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Rare earth elements (REEs)were evaluated as potential tracers of biogeochemicalweathering at pedon, hillslope,
and catchment scales in the Jemez River Basin Critical Zone Observatory (JRB-CZO), Valles Caldera National Pre-
serve, NM, USA. We investigated time series of REE patterns in precipitation, soil pore water, groundwater, and
stream water, and related these data to REE composition of soil, rock and atmospheric dust. REE signatures in
stream waters are dynamic, reflecting processes that occur along hydrologic flowpaths during transport to the
stream, including organic matter complexation, primary and secondary mineral weathering, water/soil/bedrock
interaction, and atmospheric deposition. Strong compositional similarities for the REE between soil waters and
stream waters during the initial snowmelt are consistent with shallow subsurface flows to streams. Most (bio)
chemical denudation of REE occurredduring the snowmelt-derived dissolvedorganic carbon (DOC)pulse, during
which time apparent colloidal mobilization of REE occurred in association with Fe and Al (oxy)hydroxides. The
REE and DOC concentrations in stream waters were positively correlated (R2 = 0.80, p b 0.0001) during snow-
melt, suggesting REE complexation and mobilization in association with organic ligands during the period of
shallow subsurface flow. Positive Eu-anomalies occur in the soil matrix ([Eu / Eu⁎]RT range from 1.79 to 2.52),
soil solutions ([Eu / Eu⁎]RT range from 1.89 to 5.98), and stream waters ([Eu / Eu⁎]RT range from 1.01 to 2.27)
with respect to the host lithologies—effects attributable to both eolian deposition and preferential feldspar disso-
lution. Cerium anomalies in soil solids and porewaters indicate seasonally dynamic translocation and oxidative
accumulation in subsurface soil horizons (surface horizons: [Ce / Ce⁎]RT range from 0.70 to 1.1; subsurface
horizons: [Ce / Ce⁎]RT range from 0.95 to 1.29), consistent with prior research reporting Ce(IV) co-precipitation
with Fe- and Mn-oxide minerals.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Prior studies have shown the potential for lanthanide series metals
(i.e., “rare earth elements” or REE) to serve as reactive tracers of
biogeochemical processes in low temperature systems (e.g., Elderfield
et al., 1990; Johannesson et al., 1997, 2004, 2014; Leybourne and
Johannesson, 2008; Shiller, 2010; Tang and Johannesson, 2010b; Willis
and Johannesson, 2011; Gangloff et al., 2014; Guo et al., 2010;
Steinmann and Stille, 2006, 2008; Stille et al., 2006). The unique chem-
ical properties of trivalent Lewis acid REE include a systematic increase
in ionic potential (valence normalized to ionic radius) with increasing
atomic number (Z). Systematic variation in metal-ligand chemical reac-
tivity makes the REE useful for studying biological impacts on
ter & Environmental Science,
izona 85721-0038, USA.
ver).
weathering in the earth's critical zone (NRC, 2001) because of the doc-
umented variation in their tendency to form stable complexes with
organic and inorganic ligands common to natural waters (Wood,
1990; Byrne and Li, 1995; Davranche et al., 2004, 2005; Sonke and
Salters, 2006; Pourret et al., 2007a,b; Pourret and Martinez, 2009;
Yamamoto et al., 2010; Grybos et al., 2007). Hence their mobilization
(i.e., chemical denudation) from a bioactive weathering profile and into
stream drainage waters may be strongly influenced by incongruent
weathering reactions and organic carbon flux (Dupre et al., 1999;
Gruau et al., 2004; Pourret et al., 2010).

Aqueous geochemical signatures of streams vary with time because
of dynamic mixing of waters from spatially distinct catchment locations
(Nakajima and Terakado, 2003; Bailey et al., 2004; Voegelin et al., 2012)
including biological “hot-spots” (McClain et al., 2003). Therefore, occur-
rences of REE-enriched discharge, and REE fractionation patterns may
help to constrain the timing and spatial distribution ofweathering in up-
land soils and to help resolve the temporal dynamics of catchment bio-
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weathering in particular (Dupre et al., 1999; Pourret et al., 2007a,b,
2010). To the extent that different critical zone water sources might be
shown to produce distinct rare earth element and yttrium (REY) signa-
tures and/or concentrations, as well as dynamic changes in the same
over hydrologic events, we postulated that they may also be useful to
resolving up-gradient biological weathering processes in natural
catchments.

Variation in REY fractionation patterns during chemical denuda-
tion reflects their relative mobilities, in turn controlled by the forma-
tion of mobile aqueous complexes (organic and inorganic), as well as
sorption and co-precipitation effects (Sonke and Salters, 2006;
Pourret et al., 2007a; Laveuf and Cornu, 2009; Goyne et al., 2010).
However, the impacts of DOM complexation on REY release during
regolith weathering remain unclear. For example, DOM has been
shown to be preferentially enriched in heavy REEs (HREE: Dy to
Lu) because of their smaller ionic radii (the “lanthanide contraction
effect”) favoring incorporation into stable complexes with acidic or-
ganic functional groups (Sonke and Salters, 2006). Conversely,
Davranche et al. (2011) reported middle (M)REE downward concav-
ity patterns in soil solutions during wetland soil reduction, attribut-
ing to DOM a tendency to concentrate MREE. In either case, REY-
ligand complexation affects non-stoichiometric dissolution of pri-
mary minerals (Goyne et al., 2010) and the effective solubilization
and transport of complexed REY in natural waters (Xiong, 2011).

Because of their +3 charge, REEs are subject to adsorption at
surfaces of secondary minerals (Bau, 1999; Bau and Koschinsky,
2009), and scavenging by Fe, Mn, and Al-(oxy)hydroxides during
co-precipitation (Bau, 1999; Ohta and Kawabe, 2001). As a result of
their high affinity for Mn-, Fe-(oxyhydr)oxides, REEs are postulated
to also cycle in and out of soil pore waters during dissolution-
precipitation via redox or non-redox derived mechanisms
(Pokrovsky and Schott, 2002; Davranche et al., 2011), especially as
pore waters fluctuate between supersaturated and undersaturated
conditions with respect to REE-sorbing solid phases (Thompson
et al., 2006b). In addition to dissolution-induced REE release, high
specific surface area colloidal organo-mineral complexes are also
mobilized during precipitation (e.g. rainfall) events. Pulsed colloidal
(b1 μm particulate) dispersion or coagulation may result from wet-
ting–drying events that promote excursions in pH or redox status
driven by rapid microbial response. Prior experimental studies indi-
cate that fluctuations in Eh/pH of natural soils induce colloidal dis-
persion that mobilizes nano-particles enriched in the lanthanide
series metals (Viers et al., 1997; Braun et al., 1998; Thompson et al.,
2006a, 2013). Redox conditions therefore likely influence REE frac-
tionation through these multiple indirect mechanisms in soils and
aquatic environments (Elderfield, 1988; Moffett, 1994; Bau and
Koschinsky, 2009; Davranche et al., 2011).

Redox effects on REE fractionation can be direct as well, however, as
europium and cerium are both redox sensitive. Eu deviates from the
other REE in that it occurs in both (III) and (II) valence states. Reduction
of Eu(III) requires strong reducing conditions rarely encountered in low
pressure-temperature systems (Panahi et al., 2000; Laveuf and Cornu,
2009), but Eu(II) predominates in magmatic systems (Henderson,
1996), and bivalent Eu is introduced to the critical zone in primary
tectosilicate minerals such as feldspars (K-feldspar and plagioclases),
where it substitutes preferentially into Ca2+, Na+, and K+ sites
(Schnetzl and Philpott, 1970). Preferential dissolution of feldspars rela-
tive to other REE-bearing primary minerals should, therefore, result in
positive aqueous Eu-anomalies (Ma et al., 2011; Brioschi et al., 2013).

Conversely, Ce occurs in (III) or (IV) valence states in soils and sedi-
ments. The oxidation of Ce(III) occurs at Eh values around 300 mV (De
Carlo and Wen, 1998), a condition that is commonly encountered in
sub-oxic to oxic surficial environments. This induces changes in ionic
charge and radius that decouple Ce(IV) from the rest of the REE, com-
monly promoting its secondary solid phase incorporation, generating
positive Ce anomalies in soils (Feng, 2010; Laveuf et al., 2012).
Given that radius- and redox-state-dependent fractionation of
REY occur in low temperature geochemical systems, the current work
sought to assess whether REY trends in rock, soil and natural water
could be applied to resolve aspects of biogeochemical weathering
resulting from snowmelt events in seasonally-snow covered nested
catchments located in the JRB-CZO. The principal objectives were
(i) to explore whether REY patterns of critical zone catchment sources
are reflected in time dynamics of stream water REY efflux, including
their changes with time and spatial scale and (ii) to reveal biogeochem-
ical processes influencing catchment REY fractionation during snow-
melt events. We postulated that pore and stream waters of the
snowmelt period would contain useful REY signatures of biological
weathering from the upland source areas.

2. Materials and methods

2.1. Study site

The field experimental design takes advantage of a nested headwa-
ter catchment infrastructure located in montane mixed conifer forests
within the Jemez River Basin Critical Zone Observatory (JRB-CZO)
(Brooks and Vivoni, 2008; Chorover et al., 2011) in the Valles Caldera
National Preserve, northern New Mexico (Fig. 1A). The JRB-CZO is in-
strumented tomonitor CZ processes including fluid (gas, water and sol-
ute) flows from pedon to catchment scales (Fig. 1, also see http://
criticalzone.org/catalina-jemez/). Instrumented pedon sites were locat-
ed within a zero order basin (ZOB) (Fig. 1D) on Redondo Dome (35°52′
56″N, 106°32′8″W) within the larger La Jara catchment (LJC, Fig. 1C).
The ZOB is south-oriented with dominant SW and SE facing slopes like
most of the larger East Fork Jemez watershed (EFJW, Fig. 1B). Most of
RedondoDome, including the ZOB, is underlain by Pleistocene aged rhy-
olitic volcaniclastics of the Tewa Group (http://geoinfo.nmt.edu/
publications/maps/geologic/ofgm/). The bedrock within the ZOB is
comprised of a combination of dense, highly fractured porphyritic
rhyodacite that underlies 45–50% of the ZOB, and partially welded and
hydrothermally altered Bandelier Tuff that occupies the other 50–55%.
The rhyodacite mineral composition includes 25–30% quartz, 40–45%
plagioclase feldspar (albite and oligoclase), and 25–30% alkali feldspar
(sanidine) with a density near 2.6 g/cm3, whereas the Bandelier Tuff
composition can be more variable depending on degree of hydrother-
mal alteration. The tuff sampled from the ZOB exhibited a mineral com-
position of (on a mass basis) 40–45% quartz, 20–30% plagioclase
feldspar, 5–10% alkali feldspar, 5–10% smectite, and 2–5% zeolite,
where the zeolite and smectite represent hydrothermal alteration prod-
ucts. ZOB soils are classified as Mollisols and Alfisols. Catchment and
hydrometeorological properties for ZOB, LJC, and EFJW are included in
Tables 1 and 2.

Most of the precipitation in the site occurs during the winter season
and, at higher elevations, primarily as snow. According to prior studies
in the East Fork Jemez watershed (Porter, 2012; Perdrial et al., 2014a),
snowmelt is the dominant source of “deep” groundwater recharge, as
is common in western montane regions (Bales et al., 2006). In this
study site, infiltrating snowmelt transports a large seasonal pulse of or-
ganic carbon through soil profiles (Perdrial et al., 2012) and into surface
water (Perdrial et al., 2014a). Fluorescence spectroscopy studies of DOM
in JRB-CZO soils indicate that they comprise a mixture of plant-derived
polyphenols, as well as microbial polysaccharides and proteins, with
the ratio of plant versus microbial fluorescent components showing
seasonal and sorption–desorption dependence (Perdrial et al., 2014a;
Vazquez-Ortega et al., 2014).

2.2. Sample collection

Rock samples of porphyritic rhyodacite and zeolitilized Bandelier
Tuff were collected in summer 2010 around Redondo Dome in order
to span the range of lithologic variation. Soil samples obtained from

http://geoinfo.nmt.edu/publications/maps/geologic/ofgm/
http://geoinfo.nmt.edu/publications/maps/geologic/ofgm/


Fig. 1. Overview of JRB CZO field site in the Valles Caldera National Preserve (VCNP) in NewMexico (A). Digital elevation models derived from CZO LiDAR data show landscape locations
and nested watershed approach to REY measurements. (B) East Fork Jemez watershed (EFJW) located draining Redondo Mountain and surroundings. (C) La Jara catchment (LJC) and
(D) La Jara zero order basin (ZOB) are nested within the larger EFJW. Instrumented pedons (numbered 1–6, installed September 2010) are distributedwithin the SE and SW facing slopes
of the ZOB. Spring sampling, dust trap locations and Redondo Meadow flume are also shown. P1, P2, and P3 correspond to piezometers at 1 (low elevation), 2 (middle elevation), and 3
(high elevation) (D).
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six pedons (Fig. 1D) were excavated in La Jara ZOB in September 2010.
Soil samples were collected by genetic horizon, composited in the field,
sealed in zip-lock bags, and stored at 4 °C. Upon return to the lab, soil
materials were air dried, sieved to recover the b2 mm fraction, homog-
enized, and stored at room temperature.

Atmospheric dust material was collected using field-deployed traps.
Traps were constructed from a circular cake pan (area of 450 cm2) filled
with glass marbles and covered with wire mesh (Reheis et al., 1999).
The wire mesh was secured with plastic zip-ties. The traps were
installed on metal fence posts approximately 1.5 m above ground
surface in two locationswithin the JRB-CZO to assess inputs at higher el-
evation (3242 m, N 35.88929′ W 106.53234′) and middle elevation
Table 1
Physical properties for the three nested study catchments: zero order basin (ZOB), La Jara catchm
canopy height N2 m.

Catchment Area (km2) Parent material
Fractional contribution

Max discharge
(mm/d)a

rhyodacite Bandelier Tuff WY 2010 WY 2011

ZOB 0.15 0.47 0.53 no data 17.52c

LJC 3.67 0.19 0.81 1.5 0.19
EFJW 110.98 0.66 0.34 7.69 0.07

a Maximum discharge during the snowmelt period normalized to the catchment area.
b Average values are followed by range values in parenthesis.
c Predicted max discharge based on a correlation between water content (upper horizon, Pe
(2825 m, N 35.88555′W106.51190′) locations within the EFJWwater-
shed (Fig. 1B), with collection from 7/26/11 to 10/15/11. Deionized
waterwas used to rinsemarbles andwiremesh for quantitative transfer
to 1000mL bottles. Dust sampleswere centrifuged and air dried prior to
digestion and analysis as discussed below.

Passive capillary wick samplers (PCaps) (Holder et al., 1991; Biddle
et al., 1995; Perdrial et al., 2012, 2014b) were used to collect soil
solutions as a function of depth in each pedon under a constant negative
pressure head of ca. 30 cm (~2.9 kPa). The samplers consist of a fiber-
glass wick covered with a high density polyethylene (HDPE) plate that
is propped via turnbuckles into contact with the bottom of the soil
horizon of interest. Liquid samples were guided through tubing into a
ent (LJC), and East Fork Jemezwatershed (EFJW). Canopy coverage%was calculated using

Slopeb (degrees) Elevationb

(meters)
Canopy coverage (%)

WY 2012

no data 9.0 (0.0–35.1) 3027 (2986–3099) 45.2
0.69 15.8 (0.0–54.6) 3099 (2702–3429) 53.1
3.70 11.3 (0.0–88.1) 2758 (2582–3432) 36.4

don 2) and discharge at the outlet of the ZOB.



Table 2
Hydrometeorological data for thewater years 2010, 2011 and 2012 in the study site.Mea-
surements are reported from the Redondo station tower and from ultra-sonic snow depth
sensor and snow pillow.

Water
year

Precipitation
(mm)

Depth of
max SWEab

(mm)

Ambient temperature
(°C)c

Soil temperature at
5 cm (°C)c

2010 680 354 3.26 (−15.70 to 18.90) 5.28 (−1.60 to 15.40)
2011 650 88 3.29 (−25.90 to 17.70) 5.38 (−1.5 to 15.8)
2012 760 278 3.79 (−12.60 to 17.80) 6.33 (0.12 to 16.70)

a SWE stands for snow water equivalent.
b Snow data obtained fromanultra-sonic snow depth sensor and snow pillow operated

by Sandia National Laboratory since 2010, which records snow accumulation and ablation
within 500 m of the Valles Caldera flux tower.

c Average values are followed by range values in parenthesis for the whole water year.
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collection vessel that can be evacuated from the surface. PCaps have
been shown to not adsorb, release or fractionate organic matter and
REY, and are thus suitable for the present study (Perdrial et al., 2012,
2014b). PCap samples were filtered through 0.7 μm combusted glass
fiber filters (unreactive to organic constituents) and stored in acid
washed HDPE bottles. Total sample volumewas recorded for flux calcu-
lations. Soil solutions included in this studywere collected in situ during
the water years (WY) of 2011 and 2012.

Temperature and water stage were recorded every 30 min at the
ZOB and LJC outlets (Fig. 1C–D) with an in-situ level troll 500 and at
the EFJW with a Hobo U20 (Fig. 1B). Stage was converted to dis-
charge using a standard equation for Parshall flumes. [A Parshall
flume is a widely used open channel flow measurement device,
where water flow is contracted and only one depth measurement
in the converging section of the flume is required to determine
water discharge (Parshall, 1950)]. Only a few water stage measure-
ments at the ZOB during the snowmelt period were recorded due
to freezing conditions. In order to obtain discharge measurements
from the ZOB, a correlation between volumetric moisture content
(at the pedon scale) and discharge was developed and applied dur-
ing WY 2011; no discharge data was recorded in WY 2012.

Stream water grab samples were collected at flume locations in
combusted (475 °C, 4 h) 1000 mL amber glass bottles (for carbon
analyses) and 250 mL acid washed HDPE bottles (for metals analy-
ses). Bottles were rinsed three times with stream water, filled to
eliminate headspace and stored cool (4 °C) until samples were proc-
essed in the lab. Grab shallow groundwater samples were collected
following the same protocol as stream water samples during sum-
mer and fall seasons of WYs 2011 and 2012. In this study, La Jara
ZOB flume, East Fork La Jara spring and South La Jara spring are con-
sidered representative of shallow groundwater (Fig. 1D). Redondo
Meadow spring was used as a proxy for “deep” groundwater due
to: 1) solute concentrations being relatively constant with time;
2) the spring being located at the lowest elevation in our study
site; 3) perennial discharge being unresponsive to large precipita-
tion events (snowmelt and monsoon season); 4) tritium concentra-
tion analysis and associated dating of the water indicating the
longest residence time of springs in the vicinity (ca. 14 y with other
springs draining Redondo Dome having tritium ages b8 y, unpub-
lished data). Average water table depths at La Jara ZOB for piezome-
ters 1 (P1, low elevation), 2 (P2, middle elevation), and 3 (P3, high
elevation) (Fig. 1D) were 1.4 m, 2.2 m and 2.3 m below the land sur-
face, respectively. The highest seasonal variation was observed in P3,
where water table depths during the snowmelt period of WY2011
and 2012 were 1.8 m and 0.9 m below the land surface, respectively.
Snow samples were collected (i) using a 30 cm snow tube that col-
lects samples integrated across the entire snowpack depth for shal-
low conditions, (ii) in incremental layers within deeper snowpack,
and (iii) using a snow lysimeter. Mean values (n = 65) for snow
grab samples collected from 2/13/11 to 5/6/11 are reported here.
For DOC analysis, sample splits were filtered through combusted
Whatman 0.7 μm glass fiber filters within 48 h of sampling and filtrate
was stored at 4 °C in combusted 60mL amber glass bottles prior to anal-
ysis. For REY analysis, sample splits from the HDPE bottles were filtered
through 0.45 μm nylon membranes and stored in 30 mL acid washed
HDPE bottles that were acidified to pH 1 with concentrated (16 M)
HNO3. Filtered solutions include both truly dissolved metals and colloi-
dal particles; in this study the term “dissolved” includes both fractions.

2.3. Analytical methods

2.3.1. Solid phase characterizations
Soil samples and unweathered sections of the porphyritic rhyodacite

and zeolitilized Bandelier Tuff rocks were analyzed for mineralogical
and total elemental composition. Prior to mineralogical determination,
organic matter was removed via oxidation using hydrogen peroxide
(Jackson, 2005). Mineral composition was determined by quantitative
X-ray diffraction at the University of Arizona Center for Environmental
Physics and Mineralogy (CEPM) using a PANalytical X'Pert PRO-MPD
X-ray diffraction system (PANalytical, Almelo, AA, The Netherlands).
Samples were scanned between 5 and 65°2 at a rate of 0.007°2 s−1.
Diffractograms were imported into RockJock (Eberl, 2003) with an
expanded reference mineral library for quantitation. Particle size com-
position in soil samples was determined using laser diffractometry
(Beckman Coulter LS 13 320) following pretreatment to remove organic
matter (Jackson, 2005) (Electronic Annex, Table A.1).

Total elemental concentrations of parent materials and soil samples
were measured following lithium metaborate/tetraborate fusion using
inductively coupled plasma optical emission spectrometry (ICP-OES)
and mass spectrometry (ICP-MS) (Activation Laboratories, Ancaster,
Ontario). Recovery of REY for certified standards W-2a (U.S. Geological
Survey mafic rock reference) and NCS DC70009 (Tungsten ore) were in
the range of 95–105% and 94–104%, respectively. Dust samples were
digested in the Arizona Laboratory of Emerging Contaminants (ALEC)
using US EPA Method 3052 with HNO3/HF acids (CEM MDS-2100 mi-
crowave digestion system with temperature control). The elemental
composition was then determined by ICP-MS (Perkin Elmer DRC II,
Shelton, CT). Certified reference materials (CRMs) subjected to the
same procedure, including NIST 2702 (Marine sediment) and 2711
(Montana soil), confirmed analyte recovery within the 95–105% range.

2.3.2. Aqueous phase analyses
DOC concentrations were determined using high temperature

oxidation followed by infrared detection of CO2 (Shimadzu TOC-VCSH,
Columbia, MD). REY concentrations, as well as those for other
metal(loid)s reported here, were determined by ICP-MS equipped
with a dynamic reaction cell to eliminate molecular interferences,
using matrix matched calibrations and internal standards (Thompson
et al., 2006; Goyne et al., 2010). The Perkin Elmer ELAN DRC-II is
equipped with NH3 as an alternate dynamic reaction cell (DRC) gas.
Using a typical flow rate of 0.35 mL min−1, the DRC gas was used for
Fe-56. Three replicate scans were collected with 40 sweeps per reading.
The aqueous CRMswere NIST 1643e (trace metals) and similar “second
source” standards from Inorganic Ventures (Christiansburg, VA) and
High Purity Standards (Charleston, SC).

2.3.3. REY normalization and anomalies
To enable comparison across the full suite of sample types, REY

concentration data for soil and water samples were normalized by a
weighted average of CZO rhyolitic bedrock concentrations. Both
porphyritic rhyodacite and zeolitilized Bandelier Tuff contribute to the
parent rock composition of the site and, therefore, their fresh rock com-
positions were analyzed for REY concentrations, and the mean REY
signatures for ZOB, LJC and EFJW bedrock were calculated from the
mapped fractional coverage of the two bedrock types in each catchment
(http://geoinfo.nmt.edu/publications/maps/geologic/ofgm/). A mean
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Fig. 2. Rare earth element and yttrium (REY) patterns for parent materials and dust nor-
malized to upper continental crust (UCC) values reported in Taylor and McLennan
(1981). Weighted average values (WA) for bedrock in LJ ZOB, LJC, and EFJW (based on
fractional area coverage by rhyodacite and tuff) are included for rhyodacite fractions in
ZOB, LJC, and EFJW of 0.47, 0.19, and 0.66, respectively. Error bars represent the standard
deviation of three replicates.
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REY pattern was generated from a weighted average of porphyritic
rhyodacite (0.44) and zeolitilized Bandelier Tuff (0.56) compositions,
since that corresponds to the average bedrock composition of the ZOB.

Magnitude of europium and cerium anomalies (Eu / Eu* and Ce / Ce*)
was calculated as:

Eu
Eu� ¼

EuRT

SmRTð Þ0:5 � GdRTð Þ0:5 ð1Þ

Ce
Ce�

¼ CeRT
LaRTð Þ0:5 � PrRTð Þ0:5 ð2Þ

where EuRT, SmRT, GdRT, and PrRT correspond to REE concentrations nor-
malized by the rhyodacite-tuff weighted value. Theweighted rhyodacite-
tuff average composition is denoted by the subscript “RT”. Ratios
significantly greater than (less than) 1.0 represent positive (negative)
anomalies with respect to rhyodacite-tuff weighted values. In some
instances, REY concentrations were normalized to upper continental
crust (UCC) (Taylor and McLennan, 1981).

2.3.4. Pedons mass balance calculations
Chemical depletion patterns with depth (tau plots) for soils

collected at the ZOB were calculated using the following equation
(e.g., Brantley et al., 2007):

τTi; j ¼
Ca;soil

Ca;parent
� CTi;parent

CTi;soil
−1 ð3Þ

where Ti was chosen to represent an ‘immobile’ element, Ca corre-
sponds to the soil REY concentration, and CTi is soil Ti concentration. A
weighted average parent compositionwas calculated to provide a single
normalization factor representing the aerial distribution of rhyodacite
and tuff within each catchment scale of interest. Tau values greater
than (less than) zero represent enrichment (depletion) with respect
to the RT values.

The fractional contribution to soils of eolian dust ( fd) was calculated
based on the method of Ferrier et al. (2011) according to:

f d ¼ CP
Ti

CS
Ti

−CP
Zr

CS
Zr

 !
� CP

Ti−CD
Ti

CS
Ti

 !
− CP

Zr−CD
Zr

CS
Zr

 !" #
ð4Þ

where CP, C S, and CD denote concentrations for immobile elements
(Ti and Zr) in parent materials (RT), soils, and dust, respectively.

2.3.5. Volume weighted mean concentrations
For soil solutions, volume weighted mean (VWM) concentration

values for REY were calculated from:

VWMa ¼
1

VTCRT

X
i

Ca;iV i mgkg−1
h i

ð5Þ

where a corresponds to the REY of interest, Ca,i to the concentration of
REY for sampling date i, Vi is the mass of solution (kg) collected for
sampling date i, VT is the total mass of soil solution collected over the
snowmelt event, and CRT is the rhyodacite-tuff weighted average for
each REY. Discharge values were used for the calculation of VWM
concentrations in stream waters.

2.3.6. Geochemical modeling
Geochemical modeling was conducted to assess saturation indices

(Ω) of CZ waters with respect to colloidal Fe and Al-(oxyhydr)oxides
and cerianite (MINTEQA2 for Windows, Version 1.50, Allison Geosci-
ence Consultants, Inc.). The MINTEQA2 specialized sub-model for
aqueous speciation calculations including DOMwas included in the cal-
culations. DOC concentration and site density (2.4 × 10−6 mol of sites
per mg DOC) were used as input parameters (Susetyo et al., 1991). Sat-
uration indiceswere employed to predict colloidal gibbsite and goethite
and cerianite precipitation or dissolution in the 0.45 μm filtered waters.
The Ω value describes quantitatively the relative saturation of an
aqueous solution with respect to equilibrium with a solid phase:

Ω ¼ IAP=KSO ð6Þ

where IAP is the measured ion activity product corrected for aqueous
phase speciation and Kso is the solubility product constant for the solid
phase.

3. Results

3.1. Characterization of REY sources

JRB-CZOparent rockmaterials (porphyritic rhyodacite and zeolitilized
Bandelier Tuff) showqualitatively similar REYpatterns (Fig. 2)whennor-
malized to UCC (Taylor and McLennan, 1981). However, Bandelier Tuff
exhibits (i) lower REY concentrations overall (∑REYUCC = 15.89),
(ii) a larger negative Eu-anomaly ([Eu / Eu⁎]UsCC= 0.17) and (iii) smaller
concentration increase across the HREE (from Er to Lu) relative to the
rhyodacite (Fig. 2, Table 3). Dust samples are depleted in REY relative to
both bedrock and UCC (∑REYUCC = 8.05), with a slightly negative Eu-
anomaly ([Eu / Eu⁎]UCC = 0.80) relative to UCC values (Fig. 2, Table 3).
The Eu-anomalies in dust samples normalized to RT values range from
1.88 to 2.25 (average = 2.11, n = 3) (Fig. 5).

3.2. REY signatures of groundwater

Shallow groundwater samples were obtained within La Jara catch-
ment (Fig. 1C). The REYRT pattern for La Jara ZOB spring shows high rel-
ative HREE concentrations ([HREE / LREE]RT = 7.7) (Fig. 3). Similar
REYRT values were observed in East Fork La Jara spring (∑REYRT =
2.04 × 10−5) and South La Jara spring (∑REYRT = 1.99 × 10−5). Posi-
tive Eu-anomalies were observed in all shallow waters; South La Jara
spring exhibited the higher positive anomaly ([Eu / Eu⁎]RT = 3.4).
Water at Redondo Meadow spring, which provides a proxy for deep
groundwater (Porter, 2012), shows pronounced positive Eu-anomalies
([Eu / Eu⁎]RT ranging from 1.04 to 6.80, average = 2.24, n = 18).
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Table 3
REY values for rhyodacite, Bandelier Tuff, and dust inputs, normalized to UCC and ZOB RT values. P concentrations are reported in mg kg−1 and were not normalized.

Rhyodacitea Tuffa Dusta

UCC RT UCC RT UCC RT

∑REY 23 ± 1 18.3 ± 0.4 15.9 ± 0.2 12.1 ± 0.2 8 ± 2 7 ± 1
LREE/MREEb 1.30 ± 0.08 1 ± 0.1 1.29 ± 0.04 1.09 ± 0.03 0.90 ± 0.07 0.61 ± 0.05
LREE/HREEb 0.92 ± 0.09 0.73 ± 0.07 0.75 ± 0.01 0.60 ± 0.01 0.90 ± 0.09 1.72 ± 0.07
MREE/HREEb 0.71 ± 0.02 0.77 ± 0.02 0.58 ± 0.02 0.55 ± 0.02 1.00 ± 0.03 1.18 ± 0.03
Eu / Eu* 0.6 ± 0.2 1.5 ± 0.6 0.17 ± 0.01 0.45 ± 0.03 0.80 ± 0.08 2.1 ± 0.2
Ce / Ce* 0.8 ± 0.1 1 ± 0.1 0.96 ± 0.02 1.08 ± 0.02 0.89 ± 0.01 1.02 ± 0.02
Phosphorus 262 ± 0 44 ± 0 911 ± 243

a Average values followed by standard deviation, n = 3.
b LREE, MREE, and HREE represent light, middle, and heavy rare earth elements, respectively. LREE = La to Nd, MREE = Sm to Tb, HREE = Dy to Lu (Y not included).
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3.3. REY signatures of soil solid phase

Depth profiles of soils in the ZOB pedons (locations shown in Fig. 1D)
show greater depletion of LREE than HREE relative to parent rock
(Fig. 4), exhibiting the depletion trends LREE N MREE ≥ HREE. The
REE depletion trends are coherent within a given pedon but vary by
pedon and with landscape position. For example, Pedon 1 situated on
a planar hillslope location shows decreased depletion with depth (ap-
proaching bedrock), whereas Pedon 5 situated in the ZOB hollow (con-
vergent hillslope location) shows the inverse trend.

All horizons exhibit pronounced positive Eu-anomalies with
[Eu / Eu⁎]RT values ranging from 1.79 to 2.52, mean = 2.18, n = 30
(Fig. 5; also see Fig. A.1 in Appendix for full REY patterns) indicating
soil enrichment in Eu relative to the RT signature. Ceriumwas observed
to accumulate in lower horizons in preference to neighboring La and Pr
([Ce / Ce⁎]RT from0.70 to 1.29, average= 1.08, n=30) (Fig. 6), and soil
solutions showed time-dependent changes in Ce anomalies, with posi-
tive anomalies at the onset of snowmelt giving way to negative anom-
alies towards the end of the snowmelt period (Fig. 7, Fig. A.2,
Appendix).

3.4. REY signatures of soil pore waters

Soil pore waters in instrumented pedons reveal distinctive REY pat-
terns including pronounced positive Eu anomalies and HREE enrich-
ment (Fig. 7). In Pedon 1 at 3 cm depth (WY2011), a progressive
Fig. 3. REY fractionation patterns for shallow and deep groundwater and snownormalized
byWA all (shown in Fig. 2). All shallow groundwater samples were collected during sum-
mer and fall seasons ofWYs 2011 and 2012. In this study, La Jara ZOB spring (n= 1), East
Fork La Jara spring (n=3) andSouth La Jara spring (n=5) are defined as shallowground-
water. Mean values (n = 18) are reported for Redondo Meadow spring water (proxy for
deep groundwater) collected during the snowmelt period of 2011 and 2012. Mean values
(n = 65) are reported for snow grab samples collected during 2/13/11 to 5/6/11. Error
bars represent the standard deviation for the corresponding number of samples.
increase in REY concentration was observed towards the end of the
snowmelt period. Volume weighted mean values (Table 4) show that
REY concentrations are higher in surficial pore waters of Pedon 1, but
at depth in Pedon 5, and this observation was consistent in both water
years. A prior study showed that water and organic carbon fluxes over
the same period were higher in the surface (than at depth) for planar
Pedon 1, whereas the inverse was true for the convergent Pedon 5
(Perdrial et al., 2012). This result is consistent with the depletion pat-
terns for these two pedons (Fig. 4), which shows greater solid-phase de-
pletion of REY at the surface for Pedon 1, and at depth for Pedon 5. In
addition, soil solutionswere preferentially enriched in smaller ionic radi-
us (and hence higher ionic potential) REY (i.e., HREE NMREE N LREE)— a
trend that is especially evident for the surface horizons (WY 2011)
(e.g., Fig. 7A and B). Similar trends were also observed in Pedon 5 during
the WYs 2011 and 2012, Fig. 8).

Soil solutions in the upper horizons of Pedon 1 (WY 2011) exhibited
pronounced negative Ce-anomalies during snowmelt (Fig. 7). At 3 cm
[Ce / Ce*]RT ranged from 0.31 to 0.58 with mean = 0.49, n = 6
(Fig. A.2). Conversely, soil solutions at the bottom horizon did not ex-
hibit a Ce fractionation during the first days of the snowmelt, but a neg-
ative anomaly developed towards the end of the snowmelt period. For
theWY 2012, no trend was observed for Ce fractionation in the bottom
horizon (Fig. 7, Fig. A.2).

Correlations between the sum of REE (∑REE) (yttrium not includ-
ed) and DOC concentrations in soil solutions were weak and insignifi-
cant (p N 0.05) (WYs 2011 and 2012), (Fig. A.3 and Table A.2). In both
pedons, the upper horizons give the highest VWM DOC concentration
values (Table 4), but, as mentioned above, unlike planar Pedon 1, con-
vergent Pedon 5 showed higher carbon and water flux at depth
(Perdrial et al., 2012; unpublished data). We observed positive correla-
tions between ∑REE and aqueous Al and Fe (WYs 2011 and 2012)
(Fig. A.3 and Table A.2). For example, soil solutions collected at 3 and
59 cm in Pedon 1 show strong positive correlations between ∑REE
and Al (R2 = 0.90 and 0.81 for surface and subsurface, respectively),
and between ∑REE and Fe (R2 = 0.92 for the surface horizon,
Table A.2).

3.5. REY signatures of surface waters

Surface waters draining basins of increasing spatial scale— i.e., ZOB,
LJC and EFJW — showed distinct REY signatures, with concentrations
being highest for the ZOB outlet (Fig. 9). Solutions collected at the ZOB
outlet (WY2011)were remarkably consistent in REYpattern and signif-
icantly enriched in HREE and MREE relative to LREE ([LREE/MREE]RT
ranged from 0.34 to 0.43, mean = 0.38, n = 9; [LREE/HREE]RT ranged
from 0.19 to 0.29, mean = 0.26, n = 9) (Fig. 10A). A pronounced posi-
tive Eu-anomaly ([Eu / Eu⁎]RT from 1.61 to 1.68, mean = 1.64, n = 9)
was consistently observed at the ZOB scale. ZOB stream water REY pat-
terns were similar to near-surface soil solutions in Pedon 1 at 3 and
24 cm (Fig. 7A and B). Relative to higher order catchments, ZOB stream
waters exhibited higher REY concentrations during the initial snowmelt
period (after 3/25/11) (Fig. 9).
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Fig. 4. Chemical depletion (tau value) trends for light, medium and heavy REE as a function of depth for all pedons excavated in the La Jara ZOBwith titanium as immobile element, and all
values normalized byWA LJ ZOB. Positive tau values represent enrichment and negative values represent depletion with respect to parent materials. In this study LREE (La to Nd), MREE
(Sm to Tb), and HREE (Dy to Lu) represent light, middle, and heavy rare earth elements, respectively.
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Positive Eu-anomalies were also observed for stream waters in La
Jara catchment (WY 2011: average [Eu / Eu⁎]RT= 1.66;WY2012: aver-
age [Eu / Eu⁎]RT= 1.59) and East Fork Jemez watershed (WY 2011: av-
erage [Eu / Eu⁎]RT = 1.71; WY 2012: average [Eu / Eu⁎]RT = 2.11).
During thewetterWY 2010, both streams exhibited higher REY concen-
trations than in 2011 and 2012 (Table 4). Likewise, the volumeweight-
ed mean DOC values for La Jara catchment and East Fork Jemez
watershed streams were 1.8 and 3.1 times higher during wetter 2010
relative to drier 2011 (Table 4), as discussed in detail elsewhere
(Perdrial et al., 2014a).
Fig. 5. Eu anomalies for all pedons (all horizons) excavated in La Jara ZOB are plottedwith
tuff (n = 3), WA LJ ZOB (n = 3), rhyodacite (n = 3), and dust ranges (n = 3). All values
were normalized byWA LJ ZOB.
DOC concentrations increased with discharge for both LJC and EFJW
streams, with higher values being observed during the wetter 2010
(Fig. 10A and Table A.3, appendix). High ∑REE concentrations were
observed during periods of high discharge inWY 2010, but linear corre-
lations are not significant (p N 0.05, Fig. 10B and Table A.3, appendix),
following trends similar to DOC. Indeed, ∑REE concentration values
are positively correlated with DOC across all catchments during WYs
2010, 2011, and 2012 (R2 = 0.80, p b 0.01) (Fig. 10C and Table A.3,
appendix). Even stronger ∑REE–DOC correlations are observed for
ZOB WY 2011 and EFJ WY 2010 (Table A.3, appendix), each of which
Fig. 6. Quantification of Ce anomalies as a function of depth in all pedons excavated in La
Jara ZOB. Range values are reported for tuff (n= 3), rhyodacite (n= 3) and dust (n= 3).
All values were normalized by WA LJ ZOB. The differences in the depth dependent trends
are statistically significant (p-values less than 0.05) with the exception of Pedons 2 and 4.
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Fig. 7. REY fractionation patterns for soil solutions of Pedon 1 at 3, 24 and 59 cmdepth duringWYs 2011 and 2012. REYwere normalized byWAAll values. Note differences in y-axis scales.
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provides a wide range in both REE and DOC concentrations. As with soil
pore waters (above),∑REE concentrations in surface waters are posi-
tively correlated with those of dissolved Al and Fe (Table A.4,
Appendix).

4. Discussion

4.1. Influences of biogeochemicalweathering processes on REY across scales

Coherent REY trends were observed in this study across a range of
temporal (hydrologic event to pedogenic) and spatial (pedon to ZOB
to catchment to watershed) scales. Aqueous REY patterns represent a
relatively consistent fingerprint for a given location in the landscape,
but with a magnitude (normalized concentrations) impacted by
sampling time. The data suggest that partitioning of REY between
solid matrix and aqueous phases is driven by event-based dynamics of
DOC and colloidal materials. In the case of the JRB-CZO site, where
“deep” groundwater recharge is dominantly by snowmelt, pulsed
water and carbon influx to the subsurface occur during a period of rap-
idly increasing photosynthesis and net ecosystem uptake of CO2 driven
by water availability, a pattern that also impacts soil pore water chem-
istry and streamflow during and following snowmelt (Perdrial et al.,
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Table 4
Volume weighted mean values (VWMs) for DOC and normalized∑REY concentrations during the snowmelt event. Soil solution data was obtained duringWYs 2011 and 2012. Surface
water data was obtained during WYs 2010, 2011 and 2012.

Site, location, year DOCa (mg/L) VWM for DOC (mg/L) ∑REYa (mg/L) VWM for ∑REY (mg/L)

Pedon 1,
Soil solution

3 cm WY 2011 24.0–63.0 40.7 2.5 × 10−4–7.1 × 10−4 6.9 × 10−4

WY 2012 2.6–18.6 6.1 4.1 × 10−4–5.3 × 10−4 4.5 × 10−4

59 cm WY 2011 15.7–30.2 17.6 1.7 × 10−4–6.4 × 10−4 4.8 × 10−4

WY 2012 1.4–22.4 11.4 7.4 × 10−4–1.2 × 10−3 1.0 × 10−3

Pedon 5,
Soil solution

5 cm WY 2011 23.1–35.9 26.5 8.8 × 10−5–1.5 × 10−4 1.4 × 10−4

WY 2012 2.94–35.7 24.5 1.4 × 10−3–1.9 × 10−3 1.5 × 10−3

54 cm WY 2011b 9.8 9.8 4.7 × 10−4 4.7 × 10−4

WY 2012 1.1–10.9 9.9 3.6 × 10−4–5.1 × 10−4 4.4 × 10−4

La Jara ZOB WY 2011 5.1–12.1 10.0 2.6 × 10−4–7.7 × 10−4 7.2 × 10−4

La Jara catchment WY 2010 1.8–5.2 3.8 3 × 10−5–2.3 × 10−4 1.8 × 10−4

WY 2011 1.7–2.8 2.1 3.4 × 10−5–6.8 × 10−5 5.9 × 10−5

WY 2012 3.0–5.1 4.1 6.3 × 10−5–1.2 × 10−4 4.1 × 10−5

EFJ watershed WY 2010 2.9–14.1 10.2 8.1 × 10−5–5.8 × 10−4 4.2 × 10−4

WY 2011 1.3–6.8 3.2 8.1 × 10−5–1.7 × 10−4 1.2 × 10−4

WY 2012 3.7–12.3 9.9 4.6 × 10−5–2.3 × 10−4 1.9 × 10−4

a Range for DOC and∑REY concentrations in soil solutions and stream waters.
b n = 1, for Pedon 5 at 54 cm during the snowmelt event WY 2011.
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2014a). Snowmelt-generated DOC throughflux affects REY removal
from soil profiles (e.g., Fig. 4 and related text), metal-DOC complex re-
lease into surfacewaters (Fig. 10C), and hence the impacts of REY chem-
ical denudation in rhyolitic terrain. As discussed below, when viewed in
light of prior work, results of this study suggest that weathering of REY
in the CZ is strongly dependent on the coupling of seasonal water
availability to landscape biotic activity, which imprints a signature in
both mobile solutions (Figs. 3, 7–10, A.3, A.4) and regolith (Figs. 4, 5,
A.1, A.2). In the rhyolitic EFJW watershed, mechanisms controlling
REY transport and fate in soil, ground and stream waters include
(1) weathering of primary phosphate and silicateminerals, (2) aqueous
and solid phase complexation with organic matter, (3) adsorption and
co-precipitation with secondary minerals, (4) colloid formation and
transport and (5) inorganic complexation (e.g. sulfate, carbonate,
and hydroxide ligands) (Wood, 1990; Byrne and Li, 1995; Tang and
Johannesson, 2003; Sonke and Salters, 2006; Pourret et al., 2007a and
b; Tang and Johannesson, 2010a).

Phosphateminerals such as apatite ormonazite can partially control
the REY budget in soils, soil solutions, and streamwaters (Aubert et al.,
2001; Tang and Johannesson, 2003; Stille et al., 2009), and their rates of
dissolution are impacted by organic acids present in soil solutions. For
example, low molecular weight organic acids (LMWOAs) such as cit-
rate, oxalate, and phthalate can enhance phosphatemineral weathering
and alter the stoichiometry of mineral REE release (Goyne et al., 2010).
At the various landscape scales of interest in the EFJW, ligand-promoted
REY dissolution mechanisms are most active during water and DOC
throughflux events, and water and carbon CZ through-fluxes are domi-
nated by winter snowmelt (Perdrial et al., 2014a). Both the parent rock
and influent dust contain substantive total phosphorus (Table 3), which
can be associated with phosphate and alkali feldspar minerals (Nash,
1984; London, 1992). Hence, dust inputs may contribute significantly
to near surface REY measurements. Eolian fractions ( fd) for the ZOB
soils calculated using Ti and Zr as immobile elements according to
Ferrier et al. (2011) (Table A.6, electronic annex) indicate that the
upper horizons have a greater elemental fraction from dust deposition.
Importantly, when normalized to the RT, dust exhibits the largest posi-
tive Eu-anomaly of potential sources and appears to move soil pedon
values in that direction as well (Fig. 5). It is noteworthy that total soil
phosphorus was positively correlated with MREE and also (but less
so)withHREE (data not shown), consistentwith phosphatemineral en-
richment in MREE. Prior studies have also shown MREE enrichment in
soil organic matter (Tang and Johannesson, 2010a), and some of the
total P is certainly organic as well. Total phosphorus in ZOB stream
water exhibits a positive correlation with ∑REE, consistent with REE
system fluxes being at least partially controlled by phosphate mineral
dissolution (Table A.4, Appendix). The least REY depleted soils were
those with the highest clay content (correlations not shown), suggest-
ing that precipitation of secondary minerals diminishes REY removal
from the weathering profile (Fig. 4, Pedons 1, 2, 3, and 6).While this ef-
fect is certainly due, in part, to Fe and Al (oxy)hydroxide formation, cat-
ion exchange capacity (CEC) associated with layer silicate clays is
also predictive of REY adsorptive retention in soils (Coppin et al.,
2002).

Soil solutions and stream waters at the ZOB outlet exhibited higher
REE and DOC concentrations than stream waters draining the larger
LJC and EFJW (WY 2011) (Table 4). High aqueous REE concentrations
andmobilization in soil pore waters and at the ZOB outlet can be attrib-
uted to dissolution and/or dispersion of Al, Fe-(oxy)hydroxide colloids,
promoted in part by the formation of mobile REE-DOM complexes.
However, the role of organic matter is complex because, despite the
fact that soil solutions contain large amounts of DOC (concentration
ranges from 15 to 60 mg L−1), weak correlations were observed be-
tween DOC and ∑REE alone, and stronger ones were observed for
∑REE and total filterable Al and Fe (Fig. A.3, Appendix). This suggests
that Fe and Al-(oxy)hydroxide colloids — which are continuously
formed in soil pores during incongruent weathering — are mobile car-
riers of REE in pore waters. In so far as these particles are preferentially
mobilized (particularly when they are negatively-charged as a result of
OM adsorption, e.g., Chorover and Sposito, 1995; Thompson et al.,
2006), they appear to be important vectors for catchment geochemical
denudation, though most studies pay little attention to this transport
mechanism.

Since colloidal forms of REE would be included in the “dissolved”
pool as measured following filtration, we conducted geochemical
modeling to find that analyzed solutions were indeed supersaturated
with respect to Al and Fe-(oxy)hydroxides. Saturation index calcula-
tionswere conducted following aqueous phase speciation that included
the effects of complexationwithDOM. The results indicated that precip-
itation of Al and Fe (oxy)hydroxides is predicted thermodynamically
(Table A.5, Appendix), and colloidal forms were likely present in our
pore water filtrate solutions. Such materials are likely important to
the development of depletion profiles in pedogenic environments,
e.g., fine clays enriched in Fe-(oxy)hydroxides, kaolinite, and gibbsite
were the primary mobile colloids in reconstructed pedons (Kaplan
et al., 1997). We assert that organo-mineral colloid transport is
important to REE redistributions at the pedon and hillslope scale in
the JRB-CZO site as well.

At the ZOB scale (WY 2011), a strong positive correlation between
∑REE and DOC was observed, and REE mobilization could be largely
explained by DOM complexation (Fig. 10C). The influence of OM is
therefore persistent across all of ourmeasurements, suggesting a strong
role for biological mediation of REE chemical denudation from rock to



Fig. 8. REY fractionation patterns for soil solutions of Pedon 5 at 5 and 54 cmdepth during theWYs 2011 and 2012. REYwere normalized byWA all values. Note differences in y-axis scales.
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soil to soil solution to streamwaters, and these data are consistent with
prior reports. For example, application of the Humic Ion-BindingModel
V likewise indicated that REE concentrationswere controlled dominant-
ly by their DOM complexation in natural fresh waters (Johannesson
et al., 2004).

During theWY 2012, DOC and∑REE concentrations in streamwa-
ters at LJC were positively correlated with discharge (Fig. 10). In con-
trast, a poorer correlation was observed for drier WY 2011, suggesting
that DOC and associated REE mobilization from catchment soils are
strongly dependent on hydrologic fluxes that are, in turn a function of
snowpack accumulation and snow water equivalent (Perdrial et al.,
2014a). Weaker correlations between DOC and ∑REE during WY
2011 (Fig. 10C) are attributed to the low water flux in 2011, also
highlighting the fact that it is concurrent delivery into the weathering
zone of high DOC concentrations and geochemically aggressive fresh-
water that drives the chemical denudation of organic-ligand-reactive
lithogenic metals.

Colloidal transport is also implicated in REE mobilization in LJC
and EFJW surface waters, as indicated by a positive correlation with
Al and Fe concentrations during the intermediate water year 2012
(Table A.4, Appendix). Sholkovitz (1992) conducted sequential fil-
trations on stream waters (pore sizes of 0.45, 0.2, and 0.025 μm)
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Fig. 9.REY fractionation patterns for streamwaters at the outlet of La Jara ZOB, La Jara catchment, and EFJwatershed during theWYs 2011 and 2012. REYwere normalized byWAAll. Note
differences in y-axis scales.
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and concluded that a large portion of REE was in the colloidal load,
indicating that colloids can control REE distribution in stream
waters.

For DOC and colloidal carriers to dominate REE transport in our
study site, they must play a larger role than inorganic ligands (e.g. sul-
fate, carbonate, and hydroxide ligands) that can also form complexes
with REE in natural waters (Wood, 1990; Byrne and Li, 1995; Tang
and Johannesson, 2003; Sonke and Salters, 2006; Pourret et al., 2007a
and b; Tang and Johannesson, 2010a). Indeed, an evaluation of our
data in light of prior work supports this contention. Specifically, a
comparison of major and trace ion chemistry between world average
river water (Livingstone, 1963; Martin and Meybeck, 1979; Tang
and Johannesson, 2003; Pourret et al., 2007a) and JRB-CZO solutions
was employed to assess the relative role of inorganic ligands in REE
complexation in our study site (see Appendix). During the periods of
study, JRB-CZO solutions exhibited lower inorganic carbon (as HCO3),
SO4, Cl, and NO3 concentrations than world average river water, but
very similar DOC concentrations and pH. For example, the mean HCO3,
SO4, Cl, and NO3 concentrations (in mg L−1) for LJC in WY 2010 were
3.3, 2.8, 8.5, and 1.8 times lower than world average river data, respec-
tively. Despite the higher inorganic ligand concentrations for world av-
erage river water, speciation modeling results indicated that the
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Fig. 10. Relations between (A) Discharge versus DOC, (B) discharge versus ∑REE, and (C) DOC versus ∑REE for surface waters at the outlet of nested catchment series (ZOB, La Jara
catchment, and East Fork Jemez watershed) during the snowmelt period for WYs 2010, 2011, and 2012. The coefficient of determination (R2) for the entire data set in part C is 0.80.
REEs are in mg L−1 (not normalized). Asterisk (*) indicates cases where the correlation is significant (p b 0.05) (also see Table A.3).
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majority of REEs (N50%) in those solutionswere nonetheless complexed
with DOM, and that a low percentage of REE could be allocated to SO4

(b20% at acidic pH) and CO3 (b40% at alkaline pH) complexes
(Pourret et al., 2007a). Given the lower concentration of inorganic
ligands and similar DOC concentrations in JRB-CZO solutions relative
to world average river waters, the inorganic contribution to REE com-
plexation is smaller at our site. It is noteworthy that Al concentrations
in JRB-CZO surface waters are 3–4 fold higher than that in the world
average river water, suggesting potential competition with REE for
DOM active sites, but as indicated earlier much of this Al is likely in
colloidal form. In any case, further research into REE aqueous speciation
of JRB-CZO waters is warranted; direct speciation measurements
are needed to quantify unambiguously the fractional abundance of
REE-DOM complexes.
4.2. Eu-anomaly: an indicator of REE sources?

Among the patterns observed in the current studywere pronounced
positive Eu-anomalies in the soil matrix, soil solutions, and stream
waters (Figs. 5–9 and A.1, Appendix). While several processes can po-
tentially contribute to the positive Eu-anomaly, we attribute the obser-
vations in our site to dust deposition superimposed with preferential
weathering of feldspar minerals. Dust deposition inputs contribute to
Eu enrichment in bulk soil solids (Fig. 5) because dust is less depleted
in Eu than parent rock (Fig. 2, Table 3). Indeed, mass balance calcula-
tions indicate significant eolian contributions to soil, particularly in the
upper horizons (Table A.6, Appendix). Dust dissolution should then
supplement any positive Eu anomalies of soil solutions and streamwa-
ters deriving from preferential feldspar dissolution. Over pedogenic
time scales, Eu accumulation from dust plus preferential feldspar disso-
lution could together induce the positive Eu-anomaly observed in both
soils and natural waters in our study site. Dust inputs are delivered by
southerly winds (http://www.wrcc.dri.edu/htmlfiles/westwinddir.
html) with sources deriving from low-vegetation-cover geomorphic
surfaces of the Rio Grande Valley and playas of the Chihuahuan Desert.
Consistent with the results presented here, prior REE and isotopic stud-
ies have also shown that pore waters and upper soil horizons can reflect
the significant contributions of atmospherically-derived REEs (Aubert
et al., 2002; Stille et al., 2009).

Feldsparminerals are enriched in Eu (relative to other REEs) because
during primary mineral crystallization and growth frommagma devoid
of dioxygen, Eu2+ substitutes into Ca2+, Na+, and K+ sites similar to
Sr2+ (Aubert et al., 2001). Porphyritic rhyodacite and Bandelier Tuff
contain a large percentage of plagioclase (albite and oligoclase) and
alkali feldspar (sanidine) (Section 2.1). When these rocks undergo
surficial weathering in oxic environments, Eu2+ is released and readily
oxidized (Panahi et al., 2000). Several studies (Ma et al., 2011; Brioschi
et al., 2013) have reported positive Eu-anomalies in soils and natural
waters (pore and streamwaters), and attributed this to the preferential
weathering of feldspar minerals.

4.3. Ce-anomaly: a potential indicator for redox conditions in the ZOB soils

In our study site (also in Braun et al., 1990), soils exhibited a prefer-
ential accumulation of cerium with depth (Fig. 6). Redox conditions
can influence the development of such cerium (Ce) anomalies because
of Ce(III) to Ce(IV) oxidation (Feng, 2010; Laveuf et al., 2012), which oc-
curs at Eh values of ca. 300mV for circumneutral pH (Ronov et al., 1967;
Laveuf and Cornu, 2009). Tetravalent Ce is characterized by especially
low mobility due to the low solubility of cerianite (CeO2) and strong in-
teraction (via adsorption and/or coprecipitation) of Ce(IV) with Fe- and
Mn-oxides (Laveuf, et al., 2008; Feng, 2010). The Ce-anomaly trends in
our study (Fig. 6) are clearly attributable to pedogenic processes, since
the Ce-anomalies for parent rock (RT) and dust sources are both much
lower to those observed at depth in soil horizons (Fig. 6). Linear regres-
sion analysis indicates depth dependent trends that are statistically sig-
nificant (p b 0.05) for Pedons 1, 3, 5 and 6, but not for Pedons 2 and 4
where the trends aremore non-linear and complex (Fig. 6). Several stud-
ies (Bau, 1999; Bau and Koschinsky, 2009) have demonstrated that
Ce(III) is oxidized by surface reaction and electron transfer to Fe(III)-
and Mn(IV) in secondary (oxy)hydroxides. De Carlo and Wen (1998)
demonstrated (first proposed by Goldberg et al., 1963) that Ce is exclu-
sively decoupled from trivalent REE by abiotic oxidation by Mn-oxides.

The solid phase trends can be interpreted in light of observed time
series in solution phase chemistry. Specifically, the change in Ce-
anomaly at depth in Pedon 1 (for the soil waters, WY 2011, Fig. 7c) is
consistent with a progressive change in redox conditions from reducing
to oxidizing over the course of the snowmelt period, likely resulting
from a seasonal fluctuation in the groundwater table, which imposes a
potentially steep redox gradient (also see Fig. A.2, Appendix). Soils
with low water saturation remain oxic favoring Ce(IV) precipitation
and negative Ce-anomalies in soil solution, whereas high water satura-
tion disfavors Ce(III) oxidation. The likelihood of cerianite precipitation
was assessed by geochemical modeling (MINTEQA2) and all analyzed
solutions were found supersaturated with respect to cerianite at atmo-
spheric partial pressure of O2 (Table A.5, Appendix). Conversely, high
and prolonged soil water saturation likely induces reducing conditions
that favor reduction of Ce(IV) to Ce(III), release of Ce to soil solution,
and positive aqueous Ce anomalies as Ce(IV) enriched redox-active
solids (e.g., Mn(IV) or Fe(III) oxides) undergo reductive dissolution.
Chemical processes influencing Ce concentrations at the oxic/anoxic
marine interface in the Cariaco Trench have been study by DeBaar
et al. (1988). That study showed that filtered oxic seawater was super-
saturated with respect to cerianite despite negative Ce-anomalies, indi-
cating Ce removal via precipitation from the water column. Conversely,
the anoxic region exhibited a slightly positive Ce-anomaly. In summary,
the results of the present work indicate that Ce-anomalies in critical

http://www.wrcc.dri.edu/htmlfiles/westwinddir.html
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zone porewaters can serve as useful indicators of redox conditions and
associated dynamics during hydrologic events.

5. Conclusions

REE distribution patterns in weathering soil profiles and mobile so-
lutions are consistent with fractionation across the lanthanide series
during variable release from primary minerals and differential re-
precipitation in secondary (organo-)mineral complexes. REE fraction-
ation resulted in an HREE enrichment in streamwaters, consistent
with a strong correlation between REE with DOC concentrations, and a
prevalence of organo-REE complexes. These results signal a strong role
for bioticmediation of REE chemical denudation, and that REEs are reac-
tive tracers of biological weathering. Soluble organic matter does not
exert the sole control over REE fractionation; the data also indicate an
important effect of Fe and Al-(oxy)hydroxides colloids as mobile sor-
bents for REE (and therefore probably other trace metals as well). But
even in this case, surface complexation of natural organic matter is ex-
pected to enhance the mobilization of such colloids in the weathering
profile by enhancing their negative surface charge.

The presence of positive Eu-anomalies in regolith can be attributed
to dust deposition as indicated by a substantive eolian fraction (decreas-
ingwith depth) that is enriched in Eu relative to parent rock. Positive Eu
anomalies in pore water solutions and stream waters are attributed to
dissolution of that dust as well as preferential dissolution of feldspars
derived from the rhyolitic parent material.

Cerium anomalies in both soils and pore waters are observed to be
related to spatially and temporally varying redox status, with reducing
conditions dominantly associated with the pulsed release to soils
of water with high DOC concentration early in snowmelt. Negative
Ce-anomalies in pore waters can be used as a proxy for oxic conditions
because of adsorption/co-precipitation of Ce(IV)with Fe andMn oxides
or cerianite precipitation. Conversely, during initial snowmelt when
soils are water saturated and DOC concentrations are high, pore waters
yield [Ce / Ce*]RT ≥1, indicating microbially-active, sub-oxic conditions
wherein Ce(III) oxidation is precluded, and reductive dissolution of
Ce(IV) from secondary mineral forms is enhanced.
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