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ARTICLE INFO ABSTRACT

Editor: Dr. Karen Johannesson Mo (isotope) cycling during the chemical weathering of ultramafic bedrock remains poorly quantified, mainly as
a result of the analytical challenges caused by low Mo concentration and complex matrix effects in these rock
types. Here, we utilize an improved chemical separation protocol that enables the extraction of Mo while
reducing Ru and Fe matrix effects. We apply this method to lateritic weathering profiles developed over ultra-
mafic bedrock in a high-intensity tropical weathering regime. The Mo concentrations in the laterite samples are
higher (0.022 to 0.58 pg-g~1) than those of the peridotite bedrock (0.006 to 0.021 pg-g~1). The concentration-
weighted average 5°®Mo of the laterite profiles is —0.05%o (n = 17), which is slightly higher but very close to the
average 5%8Mo of the peridotite bedrock (0.17 + 0.21%o; 2SD; n = 5). Weakly-laterized samples show somewhat
low 8°®Mo with a minimum of —1.03%o and AgsMolaterite-bedrock up to —0.86%o, possibly as a result of preferential
adsorption of liberated light Mo onto Fe (oxyhydr)oxides. In contrast, strongly-laterized samples show an overall
Mo concentration gain and a slight isotopic shift towards higher bulk §°®*Mo, with a maximum §°*Mo of +0.12%o
and A% Moy, terite-bedrock UP t0 +0.42%o. This likely reflects the re-scavenging of Mo released from weakly-laterized
horizons to the ubiquitous Fe (oxyhydr)oxides, with potential superimposition of additional heavy Mo from
atmospheric and/or groundwater input. Overall, this suggests a small contribution of dissolved Mo derived from
ultramafic bedrock weathering in tropical settings to the aquatic environment.
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1. Introduction

Molybdenum concentrations ([Mo]) and its stable isotope ratios (in
this study: 5°8Mo relative to NIST SRM 3134 = 0%o) in marine sediments
are known for their potential to record changes in redox conditions
(Kendall et al., 2017 and references therein). Both Mo concentration and
isotopes are affected by redox-dependent aqueous Mo speciation,
aqueous mobility, and interaction/adsorption with solid phases that can

be accompanied by significant stable isotope fractionation (Kendall
et al., 2017). Under fully oxygenated ocean conditions, dissolved Mo as
MOO;Zf is a conservative element (~105 nmol L) with a residence time
of ~440 to 780 kyrs (Collier, 1985; Colodner et al., 1995; Emerson and
Huested, 1991; Miller et al., 2011). The homogenous Mo isotopic
composition of the present-day ocean (6°Mo of = ~+2.09 =+ 0.10%o;
Barling et al., 2001; Nakagawa et al., 2012; Siebert et al., 2003) is a
consequence of a steady state between dissolved Mo input dominated by
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continental discharge and marine Mo burial in sediments. Therefore, in
order to use 8°*Mo in marine sediments to reconstruct the global anoxic-
oxic Mo sedimentation ratio, a detailed understanding of the global
continental river discharge Mo isotope signature is crucial (Kendall
et al., 2017).

Compared to the rather homogenous Mo isotope composition of the
upper continental crust (+0.05 to +0.15%o; Bezard and Guo, 2023;
Greber et al., 2014; Voegelin et al., 2014; Willbold and Elliott, 2017;
Yang et al., 2017), rivers show a more variable and overall high dis-
solved 5°®Mo ranging from —0.35 to +2.88%o (Archer and Vance, 2008;
Horan et al., 2020; Neubert et al., 2011; O’Sullivan et al., 2021; Pearce
et al., 2010; Voegelin et al., 2012; Wang et al., 2015). Different condi-
tions and processes have been proposed as causes of this 5°*Mo vari-
ability, including inputs from anthropogenic, hydrothermal, and glacial
sources (Neubert et al., 2011; O’Sullivan et al., 2021; Voegelin et al.,
2012). Nevertheless, isotopic fractionation during partial adsorption-
desorption processes of dissolved Mo onto mineral phases has been
identified as the common often predominant process affecting the iso-
topic variability of dissolved Mo in rivers. Consequently, the overall
higher §?®Mo of rivers compared to the upper continental crust implies
that, on a global average, soils and river sediments are a reservoir of
isotopically light Mo (Archer and Vance, 2008; Horan et al., 2020;
Pearce et al., 2010).

Across different weathering regimes with different catchment li-
thology, morphology, and climate parameters, several processes have
been suggested to affect Mo isotope fractionation during soil formation
(Greaney et al., 2021; King et al., 2016; Liu et al., 2020; Pearce et al.,
2010; Siebert et al., 2015; Wang et al., 2015, 2018, 2020). The Mo
isotope variability within weathering profiles depends on different
weathering susceptibilities of primary mineral phases hosting Mo. The
elevated weatherability of magmatic sulfides with high §°®Mo has been
suggested to contribute to a heavy dissolved Mo load relative to the
protolith (Voegelin et al., 2012). The high weathering resistance of Fe-Ti
oxides, which host isotopically light Mo, accounts for low §®Mo in
weathering profiles relative to the protolith (Wang et al., 2020). How-
ever, the formation of secondary mineral phases such as Fe-Mn (oxy-
hydr)oxides and/or the presence of organic matter (OM) play a major
role in controlling [Mo] and 578Mo variability during soil formation
(Goldberg et al., 1996; King et al., 2016; Liu et al., 2020; Siebert et al.,
2015; Wang et al., 2018). Particularly, the adsorption of isotopically
light Mo from solution onto Fe-Mn (oxyhydr)oxides that form during
weathering leads to an isotopically heavy dissolved Mo reservoir
(Goldberg et al., 1996; Liu et al., 2020; Wang et al., 2018). Moreover, the
complexation of dissolved Mo with OM has been invoked as an impor-
tant process for the retention of Mo resulting in higher soil [Mo] and
5°8Mo relative to the bedrock (King et al., 2016; Liu et al., 2020; Siebert
et al., 2015). In addition, external Mo sources can contribute to the
overall Mo concentration and isotopic composition of the weathering
profile. Groundwater and atmospheric inputs can contribute to the Mo
input, and both are typically enriched in the heavy Mo isotopes (King
et al., 2016; Nagler et al., 2020; Neely et al., 2018). These external in-
puts have been identified as potentially large contributors to [Mo] and
§°®Mo in soils in certain settings (King et al., 2016; Siebert et al., 2015;
Wang et al., 2020).

To first order, the initial [Mo] and 5%8Mo of the bedrock define the
extent to which all of the processes mentioned above control the
aqueous Mo mobility and therefore isotope variability during soil for-
mation. Ultramafic rocks make up only 1.3% of today’s continental crust
(Beinlich et al., 2018) and contain low Mo concentrations compared to
more evolved rocks. As a result, the weathering of ultramafic bedrock is
unlikely to be a major source of dissolved Mo globally today. However,
this may have been different in the past with evidence of a higher mafic
contribution of about 10 wt% to the Archean continental crust (Ptacek
et al., 2020). Furthermore, soil that is developed from bedrock with low
Mo concentrations is potentially more prone to shifts in the bulk Mo
isotopic composition due to the addition of Mo from external sources
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with a different Mo isotope composition and the effects of secondary
mineral formation on Mo mobility and isotope fractionation potentially
become more apparent. Studies investigating controls on the behavior of
Mo in weathering profiles overlying ultramafic bedrock remain scarce.
This may stem from the analytical challenges caused by extremely low
Mo contents leading to high Fe/Mo and Ru/Mo ratios in these systems
that complicate chemical purification of Mo from the rock matrix
essential for precise measurement of Mo isotope differences. Here, we
explore the behavior of Mo and its isotopes in lateritic weathering
profiles overlying the East Sulawesi Ophiolite (ESO), Indonesia using an
improved chemical separation protocol tailored to these environments.
In addition to the analytical refinements introduced, this study aims to
(1) provide a better understanding of the process and environmental
conditions that influence the mobility of Mo during intense tropical
weathering of ultramafic bedrock and (2) evaluate its significance in the
overall Mo flux to the riverine and ocean systems in these settings.

2. Study site

The K-shaped island of Sulawesi is located at the triple junction of the
Australian, Pacific, and Eurasian tectonic plates, and is composed of four
elongated arms that broadly represent different lithotectonic domains
(Fig. la, Hall and Wilson, 2000; Hamilton, 1973; Katili, 1978). The
study site is located in the central-southeastern part of the island, which
is primarily composed of ophiolite bedrock successions of the East
Sulawesi Ophiolite (ESO; Fig. 1), one of the three largest ophiolite
complexes in the world (Kadarusman et al., 2004; Parkinson, 1998). The
emplacement of the ESO took place during the Late Mesozoic according
to paleomagnetic data (~137 Ma; Mubroto et al., 1994). During a phase
of collision and accretion of island arcs and oceanic crust on the Eurasian
margin, the highly tectonized ESO was obducted around 30-40 Ma ago
(Kadarusman et al., 2004; Monnier et al., 1995). The ESO comprises
ultramafic mantle rocks (lherzolites and harzburgites), cumulate gab-
bro, sheeted dolerites, and basalts of normal mid-ocean ridge basalt
(MORB) composition (Fig. 1b; Kadarusman et al., 2004; Villeneuve
et al., 2002). Owing to the tropical climate, with average temperatures
of 26 °C and annual rainfall averaging 2700 mm in the region (Aldrian
and Dwi Susanto, 2003; Costa et al., 2015; Hendon, 2003; Kurniadi
et al., 2021), the ESO is intensely weathered and overlain by thick
lateritic weathering profiles (Fig. 1c; Morlock et al., 2019). Laterite
profiles studied here were accessed in the catchment of the Malili Lake
system, comprising the larger lakes Matano, Mahalona, and Towuti
(Morlock et al., 2019; Fig.1b).

3. Materials and methods

A total of twenty samples were collected from different, visually
discernible, weathering horizons in six different laterite profiles (Fig. 1b,
c; hereafter: laterite samples). In addition, six ultramafic bedrock sam-
ples from the bedrock underlying the weathering profiles were collected
(Table 1). The weathering profiles vary in thickness between 2 and 8 m
and consist of dark red laterite, red laterite, yellow laterite, and saprolite
zones, essentially following a characteristic geochemical and mineral-
ogical zonation of well-developed tropical laterites (Fig. 1c; Morlock
et al., 2019). For clarity, sample IDs are renamed here following their
profile ID and zonation, compared to previous studies that utilized the
same set of samples (Table 1; Morlock et al., 2019). Profile 6 is the most
representative in terms of sample coverage and shows the best-
developed lateritic weathering zonation (Fig. 1c). Profiles 2, 3, and 4
overlie serpentinized peridotite whereas profiles 1, 5, and 6 overlie
peridotite bedrock (Morlock et al., 2019).

Prior to analysis, laterite samples were freeze-dried and homoge-
nized/ground to a fine powder using an agate mortar and pestle.
Bedrock samples were placed into an aramid mesh to avoid contami-
nation and crushed using a hammer to a grain size of <2 mm. These were
subsequently milled to a fine homogeneous powder using an agate
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Fig. 1. (a) Sulawesi island (b) Geological map (modified from Costa et al., 2015) of laterite profile sampling points plotted in black triangles. The catchment area of
the Malili Lake System (Morlock et al., 2019) is indicated as the black line. Black arrow indicates the outflow of Lake Towuti. (c) Field photographs of Profile 6.

planetary mill set to 600 rpm for ~10 min.

3.1. Major and trace element measurement

Major and trace element concentration data used here were previ-
ously published by Morlock et al. (2019). The major and trace element
measurements were performed using inductively coupled plasma mass
spectrometry (ICP-MS) following full acid digestion (HF, HCI, HNOg,
and HClOy4) of 0.5 g of fine ground samples at the Activation Labora-
tories Ltd. in Ontario, Canada. Due to the detection limit being reached
for some elements, samples were also measured with wavelength
dispersive X-ray fluorescence (WD-XRF; Morlock et al., 2019). Due to
the expected low Mo concentration in laterite and bedrock samples, Mo
concentrations were obtained by the isotope dilution method using the
double-spike deconvolution of Mo isotope measurement used here (see
subsection 3.4).

3.2. Total organic carbon measurement

Total carbon (TC), total nitrogen (TN), and total sulfur (TS) were
measured by flash combustion elemental analysis using a Thermo Fisher
Elemental Analyzer at the Institute of Geological Sciences, University of
Bern. Around 5 to 8 mg of dried and powdered laterite samples were
weighed into tin capsules. For total organic carbon (TOC) measure-
ments, around 4 to 5 mg of dried and powdered samples were weighed
into silver capsules and dropwise treated with 1 M HCI until all car-
bonate was dissolved. Subsequently, samples were dried in an oven for
48 hours at 40 °C. Samples in both tin and silver capsules were flash-
combusted at 1300 °C with the addition of O, during combustion,
gases were chromatographically separated and quantified by means of a
thermal conductivity detector. The detection limits are 0.01, 0.02, and
0.05 wt% for TN, TC, and TS, respectively.

3.3. Calculation of degree of weathering

The mafic index of alteration (MIA) and the index of laterization
(IOL) were calculated for each sample in this study, to better quantify
chemical exchange during the weathering of mafic bedrock compared to
the published chemical index of alteration (CIA; Morlock et al., 2019).
Although Babechuk et al. (2014) suggest that the MIA is only suitable for
incipient to intermediate weathering and the IOL is preferred for high-
intensity weathering regimes, both MIA and IOL are examined in this
study due to the large range of weathering degrees throughout the
profiles. MIA and IOL were calculated from oxide concentrations
measured by WD-XRF (Morlock et al., 2019). The MIA is based on the
net loss of the mobile major elements (CaO, MgO, NayO, and K;0)
relative to the immobile major elements (Al,03 and Fe,O3) whereas the
IOL is based on the ratio of SiO; relative to Al;03 + Fe303. The IOL is
displayed alongside the ternary diagram of SAF (SiO vs. AlyOs vs.
Feo03) with the ‘limit of kaolinization’ being indicative for the early to
intermediate stages of weathering assuming that all the Al available in
the protolith is first converted to kaolinite, and that further weathering
beyond these conditions marks the onset laterization (Babechuk et al.,
2014; Widdowson, 2007). The limit of kaolinization and further group
division for laterization were calculated based on sample 4B which is the
bedrock with the highest Al,O3 (Table S1).

3.4. Mo purification and isotope measurement

Molybdenum purification and isotope analysis were performed at the
clean laboratory and mass spectrometry facilities of the Institute of
Geological Sciences, University of Bern. Between 40 and 4440 mg of
homogenized samples were weighed into pre-cleaned 15 or 60 mL
Savillex™ Teflon beakers to obtain 25 to 50 ng of Mo. Samples were
spiked with an appropriate amount of isotope tracer solution enriched in
Mo and Mo (Siebert et al., 2001). Digestion and chemical



Table 1
[Mo], 698M0, and other relevant parameters. Trace elements are from Morlock et al. (2019).

Sample ID Sample Profile Zone Profile [Mo] 5°%Mo 2SE Fe,05 TOC Sc Ti Zr tMoge tMoy; ™Moz  TMoO tFe A*®MOjaterite- MIA 0L

(Morlock ID (this No Depth (pg. (%o) (%0) (%) (%) (pg- (%) (pg- bedrock (%0) (%) (%)

et al., 2018) study) ) gh g
dark red B

LAT2 1DR 1 horizon 0.4 0.53 —0.009° 0.020  56.2 036 67 0.061 13 5.05 2.88 1.60 2.88 —0.36  0.104 87 81

LAT3 1Y2 1 }ylzlrlf;‘(’)"n 1 0.15 —~0.069*  0.030  59.0 012 66 0.047 7.9 0.74 0.42 0.21 0.42 —0.08  0.043 98 77

LAT4 1Y1 1 Kzlrll‘; ‘(’)"n 1.5 0.51 —0.052° 0.020  68.3 0.05 86 0.095 248  3.54 1.40 0.31 1.40 —0.53  0.061 99 92

Weathered 1WB 1 weathered o 0.014  —0.20°*  0.022 10.0 005 12 0007 09  -013 013 —0.03 -013 014  —0.089 20 20

BED8 bedrock

BEDS 1B 1 bedrock 8 0.016  —0.11** 0.035 9.0 12 0.007 1 0.00 0.00 0.00 0.00 0.00 0.000 18 18
dark red .

LAT6a 2DR 2 horizon 0.1 0.21 0.13* 0.014  68.9 058 39 0.137 10.7  0.09 —0.69 0.06 0.06 —0.50 -1.234 99 94

LAT6b 2R 2 red horizon 2 0.10 0.013  71.0 0.46 40 0.108 6.6 —~0.46 -0.80 —0.14 —0.46 —0.34 —1.252 98 94

SAP3 25 2 saprolite 2.5 0.030 0.017  11.1 0.46 16 0.045 1.7 -0.62 -0.86 —0.05 —0.62 —0.74 —0.737 25 22

BED9 2B 2 bedrock 35 0.015 0.020 8.8 3 0.003 0.8 0.00 0.00 0.00 0.00 0.00 0.000 20 18
dark red

LAT7a 3DR 3 horizon 0.3 0.030  —0.36%* 0.014  18.0 029 27 0.106 10.8  1.20 —059 -045 -045 —055 —0.303 55 33

LAT7b 3y 3 i’lzlrlf;vo"n 1 0.025  —0.44%* 0.016 22.4 033 27 0.047 4.2 0.82 -0.24 017 0.17 -0.20  —0.382 61 37

BED12 3B 3 bedrock 8 0.006  —0.053** 0.019 7.9 11 0.008 1.1 0.00 0.00 0.00 0.00 0.00 0.000 18 18
dark red .

LAT8c 4DR 4 horizon 0.05 0.087  0.090* 0.014 246 3.04 31 022 137  1.60 1.12 1.41 1.41 0.45 0.424 76 49

LATSa 4R 4 red horizon 0.4 0.19 —0.090**  0.016  29.9 1.32 33 0.148 13 4.27 5.81 4.49 4.49 1.01 0.244 75 54

11

LATSb 4y 4 zzn(;‘(’)"n 1.2 0.036  0.027%* 0.016  30.9 1.01 37 017 119  -0.09 0.14 0.16 0.14 0.97 0.361 87 49

BED15 4B 4 bedrock 15 0.021  —0.33** 0.016 9.5 19 0.11 7.8 0.00 0.00 0.00 0.00 0.00 0.000 32 29
dark red

LAT9a SDR 5 horizon 0.2 0.58 0.12+* 0.014 716 0.95 68 0111 299 578 8.86 2.17 5.78 0.30 0.285 99 98

LAT9b 5R 5 red horizon 1.5 0.19 0.075** 0.014 737 039 68 0.062 189  1.21 4.75 0.63 1.21 0.99 0.241 99 98

LAT9c 5Y 5 ﬁzlrll‘;‘g’n 2.5 0.19 0.060%* 0.018  73.7 0.65 59 0.059 11.6  1.59 5.15 1.70 1.70 1.34 0.227 99 98

Esg;;‘ted 5EB 5 bedrock 4 0014  —0.17°* 8.82 112 0027 23 000 000 000 000 000  0.000 21 21
dark red B

LAT10a 6DR 6 horizon 0.1 0.29 —0.13* 0.017 516 022 26 0.067 10.8  6.88 0.39 0.38 0.39 0.11 0.035 9% 86

—0.056**
LAT10b 6R2 6 red horizon 1 0.24 —0.16* 0.020 556 010 33 0.068 10 4.18 0.14 0.24 0.24 0.02 0.005 95 91
LAT10c 6R1 6 red horizon 1.5 0.32 —0.092*  0.017 52.4 024 36 0.077 118 541 0.36 0.42 0.42 —0.14  0.074 93 92
11

LAT10d 6Y2 6 ﬁirl‘;‘gn 2.5 0.022  —0.47***  0.032  61.2 0.18 37 0.043 4.1 -0.58 -0.84 —0.73 —0.73  0.40 —0.306 95 88

LAT10f 6Y1 6 }ylzlrlxn 3 0.048  —1.03* 0.024  21.9 012 24 0.05 6.3 0.43 -0.69 -0.60 -0.60 —043 —0.861 66 33

LAT10e 6S 6 saprolite 3.5 0.037  —0.78%**  0.031 384 0.07 45 0.082 9.6 -0.42 -0.85 —0.80 —0.80 —0.44 —0.618 81 55

BED18 6B 6 bedrock 4 0.015  —0.17** 0.015 8.9 11 0.005 0.8 0.00 0.00 0.00 0.00 0.00 0.000 17 18

" Mo purification and isotope analysis were performed with the standard procedure explained in the Mo isotope measurement subsection.
™ Mo purification and isotope analysis were performed with the modified procedure explained in Supplementary Material.

" Mo purification and isotope analysis were performed with the modified procedure explained in Supplementary Material. These samples had high §°®Mo correction due to Ru interference (up to 0.95%o) and pro-
cedural blank correction (2.4 ng; ~10% of total Mo).

D 10 ypupWng Y
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separation processes for the samples from batch 1 were done with the
standard procedure, whereas a modified digestion and Mo purification
protocol was applied for samples from batch 2, 3, and 4 (Table S2). For
the standard procedure, samples were dissolved in a concentrated single
distilled 3:1 mixture of HF and HNOj5 for at least 48 h for all samples at
100 °C. Solid residuals were treated with 14 M HNOs for at least 48
hours before 6 M HCl was added at least twice. During the dissolution in
HNOj3 and HCI, the beakers were placed on a hotplate at 80 °C and
120 °C, respectively. Subsequently, samples were purified using a
sequence of anion and cation exchange resin. All the standard chemical
separations were performed following procedures reported earlier
(Ahmad et al., 2021; Wille et al., 2013). In brief, samples were dissolved
in 3 mL 4 M HCI + 0.15% H20-, before being loaded into a single column
with 2 mL anion exchange resin Dowex® AG 1 x 8 (200-400 mesh) for
chemical separation. For further chemical separation, samples were
prepared in 2 mL 0.5 M HCI + 0.1% H02 before being loaded into a
single column with 2 mL cation exchange resin Dowex® 50 x 8
(200-400 mesh).

Where a high amount of sample material was needed due to low Mo
concentrations, the separation procedure was modified to minimize the
effect of Fe and Ru on the chemical separation procedure and isobaric
inferences during analysis, respectively. Accordingly, Cr®" was added to
oxidize Ru which subsequently evaporated (Hopp et al., 2016). Excess
Cr®" was reduced with HAsc (Ascorbic Acid; CeHgOg) and underwent
additional Mo purification (Larsen et al., 2016; Xu et al., 2004).
Furthermore, HAsc was added to reduce Fe3* to Fe?* prior to loading the
sample solution onto the anion exchange resin (Willbold et al., 2016) to
prevent oversaturation of the resin with Fe3". Details of the modified
protocol are described in Supplementary Material.

Ultimately, samples were dissolved in 1.2 mL 0.5 M HNOg for mea-
surement by a NeptunePlus multicollector inductively coupled plasma
mass spectrometer (MC-ICP-MS) coupled to an Aridus II desolvating
nebulizer. Six Mo isotopes (94Mo, 95Mo, %Mo, 97Mo, 98Mo, and 100Mo)
were measured as well as °°Ru and 1°'Ru to monitor isobaric interfer-
ence. We used faraday cups with 10! Q amplifiers to analyze all iso-
topes except 1°'Ru, which was measured using a 10'2 Q amplifier. For
analyses, we have used a combination of the standard ‘H’ Ni sampler
cone and the ‘X’ Ni skimmer cone and obtained ~64 V/ppm on *>Mo.
Mo isotope ratios are reported as parts per thousand deviations of
%Mo/*Mo of the sample relative to NIST SRM 3134 = 0%o. Where
necessary, published Mo isotope data reported in this study have been
recalculated to NIST SRM 3134 = 0%o. Mo isotope ratios were calculated
using the double-spike correction method (Siebert et al., 2001) with an
interference correction based on simultaneously measured °°Ru.
Repeated measurement of the in-house Johnson Matthey standard so-
lution lot 602332B (“JMCBern”; Siebert et al., 2001) gave an isotopic
difference of 0.26 + 0.01%o °Mo (25D; n = 19) relative to NIST SRM
3134 (Goldberg et al., 2013; Greber et al., 2012) in agreement with
previous studies (Ahmad et al., 2021; Ahmad et al., 2022, 2023; Greber
et al., 2012; Kaufmann et al., 2021; O’Sullivan et al., 2021, 2022).
Background correction was applied by averaging background intensities
of pure 0.5 M HNOj carrier solution that was measured on-peak before
and after the analysis of every sample. Sample and background analysis
consisted of 80 and 30 cycles, respectively, with a signal integration time
of 4.194 s for each cycle. The Mo blanks of the chemical procedures are
presented in Table S2. Mo isotope composition of samples with ~10% of
blanks contribution (6Y2, 6Y1, 6S) was corrected using the Mo isotope
composition of the full procedural blanks. Analyses of individually
digested and chemically purified AGV-2, BHVO-2, BIR-1a, and W-2a
whole-rock reference materials yielded 5%8Mo of —0.18 + 0.01%o (2SD;
n=4), —0.06 + 0.02%o (2SE; n = 1), —0.13 + 0.02%o (2SE; n = 1), and
— 0.03 £ 0.06%0 (2SD; n = 3), respectively. These values are in agree-
ment with previously published values (Fan et al., 2020; Feng et al.,
2020; Willbold et al., 2016; Zhao et al., 2016). Individual measurements
of geological whole-rock reference materials and blank measurements
can be found in Table S3. We consider +0.06%o the long-term 2 SD
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reproducibility of the sample measurements as determined by the
measurement of W-2a. This is in line with previous measurements of
BHVO-2 (—0.09 £ 0.05%o; 2SD; n = 11) done at the Institute of
Geological Sciences, University of Bern (Ahmad et al., 2021; Ahmad
et al., 2022, 2023). Additionally, some samples were double-measured
after individual sample digestion and chemical separation, and
showed agreement (Table 1, Table S2).

3.5. Calculation of elemental loss and gain and Mo isotopic deviation

The Mo losses and gains were calculated relative to immobile ele-
ments using the following equation (Nesbitt and Young, 1982):

Cmo
Cim .
CMo.
Cim

b

where Cy, and Cj, are the concentrations of Mo and immobile elements,
respectively, while [ and b refer to samples and the bedrock, respec-
tively. Due to the limit of detection of ICP-MS and relatively low con-
tents of some commonly used immobile elements e.g. Nb, Th, and Hf in
some of the samples, we use Sc, Ti, and Zr in the calculations. The me-
dian of Mo loss and gain relative to each immobile element (rMog,
7Mori, TMogz,) were used to exclude the value that deviates significantly
from the others, expressed as the Mo loss and gain (zMo). Positive and
negative tMo values indicate that Mo experienced either gain or loss,
respectively, relative to the immobile element employed. The same
calculations were applied to calculate the losses and gains of Fe in the
weathering profiles (zFe). The A%®Moyaterite-bedrock (%o) Of each laterite
sample was calculated relative to its respective bedrock 8°Mo to indi-
cate the Mo isotope deviation of each soil sample. Given that we lack a
bedrock sample for profile 5, we used averaged element concentration
and 5°®Mo of bedrock samples from profiles 1, 3, 4, and 6 to calculate
the Mo and A*®Mojaterite-bedrock fOT profile 5.

TMOim = -1

4. Results
4.1. Degree of weathering

The MIA values are in general agreement with IOL showing large
coverage in the extent of the weathering process (Fig. 2a). The IOL is
displayed alongside the SAF (SiO; vs. Al,O3 vs. FeyOg; Fig. 2b; Babechuk
et al., 2014) while the MIA for all samples is displayed in the AF-CNK-M
(Aly03 + Fe303 vs. CaO + Nag0 + K30 + vs. MgO) diagram (Fig. S1) to
illustrate the weathering trends and intensity in the weathering profiles.
The IOL variation of all the samples in the SAF diagram (Fig. 2b) sug-
gests that each profile shows a somewhat different degree of laterization
as a result of a slight difference in site characteristics (slope angle,
vegetation cover, profile thickness etc.) and a sampling strategy that
targeted horizons distinct in color. Nevertheless, all samples follow a
similar trend of changing major element concentrations during lateri-
zation. This is expected due to the similar bedrock compositions and the
same weathering regime for all profiles.

The limit of kaolinization calculated from sample 4B is 56.5% SiO5 or
43.5% in IOL. All bedrock samples show a low IOL (<30%). Further-
more, based on the calculation of the extent of weathering/laterization
(Table S1), samples are divided into 5 groups (Fig. 2): (1) bedrock and
weathered bedrock samples with IOL <30%, (2) kaolinized samples with
IOL = 30-44%, (3) weakly-laterized samples with IOL = 44-62%, (4)
moderately-laterized samples with IOL = 62-81%, and (5) strongly-
laterized samples with IOL = 81-100% (Fig. 2). Additionally, consid-
ering the highest IOL and MIA for the samples from profile 5 with 99%
and 98%, respectively, these samples can be separated from group 5
making it into group 5a and group 5b (Fig. 2a). Profile 6 as the most
representative profile in terms of sample coverage shows the most
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Fig. 2. (a) The mafic index of alteration (MIA) (%) vs. index of laterization (IOL) (%) and sample grouping. (b) SAF (SiO, (%) vs. Al,O3 (%) vs. FexO3 (%)) ternary
diagram. The IOL (%) is shown as a vertical line with higher values indicating stronger weathering.

variable degree of laterization among profiles (Table 1).
4.2. [Mo] and %Mo variability

The Mo concentration ([Mo]), 698Mo, and all other parameters i.e.
Fe,03, TOC, Sc, Ti, Zr, TMoge,7Mori,7Mozy, TMo, Fe, A% Mojaterite-bedrocks
MIA, and IOL are listed in Table 1. The [Mo] of each sample are pre-
sented in Fig. 3a. The [Mo] of laterite samples is generally higher (0.022
to 0.58 pg-g~1) compared to those in bedrock samples (0.006 to 0.021
pg-g~1). These results are in line with those previously reported for soils
(King et al., 2016; Liu et al., 2020; Siebert et al., 2015; Wang et al., 2018)
and peridotite (Liang et al., 2017; Wang and Becker, 2018), respectively.
While all laterite samples from the topmost red and dark red laterite
horizons show the most Mo enrichment relative to the underlying
bedrock, Mo enrichment factors are very variable ranging from 41.1 to
4.2 in profiles 5 and 4, respectively.

The §°®Mo of each sample are presented in Fig. 3b. Except for the
bedrock in profile 2, the 8°®Mo composition of the peridotite bedrock
samples, including one weathered bedrock (1WB), ranges from —0.05%o
t0 —0.33 %o (—0.17 =+ 0.24%0 5°Mo; 2SD; n = 5). The bedrock in profile
2 shows a substantially higher §°Mo value of 1.36% indicating ser-
pentinization. Although interaction with seawater cannot be excluded
for the bedrock of all profiles (Morlock et al., 2019), the high 5% Mo of
the bedrock of profile 2 shows agreement with previously reported
8°Mo of serpentinized mafic rocks retaining the heavy Mo isotopic
composition of seawater during alteration (Chen et al., 2019; Dai et al.,
2024; Rojas-Kolomiets et al., 2023). The §°Mo of laterite samples varies
from +0.12 to —1.03%0 (—0.20 + 0.65%c 2SD; n = 17) and +0.29 +
0.59%o (2SD; n = 3) for the profile overlying peridotite and serpentinized
peridotite, respectively.

4.3. Mo- loss and gain

Overall, the Mo values vary from —0.80 to +5.77 (Table 1; Fig. 4).
Except for profile 2, all profiles show a general trend of Mo gain in the
topmost red and dark red laterite zones. Conversely, weathered bedrock
and laterite samples from the lower saprolite zone show a loss of Mo
while samples from the intermediate yellow laterite zones show both
loss and gain.

4.4. Total organic carbon

The TOC in all the laterite samples varies from 0.03 to 3.04%,
averaging 0.48% (Table 1). All samples of profile 4 have a comparatively
higher TOC concentration with an average of 1.8% than samples of other
profiles.

5. Discussion

5.1. Mo concentration and isotope variability in the lateritic weathering
profile overlying ultramafic bedrock

In-field laterite zonation of each profile is not precisely in agreement
with the weathering degree indices (MIA or IOL; Fig. 2). Therefore, we
compare changes in the [Mo] and Mo to IOL, with its respective
groupings (Fig. 5). Excluding profile 4, with high OM content, most of
the kaolinized and weakly-laterized samples (Groups 2 and 3), with an
IOL of up to 62%, show low [Mo], and negative tMo except for sample
3Y (Fig. 5). This possibly indicates aqueous mobility and loss of Mo from
these laterite zones during the early stages of laterization. In contrast,
moderately- and strongly-laterized zones (Groups 4 and 5) show
generally high [Mo], and substantial Mo gain, originating from internal
and/or possibly external sources (Fig. 5). Sample 6Y2 and samples from
profile 2 overlying serpentinized peridotite are exceptions, showing a
general loss of Mo despite originating from highly weathered zones
(Fig. 5b). Overall, these findings suggest a causal relationship between
the different degrees of laterization and the aqueous mobility of Mo
within the different profiles.

Accordingly, we calculate Mo and §°®Mo averages of samples from
similar degrees of laterization across all the profiles, in order to assess
the characteristic behavior of Mo in this setting (Fig. 6). Profile 2,
overlying serpentinized bedrock, is discussed separately due to the
distinct differences in bedrock type and §°Mo composition. Excluding
profile 4, a general loss of Mo in kaolinized and weakly-laterized sam-
ples is accompanied by a shift in §°®Mo towards lower values relative to
the bedrock composition (Fig. 6). This can be explained by a) prefer-
ential dissolution of less-resistant minerals containing a higher §°®Mo
signature compared to bulk Mo and/or b) partial re-adsorption of
isotopically light Mo onto secondary minerals. Previous studies have
shown that pyroxene can potentially host Mo with a high §®Mo signa-
ture compared to isotopically light Fe-Ti oxides common in mafic
bedrock (Wang et al., 2020). Therefore, preferential leaching of
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the laterite profiles. The red dashed line in (b) indicates 5°8Mo of bedrock from
the respective profile. The 2SD of §°®Mo in each sample is smaller than the
circle icons.

pyroxene minerals in the weakly laterized zone along with the partial re-
adsorption of isotopically light Mo onto secondary minerals such as Fe
(oxyhydr)oxides, can explain the shift towards low §°Mo in this lateritic
zone. This is in line with previous studies of soils (i.e. Greaney et al.,
2021; Siebert et al., 2015; Wang et al., 2018, 2020) and batch experi-
ments (Barling and Anbar, 2004; Goldberg et al., 1996; Goldberg et al.,
2009) where (oxyhydr)oxides have been shown to preferentially adsorb
light Mo isotopes. Consequently, the §°®Mo profiles reflect the loss and
relocation of isotopically heavy Mo fraction by fluids, in line with the
negative t™™o for the weakly-laterized samples. We suggest that the
isotopically heavy Mo fraction is potentially re-scavenged in the more
intensely weathered horizons of the laterite profiles, as shown by higher
[Mo] and the heavy Mo isotope composition in those horizons (Fig. 6).
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Fig. 4. Mo variation as a function of depth in laterite profiles. The red line
indicates zero Mo loss or gain for each profile. Negative values represent Mo
loss and positive values Mo gain.

Although regression coefficients between ™Mo and Fe;O3 and TOC
concentrations are low, higher tMo are generally associated with sam-
ples with high Fe;O3 and/or TOC concentrations. Particularly strongly-
laterized samples, characterized by the highest tFe (Table 1), exhibit the
most positive T™Mo value (Fig. 6a). Although the rapid decomposition of
OM under tropical climatic conditions could mask the relationship be-
tween [Mo] and TOC, samples of profile 4 have high TOC concentrations
and show a high Mo gain, with t™o up to +4.49, despite the IOL being
<62% (Table 1; Fig. 5, 6). This suggests that the formation and abun-
dance of Fe (oxyhydr)oxides during weathering and the availability of
OM play important roles in the mobility of aqueous Mo, consistent with
previous studies showing that Mo can be effectively scavenged by OM
(King et al., 2016; Siebert et al., 2015).

The overall patterns of loss or gain of Mo associated with negative or
positive AgSMolaterite_bedmck values, respectively, suggest a redistribution
of Mo within the weathering profile (Fig. 7). The overall low A*®Moy,.
terite-bedrock i the strongly-laterized samples is likely a result of the
overall very low Mo/Fe ratio in this ultramafic setting and ubiquitous Fe
(oxyhydr)oxides. Hence, near-complete scavenging of the dissolved Mo
pool onto Fe (oxyhydr)oxides may render isotopic fractionation negli-
gible for bulk Mo isotope composition. This is exemplified by the
concentration-weighted average §°®Mo of all soil samples of —0.05%o (1
= 17). This 8°®Mo composition overlaps, or is slightly higher than but
very close to, that of the average peridotite bedrock 8°*Mo of —0.17%o +
0.21%o (2SD; n = 5), indicating that the primary mantle-like Mo isotopic
composition is retained within the profile during complete weathering.
However, in light of the overall higher §°®Mo particularly for strongly-
laterized samples, additional external sources with high §°Mo such as
atmospheric input (sea spray, volcanic emissions and fossil fuel com-
bustion) and/or groundwater input (Chappaz et al., 2012; Harkness
et al., 2016; King et al., 2016; Liu et al., 2020; Siebert et al., 2015),
cannot be entirely excluded.

Local patches of more seawater-altered serpentinized peridotites
occur (profile 2) and may also act as an additional source of isotopically
heavy Mo. Profile 2 comprises 3 laterite samples with an up-profile IOL
sequence of 22%, 94%, and 94%, respectively, lacking kaolinized and
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weakly-laterized samples. The main difference between profile 2 and
those profiles overlying unserpentinized peridotite is the inherited
heavy Mo isotopic composition of the serpentinized bedrock (+1.36%o
5°8Mo). Contrary to the other profiles, profile 2 shows a trend from
initially high 8°®Mo bedrock compositions towards low §°®Mo in the
most laterized samples. Interestingly, the 8°Mo of the strongly-laterized
samples converges towards values which are close to the unserpenti-
nized peridotite bedrock (~0 %o to —0.2 %o; Fig. 3b), associated with a
general loss of Mo during weathering indicated by negative tMo values.
Although this is in line with the overall observation that isotopically
heavy Mo is lost from soil horizons with a low degree of laterization,
samples of profile 2, in contrast, show a high degree of laterization. We,
therefore, suggest a combination of lateral Mo migration and homoge-
nization during weathering and atmospheric input to explain the

observed §°®Mo pattern in profile 2.

5.2. Comparison of Mo behavior in ultramafic vs. mafic and felsic profiles
and its contribution to the Mo riverine composition

Different weathering regimes and bedrock compositions result in
primary minerals with varying susceptibility, which along with changes
in the formation of secondary minerals, control the isotopic composition
of the soil relative to the respective bedrock. This alters the flux of Mo
and its isotopic composition from the weathering profiles into rivers,
lakes, and oceans (Greaney et al., 2021; King et al., 2016; Liu et al.,
2020; Siebert et al., 2015; Wang et al., 2015, 2018, 2020). Additionally,
the availability of OM as an effective Mo scavenger as well as external
Mo sources, either natural e.g. seaspray (King et al., 2016; Siebert et al.,



A. Damanik et al.

-
Laterite zonation: OProfile 1
6 4 B Dark red laterite OProfile 2 .
B Red laterite o Profile 3
51 O Yellow laterite AProfile 4
. @ Saprolite ®Profile 5 4
@ Bedrock B Profile 6
3 B
- o
=
=
2 B

-0.5
AS*Mo (%o)

Fig. 7. ™o vs. A8 Mo (%o) relative to the respective bedrock. The error bar
indicates the 2SD long-term reproducibility.

2015) and/or anthropogenic sources (e.g. from fossil fuel combustion;
Chappaz et al., 2012; Harkness et al., 2016) may also alter the Mo iso-
topic composition of soils. Besides the effect of different host minerals,
which is not investigated here, all other factors previously discussed are
shown to influence the Mo mobility and isotopic composition in lateritic
weathering profiles as well. The general trends within the profiles
investigated here, with losses and gains of Mo in different weathering
zones and associated shifts in isotopic composition (Fig. 8), are in
agreement with previous studies (Greaney et al., 2021; King et al., 2016;
Siebert et al., 2015; Wang et al., 2018, 2020). However, the low Mo/Fe
ratio and ubiquitous Fe (oxyhydr)oxides in the profiles overlying ul-
tramafic bedrock facilitated nearly complete re-scavenging of Mo from
the pore water onto weathering products at our study sites.

The formation of saprolite during granite and basalt weathering is
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connected with an overall loss of heavy Mo relative to the bedrock.
These heavy Mo isotope compositions might feed the dissolved Mo
reservoirs of rivers and seawater in these settings (Wang et al., 2018,
2020). In contrast, we suggest that lateritic profiles overlying ultramafic
bedrock developed under intense tropical weathering are unlikely to
have a significant impact on the dissolved Mo budget of the riverine
systems and ultimately on the ocean (Fig. 8). Regardless of the high gain
(tMo; Fig. 4), the inherited low [Mo] of the bedrock from these ultra-
mafic laterite profiles likely result in an insignificant contribution
(Fig. 8a). This is in line with a recent study of Mo in the Amazon River
that suggested the control of the weathering regime on Mo release, with
higher weathering intensity resulting in a low [Mo] contribution (Revels
et al., 2021). This additionally underlines the importance of the trans-
port of Mo, which in ultramafic bedrock-dominated catchments pri-
marily occurs in the form of Fe (oxyhydr)oxide particles. Release of Mo
adsorbed onto Fe (oxyhydr)oxides, which are chemically stable under
oxic and high pH conditions is restricted, but enhanced in anoxic/
reducing and low pH settings. Thus, only the physical transport of sus-
pended Fe (oxyhydr)oxide particles into reducing, redox-stratified
aquatic systems and sediments can liberate adsorbed Mo, and poten-
tially other redox-sensitive and particle-reactive elements such as Cr, As,
Ni, P, and Co (Hongve, 1997; Koschinsky and Hein, 2003) into the
aquatic environment.

6. Conclusion

Analysis of Mo concentration and isotopic composition from tropical
weathering profiles overlying ultramafic bedrock shows Mo enrichment
in the topmost horizons of the weathering profiles and nearly complete
re-scavenging of Mo, primarily by ubiquitous Fe (oxyhydr)oxides.
Although Mo redistribution within the soil profile likely leads to the
large Mo isotope variability observed in between laterite samples from
different depths, the concentration-weighted average 8°°Mo of all
laterite samples is close to that of the ultramafic bedrock with slightly
higher 8°®Mo in strongly laterized samples. Owing to the low initial
bedrock concentration, atmospheric and/or groundwater input may also
contribute to the observed high §°®Mo composition. As a consequence,
the Mo transport in rivers draining predominantly ultramafic catch-
ments is dominated by particulate transport of suspended Fe (oxyhydr)
oxides. This limits the contribution of dissolved Mo to aqueous Mo
budgets from these environments. However, elements such as Mo that
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are immobilised by adsorption onto Fe (oxyhydr)oxide can be released
in reducing aquatic and sedimentary environments.
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