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Abstract: The bedrock - regolith interface is characterized by critical changes in porosity, surface

area, chemistry, and mineralogy. Here, we use a combination of small-angle and ultra small-

angle neutron scattering (SANS/USANS), mineralogical, and geochemical observations to

characterize the evolution of nanoscale features formed by weathering of the Rose Hill shale

chips from within the Susquehanna/Shale Hills Observatory (SSHO). The SANS/USANS

techniques, here referred to as neutron scattering (NS), can characterize connected and

unconnected pores or fractures ranging from about 3 nm to several μm in dimension that develop

as bedrock transforms into regolith. The primary pores interrogated by NS in unweathered Rose

Hill bedrock are isolated, intraparticle pores that comprise ~5-6% of the total rock volume. As

the bedrock fragments and alters, secondary pores grow. Porosity of carbonate-poor shale chips is

relatively constant above the depth marked by dissolution of carbonate around 22 m but increases

in the zone of feldspar weathering that begins at 6 m depth. In that upper zone, physical

processes related to peri-glacial conditions at 15 ka have also increased the porosity. The

regolith, defined as the zone that is accessible by hand augering, is generally 20 to 300 cm in

depth in SSHO. Centimeters below the bedrock-regolith interface, chlorite and illite begin to

dissolve significantly, leading to increased porosity and surface area. As clay dissolution

proceeds in rock chips throughout the regolith zone, intraparticle pores progressively connect to

form large interparticle pores, changing the mineral-pore interface from a mass fractal to a

surface fractal. NS documents that the pore geometry is anisotropic at depth but becomes

isotropic with intense weathering.
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As clay minerals become more depleted, quartz surfaces are exposed, causing the total

mineral-pore interfacial area eventually to decrease and become smoother. Smoothening of

weathering surfaces could be also consistent with reactions occurring close to equilibrium, as

expected when transport limits chemical weathering. In the most weathered rock chips, kaolinite

and Fe oxyhydroxides have precipitated, possibly blocking some of the previously connected

porosity. All the NS and geochemical observations agree with a conceptual model where the

conversion of bedrock to regolith at SSHO is largely due to mineral dissolution reactions and the

advance is rate-limited by the rate of diffusion of reactants into the rock. To our knowledge this

is the first NS study to investigate the growth of nanopore features during rock weathering from

depths of tens of meters to the Earth’s surface, providing novel and important information about

the mechanics of weathering.
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1. INTRODUCTION:

Regolith formation is controlled by the coupled physical, chemical and biological

processes that comprise weathering (e.g., Anderson, 2005; Dietrich and Perron, 2005; Schaetzl

and Anderson, 2005; Brantley et al., 2006; Fletcher et al., 2006; Anderson et al., 2007; Yoo et al.,

2009). Without these reactions, life on the continents would be limited by the lack of surface area

available for nutrient and energy processing (Brantley et al., 2006; Anderson et al., 2007; Graham

et al., 2010). Regolith development starts when water enters the bedrock through fractures,

eventually creating new surface area (Molnar et al., 2004; Fletcher et al., 2006). Fractures allow

reactive gases, water, and biota to penetrate the bedrock and promote biogeochemical weathering

reactions. As mineral dissolution and precipitation progress, porosity increases making bedrock

more vulnerable to further dissolution and disaggregation. The transition from bedrock to regolith

is thus comprised of an upward overall increase in physical surface area, porosity and chemical

alteration. Eventually, at the surface, regolith becomes so disaggregated and biologically

impacted that it is easily mobilized: this uppermost layer is referred to here as the mobile soil.

Despite the importance of understanding the processes by which bedrock disaggregates

and water-induced chemical and biogeochemical reactions turn bedrock into regolith, little is

known about the initiation and development of porosity during incipient weathering of bedrock

(Merino et al., 1993; Oguchi , 2004; Fletcher et al., 2006; Green et al., 2006; Brantley and White,

2009; Navarre-Sitchler et al., 2009; Rossi and Graham et al., 2010; Ma et al., 2010). One way to

study the advance rate of weathering into bedrock is to analyze weathering rind development on

clasts. In one well-studied rind system, Fe oxidation appears as the first weathering reaction

within basalt clasts in alluvial terraces of Costa Rica (Sak et al., 2004; Navarre-Sitchler et al.,

2009). This reaction is followed by dissolution of plagioclase that opens up porosity.

These same reactions, Fe oxidation followed by plagioclase dissolution, are shown to be

important in controlling the advance of the bedrock/saprolite interface in quartz diorite of Puerto

Rico (Fletcher et al., 2006). In that system, water enters the rock through relatively vertical joints

and fractures. Unlike the basalt clasts, however, concentric fractures form in both vertical and

horizontal 30-cm thick sets that disaggregate the bedrock into coherent onionskin-like rindlets.

These rindlets exhibit decreasing bulk density and an increase in microcrack density with

increasing distance from the unaltered corestone (Buss et al., 2008). Petrographic examination

indicates that iron oxidation in biotite, presumably accompanying its transformation to a K-

deficient and Fe(III)-enriched ‘altered biotite’ phase, occurs within the previously unaltered rock.

This reaction is inferred to be accompanied by a volume increase that induces the spheroidal

fracturing (Fletcher et al., 2006; Royne et al., 2008; Graham et al., 2010). However, this complex
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interplay of fracturing and chemical reaction is also accompanied by biological activity: a

microbial ecosystem is growing at the bedrock-saprolite interface that may also be involved in Fe

oxidation at the bedrock-saprolite interface (Buss et al., 2005). Furthermore, mycorrhizal fungi

exude organic acids to form cylindrical pores of diameter 3-6 μm in rocks, presumably

contributing to transformation of bedrock to regolith in some localities (Jongmans et al., 1997;

van Breemen, 2000).

This production of regolith from bedrock at depth is paralleled at the surface by

production of a mobile soil layer within regolith. Researchers have suggested that the soil

production rate may either exhibit a hump function (increase and then decrease with soil depth) or

simply decrease exponentially with increasing soil thickness (e.g., Cox, 1980; Heimsath et al.,

1997; Minasny and McBratney, 1999; Ma et al., 2010). The decline in the rate of mobile soil

production with increasing soil depth could result strictly from chemical effects related to the

decrease in reactivity of infiltrating fluids as these fluids move closer towards chemical saturation

with depth (Jin et al., 2008; White et al., 2009). Alternately, the soil production function could

be dictated largely by physical processes. For example, fracturing by frost wedging occurs in

polar and alpine regions when water trapped in cracks expands upon freezing (Murton et al.,

2006; Matsuoka and Murton, 2008). Shear deformation and freeze-thaw cycling has been

hypothesized to decrease with depth as the range of soil temperatures decreases with depth.

Insolation may also induce fractures in densities that decrease with depth when the stress from

thermal gradients exceeds the tension limit in the upper layers of arid and semi-arid regions

(McFadden et al., 2005). However, biota are also implicated in the production of mobile soil,

such as animal burrowing, tree throw and root growth, although the extent to which biota

modulate sediment transport is largely unknown (e.g., Roering et al., 2001; Gabet et al., 2003).

Neutron Scattering:

Several methods have been employed to study the pores and interfacial features of

sedimentary rocks (Avnir et al., 1984; Wong et al., 1986; Krohn, 1988; Pernyeszi and Dekany,

1993; Smucker et al., 2007). The small-angle neutron scattering (SANS) and ultra small-angle

neutron scattering (USANS) techniques, here referred to as neutron scattering (NS), are suitable

for investigation of features ranging from about 3 nm to 10 μm in size. Extensive reviews are

available for the applications of NS techniques in rock studies (e.g., Radlinski, 2006; Agamalian,

2009). Early studies have focused on how surface area, porosity, and pore size distribution in

sedimentary rocks relate to production and transport of natural gases and oil (e.g., Radlinski et al.,



5

1999, 2004). In recent years, NS techniques have become powerful tools in other fields of

geology (e.g., Lucido et al., 1988; Kahle et al., 2004; Anovitz et al., 2009; Cole et al., 2009).

Neutrons easily penetrate bulk materials, probing the interior structure by scattering off

the interfaces and objects, when the phases differ in neutron coherent scattering length density

(SLD). Rocks can commonly be modeled as random two-phase systems comprised of pores and

mineral matrix, which have distinct and different SLDs (e.g., Radlinski, 2006). Furthermore,

hydrogen isotopes have contrasting neutron coherent scattering lengths; mixing different

proportions of H and D can produce water of different SLD, a property that can be effectively

used to probe accessible or connected versus total porosities. Specifically, the amount of

unconnected pores can be measured by matching the SLD of a D2O/H2O mixture to that of the

mineral matrix, so that all filled (connected) pores disappear from the scattering pattern.

In this study, we coupled previously published (Jin et al., 2010) and newly collected

chemical, mineralogical, and physical characterization data with neutron scattering observations

to investigate weathering profiles developed on grey shale. We hypothesized that chemical

reactions dominate in initiating the bedrock alteration and porosity development. We addressed

the following questions: 1) How does porosity evolve as a function of depth in the shale? 2) How

are changes in chemistry and porosity interrelated? 3) What is the mineral-water interfacial area

in the unaltered rock and how does it change with reaction progress? 4) Can the rock-pore

interface be described as a fractal system? 5) What proportions of pores are connected and thus

accessible for water-rock interaction? Since the focus of this study, the Rose Hill Formation, is a

relatively oxidized end-member shale composition and generally low in porosity, diffusion may

be the dominant mode of transport for reactants and products to and from the weathering interface

in the intact rock. Under conditions where diffusion dominates transport, small changes in

porosity will have a major influence on reactive surface areas and thus the chemical reaction

kinetics. In this communication, we report analyses of rock fragment chips in samples derived

from depths ranging from 10 cm (in regolith) to 22 m (in bedrock).

Geological Setting:

Our study site is the Susquehanna/Shale Hills Observatory (SSHO), a Critical Zone

Observatory located in central Pennsylvania (Fig. 1A). The SSHO is underlain by the Rose Hill

Formation of the Clinton Group; olive-pink, grayish-buff shales with a few interbedded

limestones (Folk, 1960; Lynch and Corbett, 1985). The Rose Hill Formation is locally

characterized by fracture cleavage that has produced pencil-like fragments up to 30 cm long

(Flueckinger, 1969). The geologic structure in the region is characterized by tight plunging folds
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in Silurian-aged strata where strike and dip measured on a bedrock outcrop along the valley floor

in the catchment are N54oE and 76oNW, respectively. However, borehole televiewer studies near

the entrance of the catchment indicate more gentle dips of approximately 25o, consistent with

folding and faulting underlying the small watershed

This V-shaped SSHO catchment has south-facing and north-facing slopes averaging 23 o

and 28o, respectively. The erosion rate averaged over the entire catchment is estimated to be 15

m/million years based on meteoric cosmogenic nuclide 10Be dating of sediments while the

regolith production rates (= weathering advance rates) decrease with increasing soil thickness

from 10 to 40 m/million years based on U-series isotope analysis of soils along the north-facing

slope (Jin et al., 2010; Ma et al., 2010). Chemical weathering at SSHO was investigated by

comparing bulk chemistry and mineralogy in profiles drilled into Rose Hill shale bedrock

(recovered from a 25-m drill core) and augered into soils (Jin et al., 2010).

Here, we describe the progression from relatively unfractured and chemically unaltered

parent rock (“bedrock”) to intact and in-place rock that is somewhat fractured and altered

(“saprock”) to rock which is disaggregated and highly altered (“regolith”). In addition, on sloped

terrain, we use the term “soil” to refer to the layer of regolith that moves downslope.

Operationally in this location using these definitions, bedrock and saprock must be drilled with a

diamond bit or something similar using gasoline or electrical power. In contrast, regolith and soil

can be augered by hand. The deepest boundary of saprock is defined here as the interface where

elemental or mineralogical analysis delineates the occurrence of the first chemical weathering

reaction; the deepest boundary of soil is defined by textural observations that document lateral

grain movement. Regolith thickness varies from 30 cm at the northern ridgetop where a deep core

was drilled, to more than 3 m in some locations at the valley floor (Lin and Zhou, 2007; Jin et al.,

2010).

Variations in Rose Hill shale composition and the structural complexities make it difficult

to distinguish local heterogeneities in shale layers from reaction zones due to weathering.

Nonetheless, two weathering fronts have been hypothesized from observations of the core drilled

at the northern ridge; the deepest inferred reactive interface (or “reaction front”) involves

ankeritic carbonate dissolution at about 22 m below ground surface at the ridge. The next

shallower reaction front is defined by plagioclase feldspar dissolution which begins at about 5 m

below ground surface at the ridge top (Fig. 1B; Jin et al., 2010). At this latter depth, a decrease in

the bulk density of rock chips recovered from drilling was also observed. In the drilled cores

where ankerite is absent, X-ray diffraction (XRD) data and scanning electron microscope (SEM)

images show that shale is comprised of illite (54 wt%), quartz (34 wt%) and “chlorite” (9 wt%),
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with a few percent feldspar and Fe-oxides (Jin et al., 2010). Here, “chlorite” indicates a

‘vermiculited’ chlorite, with XRD peaks at values of 2� equal to about 14o.

In contrast to carbonate and feldspar dissolution, clay dissolution has only been

documented within regolith (Fig. 1B). The dominant weathering reactions in the regolith were

determined to be the dissolution of “chlorite” and illite accompanied by precipitation of kaolinite

and Fe-oxyhydroxide, with vermiculite and hydroxy-interlayed vermiculite as intermediate

phases. The abundance of the secondary phases kaolinite and Fe-oxyhydroxide generally

increased upward in soils. These mineral transformations in the regolith are consistent with the

observed losses of major cations (Al, Fe, Mg, K, Si) and are accompanied by decreases in bulk

density (Jin et al., 2010).

2. METHODS

Neutron scattering experiments were conducted on shale chips that were recovered from

two ridgetop regolith profiles and from one 25-m core drilled at the northern ridgetop (Fig. 1A;

Table 1). Five samples were taken from the drill core (DC1) of Rose Hill shale (DC40, DC160,

DC540, DC620, and DC1990, where the number refers to depth below land surface in cm). Of

these five, DC40 and DC160 lie above the weathering zone of plagioclase dissolution whereas

DC540, DC620 and DC1990 lie beneath that zone but above the zone of carbonate dissolution.

Seven chips from two regolith profiles (SSRT5, SSRT15, SSRT22, SSRT27; and SPRT5,

SPRT15, SPRT25; numbers refer to depth below land surface in cm) represent shale rock

fragments in the zone where clays are weathering. These two profiles were sampled by hand

augering to refusal at two ridge top positions in the southern side of the Shale Hills catchment,

one at the top of a planar hillslope (SPRT, initials refer to south planar ridge top) and the other at

the top of a hillslope characterized by a swale (SSRT, initials refer to south swale ridge top). At

these ridge top sites, soils are developed in-situ from shale with insignificant addition of new

material from upslope (along the ridge). Furthermore, at these sites water flows mostly vertically;

therefore, shallow soils have experienced longer and more intense chemical weathering than the

deeper soils (Fig. 1B). The two ridge profiles examined in this study were less than 20 m apart

and exhibited similar physical properties and soil thickness (Fig. 1A).

To calculate the SLD of the mineral matrix, chemical composition and grain density were

measured. Grain densities of shale chips from drilled bedrock and from soils were previously

determined by pycnometer (~ 2.62 g/cm3) (Jin et al., 2010). Chemistries of the drill core and

regolith chips, including those used for this study were also previously reported (Jin et al., 2010).
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Total Fe content of soils was determined by lithium metaborate fusion and inductively coupled

plasma atomic emission spectroscopy (ICP-AES) at the Material Characterization Laboratory of

Pennsylvania State University, and the ferrous Fe was titrated following Goldich (1984). A US

Geological Survey reference material (SCo-1, Cody Shale) was run as a standard. Repetitive

analyses show that ferrous Fe titration on shales is accurate to within ±3%. The carbon content

was estimated from published loss on ignition data, assuming CH2O stoichiometry (Stevenson

and Cole, 1999; Tan, 2003; Jin et al., 2010).

Because H has a significantly different coherent scattering amplitude from other

elements, H content in shale chips was quantified using the NG7 Prompt Gamma Activation

Analysis (PGAA) spectrometer at the National Institute of Standards and Technology (NIST)

Center for Neutron Research (NCNR) (Failey et al., 1979). The formula of an ‘artificial’

compound was then created with the stoichiometry determined from the chemistry of major

elements for all samples. The SLD of the mineral matrix in each sample was then calculated

from the chemical sum formula and grain density using the NIST SLD calculator

(http://www.ncnr.nist.gov/resources/sldcalc.html).

The chips, recovered from drilled or augered cores, were slightly elongated with

dimensions on the order of about 10 cm x 5 cm on the bedding plane, and 5 cm in thickness. To

prepare samples for scattering, the chips were dried at room temperature and cut parallel to the

bedding. Thin sections were commercially prepared and put on quartz slides, because standard

boron-containing glass slides absorb neutrons. The samples were uniformly cut to be 150 μm

thick to prevent multiple scattering (Anovitz et al., 2009). Thus, the data we collected represents

the single-scattering cross section.

The principles of neutron scattering are discussed in the literature (e.g., Guinier and

Forner, 1955) and are only briefly summarized here. A neutron beam propagates into a sample,

where it is elastically scattered. Detectors measure the scattering intensity I(Q) in units of cm-1,

as a function of the scattering angle, which is defined as the deviation from the incident beam.

The scattering vector Q in units of Å-1, is related to scattering angle 2� by Q = (4�/�) sin�, where

� is the wavelength of the neutron beam. Thus, the size range of features accessible with SANS

and USANS is dependent on the neutron wavelength � and the range in scattering angle 2�. 2�

generally ranges from 4´ to 10° for SANS and 6¨ to 5´ for USANS.

In rocks, coherent scattering within a given Q-range is dominantly contributed by objects

whose size or spacing is on the order of 2�/Q (Bragg, 1913). The contribution from hydrocarbons

to the overall scattering is assumed to be minimal, because scattering density is almost zero for

hydrocarbon and the contrast between mineral-hydrocarbon is approximately the same as that of
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mineral-pore (Hall et al., 1983). Therefore, most scattering in rocks is due to mineral-pore

interfaces, regardless of whether the pores are filled with hydrocarbons or air.

Neutron scattering experiments were carried out at NCNR, and instrumentation details

are given on the NCNR website (http://www.ncnr.nist.gov/instruments/). Apertures of different

sizes in a Cd mask were used to define the illuminated sample area. Measurements were made on

the NG7 30-m SANS beamline with an incident neutron wavelength of 8.09 Å and sample-

detector distances of 1m, 4m and15.3m. By using confocal MgF2 lenses at the long sample-

detector distance and a horizontal detector offset at the short sample-detector distance, these

positions covered a large Q-range from 0.0008 Å-1 to 0.7 Å-1 (Glinka et al., 1998). This range

corresponds to length scales between 10 Å and 0.8 μm. Two-dimensional scattering intensity data

were collected for each sample and corrected for empty beam scattering, background counts

(using a blocked beam and empty quartz slide), and detector uniformity. The scattering intensity

data were reduced to an absolute scale by normalization to the flux of the empty neutron beam.

The two-dimensional SANS data were also circularly averaged to produce one-dimensional

intensity profiles.

The BT5 USANS covers a Q-range from 0.00003 Å-1 to ~ 0.002 Å-1, corresponding to

scattering due to features of length or spacing between 0.06 and 20 μm (Barker et al., 2005). A

fixed Cd mask in front of the sample ensured that the same sample areas were measured on

SANS and USANS. The duration of NS measurement per sample was based on the count rates of

the samples. Scattering data were corrected for empty cell scattering, neutron background, and

normalized to the sample transmission. SANS and USANS raw data were reduced and

normalized (including the deconvolution of the USANS data by desmearing for slit-height

corrections) using NCNR data reduction software (Kline, 2006) and IGOR Pro.

To determine the fraction of pores (or cracks) that are connected, we carried out

SANS/USANS measurements on one set of samples that was measured first dry, and then

subsequently saturated with a D2O-H2O mixture of identical SLD to that of the mineral matrix

(mass ratio of H2O:D2O = 64%:36%). The difference observed in scattering intensities between

the dry and wet samples is caused by the disappearance of NS from connected pores. To

accomplish this, a select number of representative thin sections used for previous porosity

measurements were soaked in acetone for two days, which yielded samples completely detached

from the quartz slides. Each sample was then put on top of a quartz slide, which was encased by

gluing another quartz slide with a rubber gasket (1.66 mm thick) in between. The specially mixed

D2O - H2O solution was then injected into the quartz slide ‘sandwich’ through the gasket with a

syringe and a needle. Samples were soaked in the D2O-H2O solution for one week to ensure
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complete pore filling of the mixture, and measured on SANS/USANS under the same conditions

as the dry samples.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were

used to image shales that have been weathered to different degrees, to check the interfacial

features at different spatial scales. The samples used for SEM were the same thin sections used

for SANS/USANS experiments. Images were taken for SSRT5 and SSRT27 on an environmental

SEM (FEI Quanta 200) in the Materials Characterization Laboratory at the Pennsylvania State

University. These samples were also analyzed under TEM. To make the TEM sections, a thin

slice was cut from a bulk piece of shale, glued to a 3mm copper ring, then dimpled and argon-ion

milled using a Gatan Precision Ion Polishing system at 5kV and 7° incidence angle, until

perforation. The electron transparent foil was coated with about 2nm of carbon by evaporation,

prior to examination in a Hitachi HF-3300 cold field-emission TEM at the Oak Ridge National

Laboratory, operated at 300kV. The thin carbon film stabilized the foil against charging from the

incident electron beam. Energy dispersive x-ray spectra were acquired on the TEM using a

ThermoNoran EDS system.

3. RESULTS

Scattering curves:

The raw scattering intensities for all samples are reported in Supplement Table 1.

USANS and SANS data overlap for a couple of data points in each sample and are well

connected when plotted as I(Q) versus Q (e.g., DC160 in Fig. 2). Such overlap is indicative of

high quality data for both instruments. In the high-Q region of the SANS data, scattering

intensities level off and remain constant at the incoherent scattering background level.

Overall, the absolute scattering intensities for shale chips from the shallow soils are

greater than those for samples from deeper soils and from bedrock, especially at ultra small-

angles (Fig. 3): scattering intensity increases as weathering progresses. Furthermore, the samples

from relatively shallow depths of the drilled core (DC40, DC160) scattered neutrons more

intensively than the deeper samples (DC540, DC620, DC1990) over the entire Q-range (Fig. 3A).

In the low-Q range, shale chips from shallow soil depths also scattered neutrons more strongly

than those from deeper depths (Figs. 3B and 3C). However, no such trend was observed in the

high-Q range.
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For all samples, the scattering intensity varies with the scattering vector according to a

power law relationship (straight lines on log-log plots) after correcting the background at high Q

for the incoherent scattering (resulting mostly from hydrogen in the sample) (Fig. 3):

(1)

Here, the slope gives the Porod exponent n, A is a proportionality constant, and B represents the

contribution from incoherent scattering. The normalized scattering curves from the individual

samples were fit to this equation, yielding slopes (n values) provided in Table 1 and plotted in

Figure 4A. The deepest samples from the two soil profiles and from the bedrock have slopes

between 3 and 2. In contrast, the chips from shallow soils have slopes between 4 (indicating a

smooth pore surface) and 3.

Nano-porosity:

Scattering intensities depend on the density of the interfacial features within the thin

sections. We interpret the scattering data quantitatively and calculate nano-porosity (P) by using a

random two-phase approximation (mineral matrix-pore space) (Porod, 1952):

(2)

Here, Z is the scattering invariant, calculated by integrating the term Q2 I(Q) over the measured

Q-range; SLD (the scattering contrast) is the scattering length density of the mineral matrix (= 0

for empty pores). Porosity measured by neutron scattering using equation (2) has been shown to

be in general agreement with that measured by gas adsorption methods (Hall et al., 1983),

especially when measured over a wide Q-range, as in this study. The SLD values and the

corresponding porosities are reported in Table 1.

The shale samples from beneath the bedrock-regolith interface comprise two distinct

groups: a shallow group (< 5 m) with porosity as high as 9.3%, and a deeper group (> 5 m) with

an average porosity ~5-6% (Fig. 4B). Interestingly, this increase in porosity continues in chips

from above the bedrock-regolith interface upwards to the ground surface in the soil profiles:

porosity equals about 8% at 30 cm and 14-16% at 10 cm.

The software program PRINSAS has been developed to analyze scattering data on

sedimentary rock systems (Hinde, 2004; Radlinski, 2006). Scattering data were analyzed in

PRINSAS to derive Porod exponent and porosity values that were compared to our calculations

(Table 1). The Porod exponents from the calculations are in good agreement (± 2%) with our

calculation. However, the porosity values obtained from PRINSAS were systematically lower
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than our values. This may be due to a larger value of the incoherent scattering background

assumed in PRINSAS than what was used by our calculation.

Surface area:

PRINSAS was used to calculate specific surface area (SSA). SSA varied significantly

with depth (Fig. 4C). The least weathered shale chips (DC540, DC620, DC1990) have low SSA

between 30-60 m2/g, well within the range of surface areas determined by gas absorption methods

for typical shales from depths of 500-3500 m (Radlinski et al., 1999). As weathering progresses,

SSA of the shale chips increases gradually to 100 m2/g (DC40 and DC160) and eventually

reaches 300 m2/g at 30 cm below the land surface (SSRT27, SPRT25). SSA of the chips then

decreases back to 40 m2/g at 10 cm and 20 cm (SSRT5 and SPRT5), although the porosity

continues to increase in these samples. The specific surface area of typical soils, measured on

another SSHO soil core by nitrogen adsorption and the Brunauer-Emmett-Teller (BET) isotherm

(Gregg and Sing, 1967), equals 22-30 m2/g (Jin et al., 2010).

Anisotropy:

Although the thin sections were cut parallel to bedding, the shales exhibited elliptical

scattering spectra in SANS (Fig. 5B). Interestingly, anisotropy is observed in all but the most

weathered shallow samples (SSRT5 and SPRT5; Fig. 5A). This indicates that the pores in the

shale have a preferred orientation. All the chips are elongated in a direction perpendicular to the

short axis in SANS spectra, indicating that the long axes of such pores are aligned with the long

axes of the shale chips.

Connectivity:

Samples soaked in the D2O-H2O mixture had a much higher incoherent scattering

background than the dry samples (because of the increased hydrogen incoherent scattering),

making data at high Q difficult to interpret. Thus, we focused on USANS data and only the low-Q

range of SANS data where the background was low (< 0.01 Å-1). The I(Q) curves of four samples

before and after the contrast-matching experiments are presented in Figure 6. The scattering

curves for the least weathered bedrock sample analyzed with contrast matching (DC620) are

almost identical before and after soaking in the D2O-H2O mixture, indicating that none of the

pores in the measured size range are connected (Fig. 6A). In contrast, the slightly weathered shale

bedrock chip (DC40) and more weathered soil chip (SSRT27) had some connected porosity at all

measured Q values (Figs. 6B, C). Then, in a reverse, for the most intensively weathered shale
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analyzed with contrast matching (SSRT5), pores were only connected in the smaller Q range,

suggesting most of the smaller pores are closed (Fig. 6D).

The extent of pore connectivity was evaluated quantitatively by comparing calculated

porosities for dry and soaked samples for Q values within the range 0.00003 < Q < 0.01 Å-1

(Table 2, Fig. 6E). Because of the narrower Q range due to high incoherent background in the

contrast matching experiments, the porosity summarized here is lower than that calculated over

the full experimental range (Table 1). Regardless, total porosity increases with more weathering.

Consistent with I(Q) curves, the largest connected porosity is observed in SSRT5 (5.0%),

followed by SSRT27 (4.1%), DC40 (2.5%) and DC620 (0%). The unconnected porosities are

noticeably constant for the relatively unweathered samples (around 2%). Intriguingly, however,

more unconnected pores were observed in the chip derived from the shallowest soil, SSRT5, than

in the deeper drilled samples. Figure 6E emphasizes this point: i.e., unconnected porosity

decreased with weathering only until the very surface chip, while connected porosity increased

with weathering in all chips.

Ferrous and total iron:

The total iron contents of drilled core sediments were around 5.5 wt%, slightly higher

than those observed in the soils (Table 3; Fig. 4D). The ferrous iron, however, showed more

variations with depth: Fe (II) equaled �4 wt% 22 m below ground surface, decreased with

removal of ankerite, and then remained relatively constant at shallower depths (Fig. 4D).

SEM and TEM images:

SEM photomicrographs of the clays in less weathered shale (SSRT27) surround quartz

grains (Fig. 7A). In contrast, pore structures in the most weathered sample, SSRT5, clearly show

that loss of clays (e.g., illite) has produced large pores situated between the clay that remains and

the chemically resistant quartz (Figs. 7A, B). The high porosity observed in the weathered

samples is thus attributed to loss of clays. TEM photomicrographs show similar features but at

much higher magnifications (Figs. 7C, D). For example, the open space in SSRT27 is mostly

observed within the clay grains (Fig. 7C), whereas many pores surround the quartz in the

intensively weathered sample (Fig. D). In SSRT5, the quartz surfaces are smoother than those of

the clays.

4. DISCUSSION
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Reaction fronts:

Rose Hill shale contains predominantly clay minerals (� 54 wt.% illite and � 9 wt.%

“chlorite”) and quartz (34 wt.%) with some feldspar and Fe-oxide. The shale also contains highly

variable amounts of minor carbonate present as the mineral ankerite. However, our geochemical

and mineralogical analysis of the drill core from Shale Hills showed that ankerite is not present --

most likely lost to leaching – at depths > 22 m below the land surface (Jin et al., 2010). This

hypothesized loss of ankerite was also demarcated by a decrease in ferrous iron content in the DC

sediments (Fig. 4D). The reaction front, or depth interval over which ankerite varies and is

therefore considered to be dissolving, lies between 22 and 24 m depth. While we cannot disprove

the alternate interpretation that the variation in Fe, Mg, and Ca concentrations over this interval

could be caused by local variations in carbonate content in the original shale, this latter

interpretation is deemed less likely given that we have also observed similar chemistry versus

depth at other locations in the watershed, albeit at different depths (unpub. data). Furthermore, if

the chemistry change at 22 m depth were due to stratigraphic change instead of chemical reaction,

we would have expected a change in the total Fe content of the drill core. Instead, total Fe

remained constant but ferrous Fe varied with depth, as expected for a reaction front involving Fe

oxidation during ankerite dissolution (Fig. 4D). Based on these interpretations, samples used for

this study represent Rose Hill shale that was weathered to different degrees, but completely

depleted with respect to carbonates in every case (Fig. 1B).

A second reaction front was also inferred from the rock chemistry and chip density. The

chips from drill core from deeper than ~5-6 m represent shale bedrock that has not yet been

depleted in Na and Ca. At all shallower depths, the bedrock is inferred to have lost plagioclase

feldspar to dissolution, accompanied by a decrease of chip density (Jin et al., 2010; Fig. 1B).

Depletion of plagioclase appears to continue from this depth up into the regolith.

Clay mineral reactions, documented to be occurring only within the regolith, involve both

dissolution of “chlorite” and illite: these phases transform further to vermiculite and hydroxyl-

interlayered vermiculite which break down to form more stable kaolinite and Fe-oxyhydroxide

(Jin et al., 2010). The secondary kaolinite and Fe-oxyhydroxides, present in higher abundance at

shallow depths of the regolith, are also known to be lost as particles greater than 1.3 μm in size

(Jin et al., 2010). Chips from the soil profiles are more weathered than drill core samples, with

those sampled from 10 cm below the ground surface the most intensively altered. SEM and TEM

photomicrographs imaged on chips from 10 cm depth in the soil show the large amounts of void

space left by loss of illite and chlorite (Figs. 7B, D).
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Fractal dimensions and interfacial features:

The power law correlation between scattering intensity and scattering vector indicates

Porod behavior of the pore-particle interface over certain Q ranges (Fig. 3; Radlinski, 2006). The

slope of the linear portion of the log I vs. log Q plots reveal the scale invariance or fractal

behavior of the distributions of scattering objects (Wong et al., 1986). Porod exponents between 3

and 4 indicate scattering from a surface fractal at the respective length scale. A value of 3 is

consistent with a very rough surface whereas a value of 4 denotes a perfectly smooth surface. In

contrast, exponents between 3 and 2 indicate mass fractality (Mildner and Hall, 1986; Mildner et

al., 1986; Radlinski, 2006). Previous studies have demonstrated that some fresh rocks

(sedimentary rocks: sandstones, shales, carbonates; igneous rocks: basalts and granites) are fractal

over several orders of magnitude in size or spacing of scatterers (e.g., Mildner et al., 1986;

Aharonov and Rothman, 1996; Radlinski et al., 1999; Navarre-Sitchler et al., 2010).

Among the minerals present in SSHO shales, clay minerals have much higher surface

area per gram than quartz and feldspar. Therefore, the surface area of shale is dominated by clays.

Neutrons mainly scatter at clay-pore interfaces, hence, pore features observed by neutron

scattering dominantly reflect these interfaces. Clay minerals are therefore inferred to be the most

likely source of the fractal behavior (Wong et al., 1986). Laboratory measurements and computer

simulations have illustrated that the fractal dimensions at pore-grain interfaces of sedimentary

rocks depend on interfacial features related to dissolution and precipitation (Aharonov and

Rothman, 1996). Specifically, the fractal dimension was shown to increase with an increase in

diagenetic alteration and with higher percentages of cementing materials infilling pore space

(Thompson, 1991).

From our NS experiments, we conclude that fractality is also a common characteristic of

weathered shale samples and that fractal dimensions change as a result of dissolution of clay

minerals in the weathering environment. All the drilled core samples we have analyzed where

only feldspar was dissolving show mass fractal behavior. The shift from mass fractals to surface

fractals is not observed until about 15 cm deep, well above the bottom of the clay-weathering

front (i.e. the depth where significant clay reactions initiate). With more clay dissolution, the

mineral-pore interface becomes smoother (Fig. 4A), presumably due to exposure of smooth

quartz surfaces. This depth also coincides with precipitation of kaolinite and Fe-oxyhydroxides

(Jin et al., 2010). Thus the infiltrating fluids are presumed to be at equilibrium with those phases

at those depths, perhaps consistent with more smooth mineral surfaces (White and Brantley,

2003).
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Interestingly, although the slopes of the scattering curves change with weathering, there

is no break in slope for any given shale sample. In contrast, our recent observations on weathering

samples of crystalline granitic and basaltic rocks documented breaks in slope in the log I versus

log Q curves (Navarre-Sitchler et al., 2010). In that work, the break in slope delineated two

populations of scatterers: pores and bumps on surfaces. We argued that pores were generally

situated at grain boundaries or triple junctions; therefore, the pore spacing was dictated by the

grain size of the rock. Scattering at low Q occurred from micron-spaced pores, while scattering at

high Q originated from submicron-sized bumps. Extrapolating from that study to this one, the

lack of a break in slope in the shale plots may be because pores and bumps on surfaces are

equivalent in shale since particles in shales are themselves micron- to submicron-sized.

The anisotropy of pores:

It is commonly observed that porosity in shales is anisotropic, with pores compressed in

the direction perpendicular to the bedding, but symmetric within the bedding plane (Hall et al.,

1983; Mildner, 1986; Allen, 1991). Neutron scattering and SEM micrographs of Rose Hill

bedrock show that, even within the bedding, the pores are preferentially oriented (Figs. 5B, 7A).

It is possible that these preferentially oriented and anisotropic pores may be related to the pencil

cleavage that developed in the Rose Hill Formation associated with the formation of the Valley

and Ridge province of Appalachian Mountains (Flueckinger, 1969). We also observed that the

long axes of the pores coincide with the long axes of the rock chips. It is thus possible that the

elongated rock fragments may form because of the prior formation of anisotropic pores which in

turn may be related to the pencil cleavage.

Most of the water flowing through the unaltered bedrock probably follows bedding,

pencil cleavage, or fractures. Along the rock-water interface at depth, first carbonates and then

feldspars dissolve, contributing to growth of pre-existing cylindrical pores or creating new pores.

Throughout the bedrock and regolith, the pores remain relatively anisotropic. The eccentricity of

pores decreases with extent of weathering. Eventually, pores become nearly isotropic in the most

weathered shale chips recovered from the shallowest soil (SSRT5 and SSRT27 at10 cm below

surface). Pore anisotropy is lost only when clay minerals disappear to a significant extent and the

mineralogy becomes dominated by quartz (Fig. 5).

Variation in porosity and surface area as weathering progresses:

The observed shifts from mass to surface fractal and from rough to smooth surface with

increasing intensity of weathering are accompanied by changes in porosity and specific surface
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area (SSA) (Figs. 4B, C). The porosity that can be measured with NS in the Rose Hill bedrock is

about 5-6 %, and most of this is unconnected and thus inaccessible to water (Fig. 6E). The NS

measurements reported here were all completed on chips collected above the hypothesized

carbonate weathering front in the drilled core (Figs. 1B, 4D; Jin et al., 2010). Thus, if this

carbonate concentration-depth dependence is indeed a weathering reaction front, then the

carbonate that was dissolved out of the bedrock above 22 m was presumably originally present

only in layers or zones between carbonate-free layers or zones. The chips studied with NS

presumably derive from the noncarbonate-containing layers and zones.

The porosity remains unchanged in drill core chips collected 5 m below ground. It then

increases towards surface and reaches ~9% at about 1 m. Of this, 4% is considered secondary and

5% primary porosity. Secondary pores are partly connected (Fig. 6E). The most consistent

interpretation of these data is that a zone with a high density of fractures or pores has formed in

the uppermost 5 m beneath the land surface. This interpretation is consistent with the depth

distribution of shale chip densities that show large variation in the uppermost 5-6 m (Jin et al.,

2010). It is highly likely that the loss of Na and Ca in plagioclase in this zone either caused new

fractures or pores or was caused by the emplacement of fractures and pores that decreased the

chip bulk density (Jin et al., 2010).

If plagioclase dissolution postdated the growth of such porosity, it is possible that the

higher porosity was caused by physical disaggregation associated with annual freeze - thaw

cycles. Such processes could be ongoing today, but could also have been particularly intense

during periglacial climate conditions at approximately 15 ky ago (Gardner et al., 1991). Rock

fractures are known to originate from ice-segregation and frost wedging (Murton et al., 2006;

Matsuoka and Murton, 2008). This process may be especially important in periglacial climates,

where daily air temperatures fluctuate above and below the freezing point. The SSA in chips

derived from 1-4 m depth in this saprock zone is also much higher than that of the underlying

bedrock, reaching up to 120 m2/g (Fig. 4C). Again, it is likely that this higher surface area is

related to new fractures or pores as well as the weathering of feldspar. The importance of

feldspar dissolution as a major reaction associated with the conversion of bedrock to saprock

while creating porosity and surface area has been noted in other weathering systems (Brantley

and White, 2009; Navarre-Sitchler et al., 2010).

The mineral reaction that is most closely associated with the disaggregation of saprock

and formation of regolith is clay dissolution. Significant clay reactions begin centimeters below

the saprock-regolith interface (Jin et al., 2010). These reactions contribute to the growth in

porosity to 16% as observed in shale chips from 10 cm depth. Eventually, with further
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weathering, the fractal dimension shifts above 3 (Fig. 4A). The two soil profiles are similar in

porosity and fractal dimension, suggesting that our observations may be representative of ridge

sites (Fig. 4).

Of the total porosity in samples from shallow depths, half is contributed by unconnected

pores while the other half is connected. However, more unconnected pores were observed in

chips recovered from 10 cm depth than existed as primary pores in the bedrock. Contrast

matching experiments also suggested that most of the smaller pores are unconnected (Fig. 6).

These unconnected pores cannot be produced by dissolution, since water by definition is not

flowing through unconnected pores. The formation of secondary phases such as kaolinite in chips

in the soils could trap unconnected pores, limiting accessibility to water. Mineralogical studies

have documented greater abundances of kaolinite and Fe-oxyhydroxides in shallower soils (Jin et

al., 2010). Alternatively, freeze-melt cycles could also have formed unconnected stress-induced

fractures or pores given the large seasonal fluctuations of soil temperature at 10 cm.

Shale chips in the shallow soils have lower SSA values than medium depth soil chips:

this SSA is comparable to that of bedrock (Fig. 4C). Two processes could potentially lead to the

loss of surface area, even as porosity increases: 1) smaller pores connect to produce larger pores

by dissolving the mineral walls between them; and 2) bumps on surfaces of pores dissolve away.

Either process smoothes the internal surface of the rock, and explains the increase in fractal

dimension from about 3 to 4 over the same interval that the porosity begins to decrease. Both

processes could be occurring due to dissolution of primary chlorite and illite to leave smoother

quartz grains (Fig. 7).

Conceptual models for pore development and shale weathering:

Allen (1991) categorized the pores within shales into three types based on their size and

fractal behaviors (Fig. 8). Type I consists of interlayer pores that lie between stacked clay layers.

These interlayer pores are characterized by diameters of only Ångstroms, and are thus not

detectable by SANS/USANS. Type II porosity is comprised of intraparticle pores that define a

three-dimensional network within the clay grains and that exhibit mass fractals. The fine clay

structure of type II pores contributes to the larger, interparticle pores of type III, which exhibit

surface fractals. Thus, the scattering features in Rose Hill shale associated with unweathered or

only slightly weathered samples (DC40, DC160, DC540, DC620, DC1990, SSRT27 and

SPRT25) are probably dominated by type II pores. The distribution of their size or separation is

best described as a mass fractal. As weathering intensifies, the shale chips develop pores that are
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best described by a surface fractal with smoother grain-pore interfaces (Fig. 4B). Such

interparticle pores (type III) are also documented by SEM and TEM imaging (Figs. 7B, D).

In summarizing these observations, we propose the following sequence for generation of

porosity and change in specific surface area above the carbonate reaction front (Fig. 9). Within

the bedrock, pores are intraparticle, unconnected and anisotropic, and they are characterized as

mass fractals (Fig. 9A). It is very possible that these pores are related to the pencil cleavage that

characterizes this rock since many shales do not have anisotropic porosity.

At about ~ 6 m below land surface, feldspar dissolution initiates, leading to creation of

connected anisotropic pores and increased water-accessible mineral surface area. Porosity

increases throughout this zone and within centimeters of the bedrock-regolith interface, the

chemistry of the rock chips document significant clay dissolution reactions. At this point, the

porosity still comprises a mass fractal, albeit with a fractal dimension close to 3. As clay grains

dissolve and intraparticle pores connect to produce interparticle pores, the porosity transforms to

a surface fractal (Figs. 7B, 9B, 9D). The fractal dimension of 3-3.2 is consistent with a mineral-

pore interface that is bumpy. This nm to μm-scale roughness is presumably controlled by surface

features such as the density of etch pits at defects, steps, and grain boundary outcrops on the

dissolving surface. Further loss of clay minerals and exposure of quartz, however, lead to further

increases in porosity, a higher fractal dimension, and a decrease in pore anisotropy. Kaolinite and

Fe-oxyhydroxide also precipitate in the shallower soils (~ 10 cm below ground). Eventually a

lower surface area develops in the top-most samples as small pores are connected to form large

pores, pore surface bumps are dissolved away, or secondary mineral precipitates smooth over

bumps. The latter process is also the likely explanation for how some unconnected pores are

created in the shallowest sample (Fig. 9C).

Chemical processes driving shale weathering and soil formation at Shale Hills

At Shale Hills, physical, biological and chemical reactions could all contribute to the

transformation of bedrock to regolith (Fig. 9D). However, it is also possible that the bedrock

alters to regolith predominantly due to chemical reactions. For example, the changes in chemistry

and porosity between bedrock and weathered saprock were observed at 22 m below land surface,

well below the point where the rock temperature fluctuates significantly on a daily or seasonal

basis. Furthermore, roots are only rarely present at such depths (e.g., Idso and Kimball, 1991).

Thus, the advance of the bedrock-saprock interface is most likely largely due to dissolution of the

reactive carbonate mineral ankerite.
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Dissolution of trace amounts of calcite has also been shown to be critical in initiating soil

formation on granites (White et al., 2005). Another reaction that is commonly observed to

influence the initiation of rock weathering in other systems is volume expansion during oxidative

weathering of ferrous phyllosilicates in weathering granites (Fletcher et al., 2006; Buss et al.

2008). Likewise, the ankerite dissolution front in the Rose Hill shale is the depth interval where

Fe(II) in the ankerite is oxidized to Fe(III) (Figs. 9D, 4D). Thus, both acids and oxidants are

important reactants at the bedrock-saprock interface in this rock.

However, that dissolution reaction can only proceed if water is flowing through the rock

at depth. Given the limited pore connectivity and geometry of the Rose Hill Formation, we argue

that advective water flow dominates parallel to the ankerite weathering fronts or along the

fratures, but transport of these reactants (and water) into this low-porosity and low-permeability

bedrock, or transport of products out is dominated by diffusion (Fig. 9D; e.g., Jardine et al.,

1999). Therefore, solutes in the bedrock have a long residence time and the rate of advance of the

bedrock/saprock interface is limited by water transport processes (Meunier et al., 2007). Under

these conditions, small changes in porosity will have a major influence on water flowpaths and

thus the weathering advance rate. The neutron scattering techniques are shown to be sensitive to

mineral-pore interface, thus able to detect any new surface area created during chemical

weathering processes. Using NS to document the location of the reaction front where porosity

grows should allow predictive understanding of weathering advance.

5. CONCLUSIONS AND IMPLICATIONS

We investigated shale weathering at the Susquehanna Shale Hills Critical Zone

Observatory using neutron scattering techniques coupled with electron microscopy and detailed

chemical and mineralogical interrogation. We showed that the changes in physical properties

(e.g., porosity, surface area) and mineralogy and chemical composition occur in depth-related

patterns that can be correlated. Ankerite is the first mineral to dissolve at depth and the reaction

front for this mineral is used to define the bedrock-saprock interface. Ankerite, inferred to be

present mostly as cement between carbonate-poor zones or layers, is completely depleted at a

depth of 22 m below ground surface. Dissolution of ankerite is accompanied by oxidation of Fe

(II) to Fe (III).

Starting around 5 m below ground surface, the porosity in the saprock significantly

increases, either due to feldspar dissolution or to ice-wedging during the periglacial period. At

shallower depths but still in the saprock, clay dissolution starts, and is accompanied by an

increase in porosity. Within centimeters of the onset of clay dissolution, the saprock transforms to
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regolith that can be hand-augered. At about 15 cm below land surface within the regolith, clays

have been weathered to an extent that shale chips experience a transition: pores in the chips that

are described at depth as mass fractals shift to surface fractals because intraparticle pores connect

to produce interparticle pores. Pores in the unweathered shale are anisotropic but become more

symmetric with clay dissolution. The mineral-pore interface becomes smoother, causing the

surface area to decrease in the regolith. This smoothing is largely a result of exposure of quartz

surfaces and precipitation of secondary kaolinite and Fe-oxyhydroxide. These precipitation

reactions as well as temperature fluctuations accompanying freeze-thaw cycles create

unconnected pores at this shallow depth.

The size distribution and physical connectivity of pores within rocks and soils control

chemical dissolution pathways by influencing both exposed surface area and water-accessible

flow pathways. The primary porosity at Rose Hill shale is only 5% and is mostly unconnected,

indicating that diffusion and fluid transport limit chemical dissolution reactions and bedrock-

saprolite conversion rates. To our knowledge this study is one of the first of its kind to use of

small-angle neutron scattering to investigate weathering rocks at field scales (Navarre-Sitchler et

al., 2010).
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Figure captions:

Figure 1: A) Sampling locations in the Shale Hills catchment (modified from Lin et al., 2007; Jin
et al., 2010). Background color indicates regolith thickness. DC1 is the drill core site, where 25
meters of parent shale were drilled and samples as chips and powder. Soil cores SPRT and SSRT
were collected at the ridge top at two locations on the north-facing slope. B) Sample depths
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shown relative to the weathering fronts for primary minerals as documented by major element
chemistry (Jin et al., 2010).

Figure 2: Absolute neutron scattering intensity plotted as a function of scattering vector for
sample DC160. Data shown are combined from small-angle neutron scattering (SANS) and ultra
small-angle neutron scattering (USANS).

Figure 3: Scattering curves for samples from the drill core (DC1, A), and two soil profiles (SSRT,
B; SPRT, C). Notice that the shales that are more intensively weathered scatter neutrons more
strongly.

Figure 4: Variations of power law Porod exponent (A), porosity (B), specific surface area (C),
and ferrous and total Fe contents as a function of depth (D), for shales that have been weathered
to different extents. The exponent, n, indicates the type of fractal (2 < n < 3, mass fractal; 3 < n<
4, surface fractal).

Figure 5: Raw data from the SANS detector for SSRT5 (A) and SSRT15 (B). The distance from
the scattering profile center is proportional to the scattering vector Q, and the colors indicate the
relative intensity, with warm colors indicating higher intensity. Note that pores in SSRT5 appear
to have no preferred direction, whereas those in SSRT15 are anisotropic.

Figure 6: Scattering curves for unweathered (DC260, A), slightly weathered (DC40, B; SSRT27,
C) and intensively weathered (SSRT5, D) shales, in dry (solid diamond) and wet (open circle)
conditions. The scattering of neutrons in dry samples is from all pores (connected and
unconnected), whereas in wet samples it is only from unconnected pores. The difference between
the two curves is therefore attributed to connected pores. The total and unconnected porosities
were calculated for these four shales (E).

Figure 7: Images from scanning electron microcopy for slightly weathered (SSRT27, A) and
intensively weathered (SSRT5, B) shale chips recovered from regolith. Notice the fibre-like
texture of the shale that controls the anisotropic nature of the pores. The black arrows point to the
pores, which could be intraparticle pores within the shale grains or interparticle pores between
quartz and clay grains. Images from transmission electron microcopy for slightly weathered
(SSRT27, C) and intensively weathered chips (SSRT5, D). Circles indicate where EDS
measurements were completed, where areas A, C, D are consistent with quartz and areas B, E, F
with clay minerals. Area F is partly a pore as indicated by presence of Cu in the spectrum.

Figure 8: Three types of pores present in the shales (modified from Allen, 1991). See text for
details.

Figure 9: A schematic diagram summarizing the production and changes in connectivity of the
pores as measured by NS, and the processes that are causing changes in porosity at different
depths. Initially, shales are dominated by unconnected type II pores (A). With weathering, pores
become more connected by loss of clays and type III pores dominate (B). With progressive
weathering, more space opens up due to clay dissolution, which exposes the quartz (C).
Precipitation of kaolinite (K) likely clogs some pores, making them partly inaccessible to water.
Processes of physical weathering such as freeze-melt cycling could also create new unconnected
pores. At Shale Hills, chemical, physical and biological processes all can contribute to regolith
formation and pore production (D). Depletion of major elements illustrates three weathering
fronts at different depths (ankerite, feldspar, and clays), as seen by the negative �Zr, j values (Jin et
al., 2010). Water flows in the saprock and regolith dominated by advection along the
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bedrock/saprock interface and along fractures, but by diffusion into the grains and into the
bedrock. See text for details.
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Table 1: Observations and results from neutron scattering experiments

Sample

number

Depth

(cm)

Porod exponenta

(n)

fractalb

dimension

SLDc (Å-2)

*10-6

Porosity

(%)

Modeled

exponent (n)

Modeled

porosity (%)

SSAd

(m2/g)
Drill core samples

DC40 30-50 2.91 2.91 3.70 9.3 2.95 6.8 95
DC160 150-170 2.87 2.87 3.72 9.3 2.92 7.6 121
DC540 520-540 3.06 2.94b 3.75 4.9 3.06 4.0 32
DC620 610-630 2.90 2.90 3.72 5.6 2.94 3.5 53
DC1990 1980-2000 2.94 2.94 3.74 5.8 2.91 3.8 66

Soil profile 1: SSRT

SSRT5 0-10 3.27 2.73b 3.70 14.0 3.23 12.2 33
SSRT15  10-20 2.82 2.82 3.72 10.9 2.82 9.9 245
SSRT22 20-25 2.87 2.87 3.72 8.3 2.86 6.3 136
SSRT27 25-29 2.79 2.79 3.70 12.3 2.79 11.0 304

Soil profile 2: SPRT

SPRT5 0-10 3.24 2.76b 3.69 15.9 3.18 12.6 51
SPRT15  10-20 3.13 2.87b 3.71 9.9 3.16 9.0 37
SPRT25 20-30 2.82 2.82 3.70 7.9 2.87 6.2 135
a Uncertainty estimated for the porod exponent is ± 0.04.
b samples show surface fractal, and the others exhibit mass fractal. 
c SLD= scattering length density; d SSA=specific surface area.



Table 2: Total and unconnected porosity observed  at 0.00003 < Q < 0.01 Å-1*
Sample

number

Total porosity 

(%)

Unconnected porosity 

(%)

Connected porosity 

(%)
DC620 2.4 2.4 0.0

DC40 4.6 2.1 2.5

SSRT5 5.6 1.5 4.1

SSRT27 10.0 5.0 5.0

* Smaller range due to higher background at higher Q.



Table 3: Total and ferrous iron in soils and DC rocks
Sample number total Fe (wt %) ferrous Fe (wt%)

SPRT15 4.00 1.51
SPRT25 4.28 1.12
DC55 5.36 1.28

DC120 5.44 1.24
DC160 5.60 1.33
DC340 5.46 1.34
DC540 5.26 1.23
DC620 5.97 1.10

DC1066 5.67 1.10
DC1990 5.36 2.34
DC2290 5.20 3.67
DC2450 5.85 n.a.

n.a. = not available


	Article File
	Figures 1-9
	Table 1-3
	SupplementTable



