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A  B  S  T  R  A  C  T   
 

To further develop boron isotopes as a tool for understanding shale weathering, we explored patterns of boron 

concentrations and isotopes across the forested Susquehanna Shale Hills Critical Zone Observatory (CZO). We 

present boron measurements for all watershed components that provided a foundation for examining water-rock 

interactions in a shale dominated watershed, including water compartments (e.g., precipitation, stream water, 

groundwater) and solid compartments (e.g., soil, bedrock, stream sediments, suspended load, and leaf litter). 

Results show boron isotopes (δ11B) in the bedrock (− 4.6‰) and soil (− 5.9 to - 4.2‰) were very similar. All 

waters were enriched in 11B by comparison: precipitation (7.2 to 22.6‰), stream (10.3 to 15.5‰), and ground- 

water (2.2 to 17.4‰). Modeling revealed that isotopic fractionation observed in the surface water and ground- 

water could mainly be explained by water-rock interactions including clay mineral dissolution (e.g., chlorite) and 

coprecipitation/adsorption processes (e.g., coatings on illite particles), likely in the near surface soils (~2 m deep). 

We found that leaching, the loss of boron from vegetation to stream water, plays a secondary role. Specifically, 

such leaching likely contributes the equivalent of 10 to 26% of the B fluxes from the watershed outlet. Boron mass 

balance between bedrock and precipitation inputs and the exported flux of dissolved and solid pools identified a 

“missing” isotopically light solid flux (δ11B of −12.2 ± 5.3‰ at ~4.4 ± 3.8 mol/ha/y of B; uncertainty reported 

as 2 SD). We did not sample any pool with this isotopic signature. Here our data suggest the composition of this 

pool is more likely related to precipitation of secondary clays rather than adsorption or (co)precipitation on Fe 

oxides. We propose two hypotheses to explain the missing light B pool: 1) a significant portion of the particles 

carrying the missing 10B are not sampled because they enter groundwater at depth and are transported out of the 

catchment under the stream; and/or 2) the inputs and outputs of boron are not operating at steady state in the 

catchment today, suggesting that the missing boron particles were lost in the past in proportions higher than today. 

When this B budget is paired with studies of δ26Mg and δ56Fe from Shale Hills, both of which also show missing 

isotopic pools, the pattern indicates a fundamental gap in understanding of shale weathering. We concluded that 

light B particles, presumably generated in the upper soils, are likely transported deep beneath the surface in the 

groundwater system or episodically in the past through riverine fluxes. 

 
 

 

1. Introduction 

The critical zone (CZ) is the thin, near-surface zone of terrestrial 

Earth, where biological, hydrological, and chemical processes interlace. 

A major challenge in predicting how the CZ will respond to future 

climatic and anthropogenic pressures is the lack of quantitative re- 

lationships that describe how soils, vegetation, and rivers govern water 

and mass fluxes. Thus, we are charged with developing new proxies 

that can holistically describe these interactions. Often elements (e.g., 

Mg, Li, Si, Ca) and their isotopic compositions are employed to quantify 

processes (e.g., sorption/desorption, reincorporation, congruent/in- 

congruent dissolution) governing mineral weathering fluxes at the 

watershed scale (e.g., see review in Sullivan et al., 2016a). In this paper, 

we continue to help transform boron isotopes into a tool that can be 

used to distinguish the controls of biological nutrient cycling and shale 

weathering processes on mass fluxes from a first order watershed. 

Boron is unique compared to many other weathering isotopic 

proxies such as lithium or magnesium, which are not dominantly im- 

pacted by vegetation nutrient cycling (Millot et al., 2010a, 2010b; 

Schmitt et al., 2012; Opfergelt et al., 2012; Dellinger et al., 2015; Ma 
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et al., 2015). Boron is 1) a micro-nutrient essential for biological 

growth, thus tightly recycled by vegetation (Power and Woods, 1997; 

Blevins and Lukaszewski, 1998, Brown et al., 2002, Broadley et al., 

2012); and 2) a soluble element, likely to be released from minerals 

during continental weathering (e.g. review by Gaillardet and 

Lemarchand, 2018). Until recently, most studies have employed boron 

isotope fractionation as a tracer of anthropogenic contamination 

(Vengosh et al., 1994; Chetelat et al., 2005) or as a tracer of ground- 

water sources (Casanova et al., 2001; Mather and Porteous, 2001; 

Pennisi et al., 2006). 

Globally, rivers are strongly enriched in 11B compared to continental 

bedrock (Spivack et al., 1987; Lemarchand et al., 2000; Rose et al., 

2000), a phenomenon attributed to: 1) boron derived from silicate 

weathering and then fractionated through water/rock interactions (e.g., 

Mackenzie river basin; Lemarchand and Gaillardet, 2006); 2) fractiona- 

tion that occurs when boron is reincorporated into secondary phases, a 

process which favors 10B incorporation, leaving the dissolved pool en- 

riched in 11B (e.g. Spivack et al., 1987; Chetelat et al., 2009a, 2009b; 

Cividini et al., 2010; Lemarchand et al., 2012, 2015); and 3) fractiona- 

tion associated with the cycling of boron through vegetation, which can 

effectively impart an enriched signal to rivers as water interacts with 

vegetation (litter leaching or throughfall) (Cividini et al., 2010; Louvat 

et al., 2011; Louvat et al., 2014a, 2014b). Together these studies de- 

monstrate that boron isotope fractionation is likely controlled by vege- 

tation, climate, and lithology, underscoring the need to better constrain 

boron isotopes and their link to the processes controlling CZ evolution at 

the watershed scale. In this paper, we specifically focus on understanding 

what controls B weathering and solute fluxes from shale systems. 

To elucidate boron isotope fractionation in upland systems, we ex- 

amine boron isotopes at the Shale Hills subcatchment of the 

Susquehanna Shale Hills Critical Zone Observatory (SSHCZO), a 7.9 ha 

subcatchment underlain by the Rose Hill Shale. Shale is ideal for ex- 

amining boron isotopic fractionation processes at the watershed scale 

because shale generally contains high concentrations of boron, e.g. 

50 ppm to 200 ppm (Hu and Gao, 2008, Romer et al., 2014), and is 

dominated by incongruent weathering where B can be reincorporated 

into secondary phases fingerprinting the controlling geochemical pro- 

cesses. In addition, this research adds to the growing body of knowl- 

edge on boron isotope behavior at the catchment scale across climate 

and lithologic gradients (Cividini et al., 2010; Lemarchand and 

Gaillardet, 2006; Gaillardet and Lemarchand, 2018) by contributing a 

temperate climate shale catchment. 

Shale Hills is an ideal site for understanding the boron system as the 

hydrology and geology of the watershed are well documented and nu- 

merous isotope tracers have been used to understand weathering pro- 

cesses and soil formation (e.g., U-series, 10Be, Fe, Mg, S, C; Ma et al., 

2010; Ma et al., 2013; Ma et al., 2015; Yesavage et al., 2012; West et al., 

2013; Jin et al., 2014; Sullivan et al., 2016a), offering unprecedented 

constraint on data interpretation. Interestingly a puzzle has emerged 

from these multiple isotopic measurements at Shale Hills: isotopic frac- 

tionation between the bedrock, the stream, and the soils consistently 

suggest a “missing” reservoir. For example, mass balance on Mg isotopes 

(including measurements of stream water, groundwater, pore water, 

stream sediments and soils) showed that all pools were less than or equal 

to the isotopic signature of the bedrock (δ26Mg = 0.36‰), except one 

deep stream sediment sample which contained enriched δ26Mg. Ma et al. 

(2015) suggested that this might indicate an enriched pool was trans- 

ported at some time in the past. The δ56Fe data from Shale Hills also 

potentially suggests the loss of isotopically heavy Fe micron-sized par- 

ticles from the system (Yesavage et al., 2012). Specifically, Yesavage 

observed a decrease in soil bulk Fe and HCl-extracted Fe isotopic ratios 

downslope with increasing weathering extent, which could be explained 

by Fe fractionation during precipitation on to particles not captured in 

the study. Finally, Noireaux et al. (2014) examined the depth profiles of 

soil mass transfer coefficients (τ) comparing concentrations of mobile 

and immobile elements in the weathered and parent material, and 

deduced that B was partly lost in the form of Al-bearing particles. Similar 

explorations in an almost identical, adjacent shale watershed revealed 

that roughly half of Mg and K depletion could be explained by particle 

loss from the soil (Hasenmueller et al., 2017) as had been previously 

suggested (Jin et al., 2010). Similarly, Kim et al. (2018) estimated that 

roughly half of the loss of some elements from the soils was by particle 

export from all depths. All together these data suggest that micron-sized 

particles with distinct isotopic and elemental composition have and may 

continue to be exported from this shale catchment. Although small 

amounts of particulates have been sampled, only one potential mea- 

surement of the “missing” pool has been identified (Ma et al., 2014), 

leading to the conclusion that this loss likely occurred in the past. 

Here, our goal is two-fold. First, to further develop boron isotopes as 

a tool for elucidating critical zone processes (e.g., weathering and biotic 

cycling) in shale watershed catchments, and second, to ask the ques- 

tion, does the boron isotopic mass balance support the hypothesis that 

there is a significant proportion of micron sized particles leaving the 

watershed undetected. To address these goals, we measured boron 

isotope compositions and concentrations in the solid and dissolved load 

at the watershed scale, including precipitation, stream water, ground- 

water, litter, suspended particulate matter, soil, and bedrock. We then 

used these data to understand both the origins and processes controlling 

boron dynamics at Shale Hills and then solved a boron mass balance to 

determine if, indeed there is a missing pool in the isotope mass balance. 

2. Material and methods 

2.1. Hydrological and geological settings 

Shale Hills is a 7.9 ha forested subcatchment of the SSHCZO located in 

central Pennsylvania (Fig. 1). The catchment is underlain by the Rose Hill 

Formation, which is primarily comprised of shale with thin carbonate- and 

quartz sand-rich interbeds located in the upper half of the stratigraphic 

section (i.e., near the outlet) (Flueckinger, 1969; Cotter et al., 1986; 

Sullivan et al., 2016b). The Rose Hill shale bedrock mainly consists of illite 

(~ 54 wt%), quartz (~ 33 wt%), and chlorite (~ 8.9 wt%), with trace 

amounts of pyrite, ankerite, and plagioclase feldspar (Jin et al., 2010). 

Here, pyrite and carbonates are weathered to the greatest depths (~23 m 

deep at the northern ridge top). At the termination of the zone of weath- 

ering of these minerals, chlorite begins to dissolve and continues to weather 

to the land surface (Gu et al., 2020). Closer to the land surface, the minor 

plagioclase component weathers away (~7 m deep at the northern ridge 

top) (Brantley et al., 2013). In general, the absolute depths of these reac- 

tions vary around the watershed (Gu et al., 2020). The bedrock is mantled 

by soil, defined here as the augerable regolith, that varies in depth from 

30 cm at the ridgetop to > 180 cm in the valley floor (Lin, 2006). 

Soils at Shale Hills are 100% depleted in pyrite and carbonate mi- 

nerals (Brantley et al., 2013; Sullivan et al., 2016a, 2016b) and the 

weathering of illite (~3 m deep) and chlorite (~10 m deep) have re- 

sulted in the formation of kaolinite, vermiculite and hydroxyl-inter- 

layered vermiculite (Jin et al., 2010). Quantitative X-Ray Diffraction 

(XRD) measurements indicate that the major minerals in the soils are 

quartz (~ 36–63 wt%), illite (~ 22–54 wt%), chlorite and vermiculi- 

tized chlorite (~ 3–9 wt%) and feldspar (~ 1.2–6.6 wt%) with trace 

amounts of Fe-oxides (~ 0–2.5 wt%) and kaolinite (~ 0–2.8 wt%). 

Shale Hills is characterized by a temperate climate where the mean 

annual temperature and precipitation are 10 °C and 1100 mm, re- 

spectively (Thomas et al., 2013; Brantley et al., 2018). Precipitation 

inputs at Shale Hills are fairly constant over the year, but typically 

consist of snow in the winter (between December and March this re- 

presents 25% of the precipitation) and rain the rest of the year. During 

the summer, elevated rates of evapotranspiration result in extended no 

flow periods, where little to no discharge is observed from the first- 

order ephemeral stream. The average discharge at the catchment outlet 

between 2006 and 2010 accounted for 46% (509 mm) of the average 

annual precipitation. The catchment is dominated by temperate tree 
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Fig. 1. Shale Hills, a subcatchment of the Susquehanna Shale Hills Critical Zone Observatory (CZO), is located in central Pennsylvania, USA (colored purple in inset). 

Boron sampling sites for water and solid materials are marked with symbols. CZMW8 is the same borehole (green symbol) where core material DC9 (red star) was 

recovered but they are plotted slightly offset for viewing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
 

species: deciduous oak (Quercus spp.), hickory (Carya spp.), maple 

(Acer spp.), evergreen hemlock (Tsuga spp.) and pines (Pinus spp.) 

(Smith, 2013). 

 
2.2. Sample description 

2.2.1. Bedrock, soils and sediment 

Five bedrock samples from two cores (DC1 and DC9 (sampled in 

borehole CZMW8)), Fig. 1) drilled on the northern and on the southern 

ridgetops of the catchment were analyzed for boron isotopes and con- 

centrations. Samples were analyzed from a depth of 6 m to 30 m. Precise 

descriptions of the DC1 core can be found in Jin et al. (2010) and 

Brantley et al. (2013), while DC9 can be found in Sullivan et al. (2016b). 

Here we focus on two soil profiles located on the southern slope of 

the catchment (Fig. 1). The soil profiles define a transect from the ridge 

top (SPRT) to the valley floor at 5 m from the stream (SPVF) denoted as 

South Planar. Major element analyses for the same soils were previously 

reported by Jin et al. (2010). Boron concentrations and isotope ratios 

were measured on aliquots of the same soil samples and the results 

reported in Noireaux et al. (2014). 

To characterize the particles lost from the erosion of the soils, we 

measured boron concentrations and isotopic composition on existing 

streambed sediment samples as well as newly collected suspended load 

material. Sediments from the streambed were collected at three locations; 

at 13 m and 60 m from the outlet, and the weir box located at the outlet. 

The two upstream sampling locations, labelled Sediments 13 m and 

Sediments 60 m (Table 2), were sampled and analyzed as bulk or sieved 

(< 2 mm) material at either 13 m or 60 m from the outlet. The weir box 

sediment (“Weirbox” in Table 2) was comprised of sediments that had 

accumulated for two years after the installation of the box. One sample 

(0–10 cm) from the sediment core located at a former weir (at the center 

of the valley; SSOW 0–10 in Table 2) and described in Ma et al. (2011) 

was also analyzed. Three new suspended load particulate samples were 

collected at the outlet from large volumes of stream water (10 l to 20 l) by 

vacuum filtration using 0.45 μm nylon filters. Samples were collected in 

spring and fall, when the largest flow events tend to occur. Particles were 

collected by removing material from filters by washing them with a small 

volume of Milli-Q water and then evaporating that water at low tem- 

perature (40 °C) until the particulate material was dry. These particles 

were then analyzed for B concentrations and isotopic composition. 

 
2.2.2. Vegetation 

Litter traps were located all over the catchment at 50 cm above the 

ground. The contents of two of these litter traps (Fig. 1) were collected 

in November 3rd 2012 (traps and litter described in Smith, 2013). Here, 

litter only included leaf material, not wood. Litter was then dried in a 

Binder Drying Oven at 57 °C for a minimum of 24 h. An aliquot of each 

trap content of about 100 mg was powdered in an agate mortar for 

boron analysis. Major element concentrations of litter were assumed to 

equal the average of the litter measurements reported by Herndon et al. 

(2015b). 

 
2.2.3. Precipitation, stream water, and groundwater 

Precipitation samples were collected on site by an automatic pre- 

cipitation sampler (NSA 181S model, Eigenbrodt GmbH & Co., 

Germany) located in Shale Hills and with an open collector located in 

an adjacent open field (labelled “o.f.”, 0.3 km southeast of the outlet). A 

total of 3 rain and 2 snow samples were collected in March 2013, 

October 2013 and in February 2014. Major element data for pre- 

cipitation in 2013 and 2014 were obtained from two NADP sites 

(National Atmospheric Deposition Program), PA15 and PA42, located 

near the catchment (i.e., 22 km and 5 km, respectively). 
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Table 1 

Chemistry of water (stream, ground and precipitation) collected at Shale Hills (2 std. dev reported).  

Date B (ppb) δ
11

B (‰) 2 std. dev pH Ca (μM) K (μM) Mg (μM) Na (μM) Cl (μM) NO3 (μM) SO4 (μM) 

 
 
 

48 

 
 
 

 
5 

 

53 

 
 
 
 
 
 
 
 
 
 
 

 
a   Data from PA42 NADP station. 

A total of 15 stream water samples were collected from the outlet of 

the catchment between February 2013 and September 2014. Each time, 

the volume that was collected was at least 250 ml. The groundwater 

samples (n = 7) were collected from six wells (GW08; GW11; GW17; 

CZMW6; CZMW7; CZMW8) that were 4 m to 30 m deep (Fig. 1, Table 1) 

located either in the valley or the ridgeline across the catchment. Stream 

water was collected manually, while groundwater was collected using a 

peristaltic pump. Three water samples were collected per event: one 

120 ml acid washed Nalgene bottle for B analysis, and two 60 ml Nalgene 

bottles collected for anion and cation analysis. The samples for B analysis 

were syringe filtered using 0.45 μm nylon membrane and acidified with 

distilled concentrated nitric acid. The samples for anion and cation were 

filtered with a 0.45 μm polyethersulfone filter. Samples for cations were 

preserved with 3 drops of pure reagent grade nitric acid. Soil solutions 

were not collected as a part of this study as the porous ceramic suction 

cup lysimeters contain B and create contamination. 

2.3. Boron concentration and isotopic measurements method 

Boron concentrations of the water samples were determined by in- 

ductively coupled plasma mass spectrometry (ICP-MS), while for solids, 

boron isotope ratios and concentrations were measured by multi- 

collector-ICP-MS (MC-ICP-MS) after ion-exchange chromatography (de- 

tails explained in Noireaux et al., 2014). The solids (soils, bedrock, river 

sediments, and litter) were first dissolved by K2CO3 alkali fusion fol- 

lowing a modified version of the procedure by Chetelat et al. (2009a, 

2009b). The sample-flux mixture (in a 1:7 weight ratio) was first heated 

at 950 °C in a furnace for 15 min. Then it was dissolved in a large volume 

(30–40 ml) of Milli-Q water, HNO3 additions and ultra-sonication con- 

tinued until the solution became clear, it was then ultra-sonicated for 1 h. 

Boron was extracted from the solid samples in a three-step process. 

First, 4 to 8 ml of the fusion solution was introduced on a column con- 

taining 1 ml AGW50-X8 (Biorad) resin to retain the cations while the 

boron was collected with the efflux from the column. The resin was 

 

additionally rinsed with 6 × 500 μl HNO3 0.1 M. The pH of the collected 

solution was increased to 8–9 by the addition of distilled NH4OH. The 

resulting solution was introduced to a column with 50 μl of resin 

Amberlite IRA 743 that specifically retain B. The last purification step for 

the boron fraction was done on a column filled with 10 μl of resin 

Amberlite IRA 743. The wash and elution steps for these two columns are 

described in Paris et al. (2010), Louvat et al. (2010) and Louvat et al. 

(2014a, 2014b). For the water samples (stream water, precipitation, 

groundwater), boron was extracted using one column with 50 μl Amberlite 

IRA 743. The sample introduction volume was calculated for 300 ng B, 

based on the concentrations measured by ICP-MS, but limited to 50 ml. 

The final boron solutions were then diluted to 0.05 N HNO3 by 

addition of ultra-pure water. The boron concentrations were measured 

at the MC-ICP-MS (by comparison of the 11B intensity of B standard 

solutions at 10, 50, and 200 ppb to the sample's 11B intensity) before 

isotope ratio measurements, in order to match (within 10%) the stan- 

dard and sample concentrations. The B concentrations of the solid 

samples were then back-calculated from these solution concentrations, 

by taking into account the mass of sample that was fused, the final 

volume of the fuse solution and the volume of sample that was in- 

troduced to the cationic column. Standard reference material JB2 was 

analyzed during the same sessions as the samples and the measured B 

concentration (24.3 ± 3.9 ppm, 2 std. dev, n = 6) showed good 

agreement   with   concentrations   obtained   by    other    methods 

(28.8 ± 1.5 ppm, 2 std. dev, n = 24, Michel et al., 2015). Another 

reference material for apple leaves (NIST 1515) was measured at 

25 ppm B when the certified value is 27 ppm. Thus, yields for the boron 

extractions were considered complete (100%). Boron extraction blanks 

were 0.24 ± 0.17 ng B (n = 9) for the water sample protocol and 

8.6 ± 2.5 ng B (n = 11) for the solid sample protocol. 

At the Institut de Physique du Globe de Paris (IPGP), B isotope ratios 

were measured with an automated direct injection nebulization set-up 

for sample introduction (Louvat et al., 2010; Louvat et al., 2014a, 

2014b), allowing for quicker wash-out times, lower instrumental blanks 

Streamwater 

Streamwater  1 

Streamwater 2 

Streamwater 3 

Streamwater 4 

 
28/02/13 

23/05/13 

12/07/13 

08/10/13 

 
4.0 15.3 

9.1 10.4 

8.2 10.3 

18.0 15.5 

 
0.2 

0.8 

0.2 

0.2 

 
6.91 

6.92 

6.86 

 
94 23 

282 35 

190 34 

778 75 

 
70 

125 

114 

211 

 
20 

34 

33 

 
17 

27 

19 

 
8 

 
6 

 
272 

117 

84 

Streamwater 5 11/10/13 11.0 15.1 0.3 6.07 245 41 203 149 43 1 141 

Streamwater 6 21/01/14 5.8 13.6 0.3 8.34 146 23 84 25 18 4 91 

Streamwater 7 

Streamwater 8 

Streamwater 9 

Streamwater 10 

Streamwater 11 

17/02/14 

13/03/14 

21/03/14 

28/03/14 

01/04/14 

8.0 11.6 

4.5 14.5 

5.0 15.1 

4.9 11.9 

4.6 13.8 

0.2 

0.2 

0.8 

0.1 

0.2 

7.78 

7.41 

6.43 

5.69 

167 27 

80 21 

230 25 

199 24 

157 26 

135 

61 

158 

94 

113 

41 

16 

111 

32 

86 

25 

21 

21 

19 

16 

6 

6 

 
8 

114 

80 

95 

95 

Streamwater 12 24/04/14 6.6 11.5 0.3 7.17 203 26 101 28 19 10 91 

Streamwater  13 

Streamwater  14 

Streamwater 15 

26/05/14 

25/08/14 

13/09/14 

6.7 11.4 

13.4 11.1 

14.8 10.5 

0.2 

0.2 

0.4 

6.09 

7.80 

196 28 

409 40 

606 41 

91 

221 

199 

19 

 
60 

20 3 91 

Groundwater (depth) 

GW08 (4 m) 

GW11 (4 m) 

GW11 (4 m) 

GW17 (4 m) 

CZMW6 (8 m) 

CZMW7 (8 m) 

 
08/02/13 

08/02/13 

10/09/13 

08/02/13 

08/02/13 

08/02/13 

 
3.0 17.4 

4.0 16.4 

6.2 13.8 

8.0 5.7 

9.0 10.4 

11.6 15.6 

 
0.2 

0.2 

0.5 

0.2 

0.2 

0.6 

 
7.50 

6.98 

 
7.59 

6.93 

6.93 

 
281 24 

139 28 

81 31 

1380 16 

756 95 

1880 81 

 
70 

71 

96 

203 

764 

870 

 
20 

19 

38 

62 

101 

680 

 
104 

26 

26 

73 

70 

82 

 
8 

7 

 
7 

10 

7 

 
115 

94 

85 

358 

107 

273 

CZMW8d (30 m) 23/05/13 82.0 2.2 0.2 7.28 368 23 571 500 77 5 168 

Rainwater 

Rainwater 1 

Rainwater 2 

 
01/03/13 

07/10/13 

 
0.80 19.6 

7.20 10.6 

 
0.9 

0.3 

 
5.23

a
 

5.56
a

 

 
1.9 0.7 

1.2 23.5 

 
1.3 

5.6 

 
4.5 

4.2 

 
4 

1 

 
16 

3 

 
9 

4 

Rainwater 3 (open field) 

Rainwater 4 

11/10/13 

07/02/14 

0.20 22.6 

0.54 12.8 

1.9 

1.5 

5.84
a

 

4.78
a

 

1.9 0.6 

2.6 0.7 

3.1 

0.8 

4.4 

0.9 

4 

8a 

3 

20
a

 

1 

8a 

Rainwater 5 17/02/14 0.44 7.2 0.6 4.78
a

 6.5 0.5 1.2 2.1 11
a

 24
a

 17
a
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and high sensitivity. Instrumental mass bias was corrected by standard- 

sample bracketing with NIST 951 standard reference material 

(Catanzero et al., 1970). B concentrations of the sample and bracketing 

standard solutions were adjusted within 10%. The long-term reprodu- 

cibility of the measurements estimated on an in-house enriched stan- 

dard was 0.20‰ over three years (Louvat et al., 2014a, 2014b). The 

accuracy of the measurements was regularly verified by measuring in- 

house standards (SE-43 = −43.29 ± 0.20‰) and international 

standards ERM-AE120, ERM-AE121 and ERM-AE122 (Vogl and Rosner, 

2011) at −20.31 ± 0.19‰ (2 std. dev, n = 20), 19.55 ± 0.18‰ (2 

std. dev, n = 60) and 39.34 ± 0.21‰ (2 std. dev, n = 20), respec- 

tively. The reproducibility of the boron measurements after extraction 

was better than 0.25‰ for the liquid samples and better than 0.6‰ for 

the solid samples. Repeated measurements of the JB-2 reference ma- 

terial gave 7.13 ± 0.55‰ (2 std. dev, n = 12), consistent with pre- 

viously published measurements (Tonarini et al., 1997; Chetelat et al., 

2009a, 2009b; Cividini et al., 2010; Wei et al., 2013). 

2.4. Major element analysis 

Major cations were analyzed by inductively coupled plasma-optical 

emissions spectrometer (ICP-OES PS300UV, Teledyne Leeman Labs, 

Hudson, NH). Anions were measured on a Dionex Ion Chromatograph 

(ICS-250; Sunnyvale CA). Major ion analysis had an analytical precision 

of ~3%. 

3. Results 

 

 

Fig. 2. Boron isotopic ratios in the litter (green cross), stream water (purple 

circles), groundwater (green squares), precipitation (blue circles), soil (squares; 

orange indicates ridgetop position and blue indicates valley floor position), 

stream sediment sediments and suspended load (diamonds), and the bedrock 

(X) at Shale Hills. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 

 
Table 2 

Boron concentrations and isotopic composition of the soils, the bedrock, the 

sediments and the litter samples analyzed in this study.  

B (ppm) δ
11

B (‰) 

3.1. Bedrock, soils, and sediments 

The shale samples from the two drill cores (DC1 and DC9) have δ11B 

values and B concentrations that remained fairly constant with depth, 

averaging −4.6 ± 0.3‰ (2 std. dev, n = 5; Fig. 2; Table 2) and 

generally ranging between 74 ppm and 89 ppm (typical of marine 

shales; e.g., Hu and Gao, 2008). The only exception was the deepest 

sample on the north slope (DC1 ~24 m below land surface), previously 

identified as a carbonate-rich unit (Jin et al., 2010; Sullivan et al., 

2016b), which had half the B concentration (37 ppm; Table 2). Con- 

sistent with this inference of high carbonate content in that sample, it 

also was observed to be enriched in calcium. 

Soil δ11B values were also fairly constant with depth at both locations. 

The two locations showed slightly different values however: δ11B averaged 

−4.5 ± 0.3‰ in the valley floor soil (SPVF), similar to the bedrock, 

while at the ridgetop soil (SPRT) they were slightly more negative at 

−5.5 ± 0.4‰. Boron concentrations in soil at both locations were de- 

pleted compared to the bedrock (determined by normalizing boron to an 

immobile element, here Zr) (shown in Noireaux et al., 2014). Soil B 

concentrations at the ridgetop remained fairly constant (42 ± 1 ppm) 

with depth, while in the valley floor soil, B concentrations increased with 

depth (i.e., 59 ppm at the surface to 87 ppm at depth; Table 2). 

Streambed sediments and the suspended particles showed similar 

δ11B values (−3.3‰ and −4.7‰, respectively; Fig. 2) that were close 

to the bedrock value. The B concentrations in these two compartments 

(values ranged between 35 and 62 ppm) were on the lower end of what 

was observed in the soil/rock. 

3.2. Vegetation 

The two leaf litter samples (collected from two traps on 11/3/2012; 

see Fig. 1) had very different δ11B values (13.4‰ and 4.9‰), and B 

concentrations (22 ppm and 34 ppm, respectively). These concentra- 

tions are consistent with published litter values worldwide but their 

isotope composition was lower than values (25‰ to 28‰) reported by 

Cividini et al. (2010) for a temperate granite catchment. Likewise, 

Gaillardet and Lemarchand (2018) reported a range from 39‰ to 50‰ 

in a tropical granite catchment. 

 
 

Soils Depth (cm) 

SPRT0010
a,b 

0–10 41 −5.5 

SPRT1020
a,b 

10–20 43 −5.2 

SPRT2030
a,b 

20–30 41 −5.9 

SPVF0010
a,b 

0–10 59 −4.2 

SPVF1020
a,b 

10–20 74 −4.6 

SPVF3040
a,b 

30–40 71 −4.6 

SPVF5060
a,b 

50–60 73 −4.9 

SPVF6067
a,b 

60–67 87 −4.4 

Bedrock (Drillcore) Depth (m) 

DC1-26
a,b,c 

6 88 −4.4 

DC1-36
a,b,c 

21 89 −4.5 

DC1-38
a,b,c 

24 37 −4.7 

DC9-39-40
d 

12 74 −4.6 

DC9-100-101
d 

30 89 −4.8 

Sediments 

Suspended load Spring 67 −4.5 

Suspended load Fall 65 −3.8 

Suspended load Fall 65 −4.8 

Weirbox sediments
e 

58 −3.3 

Sediments 60 m
e 

53 −4.2 

Sediments 60 m (< 2 mm)
e 

62 −3.3 

Sediments 13 m
e 

52 −4.3 

SSOW 0-10
e 

52 −4.0 

Litter (littertrap n°) Date 

SHL #54 03/11/12 34.0 4.90 

SHL #8 03/11/12 22.0 13.40 
 

a    Boron data are from Noireaux et al. (2014). 
b    Bulk chemistry in Jin et al. (2010). 
c   Bulk chemistry in Brantley et al. (2013). 
d    Bulk chemistry in Sullivan et al. (2016b). 
e Bulk chemistry in Ma et al. (2011). 

3.3. Precipitation, stream water and groundwater 

In general, B concentrations at SSHCZO were lowest in the precipita- 

tion (0.2–7.2 ppb) and increased in the stream water and groundwater 

(Fig. 3). The precipitation collected in the open field collector showed a 

lower B concentration than the precipitation collected on-site (under the 

canopy) during the same period. Generally the B concentrations in the 

precipitation were consistent with the 0.8 ppb average (30 precipitation 

samples) from the Strengbach basin (Cividini et al., 2010) but are at the 
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Fig. 3. Boron vs Na, Mg, and Ca concentrations in the precipitation (blue cir- 

cles), stream water (purple circles), and the groundwater (green squares). 

Dashed lines represent the average element ratios for the bulk shale measured 

in this study. Carbonate dissolution and B adsorption are processes that could 

be modifying the B to Na, Ca and Mg ratios from rocks or precipitation as shown 

with arrows. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 

 
low end of the range (0.1–67 ppb) compared to other continental pre- 

cipitation values (Chetelat et al., 2005; Mather and Porteous, 2001; Park 

and Schlesinger, 2002; Rose-Koga et al., 2006, Roux et al., 2017). 

Concentrations of major elements (Na, Mg, and Ca) in the waters at 

Shale Hills were similar in pattern to B in that their concentrations were 

elevated in the stream water and groundwater compared to that of the 

precipitation. When element / B ratios were compared, stream and 

groundwater chemistry often showed a greater ratio compared to the 

precipitation, indicating potential chemical weathering processes (e.g., 

adsorption, carbonate dissolution) that act to change the stream water 

and groundwater solute concentrations. 

The δ11B value of the water samples ranged from 2.2‰ to 22.6‰ 

with the greatest range observed in the precipitation (7.2–22.6‰), fol- 

lowed by the groundwater (2.2–17.4‰), and the lowest range was 

measured in the stream water (10.4–15.5‰) (Fig. 2). The large range of 

δ11B in precipitation at a single location is not surprising and has also 

been observed at several locations in France, with the annual variations 

at a single sampling site as high as 33‰ (Millot et al., 2010a, 2010b; 

Roux et al., 2017). While the highest δ11B values for the water samples 

were observed in the precipitation, the lowest were observed in the 

groundwater, with the deepest well (~ 30 m below ground surface) re- 

presenting both the highest B concentration and the lowest δ11B value 

(Table 2). Finally, the isotopic composition of the stream (10 to 15‰) 

was within the range of previously published isotope ratios for large 

rivers in a temperate climate (Lemarchand et al., 2000; Rose et al., 2000) 

and in agreement with the general 11B-rich nature of river waters. 

4. Discussion 

The isotopic measurements at SSHCZO document that critical zone 

pools in a small watershed can show large differences in δ11B values 

(e.g., bedrock, soils and sediments between −6 and −3‰, ground- 

waters between +2 and +17‰, precipitations between +7 and 

+23‰, and litter at +5 to +14‰). We infer therefore that B isotope 

ratios and B isotope concentrations can be a good tool for under- 

standing processes governing watershed evolution such as chemical 

weathering, flow path generation, and nutrient cycling. The pattern 

that emerges from these data is that the bedrock and soil have a very 

similar, isotopically light composition, while all other CZ compartments 

(e.g., waters, vegetation) all have isotopically heavier δ11B composi- 

tions. Below we first explore the origin and processes controlling B at 

Shale Hills and then estimate B fluxes and finally derive a mass balance 

to explore if small particle fluxes represent an important but unsampled 

isotopic weathering flux in this shale catchment. 

4.1. Origin and processes controlling boron 

4.1.1. Sources of boron delivered in precipitation 

Multiple sources of boron can be invoked to explain the large 

variability in the observed δ11B values of precipitation at Shale Hills 

(Fig. 2). For example, potential sources include seasalts, biomass 

burning, anthropogenic emissions from industries, fertilizers spreading 

and fossil-fuel burning (Park and Schlesinger, 2002). The comparison of 

δ11B to NO3/B ratio (Fig. 4) suggests that most of the precipitation 

collected at Shale Hills is a mixture between two end-members: sea- 

water (high δ11B and low NO3/B ratio; δ11B > 39.6‰ and NO3/B ~ 0) 

and anthropogenic emissions (low δ11B and high NO3/B ratio). An- 

thropogenic nitrate inputs to Shale Hills have occurred over the last 

several decades (Weitzman and Kaye, 2018). 

Here, low δ11B–high NO3/B ratio precipitation was collected during 

the winter time and may be associated with anthropogenic activities 

such as fossil-fuel burning which produces nitrate. We rule out activities 

such as fertilizer spreading and biomass burning as the source because 

neither activity is important in the winter, and we have no knowledge 

of fertilizer use in the catchment. The samples enriched in NO3 are also 

enriched in SO4 (Table 1). High nitrate and sulfate concentrations are 

consistent with coal burning emissions that are occurring in central 

Pennsylvania (Davidson et al., 2005). Fly ash leachates collected in 

several coal fired power plants in the U.S. have an average δ11B of 

−6‰ (Ruhl et al., 2014), which is consistent with δ11B of one of our 

endmembers (see anthropogenic emission Fig. 4). This is also consistent 

with the anthropogenic sources of B in rainwater identified in Guiyang, 

China (Zhao and Liu, 2010) and in Paris, France (Chetelat et al., 2009a, 

2009b) which also had high NO3/B ratios (> 400) and low δ11B values 

(+5‰ and −20‰, respectively). 

The precipitation sampled at SSHCZO, derived from a sampler in a 

clearing along the ridge, generally had an isotopic composition similar 
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Fig. 4. Correlations between δ11B and the NO3/B (mol/mol) in precipitation. 

Here, inputs from two end members (sea/marine water (SW) and anthropogenic 

emissions) can generally explain the chemistry of the precipitation. The sample 

collected in the open field, designated by “o.f.”, also falls along the mixing line 

whereas the one sample that falls off the line is attributed, by inference, to 

inputs from vegetation. 

 
to that of precipitation from an adjacent open field (labelled “o.f.”; 

Fig. 4). Thus, the precipitation was consistent with little interaction 

with trees before sampling. However, one precipitation sample showed 

low NO3/B and a relatively low δ11B. This low NO3/B-low δ11B sample 

also exhibited high concentrations of K and Mg, and showed low con- 

centrations of Na, all of which are common in samples that have in- 

teracted with vegetation. We infer that this sample was not re- 

presentative of the precipitation input at Shale Hills but rather was 

influenced by biologically-cycled boron. Unfortunately, we were unable 

to sample throughfall so as to test this explicitly. In the literature, the 

limited number of observations of throughfall made on δ11B has shown 

values ranging from similar to that of vegetation and higher (i.e., 

Cividini et al., 2010). 

In summary, a first order explanation of B in precipitation at Shale 

Hills is that it is controlled by inputs from marine origins and anthro- 

pogenic emissions. In view of the variety of boron sources and isotope 

composition of these sources, it is difficult to infer an average compo- 

sition of precipitation. Thus, when determining mass balance (below) 

the contribution of boron from precipitation was calculated at the an- 

nual scale. 

 
4.1.2. Mineral dissolution 

Given that precipitation processes do not completely explain the 

observed B concentrations and isotopic ratios in the stream and in the 

groundwaters (Table 1 and Fig. 2), we next explore the impact of mi- 

neral dissolution focusing on two major groups of bedrock minerals: 

carbonate and silicate minerals. 

At Shale Hills, both calcite (CaCO3) and ankerite ((Ca,Mg,Fe)CO3) 

are observed at depth and could contribute Ca and Mg and dissolved 

inorganic carbon to groundwater and stream water (Jin et al., 2011, 

2014), significantly increasing calcium and magnesium ion concentra- 

tions. Yet, the B isotopic ratios and concentrations presented above 

indicate that ankerite dissolution does not greatly affect the B solute 

budget. Specifically, the DC1 drill core sample taken from an interval at 

24 m deep, where the parent material is enriched in carbonate minerals, 

has roughly half the B concentration compared to the other drill core 

samples but the same δ11B. This pattern indicates that the presence of 

carbonate has little to no effect on the δ11B value of the bedrock, and is 

consistent with the low partitioning coefficient of B in inorganic car- 

bonate. In addition, two groundwater samples were likely impacted by 

carbonate dissolution (e.g., Fig. 3; Ca concentrations > 1300 μmol), yet 

B concentrations showed no consistent increase. Assuming a maximum 

B concentration in carbonates of 5 ppm, the B/Ca ratio in carbonate 

minerals is estimated to be about 5 × 10−5 (mol/mol). Assuming that 

Ca in the stream originates only from carbonate dissolution, the max- 

imum boron contribution from carbonates is 2.5%. We thus neglected 

carbonate dissolution as a source of B to the stream. The lack of con- 

tribution from carbonate dissolution to the dissolved boron budget is 

consistent with the conclusions inferred from the B chemistry of an- 

other watershed, i.e., the Changjiang (Chetelat et al., 2009a, 2009b). 

In addition to ankerite, the Mg silicate minerals (illite and chlorite) 

also dissolve and affect the stream water solute chemistry at Shale Hills. 

For example, high Mg concentrations have been observed during low 

stream discharge and have been attributed to the combined dissolution 

of carbonates and clay minerals (Jin et al., 2011). The δ13C values from 

the stream water and groundwater at Shale Hills also lead to the in- 

ference that the water chemistry is controlled by both silicate and 

carbonate mineral dissolution (Jin et al., 2014). The low δ11B values 

observed in the groundwater data from the deep ridgetop well 

(CZMW8) show clear evidence of shale dissolution as this value is si- 

milar to that of the rock (Table 1). The only other location with low 

δ11B values was observed in a shallow well near the outlet, an area 

known to be affected by mixing of waters characterized by short- and 

long-residence times that could include solutes released from chlorite 

weathering (Sullivan et al., 2016b). In addition, stream water chemistry 

at low discharge also showed low δ11B, consistent with solute con- 

tributions from dissolution of shale minerals (Fig. 5). 

 
4.1.3. B adsorption and reincorporation in secondary minerals 

The reincorporation or adsorption of B on clay minerals, organic 

particles, and mineral surfaces is known to strongly fractionate boron 

isotopes and to cause the enrichment of 11B signatures in solutions. This 

process has specifically been invoked to explain the high δ11B in several 

streams and large rivers (Chetelat et al., 2009a, 2009b; Lemarchand 

et al., 2015; Williams et al., 2001; Rose et al., 2000; Gaillardet and 

Lemarchand, 2018). In the soils at Shale Hills, depletion of major ele- 

ments (Jin et al., 2010) and geochemical modeling (Sullivan et al., 

2019) indicate that clay formation and transformation occur. According 

to classical interpretation, water rock interactions are two-step reac- 

tions where minerals first dissolve and then new mineral phases pre- 

cipitate, incorporating elements such as Al, one of the least soluble 

elements in soils. During this mineral transformation, Na is not sig- 

nificantly reincorporated or adsorbed in secondary minerals and can 

therefore be used as a reference against which the behavior of other 

elements can be compared. B incorporation or adsorption on secondary 

minerals can explain the fact that groundwater and stream water have 

lower B/Na ratios compared to shale (Fig. 3) and that these waters have 

higher δ11B compared to the shale. Thus, the difference between the B/ 

Na ratio of the water and that of the rock is attributed to B loss during 

reprecipitation or adsorption. To quantify the loss, we define the frac- 

tion of boron left in solution, fB, as (Fig. 5): 

(B 
Na)dis 

B 

(1) 

where (B/Na)dis is the ratio of dissolved B to Na in water (e.g., stream 

water and groundwater) and (B/Na)rock is that of the rock. The (B/ 

Na)rock ratio (mol/mol) was measured as 0.07 ± 0.01 for the shale 

sampled above the ankerite-rich layer, while the B/Na ratio of the 

deeper ankerite-rich shale endmember was 0.03. We applied the an- 

kerite B/Narock ratio when groundwater samples had Ca concentrations 

greater than 300 μM, as these concentrations have been attributed to 

ankerite-water interactions (Jin et al., 2014). The calculated values of fB 
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Fig. 5. Stream water (purple circles) and groundwater (green squares) δ11B 

composition and fB (the fraction of boron left in solution) compared to open 

flow-through model predictions (based on two potential fractionation factors 

αsec−dis of water-rock interactions, see Eq. (3)). (For interpretation of the re- 

ferences to colour in this figure legend, the reader is referred to the web version 

of this article.) 

 
vary from almost 0 (100% of B released to solution was subsequently re- 

precipitated) to about 0.8 (20% of released boron reincorporated into 

secondary phases). 

It is possible to model the isotopic effects produced by these water- 

rock interactions using an open flow-through modeling approach (Eqs. 

(2), (3); Bouchez et al., 2013; Dellinger et al., 2015), assuming in this 

case that Na is conservative (meaning once dissolved it remains in so- 

lution). In this model, the bedrock is first dissolved and then B is 

fractionated between the secondary minerals and the residual water. 

While simple in formulation, Bouchez et al. (2013) has demonstrated 

that such a flow-through model can be successful in predicting isotopic 

compositions of waters (soil, ground, stream) for Li, B, Mg, Si and Ca 

isotopes in over 500 samples from ~50 sites. Outlined below is the 

flow-through model for B where the isotopic composition of the dis- 

solved boron is noted as δ11Bdis and that of the secondary clay or ad- 

sorbed B as δ11Bsec: 

the range of pH found in Shale Hills. In comparison, the model fit for a 

Rayleigh distillation approach using reasonable fractionation factors 

was poor (see supplemental material). 

What emerges from this analysis is that groundwater and most 

stream water (except samples with K/Na > 1.5) are consistent with 

the interpretation that adsorption or incorporation of boron on or in 

clay minerals adequately explains the B isotopes and concentrations. 

This furthermore suggests that the stream is largely impacted by water- 

rock interaction processes within the soil where formation of secondary 

minerals and adsorption of boron is most likely to occur and also in the 

groundwater (rock dissolution) (Fig. 5). This is consistent with hydro- 

logic interpretations of large inputs of interflow (fast subsurface 

groundwater flow in the upper 5–8 m) and some influxes of deeper, 

regional groundwater into the stream at Shale Hills (Sullivan et al., 

2016b; Brantley et al., 2017). The relatively high δ11B stream values 

plotted on the flow-through model line (Fig. 5) require that at least 70% 

of the boron was reincorporated into secondary products during 

weathering. Given that the soil profiles in Noireaux et al. (2014) show 

that B is lost concomitantly with Al, Fe, Mg and K from the soil profile, a 

signature of particle loss, we infer that B loss occurs to a greater degree 

in near surface soils than at depth. Yet, isotopic pools of bedrock and 

soil reservoirs are fairly similar, which suggests that partitioning of 

light B is likely as a precipitated coating on these small particles. 

4.1.4. Vegetation leaching 

Although clay dissolution and adsorption processes can explain the 

majority of data, four surface water samples fall outside of the flow- 

through model predictions (Fig. 5). These four samples not only have 

high δ11B (compared to their B/Na ratio) and high B concentrations, 

they also contain elevated concentrations of K and Mg (Table 1). Sev- 

eral studies have shown that vegetation and throughfall (precipitation 

that interacts with vegetation on its way to the ground) are enriched in 

B and in 11B. Throughfall often shows a δ11B signature that can be 10‰ 

higher than that of the precipitation (Chetelat et al., 2009a, 2009b; 

Gaillardet and Lemarchand, 2018). In addition, we know vegetation is 

also enriched in K and Mg (e.g., Herndon et al., 2015b). We interpret 

the δ11B signature of the samples that lie out of the predicted flow- 

through model to be influenced by biotic interaction. We propose that 

the high K and B concentrations in these stream samples indicate dif- 

ferences in dominant flow paths contributing to the stream at Shale 

Hills. When the K/Na ratio of the stream water is high (> 1.5), it re- 

flects a dominant contribution of shallow flow paths of water through 

the hillslopes. These flowing waters have interacted with vegetation via 

throughfall and/or leaching of litter. In contrast, low K/Na ratios in- 

11Bsec = 
11Bdis +   sec   dis (2) 

dicate deeper water flowpaths that experienced a lesser degree of in- 

teraction with vegetation or were overprinted by longer interaction 

11Bdis = 11Bshale (1 fB ) × sec   dis (3) 
times in the subsurface. High frequency stream water solute con- 

centrations from Shale Hills between 2007 and 2010 (Herndon et al., 

Here, Δsec−dis = δ11Bsec -δ11Bdis (≈1000 × ln αsec−dis) the isotopic 

fractionation between the secondary phases and the dissolved load, and 

αsec−dis represents the fractionation coefficient between secondary 

phases and the dissolved load. Depending on the complex formed at the 

mineral surface and the crystallographic structure of the newly formed 

minerals, Δsec−dis can show very large variations ranging from −60‰ 

to 1‰ (Lemarchand et al., 2007). However, from the experimental 

work published so far, the overall observation is that light B is pre- 

ferentially incorporated on mineral surfaces and in solids (Palmer et al., 

1987; Rose et al., 2000; Lemarchand et al., 2007). 

Fig. 5 shows that except for a few samples (to be discussed sepa- 

rately), all stream water and groundwater samples plot along a linear 

trend best explained by a flow-through model and αsec−dis values be- 

tween 0.981 and 0.977 (20‰ and 23‰). This range of values is con- 

sistent with what has been published so far for the fractionation of 

boron incorporated into or adsorbed on clay minerals (Palmer et al., 

1987; Lemarchand and Gaillardet, 2006; Gaillardet and Lemarchand, 

2018) rather than into or on iron oxides (Lemarchand et al., 2007) over 

2015a) show that the K/Na ratio only exceeds this 1.5 threshold ratio 

10% of the time. In contrast, we observed samples with high K/Na in as 

many as 26% of our stream water samples. The Mule Hole watershed in 

India is an extreme example of this same type of shallow flow path 

behavior that can control stream water chemistry: in Mule Hole, the B 

concentration in stream water under high flow mirrors that of the 

throughfall and litter (Gaillardet and Lemarchand, 2018). Interestingly, 

inputs of vegetation leaching to the stream at Shale Hills are not cor- 

related with stream discharge or season. 

4.2. Boron budget at the watershed scale 

A simple interpretation of Fig. 2 is that one important component 

depleted in δ11B has not been sampled at Shale Hills. Specifically, we 

would have expected to measure a pool more depleted in 11B than the 

parent rock (~ −5‰) given that stream water, groundwater, sedi- 

ments, soils and vegetation were either the same or enriched compared 

to the parent material. To have created such an enriched pool through 
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weathering and biological cycling by vegetation means some light pool 

was not measured. Below we use a mass budget approach to calculate 

[B]rock, and the rock density, ρrock: 

     SP,j × Aj 

the missing sink at steady state. FB,D = [B]rock × rock × Aj (6) 

4.2.1. Atmospheric and vegetation controls on dissolved B fluxes 

Atmospheric estimates of B delivered to Shale Hills were determined 

using measured average annual B fluxes. In the absence of significant 

dry deposits, the incoming B fluxes to the catchment are brought by 

precipitation. The boron fluxes into and out of the catchment, FB,precip 

(mol/ha/yr) and FB,stream (mol/ha/yr), are thus calculated using the 

mean annual precipitation (P; m/year) and mean annual discharge 

fluxes from the stream (Q; m3/year), respectively. These are multiplied 

by the precipitation- (Pi; m/year) and discharge- (Qi; m3/year) 

weighted boron concentrations from the collected sampling events (i): 

Here [B]rock is 88 ppm (Noireaux et al., 2014) and ρrock is 

2.6 g cm−3 (Ma et al., 2013). The overall area-weighted average de- 

nudation rate for the catchment was 31.9 m/Myr, which provided an 

estimate of FB, D of 6.5 ± 3.5 mol/ha/yr, a value more than three times 

higher than the dissolved B flux exported by the stream. 

4.2.3. Boron export as solid material 

At the watershed scale, we consider that the soils at Shale Hills are 

at an approximate steady-state, which is in agreement with the soil 

production and denudation rates estimated by U-series isotopes (Ma 

FB,precip = A × P ×
     Pi × [B]precip,i  

 Pi (4) 

et al., 2010, 2013) and 10Be (West et al., 2013), respectively. When we 

assume steady-state, all the boron produced by chemical weathering 
reactions must leave the watershed either as a dissolved component 

FB,stream = 
Q 

×
    Qi × [B]stream,i  (< 0.45 μm) or as a solid component (≥ 0.45 μm). At Shale Hills, this 

A  Qi (5) exported solid phase consists of newly formed secondary particles (e.g., 

We used the 2006–2014 average precipitation (P = 1.08 m/year) 

and the average of the 2006–2010 discharge (Q = 38,400 m3/year) 

data measured at the Shale Hills catchment (Duffy, 2012, 2013). To 

determine the fluxes (A = area = 7.9 ha), we assume that P is uniform 

across the site, and that Q represents the entire discharge from the 

catchment. The discharge-weighted concentration of B was 0.56 μmol/l 

and the precipitation-weighted concentration of B was 0.10 μmol/l. 

Using these values we calculated FB,stream at 2.8 ± 1.1 mol/ha/yr and 

FB,precip at 0.7 ± 0.2 mol/ha/yr (uncertainty was calculated as square 

root of the sum of the partial derivatives of the variables multiplied by 

the uncertainty of each variable squared). Thus, FB,precip represents 

25 ± 12% of the stream boron flux. We then corrected the total boron 

exported by the stream for atmospheric deposition and arrived at an 

FB,stream of 2.1 ± 1.3 mol/ha/yr. We did not use typical atmospheric 

conservative tracers to further constrain atmospheric B inputs given 

that additional sources of Cl have been reported to contribute to the 

stream water at Shale Hills (Li et al., 2017) and Na and SO4 are gen- 

erated by weathering of shale and pyrite. The use of SO4 is further 

compounded by historic loading associated with acid rain. Based on 

flow-through model results it is also important to note that FB,stream 

represents, to some degree, B “leaking” from the vegetation to the 

watershed, which elevates the B concentrations (in ~26% of the sam- 

neoformed clays; Jin et al., 2010) as well as coatings on primary clay 

particles (e.g., illite) (Herndon et al., 2018; Kim et al., 2018), which 

have been observed on colloids extracted from soil water and ground- 

water samples. Based on the steady state hypothesis, we calculated the 

flux of solid B needed to close the mass budget: 

FB,D = FB,exported solid + FB,stream (7) 

Using FB, D of 6.5 ± 3.5 mol/ha/yr (Section 4.2.2) and FB, stream of 

2.1 ± 1.3 mol/ha/yr (Section 4.2.1) we estimated that the solid ex- 

ported flux of B, FB, exported solid, was 4.4 ± 3.8 mol/ha/yr at Shale Hills 

using Eq. (7) (Fig. 6). Despite the large uncertainties associated with 

these fluxes, the main message revealed by this calculation is that most 

of the boron (70%) is leaving the watershed in a solid form. If we take 

an average concentration of 60 ppm B for river sediments (Table 2), and 

use the published values of exported solid fluxes at Shale Hills (erosion 

rates of 15–19 m/Myr, Jin et al., 2010 and West et al., 2013), then we 

can estimate that 2.2–2.7 mol/ha/yr of B is exported in a solid form at 

Shale Hills. This flux based on erosion rates is low but within error of 

our mass budget estimate of 4.4 ± 3.8 mol/ha/yr. 

Given our estimates of both FB, D and FB, stream, the mass balance 

approach also constrains the isotopic composition (δ11Bexported solid) of 

the exported solid flux (FB, exported solid) in the B budget: 

pled events). At Shale Hills, this vegetation “leaking” of B only has a 

substantial impact on the concentration of B observed in the stream and 
FB,D × 

11Brock = FB,exported solid × 
11Bexported solid  + FB,stream × 

11Bstream 

(8) 

not on the δ11B as demonstrated by the similar isotopic composition of 

the litter and stream water (Fig. 2) and stationary isotopic composition 

of the “biotically influenced” stream water samples, which deviated 

away from the predicted flow through model (Fig. 5). 

In summary, we have estimated that the total B flux exported by the 

stream after correction for atmospheric input is 2.1 ± 1.3 mol/ha/yr 

and that the annual B precipitation flux represents 25 ± 12% of the 

We found that a δ11B value of −12.2 ± 5.3‰ for the exported 

solid flux of boron was necessary to close the isotopic mass budget. 

However, the measured δ11B of the stream suspended load (−4.2‰), 

streambed sediments (−4.0‰), and the soil profiles (−5.0‰) show 

almost no fractionation with respect to the bedrock composition 

(−4.6‰; Table 2) and are 5‰ to 6‰ higher than this estimated par- 
11 

stream boron flux. Assuming that precipitation has an average δ11B of ticle δ B (Fig. 6). While the mass budget and erosion rate estimates for 

15.5‰ (excluding the precipitation sample influenced by throughfall), 

we estimate that the average stream δ11B decreases from 12.8‰ to 

11.4‰ once corrected for atmospheric inputs. 

4.2.2. Bedrock denudation 

To estimate the contribution of bedrock weathering to the boron 

budget at the catchment scale, we used the range in published soil 

production rates, Sp, for the catchment (17 m/Myr to 52.4 m/Myr by U- 

series; Ma et al., 2010, 2013) estimated at soil profiles in Shale Hills 

including SPVF and SPRT. To estimate the B flux associated and account 

for the variability in the Sp coming from the bedrock, FB,D, we derived 

an area-weighted Sp for the watershed based on the reported Sp values 

for three (j) areas (A) (i.e., valley floor, midslope, and ridge top area in 

the watershed) obtained by Ma et al., the B content of the bedrock, 

FB, exported solid agree within error, the isotopic budget reveals that iso- 

topically light B is clearly missing at the Shale Hills CZO. 

4.3. How is Shale Hills losing light B? 

Our data suggest that two processes govern the isotopic composition 

of B: vegetation cycling and rock-water interactions (clay dissolution 

and precipitation and/or absorption). But the data also are consistent 

with a missing pool and flux of light B at Shale Hills. There are very few 

data available on the different plant tissues but recent studies suggest 

that important isotopic fractionation occurs between the leaves, exu- 

dates and wood in trees (Cividini et al., 2010; Geilert et al., 2015; 

Geilert et al., 2019). The two latter studies reported that wood tissues 

were 24 to 27‰ lower that leaves in different plant species. With the 
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Fig. 6. Annual mass balance of boron in the Shale Hills watershed. Boron fluxes (FB; mol/ha/yr) and isotopic composition (δ11B; ‰) associated with precipitation 

(purple), soil production from the bedrock (black), and stream water export of dissolved species (blue) and solid material (dark red), in addition to the B isotopic 

composition of the soil (brown). The mass balance revealed a missing isotopically light B flux, and we attributed this to exported solid material not sampled nor 

measured for isotopic composition (bright red). The estimated δ11B of the exported solid material lost at Shale Hills was substantially lighter than the δ11B measured 

in the suspended or bedload material (dark red), soil (brown), or even bedrock (black). (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 

litter measured here between 5 and 15‰, this would mean that tree 

wood would be as low as −10 and −20‰, consistent with the range of 

isotopes that should be in the missing boron. As we did not measure 

boron isotopes in the tree wood, we cannot rule out that isotopically 

light B might be stored in the wood, but two arguments run against this 

hypothesis. First, we expect that over long periods of time most of the 

woody debris decays within the catchment; thus, the B pool is retained 

within the system and therefore does not support the missing flux of B. 

Second, it seems difficult to reach the necessary flux of missing boron 

(4.4 mol/ha/yr) by exporting wood fragments from the catchment. 

We conclude from the stream water data that water-rock interac- 

tions (rather than vegetation) mainly control the behavior of B and 

thus, the missing light boron pool. Based on the above calculated value 

of δ11B of the missing B pool at steady state (−12‰), the isotopic 

fractionation between the average stream composition and the calcu- 

lated δ11B of the secondary phases is close to 20‰. This value is 

strikingly similar to the isotopic fractionation required by the flow- 

through model (Eq. (2) and Fig. 6), strengthening the idea that boron 

isotope geochemistry at Shale Hills is predominantly controlled by in- 

organic processes. It is interesting to note that in earlier isotopic studies 

at Shale Hills (Yesavage et al., 2012; Ma et al., 2015), mass balance on 

Mg and Fe isotopic systems also led to the inference that there was a 

pool of particles that had not been sampled (other than one deep se- 

diment sample by Ma et al. (2015)) and a flux of material that had not 

been analyzed in sampling strategies. 

According to the current experimental and observational knowledge 

of boron isotopic fractionation during water rock interactions (e.g., 

Palmer et al., 1987; Rose et al., 2000; Lemarchand et al., 2007; 

Gaillardet and Lemarchand, 2018), we propose that the creation of such 

light material can only occur through B-coprecipitation in clays or as 

coatings precipitated on primary clay surfaces. From an isotopic point 

of view, the few available studies indicate that the secondary weath- 

ering solid becomes enriched in 10B at pH values between 6 and 8. 

Diagenetic studies also suggest that a significant amount of boron (up to 

100 ppm) can be incorporated into clays depending on the pH, partition 

coefficient, and boron content of the precipitating solution, though si- 

milar studies at typical soil temperatures are lacking (Williams et al., 

2001; Williams and Hervig, 2005). If we use the observed high tem- 

perature (> 1000 °C) linear relationship with mineral-water B isotope 

fractionation (Williams et al., 2001) and extrapolate it to 25 °C it is in 

good agreement with the value inferred from our flow-through model at 

Shale Hills (Section 4.1.3). Given that adsorption or coprecipitation of 

boron in Fe-oxides (goethite) at natural pH ranges results in isotopic 

fractionation values (~ 40‰; Lemarchand et al., 2007) that are too 

elevated to explain the data at Shale Hills, we suggest that boron re- 

incorporation into clays better explains the δ11B measured in the dis- 

solved load as well as the δ11B of the missing pool. 

These conclusions based on boron isotopes and fluxes are consistent 

with the recent findings of a particle transport study at Shale Hills by Kim 

et al. (2018). In this study, the authors sampled river suspended sedi- 

ments during flood events at Shale Hills and showed that depending 

upon the water flowpaths in the catchment, the chemistry of particulate 

material was variable, affected by grain size, shape and density. Particles 

transported during high discharge events appeared to be enriched in Al, 

Mg or K, similar to the water dispersible colloids isolated by leaching soil 

samples at Shale Hills (Bern and Yesavage, 2018). Groundwater may also 

transport significant quantities of such fine particles as scanning electron 

microscopic analysis of particulate matter in the groundwater at Shale 

Hills revealed a mineral composition of illite, vermiculite, chlorite and 

kaolinite (Herndon et al., 2018). These particulate material pools may all 

represent the exported solid 10B-enriched material (B was not measured 

on any of these samples). When Al or Mg concentrations measured on the 

river sediments in this study (Table 2) are compared to those investigated 

by Kim et al. (2018), it appears that the sediments analyzed here for δ11B 

have lower Al and Mg than those measured by Kim et al. (2018). Thus, 

sediments analyzed here are probably not representative of the material 

transported during flood events. During flood events, particles may be 

mobilized out of deep bedrock fractures. 

We must, however, underscore that these measurements of stream and 

particle fluxes (Kim et al., 2018) were far too low (0.1 mol B ha−1 y−1; 

using a B concentration of 60 ppm) to support the estimated solid B export 

required to close the mass balance (~2.4 mol B ha−1 y−1). Therefore, it is 

difficult to imagine that the missing B flux is transported during the flood 

events based on today's observations. One possibility, as suggested by Kim 
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et al. (2018), is that a significant portion of particles is transported out of 

the catchment by groundwater and not by the stream. This could explain 

our missing pool of B if these groundwater-transported particles are car- 

rying the missing 10B. Thus, one hypothesis is that “missing” light B par- 

ticles are lost through deep groundwater export from the catchment that 

we have not sampled. A second hypothesis is that the missing boron was 

lost in the past in proportions higher than are being lost today. Similarly, 

Ma et al. (2015) argued that greater particle loss occurred in the past from 

Shale Hills in order to explain the observations of Mg isotopes in the 

system. They invoked possible transport during periglacial conditions to 

explain a missing heavy Mg isotope reservoir. A similar explanation could 

apply to boron isotopes. 

The observation that multiple isotopic systems (e.g., B, Mg, Fe) in this 

shale-rich system point to a missing pool suggests a fundamental gap in 

knowledge of how shale systems weather. Here, studies of these isotopic 

systems across shale catchments of varying age and climatic histories, 

where erosion rates have been constrained, could reveal fractionation 

and transport processes key to understanding this particle flux. 

4.4. Implications 

Findings from Shale Hills point to a critical need to quantify the 

isotopic composition and reservoirs of B in vegetation because sig- 

nificant variation in fractionation can occur between roots, wood, and 

leaves (Cividini et al., 2010; Geilert et al., 2019). Paying particular 

attention to these compartments and how they break down and are 

released, especially when combined with Li isotopes that are solely 

dictated by mineral dissolution, would help illuminate the controls on 

weathering fluxes and the sensitivity of the critical zone to changes in 

biotic and abiotic processes. Our data also offer yet another example 

where the simple flow-through model best predicts isotopic composi- 

tion. This model is consistent with water chemistry controlled by B 

released from dissolution of primary minerals keeping pace with B in- 

corporation into secondary phases. This study gives an explanation for 

the 11B rich nature of continental waters that are discharged to the 

ocean. We predict that the extent of clay formation on lands, and thus 

weathering regimes, will have a consequence in terms of B isotopic 

composition of the ocean, given the fact that rivers are the main driver 

of ocean δ11B (Lemarchand et al., 2000). 

5. Conclusion 

Boron concentrations and isotopes are a powerful proxy for eluci- 

dating the control of chemical weathering, sorption processes, and ve- 

getation cycling on mass fluxes in shale catchments. The solid (i.e., 

particulate, soil, and bedrock) and solute (i.e., precipitation, stream 

water, and groundwater) boron concentrations and isotopes and results 

from the flow-through model revealed that the stream is dominated by B 

inputs from water-rock interactions including mineral dissolution and B 

incorporation into secondary minerals. When paired with geochemical 

modeling and past observations, we infer the largest proportion of B is 

released from chlorite dissolution in the near surface soils and regolith, 

and that light B is preferentially incorporated or co-precipitated on to 

mobile clay particles. Conversely, the release of boron from the vegeta- 

tion appeared to have a limited influence. Mass balance calculations at 

the watershed scale showed that a pool of boron with low δ11B signature 

is missing from our sampled pools. The isotopic signature of this pool 
argues for a reservoir of boron related to secondary weathering products, 

export of boron is not operating at steady state in the catchment (i.e., 

there is no net long-term storage of boron in the system) suggesting that 

the missing boron has been lost in the past in proportions higher than are 

being lost today. Altogether, boron isotope systematics at Shale Hills 

confirm the conclusions reached by other isotopes in this shale system. 

Thus, revealing the timing and flux of the light boron pool at the small 

watershed scale, where more compartments can be measured and under 

longer timescales, may be critical for understanding riverine fluxes and 

their controls on the oceanic composition of boron. 
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