca Mg Fe Al Si Ti TK T INaTi TcaTi TMg.Ti TreTi TALT TsiTi
28.50 0.41 0.39 0.40 0.30 10.42 6.27 13.19 0.66 -0.61 -0.90 | -0.97 -0.90 0.07 -0.74 | -0.84
28.55 0.34 0.36 0.46 0.32 | 1028 | 6.70 | 10.21 | 062 | -0.63 | -0.88 | -0.96 | -0.89 | 0.24 | -0.67 | -0.85
28.60 0.38 0.49 0.56 041 | 1135 | 7.78 | 1190 | 057 | -053 | -0.83 | -095 | -0.84 | 040 | -0.61 | -0.81
28.65 0.38 0.53 0.64 0.32 10.66 6.81 12.44 0.54 -0.51 -0.81 -0.94 | -0.86 0.38 -0.64 | -0.79
28.70 0.37 0.56 0.73 0.38 10.13 6.22 13.22 0.58 -0.59 -0.84 | -0.94 | -0.85 0.17 -0.73 -0.81
28.75 0.40 0.68 0.98 0.51 10.16 6.19 15.53 0.60 -0.55 | -0.81 -0.92 -0.79 0.14 -0.74 | -0.78
28.80 0.49 0.85 1.32 0.79 9.73 6.33 | 1830 | 058 | -0.44 | -0.76 | -0.89 | -0.68 | 0.13 | -0.72 | -0.73
28.85 0.51 1.07 1.69 0.87 8.85 6.86 | 20.80 | 053 | -0.25 | -061 | -0.81 | -0.59 | 0.24 | -0.60 | -0.60
28.90 0.59 1.36 2.62 1.03 8.45 8.17 25.17 0.47 -0.17 -0.52 -0.71 -0.49 0.24 -0.55 -0.53
28.95 0.70 1.53 3.61 1.35 7.95 9.13 30.35 0.47 0.04 -0.43 -0.58 | -0.32 0.19 -0.48 -0.40
29.00 0.65 1.78 4.20 1.59 7.28 | 10.36 | 3386 | 046 | -0.03 | -035 | -0.52 | -0.21 | 0.07 | -0.44 | -0.35
29.05 0.59 1.93 5.13 1.83 7.38 | 11.07 | 36.04 | 048 | -018 | -0.34 | -043 | -0.15 | 0.03 | -0.43 | -0.34
29.10 0.59 1.99 5.71 2.10 8.44 11.10 | 37.42 0.60 -0.31 -0.43 -0.50 | -0.16 -0.03 | -0.53 -0.44
29.15 0.58 2.07 5.99 2.03 7.87 12.08 | 38.87 0.52 -0.25 | -0.32 -0.37 -0.10 0.03 -0.40 | -0.33
29.20 0.54 2.03 6.28 2.10 7.25 12.49 | 39.15 0.46 -0.20 | -0.23 | -0.22 0.07 0.08 -0.27 -0.22
29.25 0.51 2.09 6.28 1.97 6.83 12.94 | 39.20 0.39 -0.10 | -0.06 | -0.10 0.16 0.19 -0.08 | -0.09
29.30 0.49 2.21 6.45 1.79 6.38 | 13.69 | 39.82 | 0.35 0.02 0.11 0.04 0.19 0.23 0.08 0.06
29.35 0.63 241 6.33 1.21 5.88 14.35 | 40.21 0.45 -0.05 | -0.09 -0.26 | -0.37 -0.10 | -0.16 -0.20
29.40 0.51 2.33 7.20 1.57 5.66 13.96 | 40.13 0.38 -0.07 0.07 0.05 -0.05 0.01 0.02 -0.03
29.45 0.51 2.34 6.71 1.81 6.69 13.04 | 39.99 0.51 -0.32 -0.23 -0.30 | -0.19 -0.12 -0.32 -0.30
29.50 0.63 2.32 6.46 2.00 6.25 12.69 | 40.77 0.36 0.31 0.28 0.20 0.28 0.19 0.22 0.19
29.55 0.68 2.37 5.63 2.21 7.77 | 11.65 | 4056 | 054 | -0.01 | -0.15 | -0.28 | -0.03 | 0.01 | -0.27 | -0.21
29.60 0.67 2.30 6.22 241 7.55 12.01 | 40.66 0.52 -0.12 -0.24 | -0.32 0.06 -0.02 -0.36 -0.29
29.65 0.61 2.20 6.28 2.18 7.16 12.37 | 4041 0.52 -0.22 -0.29 -0.35 | -0.02 -0.07 -0.37 -0.31
29.70 0.54 2.01 6.46 2.34 7.19 12.56 | 39.77 0.51 -0.28 -0.33 -0.34 0.07 -0.05 | -0.36 -0.31
29.75 0.50 1.97 6.70 2.14 6.69 | 1299 | 3951 | 041 | -0.19 | -0.19 | -0.13 | 0.19 0.09 | -0.18 | -0.15
29.80 0.46 2.08 7.35 1.60 484 | 1463 | 39.91 | 0.30 0.07 0.27 0.44 0.25 0.12 0.40 0.26
29.85 0.53 2.12 6.71 1.56 5.14 14.48 | 40.48 0.32 0.13 0.14 0.14 0.13 0.09 0.19 0.13
29.90 0.42 2.00 6.75 1.94 6.23 13.59 | 39.45 0.37 -0.20 | -0.03 -0.02 0.34 0.20 -0.04 0.00
29.95 0.42 2.16 6.69 1.71 5.65 14.23 | 40.36 0.26 0.18 0.45 0.41 0.53 0.49 0.45 0.41
30.00 0.48 2.31 6.76 1.80 5.38 | 13.96 | 41.12 | 0.32 0.00 0.21 0.07 0.38 0.15 0.09 0.12
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Distance from

Outer Surface, Weight Percent Element
mm

K Na Ca Mg Fe Al Si Ti TK T INaTi TcaTi TMg.Ti TreTi TALT TsiTi

30.05 0.57 2.32 6.85 1.84 5.19 | 13.36 | 42.03 | 0.33 0.17 0.19 0.06 0.36 0.10 0.04 0.13
30.10 0.52 2.30 6.69 1.89 6.37 | 13.06 | 41.14 | 0.48 -0.26 | -0.20 | -0.28 | -0.09 | -0.10 | -0.30 | -0.25
30.15 0.69 2.19 6.85 1.91 6.11 | 1255 | 41.87 | 0.45 0.04 -0.17 | -0.21 | -0.01 | -0.07 | -0.29 | -0.18
30.20 0.67 2.28 7.02 1.32 477 | 1543 | 41.80 | 0.36 0.26 0.06 -0.01 | -0.18 | -0.12 0.09 0.02
30.25 0.50 2.28 7.18 1.21 465 | 15.03 | 40.89 | 0.36 0.07 0.25 0.16 -0.13 | -0.07 0.20 0.16
30.30 0.50 1.97 7.34 1.47 486 | 14.68 | 40.47 | 0.32 0.23 0.28 0.42 0.21 0.11 0.41 0.36
30.35 0.68 1.96 7.62 1.32 483 | 15.18 | 40.65 | 0.38 0.23 -0.13 0.01 -0.23 | -0.17 | -0.01 | -0.05
30.40 0.65 2.15 7.62 1.24 428 | 15.34 | 41.03 | 0.32 0.51 0.21 0.30 0.01 -0.04 0.29 0.23
30.45 0.62 2.19 7.40 1.40 458 | 14.77 | 41.75 | 0.32 0.35 0.20 0.21 0.02 -0.02 0.20 0.19
30.50 0.52 1.89 7.59 1.86 5,95 | 13.97 | 40.66 | 0.40 -0.09 | -0.14 0.02 0.11 0.03 -0.07 | -0.03
30.55 0.50 2.01 7.81 1.28 475 | 15.89 | 40.58 | 0.32 0.05 0.06 0.21 -0.07 0.00 0.24 0.10
30.60 0.53 2.13 7.82 0.93 3.71 | 16.85 | 40.76 | 0.22 0.69 0.68 0.82 -0.04 0.12 0.98 0.65
30.65 0.50 2.07 7.55 1.35 5.15 | 15.38 | 40.55 | 0.38 -0.05 | -0.03 0.06 -0.11 | -0.04 0.07 0.00
30.70 0.57 1.92 7.17 1.93 6.53 | 13.69 | 40.17 | 0.48 0.04 -0.15 | -0.09 | -0.09 | -0.05 | -0.12 | -0.09
30.75 0.54 2.14 7.17 1.75 581 | 14.13 | 40.89 | 0.37 -0.02 | -0.02 | -0.03 0.07 0.05 -0.06 | -0.02
30.80 0.50 2.18 7.14 1.58 559 | 14.48 | 40.89 | 0.39 -0.13 | -0.06 | -0.09 | -0.08 | -0.04 | -0.09 | -0.08
30.85 0.50 2.28 7.09 1.57 5.38 | 14.43 | 41.60 | 0.39 -0.09 0.04 -0.04 0.06 -0.01 | -0.03 | -0.01
30.90 0.59 2.26 6.65 1.74 5,77 | 13.97 | 41.73 | 0.38 0.07 0.01 -0.11 0.02 0.03 -0.09 | -0.03
30.95 0.47 1.98 6.49 1.84 523 | 12.40 | 38.40 | 0.31 0.06 0.16 0.14 0.42 0.10 0.08 0.17

Average Parent® | 0.53 2.12 7.14 1.58 540 | 14.42 | 40.62 | 0.37

®Average value from last 8 data points
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Table 2. Results from diffusion experiments

Physical Diffusion Experiments

Sample Time, Distance to Br | D., cm® sec™ %
hours front, um porosity
DP3 804 225 2.31x10™° 3
DP3 403 82 1.94x107"° 3
DP6 813 248 1.92x107"° 3
DP6 402.5 160 5.00x10™" 3
DP5u 164 105 2.05x10™"° 3
DP5w 164 360 2.41x10”° ~14
3D Numerical Diffusion Experiments
Sample Time, Distance to D., CM” sec™ %
Size, mm® hours tracer front, um porosity
1.38 168 83 1.2x10™° 3
1.38 168 776 1.0x10® 14
0.17 12 12 3.7x10™ 2
0.17 2.4 11.5 1.7x10°® 10
0.17 1.2 16 6.1x10° 14
0.17 1.2 122 1.9x107 21
0.17 0.24 195 4.8x10" 30
0.17 0.24 236 7.1x10”7 33
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