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Uranium-series isotopes are emerging as a tool to characterize weathering and soil forming processes in the Crit-
ical Zone. This study seeks to understand the behavior of U-series isotopes during chemical weathering and soil
formation in the semi-arid and lithologically complex volcanic terrain (rhyolitic volcaniclastics and tuff) of the
Valles Caldera, NewMexico (USA). A comprehensive set of samples from the Jemez River Basin Critical Zone Ob-
servatory, including bedrock, soils, dust, soil sequential extracts, soil pore water, spring water, and streamwater,
was systematically investigated. (234U/238U) values measured in four soil profiles ranged from 0.90 to 1.56 and
(230Th/238U) values ranged from 0.48 to 1.39. Significant 230Th enrichment in shallow soil profiles was
interpreted as evidence of mixing with 230Th-enriched volcanic ash during soil formation. Evidence of past epi-
sodic mixing of volcanic ash in these soils suggests modeling soil formation using amass balance approachwith-
out considering possible atmospheric inputs is problematic, and future applications of existing models in
heterogeneous volcanic soils should be applied cautiously. Significant 234U enrichment in one soil profile was
interpreted as evidence of addition of U to soils from 234U-enriched soil solutions. Soil sequential extraction con-
firms that most of the U is contained in organo-metal colloid and exchangeable forms in shallow soils of this
profile.
U-series isotopes have also shown promise as a tracer of water residence time and mixing of different water
sources. In this study, (234U/238U) ratios for dissolved U are used to trace seasonal variation in source water con-
tributions to stream flow in a small (3.29 km2), headwater catchment within the Valles Caldera. Systematically
lower (234U/238U) values (ranging from1.7 to 2.8)were observed in dissolvedU in spring and streamwaters dur-
ing snowmelt compared to dry seasons ((234U/238U) ranging from 1.9 to 3.1) in conjunction with greater contri-
butions of deeper groundwater sources as suggested by major element tracers Cl and Si. The lower (234U/238U)
values in deeper groundwater, in contrast to previous studies, were attributed to progressive depletion of
easily-weathered 234U with increasing duration of water-rock interaction and increasing chemical dissolution.
Further studies with more quantitative age tracers, such as 3H, could help to establish the influence of residence
time on stream source waters' (234U/238U) values. If established, (234U/238U) could be a powerful tracer of water
sources and residence time in stream waters at the catchment scale.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Chemical weathering is an important earth surface process that
transfers nutrients from earth materials to the biosphere, forms soils
with capacities for water retention, ion exchange and carbon stabiliza-
tion, and provides a drawdown of atmospheric CO2 over geologic time-
scales (e.g., Berner et al., 1983). Understanding controls on chemical
weathering and soil formation rates is important to determine long
term landscape evolution and sustainability of the critical zone, the dy-
namic region of Earth's surface where bedrock, water, soil, and life
interact (e.g., Chorover et al., 2011). Specifically, quantifying the rate
at which soils are produced at the weathering front vs. the rate they
are eroded at the land surface is crucial to evaluate the sustainability
of soil resources,which support human civilization in an era of changing
climate and ever growing population (e.g., Brantley et al., 2007; Dosseto
et al., 2011, 2012; Montgomery, 2007; Wilkinson and McElroy, 2007).

Fueled by recent advances in analytical techniques andmass balance
models, uranium-series (U-series) isotopes are an emerging and poten-
tially powerful tool for characterizing weathering processes in the criti-
cal zone at both long (millennial) and short (decadal to centennial) time
scales. Inweathering profiles, U-series isotopes have been used to calcu-
late soil production rates and soil particle residence times (Chabaux
et al., 2003a, 2003b, 2008, 2013; Dequincey et al., 2002; Dosseto et al.,
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2008, 2012; Handley et al., 2013; Ma et al., 2010, 2013; Mathieu et al.,
1995; Porcelli and Swarzenski, 2003). These residence times represent
the time it takes since onset of chemical weathering for a soil particle
to move upward (relatively) towards the surface in a soil profile before
being eroded at the surface. Although there is a scientific consensus on
the use of current U-series isotopemass balancemodels to calculate soil
production rates and residence times, great care must be taken to cor-
rectly interpret time information when applied to specific systems
(Chabaux et al., 2011). More studies in soil profiles across ranges of cli-
mate and lithology are needed to better establish the use of U-series
modeling in weathering studies and to generate a broader dataset to
document the behavior of U-series isotopes (e.g. Chabaux et al., 2008;
Keech et al., 2013). Several recent U-series studies have focused on
soils in granitic terrains and shale bedrock (e.g. Dequincey et al., 2002;
Ma et al., 2010; Mathieu et al., 1995), while few have focused on other
terrains, such as volcanic soils (Dosseto et al., 2012). Additionally,
most previous studies have often focused on humid tropical or temper-
ate climates, with few studies focusing on water-limited regions (e.g.
Dosseto et al., 2012). Due to the wide occurrence of water-limited re-
gions and the important role of volcanic soils in chemical weathering
processes, studies of such systems will provide an important end-
member to understand the behavior of U-series isotopes across ranges
of climate and lithology.

U-series isotopes also show promise in understanding shorter-term
weathering processes and modern hydrologic partitioning
(e.g., Chabaux et al., 2008; Bagard et al., 2011; Maher, 2011; Maher
et al., 2014; Robinson et al., 2004). The U-series composition of stream
waters has been used to calculate the contribution of different water
sources, such as deep and shallow groundwater, to stream flow
(e.g., Bagard et al., 2011; Durand et al., 2005; Riotte and Chabaux,
1999; Schaffhauser et al., 2014). Although many studies have focused
on the U-series isotope composition of large river systems to under-
stand basin-scale erosion rates (e.g. Robinson et al., 2004; Vigier et al.,
2001), few have investigated the use of U-series isotopes as a tracer of
different water sources to stream flow in small headwater catchments
(Schaffhauser et al., 2014), especially in semi-arid regionswhere stream
flow generation is greatly affected by water sources with different resi-
dence time and various flow paths (e.g. Liu et al., 2008a, 2008b).

This study aims to understand the controls on U-series signatures of
soils in an un-channeled, zero order basin (ZOB) on Redondo Dome in
the Valles Caldera National Preserve (VCNP), in northern New Mexico,
in order to investigate the applicability of U-series mass balancemodels
to calculating soil formation rates in this complex volcanic terrain (rhy-
olitic volcaniclastics and tuff) under a sub-humid climate. Given the
complex volcanic setting of the VCNP, our objective was to characterize
theU-series composition of soils on RedondoDome, under the influence
of mixing with atmospheric dust and, potentially, volcanic ash, in addi-
tion to chemical weathering processes. We also investigated the behav-
ior of U-series isotopes in spring and stream waters over a one year
period (May 2012 to November 2012) at the catchment scale in the La
Jara stream basin, a small headwater catchment draining Redondo
Dome (containing the ZOB mentioned above nested within it), in
order to evaluate the potential of using U-series isotopes, combined
withmajor element chemistry, as indicators of seasonal variation in res-
idence time and source water contributions to stream flow at the small
catchment scale.

2. Background

In unweathered bedrock older than ca. 1Ma, the 238U decay series in a
closed system operates at secular equilibrium, where the activity (=λN,
where N is number of atoms and λ is the isotope's decay constant) of
each isotope is equal. 238U decays with a half-life (T1/2) of 4.5 Gyr to pro-
duce short-lived 234Th (T1/2 = 24.1 d), then 234Pa (T1/2 = 6.70 h), 234U
(T1/2 = 244 kyr), and 230Th (T1/2 = 75 kyr). During water-rock interac-
tion, physical and chemical processes preferentially remove different U
and Th isotopes from the system, disturbing the secular equilibrium and
causing variations in activity ratios of (234U/238U) and (230Th/238U) (pa-
rentheses denote activity ratios hereafter). For example, the recoil force
of daughter 234Th (and 234U) when ejected from its parent 238U during
alpha decay creates 234U/238U isotope fractionation during weathering.
The 234Th atom may be ejected from a soil particle directly into a fluid
phase, or into an adjacent soil grain, damaging the mineral lattice and
making daughter isotope 234U more easily removed from the solid
phase during chemical weathering (e.g. Fleischer, 1982). Both of these
mechanisms contribute to the preferential release of 234U over 238U to so-
lution during weathering, although the relative importance of each is not
well understood andmay vary between different systems (Chabaux et al.,
2008).

Furthermore, under oxic conditions U6+ is soluble, commonly as the
UO2

2+ uranyl cation, and behaves conservatively in natural waters (e.g.
Hodge et al., 1996), whereas Th is insoluble and tends to bind to solid sur-
faces (Gaillardet et al., 2005; Langmuir, 1997). Thus, the relative mobility
of these U-series isotopes is thought to be 234U N 238U N 230Th ≅ 232Th (e.g.
Chabaux et al., 2003a, 2003b, 2008; Dosseto et al., 2008; Ma et al., 2010;
Vigier et al., 2001). For these reasons, weathered soils tend to have
(234U/238U) b 1 and (230Th/238U) N 1 while solution phases tend to have
(234U/238U) N 1 and (230Th/238U) ≪ 1. The degree of disequilibrium in
weathered soils and waters is dependent on the extent and duration of
weathering processes, and can be used to trace the development of the
weathering front of major U-bearing and soil forming minerals in a soil
profile (e.g. Chabaux et al., 2003a, 2003b). U-series isotopes have been
used for this purpose to estimate timescales of chemical weathering pro-
cesses across a range of spatial and temporal scales in weathering clasts,
soil profiles, aquifers, and river catchments (e.g., Bourdon et al., 2009;
Chabaux et al., 2003a, 2003b, 2008; Dosseto et al., 2008, 2011, 2012;
Handley et al., 2013; Keech et al., 2013; Ma et al., 2010; Mathieu et al.,
1995; Pelt et al., 2008; Plater et al., 1994; Vigier et al., 2001, 2006). In ad-
dition to chemical weathering, other processes can influence the U-series
isotopic composition of soils. Studies have shown that precipitation of U
from a previously 234U enriched soil water can result in soils with
(234U/238U) N 1 (e.g. Andersen et al., 2013; Chabaux et al., 2008; Dosseto
et al., 2012; Ma et al., 2010). Atmospheric dust deposition has also been
shown to influence the U-series composition of soils, although relatively
few studies have focused on this subject (e.g. Oster et al., 2012; Pelt
et al., 2013).

Many previous studies have focused on the use of (234U/238U) dis-
equilibrium signatures in water as a tracer of chemical weathering pro-
cesses in aquifers and watersheds (e.g. Chabaux et al., 2003a, 2003b,
2008). (234U/238U) ratios in springs and deep groundwater have been
shown to increasewith increasing rock/water interaction and residence
time (Kronfeld, 1974; Kronfeld et al., 1994; Osmond and Cowart, 1992;
Tricca et al., 2001). High (234U/238U) ratios in deep groundwatermainly
develop when groundwater flows through a redox front in the aquifer
and U solubility decreases significantly under reducing conditions (e.g.
Langmuir, 1997; Drever, 1997). Due to the decreased U concentrations
in groundwater, the alpha recoil effects from the U-enriched aquifer
matrix are enhanced, and groundwater can acquire abnormally high
(234U/238U), e.g. up to ~10 in deep carbonate aquifers of Texas and
South Africa (Osmond and Cowart, 1992; Kronfeld et al., 1994). Streams
that receive contributions from such a deep groundwater water reser-
voir generally show increasing (234U/238U) along their flow paths or
with increasing residence time (e.g. Riotte et al., 2003; Bagard et al.,
2011; Schaffhauser et al., 2014).

In addition to flowpaths and residence times, thedegrees of U-series
disequilibrium in surface and soil waters are also controlled by environ-
mental factors including climatic, geological and hydrologic conditions
(e.g. Chabaux et al., 2003a, 2003b, 2008; Maher et al., 2006, 2014;
DePaolo et al., 2006; Robinson et al., 2004; Andersen et al., 2009;
Pogge von Strandmann et al., 2010; Oster et al., 2012). For example, riv-
ers that flow in hot and dry climates have (234U/238U) of ~2.0–3.0 due to
enhanced alpha recoil by high physical weathering rates; these
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relatively high values are in contrast to low (234U/238U) of 1.1–1.3 that
are commonly observed in rivers from wet and warm climates with
high chemical weathering rates (e.g. Kronfeld and Vogel, 1991;
Kronfeld et al., 1994; Robinson et al., 2004; Andersen et al., 2007,
2009; Chabaux et al., 2003a, 2003b, 2008; Oster et al., 2012). Further-
more, near congruent weathering of minerals occurs in carbonate ter-
rains produces (234U/238U) ratios close to unity (less preferential
removal of 234U), whereas incongruent weathering of granitic minerals
can produce waters with elevated (234U/238U) values (e.g. Chabaux
et al., 2008). Andersen et al. (2009) show that during weathering of
granite, the (234U/238U) ratio of waters first increases and then de-
creaseswith increasing duration of water-rock interaction. The decreas-
ing trend of (234U/238U) is due to the progressive removal of a finite pool
of easily-weathered 234U produced over time in the source material
(Andersen et al., 2009). Therefore, subsurface environmental conditions
(e.g., redox state, saturation index, and available aquifer surfaces for U
precipitation) may play a major role in generating different U isotope
Fig. 1.Overviewof the study areawithin theValles Caldera National Preserve (VCNP). (A) Locat
Redondo Peak. Dust traps, flux tower, LJC and Redondo Meadow flume locations are also show
cations are shown in blue and red circles, respectively. (D) Instrumented soil pits used in this
1 m resolution digital elevation map (Pedrial et al., 2014).
fractionation trends with water/rock interactions (e.g. Maher et al.,
2014). Seasonal variations in the (234U/238U) of stream and springwaters,
in combination with major element tracers such as a geochemically con-
servative tracer (Cl) (Kirchner et al., 2010) and an indicator of residence
time (Si) can shed light in understanding catchment scale heterogeneity
in subsurface flow paths, water transit times, seasonal variations in
water sources to stream flow (e.g. Liu et al., 2008a, 2008b).

3. Study area

This study focuses on the La Jara catchment, a small (3.29 km2, ele-
vation 2702–3429 m) headwater catchment draining Redondo Dome,
a resurgent volcanic dome located within the VCNP in the JemezMoun-
tains, northwest of Albuquerque, NM (Fig. 1). Within the La Jara catch-
ment is a zero order basin (ZOB; no stream channel; Fig. 1D) with two
hillslopes of east and west-facing aspects, which is the focus of soil
chemistry investigations in this study. The La Jara catchment, including
ion of study sitewithin VCNP inNewMexico. (B) The La Jara Catchment (LJC) is outlined on
n. (C) The Zero-Order Basin (ZOB) is outlined within LJC. Spring and stream sampling lo-
study are shown within the ZOB. Background maps are modified from a LiDAR-derived
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the ZOB, is part of the Jemez-River Basin Critical Zone Observatory (JRB-
CZO; Chorover et al., 2011). The climate of the study area is montane
and sub-humid to semi-arid with high inter-annual variability
(Broxton et al., 2009). Annual temperatures average −1 °C in winter
and 11 °C in summer (Zapata-Rios et al., 2015b). Snow accounts for ap-
proximately half of the annual precipitation (Gustafson et al., 2010),
with an average maximum snow water equivalence of 255 mm from
1981 to 2012. The remaining precipitation falls as rain mostly during
the monsoon season, and total summer precipitation around Redondo
Dome varied from 245 mm to 301 mm in 2012 (Porter, 2012). Snow-
melt is the dominant source of “deep” groundwater recharge in the
study area (Perdrial et al., 2012; Porter, 2012). Vegetation on Redondo
Dome consists of a mixed conifer forest dominated by Douglas fir,
white fir, blue spruce, and aspen above 2740 m, and ponderosa pine
and Gambel oak shrublands below 2740 m (Muldavin and Tonne,
2003a, 2003b).

3.1. Geological setting

The VCNP is located at the intersection of the Rio Grande Rift, which
extends from the Rocky Mountains to Chihuahua, Mexico, and the
Jemez Lineament, a chain of volcanic fields extending from Colorado
to Arizona (Muldavin and Tonne, 2003a, 2003b). The Valles Caldera
formed 1.23 Ma. After its collapse at 1.14 Ma, the caldera filled with
ash and rock fragments that formed the Bandelier tuff, one of the dom-
inant bedrock types in the VCNP (Muldavin and Tonne, 2003a, 2003b).
Several resurgent and eruptive volcanic domes, including Redondo
Dome, formed 54kyr after the caldera collapsed, and there has been vol-
canic activity in the area as recent as 40 ka (Wolff et al., 2011). Most of
Redondo Dome, including the La Jara ZOB, is underlain by Pleistocene
aged rhyolitic volcaniclastics.

The dominant soils on Redondo Dome are well drained Andisols,
Alfisols, Mollisols and Inceptisols (Muldavin and Tonne, 2003a,
2003b). Soils were derived from somemixture of the end-member bed-
rock types including the Bandelier Tuff, an older porphyritic rhyolite,
volcanic ash and atmospheric dust. The bedrock within the La Jara
ZOB is comprised mostly of mixed volcaniclastics including rhyolite
(47%) and Bandelier Tuff (53%) that contact in the central valley of the
ZOB (Supplementary Fig. A1). For this study, the aerial extents of each
parent material were used to calculate a uniform ZOB-averaged parent
material composition (Vazquez-Ortega et al., 2015, 2016). Although
the bedrock distribution in the ZOB geologic map is relatively simple,
Table 1
Zero-Order Basin soils geochemistry.

Soil pit Sample ID Horizon Depth (cm) U (mg/kg)

Pit 1 843 O 2 2.2
844 A 10 2.6
845 B1 30 2.3
846 B2 46 2.4
847 B3 76 2.4

Pit 3 854 O 2 4.9
855 A 13 7.8
856 AB 29 9.5
857 B1 50 7.5
858 B2 74 3.48
859 B3 104 3.42

Pit 4 860 O 5 3.05
861 A 18 3.72
862 AB 37 3.67
863 B 67 4.13
864 BC 103 3.86

Pit 6 870 O 1 2.09
871 A 10 2.6
872 B1 31 2.34
873 B2 50 2.26
874 B3 79 2.77
the observed soil structures are complex. For example, Rasmussen
et al. (2012) identified clear discontinuities in parentmaterial within in-
dividual soil profiles in the ZOB (Supplementary Fig. A2). On the west-
facing hillslope, the soils profiles exhibit colluvial rhyolite overlaying
altered tuff, and on the east-facing hillslope the profiles are predomi-
nantly colluvial rhyolite; both hillslopes exhibited geochemical and
morphologic influence of dust in the upper 5 cm of the mineral soil
(Rasmussen et al., 2012; Vazquez-Ortega et al., 2015, 2016).

Previous studies on soils in the ZOB have shown thatmostmajor and
trace lithogenic elements are consistently depleted relative to the ZOB
averaged parent material (Porter, 2012; Vazquez-Ortega et al., 2015,
2016). However, an enrichment in Mg and Ca has been observed in
some upper soil profiles, attributed to biocycling, where the surficial ac-
cumulation of decaying organic matter releases these elements to sur-
face soils (Porter, 2012), and/or fire, which leaves Mg and Ca behind
after combustion of organic matter (Chorover et al., 1994; Lavoie et al.,
2010). Manganese enrichment in surface horizons was interpreted as
evidence of atmospheric dust, whichwas highly enriched inMn relative
to the ZOB averaged parent material (Porter, 2012).

3.2. Hydrological setting

The La Jara catchment drains a southeast-facing portion of Redondo
Dome and supports a perennial stream (Fig. 1C). Stream flow genera-
tion, pathways, and water transit times have been investigated for the
La Jara catchment using multi-year hydrologic observations, geochemi-
cal tracers (major elements and δ18O), and end-membermixingmodels
(Liu et al., 2008a, 2008b; Broxton et al., 2009; Zapata-Rios et al., 2015a,
2015b). The water end-members that contribute to stream flow in the
La Jara catchment include: 1) runoff directly generated from snowmelt
and monsoonal rainfall; 2) subsurface lateral flow (or shallow ground-
water with similar composition to high elevation springs); and
3) deep groundwater (similar composition to low elevation springs;
Fig. 1B). Direct precipitation and overland flow do not contribute signif-
icantly to stream flow (Broxton et al., 2009; Liu et al., 2008b). The sub-
surface lateral flow is a unique process for stream flow generation at
the La Jara catchment (e.g. Liu et al., 2008a). The high elevation areas
in La Jara have deep and well-drained soils (Mirand Alanos complexes;
Redondo-Rubble land associations, Redondo coarse sandy loams,
Redondo cobbly coarse sandy loams and Calaveras loams; Muldavin
and Tonne, 2003a, 2003b; Liu et al., 2008a). The well-drained soils pre-
vent the generation of infiltration-excess overland flow and facilitate
Th
(mg/kg)

(234U/238U) (230Th/238U) g TOC/kg soil

6.6 0.97 1.21 163.09
7.3 0.96 1.05 14.01
7.6 0.95 0.99 3.05
8.5 0.91 0.98 2.75

10.6 0.92 0.87 2.25
5.8 1.56 0.48 263.50

10.2 1.49 0.53 49.92
12.5 1.53 0.49 14.20
10.8 1.48 0.55 8.03
9.52 1.00 0.80 1.83
9.49 0.95 0.80 1.65
9.18 1.00 1.08 95.05

11.6 0.97 1.00 29.19
10.6 0.97 0.98 28.98
12.9 0.97 0.98 9.44
14.7 0.92 1.07 3.85
5.91 0.97 1.39 293.08
7.39 0.98 1.02 15.69
7.03 0.96 0.98 4.52
8.22 0.90 0.93 2.89

10.9 0.95 1.01 1.74



Table 2
La Jara Zero-Order Basin bedrock and Valles Caldera National Preserve dust chemistry. NA = not analyzed.

Sample ID Sample type U (mg/kg) Th (mg/kg) (234U/238U) (230Th/238U)

Rhyodacite 1 ZOB bedrock 2.7 10 NA NA
Rhyodacite 2 ZOB bedrock 3.09 10.8 NA NA
Rhyodacite 3 ZOB bedrock 2.94 10.2 NA NA
White tuff 1 ZOB bedrock 3.03 19.7 NA NA
White tuff 2 ZOB bedrock 4.4 16.6 NA NA
White tuff 3 ZOB bedrock 4.53 15.8 NA NA
VCNP high elev. Dust 1.48 6.68 0.97 1.15
VCNP mid elev. Dust 1.40 5.67 0.97 1.09
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percolation of snowmelt and rainwater. The combination of high infil-
tration and low hydraulic conductivity of the bedrock materials gener-
ates subsurface lateral flow along the soil-bedrock interface (Liu et al.,
2008a). Other deeper groundwater end-members may exist at greater
depths within the Valles Caldera but do not contribute to the La Jara
catchment.

The fractional contribution of these water sources to La Jara stream
varies seasonally (Liu et al., 2008a; Porter, 2012). During the snowmelt
season, infiltrating snowmelt creates a larger hydraulic gradient in the
subsurface, pushing out greater contributions of deeper, longer resi-
dence time groundwater to stream flow under high flow conditions.
This was observed as a pulse of base cations and DIC in stream flow dur-
ing snowmelt in 2010. A pulse of soil-derived solutes (DOC, Al, Fe, triva-
lent lanthanides) was also observed in snowmelt in 2010, indicating
flushing of organo-metal complexes from shallow soils during snow-
melt infiltration (Vazquez-Ortega et al., 2015, 2016). During the rest of
Fig. 2. Tau plots for U and Th in Zero-Order Basin soils, normalized to immobile element titaniu
soils frompits 1, 4, and 6U and Th show similar depletion profileswith decreasing depth. In soils
to precipitation of U from soil waters.
the year, stream flow is at low flow conditions and controlled by a con-
sistent mixture of mostly shallow groundwater with some influence of
deeper groundwater.

Mean transit times of waters in the La Jara catchment were estimat-
ed to be ~0.3 to 0.4 years based on oxygen and deuterium water
isotopes (Broxton et al., 2009), and 5.9 to 9.6 years based on tritium
analysis (Zapata-Rios et al., 2015a). These “age” ranges likely represent
only a portion of the transit time distribution of La Jara waters, due
to flow path heterogeneity in the subsurface (e.g. McGuire and
McDonnell, 2006) and the time resolution of the tracers used.

Weathering of Ca-rich (anorthite) and Na-rich (albite) plagioclase
feldspar minerals is the dominant source of base cations to La Jara
stream flow (Porter, 2012). Vazquez-Ortega et al. (2015) observed pos-
itive europium anomalies in soil, soil solution, and stream water sam-
ples in the La Jara catchment, further supporting the dominance of
plagioclase weathering in controlling stream solute composition. Ca/Sr
m. The vertical line at 0 represents no loss or gain of element relative to parentmaterial. In
frompit 3, a strongU enrichment profile is shownwith decreasing depth. This is attributed



Fig. 3. (234U/238U) and (230Th/238U) in Zero-Order Basin soil pits. The vertical line at 1 represents secular equilibrium, where isotope activities are equal. (234U/238U) in soils from pits 1, 4,
and 6 trend towards equilibrium with decreasing depth in the upper profiles. Soils in pit 3 display significantly enriched (234U/238U) in the upper profile. Soils in pits 1, 4, and 6 show
(230Th/238U) enrichment with decreasing depth in the upper profiles likely due to mixing with volcanic ash. Soils in pit 3 show (230Th/238U) depletion with decreasing depth likely due
to addition of 238U. Measurement error bars are smaller than sample symbols.
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ratios and Sr isotope ratios also indicated that weathering of trace dis-
seminated calcite in La Jara soils and bedrock likely contributes solutes
to stream flow, in addition to amorphous volcanic minerals likely with
variable chemical composition (Porter, 2012).
4. Materials and methods

4.1. Soils

Six soil pedons were excavated forming two east–west transects
across the La Jara ZOB in September of 2010. Bulk soil samples were col-
lected by morphologic horizons, air dried, sieved to recover the b2 mm
fraction, mixed until homogenous, and stored at room temperature.
Total elemental concentrations (U, Th, and Ti) were analyzed using
ICP-MS (Perkin Elmer DRC II, Shelton, CT) following lithiummetaborate
fusion (Activation Laboratories, Ancaster, Ontario), with typical errors
of 2–3%.
Fig. 4.Umass balance from sequential extraction analysis on soil horizons from pits 1 and 3. U%
held in the residual solid phase,whereas in theupper horizons of pit 3most of theU is held in the
precipitation processes.
Four soil profiles (Pedons 1, 3, 4, 6; Fig. 1D), two from each hillslope,
were chosen for U-series isotopes analysis. Sample splits of the b2 mm
fraction from each horizon were ground with an agate mortar and pes-
tle and micronized with ethanol in a McCrone Mill. At the University of
Texas at El Paso U-series Isotope Analytical Laboratory, ca. 100 mg of
each sample were spiked with a mixed artificial 233U–229Th tracer for
measuringU and Th isotopic ratios and concentrations. USGS rock refer-
ence standards (BCR-2 and W-2a) were analyzed along with samples
for data quality assurance. Samples were fully dissolved using a three-
step procedure using HNO3–HF, HClO4, and HCl–H3BO3 acids. U and
Thwere separated from solution and purified using conventional cation
exchange chromatography (Ma et al., 2010; Pelt et al., 2008). U concen-
trations and isotopic ratios (234U/238U and 233U/238U) were measured
on a Nu-plasma MC-ICP-MS using ~50 ng of U per sample. The
standard-sample bracketing technique (with NBL 145B as the U
bracketing solution) was used to correct for mass discrimination and
drifting of ion counter/faraday cup gains during measurements. Uncer-
tainties on U isotope ratios and U concentration were better than ~1%.
is shown in each of the targeted phases in the extraction. In soils from pit 1,most of the U is
organo-metal colloid phase and the exchangeablephase, indicative of external U addition/



Table 3
La Jara soilwater samples.

Sample ID Soil pit Depth (cm) (234U/238U) U (μg/L)

G543 3 15 1.65 0.56
G544 3 38 1.66 0.89
G545 3 79 1.58 0.74
G552 1 3 1.10 0.25
G554 1 59 1.11 0.10
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Measured values for W-2a were: (234U/238U) = 1.004 ± 0.004 and U
concentration = 0.501 ± 0.002 ppm (n = 7; 2SD); measured values
for BCR-2 were: (234U/238U) = 1.003 ± 0.001 and U concentration =
1.686 ± 0.010 ppm (n= 2; 2SD); both are in agreement with certified
reference values: W-2a (234U/238U) = 1.000 and U concentration =
0.51±0.01 ppmandBCR-2 (234U/238U)=1.000 andU concentration=
1.69 ± 0.02 ppm (Sims et al., 2008). U procedural blanks were ~20 pg.
The concentrations and isotope ratios (229Th/232Th and 232Th/230Th)
were measured on the same instrument using ~60 ng of Th per sample,
with an in-house 229–230–232Th solution as the bracketing standard.
The in-house Th solution was calibrated with IRMM 035 and IRMM
036 Th standards. Uncertainties on Th isotope ratios and Th concentra-
tion were better than 1%. Measured values for W-2a were:
(230Th/232Th) = 0.712 ± 0.007 and Th concentration = 2.15 ±
0.01 ppm (n = 7; 2SD); measured values for BCR-2 were:
(230Th/232Th) = 0.882 ± 0.005 and Th concentration = 5.85 ±
0.05 ppm (n= 2; 2SD); both are in agreement with certified reference
values: W-2a (230Th/232Th) = 0.714 and Th concentration = 2.15 ppm
and BCR-2 (230Th/232Th) = 0.877 ± 0.003 and Th concentration =
5.88 ± 0.03 ppm (Sims et al., 2008). The measured (230Th/238U) ratios
for BCR2 andW-2 were 1.000 ± 0.012 and 1.001 ± 0.012, respectively.
Both values are at secular equilibrium as expected. Th procedural blanks
were ~40 pg.

4.2. Bedrock

Representative rock samples of the two bedrock types (Bandelier
tuff and rhyolite) were crushed and unweathered rock fragments
Table 4
La Jara Spring and Stream Samples. BDL = below detection limit.

Sample ID Type Location description Season pH

S744 Spring West Fork La Jara spring Snowmelt 7.25
S745 Spring South spring Snowmelt 7.23
S747 Stream 1st La Jara West Fork Snowmelt 7.64
S748 Stream 2nd La Jara West Fork Snowmelt 7.15
S749 Stream ZOB fork Snowmelt 7.77
S750 Stream 1st La Jara, downstream of ZOB fork Snowmelt 7.69
S752 Stream 2nd La Jara Snowmelt 7.57
S753 Stream 3rd La Jara, upstream of Seep Snowmelt 7.45
S751 Spring La Jara seep Snowmelt 5.62
S754 Stream Upper La Jara flume Snowmelt 8.16
S759 Spring Redondo Meadow (outside La Jara) Snowmelt 7.4
S939 Spring West Fork La Jara spring November 7.88
S940 Spring South spring November 7.39
S941 Stream 1st West Fork November 7.55
S942 Stream 2nd West Fork November 7.07
S943 Stream 3rd West Fork upstream of ZOB fork November 7.12
S944 Stream 1st La Jara, downstream of ZOB fork November 7.06
S945 Stream 2nd La Jara November 7.17
S946 Stream 3rd La Jara, upstream of seep November 7.48
S947 Spring La Jara seep November 7.25
S948 Stream Upper La Jara flume November 7.86
S949 Stream Lower La Jara flume November 7.37

Fig. 5. a. (234U/238U) values of spring and stream waters collected during May 2012 (snow m
elevation map (Pedrial et al., 2014). b. (234U/238U) values of spring and stream waters collec
derived 1 m resolution digital elevation map (Pedrial et al., 2014).
selected for mineralogical analyses by X-ray diffraction (PANalytical
X'Pert Pro MPD) at the University of Arizona Center for Environmental
Physics and Mineralogy and chemical analyses by X-ray fluorescence
(Spectro Xepos) at the Arizona Laboratory for Emerging Contaminants
(ALEC). The distribution of the two dominant parent materials in
the ZOB is complex and so a weighted-average of the two rocks types
was used in this study, 47% rhyolite and 53% tuff, to represent a single
parent material composition for ZOB soils (Vazquez-Ortega et al.,
2015a, 2016).

4.3. Dust

Atmospheric dust samples were collected at two locations in the
VCNP, one high elevation site (3242 m) close to the La Jara ZOB and
one mid elevation site (2825 m) on Redondo Dome (Fig. 1B). Dust
traps were constructed from a circular cake pan (450 cm2) filled with
glass marbles and covered with wire mesh. The traps were secured to
a metal post ~1.5 m above ground. The samples were collected over a
period from Oct. 15, 2011 to Sept. 21, 2012. Both samples were subject-
ed to lithium metaborate fusion. The mixture was placed in a 1000 °C
muffle furnace and the resulting molten bead was fully dissolved in
10% HCl. The solutionswere further diluted with 1% HNO3 prior to anal-
ysis by ICP-MS (Elan DRC-II) in ALEC. U and Th concentrations and iso-
tope ratios were measured in bulk dust samples at the University of
Texas, El Paso U-series Isotope Analytical Laboratory using the proce-
dures outlined above.

4.4. Sequential extraction of soil samples from selected excavated pedons

In order to quantify themineral and organic components controlling
the fate of U in ZOB soils, a sequential extraction scheme (Supplementa-
ry Table A1, modified after Land et al., 1999; Laveuf et al., 2012 and also
employed in Vázquez-Ortega et al., 2016) was performed on soil hori-
zons in Pedons 1 and 3. Pedon 3, located on a convex hillslope, was cho-
sen due to its anomalously enriched (234U/238U) signatures and Pedon
1, located on a planar hillslope, was chosen for comparison. The frac-
tionation scheme resulted in six chemically distinct fractions, namely,
water soluble, adsorbed, exchangeable and carbonate bound (Step 1),
reductive dissolution of Mn(IV)-oxides such as birnessite (Step 2),
DO (%) Temp (°C) (234U/238U) U (μg/L) Si (mg/L) Cl (mg/L)

60.2 5.2 1.81 0.066 16.17 0.44
59.9 6.5 2.84 0.022 14.51 0.44
62.7 5.2 2.18 0.031 14.76 0.37
62.7 5.1 2.19 0.023 14.98 BDL
64.9 5.9 1.80 0.053 19.72 0.53
64.4 6.2 2.15 0.017 15.41 BDL
62.9 7 2.08 0.018 15.09 BDL
75 7.7 2.03 0.019 14.75 BDL
67.5 5.6 1.94 0.024 14.72 0.47
66.4 8.4 2.03 0.015 13.52 0.38
68.3 16.3 1.68 0.011 17.74 0.52
60.5 4.7 1.86 0.015 19.26 0.60
60.5 7.3 3.09 0.003 9.38 0.38
70.1 1.9 2.52 0.006 10.04 0.57
59.4 0.1 2.36 0.005 10.04 0.58
59.5 0.1 2.40 0.005 10.21 0.60
60.3 0.4 2.27 0.005 10.35 0.59
59.8 1.4 2.23 0.006 9.41 0.77
58.5 2.2 2.16 0.006 9.43 0.76
57.2 5.1 2.27 0.004 9.09 0.47
62.8 0.4 2.25 0.005 9.31 0.64
60.6 0.2 2.25 0.004 8.87 0.72

elt season). Background maps are modified from a LiDAR-derived 1 m resolution digital
ted during November 2012 (dry season). Background maps are modified from a LiDAR-
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dispersion of organo-metal colloids (Step 3), reductive dissolution of
poorly-crystalline Fe-(oxy)hydroxides such as ferrihydrite (Step 4), re-
ductive dissolution of crystalline Fe-(oxy)hydroxides such as goethite
(Step 5), and the residual solids mainly consisting of silicates (Step 6).
Sequential extractions were performed in triplicate on 1.0 g of air-
dried soil, and mean values were reported. Each extraction step was
followed by a rinse with DI water for 30 min with a 1:20 m/V ratio at
room temperature. Extractions and rinses were shaken at 100 relative
centrifugal force (rpm) speed followed by centrifugation at
44,000 rpm for 30 min and then filtered through a 0.2 μm cellulose ac-
etate membrane. The rinses were combined into the supernatant in
each extraction. The residues were then subjected to further extractions
in the following steps until the sequential extraction was completed.
Soil-free “blanks” for the five steps were carried out in triplicate as
well and matrix affects were accounted for during analysis. Samples
were diluted with 1% HNO3 and U concentrations were analyzed via
ICP-MS at ALEC.
4.5. Waters

Surface water grab samples were collected at two high elevation
springs in the La Jara catchment (West Fork spring and South
spring), and at various locations along La Jara stream to capture the
longitudinal variability of aqueous geochemistry and U-series iso-
tope composition. A sample was also collected from Redondo Mead-
ow spring, a low elevation spring located outside the La Jara
catchment, because it best represents the source of a deep ground-
water end-member to La Jara stream (Fig. 1B, C). Grab samples
were collected both in May 2012 (the spring snowmelt season) and
in November 2012 (the dry season) to capture seasonal variability.
Water samples were collected in combusted amber glass bottles
(for carbon and anion analyses) and in acid-washed high density
polyethylene (HDPE) bottles (for major cations and trace element
analyses). Samples were packed on ice, shipped to the University of
Arizona and filtered within 2 days of collection with 0.45 μm nylon
filters. Optima grade nitric acid was added to splits for metal(loid)
analyses to preserve the samples.

Passive capillary wick lysimeters (PCaps) installed at varying
depths in each of the ZOB pedons (Perdrial et al., 2012) were used
to collect soil solution under a constant negative pressure head of
ca. 3 kPa. The PCaps consist of a fiberglass wick covered HDPE plate
that is propped via turnbuckles into contact with the bottom of the
soil horizon of interest. Soil solution is transmitted along the wick
surface through tubing to a carboy that can be evacuated from the
surface. Soil solution samples from three depths in Pedon 3 (15 cm,
38 cm, 79 cm) and one depth in Pedon 1 (3 cm) from snowmelt
2012 were included in this study and analyzed for major and trace
ion chemistry and U-series isotope composition. PCaps have been
shown not to sorb or release U from soil solution and thus are appro-
priate for the given study (Pedrial et al., 2014).

Major and minor cation concentrations, including U, for all water
samples were analyzed by ICP-MS and anion concentrations were
measured by IC, in ALEC at the University of Arizona. At the Univer-
sity of Texas El Paso U-series Isotope Analytical Laboratory, ca. 30 g
of each water sample were spiked with an artificial 233U tracer
(NBL 111a) for measuring U concentrations and (234U/238U). Sam-
ples were then evaporated and processed using the same cation ex-
change procedure as for soil samples. U concentrations and isotopic
ratios (234U/238U) were measured on a Nu-plasma MC-ICP-MS. For
water samples, measured (234U/238U) were corrected for contribu-
tion of 234U from the 233U spike (NBL 111a: 234U/233U = 0.0019).
For data quality assurance, one replicate water sample (S754) was
run without addition of the 233U spike and the (234U/238U) =
2.05 ± 0.01, in agreement with the spiked S754 sample
(234U/238U) = 2.03 ± 0.01.
5. Results

5.1. Bedrock, soils, dust, and soil solution

In ZOB soils (Pedons 1, 3, 4, and 6), U concentrations ranged from
2.09 to 9.50 mg kg−1 and Th concentrations from 6.60 to
14.7mg kg−1 (Table 1). ZOBweighted averagedbedrock concentrations
of U and Th were 3.48 mg kg−1 and 14.1 mg kg−1, respectively
(Table 2). U and Th concentrations in dust, averaged between high
and mid elevation samplers, were 1.44 mg kg−1 and 6.18 mg kg−1, re-
spectively (Table 2). Th concentrations were lower in soils than in bed-
rock in all of the pedons, and U concentrations were lower in most soils
with the notable exception of the upper horizons in Pedons 3 and 4 on
the east-facing ZOB hillslope. U and Th concentrations decreased gradu-
ally from depth towards the surface of Pedons 1, 4, and 6, but showed
significant increases at shallow depths in Pedon 3 (Table 1).

To quantify element depletion and enrichment in ZOB pedons rela-
tive to parent bedrock we calculated mass transfer coefficient values
for U (τ) as a function of depth (e.g. Anderson et al., 2002; Brimhall
and Dietrich, 1987; Brantley et al., 2007):

τj;w ¼ Cj;w
Cj;p

� Ci;p
Ci;w

� �
−1 ð1Þ

where C is concentration of an element: j is the element of interest and i
is the immobile element in weathered (w) and unweathered parent
(p) material. In this study, concentrations were normalized to titanium
(Ti) as an “immobile” element. Values of τ = 0 indicate no change in
an element's soil concentration relative to parent material, whereas
τ N 0 indicates enrichment and τ b 0 indicates depletion in soil relative
to bedrock. Depletion profiles were observed for U and Th in Pedons 1,
4, and 6: U and Th show similar depletion profiles with decreasing
depth. In the surface soils of Pedons 1, 4, and 6, U and Th show large
and similar loss (~50–70%) in relative to Ti, suggesting that weathering
and soil formation processes have similar controls on the mobility of U
and Th in these ZOB pedons. It is noted that the degree of Th loss in
Pedons 1, 4, and 6 is slightly higher than the degree of U loss, probably
suggesting a highermobility of Th relative to U. The enhanced Thmobil-
ity could be due to the presence of organic complexes or loss of Th due to
transport of fineparticles (e.g.Ma et al., 2010). For Pedon 3,we observed
significant enrichment of U at the soil surface and a progressive deple-
tion of Th at depth with moderate enrichment at the surface (Fig. 2).

(234U/238U) values ranged from 0.90 to 1.56 and (230Th/238U) values
ranged from 0.48 to 1.39 in ZOB soils (Pedons 1, 3, 4 and 6). (234U/238U)
valueswere generally less than 1 and increased towards the soil surface
approaching unity (Fig. 3), with the exception again of Pedon 3, which
showed strong 234U enrichment ((234U/238U) N 1) increasing towards
the soil surface. (230Th/238U) values showed general enrichment pro-
files in all pedons (except Pedon 3) towards the surface (Fig. 3). In at-
mospheric dust, (234U/238U) values were 0.97 and (230Th/238U) ranged
from 1.09 to 1.15 in middle and high elevation samples, showing less
variation than soil samples (Table 2).

Sequential extractions reveal stark differences in U-bearing phases
between Pedons 1 and 3 (Fig. 4). In Pedon 1, the residual solid phase
was dominant in the U mass balance, whereas organo-metal colloid
and exchangeable U were dominant in the upper horizons of Pedon 3
(Fig. 4), where enrichment of U (Fig. 2) and elevated (234U/238U)
(Fig. 3) were also observed. The lower horizons of Pedon 3 were similar
to those in Pedon 1, with the bulk of total U measured in the residual
solid phase (Fig. 4). Total organic carbon concentrations in soils ranged
from 1.7 to 293 g kg−1 andwere highly enriched in the surface horizons
(Table 1).

During the snowmelt season in 2012, soil solution U concentrations
were higher in Pedon 3 (0.56 to 0.89 μg L−1) than Pedon 1 (0.10 to
0.25 μg L−1) (Table 3). Likewise, (234U/238U) values were also higher
in Pedon 3 (1.58 to 1.66) relative to Pedon 1 (1.10 to 1.11).



Fig. 6. Si vs. Cl concentrations of spring and stream waters from La Jara Catchment (LJC)
collected during spring snowmelt and in November (dry season). Mixing endmembers
of Precipitation, Shallow Groundwater (represented by La Jara soil, water and spring
samples), and Deeper Groundwater (represented by Redondo Meadow samples, located
outside LJC) are shown (Porter, 2012). Samples collected during the snowmelt season
display a greater contribution of deeper groundwater vs. samples collected during
November, with the exception of the West Fork La Jara spring. Measurement error bars
are smaller than sample symbols.
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5.2. Surface waters

Uranium concentrations in La Jara springs ranged from 0.022 to
0.066 μg L−1 during the snowmelt season in 2012 and from 0.003 to
0.015 μg L−1 during November 2012 (Table 4). Uranium concentration
in the Redondo Meadow spring, located outside of the La Jara catch-
ment, was 0.011 μg L−1 in snowmelt 2012 and was not sampled in No-
vember due to lack of flow. Dissolved (234U/238U) values in La Jara and
Redondo Meadow springs ranged from 1.70 to 2.80 during the snow-
melt season in 2012 (Fig. 5a). During November 2012, (234U/238U)
values of La Jara springs were significantly higher, ranging from 1.90
to 3.10 (Fig. 5b). Si and Cl concentrations in La Jara springs also showed
distinct seasonal variation during the snowmelt and the November dry
season (Fig. 6), with the exception of West Fork spring, which had sim-
ilar concentrations. During the snowmelt 2012, Si and Cl concentrations
in La Jara springs and Redondo Meadow ranged from 14.51 to
17.74 mg L−1 and 0.44 to 0.52 mg L−1, respectively. During November
Fig. 7.Conceptualmodel of U-series behavior in a typicalweathering profile and the effects of vo
(234U/238U) tends to decrease and (230Th/238U) tends to increase towards the surface with
hypothesized influence of volcanic ash and atmospheric dust mixing on the U-series composit
2012, Si and Cl concentrations ranged from 9.09 to 19.3 mg L−1 and
0.38 to 0.60 mg L−1, respectively for La Jara springs.

Uranium concentrations in La Jara stream ranged from 0.015 to
0.053 μg L−1 during the snowmelt 2012 and 0.004 to 0.006 μg L−1 dur-
ing November 2012 (Table 4). Dissolved (234U/238U) values in La Jara
stream ranged from 1.80 to 2.20 during the snowmelt 2012. During No-
vember 2012, stream (234U/238U) values were systematically higher,
ranging from2.20 to 2.50 and similar to those of the La Jara springs. Lon-
gitudinal variation in (234U/238U) values was observed along La Jara
stream in both seasons; values decreasing with distance downstream
and hence with decreasing elevation (Fig. 5). Si and Cl concentrations
in La Jara stream waters also show distinct seasonal variation, with the
snowmelt-season samples having significantly greater Si concentra-
tions (Fig. 6). During the snowmelt 2012, Si and Cl concentrations in
La Jara stream ranged from 13.52 to 19.72 mg L−1 and 0.37 to
0.53mg L−1, respectively, whereas duringNovember 2012, they ranged
from 8.87 to 10.35 mg L−1 and 0.57 to 0.77 mg L−1, respectively.

6. Discussion

6.1. Influence of volcanic ash in ZOB soils

Chemical weathering typically leads to soil profiles with
(234U/238U) b 1 and (230Th/238U) N 1 (Fig. 7), due the relative mobility
of U-series isotopes as 234U N 238 U N 230Th (e.g. Chabaux et al., 2003a,
2003b, 2008; Dosseto et al., 2008; Ma et al., 2010; Vigier et al., 2001).
The atypical trends observed in the upper profiles of ZOB soil Pedons
1, 4, and 6, with (234U/238U) values trending towards unity in surface
horizons (Fig. 3) and marked (230Th/238U) enrichment in surface O-
horizons (Fig. 3), are difficult to generate in the subsurface by chemical
weathering alone and are interpreted to be controlled bymixing of vol-
canic ash and atmospheric dust into surface horizons.

Volcanic activity has occurred in the VCNP as recently as 40–55 Ka
during the El Cajete series of eruptions that included a plinian type
eruption of pumice and ash to form the El Cajete cone (Wolff et al.,
2011). Most of the pumice and tuff from the El Cajete eruption was de-
posited to the east of the eruptive center (away from Redondo Dome)
(Wolff et al., 2011), however it is likely that some ash was deposited
on the dome given the close proximity. In addition, approximately 25
other eruptions have occurred in the Valles Caldera since its collapse
1.2 Ma that could have also contributed ash to Redondo Peak and the
ZOB (Goff, 2009).
lcanic ash and atmospheric dust inputs. (A) Depth profiles of (234U/238U) and (230Th/238U):
progressive weathering. B) Correlation between (234U/238U) and (230Th/238U) due to
ion of soils is shown; chemical weathering and U addition processes are also shown.



Fig. 8. a. (230Th/238U) vs. (234U/238U) on Zero-Order Basin soil samples. In pit 3 soils, the
activity ratios are negatively correlated and show a trend indicative of U addition from
soil solution. Soil samples from pits 1, 4, and 6 show trends indicative of mixing with
volcanic ash and atmospheric dust. Measurement error bars are smaller than sample
symbols. b. Hypothesized mixing line extending to a (230Th/234U) value of zero to
indicate the (234U/238U) value of the shallow groundwater end member contributing
dissolved U to Pit 3 soils (Th assumed insoluble). We interpolate a (234U/238U) value of
~2.5 for the shallow groundwater end member, which is consistent with (234U/238U)
observed in La Jara springs (~2.2–3.1).
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Young (b1 Ma) volcanic rocks and volcanic ash often acquire
(230Th/238U) enrichment due to Th/U fractionation duringmagmamelt-
ing prior to eruption, whereas (234U/238U) in young volcanic materials
tends to be close to unity due to limited U isotope fractionation during
magmatic processes (Fig. 7) (e.g. Asmerom, 1999; Nauret et al., 2012;
Russo et al., 2009). Indeed, the observed U-series signatures in ZOB O-
horizon soils for Pedons 1, 4, and 6, i.e. (234U/238U) ~ 1 and
(230Th/238U) N 1, suggest that U and Th mass balances in shallow soils
were possibly affected by mixing with volcanic ash sourced around
VCNP (Fig. 8a).

Note that the hypothesized range of (230Th/238U) in common volca-
nic ash is 1.0 to 1.3, which is lower than some of the observed ZOB soil
values (up to 1.4; Fig. 8a). Chemical weathering processes on ash-
influenced soils could further increase (230Th/238U) by 238U loss (e.g.
Chabaux et al., 2008). High concentrations of soil organic carbon in the
ZOB O-horizons likely leads to accelerated chemical weathering of min-
eral material by organic acids, consistent with the high (230Th/238U) en-
richment observed in the O horizons of Pedons 1, 4, and 6 (Fig. 3).

Relatively high concentrations of U (1.38 mg kg−1) and Th
(5.82 mg kg−1) measured in atmospheric dust samples collected near
La Jara (Fig. 1B) suggest dust also plays a role in modifying U-series sig-
natures and mass balances in ZOB soils. Indeed, (234U/238U) and
(230Th/238U) values measured in La Jara dust samples were 0.97 and
1.10–1.20 (Fig. 8a), falling within the range of global dust U-series
values compiled by Oster et al. (2012). These values are consistent
with dust having originated from recently weathered soil (Fig. 8a).
This suggests that the current U-series composition of ZOB surface
soils is likely influenced by a combination of past episodic volcanic ash
deposition, local biogeochemical weathering conditions, as well as de-
position of atmospheric dust. The role of dust input in soil formation
has been highlighted for arid and semiarid areas near the Valles Caldera
region. For example, using 87Sr/86Sr ratios and Ca/Sr values in soils from
southern New Mexico, Capo and Chadwick (1999) have demonstrated
that a significant fraction of silicate mass in the uppermost 25 cm of
soil profiles could be atmosphere-derived.

The U-series evidence of deposition of young (b1 Ma) volcanic ash
and dust makes modeling soil formation rates in the ZOB using U-
series isotopes problematic.Most U-seriesmass balancemodels assume
that the evolution of a soil particle in a simple weathering profile origi-
nates from a single parent at secular equilibriumand constant input and
output fluxes of U-series isotopes over time. For example, soil and sap-
rolite formation rates were successfully determined with U-series mass
balance models for mono-lithologic temperate watersheds in Australia
(grano-diorite bedock) and United States (shale bedrock) (Dosseto
et al., 2008; Ma et al., 2010, 2013). In both cases, local lithology was rel-
ative simple and dust inputs to surface soils were negligible (e.g. under
temperate and humid climate conditions). Due to the episodic nature of
ash deposition and dust inputs, we conclude that the application of U-
seriesmodels that assume soil production from a single parent and con-
stant inputs of U-series isotopes over timewould be inappropriate in La
Jara ZOB soils.

6.2. Influence of soil solution on U-series composition of ZOB soil Pedon 3

Values of (234U/238U) in the upper horizons of Pedon 3 exceed 1.5
(Fig. 3), which is much higher than that is typically observed in weath-
ered soils (b1.0, e.g. Chabaux, 2008). High (234U/238U) ratios have been
observed inweatheringprofiles and are often attributed toU sorption or
precipitation into secondary Fe-oxyhydroxide minerals from 234U-
enriched soil solutions (e.g. Andersen et al., 2013; Chabaux et al.,
2008; Dequincey et al., 2002; Dosseto et al., 2008; Ma et al., 2010).
The mass transfer coefficient for U plot for Pedon 3 (Fig. 2) is also char-
acterized as a typical addition profile (Brantley et al., 2007) with exter-
nal sources of U added to soils. The complementary (230Th/238U)
depletion profile (Fig. 3) could have been generated by progressive ad-
dition of 238U, driving down the value of (230Th/238U).
Sequential extraction data confirm that U chemical lability or opera-
tional speciation (Fig. 4) correlates with its total and isotopic U enrich-
ment/depletion in the ZOB soils (Figs. 2 and 3). In Pedon 1, located on
a planar hillslope, silicate and phosphate mineral residuals of the se-
quential extraction contain most of the soil U, and U sorption to inor-
ganic and organic surfaces, or precipitation of metal (oxyhydr)oxide
secondary phases are not dominant processes (Fig. 4). However, in the
upper horizons of Pedon 3, located on a convex hillslope, significant
(234U/238U) enrichment is observed and a large fraction of U is observed
in these more geochemically labile, organo-metal colloids and ex-
changeable forms (Figs. 2 and 3). Such an observation is consistent
with the high affinity of uranyl cation for carboxyl ligands in soil organic
matter (Chabaux et al., 2003a, 2003b), and with the prevalence of
organically-complexed lanthanide series metals in the same soils
(Vázquez-Ortega et al., 2016).

Shallow groundwater observed to discharge near Pedon 3 from up-
slope could be providing a source of 234U-enriched U to upper profile
soils. If we assume that the U in the upper horizons of Pedon 3 is a



Fig. 10. Si vs. (234U/238U) in La Jara spring and stream samples from both the spring
snowmelt and November (dry) seasons. Most samples, with the exception of the South
spring samples, plot along a trend line of decreasing (234U/238U) with increasing Si.
Snowmelt season water samples have higher Si and lower (234U/238U), indicating longer
residence times, while dry season water samples have lower Si and higher (234U/238U)
indicating shorter residence times. Measurement error bars are smaller than sample
symbols.
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mixture between 234U-enriched shallow groundwater and 234U-
depleted residual soils (e.g., lower horizons of Pedon 3), the
(234U/238U) of the 234U-enriched shallow groundwater can be in-
ferred from themixing trend between the upper and lower horizons
in Pedon 3 (Fig. 8a). Assuming (230Th/238U) activity ratios in water
phases equal to 0, the inferred (234U/238U) of the shallow ground-
water for Pedon 3 is ~2.5 (Fig. 8b). Such a high (234U/238U) is consis-
tent with the range of (234U/238U) observed for La Jara springs
(~2.2–3.1) for high elevation sites near the Redondo peak (e.g.
Fig. 5), suggesting that the discharge of shallow groundwater near
Pedon 3 could be hydraulically linked to the springs at higher eleva-
tions. The springs at higher elevations of the La Jara catchment are
characterized by high (234U/238U) due to easily released 234U from
recoil tracks in U-bearing mineral during water-rock interactions
(see Section 6.3).

Soil solution from Pedon 3 had (234U/238U) ranging from 1.58 to
1.66 (Table 3), similar to what is observed in upper Pedon 3 soils
(Table 1), but significantly lower than the inferred (234U/238U) of
the shallow groundwater. In Pedon 1, soil solution (234U/238U)
was relatively lower, ranging from 1.10 to 1.11, also similar to
(234U/238U) in Pedon 1 soils (Table 1). The similar (234U/238U) ob-
served for soil solution and soils in both Pedons 1 and 3 may suggest
that the sampled soil solution reflects contribution only from in-situ
weathering of upper horizon soils (weathered residuals) with no or
limited alpha recoil effects.

It is implied that the shallow groundwater end-member with high
(234U/238U) values (such as ~2.5) was generated from early water-
rock interaction from profiles upslope and then was immobilized in
pedogenic organo-mineral complexes in the upper horizons of Pedon
3. Indeed, due to its landscape position (on a convex hillslope), Pedon
3 receives greater colluvial inputs and has poorer drainage compared
to Pedon 1 (on a linear hillslope). A large enrichment of REE has been
observed in the upper horizons of Pedon 3, whichwas attributed to col-
luvial delivery of organic-REY complexes to this convex site (Vázquez-
Ortega et al., 2016). Accumulation of organic complexes from colluvial
input may lead to the enrichment in U concentration and high
(234U/238U) ratios observed in upper Pedon 3, but not in Pedon 1. The
amounts of U associated with organo-metal colloids correlate well
with the (234U/238U) ratios in bulk soils for Pedon 3 (Fig. 9), suggesting
that the organo-metal colloid component is characterized by high U/Th
and high (234U/238U) signatures. By contrast, no such correlation is ob-
served for Pedon 1 (Fig. 9).
Fig. 9. Strong correlation is observed between (234U/238U) and (230Th/238U) with percent of U
samples from pit 1.
6.3. 234U/238U ratios as an indicator of water residence time and flow path

Previous studies have suggested that the water sources contributing
to stream flow in the La Jara catchment include: 1) runoff directly gen-
erated from snowmelt and monsoonal rainfall; 2) subsurface lateral
flow (or shallow groundwater); and 3) deep groundwater (Broxton
et al., 2009; Liu et al., 2008a, 2008b; Porter, 2012). The fractional contri-
bution of these sources varies seasonally and spatially. In the La Jara
catchment, greater Si concentrations in springs and stream waters dur-
ing the snowmelt season may indicate greater contributions of deep
groundwater with long residence time and flow paths to stream flow,
compared to the fall dry season which has lower Si concentrations and
receives less deep groundwater contribution (Fig. 6). It has been hy-
pothesized that during the snowmelt season, infiltrating snowmelt
water raises the local water table, resulting in a greater hydraulic gradi-
ent in the subsurface, thereby mobilizing older, Si-rich groundwater via
measured in Organo-metal colloids in samples from pit 3. Correlation is not observed in



Fig. 11. Conceptual model describing hypothetical groundwater endmembers contributing to La Jara streamflow. La Jara streamwater is composed of a mixture between shallow
groundwater and deep groundwater as shown above, the fractional contribution of these sources vary seasonally and longitudinally downstream. See Table 5 for full end-member
description.
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connection of subsurface flow paths and enabling more deep
groundwater discharge into La Jara stream (Porter, 2012). The rising
water table may also hydrologically connect shallower subsurface
flow paths, resulting in flushing of DOC and solutes derived from
shallow soils to stream flow (e.g. McGlynn and McDonnell, 2003;
Pacific et al., 2010; Pedrial et al., 2014). During the rest of the year,
stream flow is at low flow condition and controlled by a mixture of
mostly shallow groundwater with smaller influence of deeper
groundwater (Porter, 2012). Spatially, with the increase of drainage
area downstream, the contributions of groundwater from various
flowpaths to the stream become more significant (Liu et al., 2008a;
Frisbee et al., 2012). In addition, these hydrologic processes play im-
portant roles in controlling the fate and transport of trace metals
(e.g., trivalent lanthanides) through organic matter complexation and
Table 5
Hypothetical groundwater endmembers to La Jara stream.

Endmember Transit time

1) Near surface runoff (very small contribution) Very short
2) Shallow groundwater — lateral subsurface flow Short
3) Deep groundwater Long
4) Very deep groundwater (not sampled by La Jara stream or springs) Very long
secondary mineral colloids in the La Jara catchment (Vazquez-Ortega
et al., 2015a, 2016).

Both seasonal and spatial variations in (234U/238U) ratioswere system-
atically observed in springs and along La Jara stream: 1) (234U/238U)
values are on average 20% lower during the spring snowmelt season
than those observed during the fall dry season; 2) longitudinal samples
along La Jara stream show decreasing (234U/238U) ratios with decreasing
elevation in both seasons (Fig. 5). Indeed, using Si as a proxy for deep
groundwater contributions, we observe a strong negative correlation
(r2 = 0.69) between Si concentrations and (234U/238U) ratios in La Jara
stream and springs for both seasons (Fig. 10), with only one exception
for the South spring. Compared to other water samples, the South spring
samples show elevated (234U/238U) ratios without a corresponding lower
Si concentrations (Fig. 10). There are no differences in major ion
Dissolved load U signature

Low Rainwater-like (234U/238U), very low U concentration
Moderate High (234U/238U), low U concentration
High Low (234U/238U), high U concentration
High High (234U/238U) due to enhanced alpha recoil from aquifer

matrix at depth, low U concentration
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chemistry to provide evidence for why the South spring samples show a
different Si vs. (234U/238U) trend. Although the South spring samples do
not fit the general trendwith all other La Jara samples, they do show sim-
ilar seasonal variations, with lower (234U/238U) ratios and higher concen-
trations during the snowmelt season (Fig. 10).

The reduction in (234U/238U) ratios in springs and streams during the
snowmelt season with greater contribution of deep groundwater sug-
gests that the deep groundwater water end-member at La Jara is not
characterized by an unusually high (234U/238U) signature as seen in
other studies (e.g. Riotte et al., 2003; Bagard et al., 2011; Schaffhauser
et al., 2014), but instead with a low (234U/238U) signature. Consistent
with this inference, the trend of decreasing (234U/238U) ratios down-
stream in La Jara suggests increasing contributions of deep groundwa-
ter, with longer flow paths and residence time, but with lower
(234U/238U) ratios, discharging to the stream at progressively lower ele-
vations. Indeed, theRedondoMeadow spring, located outside the La Jara
catchment, has been previously shown to best represent the deep
groundwater end-member contributing to La Jara stream (with its
high Si concentrations and inferred long residence time; Porter, 2012;
Zapata-Rios et al., 2015a). The Redondo Meadow spring sample collect-
ed during the snowmelt season in 2012 has the lowest (234U/238U)
value (1.68) observed in springs in this study (Fig. 5).

By contrast, the South spring, located at high elevation, has the
highest observed (234U/238U) values (2.84 to 3.09; Fig. 5), suggesting it
may represent the shallow groundwater end-member with short resi-
dence time andflowpath but affected by easily released 234U from recoil
tracts in U-bearing mineral surfaces (Andersen et al., 2009). The obser-
vation of high (234U/238U) associated with short water residence time/
flow path water at La Jara catchment can be linked to its unique hydro-
logic setting (Fig. 11; Table 5). The well-drained soils at the high eleva-
tion areas of the catchment prevent the generation of overland runoff
and facilitate infiltration of snowmelt and rainwater. The combination
of high infiltration and lowhydraulic conductivity of the bedrock gener-
ates subsurface lateral flows along the soil-bedrock interface (Liu et al.,
2008a). The subsurface lateral flow component is comprised of dilute
water, undersaturated with respect to bedrock primary minerals
(Zapata-Rios et al., 2015a, 2015b). It is hypothesized that the alpha re-
coil effect from fresh bedrock generates very high (234U/238U) ratios in
the subsurface lateral flow component (shallow groundwater end-
member with short water residence time; Fig. 11). Conversely, in the
deep groundwater end-member with greater water residence time
and longer flow path, chemical dissolution dominates U isotope frac-
tionation resulting in lower (234U/238U) (Fig. 11).

Both the temporal and spatial variations of (234U/238U) in La Jara
springs and stream water are consistent with the changing contribu-
tions of the two main water sources (shallow and deep groundwater)
as suggested by previous studies (Broxton et al., 2009; Liu et al.,
2008a, 2008b; Porter, 2012). Thus, at the catchment scale, we hypothe-
size that the subsurface lateral flow component (or the shallow ground-
water component) at high elevation areas is characterized by high
(234U/238U) due to enhanced alpha recoil effect at the soil-bedrock in-
terface with a relatively short residence time, and the longer residence
time waters in La Jara (e.g., the relatively deep groundwater end mem-
ber at low elevation) generate lower (234U/238U) due to more extensive
chemical dissolution (Fig. 11). Such a hypothesis is supported by labora-
tory studies on fresh granite dissolution in which high (234U/238U) in
water phases were generated at the early stage of experiments and in-
creasing duration of water-rock interaction resulted inwaters with pro-
gressively lower (234U/238U) due to the depletion of more easily
released 234U from recoil tracts in U-bearing minerals (Andersen et al.,
2009). Indeed, the fine volcanic ash deposits in the shallow horizons
in our study area could be the source of relatively fresh materials for
the enhanced alpha recoil effect to occur.

Such a hypothesis implies that, at the catchment scale, the different
water residence time andflowpath lengths are themain controlling fac-
tors for generating different (234U/238U) in subsurface lateral flow vs.
groundwater end-members (or shallow vs. deep groundwater), assum-
ing that other parameters such as grain sizes, water/rock surface ratio,
and lithology remain the same in the subsurface environments. Such
an assumption is difficult to test, as the physical properties of the aqui-
fers frombothwater sources are not clearly known.However, the lithol-
ogy of the La Jara Catchment remains relatively constant along the
stream channel from Redondo peak to the La Jara catchment outlet
(Fig. A1). In addition, the variations of (234U/238U) in stream waters
were observed for both along the stream channels and for the same lo-
cation in different hydrologic seasons. If the spatial variations were due
to changes of subsurface parameters other than the water residence
time, it would not generate the systematic seasonal variations as ob-
served throughout the La Jara catchment. Hence, although we do not
have direct evidence to discard the other controlling factors, we suggest
that thewater residence time and flow path aremost likely the control-
ling factors for (234U/238U) in La Jara stream.

It is also noted that the West Fork spring, the highest elevation
spring sampled in La Jara, exhibits a relatively low (234U/238U) value
during both seasons (1.81 and 1.86). Despite its higher elevation rela-
tive to most of La Jara stream, it is possible that this spring discharges
a greater proportion of relatively deeper groundwater compared to
the South spring from outside catchment boundaries or via flow paths
through less conductive porous media, potentially resulting in longer
transit time groundwater with lower (234U/238U).

The decrease of (234U/238U) with increasing water residence time is
in contrast to several recent studies that present evidence of increasing
(234U/238U) with longer residence timewaters in granitic spring waters
due to an increasing contribution of 234U during direct alpha recoil pro-
cesses (e.g. Riotte et al., 2003; Bagard et al., 2011; Schaffhauser et al.,
2014). Increasing (234U/238U) with increasing water-rock interaction
have also been observed in deep groundwater environments (~km
depth) such as in carbonate aquifers in Texas, which has been attributed
to (1) precipitation of U from groundwater to aquifer surfaces due to
change of redox conditions and (2) enhanced transfer of alpha-recoil
234U from U-rich aquifer rock surfaces back to U-depleted groundwater
(Kronfeld, 1974; Kronfeld et al., 1994). The observation that the rela-
tively deep groundwater end-member in La Jara has lower (234U/238U)
suggests that (1) chemical dissolution dominates U isotope fraction-
ation during subsurface water-rock interaction in La Jara, as evidenced
by the observation that water in La Jara is undersaturated with respect
to bedrock primary minerals (Zapata-Rios et al., 2015a, 2015b), and
(2) alpha recoil effects were not enhanced in the subsurface of La Jara,
probably due to a lack of U-rich mineral surfaces at the shallow depth.
Different subsurface environmental conditions (water saturation
index, redox conditions, organic matter content, and available particle
surfaces for U precipitation) may have generated a different U isotope
fractionation trend in the deep groundwater end-member of the La
Jara catchment relative to the granitic catchment in France and the car-
bonate aquifer in Texas (Kronfeld, 1974; Kronfeld et al., 1994;
Schaffhauser et al., 2014). However, other hypothetical deep groundwa-
ter end-members characterized by much longer water residence time
and higher (234U/238U) ratio may exist at greater depths within the
Valles Caldera but may not contribute to the stream flow in the La Jara
catchment (e.g. Fig. 11).

7. Conclusions

Analysis of U-series isotopes in weathering profiles in the complex
volcanic terrain of the Valles Caldera reveals U-series depth trends un-
like those expected from simple weathering profiles: e.g. (234U/238U)
and (230Th/238U) decrease and increase towards surface, respectively.
A dominant process controlling the U-series composition of soils in
the La Jara ZOB ismixingwith volcanic ash and atmospheric dust, rather
than chemical weathering alone. Due to episodic mixing with volcanic
ash and dust, and large-scale soil solid phase heterogeneity in the ZOB
landscape, modeling soil formation using an existing U-series model
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that assumes soil production from a single parent and constant inputs of
U-series isotopes over time is not appropriate for this landscape. U-
series isotopes show promise for use in identifying fractional contribu-
tions of dust and volcanic ash to the U and Th mass budget of similar
soils in future studies. Significant 234U enrichment in one soil profile
was interpreted as evidence of addition of U to soils from 234U-
enriched soil solutions. Soil sequential extraction confirms that most
of the U is contained in organo-metal colloid and exchangeable forms
in shallow soils of this profile.

Dissolved (234U/238U) values measured in spring and streamwaters
in La Jara catchment show systematic variation between spring snow-
melt and fall dry seasons, consistent with previous studies at the site,
as well as longitudinally along La Jara stream. Our results suggest that
the variations in (234U/238U) in La Jara surface waters may reflect
changes in contribution of deep vs. shallow groundwater sources, each
with their own distinct (234U/238U), which combine to regulate the
(234U/238U)measured along La Jara stream and at the catchment outlet.
We hypothesize that residence time may control the (234U/238U) of
these source waters (Fig. 11) and further studies using more quantita-
tive age tracers, such as 3H, could verify the relative residence time of
these source waters in La Jara. If established, (234U/238U) values could
be a powerful tracer of water sources and residence time at the catch-
ment scale.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2016.04.003.
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