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A B S T R A C T

We systematically investigated six soil profiles developed on a climosequence of gray shale to constrain the
mobility and fractionation of rare earth elements (REE) during chemical weathering processes. In addition, one
site developed on black shale (Marcellus Formation) was included to document REE behaviors in organic-rich
versus organic-poor shale end members under the same environmental conditions. Our study shows that REE are
mobilized intensively during shale weathering and the extent of depletion is larger under warm/humid climates.
However, the integrated release rates calculated from six soil profiles are not directly correlated to mean annual
precipitation or temperature. Instead, the primary control might be the REE concentrations in the most reactive
minerals. REE-bearing phases in shale (sulfides, phosphates and organic matter) probably react quickly at first,
mobilizing REE. Following that, REE are then released more slowly during dissolution reactions of clay minerals.
Consistent with this interpretation, black shale weathers much faster and releases more REE than gray shale
under the same climate conditions, due to the higher organic matter and sulfide contents and lower soil pH. REE
are not 100% depleted in any of the investigated soil sites; in northern sites, depletion is minimal whereas in the
southern (warm and humid) sites, surface depletion is higher and re-deposition is observed at depth. Retention of
REE is likely caused by adsorption to mineral surfaces as pH increases and dissolved organic matter content
decreases with depth. This case study quantified loss, redistribution and fractionation of REE during shale
weathering, improved our understanding of REE mobility in surficial environments, and contributed to the
exploration of REE as strategic mineral resources.

1. Introduction

Rare earth elements (REE) have been identified as crucial and
strategic natural resources. The demand for REE in the United States is
increasing rapidly, especially as industrial compounds for novel elec-
tronic and green-energy products (e.g. USGS, 2011). REE are relatively
abundant in Earth's crust, but REE deposits with minable concentrations
are uncommon. Traditionally, exploitable REE concentrations are found
in igneous rocks such as carbonatites and alkaline rocks
(Chakhmouradian and Wall, 2012), as well as placer deposits, pegma-
tites, iron-oxide copper-gold deposits, and even in marine phosphates
(Long, 2010; Mariano and Mariano Jr., 2012). Recently, REE have been
explored at Earth's land surface, especially in laterites developed on
felsic igneous rocks (Kynicky et al., 2012). REE in these surficial ores
may be low in concentration, but are easily accessible and have a high
proportion of more valuable heavy rare earth elements (HREE), making

these deposits profitable. Within laterites, REE are present in accessory
minerals of weathering residuals, in secondary phases such as fluor-
ocarbonate and phosphate, and adsorbed onto clay surfaces. One recent
study also pointed to deep-sea REE-rich muds in the Pacific Ocean as a
new potential REE resource (Kato et al., 2011). The formation of these
muds is related to adsorption and concentration of REE from seawater
by hydrothermal iron-oxyhydroxides and phillipsite (Kato et al., 2011).

Finding new REE deposits will be facilitated by charactering global
REE cycles from sources to sinks and especially by understanding how
REE are released, retained, and transported under different conditions
at Earth's surface. During the transformation of bedrock into soils, REE
are leached into natural waters and transported to oceans. The REE
hosted in easily weathered minerals become depleted in soil profiles
early during rock alteration, while those in relatively stable mineral
phases remain in the soils for longer duration. The adsorption of dis-
solved REE in soils also depends on their affinity to mineral surfaces,

http://dx.doi.org/10.1016/j.chemgeo.2017.06.024
Received 14 November 2016; Received in revised form 14 June 2017; Accepted 19 June 2017

⁎ Corresponding author at: 500 W. University Ave., El Paso, TX 79912, United States.
E-mail address: ljin2@utep.edu (L. Jin).

Chemical Geology 466 (2017) 352–379

Available online 23 June 2017
0009-2541/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/00092541
http://www.elsevier.com/locate/chemgeo
http://dx.doi.org/10.1016/j.chemgeo.2017.06.024
http://dx.doi.org/10.1016/j.chemgeo.2017.06.024
mailto:ljin2@utep.edu
http://dx.doi.org/10.1016/j.chemgeo.2017.06.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2017.06.024&domain=pdf


especially Fe/Al oxyhydroxide and phosphate phases. Controls on the
REE mobility and fractionation have been extensively studied during
weathering of different lithology (e.g., Millero, 1992; Johannesson and
Zhou, 1999; Moller and Bau, 1993; Johannesson et al., 2000; Ohlander
et al., 1996, Aubert et al., 2001; Compton et al., 2003; Galan et al.,
2007; Yusoff et al., 2013; Vázquez-Ortega et al., 2015), but few studies
have focused on the fate of REE in soils developed on shale (e.g. Ma
et al., 2011). It is crucial to fill this knowledge gap because shale un-
derlies up to 25% of Earth's land surface (Amiotte-Suchet et al., 2003)
and has greater REE abundances than any other sedimentary rocks such
as carbonate, sandstone, and evaporite (Rudnick and Gao, 2003).

This study of REE mobilization during rock-water interaction builds
on an old paradigm that soil forms as a function of climate, topography,
organisms, parent material type, and soil age, the so-called state factors
(Jenny, 1941). In particular, we use a gradient approach that has often
been used to investigate the influence of different variables on weath-
ering (such as chronosequences, lithosequences and climosequences)
(Bockheim, 1980; Birkeland, 1999; White and Blum, 1995; Chadwick
et al., 1999; Gaillardet et al., 1999; Jacobson et al., 2003; West et al.,
2005; Williams et al., 2010; Rasmussen et al., 2011; Dere et al., 2013).

Here, we systematically studied soil profiles in six watersheds devel-
oped on a previously described sequence of gray shales along a climate
transect in the eastern USA, Puerto Rico and Wales (Fig. 1; Dere et al.,
2013) to constrain the mobility and fractionation of REE during dif-
ferent stages of shale weathering. In addition, one site on Marcellus
black shale in Pennsylvania was included and compared to the gray
shale site to examine the REE behavior in organic-rich versus organic-
poor shale end members under the same environmental conditions. Our
main objectives were to investigate: 1) REE abundances in shale-de-
rived soils and REE depletion rates along the climosequence, 2) the
biogeochemical, and hydrological conditions (e.g., cation exchange
capacity, redox conditions, dissolved organic carbon, REE-bearing
phases, and pH) that dictate the mobility, retention, and fractionation
of REE in surface and subsurface environments, 3) the lithological
controls on REE release rates by comparing soils developed on the black
and gray shales, and 4) the difference in long-term versus short-term
REE release rates in shale weathering. This study will contribute to our
understanding of REE geochemical behavior during continental shale
weathering and potential sites for exploration of REE resources.

Fig. 1. Location and climate information for sites along the shale weathering transect reported in this study (after Dere et al., 2013). Two sites are both in Pennsylvania but 20 km apart,
one on Silurian gray Rose Hill shale and the other on Devonian Marcellus black shale. The Wales soil is developed on a stratigraphically equivalent shale to the Rose Hill; the soil in Puerto
Rico is developed on a different shale that has a very similar composition to the Rose Hill, except for Ca.
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2. Geological setting

2.1. Site descriptions

The Susquehanna Shale Hills Critical Zone Observatory (SSHO) is
established on Silurian Rose Hill gray shale formation, an oxidized
shale, in central Pennsylvania within the Appalachian Basin. This
Critical Zone Observatory (CZO) has improved our understanding of the
interaction of physical, chemical, hydrological, and biological processes
that shape shale-dominated landscapes (e.g., Jin et al., 2010, 2011a,
2011b; Yesavage et al., 2012; Brantley et al., 2013; Dere et al., 2013;
Thomas et al., 2013; West et al., 2013; Ma et al., 2015a, 2015b; Dere
et al., 2016). Three additional field sites in Virginia (VA), Tennessee
(TN), and Alabama (AL) were selected as transect sites for the SSHO
along a climate gradient on the same shale unit within the Appalachian
Mountains, holding other variables as constant as possible (Fig. 1;
Table 1). To expand the climate range, two more sites were included: a
tropical site in Puerto Rico (PR) and a cold/wet site in Wales, United
Kingdom.

In these studies, efforts have been intentionally focused on the same
parent material bedrock composition by choosing sites that are located
on Silurian gray shale, known as the Rose Hill Formation of the Clinton
Group in PA and VA, the Rockwood Formation in TN, the Red Mountain
Formation in AL, and the Gwestyn Formation in Wales. The Oligocene
San Sebastian Formation was identified as the most geochemically si-
milar formation in PR to the Rose Hill Formation (Dere et al., 2013). All
study sites are located on mountain ridge-tops or relatively flat terrains.
We have previously referred to these as “1-D weathering sites” because
they were selected to avoid the complexity of downslope sediment
transport, thus changes in soil chemistry and mineralogy are entirely
due to in situ shale weathering (Jin et al., 2010). These sites have been
previously studied for major elemental chemistry and mineralogical
transformation relating to the degree of shale weathering (Dere et al.,
2013; Dere et al., 2016). Ma et al. (2011) investigated the concentra-
tions and patterns of REE during shale weathering in rocks, soils and
water samples for the PA site in SSHO and reported differential
weathering, especially dissolution of phosphate phases, controlling the
release of REE and dictating REE patterns in soil waters and residual
soils. They also showed REE precipitated when soil water recharged to
streams with an increase in pH and a decrease in REE solubility (Ma
et al., 2011).

One site developed on Devonian black shale (Marcellus Formation)
was selected in Huntington, PA to compare REE behaviors in organic-
rich and organic-poor shale end-members under the same environ-
mental conditions as the PA gray shale site (SSHO). Chemical weath-
ering reactions and associated isotopic variation (Cu) on this Marcellus
site have been previously reported (Mathur et al., 2012; Jin et al.,
2013); evolution of soil chemistry and mineralogy as well as accom-
panied changes in porosity and mineral surface area have been modeled
using reactive transport codes and major mineral dissolution reactions
to identify shale transformation to soil (Heidari et al., 2017).

2.2. Climate gradient

Mean annual temperature (MAT) and mean annual precipitation
(MAP; cm yr−1) were estimated for each site using data from proximal
weather stations at similar elevations with at least 20 years of records
(Dere et al., 2013; Table 1). Along the east coast of the United States,
the climate is characterized by a temperate end-member in Pennsyl-
vania and a warm and wet end-member in Puerto Rico (Fig. 1). Wales is
an outlier, with low MAT but high MAP. Potential evapotranspiration
(PET; cm yr−1) was estimated for each site by the Thornthwaite
method (Thornthwaite, 1948) and effective precipitation (Peff;
cm yr−1) was calculated as the difference between MAP and PET and
reported by Dere (2014) (Table 1).Ta
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2.3. Soil residence time

Soil residence time (SRT) is defined here as the average time that a
particle resides in one of the soil profiles after formation from parent
material but before erosion at the ridge-top. The SRT is a good estimate
for the duration of time soil particles remain in the zone of weathering.
The SRT of all soil profiles, reported by Dere et al. (2013) and discussed
in Dere (2014), are summarized in Table 1 and introduced briefly
below. The maximum SRT estimated is 250 ka for the PR site, while
other soils have estimated values of SRT< 100 ka. Over that time
period, the climate fluctuated as glacial and interglacial intervals in
North America, including the transition from the last glacial maximum
(LGM) to the present (Imbrie et al., 1984; Cadwell and Muller, 2004;
Clark et al., 2004). The LGM directly impacted Wales by glaciation,
while PA was subjected to periglacial conditions until at least 15 ka
(Ciolkosz et al., 1986; Clark and Ciolkosz, 1988; Gardner et al., 1991).
Previous researchers have also found periglacial features present in VA
and the Great Smoky Mountains in TN (King and Ferguson, 1960; Clark
and Ciolkosz, 1988).

3. Methods

3.1. Rock and soil sampling for the Rose Hill gray shale sites

The archived samples used for this REE study were previously char-
acterized for major chemistry, mineralogy, and soil properties (Mathur
et al., 2012; Jin et al., 2013; Dere et al., 2013; Dere, 2014; Dere et al.,
2016), and registered with international geo sample numbers (IGSN) at
www.geosamples.org. Sampling methods are discussed briefly below.
Samples were collected using a 5-cm diameter hand auger from the mi-
neral soil surface to the depth of refusal where auger penetration is im-
possible. Samples were collected at 5-cm intervals in the upper 20 cm of
the profile and then at 10-cm intervals below that. The organic horizon
was collected separately by hand before augering and the interface be-
tween the organic and mineral horizon was defined as a depth of 0 cm. In
addition to hand augering, soil pits were dug as deeply as possible
(maximum depth of 2 m) and described (Soil Survey Staff, 1993). All
samples were collected and analyzed in bulk, without any separation of
fine fractions. To constrain parent composition, rock samples were col-
lected from outcrops nearby and/or from soil pits or augered soils as chips.
At the PA site in SSHO, 25-m drill core samples (DC-1) allowed char-
acterization of the Rose Hill shale bedrock (Jin et al., 2010).

Soils and saprolite are operationally defined here as all the materials
that can be augered or dug by hand. Soil does not retain evidence of the
original structure of the rock, generally due to bioturbation, and can
easily be mobilized downslope through physical erosion but saprolite
retains rock structure. Beneath augerable soil lies either saprolite (in
southern samples) or blade-like rock fragments of mostly in-place shale
or fractured shale that has been referred to as saprock (Jin et al.,
2011b). Saprock is chemically altered from bedrock, but retains an
original bedrock character, i.e. bedding and structure. Different from
saprolite or soil, saprock cannot be augered and is therefore referred to
as the layer of “augering refusal”. At the gray shale site in PA, Jin et al.
(2011b) argued that fresh bedrock was only encountered at depth of
26 m and deeper at ridges and that an intervening layer of “saprock”
was found between fresh bedrock and soil. Therefore, the augerable soil
in PA overlies the saprock without intervening saprolite. Similar soil/
bedrock interface structures were also observed in the weathering
profile in Wales. In VA, soil is developed from shale that extends di-
rectly into an underlying sandstone layer (~80 cm deep). Weathering
profiles in TN, AL, and PR consist of soils overlying saprolite and hand
augering did not penetrate fresh bedrock beneath the soil/saprolite. The
characterization of weathering profiles is reported in Table 1. In the
following discussion, “soils” collectively refer to the entire weathering
profiles that were sampled, and “rocks” refers to parent materials that
are not weathered.Ta
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3.2. Rock, soil and soil water sampling for the Marcellus black shale site

A soil pit was dug in Huntingdon, PA for soil sample collection of
the Marcellus Formation black shale (PA-BlackShale1). Rock chips from
the bottom of the soil pit provided bedrock samples. In addition, soil
profiles were sampled using a 5-cm diameter hand auger in Jackson
Corners, central Pennsylvania, along a planar hillslope, at ridge top and
valley floor locations (PA-Blackshale2 and PA-BlackShale3, respec-
tively) (Mathur et al., 2012; Jin et al., 2013). Three nests of tension
lysimeters (soil water samplers) were installed in 2010 along the same
hillslope at the ridge top (MRT), mid-slope (MMS) and valley floor
(MVF) positions. The MRT and MVF lysimeter nests are next to soil
cores PA-BlackShale 2 and PA-BlackShale3, respectively. At each lo-
cation, lysimeters were placed at 10-cm intervals for the top 60 cm and
then at 20-cm intervals below that. The soil water samples were col-
lected weekly beginning in the spring of 2010, two weeks after in-
stallation, as spring and fall are the wet seasons in central Pennsylvania.
The water in the lysimeter cup is sampled, emptied and pulled to
−50 centibars vacuum for the next sampling.

3.3. REE analysis

Bulk soil samples and rock fragments were air-dried and ground to
pass through a 100-mesh sieve (< 150 μm). REE abundances were

measured by SGS Canada Inc. (Minerals Services Laboratory at Toronto,
Ontario; method IMS95A). In this analysis, 0.1 g of ground sample was
fused at 950 °C with lithium metaborate and re-dissolved in dilute nitric
acid. Resultant solutions were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) for REE and Zr (analytical details can be
found at www.ca.sgs.com). For quality assessment and control, ran-
domly selected samples were run as duplicates and the precision was
estimated at± 5% of measured values. In addition, two USGS rock
standards (BCR-2 and W-2) were analyzed as unknown samples and
reported REE concentrations were compared to reference values. The
relative errors observed were< 10% for REE and Zr, except for Tm
(~15%) (Appendix Table 1). A selected number of the soil samples
have been digested by LiBO2 fusion and measured by inductively cou-
pled plasma optical emission spectrometry (ICP-OES) for Zr con-
centrations at the Penn State Materials Characterization Lab (MCL) and
reported in Dere et al. (2013). Those reported values were consistent
with the data collected by ICP-MS for the same samples from this study
(Appendix Table 2).

The ceramic cups of lysimeters emplaced in the Marcellus site have
a maximum pore size of 1.3 μm. The soil water samples collected via
these lysimeters were therefore not filtered further before major ele-
ment analysis (Heidari et al., 2017). In order to investigate the trans-
port of REE in different forms (dissolved versus colloidal), some soil
waters were additionally filtered in the laboratory, often three months
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Fig. 2. REE concentrations (normalized to PAAS) of rock
fragments and the deepest augered sample at each site: (A)
Wales, (B) PA-gray shale, (C) PA-black shale, (D) VA, (E)
TN, (F) AL, and (G) PR.
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later, using a syringe nylon filter with a 0.45-μm membrane. Filtered
and unfiltered samples were acidified using ultra-pure concentrated
nitric acid and measured for REE concentrations on a ThermoFisher
Scientific XS 2 quadrupole ICP-MS at the MCL. Concentrations of dis-
solved organic carbon (DOC) and major elements, including dissolved
Mg2+, Ca2+, Na+, K+, Cl−, SO4

2−, NO3
−, and soil water pH values

and Cu isotopes of the same water samples were reported previously in
Mathur et al. (2012), Jin et al. (2013), and Heidari et al. (2017).

3.4. Characterization of soil cation exchangeable capacity (CEC)

Cation concentrations in the soil exchangeable pools were char-
acterized following the same procedure as Jin et al. (2010). Specifically,
about 2.5 g of an untreated soil sample were weighed into a 50-ml
centrifuge tube and 25 ml of 0.1 M BaCl2–0.1 M NH4Cl solution were
added. The slurry was shaken vigorously on an end-to-end shaker table
for 15 min, and then centrifuged at 2500 rpm for 20 min. The solution
was filtered, weighed and analyzed for Ca, Na, K, Mg, Mn, Na, Si and Sr
by ICP-OES for major elements at the Low-Temperature Geochemistry
Laboratory of the University of Texas at El Paso. Standards were pre-
pared in the same 0.1 M BaCl2–0.1 M NH4Cl matrix solutions. Cation
exchange capacity (CEC) was calculated for each soil using the mea-
sured cation concentrations and reported on an equivalent basis. For VA
site, soils from a duplicate core were used for CEC characterization.

4. Results

4.1. REE in shale parent materials

A core (DC-1) drilled at the northern ridge at SSHO (in the PA-gray
shale site) allowed characterization of the parent bedrock: total REE
content in DC-1 is 220–276 ppm (244 ppm on average; Table 2). Rock
chips (AF-1-17) from the bottom of the PA-BlackShale1 pit provided
bedrock samples for the Marcellus Formation (Mathur et al., 2012; Jin
et al., 2013): total REE content is ~468 ppm, about a factor of 2 higher
than that of the Rose Hill Formation (PA-gray shale) (Table 2).

Unlike the shale parent materials in the PA sites that have been well
characterized for their REE contents, shale from all the other locations
have only been studied for major element compositions and mineralogy
(Dere et al., 2013; Dere et al., 2016). The major elemental chemistry of
these shale bedrock samples varies little among sites except for Ca (Dere
et al., 2013); however, REE contents vary significantly from 63 to
966 ppm (Table 2). Among all six gray shale sites, Wales and PR bed-
rock samples have the most variable REE contents.

As an alternative to bedrock from local outcrops and rock chips in
soil pits, the deepest soils may be considered as the least altered ma-
terials for the study of elemental mobility (Table 2). We evaluate such a
possibility here. For the Wales and TN sites, average rock fragments and
the deepest soil have similar REE concentrations, but at the PA sites, for
both gray and black shale, total REE contents are much higher in the
rocks than those in the deepest soils. In contrast, the deepest soils in VA,
AL or PR have much higher REE concentrations than their rock coun-
terparts (Table 2).

Concentrations of different REE in rocks and the deepest soils are
normalized to Post-Archean Australian Shale (PAAS), a well-known
reference shale unit (Fig. 2). Overall, the bedrock patterns from all sites
are relatively flat, indicating a similar distribution of light, middle and
heavy REE as the PAAS, except for two outliers from Wales with high
values of light REE (LREE), two outliers from AL with high enrichment
of middle REE (MREE), and one outlier from PA-black shale with de-
pletion of heavy REE (HREE).

The deepest soils, however, show variable patterns with respect to
PAAS: the deepest soil samples from the Wales, PA and TN sites show
similar REE contents and distribution patterns as the rock fragments
(Table 2; Fig. 2); those at one PA black shale site are more enriched in
HREE; the deepest soils from VA and PR are more enriched in MREETa
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and HREE; the deepest soil from the AL site is more enriched in MREE
but depleted in HREE. In addition, the deepest soils from VA, AL, and
PR sites have much higher REE contents than the assumed parent
bedrock materials, respectively, and also exhibit different REE patterns
from the bedrock (Fig. 2). Hence, we conclude that in this study, our
selected deepest soil samples from VA, AL, and PR are not re-
presentative of the parent materials in terms of REE content or pattern.
Therefore, in the following discussion, the average concentrations of
multiple rock samples whenever available from each site are used as
estimates of the original REE content in parent materials.

4.2. Total REE contents in soil profiles

Three northern sites on the shale transect (Wales, PA, VA) have
relatively thin soil profiles with soil thickness ranging from 30 to 80 cm
(Table 1). In contrast, three southern sites (TN, AL, PR) have soils up to
600 cm thick. For the black shale sites in PA, soils are thicker than their
gray shale counterparts, ranging from 84 cm to 170 cm.

Total REE contents vary significantly with depth in each profile and
also among the seven soil profiles (Table 3; Fig. 3). In general, REE
contents decrease toward the surface except in TN where limited var-
iation in REE concentrations with depth was observed. Compared to the
Wales and PA gray sites, higher REE contents for the PR, AL, PA-
BlackShale1 and VA sites are observed at depth just above the depth of
auger refusal (~70 cm at VA, ~130 cm at PA-BlackShale1, ~120 cm at
AL and ~600 cm at PR). In addition, soil profiles in the PA black shale
profile show more variability in REE contents (124–342 ppm) com-
pared to the PA gray shale site (173–200 ppm).

The mass transfer coefficient, τ, was calculated to assess REE mo-
bility. The τ values can be indicative of depletion or enrichment of a
certain element after taking into account changes in concentrations of
other elements in the soils based on concentrations of immobile ele-
ment i (Brimhall and Dietrich, 1987; Anderson et al., 2002):

= −τ
C C
C C

1i j
j w i p

j p i w
,

, ,

, , (1)

Positive τi,j values indicate enrichment of element j (total or in-
dividual REE for this study) in the weathered soils (w) with respect to

parent (p), negative values mean depletion and zero means element j is
immobile. Moreover, if τ is negative, the absolute value of τ equals the
fraction of element j that was lost from the soil. Likewise, the relative
enrichment factor for element j equals τ if τ is positive. The method is
highly contingent upon proper identification of the parent material (p)
and the immobile element (i). In this study, the local outcropping
bedrock samples were assumed to be parent materials as discussed
above. The outcrop samples are homogeneous for each site with respect
to REE chemistry, except for those from Wales. Thus, we used the
average rock composition from each site for the τ calculation excluding
the outliers (Table 2). Zr was used as the immobile element, i, as sug-
gested by previous studies of the Rose Hill Formation shale at SSHO and
the Marcellus Formation shale (Jin et al., 2010; Jin et al., 2013; Dere
et al., 2013; Dere, 2014; Dere et al., 2016).

The τZr,REE (labeled τREE hereafter) values were computed for all
profiles (Table 3; Fig. 3). The Wales site has positive τREE values, in-
dicative of an addition profile (assuming that the parent has been
identified correctly). Interestingly, all soils in the PA sites, regardless of
black or gray shale, have negative τREE values as low as −0.8, sug-
gesting significant loss of REE during chemical weathering (assuming
that the parent has been identified correctly). Similarly, the VA site also
shows a typical depletion profile, with negative τREE values at all
depths. The other three southern sites (TN, AL, and PR), however, have
negative τREE values at the soil surface but positive τREE values at depth
(Fig. 3), showing a typical depletion-addition profile (Brantley and
Lebedeva, 2011). The PR site has lost more REE than other sites at the
surface, as suggested by τREE values close to −1 (i.e., 100% depletion).

4.3. REE patterns in soils

To display the fractionation (relative depletion or enrichment, nor-
malized to their bedrock abundance) of one REE relative to others during
rock-soil transformation, concentrations of individual REE elements in soil
samples are normalized to those of their corresponding parent material
(the average rock composition) using the τ notation according to Eq. (1)
(Fig. 4). At the Wales sites, all soils are enriched in LREE but have com-
parable MREE and HREE as compared to parent material (Fig. 4A). Soils at
the PA-gray shale site and three PA-black shale sites show a relatively flat
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REE pattern, with slightly more depletion in MREE than LREE and HREE
(Fig. 4B, C, D, and E). One exception is a sample at 104 cm below ground
surface at the PA-BlackShale1 site, which exhibits MREE enrichment.
Thus, for the PA-BlackShale1 site, soils with lower REE contents are de-
pleted in MREE, and one soil that accumulates REE is more enriched in
MREE. All soils from the VA site are depleted of total REE (Fig. 3K), al-
though less depletion is observed around the MREE (Fig. 4F). At that site,
MREE are enriched compared to parent rocks for the two deepest soils
(70 cm and 80 cm).

Both the total REE concentrations and the patterns in soils from the
three southern sites (TN, AL, and PR) significantly deviate from their
parent compositions (Fig. 3L, M, and N; Fig. 4G, H, and I). In general,
soils are depleted in REE at shallow depths but are enriched in deeper
soils. Interestingly, at AL site, deep soils enriched in REE (e.g., 120 cm)
are enriched in MREE that are complementary to those shallow soils
with REE losses (more depleted in MREE). This observation could be
consistent with preferential leaching of some REE from shallow soils
and precipitation in deeper soils.

4.4. Eu and Ce anomalies

Eu and Ce, each with more than one oxidation state, can fractionate
differently from other REE elements due to changes in redox conditions.
The (Eu/Eu*)N and (Ce/Ce*)N ratios are commonly calculated to eval-
uate Eu and Ce anomalies using the following equations (e.g.,
McLennan, 1989; Prudencio et al., 1995; Ma et al., 2011):

=
×

∗(Eu Eu )
Eu

(Sm Gd )
N

N

N N
0.5 (2)

=
×

∗(Ce Ce )
Ce

(La Pr )N
N

N N
0.5 (3)

Here, the subscript N indicates REE concentrations normalized to
parent composition. Soils at the PR site show a strong positive Ce
anomaly (> 1), with (Ce/Ce*)N values up to 3, while those at the PA-
black shale sites and VA site demonstrate a negative Ce anomaly (< 1),
with values around 0.6 (Table 3; Fig. 5A, B). In contrast, Eu shows no
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apparent anomaly, with (Eu/Eu*)N values varying little from 1 (0.9 to
1.1) among all soils (Table 3; Fig. 5C, D).

4.5. CEC and pH of soil profiles

Soil CEC values vary among sites and also with depth (Appendix
Table 3). CEC is overall higher for the PR soils than at other sites. In
addition, within the PR site, the CEC decreases sharply with depth. Soils
from other gray shale sites have much lower CEC values, and the depth
trends are also variable among sites (Appendix Fig. 1). The soil pH
values, reported by Dere (2014), range from 2.8 to 3.8 for all sites
except for PR where the soil is less acidic, with pH between 4.0 and 5.5.
The relative concentrations of cations that are adsorbed to the ex-
changeable sites are soil pH-dependent: higher proportions of divalent
cations are observed in soils with higher pH but Al predominates in soils
at lower pH (Appendix Fig. 1). Dere et al. (2013) also reported much
higher Ca for the PR shale than those in other transect sites (up to 20 wt
% versus< 1 wt%). This is consistent with higher soil pH and CEC, as
well as higher (Ca + Mg)/Al ratios on the exchangeable sites at PR.

4.6. REE concentrations and patterns in soil waters of the Marcellus shale
site

The REE concentrations of the soil waters in the black shale sites range
from 0.5 to 16 ppb (μg/L), and generally decrease with depth at each site
(Table 4; Fig. 6A). The REE concentrations do not show systematic var-
iation among the three sites. The soil water pH values increase with depth
from 3.5 to around 5.5 (Fig. 6B; Heidari et al., 2017). The filtered (water
that passed through 0.45 μm filter) and unfiltered (water that passed
through the 1.3 μm pores in the lysimeters) soil water samples have si-
milar REE concentrations, as they all fall on a 1:1 correlation line
(Appendix Fig. 2).

Ce and Eu anomalies of soil waters are calculated according to Eqs.
(2) and (3), where REE concentrations are normalized to parent com-
positions (Fig. 6C and D). Interestingly, (Ce/Ce*)N values of soil waters
and soils are similar at PA-Black Shale sites, whereas (Eu/Eu*)N values
of soil waters are much higher than 1. In contrast, typical (Eu/Eu*)N
values of the soils are ~1 (Fig. 6D).

Similar to the soils, we normalized soil water REE concentrations to
the parent composition for the PA-Black Shale site (Appendix Fig. 3).
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ering profiles at transect sites.
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Table 4
Soil water pH and REE concentration from Marcellus black shales.

Sample Date Locat-
ion

Depth pH La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REE

cm ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb
5/14/2010 MMS 10 4.18 1.9 5.8 0.58 2.5 0.52 0.14 0.51 0.07 0.38 0.08 0.24 0.03 0.22 0.04 2.1 13.01
5/21/2010 MMS 10 4.10 1.4 4.0 0.38 1.6 0.33 0.09 0.32 0.05 0.26 0.05 0.16 0.02 0.14 0.02 1.4 8.82
5/28/2010 MMS 10 4.21 1.9 4.9 0.47 1.9 0.39 0.11 0.40 0 0.32 0.06 0.18 0.02 0.16 0.02 1.7 10.88
5/14/2010 MMS 20 3.86 1.2 2.4 0.26 1.1 0.21 0.09 0.23 0.03 0.17 0.04 0.10 0.01 0.08 0.01 1.1 5.93
5/21/2010 MMS 20 3.77 0.64 1.3 0.14 0.57 0.11 0.07 0.11 0.02 0.09 0.02 0.06 0.00 0.05 0.00 0.56 3.18
5/28/2010 MMS 20 3.85 0.59 1.2 0.13 0.57 0.11 0.07 0.13 0.02 0.10 0.02 0.05 0.00 0.04 0.00 0.52 3.03
6/23/2010 MMS 20 0.48 0.99 0.11 0.48 0.1 0.04 0.1 0.01 0.08 0.02 0.05 0 0.05 0 0.45 2.51
5/14/2010 MMS 30 3.73 0.89 2.1 0.22 0.9 0.17 0.06 0.17 0 0.13 0.03 0.08 0.00 0.06 0.00 0.7 4.79
5/21/2010 MMS 30 3.74 0.45 1.0 0.11 0.45 0.09 0.04 0.10 0.01 0.08 0.02 0.05 0.00 0.04 0.00 0.40 2.44
5/28/2010 MMS 30 3.85 0.32 0.8 0.08 0.36 0.07 0.03 0.08 0.00 0.07 0.01 0.04 0.00 0.03 0.00 0.32 1.84
5/14/2010 MMS 40 3.92 0.58 1.4 0.13 0.57 0.12 0.07 0.13 0.02 0.10 0.02 0.07 0.00 0.06 0.00 0.68 3.27
5/21/2010 MMS 40 3.82 0.50 1.2 0.12 0.49 0.10 0.07 0.10 0.02 0.09 0.02 0.06 0.00 0.05 0.00 0.54 2.82
5/28/2010 MMS 40 3.84 0.38 0.90 0.09 0.39 0.08 0.07 0.09 0 0.07 0.01 0.04 0.00 0.04 0.00 0.43 2.16
5/14/2010 MMS 50 4.17 0.55 0.99 0.11 0.55 0.11 0.05 0.14 0.02 0.11 0.03 0.08 0.00 0.06 0.00 0.75 2.8
5/21/2010 MMS 50 3.76 0.52 0.98 0.12 0.55 0.11 0.06 0.13 0.02 0.11 0.02 0.07 0.00 0.05 0.00 0.62 2.74
5/28/2010 MMS 50 4.00 0.4 0.78 0.09 0.43 0.09 0.05 0.1 0.01 0.08 0.02 0.05 0.00 0.04 0.00 0.43 2.14
6/23/2010 MMS 50 3.85 0.4 0.84 0.1 0.5 0.1 0.04 0.12 0.02 0.1 0.02 0.06 0 0.04 0 0.53 2.34
5/14/2010 MMS 60 4.19 0.22 0.45 0.05 0.26 0.05 0.03 0.06 0 0.05 0.01 0.04 0.00 0.03 0.00 0.34 1.25
5/21/2010 MMS 60 3.94 0.25 0.51 0.06 0.30 0.06 0.03 0.07 0.00 0.06 0.01 0.04 0.00 0.03 0.00 0.33 1.42
5/28/2010 MMS 60 4.15 0.2 0.5 0.06 0.3 0.05 0.03 0.06 0.00 0.05 0.00 0.03 0.00 0.02 0.00 0.3 1.27
6/23/2010 MMS 60 4.34 0.13 0.28 0.03 0.16 0.03 0.01 0.04 0 0.03 0 0.02 0 0.02 0 0.18 0.75
5/14/2010 MMS 80 4.53 0.08 0.18 0.02 0.12 0.03 0.01 0.03 0 0.03 0.00 0.02 0.00 0.02 0.00 0.16 0.54
5/21/2010 MMS 80 4.39 0.11 0.24 0.03 0.15 0.03 0.02 0.04 0.00 0.03 0.00 0.03 0.00 0.02 0.00 0.20 0.7
5/28/2010 MMS 80 4.58 0.06 0.14 0.02 0.09 0.02 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.12 0.39
5/14/2010 MMS 100 4.44 0.29 0.68 0.07 0.34 0.07 0.03 0.07 0 0.06 0.01 0.04 0.00 0.04 0.00 0.37 1.7
5/21/2010 MMS 100 4.36 0.29 0.70 0.08 0.33 0.07 0.03 0.08 0.01 0.07 0.02 0.04 0.00 0.03 0.00 0.39 1.75
5/28/2010 MMS 100 5.26 0.70 1.5 0.17 0.7 0.16 0.06 0.18 0.03 0.15 0.03 0.08 0.00 0.07 0.00 0.8 3.86
5/21/2010 MRT 10 4.13 1.3 3.7 0.33 1.3 0.27 0.07 0.28 0.04 0.23 0.05 0.14 0.02 0.13 0.02 1.2 7.88
5/28/2010 MRT 10 4.13 0.89 2.3 0.21 0.86 0.17 0.05 0.17 0.03 0.14 0.03 0.09 0.01 0.08 0.01 0.85 5.04
6/23/2010 MRT 10 4.08 1.3 3.5 0.33 1.4 0.27 0.08 0.26 0.04 0.23 0.05 0.13 0.02 0.13 0.02 1.1 7.76
5/14/2010 MRT 20 4.35 1.2 2.5 0.26 1.0 0.19 0.06 0.20 0.03 0.15 0.03 0.09 0.01 0.07 0.00 0.9 5.79
5/21/2010 MRT 20 4.63 0.80 1.7 0.18 0.71 0.14 0.04 0.15 0.02 0.12 0.02 0.07 0.00 0.05 0.00 0.63 4
5/28/2010 MRT 20 4.74 0.8 2.3 0.17 0.7 0.14 0.04 0.15 0.03 0.11 0.02 0.06 0.00 0.05 0.00 0.72 4.57
5/14/2010 MRT 30 4.77 1.2 2.5 0.26 1.1 0.20 0.07 0.21 0.03 0.17 0.03 0.10 0.01 0.08 0.01 1.0 5.97
5/21/2010 MRT 30 4.19 0.97 2.0 0.21 0.82 0.17 0.06 0.17 0.03 0.15 0.03 0.08 0.00 0.06 0.00 0.79 4.75
5/28/2010 MRT 30 4.2 0.83 1.6 0.18 0.74 0.15 0.06 0.16 0.02 0.14 0.03 0.07 0.00 0.06 0.00 0.69 4.04
6/23/2010 MRT 30 3.98 0.96 2 0.22 0.91 0.19 0.06 0.19 0.03 0.16 0.03 0.09 0.01 0.07 0.01 0.84 4.93
5/14/2010 MRT 40 4.58 2.0 4.5 0.51 2.1 0.42 0.12 0.41 0.06 0.31 0.06 0.19 0.03 0.17 0.03 1.7 10.91
5/21/2010 MRT 40 4.31 1.5 3.4 0.37 1.5 0.30 0.09 0.28 0.04 0.22 0.04 0.13 0.02 0.12 0.02 1.2 8.03
5/28/2010 MRT 40 4.35 1.20 2.6 0.29 1.2 0.24 0.08 0.23 0.03 0.19 0.03 0.10 0.01 0.10 0.01 0.89 6.31
6/23/2010 MRT 40 4.28 2 4.4 0.49 2.1 0.41 0.11 0.39 0.05 0.31 0.06 0.17 0.02 0.16 0.02 1.6 10.69
5/14/2010 MRT 50 4.34 0.55 1.3 0.16 0.75 0.16 0.05 0.18 0.03 0.15 0.03 0.09 0.01 0.07 0.01 0.83 3.54
5/28/2010 MRT 50 4.22 0.36 0.8 0.1 0.44 0.1 0.03 0.11 0.01 0.09 0.02 0.05 0.00 0.04 0.00 0.46 2.15
6/23/2010 MRT 50 4.18 0.58 1.2 0.15 0.68 0.15 0.04 0.17 0.02 0.14 0.03 0.08 0 0.07 0 0.72 3.31
5/14/2010 MRT 60 4.63 0.26 0.68 0.09 0.42 0.10 0.03 0.11 0.02 0.09 0.02 0.06 0.00 0.05 0.00 0.49 1.93
5/21/2010 MRT 60 4.35 0.25 0.67 0.08 0.40 0.09 0.03 0.10 0.02 0.08 0.02 0.05 0.00 0.04 0.00 0.43 1.83
5/28/2010 MRT 60 4.51 0.26 0.63 0.08 0.36 0.08 0.03 0.09 0.01 0.07 0.01 0.04 0.00 0.03 0.00 0.35 1.69
6/23/2010 MRT 60 4.41 0.32 0.72 0.08 0.37 0.09 0.03 0.09 0.01 0.08 0.01 0.04 0 0.03 0 0.39 1.87
5/14/2010 MRT 70 4.47 0.11 0.26 0.03 0.13 0.03 0.01 0.03 0 0.02 0.00 0.02 0.00 0.01 0.00 0.12 0.65
5/21/2010 MRT 70 4.53 0.08 0.20 0.02 0.11 0.02 0.01 0.02 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.12 0.51
5/28/2010 MRT 70 4.68 0.06 0.16 0.02 0.13 0.03 0.02 0.03 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.14 0.5
6/23/2010 MRT 70 4.49 0.09 0.19 0.03 0.13 0.03 0.01 0.03 0 0.02 0 0.02 0 0.02 0 0.14 0.57
5/14/2010 MRT 80 4.61 0.07 0.14 0.02 0.08 0.02 0.01 0.02 0 0.01 0.00 0.01 0.00 0.00 0.00 0.10 0.38
5/21/2010 MRT 80 4.55 0.20 0.36 0.04 0.16 0.03 0.02 0.04 0.00 0.04 0.00 0.02 0.00 0.02 0.00 0.20 0.93
5/28/2010 MRT 80 4.54 0.09 0.24 0.03 0.13 0.02 0.02 0.03 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.13 0.6
6/23/2010 MRT 80 4.32 0.06 0.14 0.02 0.08 0.02 0 0.02 0 0.02 0 0 0 0 0 0.09 0.36
7/16/2010 MRT 80 3.93 0.42 0.89 0.11 0.34 0.06 0.02 0.04 0 0.03 0 0.02 0 0.02 0 0.15 1.95
5/6/2010 MVF 10 4.23 2.6 7.1 0.64 2.7 0.54 0.15 0.57 0.08 0.48 0.10 0.32 0.04 0.30 0.05 2.9 15.67
5/14/2010 MVF 10 4.19 1.9 5.5 0.53 2.2 0.45 0.14 0.45 0.07 0.34 0.08 0.23 0.04 0.21 0.04 1.9 12.18
5/21/2010 MVF 10 3.7 1.5 3.9 0.36 1.5 0.30 0.09 0.29 0.04 0.23 0.05 0.14 0.02 0.13 0.02 1.3 8.57
5/28/2010 MVF 10 3.77 1.3 3.3 0.32 1.3 0.27 0.09 0.27 0.04 0.20 0.04 0.12 0.02 0.11 0.01 1.1 7.39
5/14/2010 MVF 20 4.22 1.4 4.0 0.37 1.5 0.31 0.11 0.33 0.05 0.27 0.06 0.18 0.03 0.17 0.04 1.6 8.82
5/21/2010 MVF 20 3.85 1.1 3.0 0.29 1.2 0.24 0.09 0.24 0.03 0.20 0.04 0.13 0.02 0.13 0.02 1.2 6.73
5/28/2010 MVF 20 3.83 1.1 3.1 0.29 1.2 0.25 0.09 0.26 0.03 0.21 0.04 0.13 0.02 0.13 0.02 1.2 6.87
6/23/2010 MVF 20 1.9 5.2 0.48 1.9 0.39 0.1 0.38 0.05 0.31 0.06 0.18 0.03 0.17 0.03 1.7 11.18
5/14/2010 MVF 30 4.22 0.88 2.3 0.24 1.1 0.22 0.09 0.24 0.03 0.18 0.04 0.12 0.02 0.10 0.02 1.1 5.58
5/21/2010 MVF 30 3.97 0.53 1.3 0.14 0.60 0.12 0.06 0.13 0.02 0.10 0.02 0.07 0.00 0.05 0.00 0.60 3.14
5/28/2010 MVF 30 3.99 0.59 1.4 0.15 0.63 0.13 0.07 0.14 0.02 0.11 0.02 0.06 0.00 0.06 0.00 0.61 3.38
5/14/2010 MVF 40 4.08 0.57 1.2 0.14 0.60 0.12 0.06 0.13 0.02 0.10 0.02 0.07 0.00 0.06 0.00 0.69 3.09
5/21/2010 MVF 40 4.03 0.46 1.0 0.12 0.50 0.10 0.05 0.11 0.02 0.10 0.02 0.06 0.00 0.05 0.00 0.57 2.59
5/28/2010 MVF 40 4.01 0.36 0.81 0.1 0.42 0.09 0.05 0.1 0.01 0.08 0.02 0.05 0.00 0.05 0.00 0.48 2.14
5/14/2010 MVF 50 4.46 1.1 2.6 0.32 1.5 0.31 0.09 0.35 0.05 0.26 0.06 0.17 0.02 0.12 0.02 1.6 6.97
5/21/2010 MVF 50 4.41 0.87 2.0 0.26 1.2 0.25 0.07 0.29 0.04 0.22 0.05 0.15 0.02 0.11 0.02 1.3 5.55
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Except for the Ce and Eu anomaly discussed above, the REE patterns are
relatively flat, indicating limited REE fractionation in soil waters at the
black shale site.

5. Discussion

One traditional method for determining the extent of REE mobility
is to measure the change in REE concentration from an observed soil
profile relative to the original concentrations in pristine parent material
(April et al., 1986; Brimhall and Dietrich, 1987; Brimhall et al., 1992;
White et al., 1998; Brantley et al., 2008; Brantley and White, 2009;
Brantley and Lebedeva, 2011). This approach has been used to estimate
the weathering extent of major elements in different lithology including
granite, basalt and shale (e.g. April et al., 1986; White et al., 2001;
Chadwick et al., 2003; Tuttle et al., 2003; Tuttle et al., 2009; Jin et al.,
2010). For this mass transfer coefficient concept to work effectively, it
is crucial to identify the parent material and determine its chemical
composition. For this study, REE concentrations in parent bedrock were
evaluated by calculating the mean concentrations for multiple available
bedrock and outcrop samples, excluding outliers. The largest con-
tributions to the errors in τREE calculations are from the difficulties in

identifying the parent materials, from heterogeneity of the bedrock
chemistry, and from analytical errors in quantifying REE and Zr con-
centrations. Assuming up to 10% analytical error in Cj,w and Ci,w, and
20% uncertainty in Cj,p and Ci,p, we estimated the uncertainties in the
overall τREE values at around± 0.3 unit using error propagation.

5.1. Long-term REE release rates along the gray shale climosequence

As expected, our results show that soils become thicker and the
degree of REE depletion at the land surface increases significantly from
the northern sites to the southern sites. From north to south, the sites
become warmer and wetter, and soil residence times become longer
(Table 1). To quantitatively assess the REE loss, the total mass of REE
depletion, mj,w (μg cm−2), was calculated for REE (j =REE) in each
profile using the following equation (Brimhall and Dietrich, 1987; Egli
and Fitze, 2000; Herndon et al., 2011):

∫=
+

m C ρ τ z
ε z

dz( )
( ) 1j w j p p

L
, , 0 (4)

Here ρp is the bulk density of parent materials (p), z is soil depth
(cm), and L is the thickness of the entire weathering profile. The strain

Table 4 (continued)

Sample Date Locat-
ion

Depth pH La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REE

cm ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb
5/28/2010 MVF 50 4.26 0.84 1.8 0.22 1 0.21 0.07 0.24 0.03 0.20 0.04 0.12 0.01 0.09 0.01 1.1 4.88
6/23/2010 MVF 50 4.37 0.58 1.3 0.16 0.82 0.17 0.05 0.2 0.03 0.16 0.03 0.1 0.01 0.08 0.01 0.96 3.7
5/21/2010 MVF 60 5.34 0.45 0.98 0.12 0.56 0.13 0.04 0.13 0.02 0.09 0.02 0.06 0.00 0.06 0.00 0.57 2.66
5/14/2010 MVF 80 4.49 0.44 1.1 0.13 0.58 0.11 0.04 0.12 0.02 0.09 0.02 0.07 0.00 0.05 0.00 0.63 2.77
5/21/2010 MVF 80 4.4 0.41 1.0 0.12 0.53 0.10 0.04 0.12 0.02 0.11 0.02 0.07 0.00 0.05 0.00 0.63 2.59
5/28/2010 MVF 80 4.36 0.22 0.57 0.07 0.29 0.06 0.03 0.07 0 0.07 0.01 0.04 0.00 0.03 0.00 0.4 1.46
6/23/2010 MVF 80 3.87 0.24 0.59 0.07 0.31 0.07 0.02 0.08 0.01 0.07 0.02 0.05 0 0.04 0 0.43 1.57
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Fig. 6. Depth profiles of total REE concentrations (A), pH
(B), Ce anomaly (C) and Eu anomaly (D) in soil waters from
the Marcellus black shale of Pennsylvania. MRT = ridge
top; MMS = mid-slope; and MVF = valley floor. The (Ce/
Ce*)N and (Eu/Eu*)N values of the soil profile at the same
site are plotted for reference.
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Table 5
Mass and rates of REE depletion in soil profiles.

Site Samples Depth cm CREE ppm CZr ppm τREE Depth interval (cm) Bulk density (g cm−3) Strain M (µg cm−2) R (µg cm−2 ka−1)

Wales Q-0-10 10 229 159 0.52 10 0.88 1.20
Q-10-20 20 202 169 0.26 10 1.10 0.65
Q-20-30 30 200 176 0.20 10 1.24 0.42
Q-30-31 31 207 175 0.25 1 1.25 0.41
Q-31-35 35 279 166 0.77 4 1.28 0.45 2227 223
Parent 167 176 0.00 1.75 0.00

PA
(Gray Shale)

SPRT 0010 5 175 273 −0.53 10 0.99 0.15
SPRT 1020 15 200 275 −0.47 10 1.21 −0.06
SPRT 2030 25 173 246 −0.49 10 1.33 −0.05 −6300 −371
Parent 244 178 0.00 1.75 0.00

PA
(Black Shale)

AF-1-1 2 124 85.1 −0.50 2 0.89 2.69
AF-1-3 41.5 184 132 −0.53 39.5 1.44 0.46
AF-1-5 58 201 149 −0.54 16.5 1.51 0.24
AF-1-7 73.5 235 170 −0.53 15.5 1.55 0.06
AF-1-9 104 342 154 −0.24 30.5 1.60 0.13
AF-1-11 132.5 226 141 −0.46 28.5 1.63 0.21
AF-1-13 150.5 236 150 −0.46 18 1.64 0.13
AF-1-15 170.5 243 146 −0.43 20 1.65 0.15 −50,464 −2968
Parent 468 159 0.00 1.75 0.00

VA MT-09-32 10 242 976 −0.72 10 1.05 −0.51
MT-09-33 20 239 977 −0.72 10 1.23 −0.58
MT-09-34 30 205 742 −0.69 10 1.33 −0.49
MT-09-35 40 206 672 −0.65 10 1.40 −0.46
MT-09-36 50 263 800 −0.63 10 1.45 −0.56
MT-09-37 60 284 871 −0.63 10 1.49 −0.61
MT-09-38 70 470 1000 −0.47 10 1.52 −0.67
MT-09-39 80 338 882 −0.57 10 1.54 −0.63 −52,450 −1116
Parent 255.5 289 0.00 1.75 0.00

TN ALD-09-17 5 195 317 −0.40 5 1.12 0.28
ALD-09-18 10 222 343 −0.36 5 1.20 0.10
ALD-09-02 20 221 305 −0.29 10 1.31 0.13
ALD-09-03 30 228 297 −0.24 10 1.39 0.10
ALD-09-04 40 247 289 −0.16 10 1.44 0.09
ALD-09-05 50 252 269 −0.08 10 1.48 0.14
ALD-09-07 70 273 263 0.02 20 1.54 0.12
ALD-09-09 90 304 253 0.18 20 1.57 0.14
ALD-09-11 110 268 273 −0.04 20 1.60 0.04
ALD-09-13 130 207 245 −0.17 20 1.62 0.14
ALD-09-15 150 265 222 0.17 20 1.63 0.25
ALD-09-16 155 262 213 0.21 5 1.63 0.30
ALD-09-64 170 297 212 0.38 15 1.64 0.30
ALD-10-67 200 269 216 0.22 30 1.66 0.27
ALD-10-70 220 285 213 0.31 20 1.66 0.28
ALD-10-73 240 243 167 0.43 20 1.67 0.62
ALD-10-75 250 247 151 0.61 10 1.67 0.79
ALD-11–401 270 234 209 0.10 20 1.68 0.29
ALD-11–404 300 245 280 −0.14 30 1.69 −0.04
ALD-11–426 340 275 289 −0.06 40 1.69 −0.07
ALD-11–429 370 293 268 0.07 30 1.70 0.00
ALD-11–432 398 268 268 −0.02 28 1.70 −0.01 5845 25
Parent 264 259 0.00 1.75 0.00 −4678a −20a

AL ALD-10-114 10 79 258 −0.78 10 1.04 0.32
ALD-10-115 20 124 337 −0.74 10 1.14 −0.08
ALD-10-116 30 143 372 −0.73 10 1.22 −0.22
ALD-10-117 40 159 258 −0.56 10 1.28 0.08
ALD-10-118 50 207 264 −0.45 10 1.33 0.02
ALD-10-121 70 457 244 0.32 20 1.40 0.04
ALD-10-123 100 474 180 0.86 30 1.47 0.35
ALD-10-125 120 628 173 1.56 20 1.50 0.37
ALD-10-127 140 610 161 1.67 20 1.53 0.45
ALD-10-129 155 203 119 0.20 15 1.54 0.94
ALD-11-506 180 249 158 0.11 25 1.57 0.44
ALD-11-508 200 338 148 0.61 20 1.58 0.52 25,198 195
Parent 288 203 0.00 1.75 0.00 −16536a −128a

PR ALD-11-13 8 28 135 −0.87 8 0.96 −0.30
ALD-11-14 10 27 119 −0.86 2 0.99 −0.23
ALD-11-15 15 33 128 −0.84 5 1.06 −0.33
ALD-11-16 20 26 128 −0.88 5 1.12 −0.36
ALD-11-17 30 26 128 −0.88 10 1.21 −0.41
ALD-11-18 40 26 131 −0.88 10 1.28 −0.45
ALD-11-19 50 25 128 −0.88 10 1.33 −0.46
ALD-11-25 111 43 130 −0.80 61 1.50 −0.53
ALD-11-30 160 54 117 −0.72 49 1.56 −0.50
ALD-11-38 210 63 120 −0.68 50 1.60 −0.52

(continued on next page)
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factor, ε(z), is a volume change factor for depth z of the profile and can
be calculated as:

= − = −ε z
V
V

C ρ

C ρ
( ) 1 1w

p

i p p

i w w

,

, (5)

Here ρw is the bulk density of the weathered soil (w). Positive ε
values indicate soil expansion while negative ε values indicate soil
compaction. If ε is 0, this suggests that soil genesis is isovolumetric
(Brimhall and Dietrich, 1987; Anderson et al., 2002). Negative mj,w

values mean overall depletion of element j from the entire soil profile
while positive values mean net accumulation. Once mj,w is calculated, a
time-integrated total elemental release rate, Rj (μg cm−2 ka−1), can be
determined if the soil residence time (SRT) is known (White, 2002;
Brantley and White, 2009; Brantley and Lebedeva, 2011):

=R
m
SRTj

j w,

(6)

Similar exercises using these equations have been reported for
major elements at the same sites (Dere et al., 2013, 2016; Dere, 2014).
In this study, RREE (i.e. the release rate for all REE) ranges from +220
to −3000 μg cm−2 ka−1, with the greatest depletion observed at the
PA-black shale site (−2986 μg cm−2 ka−1) and the greatest accumu-
lation of REE in Wales (223 μg cm−2 ka−1) (Table 5).

Evaluation of REE mobility in weathering environments helps to
quantify fluxes from continents to rivers to oceans at different temporal
scales and could elucidate geochemical behaviors at global scales
(Berner and Berner, 1995). The REE have long been considered to be
immobile elements similar to Ti and Zr (Rudnick and Gao, 2003).
Surprisingly, the values of mREE and RREE reported here are consistent
with REE mobility. Indeed, this study highlights extensive release of
REE during shale weathering, especially under warm and humid con-
ditions. If mREE and RREE values from this study can be extrapolated to
other shale-underlain terrains, an important flux of REE is expected
from land to ocean.

The orders of magnitude difference in mREE and RREE observed in
this study also could be consistent with a high variability in REE release
and transport during shale weathering as a function of climate.
Correlations between mineral dissolution rates and environmental
variables such as MAP and MAT have been reported for major minerals
or elements in rock types such as shale, basalt and granite (White and
Blum, 1995; Williams et al., 2010; Rasmussen et al., 2011; Dere et al.,
2013). MAP or Peff is a proxy of water availability, as water can
transport weathering products out of soils and promote further mineral
dissolution. MAT dictates soil temperature where higher temperatures
generally increase both the solubility and the rate constants for dis-
solution of minerals. It is commonly expected that combined high
precipitation and air temperature enhance the weathering rates of in-
dividual minerals or major elemental leaching (e.g., White and Blum,
1995; Williams et al., 2010). However, RREE and mREE are not observed
here to correlate positively with climate conditions (Table 5). Below we
discuss several possible explanations for this observation.

First, it is always possible that large contributions from atmospheric
deposition could obscure the weathering signature because aeolian
deposition is known to contribute to soil development (e.g., Chadwick
et al., 1999; Monastra et al., 2004; Muhs and Benedict, 2006; Derry and
Chadwick, 2007; Reynolds et al., 2010; Lawrence et al., 2013). Nu-
merous studies have used REE concentrations and patterns to help
identify the provenance of dust and quantify their fluxes into lands and
oceans (e.g., Greaves et al., 1994; Greaves et al., 1999; Tang et al.,
2013). Thus, the REE depletion identified in the study soils here may be
hard to interpret because of the possible overprint by REE addition
through dust inputs. Such aeolian deposition is generally hard to detect
except when positive τREE and RREE values are observed especially in
the top soil profile. For example, dust deposition may explain the ob-
servations for the Wales site (Fig. 3). Major elements reported in the
Wales soils, however, show depletion profiles, except for Fe (Dere et al.,
2013; Dere et al., 2016). Thus, in this case, if dust has contributed, then
the hypothetical dust end member must have relatively high REE
concentrations compared to its Zr concentrations to significantly
modify soil REE budget, but have no detectable impacts on major ele-
ments. In addition to dust, sea aerosols may also contribute to soil REE.
Precipitation chemistry at Plynlimon, Wales was monitored for over
10 years for major and trace elements (Neal et al., 2013). REE con-
centrations reported at that site range widely (La up to 4 μg/L; Ce up to
22 μg/L; Pr up to 0.16 μg/L). Using the average concentrations in rain
waters (La:0.04 μg/L; Ce: 0.38 μg/L; Pr: 0.004 μg/L) and annual pre-
cipitation rate of 250 cm, we can estimate the REE loading by rain, on
the order of 100 μg cm−2 ka−1. The high accumulation rate of REE by
rain at Wales is probably due to its close proximity to the ocean. This
flux is expected to decrease quickly with distance from the ocean
source. This exercise suggests that rain fall alone is not enough to ex-
plain the high accumulation REE rates (~220 μg cm−2 ka−1), and thus
dust has contributed REE significantly at Wales.

Second, major elements in soils mainly reside in major minerals
(e.g., Na and Ca from plagioclase); REE, as a group of trace elements,
may be present as coatings or impurities dispersed in multiple minerals,
instead of a single mineral. Thus, the release of REE from soils is likely
to depend on the relative reactivity and abundance of multiple REE-
bearing minerals or coatings. Given this, we expect that REE are re-
leased in step-wise reactions: REE in younger soils are likely to be lost
dominantly through the dissolution of the most reactive mineral phase;
this will continue until that mineral is depleted, and the second most
reactive mineral will contribute to the next step of REE release. For such
a case, the slope of the REE release will likely be controlled by both the
REE content and the dissolution kinetics of the REE-containing mi-
nerals, instead of climate conditions.

Third, REE mobilized through mineral dissolution can be partially
retained in a soil profile. REE solubility is low, and dissolved REE can be
easily adsorbed to mineral surfaces (clays, iron oxyhydroxides, etc.) or
co-precipitated with secondary minerals (Compton et al., 2003; Galan
et al., 2007; Ma et al., 2011; Yusoff et al., 2013). The depletion-addition
profiles observed in the southern sites are interpreted to be good

Table 5 (continued)

Site Samples Depth cm CREE ppm CZr ppm τREE Depth interval (cm) Bulk density (g cm−3) Strain M (µg cm−2) R (µg cm−2 ka−1)

ALD-11-43 260 54 115 −0.72 50 1.62 −0.51
ALD-11-48 310 59 117 −0.70 50 1.64 −0.53
ALD-11-53 360 77 114 −0.59 50 1.66 −0.52
ALD-11-58 410 65 125 −0.68 50 1.67 −0.56
ALD-11-63 460 107 131 −0.50 50 1.67 −0.58
ALD-11-76 505 123 119 −0.37 45 1.68 −0.54
ALD-11-86 580 355 105 1.06 75 1.69 −0.49 Rate
ALD-11-92 632 237 114 0.26 52 1.69 −0.53 −77,480 −306
Parent 86 52 0.00 1.75 0.00 −105003a −415a

a M and R are recalculated for only shallow soils where depletion is observed.
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examples of loss of REE from shallow soils followed by movement and
re-precipitation in deeper soils. Re-precipitation at depth could be
caused by an increase in pH, a decrease in dissolved organic matter
(DOM) concentration, or an increase in ionic strength of pore waters, as
discussed below. Interestingly, the depletion-addition profiles are not
observed in the northern sites, possibly because the northern soils are
generally less weathered and shallower, and thus the pH shift, and
changes in DOM and porewater ionic strength are not as pronounced.

Depletion-addition profiles are commonly observed in Spodosols
when Al or Fe are mobilized as DOM-chelates and then are precipitated
as secondary phases when the DOM is consumed in deeper soils (e.g.,
Brantley and Lebedeva, 2011). REE also have a strong affinity to DOM
so REE can behave similarly to Fe and Al (Viers et al., 2000; Dia et al.,
2000). In addition, REE solubility decreases as pH increases (e.g.,
Moller and Bau, 1993; Johannesson et al., 2000; Ma et al., 2011). As
soil weathering extent decreases with depth, soil pH typically increases,
leading to REE accumulation in deeper soils. Both pH- and DOM-con-
trolling mechanisms might be important for the forested sites described
here except for PR, where pH is slightly higher throughout the soil
profile due to Ca buffering in the soil exchangeable sites. REE are also
particle active and adsorb strongly to mineral surfaces (Ohlander et al.,
1996; Galan et al., 2007; Bao and Zhao, 2008; Yusoff et al., 2013). This
strong affinity to reactive surfaces such as those of secondary Al- and
Fe-oxyhydroxides also means that REE can be sorbed to particles, then
transported and re-deposited if particle agglomeration occurs with in-
creasing ionic strength in soil waters.

Because of the re-deposition of soluble REE in deeper soils, the
calculated mREE and RREE for the profiles of the AL and PR sites un-
derestimate the REE loss rates from mineral dissolution in the upper
soils. To correct for this, mREE and RREE were recomputed only for those
soil depths where REE depletion is observed (Table 5). Still, the losses
do not show strong correlation with temperature or precipitation (R2

and P-values reported in Fig. 7).
Finally, soil chemistry can be impacted by the heterogeneity in

overlying lithologic units. For example, at the VA site, the high value of
mREE might be related to the nature of the site and its previously
overlying rock units. Specifically, the VA soils have unusually high Zr
concentrations compared to the other sites (up to 1000 ppm; Table 3).

This Zr concentration is much higher than soils and bedrock at the other
sites or even the bottom of the residual shale soil profile in VA. Instead,
Zr concentrations in VA soils are within the range of sandstone units
just above the Rose Hill shale (Dere et al., 2013). Thus it is possible that
the high Zr in these soils might have been inherited from the sandstone
that was originally present above the shale. As hypothesized previously,
in this case, sandstone-derived Zr was incorporated into the shale-de-
rived soils during denudation of the ridge (Dere et al., 2013). Based on
this argument, Dere et al. (2013) used Ti as the immobile element and
corrected for potential Ti losses to determine a corrected mass transfer
coefficient of major elements in the shale-derived soil in VA. When we
applied the same correction using Ti as the immobile element, all VA
soils showed positive τREE values. Thus, we concluded that REE may
also have been contributed by the overlying sandstone. For such a case,
positive RREE and mREE may be a legacy of the previously present
sandstone (Table 3).

5.2. Comparison of black and gray shale weathering sites

The two PA sites have similar MAT and MAP but the black shale
soils experienced more REE depletion than the gray shale soils (Fig. 7).
This is in agreement with differences observed in major elements be-
tween the two sites (Mathur et al., 2012; Brantley et al., 2013), sug-
gesting faster mineral dissolution in OM- and sulfide-rich black shale
than gray shale under similar climate conditions (Tuttle et al., 2002;
Goldhaber et al., 2002; Petsch et al., 2005). It has previously been
shown that exposed fossil organic carbon is quickly altered during early
stages of black shale weathering through oxidation, hydrolysis and
microbial consumption (Clayton and Swetland, 1978; Littke et al.,
1991; Keller and Bacon, 1998; Petsch et al., 2000; Petsch et al., 2005;
Jaffe et al., 2002; Copard et al., 2007; Jin et al., 2013). The depletion of
organic carbon starts to occur at depths of many meters in black shale
and is accompanied by opening of pores that increase permeability
(Kennedy et al., 2002; Fischer and Gaupp, 2005), making initially
weathered shale easily accessible to oxygenated fluids. Thus, black
shale weathers more quickly than organic poor shale.

Pyrite is a ubiquitous mineral in black shale (Williams and Keith,
1963) and highly reactive when exposed to O2, producing strong
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sulfuric acid to accelerate other weathering reactions. Indeed, reaction
transport models that simulate chemical weathering reactions in Mar-
cellus shale identified pyrite as the first mineral to react (Heidari et al.,
2017). Similarly, studies on weathering of the Alum shale in Sweden
showed that pyrite dissolution was the first alteration reaction (Rose
and Cravotta, 1998; Feng et al., 2002; Falk et al., 2006). Furthermore,
oxidation of sulfide minerals such as pyrite has been well documented
even at the landscape scale (Chigira and Sone, 1991; Salomons, 1995;
Chigira and Oyama, 1999; Evangelou, 2001). Acidic conditions in soils
developed on black shale will enhance the weathering of clays and
other minerals, thus releasing more REE and retaining dissolved REE in
soil waters. This serves as another reason why REE dissolution rates are
higher in black shale than those in gray shale under similar climatic
conditions as observed in this study.

In addition, the pH values of the weathering profiles have important
implications for REE mobility through secondary Fe phases, because of
the relatively large surface area of Fe(III)-oxyhydroxide available for
adsorption. At SSHO, the pH of weathering solutions remains neutral
due to buffering capacity of carbonate minerals, and the oxidative
dissolution of pyrite is accompanied by precipitation of Fe oxide and
oxyhydroxide, retaining REE (Jin et al., 2010; Brantley et al., 2013). If
the soil pH is low, Fe phases become unstable and the trace elements
including REE are liberated, as observed in other studies (Jeng, 1991;
Tuttle et al., 2002; Goldhaber et al., 2002; Falk et al., 2006). This might
be what we observed in the Marcellus black shale site.

5.3. Short-term and long-term REE weathering processes at the black shale
site

For the PA black shale (Marcellus Formation), REE are characterized
in both the weathering residuum (soils) and the solutes (soil waters).
Despite the limited number of samples, this new dataset allows us to
examine the release, transport and fractionation at short versus long
time scales. REE in aquatic ecosystems have been intensively studied,
focusing on their mobility and fractionation as controlled by pH, redox
conditions, and dissolved organic carbon concentrations, as well as by
their adsorption to mineral surfaces (Nesbitt, 1979; Elderfield et al.,
1990; Sholkovitz, 1993, 1995; Nesbitt and Markovics, 1997; Shiller,
1997, 2010; Johannesson and Zhou, 1999; Land et al., 1999; Ingri et al.,
2000; Viers et al., 2000; Aubert et al., 2001; Hannigan and Sholkovitz,
2001; Moller, 2002; Compton et al., 2003; Bau et al., 2004;
Johannesson et al., 2004; Andersson et al., 2006; Stille et al., 2006; Kato
et al., 2011; Ma et al., 2011; Yusoff et al., 2013; Vázquez-Ortega et al.,
2015). At this site, REE concentration-depth profiles in soil waters
correlate well with soil water pH (Fig. 6), because pH is a strong de-
terminant of REE mobility and REE concentrations decrease as pH in-
creases with depth. In addition, although DOM concentrations have not
been reported for these samples, DOM typically decreases with depth.
For example, DOM decreases with depth at SSHO (Andrews et al.,
2011). REE complexation with dissolved organic molecules could also
be a mechanism for REE transport and redistribution (Viers et al., 2000;
Dia et al., 2000). Thus soil water studies on Marcellus shales confirm
our discussion above that both DOM concentrations and pH values
control solubility and retention of REE in soils.

Below, a simple mass balance calculation is considered relating the
time scales needed to leach REE out of soils at the observed rates, based
on soil water REE concentrations. Central Pennsylvania receives 100 cm
of precipitation annually and about half is lost to evaporation and
transpiration (Jin et al., 2011a). Thus, the water flux that infiltrates and
discharges to streams is about 50 cm yr−1, or 0.5 m3 m−2 yr−1. Using
an average REE concentration for soil water of 6 μg/L (or 6 mg m−3) as
observed in the three Marcellus soils at 10 cm to 80 cm depth (Table 4,
Fig. 6A), the annual REE flux today is estimated at about
3 mg m−2 yr−1. If a soil pedon were to lose half of its 500 ppm REE
from the top 30 cm of the profile (assuming soil bulk density is
1.2 g cm−3), the total mass depletion is calculated as 30 cm× 1.2 g

cm−3 × 250 ppm, equivalent to 90 g REE m−2. The time required to
remove this REE at today's release rate is (90 g m−2)/
(3 mg m−2 yr−1), ~30 ka. This timescale is very similar to the soil
residence time that has been estimated for central Pennsylvania at
SSHO: values for residence time range from 7 to 15 ka for two ridgetop
sites (Ma et al., 2010; West et al., 2013).

The REE release rates at short timescales (annually, as quantified
above as water flux) is 3 mg m−2 yr−1, or 0.3 mg cm−2 ka−1, lower
than rates calculated over long timescales (thousands of years, as
quantified by bulk soil chemistry) at ~3 mg cm−2 ka−1. This is con-
sistent with the previous suggestion that the release of REE during shale
weathering decreases with time, as controlled by the reactivity and REE
contents of REE-bearing minerals. It is expected that reactive trace
minerals dissolved first to release REE quickly (captured by long-term
REE release rates), followed by slow release by clay dissolution (cap-
tured by short-term REE release rates). Reaction sequence for major
minerals on Marcellus shale are confirmed by more sophisticated re-
active transport models that simulate the evolution of soil chemistry
(major elements), mineralogy and porosity to match the field data
(Heidari et al., 2017).

5.4. Mineral-specific REE concentrations and patterns

Previous studies indicate aqueous REE signatures are inherited from
rock REE during weathering and enhanced mobility of certain REE can
be due to preferred dissolution of REE-rich trace minerals (Lev and
Filer, 2004; Moller, 2002; Ma et al., 2011; Yusoff et al., 2013). REE are
enriched in black shale and are largely associated with phosphates,
carbonate, and clay minerals during and post-depositional and diage-
netic processes (Lev and Filer, 2004). These REE-rich primary minerals
therefore play key roles in REE mobility and fractionation depending on
the inherent differences in patterns of mineral distribution (Möller and
Giese, 1997; Moller, 2002; Ma et al., 2011; Yusoff et al., 2013). To
model the variation of mREE with time and predict the REE output for a
watershed, it will be necessary to quantify mineral-specific REE con-
centrations and patterns in the future.

Below, we will examine behaviors of REE at different soil depth
ranges that are defined by characteristic reactions of dominant mineral
(s). This is to observe correlations between REE mobility and mineral
depletion that might indirectly point to the importance of specific mi-
nerals in containing and releasing REE. The major elements in the
Wales rock fragments (n = 10) show relatively constant concentrations
(Dere et al., 2013; Dere, 2014). However, the same set of samples varies
in REE concentrations and patterns (Fig. 2; Table 2), as well as loss on
ignition (LOI). This observation could indicate that trace metal abun-
dance and organic matter content in gray shale may be very sensitive to
local geochemical conditions such as redox at the time of deposition.
For example, previous studies have identified phosphates as major REE-
bearing phases at SSHO in PA and their dissolution has controlled REE
patterns and concentrations in soils and soil waters (Ma et al., 2011).

In contrast to the REE depletion observed at the bottom of augered
soil samples at the Wales site, Dere et al. (2016) detected no depletion
of Al, Si, Mg, or Fe (no indication of clay dissolution) at depth in the TN,
VA, AL and PR sites. These observations are consistent with REE re-
siding in mineral phases other than clays are mobilized during weath-
ering. Similarly, τREE is almost constant with depth at the PA-gray shale
site (SSHO), indicating that clay dissolution, the dominant chemical
reactions in those soils, contributes little to REE depletion. In fact, up to
60% of the REE depletion observed in soils at SSHO (τ= ~−0.6) was
attributed to dissolution of phosphate minerals by Ma et al. (2011).

Pyrite, ankerite, plagioclase, and organic matter are shown to have
much deeper weathering fronts at SSHO, the gray shale site (Brantley
et al., 2013). In contrast, other than the uppermost 0.3 m, the REE
concentrations show little variation in the deep drill core (DC1) at
SSHO down to 25 m (Table 2; Ma et al., 2011). Apparently, the loss of
pyrite and organic matter in the gray shale at depth did not cause loss of
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REE flux. Alternatively, minerals such as ankerite can be present in high
abundance, but they contain little REE. These observations also justify
the use of rock fragments from the augered cores or nearby outcrops as
parent materials: some reactions occur quickly when fresh shales are
exposed, for example as outcrops, the REE depletion may be limited. In
addition, previous studies have identified unweathered cores sur-
rounded by thick rinds in shallow and extensively altered soils (Colman,
1982; Graham et al., 2010; Engel et al., 2016). Similarly, shale chips
collected from this study, maybe altered surficially, have bulk of rock
volume intact, especially REE-rich phosphate minerals, and it is thus
reasonable to assume they are close to parent bedrock in both REE
concentrations and patterns.

The two soil profiles on the black shale (Marcellus Formation) show
similar degrees of REE depletion (same τ values at surface soils in
Fig. 3) even though PA-BlackShale2 is on the ridge top and PA-Black-
Shale3 is at the valley floor along a planar transect. This is somewhat
surprising in that we have previously observed (Jin et al., 2010) that
soils that lie downslope from the ridgetop on shale tend to show greater
depletion. Similar degrees of chemical depletion observed in shallow
soils from PA-BlackShale2 (ridge top site) and PA-BlackShale3 (valley
floor site) could be consistent with early depletion in REE followed by
very little loss of REE.

5.5. REE fractionation during shale weathering

As discussed above, REE fractionation in soils could be due to pre-
ferential leaching of certain REE-rich minerals. Several environmental
factors are also known to control REE fractionation during redistribu-
tion including soil pH, complexation with dissolved organic matter,
adsorption and re-precipitation. Systematic fractionation of REE (pre-
ferential mobility of one subgroup of REE relative to others) commonly
occurs during weathering, transport and deposition (Nesbitt, 1979;
Elderfield et al., 1990; Nesbitt and Markovics, 1997; Shiller, 1997; Land
et al., 1999; Viers et al., 2000; Aubert et al., 2001; Hannigan and
Sholkovitz, 2001; Compton et al., 2003; Bau et al., 2004; Johannesson
et al., 2004; Andersson et al., 2006; Stille et al., 2006). For example,
MREE are more soluble than LREE and HREE under acidic conditions
(e.g., Moller and Bau, 1993; Johannesson et al., 2000).

Soils at the northern sites have all experienced lower degrees of
weathering and minimal REE losses compared to the southern sites
(Dere et al., 2013; Fig. 3). Indeed, more REE are depleted from southern
soils and REE fractionation is more systematic. For the PR and AL sites,
particularly, LREE and MREE are more depleted in shallow soils but
enriched in the deeper soils. High contents of clays and Fe-oxy-hydro-
xides are present in these soil profiles (Dere et al., 2013; Dere et al.,
2016), in agreement with much higher CEC in the PR site observed in
this study. Thus we suggest that elemental fractionation within the REE
group is induced when soluble REEs are adsorbed to secondary Fe
phases and clays at depth. In fact, clays and Fe and Al oxy-hydroxides
are well-known to adsorb and act as carriers for REE in weathering
profiles (Ohlander et al., 1996; Galan et al., 2007; Bao and Zhao, 2008;
Yusoff et al., 2013). For Fe oxy-hydroxides, LREE adsorb more strongly
than HREE (White, 2000; Compton et al., 2003). Thus it is reasonable
that deeper soils show more enriched contents in LREE than HREE.

Soils from the VA site, however, are more depleted in HREE at
shallow depths and enriched in the deeper soil profile. REE with higher
atomic numbers form more stable solution complexes (Wood, 1990; Lee
and Byrne, 1993; Luo and Byrne, 2004). Such variations in stability
could result in solutes enriched in HREE, leaving behind a LREE-en-
riched residuum. Thus it is possible that REE are mobilized by chelation
with other ions including dissolved organic matter for the VA site.

Ce and Eu have more than one oxidation state giving rise to redox-
induced Ce and Eu anomalies that record changes in redox conditions
during geological processes (Brookins, 1989; McLennan, 1989;
Prudencio et al., 1995; Bau, 1999; Patino et al., 2003; Ma et al., 2011).
The Ce anomaly observed in PR and AL probably points to the

fluctuation in redox conditions at these sites due to high MAP and thick
soil profiles. Dere et al. (2013) and Dere et al. (2016) have reported
redoximorphic features in these soils. For the AL site, (Ce/Ce*)N is
around 0.5, lower than 1, suggesting preferential loss of Ce relative to
other REE. As Ce3+ is much more soluble than Ce4+, it is likely that
Ce4+ in shale is reduced to Ce3+ and lost under more reducing en-
vironments in soil profiles. A similar negative Ce anomaly is observed at
the PA-black shale sites, but not for the PA-gray shale site. The differ-
ence suggests more reducing conditions in the black shale soils, even
under the same climate conditions, probably due to fast consumption of
O2 by organic matter oxidation. Interestingly, a positive Ce anomaly is
observed in PR, which might be related to high soil pH that lowers the
solubility of MREE.

Eu anomalies are typically associated with plagioclase dissolution as
Eu3+ can be reduced to Eu2+ and substituted into plagioclase for Ca.
Given the errors and uncertainties associated with (Eu/Eu*)N calcula-
tions, soils show no obvious Eu anomaly. Only soil waters from the
Marcellus Formation shale site exhibit positive Eu anomalies. Different
(Eu/Eu*)N values in soils versus soil waters is consistent with the low
abundance of plagioclase in the soils (< 2 wt%); however, plagioclase
dissolves much faster than other mineral phases such as clays, and thus
soil water shows higher (Eu/Eu*)N than the soils.

6. Summary

We conducted a systematic investigation of REE mobility and frac-
tionation during shale weathering along a climosequence from six
weathering study sites in the eastern USA, Puerto Rico and Wales for
REE concentrations and cation exchange pools (including Ca, Mg, K,
Na, Al, Fe). In addition, soil and soil water samples were collected in a
black shale weathering site to characterize REE mobility from an or-
ganic-rich shale end member. Mass balance models were applied to
quantify the release rates of REE from each site. The results show that
REEs are significantly released during shale weathering, especially
under warm and humid conditions. Both mean annual temperature and
precipitation probably impact the dissolution rates of REE-bearing mi-
nerals, and thus the overall loss of REE, but no simple correlations with
MAT or MAP were observed. However, REE fractionation is more
pronounced in southern sites under warm and humid conditions and
these southern sites also show depletion from upper layers and accu-
mulation in deep layers. Overall, REE mobility is a complicated func-
tion of the REE-hosting minerals and their reactivity, possible dust in-
puts, and the effects of translocation and re-deposition of REE from
overlying units. In addition, REEs can be dissolved near the land surface
and re-deposited at depth as DOC, pH, and clay surface area change due
to weathering processes. In two PA sites experiencing similar climate
conditions, REE are more depleted from a soil on black shale than on
gray shale.

This study improves our understanding of the geochemical beha-
viors of these critical elements during chemical weathering. Shale
weathering on continents is an important component of global REE
cycling at Earth's surface. Future studies are needed to fully char-
acterize REE transport and deposition during shale weathering, espe-
cially those that identify REE-bearing trace minerals on microscopic
scales or REE mobilization by natural waters.
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Appendix A

Appendix Fig. 1. Depth profiles of soil CEC at transect sites (A). The CEC (B) and its composition ((Mg + Ca) / Al ratios) (C) are correlated with pH.
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Appendix Fig. 2. Comparison of REE concentrations in filtered and unfiltered soil water samples from Pennsylvania.

Appendix Fig. 3. REE patterns in soil waters from the Marcellus black shale in Pennsylvania, normalized to parent black shale. MRT = ridge top; MMS = mid-slope; and MVF = valley
floor.

Appendix Table 1
QA/QC for REE analysis of rock standards.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Total REE Zr

Detection 0.1 0.1 0.05 0.1 0.1 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.1 0.05 0.5
Units ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Rock Standards
W-2 10.7 22.9 2.98 12.9 3.1 1.06 3.93 0.58 3.81 0.8 2.33 0.31 2 0.32 67.72 88.3

Certified value 10 23 13 3.3 1 0.63 3.6 0.76 2.5 0.38 2.1 0.33 100
Diff. % 7% 0.4% 1% 6% 6% 8% 6% 5% 7% 20% 5% 3% 12%

BCR-2 23.2 48.8 6.48 26.6 5.7 1.9 6.81 1.07 5.89 1.22 3.4 0.5 3 0.51 135.08 181
Certified value 25 53 6.8 28 6.7 2 6.8 1.07 1.33 0.54 3.5 0.51 188
Diff. % 7% 8% 5% 5% 16% 5% 0% 0% 9% 8% 15% 0.0% 4%

Sco-1 28.5 54.1 6.62 26.1 4.8 1 4.62 0.64 4.05 0.83 2.31 0.31 2.2 0.32 136.4 164
Certified value 30 62 6.6 26 160
Diff. % 5% 14% 0.3% 0.4% 2%

ALD-11-16 4.3 8.9 0.92 3.8 0.9 0.27 1.18 0.23 1.59 0.39 1.37 0.22 1.6 0.28 25.95 128
REP-ALD-11-16 4.2 9.1 0.97 3.9 0.8 0.28 1.29 0.22 1.6 0.41 1.41 0.23 1.6 0.26 26.27 124
Diff. % 2% 2% 5% 3% 12% 4% 9% 4% 1% 5% 3% 4% 0.0% 7% 1% 3%
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ALD-10-58 28.2 69.5 7.04 25.1 4.9 1.02 4.16 0.7 4.25 0.85 2.5 0.38 2.5 0.35 151.45 304
REP-ALD-10-58 29.1 72.2 7.25 25.8 5 1.08 4.26 0.7 4.5 0.87 2.43 0.4 2.5 0.37 156.46 334
Diff. % 3% 4% 3% 3% 2% 6% 2% 0.0% 6% 2% 3% 5% 0.0% 6% 3% 9%

Ave 5% 6% 3% 2% 9% 5% 4% 3% 4% 5% 4% 9% 5% 4% 2% 6%

Appendix Table 2
Zr concentrations of same soil samples run by ICP OES and ICP-MS (ppm).

Sample Depth Zr Zr

cm ICP-MS ICP-OES

Wales
Q-0-10 10 159 166
Q-10-20 20 169 168
Q-20-30 30 176 172
Q-30-31 31 175 170
Q-31-35 35 166 158

VA
MT-09-32 10 976 984
MT-09-33 20 977 661
MT-09-34 30 742 718
MT-09-35 40 672 836
MT-09-36 50 800 772
MT-09-37 60 871 808
MT-09-38 70 1000 1244
MT-09-39 80 882 908

TN
ALD-09-17 5 317 315
ALD-09-18 10 343 375
ALD-09-02 20 305 350
ALD-09-03 30 297 310
ALD-09-04 40 289 300
ALD-09-05 50 269 285
ALD-09-07 70 263 280
ALD-09-09 90 253 265
ALD-09-11 110 273 270
ALD-09-13 130 245 255
ALD-09-15 150 222 215
ALD-09-16 155 213 245
ALD-09-64 170 212 209
ALD-10-67 200 216 218
ALD-10-70 220 213 217
ALD-10-73 240 167 180
ALD-10-75 250 151 160
ALD-11-401 270 209 230
ALD-11-404 300 280 238
ALD-11-426 340 289 270
ALD-11-429 370 268 277
ALD-11-432 398 268 254

AL
ALD-10-114 10 258 314
ALD-10-115 20 337 331
ALD-10-116 30 372 380
ALD-10-117 40 258 265
ALD-10-118 50 264 236
ALD-10-121 70 244 224
ALD-10-123 100 180 197
ALD-10-125 120 173 187
ALD-10-127 140 161 168
ALD-10-129 155 119 129
ALD-11-506 180 158 153
ALD-11-508 200 148 172

PR
ALD-11-13 8 135 139
ALD-11-14 10 119 153
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ALD-11-15 15 128 142
ALD-11-16 20 128 150
ALD-11-17 30 128 142
ALD-11-18 40 131 134
ALD-11-19 50 128 141
ALD-11-25 111 130 130
ALD-11-30 160 117 133
ALD-11-38 210 120 132
ALD-11-43 260 115 127
ALD-11-48 310 117 122
ALD-11-53 360 114 127
ALD-11-58 410 125 155
ALD-11-63 460 131 152
ALD-11-76 505 119 127
ALD-11-86 580 105 130
ALD-11-92 632 114 120

Appendix Table 3
CEC, pH and exchangeable cation concentrations in soils of all study sites.

Sample name IBGCa Depth range Depth pH CEC Al Ca Fe K Mg Mn Na Si Sr

cm cm cmolc/Kg mmol/kg soil

PlynQ 0-10 SSH000SSM Wales 0–10 0 3.36 5.5 14.4 0.3 1.8 1.1 1.2 0.5 1.1 0.0 0.0
PlynQ 10-20 SSH0000HE Wales 10–20 10 3.39 4.3 9.3 0.2 0.1 0.7 0.5 6.0 0.8 0.0 0.0
PlynQ 20-30 SSH0000HF Wales 20–30 20 3.24 1.6 3.9 0.1 0.0 0.3 0.2 1.6 0.3 0.0 0.0
PlynQ 31-35 SSH0000HH Wales 31–35 31 3.51 0.8 2.0 0.1 0.0 0.2 0.2 0.4 0.2 0.0 0.0
ALD-11-300 SSH0000Q4 VA 0–10 0 3.76 4.7 4.1 4.6 0.0 1.8 1.1 10.7 0.0 0.1 0.0
ALD-11-301 SSH0000Q5 VA 10–20 10 3.64 2.7 4.3 1.3 0.0 0.6 0.5 5.0 0.0 0.1 0.0
ALD-11-302 SSH0000Q6 VA 20–30 20 3.50 3.1 7.6 0.8 0.0 0.4 0.3 2.6 0.0 0.1 0.0
ALD-11-303 SSH0000Q7 VA 30–40 30 3.39 6.7 19.5 1.3 0.0 0.7 0.9 1.2 0.0 0.1 0.0
ALD-11-304 SSH0000Q8 VA 40–50 40 8.5 24.7 1.5 0.0 0.9 2.2 1.2 0.0 0.2 0.0
ALD-11-305 SSH0000Q9 VA 50–60 50 3.42 8.2 24.1 0.8 0.0 0.9 2.8 0.6 0.0 0.2 0.0
ALD-11-306 SSH0000QA VA 60–70 60 3.32 5.3 15.5 0.3 0.0 0.6 2.0 0.3 0.0 0.1 0.0
ALD-11-307 SSH0000QB VA 70–75 70 3.60 4.4 12.6 0.2 0.0 0.6 1.7 0.6 0.0 0.1 0.0
ALD-09-17 SSH0000QC TN 0–5 0 2.83 9.2 25.5 2.8 0.8 2.0 1.5 1.1 0.0 0.0 0.0
ALD-09-18 SSH0000QD TN 5–10 5 3.09 7.4 22.4 0.6 0.1 1.7 0.7 0.8 0.0 0.1 0.0
ALD-09-02 SSH0000QG TN 10–20 10 3.22 6.4 18.5 0.8 0.0 2.0 1.0 1.1 0.0 0.1 0.0
ALD-09-03 SSH0000QH TN 20–30 20 3.30 6.5 17.6 0.7 0.0 2.7 1.2 2.4 0.0 0.2 0.0
ALD-09-04 SSH0000QI TN 30–40 30 3.60 6.5 18.9 0.5 0.0 2.3 1.6 0.7 0.0 0.2 0.0
ALD-09-05 SSH0000QJ TN 40–50 40 3.30 7.6 22.1 0.7 0.0 2.3 2.4 0.1 0.0 0.2 0.0
ALD-09-07 SSH0000QL TN 50–70 50 3.47 9.5 27.9 0.4 0.0 2.6 3.4 0.1 0.0 0.2 0.0
ALD-09-09 SSH0000QN TN 70–90 70 3.37 9.0 26.7 0.2 0.0 2.4 3.1 0.0 0.0 0.3 0.0
ALD-09-11 SSH0000QP TN 90–110 90 3.30 8.3 24.5 0.1 0.0 2.2 2.9 0.0 0.0 0.3 0.0
ALD-09-13 SSH0000QR TN 110–130 110 3.35 6.8 19.8 0.1 0.0 1.7 2.7 0.0 0.0 0.3 0.0
ALD-09-15 SSH0000QT TN 130–150 130 3.28 9.6 28.0 0.1 0.0 2.4 4.2 0.0 0.2 0.2 0.0
ALD-09-16 SSH0000QU TN 150–155 150 3.26 9.1 26.1 0.1 0.0 2.5 4.4 0.1 0.2 0.2 0.0
ALD-09-64 SSH0000QY TN 155–170 155 3.38 8.9 25.3 0.1 0.0 2.5 4.3 0.0 0.2 0.3 0.0
ALD-09-67 SSH0000R1 TN 170–200 170 3.34 8.9 24.6 0.1 0.0 2.6 5.5 0.1 0.3 0.3 0.0
ALD-09-70 SSH0000R4 TN 200–220 200 3.30 8.2 22.1 0.1 0.0 2.7 5.9 0.1 0.4 0.2 0.0
ALD-09-73 SSH0000R8 TN 220–240 220 3.54 8.1 20.9 0.1 0.0 2.7 6.8 0.2 0.5 0.3 0.0
ALD-09-75 SSH0000R9 TN 240–250 240 3.52 8.2 20.5 0.1 0.0 2.7 7.4 0.4 0.5 0.3 0.0
ALD-11-401 SSH0000RP TN 250–270 250 3.18 7.4 16.5 0.3 0.0 3.5 9.1 0.1 0.8 0.4 0.0
ALD-11-404 SSH0000RS TN 290–300 290 3.40 6.7 14.1 0.2 0.0 3.1 9.6 0.2 0.6 0.3 0.0
ALD-11-426 SSH0000RW TN 330–340 330 3.53 7.3 14.0 0.3 0.0 3.4 12.2 0.5 0.7 0.3 0.0
ALD-11-429 SSH0000RZ TN 360–370 360 3.36 6.7 10.7 0.2 0.0 3.9 13.5 0.6 0.7 0.3 0.0
ALD-11-432 SSH0000S2 TN 388-398 388 3.57 6.9 9.5 0.5 0.0 4.6 15.5 0.8 0.7 0.3 0.0
ALD-11-114 SSH0000T3 AL 0–10 0 3.54 2.1 4.5 1.5 0.0 1.2 0.5 0.9 0.0 0.0 0.0
ALD-11-115 SSH0000T4 AL 10–20 10 3.46 1.7 3.9 0.7 0.0 0.9 0.4 0.9 0.0 0.0 0.0
ALD-11-116 SSH0000T5 AL 20–30 20 3.65 2.4 6.3 0.8 0.0 1.0 0.4 0.8 0.0 0.1 0.0
ALD-11-117 SSH0000T6 AL 30–40 30 3.39 4.8 13.2 1.3 0.0 1.9 0.9 0.8 0.0 0.1 0.0
ALD-11-118 SSH0000T7 AL 40–50 40 3.29 5.5 13.9 1.4 0.0 2.1 3.3 0.7 0.0 0.2 0.0
ALD-11-121 SSH0000TA AL 70–80 70 3.44 9.4 25.3 0.6 0.0 1.6 6.7 0.2 0.0 0.5 0.0
ALD-11-123 SSH0000TC AL 90–100 90 3.45 9.8 27.8 0.4 0.0 1.1 4.7 0.2 0.0 0.7 0.0
ALD-11-125 SSH0000TE AL 100–120 100 3.61 9.9 29.0 0.3 0.0 1.2 3.7 0.1 0.0 0.7 0.0
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ALD-11-127 SSH0000TG AL 120–140 120 3.34 11.1 33.0 0.2 0.0 1.2 3.3 0.1 0.0 0.8 0.0
ALD-11-129 SSH0000TI AL 140–155 140 3.47 7.6 22.3 0.7 0.0 1.0 2.2 0.3 0.0 0.5 0.0
ALD-11-506 SSH0000TP AL 155–180 155 3.42 8.8 26.9 0.1 0.0 0.8 1.7 0.0 0.0 0.5 0.0
ALD-11-508 SSH0000TR AL 180–200 180 3.38 8.8 26.1 0.6 0.0 0.9 2.4 0.1 0.0 0.7 0.0
ALD-11-510 SSH0000TT AL 200–210 200 3.17 8.7 25.6 0.7 0.0 0.9 2.4 0.3 0.0 0.5 0.0
ALD-11-13 SSH0000VO PR 0–8 0 5.30 31.1 0.0 133.0 0.0 7.9 16.4 0.2 1.6 0.6 0.2
ALD-11-14 SSH0000VP PR 8–10 8 5.09 27.1 0.0 117.5 0.0 4.6 13.4 0.1 1.9 0.5 0.2
ALD-11-15 SSH0000VQ PR 10–15 10 5.37 25.1 0.0 109.9 0.0 3.0 11.6 0.1 2.2 0.5 0.2
ALD-11-16 SSH0000VR PR 15–20 15 5.04 22.6 0.0 98.9 0.0 2.4 10.2 0.1 2.9 0.5 0.2
ALD-11-17 SSH0000VS PR 20–30 20 5.22 20.3 0.0 89.4 0.0 2.5 8.6 0.0 2.8 0.4 0.2
ALD-11-18 SSH0000VT PR 30–40 30 5.27 18.9 0.0 83.9 0.0 2.7 7.3 0.0 2.4 0.3 0.1
ALD-11-19 SSH0000VU PR 40–50 40 5.50 17.6 0.0 77.4 0.0 3.1 7.1 0.0 2.2 0.3 0.1
ALD-11-25 SSH0000W0 PR 50–111 50 5.40 21.5 0.0 83.0 0.0 9.8 16.6 0.0 4.5 0.3 0.2
ALD-11-30 SSH0000W5 PR 111–160 111 4.14 16.3 16.4 37.5 0.0 16.8 7.8 0.0 3.9 0.6 0.1
ALD-11-38 SSH0000WA PR 160–210 160 3.86 16.3 29.6 20.2 0.0 18.1 4.7 0.0 3.7 0.6 0.0
ALD-11-43 SSH0000WF PR 210–260 210 3.96 11.7 25.5 9.3 0.0 12.8 2.4 0.0 2.8 0.5 0.0
ALD-11-48 SSH0000WK PR 260–310 260 3.89 10.1 23.6 5.3 0.0 12.4 1.6 0.0 1.7 0.4 0.0
ALD-11-53 SSH0000WP PR 310–360 310 3.96 11.7 29.0 5.0 0.0 12.0 1.9 0.1 2.3 0.4 0.0
ALD-11-58 SSH0000WU PR 360–410 360 3.93 11.5 25.6 8.4 0.0 10.0 3.1 0.1 3.2 0.3 0.0
ALD-11-63 SSH0000WZ PR 410–460 410 3.99 13.6 28.1 10.0 0.0 10.6 7.4 0.1 4.6 0.3 0.1
ALD-11-76 SSH0000X5 PR 460–505 460 4.44 10.7 10.5 18.9 0.0 9.6 10.3 0.1 5.6 0.3 0.2
ALD-11-86 SSH0000XF PR 505–580 505 4.79 2.2 0.0 0.8 0.0 4.2 1.2 0.0 13.5 0.0 0.0
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