
1.  Introduction
Lithium (Li) isotopes are considered one of the best tracers of silicate weathering (past and present) because they 
are relatively insensitive to confounding processes such as carbonate formation/dissolution or biological cycling 
(see overviews by Penniston-Dorland et al., 2017 and Pogge von Strandmann et al., 2020). Instead, the fraction-
ation of Li isotopes during weathering can be mainly attributed to secondary minerals preferentially taking up 
the lighter isotope, 6Li (Hindshaw et al., 2019; Pistiner & Henderson, 2003; Verney-Carron et al., 2011; Vigier 
et al., 2008; Wimpenny et al., 2015). As a result of this isotopic fractionation during secondary mineral formation, 
the Li isotope signature of weathering products can be broadly related to the degree of weathering (also known 
as weathering intensity). When primary minerals are still predominant in the regolith (here defined as all weath-
ered material overlying cohesive bedrock), Li isotopes are not strongly fractionated relative to the bedrock (Huh 
et al., 2004; Lemarchand et al., 2010; Pogge von Strandmann et al., 2012; Ryu et al., 2014) but at more advanced 
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weathering stages, where secondary minerals dominate, bulk regolith shows δ7Li values increasingly lower than 
its parent rock (Clergue et al., 2015; Huh et al., 2004; Kisakűrek et al., 2005; Liu et al., 2013; Rudnick et al., 2004; 
Ryu et al., 2014). Weathering also enriches waters in the heavy isotope, 7Li, providing information about the 
balance of primary silicate dissolution relative to secondary mineral formation–i.e., weathering intensity–at the 
catchment level (Dellinger et  al.,  2015; Millot et  al.,  2010; Misra & Froelich,  2012; Pogge von Strandmann 
et al., 2006; Vigier et al., 2009).

The utility of Li isotopes as a weathering proxy thus depends on understanding the reactions that fractionate them 
across a wide range of environmental settings. However, most of what we know about Li isotope fractionation in 
the critical zone comes from studies of temperate sites. Likewise, most laboratory experiments have addressed the 
dissolution of primary minerals and the precipitation of clays, but relatively little is known about the potential Li 
isotopic fractionation exerted by other secondary minerals typical of advanced weathering stages (like Fe, Al, and 
Mn oxides) or by weathering processes after secondary minerals have precipitated, such as changes in crystallin-
ity (ripening), desorption, and dissolution of secondary and refractory minerals. Therefore, to better establish Li 
isotopes as a robust tracer of weathering intensity, a more complete understanding of the processes that control 
their fractionation at late weathering stages is needed.

To this end, we investigated the Li isotope systematics of a well-studied weathering profile at the catchment with 
the fastest documented silicate weathering rates on Earth (~334 mm y−1; Dosseto et al., 2012), which is covered 
by tens of meters of highly leached regolith comprised only of secondary minerals and primary quartz (Buss 
et al., 2013; Dosseto et al., 2012). Laboratory studies would predict that such abundant secondary mineral forma-
tion should drive significant Li isotope fractionation. On the other hand, the stream chemistry of other elements 
measured at this site appears to be set by weathering reactions occurring below the bedrock-regolith interface 
(Chapela Lara et al., 2017; Yi-Balan et al., 2014). This site, therefore, offers a unique opportunity to test the 
relative importance of regolith versus bedrock weathering processes in setting the δ7Li of waters draining highly 
weathered tropical catchments.

2.  Materials and Methods
2.1.  Regolith Profile

The regolith profile we studied is located on a ridgetop within the andesitic volcaniclastic Bisley 1 catchment, 
part of the Luquillo Critical Zone Observatory in NE Puerto Rico (Figure S1 in Supporting Information S1). This 
site is covered by a mature montane tropical forest with a mean annual precipitation of 3,878 mm and a mean 
daily temperature of 24.2°C (Gioda et al., 2013).

The regolith at this site (0–8.5 m depth) is highly weathered (Chemical Index of Alteration [CIA] >98%; Ta-
ble 1; Figure S2a in Supporting Information S1) and almost completely depleted of base cations (e.g., 90% loss 
of Ca and 100% loss of Na; Chapela Lara et al., 2018). The mineralogy of this regolith also reflects a high de-
gree of weathering: about 74 wt. % kaolinite, 15 wt. % illite, 5 wt. % Fe(III)-(hydr)oxides, and 20 wt. % quartz 
(Buss et al., 2017; Figure S2c and Table S1 in Supporting Information S1). At the bedrock-regolith transition 
(9.3–8.5 m depth), only chlorite (10 wt. %) and orthoclase (3 wt. %) remain of the parent rock mineral assemblage 
(plagioclase, chlorite, quartz, pyroxene, amphibole, epidote, prehnite; Buss et al., 2013).

Saharan dust contributes notable amounts of several elements to the shallow regolith (∼0–1.8 m depth) in the 
Luquillo Mountains, including P (McClintock et al., 2015; Pett-Ridge, 2009), Mg (Chapela Lara et al., 2017), 
Mn, and Y (Chapela Lara et al., 2018). Input of Li from Saharan dust has also been documented in the Caribbean 
region (δ7Li = +0.70‰, [Li] = 2.4–2.9 mmol kg−1; Clergue et al., 2015).

2.2.  Sample Collection and Elemental Analyses

Regolith samples were collected approximately every 30–60 cm depth by hand-augering until auger refusal at 
9.3 m depth. Each solid regolith sample was homogenized, dried at 40°C and sieved to <2 mm. To estimate the 
proportion of major and trace elements held in the regolith exchange complex, an extraction with 0.1 M NH4-ac-
etate was performed (for further details, see Buss et al., 2017). Porewater was sampled from several depths at the 
same site in November 2009, using nested suction lysimeters installed by the USGS in 2007 (Buss et al., 2017). 
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Sample Depth m Li μg g−1 Li mM kg−1 Nb μg g−1 Cs μg g−1 CIAa % τLi,Nb
b δ7Li ‰ 2SDd ‰ nd

Bulk regolith

  B1S1-0 0.0 10.4 1.5 2.2 0.5 99.2 −0.65

  B1S1-31 0.3 10.0 1.4 2.7 0.7 99.3 −0.73

  B1S1-61 0.6 8.1 1.2 4.4 0.4 99.5 −0.86 10.90 0.19 3

  B1S1-91 0.9 6.0 0.9 2.8 0.3 99.5 −0.84 9.27 0.20 3

  B1S1-122 1.2 7.1 1.0 8.5 0.3 99.6 −0.94 7.37 0.18 3

  B1S1-152 1.5 6.9 1.0 2.4 0.2 99.7 −0.79 8.33 0.12 3

  B1S1-183 1.8 8.3 1.2 2.4 0.3 99.7 −0.74 12.60 0.42 2

  B1S1-183* 12.72 0.01 3

  B1S1-274 2.7 9.0 1.3 2.4 0.4 99.3 −0.72 8.62 0.17 3

  B1S1-427 4.3 10.1 1.5 2.0 0.4 99.3 −0.63 2.17 0.21 3

  B1S1-549 5.5 7.5 1.1 99.5 −5.19 0.16 3

  B1S1-640 6.4 15.0 2.2 1.6 0.7 99.2 −0.29 −12.33 0.24 3

  B1S1-640* −12.53 0.15 3

  B1S1-701 7.0 14.5 2.1 98.7 −18.15 0.07 3

  B1S1-762 7.6 10.5 1.5 98.4 −18.87 0.27 3

  B1S1-853 8.5 98.7

  B1S1-823 8.2 21.3 3.1 2.0 0.9 99.2 −0.20 −20.83 0.15 3

  B1S1-899 9.0 43.1 6.2 97.4 −37.83 0.25 3

  B1S1-899* −37.84 0.09 3

  B1S1-929 9.3 68.6 9.9 2.1 0.8 96.3 1.48 −36.97 0.28 3

  B1S1-929* −36.90 0.07 3

Drilled bedrock

  B1W2-1-2 13.8 2.0 1.1 0.05 48.25 4.20 0.25 3

  B1W2-2-2 18.9 2.7 45.71 3.84 0.21 3

  B1W2-6-2 18.2 2.6 1.3 0.35 50.03 4.21 0.17 3

  B1W2-6-2* 4.40 0.40 3

  B1W2-7-2c 20.0 2.9 73.90 10.93 0.28 3

  B1W1-9-3c 40.0 5.8 82.30 6.29 0.27 3

  Boulder B1P1 10.3 1.5 3.2 0.08 45.36 −0.01 0.13 3

Vegetation

  Tabonuco leaves 0.4 0.1 3.37 0.10 4

Reference materials

  OSIL Seawater 31.28 0.36 3

  BHVO-2 basalt 4.55 0.51 4

  BCR-2 basalt 2.94 0.14 1

  SRM 2709a San Joaquin soil −0.65 0.18 1

Note. * Full-procedure repeats.
aCIA = Chemical Index of Alteration (Equation S1 in Supporting Information S1) = 100[Al2O3/(Al2O3 + CaO* + Na2O + K2O)]. bτLi,Nb = mass transfer coefficient 
(Equation S2 and Text S1 in Supporting Information S1). cSlightly altered bedrock (“saprock” in Buss et al., 2013). dSD is the standard deviation within the same 
analytical session (n = number of repeats) for samples, BCR-2 and San Joaquin Soil and the standard deviation over different analytical sessions for OSIL and BHVO-2 
(n = number of analytical sessions).

Table 1 
Li Concentrations and Lithium Isotopic Composition of Bulk Regolith, Bedrock, and Vegetation
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Stream water samples were collected at low flow in July 2010 and July 2012 
at the outlet of the catchment (Figure S1 in Supporting Information S1). All 
water samples were filtered to 0.45  μm (SFCA-membrane, Cole-Parmer) 
into acid-washed HDPE bottles following the USGS procedures at this site 
(e.g., Murphy & Stallard, 2012).

Three samples from drilled boreholes were chosen as representative of 
the mineralogy and chemical composition of the fresh bedrock, as well as 
a corestone sampled from the stream and two additional borehole samples 
with signs of incipient alteration, such as oxidation along fractures (Buss 
et  al.,  2013). Leaf material from the predominant tree species at the site 
(Tabonuco, Dacryodes excelsa) was also collected, oven-dried (≤60°C) and 
milled.

Major and trace elements in bulk regolith and bedrock samples were ana-
lyzed by SGS Laboratories (Toronto, Ontario, Canada) by ICP-AES after 
lithium metaborate fusion digestion (Buss et al., 2017) and some, including 
Li, were also analyzed at the USGS by ICP-MS after multi-acid digestion. 
The elemental composition of vegetation, porewater, and NH4-acetate ex-
tracts was measured by ICP-MS after multi-acid digestion at Penn State Uni-
versity (vegetation) or the USGS (porewaters and NH4-acetate extracts; Buss 
et al., 2017; Chapela Lara et al., 2017). Major elements in stream water were 
measured by ion chromatography at the University of New Hampshire (Table 
S3 in Supporting Information S1; McDowell et al., 2021c). To complement 
bulk regolith and bedrock data presented in Chapela Lara et al. (2018), fur-
ther samples were measured for trace element composition at GFZ-Potsdam 
by ICP-OES (solids) or iCAP ICP-MS (exchangeable fraction and stream 
water; Tables 1–3).

For Li isotopic analysis, sub-samples of bulk regolith and rocks were digest-
ed on a hot plate at 110°C, using ultrapure concentrated HF and HNO3. Sub-
sequently, organic matter was oxidized sequentially with H2O2, aqua regia, 
and concentrated HNO3 (more details in Schuessler et al., 2018). For water 
samples and NH4-acetate extracts, the volume necessary to obtain ∼30 ng 
of Li was evaporated, treated with H2O2 + HNO3 to remove organic mat-
ter and dried down again. Vegetation samples were treated repeatedly with 
concentrated HNO3, H2O2, and aqua regia on a hotplate at 110°C, ultrason-
icated and evaporated, until organic matter was fully removed. The residues 
from all types of samples were evaporated on a hotplate, treated again with 
H2O2 + HNO3 to remove any remaining organic matter, and re-dissolved in 
0.3 M HNO3. An aliquot was taken for concentration measurements and the 
rest of the solution was dried down for isotope measurements.

2.3.  Lithium Separation and Isotope Analyses

Lithium was separated from the matrix using a procedure based on previ-
ously established methods (e.g., Golla et al., 2021; Kisakürek et al., 2004; 
Zhang et al., 2021). Briefly, all samples were re-dissolved in 0.2 M HCl and 
loaded into 3 ml Bio-Rad AG 50W X12 (200–400 μm mesh) ion-exchange 
columns, using 0.2 M HCl as the eluent. The concentrations of Li and major 
elements of samples, blanks and standards were checked by iCAP ICP-MS 
after column separation, to ensure no Li contamination (typically 0.005 ng Li 
in the total process blanks and 0.003 ng Li in the column blanks) and a sum of 
matrix elements (Na, Ca, Mg, Zn, and Sr) lower than that of Li. The recovery 
of Li after purification was always 99.9% or higher, assuring negligible frac-
tionation during the exchange chromatography. The purified samples were 

Sample Depth m Li μg L−1 Li μmol L−1 δ7Li ‰
2SDa 
‰ na

Porewater

  B1S1-0.5 0.2 0.57 0.08

  B1S1-1 0.3 0.91 0.13 7.94 0.30 3

  B1S1-2 0.6 0.81 0.12 3.37 0.18 3

  B1S1-3 0.9 0.71 0.10 5.91 0.23 3

  B1S1-4 1.2 0.75 0.11 3.04 0.24 3

  B1S1-5 1.5 1.04 0.15 −1.93 0.26 3

  B1S1-6 1.8 0.69 0.10 −1.80 0.23 3

  B1S1-14 4.3 3.25 0.47 −14.85 0.26 3

  B1S1-30.5 9.3 7.86 1.13 −26.71 0.16 3

Stream water at low flow *

Bisley 1–2010 0.24 0.035 32.00 1

Bisley 1–2012 0.27 0.039 36.67 0.32 2

Note. *Values corrected for small sample size are in Table S3 in Supporting 
Information S1.
aSD it the standard deviation within the same analytical session (n = number 
of repeats).

Table 2 
Li and δ7Li of Porewater and the Local Stream

Sample Depth m Li μM kg regolith−1 δ7Li* ‰ 2SDa ‰ na

B1S1-60-EC 0.6 2.51

B1S1-180-EC 1.8 1.83

B1S1-310-EC 3.1 4.03

B1S1-427-EC 4.3 2.80

B1S1-490-EC 4.9 2.36

B1S1-549-EC 5.5 3.70 −19.78 0.22 3

B1S1-640-EC 6.4 3.18

B1S1-701-EC 7.0 3.54 −39.03 0.79 3

B1S1-762-EC 7.6 5.95

B1S1-823-EC 8.2 6.69 −44.38 0.65 3

B1S1-850-EC 8.5 14.28

B1S1-899-EC 9.0 12.02 −49.63 0.52 3

B1S1-929-EC 9.3 20.28 −46.42 0.24 3

Note. *Values corrected for small sample size are in Table S3 in Supporting 
Information S1.
aSD is the standard deviation within the same analytical session (n = number 
of repeats).

Table 3 
Lithium and δ7Li of the Regolith Exchangeable Fraction (NH4-Acetate 
Extract)
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evaporated, treated with H2O2 + HNO3 to remove any organic leachates from the columns and re-dissolved in 
0.3 M HNO3 for isotopic measurements.

Lithium isotope analyses were performed at the Helmholtz Laboratory for the Geochemistry of the Earth Surface 
(HELGES), at GFZ-Potsdam, by MC-ICP-MS on a Thermo Neptune Plus. Samples were bracketed with the 
LSVEC standard with a concentration within ±10% of that of the sample. We express the Li isotopic ratios in 
common delta notation using LSVEC as the standard. The reference materials that were processed with each sam-
ple batch through the same procedures, yielded δ7Li values of +31.3 ± 0.36‰ (2SD, n = 3) for OSIL seawater, 
+2.9 ± 0.25‰ (2SE, n = 1) for BCR-2 basalt, +4.55 ± 0.51‰ (2SD, n = 4) for BHVO-2 basalt, 0.18 ± 0.14‰ 
(2SE, n = 1) for JG-2 granite; and −0.65 ± 0.18‰ (2SE, n = 1) for SRM 2709a San Joaquin Soil (Table 1). 
These values are in good agreement with published long-term average δ7Li values at the GFZ (San Joaquin 
Soil = −0.5 ± 0.2‰; Weynell et al., 2017, 2021) and with published δ7Li values for these reference materials 
measured elsewhere by MC-ICP-MS: Atlantic Seawater = +31.3 ± 0.6 ‰ (Pogge von Strandmann, Schmidt, 
et al., 2019); BHVO-2 = +4.29 to +4.68 ‰; BCR-2 = +2.6 to +2.87 ‰ (Choi et al., 2013 and references there-
in). Additionally, in-house consistency standards (LiNO3, Li2CO3, Baker + Merck; Weynell et al., 2017) were run 
with each analytical session to monitor accuracy and repeatability. Based on these analyses, for sample sizes of 
more than 20 ng Li, we estimate the overall uncertainty of the method to be 0.51‰.

For seven of our samples (exchangeable fraction and stream water; Tables 2 and 3, Table S2 in Supporting Infor-
mation S1), insufficient Li was available to meet the minimum sample size of 20 ng Li for which the protocols for 
Li isotope measurement had been optimized at the HELGES laboratory. To ensure the accuracy of our measure-
ments in this situation, we ran different quantities of OSIL seawater (1, 2, 3, 8, 12, 16, 20, and 100 ng Li) through 
the same protocol and found that our method–while reliable in reproducing reference material δ7Li values within 
the 20–100 ng range of Li for which it was designed–systematically fractionated samples toward higher values 
below 20 ng Li (Figure S3 in Supporting Information S1). The magnitude of this effect increased with decreasing 
sample size, reaching up to 1.8‰ for samples of 1 ng Li (Figure S3 in Supporting Information S1). Extensive 
investigations revealed this offset was caused by preferential retention of a small fraction of 6Li on resin that had 
degraded after storage in MilliQ water, similar to the effect observed by Kuessner et al. (2020) of progressively 
higher δ7Li values when re-using resin more than three times. Although this resin-induced fractionation is very 
small relative to the magnitude of the isotopic variability observed in our samples (Figures 1d and 2), we devised 
a Monte Carlo-based correction for samples analyzed using less than 20 ng Li (Text S2, Table S2 in Supporting 
Information S1). The magnitude of this correction ranges from +0.6 to +1.8‰ and the total uncertainty (incor-
porating uncertainty in the analysis and correction) ranges from 0.5 to 0.8 ‰ (Table S2 in Supporting Informa-
tion S1). We use the corrected values for these seven samples in all figures and the rest of the manuscript.

3.  Results
Lithium concentrations [Li], increase with depth in all measured fractions. Bulk regolith [Li] increases from a 
minimum of 0.9 mmol kg−1 at 0.9 m depth to a maximum of 9.9 mmol kg−1 at 9.3 m depth (Figure 1a; Table 1). 
Exchangeable fraction (NH4-acetate extract) [Li] increases from a minimum of 1.8 μmol kg−1 at 1.8 m depth to a 
maximum 20.3 μmol kg−1 at 9.3 m depth (Figure 1b). Porewater [Li] increases from a minimum of 0.1 μmol L−1 
at 0.9 m depth to 1.3 μmol L−1 at 9.3 m depth (Figure 1c). The [Li] of the stream is ~37 nmol L−1 (Figure 1c; Ta-
ble 2), which is low compared to large rivers globally (about 215 nmol L−1; Huh et al., 1998) but similar to other 
tropical streams draining andesitic (~55 nmol L−1; Fries et al., 2019) or basaltic lithologies (Henchiri et al., 2014; 
Huh et al., 2001, 2004).

Fresh bedrock δ7Li values range between +3.8‰ and +4.4‰, typical of mafic to intermediate igneous rocks 
(Penniston-Dorland et al., 2017, and references therein). Rock samples showing signs of incipient weathering 
have δ7Li values similar to, or slightly higher than, fresh bedrock (−0.01‰ to +10.9‰; Figure 1d; Table 1). 
Bulk regolith has δ7Li values between −37.8‰ and +12.7‰, with a clear increasing trend from depth upwards 
(Figure 1d). However, above 1.5 m depth, a slight shift toward lower δ7Li is seen in the bulk regolith (Figure 1d), 
consistent with the approximate depth of Saharan dust influence at this site (e.g., Chapela Lara et al., 2018).

Porewater δ7Li also increases from depth toward the surface, from δ7Li = −26.7‰ at 9.3 m depth to +7.9% at 
0.3 m depth (Table 2; Figure 1d). Porewater is isotopically lighter than the bulk regolith for most of the profile, 
except in the two deepest samples (Figure 1d).
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The δ7Li values in the deepest samples of the profile are, to our knowledge, the lowest δ7Li published to date for 
porewater (δ7Li = −26.7 ‰) or bulk regolith (δ7Li = −37.8 ‰; Figure 2). These values also represent the largest 
difference between a rock and its weathering products (Δ7Liregolith-bedrock = −42 ‰ and Δ7Liporewater-bedrock = −31 
‰ at 9.3 m depth; Tables 1 and 2) recorded to date (compare, e.g., with compilation in Pogge von Strandmann 
et al., 2020).

The exchangeable fraction has the lightest Li isotopic composition of the analyzed reservoirs, from 
δ7Li = −50.7 ± 0.6‰ at the bottom of the profile to δ7Li = −21.4 ± 0.6‰ at 5.5 m depth (Table 3; Table S2 in 
Supporting Information S1; Figure 1d), representing differences from the bedrock of −55‰ to −25‰. The low 
Li concentrations in the exchangeable fraction above this depth were insufficient for Li isotope measurements.

The leaves of the predominant tree in the forest, the Tabonuco (Dacryodes excelsa), have a δ7Li of +3.4‰, sim-
ilar to the bedrock and to shallow porewater (Table 1; Figure 1d).

The stream δ7Li values (+31.9‰ and +36.6‰; Table 2; Table S2 in Supporting Information S1; Figure 1d) 
are within the upper range of worldwide and tropical rivers (Hindshaw et  al.,  2019; Pogge von Strandmann 
et al., 2020, and references therein), but are much higher than in the similar highly weathered, andesitic Quiock 
Creek of Guadeloupe (about +15‰; Clergue et al., 2015; Fries et al., 2019).

4.  Discussion
4.1.  Sources of Li to the Regolith

The Bisley catchment bedrock contains several minerals into which Li can substitute for Mg and Fe (chlorite, 
pyroxene, amphibole, epidote) or, to a lesser extent, be held in interstitial sites in quartz and plagioclase (Breiter 
et al., 2012; Jacamon & Larsen, 2009; Lynton et al., 2005; Zhang et al., 2021). Among these potentially Li-bear-
ing minerals, chlorite contains six times more Mg and Fe than epidote, pyroxene or amphibole, and is the most 

Figure 1.  Variation of Lithium (Li) concentration with depth in (a) bulk solid, (b) the exchangeable fraction, and (c) 
porewater (note different concentration units in the X-axis). Li generally increases with depth in all three pools. (d) 
δ7Li variation with depth in bulk regolith, porewater, and the exchangeable fraction. All three compartments show 
a generally increasing trend toward the surface of the profile. [Li] and δ7Li values of fresh bedrock, slightly altered 
bedrock (rinds), vegetation, Saharan dust, rain, and stream water are given for reference (depth arbitrary). Measurement 
uncertainties (Tables 1–3, Table S2 in Supporting Information S1) are smaller than the symbols. *Li and δ7Li values for 
Saharan dust and rain are from Clergue et al. (2015), collected in the Caribbean island of Guadeloupe (δ7Li = −0.70‰; 
[Li] = 2.4–2.9 mmol kg−1).
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abundant of the Fe-Mg minerals in the bedrock (Buss et al., 2013), making it likely to be the dominant source of 
Li available for weathering.

Lithium can also enter the weathering environment at the top of the profile by atmospheric inputs, as suggested 
by the shift in ẟ7Li values (Figure 1d) and slight increase in CIA above 1.5 m depth (Figure S1a in Supporting 
Information S1; Table 1). However, mass-transfer calculations show that atmospheric inputs of Li are lost to 
weathering below 1.2 m depth, such that overall the regolith is depleted in Li as compared to the bedrock (Text 
S1 in Supporting Information S1).

4.2.  Li Isotopic Fractionation by Weathering Processes Within the Regolith

The δ7Li values we measured at the Bisley 1 catchment are remarkable for including the lowest ever reported 
regolith and porewater values, a range of δ7Li values spanning 87‰ (Figure 2) and unexpected relationships 
between the regolith, porewater, and stream water (Figure 1d). We conceptualize the drivers of these Li isotopic 
fractionations and relationships as operating in two depth domains within the regolith profile: (a) driven by sec-
ondary mineral precipitation at the bedrock-regolith transition, captured from 9.3 to 8.5 m depth, and (b) driven 
by secondary mineral dissolution, from 8.5 to the surface (Figure 3). Notably, the stream draining the catchment 
does not seem to reflect either of these two in-regolith processes, but rather a third weathering environment 
(Section 4.3).

4.2.1.  Secondary Mineral Precipitation at the Bedrock-Regolith Transition

As bedrock primary minerals are weathered, secondary minerals precipitate, preferentially taking up the light-
er 6Li and driving a progressively larger difference between bedrock and bulk regolith δ7Li values (Clergue 
et al., 2015; Huh et al., 2004; Kisakürek et al., 2004; Rudnick et al., 2004; Ryu et al., 2014). At our site, this 
process is manifest at the bedrock-regolith transition (captured from 9.3 to 8.5 m depth) as an increase in the 

Figure 2.  Comparison of the range of δ7Li values in this work and those previously published. The range of values of river 
water and sediments, lakes, brines, and groundwater are from Penniston-Dorland et al. (2017) and references therein, updated 
to include new suspended sediment values from Millot and Négrel (2021) and Weynell et al. (2021). Previously published 
bulk regolith δ7Li values range from −20‰ (Rudnick et al., 2004) to +13.9 ‰ (Ryu et al., 2014) and porewater δ7Li values 
from −17‰ to +33‰ (Lemarchand et al., 2010).
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overall weathering degree (CIA = 96% at 9.3 m depth, rising to >99% at 
8.2 m; Figure S2a in Supporting Information S1), a loss of most remaining 
primary minerals (Figure S2c and Table S1 in Supporting Information S1) 
and a large difference between bedrock and deep regolith δ7Li values (Δ7Li 
regolith-bedrock = −42‰; Figure 3). However, we note that even our deepest reg-
olith sample (collected at 9.3 m depth, the depth of auger refusal) is already 
highly altered (CIA = 96%; Figure S2a in Supporting Information S1), in-
dicating that most of the chemical weathering that transforms fresh bedrock 
into regolith happens at a scale below the resolution of our sampling. Indeed, 
Moore et al. (2019) showed that weathering along deep bedrock fractures in 
the Bisley 1 catchment is significant: 70% of overall alteration (CIA) can be 
observed within 10 mm of a fracture surface and up to 90% of the fresh bed-
rock cations are depleted within 60 mm of fracture surfaces.

Among the Li-bearing minerals in the bedrock, only chlorite, quartz, and or-
thoclase remain at the bedrock-regolith transition coincident with our deepest 
samples (9.3–8.5 m depth; Figure S2c in Supporting Information S1), but 
quartz does not dissolve at the bedrock-regolith transition or along the bed-
rock fractures at this site (Buss et al., 2017). Therefore, the δ7Li signature of 
the secondary mineral precipitation domain (Figure 3) can be expressed in a 
simplified form as the balance between chlorite and orthoclase dissolution 
and kaolinite (Kaol), illite and Fe(III)-(hydr)oxide (Fe-Ox) precipitation:

Chlorite + Orthoclase →Illite(6Li) + Kaol(6Li) + Fe − Ox(6Li)
+ 7Li+(��) + H+

(��)
� (1)

where, the isotope enriched in each phase is given in parentheses and other 
cations released during primary mineral dissolution are neglected.

The 7Li-enriched porewater produced by Equation 1 is likely drained rapid-
ly from the regolith through the highly fractured bedrock (Buss et al., 2013; 
Moore et al., 2019), and continually mixed with water infiltrating from the 
overlying regolith (infiltration rate ∼5 m y−1; Buss et al., 2017).

The high infiltration rate would make advection the predominant way of Li transport for most of the profile. 
However, at the bedrock regolith transition a sharp decrease in permeability may occur, slowing water movement 
such that diffusion may be a relevant Li fractionating process within the clay precipitation domain (e.g., Teng 
et al., 2010). Lithium isotope fractionation by diffusion is characterized by larger fractionation factors than at 
equilibrium (e.g., Li et al., 2021; Li & Liu, 2020; Verney-Carron et al., 2015), which could also contribute to the 
large apparent fractionation between the bedrock and the deepest regolith (Δ7Li regolith-bedrock = –42‰). Moreover, 
the dissolution of chlorite and orthoclase (Equation 1; Figure S2c in Supporting Information S1) increases the pH 
by about one unit at this depth (Buss et al., 2017), which would enhance kinetic fractionation by sorption onto 
clays (Li & Liu, 2020).

4.2.2.  Secondary Mineral Dissolution Within the Regolith

Above the secondary mineral precipitation domain (9.3–8.5 m), δ7Li values in bulk regolith (δ7Libulk) and pore-
water (δ7Liporewater) increase toward the surface of the profile, with δ7Liporewater consistently lower than δ7Libulk 
(Figure 1d). This relationship is the opposite of that expected from the chemical weathering of most primary 
silicates, by which the lighter 6Li isotope usually accumulates in the solid as weathering advances, producing δ7L-
ibulk < δ7Liporewater (Pogge von Strandmann et al., 2020). Instead, the observed ẟ7Libulk > ẟ7Liporewater relationship 
is consistent with the preferential leaching of the lighter 6Li as Li is lost from the bulk regolith (Figure 4b, Figure 
S2b in Supporting Information S1).

The mineralogy of the regolith within this depth domain is composed entirely of clays (~77  wt. %), quartz 
(~18 wt. %) and Fe(III)-(hydr)oxides (~5 wt. %; Figure S2c and Table S1 in Supporting Information S1; Buss 
et al., 2017), although with some atmospheric input superimposed in the upper 1.5 m (Figure S2b and Text S1 

Figure 3.  Bulk regolith 1/Li versus δ7Li, showing the two different lithium 
isotope fractionation domains recorded in the weathering profile. (a) At the 
bedrock-regolith transition (9.3–8.5 m depth), clays, and other secondary 
minerals precipitate, with an apparent Δ7Li of −42‰. (b) As weathering 
advances from the clay precipitation domain toward the surface of the profile 
(Figure 4a), clays re-dissolve, with an apparent Δ7Li of +50‰. Above 1.5 m 
depth, the bulk regolith is also influenced by dust inputs (empty squares). The 
δ7Li of the stream, rain and dust are shown for comparison (1/Li arbitrary). 
*Dust and rain values are from the Caribbean island of Guadeloupe (Clergue 
et al., 2015).



Journal of Geophysical Research: Earth Surface

CHAPELA LARA ET AL.

10.1029/2021JF006366

9 of 14

in Supporting Information S1). These minerals are relatively stable at Earth's surface conditions, but under the 
intense weathering of the humid tropics, clays and even quartz start to break down (Buss et al., 2017; Schulz & 
White, 1999). Another common process in tropical soils is that short-range-order Fe(III)-(hydr)oxides and Al-ox-
ides increase in crystallinity (e.g., Chadwick & Chorover, 2001; Chorover et al., 2004), expelling impurities such 
as Li. Among these secondary mineral-mediated reactions, however, clay dissolution is most likely driving the 
Li isotopic variability above 8.5 m depth (Figures 4a–4d), as suggested by the inverse correlation between bulk 
δ7Li and Cs (Figure 4c), a proxy for overall clay abundance (including the amorphous phases that are common in 
tropical soils and hard to detect by XRD) because of its high affinity for clays (Sawhiney, 1972).

More specifically, illite is the only identified mineral (Figure S2c in Supporting Information S1; Buss et al., 2017) 
to show a clear correlation with δ7Li (Figure 4d), indicating that illite dissolution may be the predominant process 
behind the wide Li isotope variation within this depth interval (Figure 3). Therefore, within this domain of clay 
dissolution (Figure 3), we suggest the 6Li-enriched illite that initially precipitated at the bedrock-regolith transi-
tion (Equation 1) dissolves, producing porewater enriched in 6Li via Equation 2 below (with the isotope enriched 
in each phase given in parentheses).

Illite(6Li) → 6Li+(��) + SiO2(aq) + other ions in solution� (2)

The isotopically light porewaters generated in this clay dissolution domain (Equation 2) move downwards through 
the regolith and may also be re-incorporated into the clays that are precipitating in the bedrock-regolith transition 
(Equation 1; Figure 3), possibly including an initial diffusion step (Li & Liu, 2020). This “6Li-recycling” mech-
anism would increase the size of the apparent isotopic fractionation during clay precipitation in the bedrock-reg-
olith transition zone and is consistent with the ca. 150% enrichment in Li observed there relative to the bedrock 
(τLi,Nb ≈ 1.48; Figure S2b in Supporting Information S1, Figure 1d; Table 1).

The exchangeable fraction represents only between 0.1% and 0.3% of the bulk solid Li in this profile (Fig-
ures 1a and 1b; Tables 1 and 2), and thus exerts little influence on the overall δ7Li signature of the regolith, but 
it nevertheless constitutes a distinct Li pool that is isotopically lighter than the structural Li pool by up to 11‰ 
(Figure 1d; Tables 1 and 3). In contrast, experimental studies have shown that Li in clays is held in two isotop-
ically distinct pools (exchangeable and structural), but with structurally bound Li favoring the lighter 6Li and 
exchangeable Li taken up with little isotope fractionation (Hindshaw et al., 2019; Pistiner & Henderson, 2003; 
Pogge von Strandmann, Fraser, et al., 2019; Vigier et al., 2008). This could indicate that fractionation of Li during 
outer-sphere adsorption is larger for our mineral assemblage than has been observed for the pure minerals used in 
experiments. Alternatively, this lighter exchangeable fraction could reflect continuous exchange with isotopically 
lighter Li leached from the upper parts of the profile or kinetic isotope effects at the initial step of sorption onto 
clays (Li & Liu, 2020).

Figure 4.  Above the clay precipitation domain (>8.5 m depth), bulk solid δ7Li is positively correlated with (a) weathering degree (r2 = 0.63), approximated by the 
Chemical Index of Alteration (Equation S1 in Supporting Information S1). δ7Li is also negatively correlated with (b) the mass transfer index τLi,Nb (Equation S2 in 
Supporting Information S1; r2 = 0.87); (c) Cs (r2 = 0.93), a proxy for total clay abundance (including amorphous phases not detectable by XRD); and with (d) illite 
content (r2 = 0.85), indicating clay dissolution is the main process driving Li isotope fractionation in this domain. We found no correlation between δ7Li and the rest of 
the regolith minerals (kaolinite, quartz or Fe-oxides; not shown).
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4.3.  Li Isotopic Fractionation Below the Regolith

Using the Cl balance method to subtract rain inputs from the Li concentration in stream water, we estimate that 
roughly 70% of Li in the Bisley 1 stream comes from weathering sources during low flow (Text S2 in Supporting 
Information S1). However, we cannot link this weathering source of Li to either of the two domains we identified 
within the regolith (Section 4.1), because porewater has substantially lower δ7Li values (−26.7 to +7.9‰) than 
the streamwater (+36‰; Figures 1d, 2, and 3). Instead, the extremely low δ7Li in all measured fractions of the 
deep regolith relative to the bulk bedrock (Figure 1d) indicates that a component of bedrock-derived 7Li is miss-
ing. This component could be lost from bedrock weathering along mm-scale interfaces in fractures below the 
zone sampled by the auger which, as mentioned in Section 4.2.1, constitutes the majority of weathering in this 
catchment. In this deeper weathering environment, dissolved 7Li is likely flushed from the weathering interfaces 
rapidly, which could lead to the high δ7Li measured in the stream water, while the dissolved 6Li would be largely 
retained on exchange sites and neo-formed clays. Therefore, weathering along bedrock fractures is likely the 
main source of Li to the stream, consistent with previous studies that found a source of solutes deeper than 9.3 m 
is necessary to close the isotopic (Chapela Lara et al., 2017; Yi-Balan et al., 2014) and elemental (Schellekens 
et al., 2004) budgets of the Bisley catchments.

4.4.  Implications for the δ7Li Signature of Highly Weathered Catchments

The current understanding of Li isotope systematics is that as weathering increases from low to intermediate 
intensity, secondary mineral precipitation drives the δ7Li of stream waters toward values higher than the bed-
rock, whereas with further weathering waters increasingly reflect the low δ7Li of the weathered regolith and 
re-approach bedrock values (Dellinger et al., 2014; Huh et al., 2001; Misra & Froelich, 2012). This conceptual 
model would predict low, near-bedrock δ7Li values for the stream in the high weathering intensity Bisley 1 catch-
ment, which instead has much higher values that are more consistent with an intermediate weathering regime. 
However, we note that these broad models about δ7Li behavior are hampered by the very limited number of field 
studies in highly weathered catchments published to date (Clergue et al., 2015; Dellinger et al., 2014, 2015; Fries 
et al., 2019; Huh et al., 2001).

Our study and those in the Caribbean island of Guadeloupe (Clergue et al., 2015; Fries et al., 2019) are particular-
ly relevant to fill this gap because they represent extreme examples of supply limited weathering regimes, where 
the Li isotopic composition of both the solid and the liquid products of weathering have been measured. Both of 
these catchments are relatively small (Quiock Creek ~8 ha; Bisley 1 ~7 ha), underlain by andesitic bedrock and 
covered by deep (>10 m) highly weathered regolith (CIA >99%) under a wet tropical climate. However, despite 
these similarities, the streams at both sites have very different δ7Li values, which may indicate that dissolved Li is 
sourced from different weathering processes, likely occurring at different zones of the catchment. In Guadeloupe, 
the stream δ7Li values (~+9.3 ‰) are similar to porewater and to the local bedrock (δ7Li = +5.3‰), consistent 
with the Dellinger et al. (2015) model and suggesting a direct connection between weathering processes in the 
regolith and the composition of the stream (e.g., 52%–73% of Li comes from regolith porewater during low flow; 
Fries et al., 2019). In contrast, at our site in Puerto Rico, the extremely low δ7Li values of porewater are not re-
flected in the composition of the stream at low flow (~+36‰; Figure 1d), indicating that the stream water δ7Li 
signature is not directly derived from regolith porewater.

The reason for the apparent decoupling between δ7Li in porewater and stream water at our site (Figure 1d), in 
contrast to what was observed in Guadeloupe, cannot be established definitively without a dedicated mineral-
ogical and hydrological study, perhaps incorporating reactive transport modeling (Golla et al., 2021). However, 
we suggest that this different behavior may stem from the different relationship between the water table and the 
sampled profile depths at the two sites. In Guadeloupe, the water table is reached within the sampled 14 m of reg-
olith profile (Fries et al., 2019) and thus its chemistry reflects weathering reactions within the regolith. In Bisley, 
the groundwater level remains below the 10 m of the regolith profile even during large storm events, reflecting 
reactions along deeper water pathways in fractured rock, where relatively Li-rich primary minerals are still being 
altered to secondary minerals. In other words, although secondary mineral precipitation-dissolution reactions 
appear to set the δ7Li signatures in most of our regolith profile, these regolith signals are not transmitted to the 
stream water draining the catchment because of the hydrological setting.
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Our data thus suggest that, although the δ7Li signature of dissolved weathering products may reliably predict 
weathering intensity (i.e., degree of regolith weathering) in most catchments (Dellinger et al., 2015), in higher 
weathering intensity settings the relationship may not always hold. Specifically, we show that in extreme weath-
ering regimes, the apparent weathering intensity of the catchment's regolith and porewater can be entirely discon-
nected from the weathering intensity of the key zone where the majority of weathering-derived Li is produced. 
In such environments, the liquid products of weathering can keep evolving toward isotopically lighter values as 
weathering advances, without the streams becoming isotopically lighter.

The decoupling between the regolith and the stream water's δ7Li values has implications for interpreting the 
δ7Li of past seawater, where it is commonly assumed that intensely weathered continents (such as those of the 
early Cenozoic) should automatically be reflected in isotopically light riverine fluxes of Li (e.g., Misra & Froe-
lich, 2012), something our data caution against. The threshold for this decoupled behavior might be controlled 
by the limit in the supply of fresh minerals, in turn modulated by erosion rates in larger catchments as proposed 
by Dellinger et al. (2015). However, our work demonstrates that even in catchments of comparable size, erosion 
and weathering rates (cf. Guadeloupe and Bisley), markedly different δ7Li values might arise, reflecting the local 
hydrological and mineralogical properties of the catchment rather than weathering degree per se.

5.  Conclusions
At the site where the highest silicate weathering rates on Earth have been reported (Bisley 1, Puerto Rico), we 
found the lowest δ7Li values measured to date in porewater (−27‰), bulk regolith (−38‰) and exchangeable 
Li (−50‰). We also found unusual relationships between the Li pools in the regolith, with lower δ7Li values in 
the exchangeable fraction than in porewater or bulk solid. We interpret these extreme δ7Li values and the rela-
tionships between Li pools as the result of two distinct weathering processes within the regolith, both driven by 
secondary minerals: (a) clay precipitation at the bedrock-regolith transition, with a preference for the lighter 6Li 
isotope possibly enhanced by diffusion and (b) clay dissolution as weathering advances further up the profile. 
During this second process, 6Li is leached down and likely incorporated again into the clays that are forming at 
the bedrock-regolith transition (process 1, above), likely increasing the apparent bedrock-regolith fractionation at 
the base of the profile. Surprisingly, we also found that these two weathering processes within the regolith are not 
reflected in the δ7Li signature of the local stream, which instead shows high δ7Li values typical of medium-inten-
sity weathering. This result indicates that the stream Li isotopic signature is likely to be controlled by clay precip-
itation in bedrock fractures at greater depth than the ~10 m deep weathering profile we sampled, thus reflecting 
the local hydrology and deep water-rock interactions rather than the overall weathering intensity in the catchment.

In a broader context, our results and those from a comparable highly weathered andesitic site in the Caribbean, 
expand our current understanding of Li isotopic systematics by demonstrating that the weathering intensity of 
the regolith covering a catchment can be disconnected from the isotopic signature of its stream, even under very 
similar bedrock and climate conditions. In these highly leached tropical environments, the liquid products of 
weathering can evolve toward extremely low δ7Li values as weathering advances, without the stream necessarily 
becoming isotopically lighter, highlighting the importance of further research in constraining the controls over Li 
isotope signatures in highly weathered settings.
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