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Abstract

The controls on potassium (K) isotope fractionation during chemical weathering are evaluated using two regolith profiles
developed over �350 kyr on the humid and arid sides of Kohala Mountain, Hawai‘i. The humid regolith shows 145% K
enrichment relative to the basaltic parent in shallow (�1 m) horizons, but losses of up to 90% in the deeper horizons. By
contrast, the arid regolith has lost between 60 and 90% K from the top 1 m of the soil with the least depletion in the deeper
horizons due to limited chemical weathering. This apparent contradiction can be explained by enhanced accumulation of
K-bearing mineral aerosols in the humid regolith. Bulk d41K varies from �0.76 ± 0.08 to �0.31 ± 0.06‰ in the humid rego-
lith compared with �0.48‰ for the underlying basalt. In contrast, the arid regolith shows d41K values ranging from �0.39
± 0.10 to �0.02 ± 0.05‰, heavier than that of their basaltic parent. Exchangeable (NH4Ac extracts) d41K of the humid
and arid regoliths ranges from �0.63 ± 0.07 to 0.11 ± 0.07‰ and �0.01 ± 0.05 to 0.04 ± 0.08‰, respectively. Exchangeable
K has d41K higher than (or similar to) the bulk values in most samples, reflecting a potential contribution of marine aerosols
to the labile (plant available) K pool. In the shallow regolith, K derived from mineral aerosols is significant, especially for the
humid site, and this idea is supported by enriched quartz, radiogenic Nd-Sr isotope values towards the surface, and increasing
d41K close to the upper crustal composition (an analogue of the dust). The enrichment of K in humid surface soils, an upward
decrease in exchangeable d41K in the humid regolith and plant-like d41K in the topmost, organic-rich soils may reveal the
contribution of plant cycling. Low d41K in deep, humid regolith relative to d41KBasalt appears to be driven by clay incorpo-
ration of isotopically light K. In comparison, higher d41K in the arid regolith than d41KBasalt likely reflects an interplay
between preferential clay 41K sorption in alkaline environments and preservation of seawater-derived K in forms of clay
adsorbed complex and carbonate phases (via adsorption and/or incorporation). Our results reveal that the K isotope compo-
sition in Hawaiian regoliths depends on climate, while it is complicated by the interaction among weathering, plant cycling
and addition of marine and mineral aerosols.
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1. INTRODUCTION

Chemical weathering is one of the primary drivers for
multiple geological processes, including (1) shaping
planetary topography, (2) promoting soil formation, (3)
regulating terrestrial nutrient supplies to the oceans, and
(4) modulating atmospheric CO2 and carbon cycles (e.g.,
Dupré et al., 2003; Royer et al., 2007). Chemical weathering
could promote the cycling of elements between the atmo-
sphere, hydrosphere, lithosphere, and biosphere (Lasaga
et al., 1994; Riebe et al., 2001; Vance et al., 2009). Chemical
weathering is the primary mechanism by which atmospheric
CO2 is removed over geological timescales. Constraining
the intensity (i.e., the degree of weathering alteration and
decomposition of rocks and minerals) and rate (the amount
of change in weathered materials per unit time) of chemical
weathering using robust proxies is necessary to trace cli-
mate change over geological timescales (Liu and Rudnick,
2011; Dupré et al., 2003; Royer et al., 2007; Vigier and
Goddéris, 2015). Commonly used weathering tracers
include Sr (87Sr/86Sr) and Os (187Os/188Os) isotopes. For
example, the changes in seawater 87Sr/86Sr and 187Os/188Os
values over the Cenozoic can be linked to increases in sili-
cate weathering intensity/flux, in response to tectonic
uplifts (e.g., DePaolo, 1986; Hodell et al., 1990; Ravizza,
1993; Peucker-Ehrenbrink et al., 1995). However, 87Sr/86Sr
and 187Os/188Os of various lithologies can be highly vari-
able at both spatial and temporal scales, thus complicating
the interpretation of chemical weathering (Pierson-
Wickmann et al., 2002; Bataille et al., 2017). Therefore,
we require multiple proxies to better understand continen-
tal weathering.

Recent analytical advances enable accurate measure-
ment of stable potassium isotope ratio (41K/39K) using
MC-ICP-MS to detect K isotope fractionations with high
analytical precision (up to 0.06‰, 2 S.D.) (Wang and
Jacobsen, 2016, Li et al., 2016; Hu et al., 2018; Morgan
et al., 2018, Chen et al., 2019; X. Li et al., 2020; Moynier
et al., 2021; An et al., 2022; Zheng et al., 2022a). Potassium
isotopes are ideal for tracing silicate weathering because K
is a major alkali element in crustal rocks and can be system-
atically mobilized during silicate weathering. In addition,
magmatic differentiation causes no analytically resolvable
isotopic fractionation and igneous rocks generally have a
narrow d41K range (Morgan et al., 2018; Tuller-Ross
et al., 2019; Hu et al., 2021). By contrast, recent studies
of plants, river waters, seawater, and sediments show that
K isotopes are substantially fractionated (up to �2‰) at
Earth’s surface. For example, clays preferentially incorpo-
rate 39K into their structure, with 41K being partitioned
to waters or on clay surfaces, and isotopic fractionation dri-
ven by clay formation processes may reach to >1‰ (e.g., S.
Li et al., 2019; Li et al., 2021a, 2021b; X. Li et al., 2022).
The d41K of the bulk silicate Earth (BSE, �0.48‰) and
upper continental crust (UCC, ave. �0.44‰) are about
0.5‰ lower than that of modern seawater (�0.14‰)
(Wang and Jacobsen, 2016; Hille et al., 2019; Wang et al.,
2020; Huang et al., 2020; Teng et al., 2020), primarily due
to a combination of continental weathering and marine
hydrothermal contribution (S. Li et al., 2019; Hu et al.,

2020; Zheng et al., 2022b). Potassium isotopes are strongly
fractionated by biological activities with preferential 39K
uptake by biomass (Christensen et al., 2018; Li et al.,
2021c; Li et al., 2022a; Li et al., 2022b). The fact that
�90% of K in global river dissolved loads is sourced from
silicate weathering (Meybeck, 1987; Berner and Berner,
2012; Wang et al., 2021; X. Li et al., 2022) does not pre-
clude the possibility that K is biologically cycled and iso-
topically fractionated before ending up in rivers.
Therefore, the measurement of K isotopes on Earth’s sur-
face probably needs the consideration of biogeochemical
effects.

Regolith provides complex terrestrial records of geolog-
ical changes in response to chemical, physical, and biologi-
cal processes occurring at Earth’s surface. To better
constrain the use of K isotopes, we need to clarify the mech-
anism(s) producing the variation in regolith d41K. Previous
studies focused on the impact of chemical weathering on
d41K in deep saprolites (excluding soil layers where open
chemical system behavior is the most complex) (Chen
et al., 2019; Teng et al., 2020). Broadly, weathering of ter-
restrial rocks leaves an isotopically lighter regolith, balanc-
ing heavier K isotope composition in rivers. Nevertheless,
K accumulation (or depletion) and d41K values in the rego-
lith are determined by poorly constrained interactions
among atmospheric inputs, chemical weathering, and bio-
logical cycling. Moreover, the key controls under different
climate conditions may vary significantly. This study evalu-
ates potential factors responsible for changes in K element
chemistry and d41K during regolith development in con-
trasting climate conditions, including a humid (mean
annual precipitation, MAP � 1730 mm�yr�1) and an arid
site (�380 mm�yr�1) on the Island of Hawai‘i (Hawai‘i dig-
ital rainfall map; Giambelluca et al. 2013). We measured
d41K of bulk samples, basaltic substrate, NH4Ac extracts,
and rainwater, combined with radiogenic Nd and Sr isotope
composition to provide a comprehensive interpretation of
K isotope behaviors during chemical weathering.

2. GEOLOGICAL BACKGROUND

Kohala Mountain is the northwestern-most and oldest
volcano making up Hawai‘i Island (McDougall, 1964). It
has a tropical, mountainous-oceanic climate, producing a
strong windward-leeward rainfall contrast, which is useful
for assessing climatic impacts on weathering alteration
(Chadwick et al., 2003). There are two aerially exposed
lavas showing different physicochemical features on Kohala
Peninsula. The most geographically and volumetrically
extensive one is the Polol�u lava, principally composed of
tholeiitic basalts (�350 kyr in age), while the H�awī lava
forms an alkalic cap covering the entire central region
(�150 kyr in age) (e.g., Spengler and Garcia, 1988;
Chadwick et al., 2003). The products from the H�awī and
Polol�u volcanisms are isotopically similar in radiogenic
Nd-Sr isotopes and have comparable elemental ratios
(e.g., K/Nb and K/Rb) and d41K compositions (Tables 1
and S1). We sampled two regolith profiles on minimally
eroded locations on the Polol�u flows. The two sites receive
distinct mean annual rainfall, which were characterized in
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Goodfellow et al. (2014). The ages of the regoliths forming
on these lavas are difficult to constrain. We considered the
radiometric ages of the lavas to be equivalent to the dura-
tion of chemical weathering (�350 kyr) because the con-
structional surface of the Polol�u flows was minimally
eroded only (e.g., Goodfellow et al., 2014; Li et al., 2020).
Sporadic volcanic debris can be observed in soils, which
may be ascribed to the deposition of volcanic tephra during
the more recent H�awī eruptions (�150 kyr, Moore and
Clague, 1992). Because the H�awī and Polol�u volcanisms
are chemically similar and H�awī tephra may have been
incorporated into the older Polol�u soils, they are not distin-
guished in this study and collectively called ‘‘the basaltic
substrate” of the studied Hawaiian regoliths (Li et al.,
2020).

The humid (BE, MAP of 1730 ± 57 mm�yr�1) and arid
(PO, MAP of 385 ± 53 mm�yr�1) sites are arrayed on a
climosequence across Kohala Mountain ranges (Fig. 1).
The humid regolith is in the roadcut along Highway 270
(the vicinity of the Bond Estate, N: 20.2288, W:
�155.7896), and the arid regolith is situated in another
roadcut along the same highway between Mahukona and
Kaiwaihae (N: 20.1357, W: �155.8859). We sampled sites
on interfluves which in the humid site was flanked by a
perennial stream and in the arid site by ephemeral (mostly
dry) stream channels. Because regolith is an open chemical
and physical system, it could be influenced by weathering of
native lava as well as allochthonous addition of minerals
and soluble ions. In Hawai‘i, atmospheric addition of Asian
dust and marine aerosols becomes an important determi-
nant of soil chemistry because primary basaltic materials
are nearly depleted through weathering (Kennedy et al.,

1998; Vitousek et al., 1999; Porder et al., 2007; Chadwick
et al., 2009). In response to MAP variations, mineralogy,
ecology, and geomorphology of the regoliths are quite dif-
ferent, and have been well characterized (e.g., Capo et al.,
2000; Whipkey et al. 2002; Goodfellow et al., 2014). Given
previous studies have confirmed the contribution of Asian
dust to Hawaiian soil cation budgets (Chadwick et al.,
1999; Kurtz et al., 2001; Stewart et al., 2001; Porder
et al., 2007; Vogel et al. 2021), regolith K of a dust origin
needs to be assessed. Previous studies suggested that the
average composition of Asian dust added to Hawai’i has
not varied since Pliocene (Kyte et al., 1993), and that mod-
ern Asian dust largely reflects the average UCC composi-
tion (Zieman et al., 1995). Hence, we tentatively used K
of the upper continental crust (UCC, Rudnick and Gao,
2013; Huang et al., 2020) to characterize K inputs from a
dust source, which is recommended in Kurtz et al. (2001).
In the text, we used the term ‘‘mineral aerosol” instead of
‘‘dust” for long-distance transported solid materials. In
Hawai’i, mineral aerosol inputs are positively linked to
the substrate age and rainfall (Chadwick et al., 2003).

Based on the vertical transition in chemical composition,
texture, color, hardness, and fracture spacing, the outcrop
of humid regolith (�15 m in thickness, intensely weathered)
could be divided into 13 units (Goodfellow et al., 2014). A
sandwiched ‘‘corestone zone” between saprolites and soils
appears at 3-m depth. The outcrop of arid regolith
(�3.5 m in thickness) is divided into 5 units (Goodfellow
et al., 2014). A carbonate-enriched layer occurs between 1
and 2-m depth (Capo et al., 2000). We note that both
humid and arid regoliths are highly weathered and near-
completely depleted of original materials and composed

Fig. 1. Geological maps showing the location of humid (BE) and arid (PO) sites at the Kohala mountain in the Island of Hawai‘i. Substrate
ages were reported in Chadwick et al. (2003), and mean annual precipitation (MAP) was documented in Giambelluca et al. (2013) and the
2011 Rainfall Atlas of Hawai‘i by the Department of Geography of the University of Hawai‘i at Mänoa.
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of secondary clays such as gibbsite, kaolin (kaolinite and
halloysite), iron hydroxides, and amorphous intermediates
(i.e., short-range-ordered minerals such as allophane)
(Goodfellow et al., 2014; Li et al., 2020). The exceptional
cases include the corestone (BE14) in the humid regolith
and deepest samples of both sites (i.e., 6 m depth, BE16,
humid site; 3 m depth, PO10, arid site) with little evidence
of weathering except along fractures in the rock. Quartz
is absent from the basaltic substrate and its accumulation
in Hawaiian soils reflects deposition of mineral aerosols
transported from Asia (Kurtz et al., 2001). Quartz accounts
for �10% in the shallow humid regolith and the topmost
horizon of the arid regolith. Illite/mica in Hawaiian soils
is derived from mineral aerosols (Kurtz et al., 2001;
Ziegler et al., 2003), showing marked enrichment in the
humid shallow regolith and the surface of the arid regolith
(3–4%). The physicochemical property of the regolith is
summarized in Supplementary data 2.

Although we have no direct knowledge of anthro-
pogenic additions to the sampling sites, local experts told
us that K fertilization was not common on lands similar
to the sparsely vegetated arid site or the macademia nut
orchard on the humid site. We found no direct evidence
of anomalous enrichment of K in soils based on published
elemental and radiogenic Sr isotopic compositions in
ammonium acetate (NH4Ac) extracts (i.e., soil exchange-
able pools) in Hawai‘i (Chadwick et al. 2009; Li et al.,
2021c).

Three groups of samples were collected from the field.
We sampled the Polol�u basalt and H�awī ash from nearby
outcrops to evaluate local sources including parent basalts
(Polol�u lava) and H�awī ash that have been incorporated
into the older Polol�u soils. We sampled �6-m depth for
the humid regolith and �3.5-m depth for the arid regolith.
For ease of reading, we use ‘‘the shallow regolith” to refer
to soil horizons � 1 m depth, and ‘‘the deep regolith” >1m
depth to refer to the deepest saprolitic unit available. A
total of 26 regolith samples were collected. Parent basalts
and H�awī ashes were sampled from nearby fresh crops.
We collected local rainwater in the years of 2018 and
2019, which was sampled using polyethylene bottles after
filtration < 0.45 lm (cellulose acetate, Thermo ScientificTM)
with rapid acidification.

3. ANALYTICAL METHODS

3.1. Chemical extraction

Chemical processes were conducted in a vented laminar
flow hood (class-100) (AircleanTM). Samples were processed
with double-distilled acids and ultrapure reagents.
Exchangeable K was extracted using 1 M ammonium acet-
ate (NH4Ac) buffered at the pH = 7 for 24 h (Table 1). We
note that carbonate materials can be attacked by acetate
during leaching (Dohrmann, 2006).

3.2. Element analysis

Element analysis was performed on a Q-ICP-MS (Agi-
lentTM 7900) at the Plasma Mass Spectrometry Laboratory,

the University of North Carolina at Chapel Hill. Homoge-
neously powdered samples (�100 mg) were transferred into
15 mL Teflon vessels and fully dissolved using a mixture of
concentrated HCl + HNO3 + HF (Li et al., 2019b). Reac-
tors were transferred onto the hotplate over 120 �C until
solutions clear (i.e., complete dissolution, five days in gen-
eral). After drying down, residues were refluxed using
5 mL 2% HNO3 for analysis. Internal standards of Be,
Ge, Rh, In, Ir, and Bi were added for drift correction. Ele-
ments including K, Mg, Al, Sr, and Nb, etc. were measured
for samples and USGS references (BHVO-2, basalt; GSP-2;
granodiorite). External accuracy was <10% (measured data
to reported data) (Table S2). The relative gain (sK,Nb > 0)
and loss (sK,Nb < 0) of K in depth were estimated as follows
(Brimhall and Dietrich, 1987; Chadwick et al., 1999):
sj,w = (Cj,w � Ci,p)/ (Cj,p � Ci,w) � 1, where C denotes
the concentration of an element of interest, w and p are
weathered and pristine materials (the basalt substrate),
respectively, and i and j are the immobile and mobile ele-
ments in profiles, respectively. Kurtz et al. (2000) evaluated
the mobility of refractory elements in Hawaiian soils and
suggested niobium (Nb) is the least mobile element com-
pared to zirconium (Zr), thorium (Th) and hafnium (Hf),
etc. Therefore, we used Nb as the immobile element in
Hawaiian soils for the calculation of K gain (or loss) in
studied regoliths.

3.3. Potassium isotope analysis

An aliquot of each dissolved samples (in 2% HNO3) was
dried down completely and then dissolved in 2 mL 0.7 M
HNO3 for chromatography. The column separation
method was reported in Chen et al. (2019). Samples in
0.7 M HNO3 (100–1000 lg K) were loaded onto the first
column (ID of 1.5 cm), containing 17 mL AG50-X8
cation-exchange resin (200–400 mesh, Bio-RadTM). The first
step is to separate K from much of the matrix elements
(e.g., Na, Mg, and Ca). The first K fraction was collected,
evaporated to dryness, and redissolved in 1 mL 0.5 M
HNO3. Samples (in 0.5 M HNO3) were passed through
the second column (ID of 0.5 cm), filled with 2.4 mL
AG50-X8 resin (200–400 mesh, Bio-RadTM). The aim of
the second step was to separate K from Rb and Cr. We con-
firm that the yields of studied samples through the column
separation were over 99% by monitoring the pre-cuts and
post-cuts for both steps of the column chemistry. For all
studied samples, we ensured that matrix elements in solu-
tion were <2% of K. If collected K fractions (after two-
step purification) contained >2% matrix elements (in some
cases), a third step was applied to further purify K using the
same separation method as the second step. Total procedu-
ral blanks were monitored (�0.1 lg), and in all cases, neg-
ligible relative to sample K at mg-levels. Samples were then
evaporated to dryness and dissolved in 2% HNO3.

3.4. Potassium isotope analysis

Potassium isotope analyses were performed using a Nu
Plasma II high-resolution MC-ICP-MS at the Isotope Lab-
oratory, University of Washington, Seattle. Isotope analy-
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Table 1
Physicochemical and mineralogical characterization of the Hawaiian humid and arid regoliths.

Region No. Depth pH OM Corg Quartz Illite/mica Total K KNH4Ac K/Al
molar ratio

sK,Nb

(cm) (%) (%) (%) (%) (mg�g�1) (mg�g�1)

Humid (BE)
MAP = 1730 ± 57 mm·a�1

BE1 2.5 5.6 21.5 10.18 9 2.7 18.7 0.2 0.09 0.93
BE2 17.5 5.7 6.5 2.77 11 2.8 30.1 0.3 0.09 0.45
BE3 33.5 5.4 3.0 2.22 10 3.0 15.3 0.1 0.09 �0.34
BE4 46 5.6 2.9 2.07 11 3.0 11.1 0.2 0.06 �0.32
BE5 61 5.8 1.8 1.06 11 2.8 11.8 0.2 0.06 �0.03
BE6 96.5 5.9 2.7 1.06 2 3.1 4.5 0.1 0.08 �0.70
BE7 127 6.0 2.7 0.99 0 2.8 7.7 0.1 0.04 �0.50
BE8 158.5 6.1 3.5 1.03 0 2.4 7.9 0.1 0.04 �0.44
BE9 192 6.2 3.3 0.73 0 2.4 2.8 0.1 0.01 �0.64
BE10 230 6.3 1.7 0.6 0 0.9 1.4 0.1 0.01 �0.80
BE11 259 6.4 4.3 0.38 0 0.9 1.3 0.0 0.01 �0.91
BE12 297.5 6.2 2.0 0.28 0 0.8 0.7 0.1 0.00 �0.96
BE13 300 n.d. n.d. n.d. 0 0.4 0.8 0.1 0.01 �0.84
BE14 300 n.d. n.d. n.d. n.d. n.d. 4.2 0.4 0.05 �0.16
BE15 337.5 5.7 1.0 0.06 n.d. n.d. 0.4 n.d. 0.00 �0.97
BE16 600 n.d. n.d. n.d. n.d. n.d. 4.8 n.d. 0.06 �0.04

Arid (BE)
MAP = 385 ± 53 mm·a�1

PO1 2.5 7.9 11.0 2.5 11 3.6 0.9 0.2 0.03 �0.85
PO2 17.5 7.7 2.8 1.3 0 3.7 1.9 0.2 0.02 �0.81
PO3 34.5 7.7 2.4 1.8 0 1.2 0.8 0.1 0.00 �0.90
PO4 51.5 8.3 2.2 0.9 0 0.7 1.2 0.2 0.00 �0.87
PO5 70 8.7 3.4 0.9 0 0.9 2.1 0.3 0.01 �0.75
PO6 75 8.6 3.0 0.8 0 1.1 2.0 0.2 0.01 �0.74
PO7 96 8.6 3.6 0.7 0 1.6 3.0 0.3 0.01 �0.61
PO8 108.5 8.5 1.6 0.5 0 0 1.1 0.1 0.01 �0.87
PO9 200 n.d. n.d. n.d. n.d. n.d. 0.4 0.1 0.01 �0.90
PO10 300 n.d. n.d. n.d. n.d. n.d. 8.8 0.1 0.08 0.00

Ash H�awī n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.05 n.d.

Bedrock Polol�u n.d. n.d. n.d. n.d. n.d. n.d. 8.1 n.d. 0.05 0.00

Note 1. n.d.: not determined. OM: soil organic matter content. Corg: organic carbon content; sK,Nb represents K mass transfer coefficient, which is indexed to an immobile element (i.e., Nb, Kurtz
et al., 2000).
Note 2. Mineralogical data are from Li et al. (2020).
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ses were conducted in the ‘‘cold plasma” mode (i.e., the RF
forward power ranging from 750 to 850 W) using a DSN-
100 desolvation system, with a PFA spray chamber and a
C-Flow PFA microconcentric nebulizer. The residual
40Ar1H+ beam as resolved from 41K+ using pseudo-high
resolution mode (high-resolution: >10,000), providing
interference-free shoulders of 39K+ and 41K+ for isotopic
measurements. The analytical sensitivity was 2.8 V/ppm,
and the on-peak zero was 41K: �2.7�10(BE) MAP = 1730
± 57 mm·a�3; 39K: 6.9�10(BE) MAP = 1730 ± 57 mm·a�4.
Each analysis represents an average of 50 cycles of 5 s on-
peak integrations. A blank was measured at the beginning
of each sample-standard analysis and was subtracted from
measured ion beams. The K isotope ratios were measured
using a sample-standard bracketing protocol (6–8 cycles
for each sample). For further information on Instrumenta-
tion and analytical methods see Hu et al. (2018) and Xu
et al. (2019). The isotopic composition was expressed in
per mil (‰) using a delta notation relative to the NIST
SRM 3141a standard:

d41K ð‰Þ ¼ f ð 41K= 39KÞsample
ð 41K= 39KÞNIST SRM 3141a

� 1g � 1000 ð1Þ

Two standard deviations (2 S.D.) and 95% confidence
interval (95% c.i.) were provided in Table S3 and we
reported 2 S.D. values in the text and plots. USGS refer-
ences BHVO-2 yields d41K of �0.49 ± 0.10‰ and �0.48
± 0.07‰, and GSP-2 yields d41K of �0.46 ± 0.09‰ and
�0.43 ± 0.07‰, which are in line with inter-laboratory
comparison (Table S3). We use a notation D41Kx-y equal
to d41Kx-d

41Ky to express isotope fractionation between
the components � and y. We note that confidence intervals
(95% c.i.) were used to reflect statistical clarity of data from
each sample, calculated as:

95% c:i: ‰ð Þ ¼ tn�1 � S:D:
ffiffiffi

n
p ; ð2Þ

where S.D. denotes the standard deviation over analytical
sessions (n times) of samples, and tn�1 denotes student’s
law factor with (n � 1) degrees of freedom at a 95% confi-
dence level (Table 2).

3.5. Radiogenic Nd-Sr isotopes

All pretreatment and measurement were performed at
the State Key Laboratory of Marine Geology, Tongji
University. About 50 mg powders were digested for Sr
and Nd isotopic analysis. The aliquots were dried, treated
three times with 1 mL conc. HNO3 at 110 �C, and equili-
brated in 2.5 M HCl. The samples were then loaded in
2.5 M HCl on 1 mL AG 50 W-X8 (200–400 mesh)
cation-exchange resin for the separation of strontium and
the REEs. The Nd fraction was further separated from
the REE using ion-exchange columns filled with Ln Spec
resin. Radiogenic Sr-Nd isotopes were measured on a
Thermo-Finnigan Neptune Plus MC-ICP MS.

The 87Sr/86Sr ratio was monitored using SRM987 stan-
dard (0.710248) for detector efficiency drift and normaliza-
tion, yielding an 87Sr/86Sr ratio of 0.710271 ± 18 (2 S.D.).
For Sr analyses, the internal mass fractionation was

corrected, assuming an 86Sr/88Sr ratio of 0.1194 (Nier,
1938) and using the exponential law. Minor interferences
of 87Rb on 87Sr were corrected by 85Rb/87Rb of 2.59265.
The Nd isotopes mass bias was normalized to 146Nd/144Nd
of 0.7219. The isotopic value was expressed as eNd, equal to
[(143Nd/144Nd)Measured/(

143Nd/144Nd)CHUR � 1] � 104, in
which a CHUR (chondritic uniform reservoir) ratio is
0.512638.

USGS references BHVO-2 and BCR-2 (basalts) were
comparably monitored during this study. The measurement
of BHVO-2 yields 143Nd/144Nd and 87Sr/86Sr of 0.512987
and 0.703506, respectively. Measurements of BCR-2 yield
143Nd/144Nd of 0.512655 and 87Sr/86Sr of 0.705064. Total
blanks < 100 pg Sr and 30 pg Nd are negligible relative
to Nd and Sr mass in regolith samples. Regolith samples
and the basaltic substrate (the Polol�u lava and H�awī ash)
were measured for Nd and Sr isotopic composition. Only
some samples of the deep regolith were measured for eNd
and 87Sr/86Sr because we suspected (and confirmed) that
isotope ratios in the deeper samples would represent
rock-derived values. One rainwater sample was analyzed
for 87Sr/86Sr (Table 2).

4. RESULTS

4.1. K element composition of the bulk and extracted

fractions

The humid regolith shows an upward increase in [K]
(0.4–30.1 mg∙g�1, Fig. 2a), whereas [K] in the arid regolith
is depleted relative to unweathered basalt and varies little
with depth (0.4–3.0 mg∙g�1, Fig. 2a). In the deepest samples
(6-m in the humid site, 3-m in the arid site), [K] is close to
the basaltic composition. In the humid regolith, sK,Nb

ranges from �0.97 to 0.93 with the positive values near
the surface suggesting addition of K from an external
source (Fig. 2b). Local-scale K enrichment is marked at
the top (<20 cm, sK,Nb of 0.45–0.93). In the deep, humid
regolith, the corestone zone and the bottom layer exhibits
minimal K depletion (sK,Nb from �0.16 to �0.04). Across
the arid regolith, there is an overall depletion of K sup-
ported by sK,Nb from �0.90 to �0.61, except for the deepest
horizon chemically close to the basaltic substrate
(sK,Nb = 0). Exchangeable K extracted using NH4Ac in
the humid regolith ranges from 0 to 0.4 mg∙g�1, making
up only 0 to 9.5% total K (Table 1). In contrast, exchange-
able K in the arid regolith makes up a more substantial por-
tion of the total pool (1.1 to �35%, 0.1–0.6 mg∙g�1),
particularly significant at the carbonate layer where the
extraction may be releasing solid phase K (Fig. 2c).

4.2. K isotope composition of the bulk and extracted fractions

The humid regolith shows d41K ranging from
�0.76 ± 0.08 to �0.31 ± 0.06‰ (Fig. 3a). This range is
relatively narrow in the shallow regolith (�0.62 ± 0.03 to
�0.49 ± 0.06‰, Fig. 3a), values that are close to, but
slightly more negative than those of the Polol�u basalt
(�0.48 ± 0.06‰) and H�awī ash (�0.48 ± 0.10‰). In deep,
humid regolith, samples in 1–2 m have d41K slightly heavier

44 W. Li et al. /Geochimica et Cosmochimica Acta 333 (2022) 39–55



Table 2
Isotopic compositions of Hawaiian humid and arid regoliths.

Region No. Depth d41K 95% c.i. 2 S.D. N eNd 87Sr/86Sr
(cm) (‰) (‰) (‰)

Humid (BE)
MAP = 1730 ± 57 mm·a�1

BE1 2.5 �0.49 0.04 0.06 7 �8.15 0.71941
BE2 17.5 �0.54 0.05 0.07 7 �7.79 0.71811
*BE2 �0.63 0.05 0.07 8 n.d. n.d.
BE3 33.5 �0.62 0.05 0.06 6 �7.92 0.72233
*BE3 �0.35 0.05 0.07 7 n.d. n.d.
BE4 46 �0.51 0.04 0.09 7 �7.20 0.72129
BE5 61 �0.55 0.05 0.09 6 �6.60 0.72177
BE6 96.5 �0.49 0.04 0.06 6 �5.43 0.71814
*BE6 �0.23 0.06 0.07 7 n.d. n.d.
BE7 127 �0.44 0.05 0.07 6 �4.40 0.71549
BE8 158.5 �0.42 0.04 0.07 7 �1.89 0.70375
BE9 192 �0.53 0.05 0.08 6 n.d. n.d.
BE10 230 �0.42 0.05 0.08 6 n.d. n.d.
BE11 259 �0.63 0.05 0.05 6 n.d. n.d.
BE12 297.5 �0.72 0.04 0.05 6 n.d. n.d.
*BE12 �0.19 0.07 0.10 8 n.d. n.d.
BE13 300 �0.31 0.05 0.06 6 �0.14 0.70385
BE14 300 �0.52 0.04 0.04 7 n.d. n.d.
BE15 337.5 �0.76 0.05 0.08 6 n.d. n.d.
BE16 600 �0.50 0.04 0.06 8 4.40 0.70396

Arid (BE)
MAP = 385 ± 53 mm·a�1

PO1 2.5 �0.25 0.05 0.06 7 �0.29 0.70613
PO2 17.5 �0.03 0.04 0.05 6 3.80 0.70575
*PO2 0.04 0.06 0.08 9 n.d. n.d.
PO3 34.5 �0.37 0.08 0.06 6 4.78 0.70554
PO4 51.5 �0.43 0.05 0.11 7 6.66 0.70533
PO5 70 �0.23 0.05 0.08 4 6.62 0.70573
*PO5 �0.01 0.04 0.05 8 n.d. n.d.
PO6 75 �0.34 0.04 0.05 6 6.45 0.70523
PO7 96 �0.37 0.04 0.06 7 6.58 0.70534
PO8 108.5 �0.37 0.04 0.07 6 6.70 0.70331
PO9 200 �0.02 0.04 0.06 6 n.d. 0.70735
*PO9 0.03 0.05 0.07 7 n.d. n.d.
PO10 300 �0.39 0.04 0.10 6 5.12 0.70367

Rainwater R1 n.d. �0.21 0.09 0.11 7 n.d. 0.71056
R2 n.d. �0.16 0.04 0.07 7 n.d. n.d.

Ash H�awī n.d. �0.48 0.08 0.10 7 n.d. 0.70423

Bedrock Polol�u n.d. �0.48 0.04 0.06 6 6.93 0.70377

Note 1. 95% c.i. = 95% confidence interval, which denotes the two standard error corrected by the Student’s t factor (Hu et al., 2018); 2 S.D. denotes the two standard deviation.
Note 2. The certified SRM 987 value = 0.710248 is used for normalization. Measured mean SRM 987 value is 0.710271 ± 18 (2 S.D.).
Note 3. *NH4Ac extraction of bulk regolith samples.
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or similar to that of the basalt, and samples in deeper sites
exhibit d41K more negative than basaltic d41K. We note
that the corestone sample at 300 cm depth has d41K (�0.5
2 ± 0.04‰) close to basaltic d41K. The arid regolith dis-
plays d41K ranging from �0.43 ± 0.11 to �0.02 ± 0.06‰,
primarily higher than that of the basaltic substrate and
the range reported for weathering profiles (Chen et al.,
2019; Teng et al., 2020) (Fig. 3b). We note that the
carbonate-enriched zone (100–200 cm depth) has an
enriched isotopic value of �0.02 ± 0.06‰ (PO9, 200 cm

depth), which is similar to the subsurface soil (PO2, �0.0
3 ± 0.05‰, Table 2). Collected rainwaters have d41K values
from �0.21 ± 0.11‰ to �0.16 ± 0.07‰.

For the most part, exchangeable K has d41K that are
more positive than the corresponding bulk values.
Exchangeable K (NH4Ac-K) of the humid profile has
d41K values from �0.63 ± 0.07 to �0.35 ± 0.07‰.
Exchangeable K of BE2 (17.5 cm) has lower d41K (�0.63
± 0.07‰) than the bulk (�0.49 ± 0.06‰). Exchangeable
K of samples from the deeper horizons has higher d41K
than their bulk values. In comparison, exchangeable K of
the arid profile exhibits d41K from �0.01 ± 0.05 to 0.04 ±
0.08‰. The exchangeable K of PO5 exhibits d41K higher
than its corresponding bulk value. The exchangeable K of
PO2 and PO9 exhibits d41K similar to corresponding bulk
values.

4.3. Nd and Sr isotope compositions

The humid regolith has 87Sr/86Sr ranging from 0.70375
to 0.72233 and the arid regolith has 87Sr/86Sr ranging from
0.70367 to 0.72613, including 87Sr/86Sr data from Li et al.
(2020) (Table 2). The humid regolith has eNd ranging from
�8.15 to 4.40, whereas the arid regolith has eNd ranging
from �0.29 to 6.70 (Table 2). The Polol�u basalt has eNd
and 87Sr/86Sr of 6.93 and 0.70377, respectively (Table 2).
The H�awī ash has 87Sr/86Sr of 0.70423 and the rainwater
sample has 87Sr/86Sr of 0.71056. The eNd values in both
regoliths become less radiogenic toward the surface (humid:
from 4.4 to �8.15; arid: from 5.12 to �0.29), while 87Sr/86Sr
values increase toward the surface (humid: from 0.70396 to
0.72233; arid: from 0. 70,735 to 0.70523). In particular, the
humid regolith shows lower eNd and higher 87Sr/86Sr
values compared to the arid regolith. The Nd isotope

Fig. 2. Vertical distribution of (a) [K] (K concentration), (b) sK,Nb (K mass transfer coefficient), and (c) the fraction (%) of K that is in a
exchangeable form (NH4Ac-K) in the humid and arid regoliths. The composition of the basalt substrate is shown at the bottom (Data
tabulated in Table 1 and supplementary data 2).

Fig. 3. Vertical distribution of d41K values (isotopic composition)
in the (a) humid and (b) arid regoliths. Bulk and NH4Ac extraction
samples are symbolized using solid and hollow diamonds, respec-
tively. The d41K data of the basalt substrate (this study), the upper
continental crust (UCC, Huang et al., 2020), and the modern
seawater (Hille et al., 2019; Wang et al., 2020) are shown at the
bottom. The corestone zone in the humid site and the carbonate-
enriched layer in the arid site are highlighted using pink and purple
bars, respectively (Data tabulated in Table 2 and supplementary
data 2).
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systematics can provide quantitative estimate of the mass of
mineral aerosols added based on a mass-balance method
(equations 4–6 in Kurtz et al., 2001). Using eNd-based mass
balance (Kurtz et al., 2001), accumulation of mineral aero-
sols within each horizon accounts for 42–89% (humid) and
2–43% mass (arid). The mineral aerosols deposition rates
(taken as conservative estimates) are 4.3 t�km�2�yr�1 (hu-
mid) and 0.3 t�km�2�yr�1 (arid) (Table 3).

5. DISCUSSION

The K isotope compositions of two regoliths display sig-
nificant variations, reflecting isotopic fractionation regu-
lated by different geological processes. From the
comparison of sK,Nb (an index of K gains/losses) versus
d41K (Fig. 4a), we found three directions of element-to-
isotope covariations revealing that at least three controls
act to modulate the d41K composition. In the humid, shal-
low regolith, two samples display K enrichment (relative to
the parent rock) and basalt d41K. For most samples of the
humid regolith, d41K decreases with progressive K deple-
tion. In contrast, d41K in most samples of the arid regolith
increases with K loss. Here, we summarize three possible
factors contributing to d41K variations in the regolith,
including atmospheric addition, clay formation, and plant
cycling.

5.1. Atmospheric addition

As regolith develops, atmospheric addition becomes
increasingly important in modulating its mineralogy and
chemistry (Chadwick et al., 2009; Goodfellow et al.,
2014). There are two major atmospheric sources regulating
regolith d41K composition in the study area, namely min-
eral and marine aerosols.

Globally transported dusts accumulate in Hawaiian
soils, which potentially play an important role in deter-
mining bulk elemental and isotopic composition of the
regolith (Kurtz et al., 2001; Ziegler et al., 2003;
Wiegand et al., 2005; Derry and Chadwick, 2007; Ryu
et al., 2014; Li et al., 2020). The contribution from min-
eral and marine aerosols to the regolith cation budget
positively correlates to rainfall (Porder et al., 2007). Pre-
vious work documented that the average composition of
Asian dusts delivered to Hawai‘i remains near-constant
since the Pliocene (Kyte et al., 1993), and that modern
Asian dusts primarily reflect the average UCC composi-
tion (Zieman et al., 1995). Therefore, mineral aerosol-
related features can be easily identified in the humid
regolith, which exhibit near-homogeneous d41K (��0.6
to �0.5‰) identical to (or slightly lower than) those
of the UCC (ave. �0.44‰, Huang et al., 2020). First,
there is an upward reduction in the degree of K loss
(i.e., an increase in sK,Nb) in humid, shallow regolith
(Table 1), with the maximum sK,Nb up to 0.93 (i.e., K
enrichment) at the surface (BE1 and BE2). This pattern
is contrary to typical depletion profiles which show
greatest loss in the surface and near-surface horizons
and can be explained by the deposition of mineral aero-
sols that may balance or even overwhelm the leaching

loss of soluble ions like K+ during weathering
(Chadwick et al., 1999). Using the average UCC compo-
sition (Rudnick and Gao, 2013) as an analogue of min-
eral aerosols added onto Hawaiian soils (Kurtz et al.,
2001), the K/Nb ratio in mineral aerosols (1.88 mg/lg)
is higher than the basaltic parent (0.35 mg/lg). There-
fore, the deposition of mineral aerosols could cause
the enrichment of K (sK,Nb > 0) and UCC-like d41K sig-
nals (Fig. 4a). Second, there is a linkage between the
d41K of bulk regolith samples and the content of quartz
(Fig. 4b). In Fig. 4b, humid, shallow regolith and the
arid top-most soil exhibit narrower d41K variations and
higher quartz contents (�10–12%) compared with corre-
sponding lower horizons, reflecting the contribution of
accreted Asian dusts (d41KUCC, Huang et al., 2020;
quartz: 20%, Kurtz et al., 2001). Following the method
in Kurtz et al. (2001), we calculated mineral aerosols
fluxes of 4.3 and 0.3 t�km�2�yr�1 for the humid and arid
sites using eNd, respectively (Table 3). It supports the
conclusion of substantial dust imprints on the humid
regolith relative to the arid regolith based on soil miner-
alogy (e.g., the enrichment of quartz).

Regolith profiles in near-coastal settings are influenced
by the deposition of marine aerosols, modulating the K iso-
tope composition of bulk samples and their extraction.
First, the arid regolith has d41K (�0.43 to �0.02‰) higher
than the basaltic composition (�0.48‰), which can be par-
tially attributed to seawater K imprint (�0.14‰, Hille
et al., 2019; Wang et al., 2020). In the arid regolith,
seawater-derived K may be better preserved than the humid
regolith without marked leaching loss because of high evap-
otranspiration over precipitation (Goodfellow et al., 2014).
The carbonate-enriched layer of the arid regolith has an
87Sr/86Sr value of 0.70735, likely representing a mixture of
basalt-derived Sr (�31%, Polol�u basalt, 0.70377) and
seawater/rainwater-derived Sr (�69%, modern seawater
0.709, Table S4) based on isotope mixing. The carbonate-
enriched layer has the highest d41K value of �0.02‰, which
is close to modern seawater d41K (�0.14‰, Wang et al.,
2020) compared with the rest samples. We infer that seawa-
ter K may be partially retained in pedogenetic carbonates
(e.g., dolomite, Capo et al., 2000) (or other evaporitic
deposits) in the arid regolith, because carbonates can be
partially extracted using NH4Ac (Dohrmann, 2006). The
carbonate-enriched layer exhibits the highest exchangeable
K fraction within the profile (�35%) (Table 1). Second,
NH4Ac extraction (exchangeable K) has d41KNH4Ac values
higher than corresponding bulk values for both regoliths
(except for one humid, subsurface sample BE2, 17.5 cm)
(Fig. 3). It is expected because porewater may receive
higher K contribution from marine aerosols compared to
the bulk samples and commonly reflects a mixing between
basaltic and seawater sources. In the humid site, there is
an increase in d41KNH4Ac with depth (Fig. 3), which may
be explained by the replenishment of K of a seawater origin
in near-marine environments and the ‘‘leakiness” of K via
precipitation infiltration. We note that local rainwater sam-
ples have d41K from �0.21 to �0.16‰ and 87Sr/86Sr of
0.71059 (close to seawater values of �0.709, Table S4).
In addition, there is a good correspondence between
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Table 3
Calculated eolian inputs by eNd in Hawaiian humid and arid regoliths.

Region Sample Depth Density eNd Mineral aerosol Mass Mineral aerosols Flux aerosols
(cm) (g/cm�3) (wt.%) (t/km2) (t/km2/yr)

Humid (BE)
MAP = 1730 ± 57 mm·a�1

BE1 2.5 1.24 �8.15 89 110,506 4.3
BE2 17.5 1.26 �7.79 87 186,354
BE3 33.5 1.32 �7.92 88 150,604
BE4 46 1.17 �7.20 84 117,275
BE5 61 1.28 �6.60 80 204,800
BE6 96.5 1.62 �5.43 73 142,141
BE7 127 1.36 �4.40 67 228,000
BE8 158.5 1.32 �1.89 52 248,502
BE9 192 1.19 n.d. n.d. n.d.
BE10 230 1.1 n.d. n.d. n.d.
BE11 259 1.12 n.d. n.d. n.d.
BE12 297.5 1.14 �0.14 42 105,336
BE13 300 n.d. n.d. n.d. n.d.
BE14 300 n.d. n.d. n.d. n.d.
BE15 337.5 1.22 n.d. n.d. n.d.
BE16 600 n.d. 4.40 12 n.d.

Arid (BE)
MAP = 385 ± 53 mm·a�1

PO1 2.5 0.78 �0.29 43 22,195 0.3
PO2 17.5 1.03 3.80 19 133,362
PO3 34.5 0.94 4.78 13 94,387
PO4 51.5 1.04 6.66 2 67,741
PO5 70 1.04 6.62 2 77,681
PO6 75 0.99 6.45 n.d. n.d.
PO7 96 0.97 6.58 2 51,978
PO8 108.5 0.85 6.70 2 52,083
PO9 200 n.d. n.d. n.d. n.d.
PO10 300 n.d. 5.12 1 n.d.

Bedrock Polol�u n.d. 1.25 6.93 0 0

Note 1. We arrive at a long-term rate of mineral aerosol addition by dividing its mass by the age of the Polol�u lava (350 kyr, Goodfellow et al., 2014). Nd isotopes provide quantitative estimate of
the mass of mineral aerosols based on a mass-balance method (Kurtz et al., 2001).
Note 2. Mineral aerosol fluxes provided represent a conservative estimate because the estimation of BE9, BE10, BE11, BE13, BE14, BE 15 and BE 16 in the humid, deep regolith and PO6, PO9
and PO10 in the arid, deep regolith are not included due to a lack of eNd and/or density data for calculation.
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d41KNH4Ac in the humid, deep regolith (�0.19‰) and local
rainwater d41K. It reveals that marine aerosols K could be
introduced to the humid regolith and leached downwards
within the profile.

Numerous studies have suggested that radiogenic Nd
and Sr isotopes are powerful tools for tracing and quantify-
ing contributions of atmospheric and native materials in
Hawaiian soils (e.g., Chadwick et al., 1999; Kurtz et al.,
2001), and we tested this idea in this study. It is known that
mineral aerosols fluxes corresponding to local rainfall, con-
sistent with the suggestion of upper atmosphere transport
and deposition of dust as condensation nuclei in raindrops
(Parrington et al., 1983). The estimate of mineral aerosols
fluxes at the arid site (MAP: 385 ± 53 mm�yr�1) agrees well
with the calculation for Hawaiian soils of similar MAP
(0.25 to 0.50 t�km�2�yr�1) using quartz and mica/illite con-
tents (Porder et al., 2007). However, the estimation of the
humid site (MAP of 1730 ± 57 mm�yr�1) is much higher
than the calculation based on quantification using eNd
data, quartz and mica/illite content in Hawaiian soils
(1500–2500 mm�yr�1, 1–1.25 t�km�2�yr�1; Kurtz et al.,
2001; Porder et al., 2007). We infer that this mismatch is
possible because our humid site is minimally sloping, and
thus unlikely to be losing surface soils by soil creep and

wind erosion that could be rich in dust-derived minerals.
Alternatively, mica/illite may transform into other clays
that were not ascribed to mineral aerosols, causing bias
because the calculation assumes that mica/illite in the rego-
lith has not weathered after deposition (Kurtz et al., 2001).
Such bias is possible because dust sampled in ship-board
measurements near Hawaiʻi contains �20% quartz and
30–50% mica/illite (Leinen et al., 1994), and previous
Hawaiian soil studies found that soils could contain 30%
(quartz + mica/illite) (Porder et al., 2007), and 20% quartz
and 10% mica (Kurtz et al., 2001).

The cross-plot of bulk 87Sr/86Sr and eNd may provide
insights into the contribution of major sources (basalts,
mineral aerosols, and seawater, Fig. 4c). For example,
humid, shallow regolith is featured by UCC signals, in
accord with enriched quartz. This dust imprint is also sup-
ported by the Nd-Sr similarity to the top of LL44-GPC3
core (87Sr/86Sr of �0.717–0.720; eNd of �-11 to �9.5,
Nakai et al., 1993; Pettke et al., 2002; Zhang et al., 2016),
which reflects the constant, average composition of Asian
dusts delivered to Hawai‘i since Pliocene (Kyte et al.,
1993). However, seawater K imprint could be easily identi-
fied at the arid regolith (Fig. 3), but seawater Nd and Sr sig-
nals can be hardly distinguished (Fig. 4c). We suggest that

Fig. 4. Interrelationship of d41K with (a) sK,Nb (the mass transfer coefficient of K), and (b) quartz content (Table 1). In plots (a–b), the data of
the humid and arid regoliths are symbolized using black and grey diamonds (95% c.i. uncertainty), respectively. In plot (a), purple arrows
indicate K enrichment and two opposite isotopic fractionation trends with K loss. In plot (b), the composition of mineral aerosols is provided
by Kurtz et al. (2001) (Asian dust, quartz content: 20%) and Huang et al. (2020) (d41KUCC: 0.44 ± 0.05‰). (c) Bulk 87Sr/86Sr versus eNd data.
The Nd and Sr isotope composition ranges of the upper continental crust (UCC), oceanic island basalt and Pacific Ocean seawater are
displayed for comparison (Table S4). The Data of the Polol�u basalt are marked using an orange star, and data of shallow and regolith
regoliths are symbolized by boxes and circles, respectively. (Data tabulated in Tables 1–2 and supplementary data 2).
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seawater K cannot be tracked by Nd-Sr isotopes because
marine aerosols exert a stronger control on regolith K bud-
get relative to Nd (or Sr) (K/Sr = 48, K/Nd � 50,000),
compared with mineral aerosols (K/Sr = 33,
K/Nd = 860) (i.e., UCC, Rudnick and Gao, 2013) and
the basalt (K/Sr = 16, K/Nd = 254). In sum, Nd and Sr iso-
topes do not capture the full suite of contributions to the
weathering profiles in Hawai‘i.

5.2. Chemical weathering and clay formation

Based on studies on K isotopes in weathering profiles,
the prevalence of negative K isotope shift from basaltic
d41K commonly reflects a mixing between isotopically
lighter clays and heavier parent materials (Chen et al.,
2019; Teng et al., 2020). We consider that structural incor-
poration and adsorption (i.e., two dominant ion exchange
processes during clay formation, Hindshaw et al., 2019)
may be responsible for distinct isotopic compositions in
the two profiles (Fig. 3).

Preferential retention of isotopically light K in the
humid, deep regoliths agrees with reported patterns of
K isotope fractionation during chemical weathering
(Fig. 3). It has been well recognized that clay minerals
are the major sink of K released from the basaltic sub-
strate during chemical weathering, preferentially taking
up isotopically lighter K (S. Li et al., 2019; Chen
et al., 2019; Huang et al., 2020; Teng et al., 2020),
and releasing heavier K into river water (S. Li et al.,
2019; Wang et al., 2021; X. Li et al., 2022). This type
of weathering-driven fractionation may cause the posi-
tive correlation between bulk d41K and K/Al ratio (a
widely used proxy of weathering intensity, Hu et al.,
2016; K is highly mobile relative to Al) (Fig. 5a). In
comparison, the humid, shallow regolith samples do
not follow this relationship (Fig. 5a) presumably due
to the overprinting effect of mineral aerosols, as sup-
ported by UCC-like d41K and high K/Al values
(K/AlUCC �0.28 and K/AlBasalt �0.05). However, in
contrast to previous studies of weathering profiles
(Chen et al., 2019; Teng et al., 2020), the arid regolith
has higher d41K values compared to its basaltic substrate
(Fig. 3), implying that clay 39K uptake is not the pri-
mary control in this environment. Moreover, there is
no distinguishable correlation between bulk d41K and
K/Al values in the arid regolith (Fig. 5a). A possible
explanation was provided by a laboratory study of Li
et al. (2021a) that the exchangeable complex with K+

adsorbed on phyllosilicates, was isotopically heavier than
residual K+ in water. Using series of sorption experi-
ments, Li et al. (2021a) confirmed a high affinity of
K+ to exchangeable sites of two common clay minerals
(kaolinite and smectite) at high pH (neutral to alkaline)
due to hydroxyl deprotonation, causing higher d41K of
adsorbed K+ than initial K+ and aqueous K+. This
adsorption-driven isotopic fractionation may be impor-
tant in the arid regolith, because exchangeable K (up
to �35%) is important for regolith K budget, even in
the intensely weathered samples. Collectively, clay for-
mation processes (incorporation vs. sorption) may be

responsible for distinct isotopic patterns in the regolith
during chemical weathering. We propose that clay incor-
poration seems to dominate in the humid regolith in a
circumneutral-acidic setting (pH = 5.4–6.4, unfavorable
for K+ sorption), producing lighter bulk isotopic compo-
sition (d41Kave = �0.53‰) than the basaltic substrate.
Clay sorption likely dominates in the arid regolith in
an alkaline setting (pH = 7.7–8.7), causing heavier K
(d41Kave = �0.28‰) than the basaltic substrate
(�0.48‰, Fig. 5d). Hence, we infer that climate-
dependent clay formation potentially controls terrestrial
d41K records.

Exchangeable (NH4Ac-extracted) K exhibits higher
d41K than that of the bulk in both regoliths (except for
a humid, subsurface sample BE2). In comparison to the
humid regolith, there is a high fraction of exchangeable
K in the arid regolith (Fig. 2c). Hence, the preferential
sorption of 41K on clays probably becomes important
in the arid regolith, resulting in exchangeable K isotopi-
cally heavier than that of the bulk. The highest d41K of
�0.02 ± 0.06‰ occurs at the carbonate-enriched layer
in the arid regolith. It is possible that downward infiltrat-
ing meteoric water and marine sprays passing through
the regolith leave seawater d41K imprint at the carbonate
zone during clay formation, and there are two plausible
explanations. First, the marine imprint might be better
preserved in the arid regolith (e.g., through sorption
due to high pH, Li et al., 2021a) because soil solutions
become concentrated and dissolved species remain within
the regolith (Ziegler et al., 2003) rather than being
removed by leaching (i.e., negative water balance,
Goodfellow et al., 2014). In addition to the impact of
sorption, isotopically heavy K derived from marine aero-
sols may be associated with carbonates (or other evapor-
itic deposits, as discussed in section 5.1), resulting in its
bulk d41K close to the seawater d41K (�0.14‰, Hille
et al., 2019; Wang et al., 2020).

5.3. Plant cycling

Regolith K composition might be biologically influenced
because K is a macronutrient and actively cycled by plants
(uptake-return cycles of inorganic nutrients from depth to
surface soils, Uhlig et al., 2020; Schlesinger, 2021). Because
plant-used nutrients are continuously returned to the forest
floor in litterfall, we may expect plant-cycled K to be grad-
ually concentrated in surface horizons over time. This
mechanism could be supported by the K enrichment (sK,

Nb > 0) observed at the (sub)surface soil of humid regolith
(Fig. 2). In Hawaiian soils, marine aerosol K is dilute and
can be easily assimilated into roots. Therefore, plant cycling
probably creates a feedback loop where seawater-derived K
may be concentrated in soil organic matter and become
influential in near surface horizons. As a consequence, the
surface soil horizon in the humid site shows significant K
enrichment (sK,Nb = 0.93), which cannot be ascribed only
to mineral aerosol addition (i.e., sK,Nb = 0.49 of UCC, nor-
malized to the Polol�u basalt, Rudnick and Gao, 2013).
Hence, surface K enrichment in the humid regolith proba-
bly reflects the contribution from both mineral aerosols
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and plant cycling (K derived from marine aerosols,
Chadwick et al., 1999; Bullen and Chadwick, 2016).
Bouchez et al. (2013) also suggested that plant cycling of
nutrients potentially influences soil isotope composition if
(1) plant uptake flux is non-negligible relative to leaching
loss, and (2) a fraction of the biomass can be preserved in
soils. Thus, additional evidence of plant imprint comes
from a linkage between the K isotope composition in the
shallow regolith and plants.

If plant cycling matters for K isotope values, the bulk
d41K value should be close to the d41K value of bulk plants
due to the continuous accumulation of dead organic mat-
ter. This process may be illustrated by the link between soil
organic matter (or organic carbon) and d41K (Fig. 5c and
d). For example, in the humid regolith, the topmost soil
with the highest content of organic matter (21.5%) and
organic carbon (11.2%) has a d41K value of �0.49‰, simi-
lar to that of the bulk grass (i.e., taken as an important part
of litters added in soils, Li et al., 2021c). We note that bulk
tree d41K is not available because tree roots were not sam-
pled in Li et al. (2021c). This plant K imprint on organic-
enriched surface horizons can also be identified in the arid
site (Fig. 5c and d). Through vegetative decay, plant-used K
can be released into porewater, which is in

quasi-equilibrium with exchangeable K (NH4Ac extractable
K). Indeed, we notice that NH4Ac-K of humid surface soil
is isotopically similar to bulk-plant K composition. The
NH4Ac-K of humid subsoil (BE 2, 17.5 cm) shows d41K
close to bulk grass d41K (a sum of leaves, stems and roots
based on weight average, �0.47‰, Li et al., 2021c), but
lower than that of NH4Ac-K from lower horizons probably
due to the overprint of seawater-derived K (discussed in
Section 5.1).

5.4. Implications and perspectives

A consensus reported in previous studies is that the K
isotope composition in solid weathering residuum would
become lighter as weathering intensified (e.g., S. Li et al.,
2019; Chen et al., 2019; Huang et al., 2020; Teng et al.,
2020). As for long-term stable K reservoirs, clays in sedi-
ments and regoliths may serve as important 39K pools for
balancing oceanic sinks and hydrothermal inputs
(Parendo et al., 2017; S. Li et al., 2019; Teng et al., 2020;
Hu et al., 2020; Santiago Ramos et al., 2020). However, this
study illustrates that K elemental and isotopic composition
in the arid and humid regoliths in Hawai‘i are determined
by complex processes than previously studied humid,

Fig. 5. Interrelationship of d41K with (a) K/Al, (b) pH, (c) organic matter content and (d) organic carbon (C) content. The composition of the
polol�u basalt is marked by an orange star. The data of humid and arid regoliths are symbolized using black and grey diamonds (95% c.i.
uncertainty), respectively. In plot (a), the composition of mineral aerosols is provided in Rudnick and Gao (2013) ((K/Al)UCC � 0.28) and
Huang et al. (2020) (d41KUCC: 0.44 ± 0.05‰). The linear correlation of humid deep regolith samples and corresponding 95% confidence
interval is provided. Data in plot (b) are divided by boxplots (blue indicates acidic - humid, and orange indicates alkaline - arid). In plots (c-d),
d41K values of bulk grass species (a sum of shoots and roots) growing in the humid (red, P. setaceum) and arid (green, C. ciliaris) sites are from
Li et al. (2021c). We note that d41K values of bulk tree species are unknown. (Data tabulated in Tables 1–2 and supplementary data 2).
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(sub)tropical settings (Chen et al., 2019; Teng et al., 2020).
Two distinct K isotope fractionation mechanisms under
contrasting the climate conditions are involved: (1) the arid
regolith, where positive K isotope fractionation from the
basaltic substrate is ascribed to clay 41K adsorption and
preservation of seawater K; and (2) the humid regolith,
where dust-derived K dominate the shallow regolith and
negative isotopic excursion in the lower unit may be caused
by clay uptake of light K. Regolith K budget may be mod-
ulated by source mixing with basaltic components and
atmospheric inputs linked to climate and may be affected
by plant cycling. Thus, terrestrial d41K records may be used
as a proxy to better understand weathering processes and
climate (humid vs. arid) based on the directionality of
fractionation.

This study together with others (Santiago Ramos et al.,
2018; S. Li et al., 2019, Chen et al., 2019; Teng et al., 2020;
Li et al., 2021a;X. Li et al., 2022), show awide d41K variation
(>1‰) caused by Earth surface processes. Interpretation of
the source and isotope fractionation of K during chemical
weathering helps us to understand wide K isotope variations
in river waters (S. Li et al., 2019; Wang et al., 2021; X. Li
et al., 2022). In a more humid climate, stronger leaching
may lead to more advanced weathering and higher output
flux of 41K to river and groundwater systems. Isotopically
light K may be preferentially incorporated into clays, gener-
ating river water (and groundwater) K fluxes with high d41K.
The output of isotopically heavier K is consistent with a sce-
nario outlined by S. Li et al. (2019) given a negative correla-
tion between d41K in river water and the indices of
weathering intensity based on river sediments. In compar-
ison, occasional wetting events followed by rapid evapotran-
spiration in arid environments may prefer to retain heavy K
in the regolith and limit K fluxes into groundwater and its
contribution to stream flow (Hsieh et al. 1998). We hypothe-
size that seasonal (climatic) changes from dry to wet may
introduce isotopically heavy K into waters due to (1) desorp-
tion of pre-sorbed heavy K from the regolith, and (2) clay
incorporation of light K. It is still unclear to what extent
our findings could be generalized to other terrestrial environ-
ments with different climate conditions. Because Hawai‘i
only represents a tropical island environment close to the
oceans, future studies focusing on K isotopes in continental
interior environments are needed.

6. CONCLUSIONS

This study provides detailed information of K chemistry
in two regolith profiles developed on a homogeneous basaltic
substrate sampled from a humid and an arid site in the big
Island of Hawai‘i. The results emphasize that the variation
in measured d41K is mainly created by an interplay of atmo-
spheric inputs, chemical weathering (particularly clay forma-
tion), and plant cycling, and climate has the potential to
produce distinct terrestrial d41K records. The shallow rego-
lith in the humid site shows upward K enrichment and
d41K close to the upper crustal d41K, revealing mineral aero-
sols imprint positively linked to local rainfall. In contrast, the
arid shallow regolith loses most of its K. In addition,
exchangeable (NH4Ac extracts) K has d41K higher than the

bulk value in most regolith samples, likely due to the replen-
ishment of marine aerosols. The enrichment of K in humid
surface soils and upward decreasing d41KNH4Ac in the humid
regolith and plant-like 41K in the topmost, organic-rich soils
in both sites likely support the contribution of plant cycling.
Light K isotope composition in humid, deep regolith relative
to the basaltic substrate may be ascribed to preferential clay
39K uptake in a circumneutral-acidic setting in Hawai‘i. In
comparison, heavy K isotope composition in the arid rego-
lith relative to the substrate reflects an interplay between clay
41K sorption in an alkaline setting and the preservation of
seawater K associated with clay adsorbed and carbonate
phases in an evaporitic environment in Hawai‘i. This study
confirms that regolith K isotope composition is controlled
by climate, thus making terrestrial K isotope records a
promising tracer of weathering.
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