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A B S T R A C T

Dendritic iron- and/or manganese-rich microstructures, often referred to as “microstromatolites,” are commonly 
observed in carbonate veins in the deep subsurface. However, the mechanisms responsible for their formation, 
particularly the role of microbial processes, remain incompletely understood. One hypothesis suggests that Fe- 
and Mn-enriched fluids, sourced from submarine hydrothermal vents and circulating through mafic or ultramafic 
rocks, lead to the precipitation of manganese dendrites within open fractures. Microbial activity has been pro
posed as a contributing factor, particularly due to its ability to catalyze Mn2+ oxidation to Mn4+ at rates 
significantly faster than abiotic processes under ambient conditions. Such microbial mediation often results in 
the formation of poorly crystalline Mn oxide phases, which are commonly associated with biologically mediated 
oxidation. These disordered Mn oxides, frequently observed in natural settings, suggest a microbial contribution 
to mineral precipitation, particularly in environments where redox gradients and fluid-rock interactions are 
prominent. Because manganese oxides are an important sink for Ni in marine systems, stable Ni isotope analyses 
may offer valuable insights into their formation. Biological activity in laboratory systems is known to fractionate 
Ni isotopes, producing negative δ60Ni values, while abiotic interactions with Mn oxides can result in a range of 
isotopic signatures. In this study, we show that manganese-rich dendrites likely formed through the interplay 
between organic matter, oxidizing fluids and viscous serpentine muds, resulting in the fractionation of both 
carbon and nickel isotopes. The moderately negative δ13C and δ60Ni values, together with the presence of organic 
matter, suggest a mixed formation pathway involving both abiotic mineral precipitation and biologically 
mediated processes. One plausible mechanism involves the nucleation of Mn oxides on nanoparticulate “seeds,” 
which could include both abiotic particles, organic matter, microbial cells and their metabolic byproducts. 
Understanding the formation of Fe–Mn dendrites is key to interpreting the biogeochemical cycling of essential 
elements like iron, manganese, and nickel. Due to its redox flexibility, Mn forms highly reactive oxides that 
effectively scavenge trace metals such as Ni, Co, Fe, and Cu, facilitating their removal from seawater and 
incorporation into marine minerals. Our findings underscore the complexity of Fe–Mn oxide formation and 
point to the combined influence of abiotic fluid dynamics and microbial processes. This improves our ability to 
interpret geochemical signatures in both modern and ancient environments and enhances the utility of stable 
isotope systems in reconstructing past ocean conditions and elemental cycling.

1. Introduction

Both Fe and/or Mn-rich, microbial dendritic microstromatolites and 
abiotic dendrites formed through viscosity differences can look 
remarkably similar, especially when viewed at small scales (Böhm and 
Brachert, 1993; Garcia-Ruiz et al., 1994; Heim et al., 2017; Hou et al., 
2023; Kazmierczak and Kempe, 2006; Myrow and Coniglio, 1991; 

Saunders, 2022; Saunders and Schoenly, 1995; Schoenly and Saunders, 
1993). While microbial stromatolites form as a result of biological 
processes, viscosity-driven dendrites result from non-biological fluid 
dynamics, yet, both can develop in similar settings despite entirely 
different mechanisms. Environments hosting three-dimensional 
dendrite structures can be very diverse. For instance, silica-rich fluids 
are commonly associated with abiotic dendrites (Hou et al., 2023; 
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Kazmierczak and Kempe, 2006; Myrow and Coniglio, 1991; Saunders, 
2022; Saunders and Schoenly, 1995; Schoenly and Saunders, 1993). On 
the other hand, most microstromatolitic Fe-Mn-dendrites found in car
bonate rocks are considered biogenic (Cavalazzi et al., 2007; Eder et al., 
2018; Zhang et al., 2021; Bernardini et al., 2021a, 2021b), including 
examples found in cherts (Walter and Awramik, 1979). Thus, both mi
crobial stromatolites and abiotic, viscosity formed dendrites can occur in 
similar rock types and depositional settings, such as carbonates and 
silicates. The overlapping environmental contexts complicate dis
tinguishing between the two, especially when examining fossilized 
samples where biological signatures of microbial life may be absent or 
poorly preserved. Isotopic methods, particularly involving C and S, have 
traditionally been used to differentiate biological from abiotic micro
structures. Increasingly, researchers also use transition metal isotopes, 
with Ni emerging as a promising biomarker due to its role in some en
zymes and its distribution in oceanic environments, reflecting paleo
redox and paleoproductivity conditions (Cameron et al., 2009; Cameron 
and Vance, 2014; Ciscato et al., 2018; Lemaitre et al., 2022; Vance et al., 
2016; Ragsdale, 2007, 2009). Nickel has a strong affinity for organic 
ligands and approximately 35 % of all marine dissolved Ni is bound to 
organic compounds. However, due to its electron configuration, [Ar] 
4s23d8, it has a higher Zeff (effective nuclear charge) than for example 
Fe, which results in stronger bounded electrons, leading to slower 
complexation kinetics (Pyle and Couture, 2011). Also, O and N donor 
atoms, classified as hard bases, prefer to bind to hard acids like many 
transition metal ions (including Ni2+ and Fe2+), through ionic in
teractions that are generally strong and straightforward. This leads to 
faster formation of complexes because the metal ions are highly 
attracted to these ligands and the energy barriers for complexation are 
lower. In contrast, many organic ligands are considered soft bases and 
tend to interact with transition metals through covalent bonding, often 
involving additional steps such as rearrangements or electron pair 
sharing. These interactions are typically complex and slower, leading to 
a reduced rate of complexation (Pearson, 1963). Nickel is more strongly 
bound to oxygen in mineral phases such as Fe–Mn nodules than to 
organic ligands. As a result, Ni associated with organic matter tends to 
exhibit more negative δ values compared to Ni sequestered in Fe–Mn 
nodules. Although organic matter can influence the speciation of Ni 
locally, especially in organic-rich sediments, its role in the global marine 
Ni budget appears limited. This is because the majority of Ni in such 
settings remains bound to mineral phases rather than to organic com
pounds, as observed in organic-rich marine sediments where the total Ni 
content is still largely controlled by Fe–Mn oxides (e.g., Gueguen and 
Rouxel, 2021). Consequently, the impact of organic-bound Ni on the 
overall marine Ni mass balance is likely minor. This is consistent with 
the interpretation that Fe–Mn nodules represent a primary long-term 
sink for Ni in the ocean. Among these phases, hydrous Mn oxides play 
a particularly important role in Ni retention due to their high metal 
adsorption capacity and greater stability across pH gradients compared 
to Fe oxides (Green-Pedersen et al., 1997; Pyle and Couture, 2011). The 
δ60Ni values of marine Fe–Mn crusts analyzed range between +0.25 ‰ 
and + 2.5 ‰ (Gall et al., 2013; Gueguen et al., 2016), while most lab
oratory experiments have shown much lighter values, as low as − 1.34 ‰ 
(Sorensen et al., 2020; Wasylenki et al., 2014, 2024). However, the main 
mineralogy of deeply buried marine ferromanganese nodules has by 
some researchers been shown to be todorokite, which is topotactically 
formed mainly from phyllomanganates (mainly birnessites) under oxic 
to suboxic conditions (Li et al., 2024). During the transformation from 
birnessite to todorokite, the isotopic signature of Ni would gradually 
become heavier. Other studies indicate a more complex mineralogy, 
primarily composed of poorly crystalline phyllomanganates, and suggest 
that redox transitions from formation to diagenesis in ferromanganese 
crusts are characterized by changes in oxidation states, mineralogy, 
post-depositional oxidation, and element associations, which can 
significantly influence the fractionation of associated isotopes 
(Sutherland et al., 2020; Xu et al., 2024). This temporal evolution of 

natural nodules would explain the experimental observations in which 
birnessites exhibit a preference for lighter Ni isotopes (Sorensen et al., 
2020; Wasylenki et al., 2014, 2024), while naturally occurring Fe–Mn 
nodules display comparatively heavier Ni isotope compositions. Thus, 
light Ni may end up elsewhere during the nodule evolution, such as 
other Mn-rich, phyllomanganates not directly associated with Fe–Mn 
nodule formations. Examples of such associations are presented by 
Fleischmann et al. (2023), showing that fully oxic, Mn-rich pelagic 
sediments across six sites in the Pacific Ocean and ten in the Indian 
Ocean, as well as one hemipelagic site from the suboxic California 
Margin, have Ni isotope compositions (δ60Ni = +0.26 to +1.08 ‰) 
lighter than seawater (+1.33 ‰) and crusts (+1.55 ± 0.38 ‰) and that 
the organic carbon-rich suboxic sediments of the Californian margin 
have even lighter values of δ60Ni = − 0.08 ± 0.11 ‰. This study ex
amines Mn-, Fe- and organic-rich serpentine mud, which may show 
similar features as described by Fleischmann et al. (2023), associated 
with low-temperature (<100 ◦C) serpentinization from the Mid-Atlantic 
Ridge in an attempt to understand and distinguish between abiotically 
and biologically formed Fe–Mn dendrites (Alt et al., 2007). Micro
drilled samples were analyzed by multi-collector inductively coupled 
plasma mass spectrometry (MC-ICP-MS) to assess the potential associ
ation of light Ni with Mn, distinct from Fe–Mn nodules. Carbon isotope 
analyses of Fe and/or Mn-rich microstromatolites are rare and range 
broadly between − 35 ‰ to +1.7 ‰ (Andrews et al., 2015; Neubeck 
et al., 2021; Zwicker et al., 2023) and only one of these studies have 
reported abundant Mn (Neubeck et al., 2021). Thus, it is still unclear 
whether microstromatolitic and Mn-rich dendrites in the deep subsur
face are mainly biogenic or if there are other processes that may influ
ence the formation of such structures in igneous rock environments. 
Here we aim to add further insights into the formation process of such 
microstructures in a serpentinized, low-temperature marine environ
ment, using stable isotopes of C and Ni.

2. Methodology

2.1. Sample description

The sample analyzed in this study is a thin section from Hole 1272 A, 
North Pond, recovered during Ocean Drilling Program (ODP) Leg 209 
from the slow-spreading Mid-Atlantic Ridge (MAR) (Kelemen et al., 
2004; Alt et al., 2007), see Fig. 1. Hole 1272 A, located at Site 1272 
(approximately 15◦39.9′N, 56◦45.6′W), was drilled near the top of a 
ridge composed primarily of serpentinized peridotite, ~3.7 nautical 
miles north of Site 1271. Coring proceeded from Core 1R to Core 27R, 
reaching a total depth of 131.0 m below seafloor (mbsf). After reaching 
131.0 mbsf with consistent lithology and drilling conditions, coring was 
halted and followed by successful wireline logging before the hole was 
terminated. The sample for this study was collected at 40–45 m below 
seafloor (mbsf), a depth characterized by multiple faults and diverse 
lithologies. The host rocks are serpentinized ultramafic harzburgites and 
dunites, altered to soft, clayey serpentine- and harzburgite-rich muds, 
which appeared plastic upon core recovery (Bach et al., 2004).

The section contains several small (mm-scale) and one large (1 cm- 
wide) aragonite vein cutting through serpentine clays. These veins 
exhibit reddish to brownish halos rich in iron hydroxides, indicative of 
precipitation from oxygenated seawater during late-stage exhumation 
and brittle faulting.

On the wall of the large vein, dendritic structures (a few hundred μm 
long, up to 50 μm wide) protrude perpendicularly into the surrounding 
serpentine and are partly embedded in aragonite (Fig. 2). Additional 
dendritic and filamentous structures are fully embedded in aragonite 
(Neubeck et al., 2021; Ivarsson et al., 2018). The dendrites observed in 
the serpentine muds appear dark to black in optical microscopy and 
show frequent branching (Fig. 2).
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2.2. Methods and analyses

2.2.1. Hyperprobe field emission electron probe microanalyzer- EPMA
Doubly polished thin sections (Ivarsson, 2006) and polished rock 

pucks were prepared from the samples to identify fossilized microor
ganisms and minerals using optical microscopy. Mineral chemistry and 
elemental distribution were analyzed using a Jeol JXA8530F Hyperp
robe Field Emission Electron Probe Microanalyzer (EPMA) at Uppsala 
University, Sweden. Point analyses (in profiles) using Wavelength- 

dispersive X-Ray Spectroscopy (WDS) were conducted with a 10 nA 
beam current, 15 kV accelerating voltage, and 10 s peak/5 s background 
counting times at beam diameter of 5 μm. Chemical composition maps 
were generated also with WDS at 15 kV accelerating voltage, 40 nA 
beam current, 100 ms dwell time, 4 × 4 μm step size, and 4 μm beam 
diameter. All WDS analyses were standardized using wollastonite (for 
Ca, Si), pyrophanite (for Mn), hematite (for Fe), NiO (for Ni), MgO (for 
Mg). Achieved detection limit ranges (in ppm, based on results from 
points analyses in profiles) were: 25–48 for Ca, 61–108 for Si, 72–96 for 

Fig. 1. Map showing the location of the sampling area, North Pond, marked by a yellow dot. Image credit: MBL. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Optical overview stitched image of the sample and its marked analyzed areas and spots. A) Some of the dendrites along aragonite veins are zoomed in as 
larger images in the lower, left side of the image, to illustrate the botryoidal, scallop-like shapes. The two analyzed maps are marked with dotted, white squares (see 
results Section 3.1). The microdrilled holes for δ60Ni analyses are marked with numbers 1–7 (see Section 3.4). Letters a-i mark the microdrilled areas for δ13C analyses 
(see Section 3.4). Area B, shows a zoomed in overview on the mapped areas.
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Mn, 68–96 for Fe, 66–85 for Ni and 34–55 for Mg.

2.2.2. Raman spectroscopy
Raman spectroscopy was performed at Uppsala University, Sweden, 

using a Renishaw InVia Reflex micro-Raman system equipped with a 
1024-pixel RenCam CCD detector. A 532 nm laser source with plane- 
polarized light was employed, in combination with a 2400 lines/mm 
grating and a 50× objective lens (Numerical Aperture = 0.75). Spectral 
measurements were acquired with an absolute resolution of 1.7 cm− 1. 
Instrument calibration was conducted prior to each session using the 
characteristic 520.5 cm− 1 Raman peak of a single-crystal silicon stan
dard, yielding a relative spectral precision of ±0.12 cm− 1. The laser 
power at the sample surface was between 4 and 35 mW, verified by a 
Thorlabs PM160T power meter.

2.2.3. Ni isotope analyses and sample preparation
Samples and standards (NIST SRM 986, BHVO-2 and NIST SRM 976 

for monitoring copper isobaric interferences), each containing 0.5–1 μg 
Ni, were evaporated on a hotplate. A double spike containing equal 
proportions of 61Ni and 62Ni was added to all samples and standards at a 
Nisample/Nispike ratio of 1 and re-evaporated to dryness. This double 
spike method corrects for instrumental mass bias and possible frac
tionation during chemical purification.

Rock powder samples were digested in HCl–HNO₃ mixtures in pol
ytetrafluoroethylene vials, evaporated to dryness, and treated with HF 
(28 mol L− 1, trace metal or Suprapure grade) to dissolve any remaining 
solids. HF treatment was repeated after evaporation at 70–80 ◦C to 
ensure full digestion of silicate material and removal of fluorides. Ni 
concentrations were re-measured prior to Ni elution using an ICP- 
Quadrupole Mass Spectrometer (X-Series II, ICP-Q-MS) at Pôle Spec
trométrie Océan, Brest. Aliquots (<1 mL) from water and rock solutions 
were diluted with 0.28 M HNO₃ to 10 mL total volume for quantification. 
The appropriate spike amount was recalculated based on these 
concentrations.

2.2.3.1. Sample purification. Sample purification methods are following 
the procedures outlined by Gueguen et al. (2013) at the Ifremer Centre 
de Bretagne, Brest, France. Dry sample–spike residues were dissolved in 
1 mL of 0.24 M HCl. Subsequently, 0.3 mL of 1 M ammonium citrate and 
125 μL of concentrated ammonia were added to raise the pH to 8. 
Approximately 0.5 mL of wet Ni-spec resin (Ni Eichrome) was placed 
into polypropylene columns, washed with 6.5 mL of Milli-Q water and 
4.5 mL of 0.2 M ammonium citrate +0.45 M ammonia, and capped. An 
additional 0.5 mL of the 0.2 M ammonium citrate +0.45 M ammonia 
solution was added to buffer the resin pH to ~9. The sample solution 
was loaded onto columns containing dimethylglyoxime (DMG), which 
form a Ni–DMG complex between pH 8–9 and is retained in the resin. 
The resin was resuspended to increase the active surface area and left for 
1 h, achieving near 100 % Ni yields. The columns were drained, and 2.2 
mL of the 0.2 M ammonium citrate +0.45 M ammonia solution was 
added twice at 15-min intervals to wash out Fe and other elements. 
Then, 2.2 mL of Milli-Q water was added three times at 15-min intervals 
to remove excess salts. Ni was collected in 6.6 mL of 3 M HNO3, added in 
three applications of 2.2 mL at 15-min intervals. The collected Ni frac
tions were dried on a hot plate at ~95 ◦C overnight and then dissolved in 
1 mL of 0.3 M HNO3 for isotope analysis.

2.2.3.2. Mass spectrometry. Nickel isotope compositions were analyzed 
using a Thermo Scientific™ Neptune multicollector inductively coupled 
plasma mass spectrometer (MC-ICP-MS) at the Ifremer Centre de Bre
tagne in Brest, France. Samples and standards were introduced through 
an ApexQ MicroFlow PFA-50 self-aspirating nebulizer at ~60 μL/min. 
Despite the use of Ni sample and skimmer cones, blank 58Ni intensities 
confirmed no Ni contamination from the cones (as previously shown by 
Moynier et al., 2007; Fujii et al., 2011; Gueguen et al., 2013; Neubeck 

et al., 2021).
Samples were analyzed twice: initially with a short run (10 cycles, 

each 4 s) to determine Ni, Fe, and Cu concentrations. This step is 
essential before performing isotopic analyses, as accurate concentration 
measurements of these metals ensure proper correction for mass bias 
and matrix effects during isotope ratio analysis. Each sample had a 
matching standard with a similar concentration and Nisample/Nispike 
ratio. Samples were grouped in sets of 2–5, each set flanked by NIST 
SRM 986 as a bracketing standard. Procedure blanks were introduced as 
sets of 5 every 15th sample run.

In addition to NIST SRM 986, BHVO-2 was also used as a secondary 
reference material, especially for quality control and verifying the 
consistency of measurements across different sample sets. BHVO-2, a 
basaltic rock standard, provides a matrix similar to geological samples 
and serves as an additional benchmark for ensuring the accuracy of the 
isotope ratios.

High-precision isotope data were obtained in the second run, with 
each sample measured in five blocks of 10 cycles (4 s integration time 
per cycle) and a rinse between blocks. The instrument can precisely 
measure samples with Ni concentrations over 0.03 ppm, achieving 2SE 
< 0.1 ‰. Lower concentrations yield slightly larger uncertainties (2SE ≈
0.1 ‰), and concentrations under 0.01 ppm have uncertainties >1 ‰ 
(Gueguen et al., 2013).

2.2.3.3. Ni isotope data reduction. Nickel isotope compositions of sam
ples are expressed using the delta (δ) notation, in which the isotope ratio 
of the sample is normalized to that of the NIST SRM 986 bracketing 
standard, following the equation: 

δ60Ni (‰) =
[( 60Ni

/58Nisample
)/( 60Ni

/58NiSRM986
) ]* 1000 (1) 

The data presented in this study is described using the 60Ni/58Ni ratio 
given as δ60Ni. The Ni isotope compositions of samples were then 
calculated using the double spike calculation template from Gueguen 
et al. (2013). The NIST SRM 986 standard was passed through columns 
four separate times, yielding an average value and external reproduc
ibility for the method.

2.2.4. Carbon isotopes
Carbon isotope analysis of micro-drilled samples was performed at 

the Stable Isotope Lab, SIL, at Stockholm University, Sweden. To 
determine the isotopic composition of total carbon (δ13Cₜₒₜ), approxi
mately 0.2 mg of solid precipitate powder was weighed and analyzed 
using a Flash Elemental Analyzer with Thermo Fischer isotope ratio 
mass spectrometer Delta V advantage (EA-IRMS). The international 
standards NBS-18, IAEA-CO-8 and IAEA-603 was used and measured 
approximately every 10th sample. And the long-term reproducibility for 
those are +/− 0.08 per mil (‰) for the last 10 years.

In-house standards used are Merck Calcium carbonate (CaCO3) and a 
marble Carm, and the long-term reproducibility for Merck is ±0.12 ‰, 
and for Carm is +/− 0.08‰ for the last 10 years.

The δ13C values are reported as ‰ deviations relative to the Vienna 
Pee Dee Belemnite (VPDB) standard, where δ13C = (Rsample / Rstandard – 
1) × 1000, and R represents the 13C/12C ratio (Eq. (2)). Total carbon 
(TC) is expressed as weight percent of the initial sample mass. Based on 
repeated measurements of standards, the analytical reproducibility for 
δ13C was ±0.06 ‰. 

δ13C (‰) =
(
Rsample

/
Rstandard − 1

)
103 (2) 

3. Results

3.1. EPMA

The locations and corresponding EPMA elemental transect (Mn, Ni, 
Ca, and Fe) labeled A, B, and C are shown in Fig. 3. Another transect, D is 
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shown in Fig. 4. Transect A intersects the Mn–Fe dendrites and extends 
into the aragonite vein. The transition from dendritic material to 
aragonite is evident in the elemental profiles, where Mn and Ni con
centrations are significantly higher in the dendritic rim compared to the 
aragonite vein. Iron is also slightly enriched in the dendritic rim and 
approaches zero in the aragonite. Transect B crosses a zone of aragonite, 
mixed dendritic material, and serpentinite. Here, Mn, Ni, and Fe con
centrations peak in the mixed dendritic zone, are lowest in the arago
nite, and show intermediate levels within the serpentinite matrix. 
Transect C cuts through serpentinite containing a very thin aragonite 

vein with dendritic structures, which appear as sharp spikes in Mn and 
Ni concentrations in the elemental data (Fig. 3, Table S1). Transect D 
cuts through serpentinite, dendrites, and into the aragonite vein (Fig. 3; 
S3, Table S1). The serpentinite is characterized by high Mg and Si, the 
dendrites by elevated Ni, Mn, and Fe, and the aragonite vein by high Ca 
but low Mg and Si.

Pearson correlation analysis (Table 1) across all transects reveals 
positive correlations between Mn and Ni, Fe and Ni, and Mg and Ni. In 
contrast, Ca shows negative correlations with both Fe and Ni. The 
strongest correlation is observed between Mn and Ni, with all three 

Fig. 3. Three EPMA transects (A, B, and C; left panel) cross dendritic structures associated with aragonite veins, highlighting compositional variations in Mn, Ni, Fe, 
and Ca within the serpentinite, aragonite veins, and dendritic regions (plots shown in the right panel). A projected N–S compositional transect (bottom panel), based 
on the sequence of spot analyses (see Table 1 and Table S1), illustrates trends in elemental concentrations and isotopic compositions in relation to the veining system.
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transects yielding p-values << 0.001.
To investigate spatial trends in element distributions, a projected 

N–S geochemical transect was constructed by ordering the analyzed 
spots as follows: 1, 2, 3, (7), 6, 4, 5 (cf. Table 1, Fig. 3), representing the 
serpentinite, dendrite rim, aragonite vein, pure aragonite, mixed 
dendrite, the Fe-rich dendrite and serpentinite, respectively. Along this 
transect, δ60Ni, Ni (ppm), δ13C, and C (wt%) were plotted to identify 
systematic compositional variations in relation to mineralogical features 
and the veining system, although the number of analyzed spots were too 
limited to establish statistically robust correlations.

EPMA element maps show that Mn-dendrite rich regions form a 
distinct rim between the carbonate vein and the serpentinized host rock, 
characterized by high concentrations of Fe, Ni, and Mn (Fig. 4, Fig. S1). 
The highest Ni concentrations are found in the central parts of the car
bonate vein and within the Mn-dendrites, gradually decreasing towards 
the serpentine. While Ca levels decrease towards the center of the 
aragonite vein, Si, Ni and Mn concentrations increase. The large vein 
that intersects the serpentine has somewhat elevated levels of Ni, Mn, 
Fe, and Ca, but lower levels of Si and Mg compared with the serpentine. 
The Mn concentration gradually decreases inward towards the serpen
tine. The smaller veinlets are dominated by Ca, Ni and Fe.

3.2. Raman spectroscopy

The Raman peaks of the dendrites show two major peaks around 503 
and 630 cm− 1, corresponding to Mn–O asymmetric stretching vibra
tions and Mn–O bending and stretching modes (Ostrooumov, 2017). 
The peaks at 1430 and 1630 cm− 1 are associated with bound water, 
C––C stretching modes, and/or metal oxides (Fig. 5).

3.3. Nickel isotopes

The Mn-rich regions of the sample (Figs. 3, 4, 5 and Fig. S1) exhibited 
marginally negative δ60Ni values between − 0.10 ± 0.05 and − 0.04 ±
0.03 ‰, whereas the serpentine displayed heavier isotope signatures 
around δ60Ni = +0.15 ± 0.03 ‰. The pure vein aragonite lacked suffi
cient Ni content for isotope measurement, although the vein adjacent to 
the Mn dendrites displayed δ60Ni values of δ60Ni = +0.40 ± 0.13 ‰. 
δ60Ni is negatively correlated with Ni concentration (Fig. 3), whereas Ni 
and Mn show a positive correlation. Transect A exhibits a correlation 
coefficient of 0.94 (n = 54, p < < 0.005), Transect B 0.95 (n = 56, p < <

0.005), and Transect C 0.93 (n = 83, p < < 0.005).

Fig. 4. Overview optical image showing the serpentinite with the crosscutting aragonite veins and fake color EPMA maps. The dark gray rim on the vein edges is 
marked here as “dendrite rim” since these contain the Fe–Mn dendrites. The yellowish, brownish rim contains less Mn and more iron oxides (Table 1, Fig. 3). To the 
right, fake color, intensity EPMA maps are shown to illustrate elemental distribution. The maps show relative signal intensity differences from the highest (red) to the 
lowest (blue) or nearly none (black) measured in the area for each element, where red color represents high abundance of the element and black low abundance. 
Absolute elemental (Mn, Ni, Si, Mg, Ca and Fe) abundance (wt%) of the serpentinite, dendrites and aragonites based on the transect D (in the Ni EPMA map) can be 
found in table S1. The oxidizing fluid direction is marked with an arrow.
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3.4. Carbon isotopes

The carbon isotopes showed an average serpentine value of δ13C =
− 17.67 ± 5.17 ‰ δ13C = − 4.02 ‰ for the aragonite vein, δ13C = − 9.25 
‰ for the pure dendrites and δ13C = − 6.75 ‰ for a mixture of serpentine 
and dendrites (however mostly dendrites), see Table 1, Fig. S4. The 
carbon isotopes show no direct correlation with C (wt%, Fig. 3), likely 
due to the limited dataset.

4. Discussion

Fe–Mn dendrites observed in serpentinites are striking mineral 
features that can potentially provide insights into fluid-rock 

interactions, redox conditions, and even microbial activity. This study 
investigates dendrites from IODP Site 1272 A, focusing on their growth 
patterns, morphology, chemical composition, and isotopic signatures to 
evaluate whether their origin is biogenic or abiotic.

4.1. Inward-growing Fe–Mn dendrites in serpentinites

The Mn-rich dendrites differ from those observed at other depths 
within the same drill core (Neubeck et al., 2021), as they extend from 
open veins inward towards the serpentinized host rock (Fig. 2). This 
contrasts with previously described dendrites that grow outward from 
serpentine into the vein space, which is later infilled by aragonite 
(Ivarsson et al., 2018; Neubeck et al., 2021).

Table 1 
Pearson correlation coefficients (R), t-values, and p-values for elemental relationships along EPMA transects 
A, B, and C (cf. Fig. 3), as well as variable trends for Fe, Mg, and Ca in relation to Ni and Fe. The middle part of 
the table shows δ60Ni, Ni (ppm), δ13C, C (wt%), and Fe (ppm) values used for the projected N–S geochemical 
transect (cf. Table 1, Fig. 3), constructed from spot analyses. The analyses marked with an asterisk are 
literature values from Neubeck et al., 2021. The lower part of the table shows EPMA measured Ni, Mn and Fe 
spots A-I (cf. Fig. 2) in wt%.

Elements Transect R t-value p-value
Ni vs Mn A 0,94 20,80 0,000

B 0,95 21,57 0,000

C 0,93 19,17 0,000

Ca vs Fe A -0,57 -4,99 0,000

B -0,12 -0,86 0,786

C -0,52 -4,49 0,000

Fe vs Ni A 0,84 11,28 0,000

B 0,40 3,22 0,004

C 0,17 1,23 0,446

Mg vs Ni A 0,69 6,84 0,000

B 0,11 0,81 0,842

C 0,08 0,57 1,143

Ca vs Ni A -0,75 -8,06 0,000

B -0,25 -1,86 0,136

C -0,17 -1,27 0,416

Fe vs Mn A 0,80 9,56 0,000

B 0,24 1,85 0,140

C -0,10 -0,70 0,972

Comp. transect δ60Ni Ni ppm C wt% δ¹³C Fe ppm
Serp (#1) 0,15 ± 0,03 0,10 4,52 -14,01 1,83

Dendr (#2) -0,1 ± 0,05 0,15 5,07 -9,25 0,81

Arag vein (#3) 0,4 ± 0,07 0,13 19,85 -4,02 0,20

Pure arag (#7) 12,15* 0,67*
Mix dendr (#6) -0,04 ± 0,03 0,36 11,29 -6,75 4,31

FeOx rim (#4) 0,13 ± 0,04 0,23 3,32

Serp (#5) 0,17 ± 0,03 0,31 2,93 -21,32 5,08

EPMA Spots Sample Ni (wt%) Mn (wt%) Fe (wt%)
Dendrites A 0,54 1,78 6,11

Dendrites B 0,69 1,81 8,34

Dendrites C 0,56 2,85 0,49

Vein center D 0,35 1,71 0,32

iron oxide rim E 0,67 1,31 0,60

Iron oxide rim F 0,20 0,13 9,91

iron oxide rim G 0,16 0,06 6,57

Aragonite H 0,02 0,03 0,01

Aragonite I 0,02 0,03 0,03
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Earlier studies have interpreted associated microstromatolites and 
filamentous morphologies as biogenic, based on a combination of 
morphological characteristics, low formation temperatures, and stable 
carbon isotope data (Benzerara and Menguy, 2009; Ivarsson, 2006; 
McLoughlin et al., 2007). Additionally, it has been proposed that mi
crobial communities, comprising bacteria and fungi, may play a role in 
the formation or modification of Fe–Mn dendrites (Sjöberg et al., 
2021), particularly in serpentinized environments with temperatures 
below ~14 ◦C (Alt et al., 2007b), where such microorganisms could 
colonize fractures and later become preserved within carbonate phases.

4.2. Mineralogy

Mineralogically, the dendrites are composed of disordered Fe and Mn 
oxides (Figs. 3, 5) growing into the serpentinite (Fig. S3) from an 
aragonite-dominated vein (Fig. S2). Raman spectroscopy reveals two 
major peaks at approximately 503 and 630 cm− 1 with putative, weak 
shoulder at ~570–580 cm− 1 (Fig. 5), corresponding to Mn–O asym
metric stretching and bending/stretching modes, respectively, which 
are consistent with birnessite (Ivarsson et al., 2018; Neubeck et al., 
2021; Ostrooumov, 2017). These results resemble Raman spectra of 
synthetic birnessites formed at ~150 ◦C (Saenko, 2024), similar to the 
low-temperature serpentinization conditions of this sample (Alt et al., 
2007). The 630 cm− 1 peak is broad, possibly indicating overlapping 
features from additional phases such as Fe–O stretching in maghemite 
or hematite (~500 cm− 1) and Fe-OH bending in hausmannite or he
matite (~650 cm− 1) (Chernyshova et al., 2007). According to extensive 
Raman investigations by Bernardini et al. (2019, 2020, 2021a, b, 2024, 
2025) on natural manganese oxides, these phases commonly exhibit 
prominent Raman bands near 490 and 625 cm− 1. Bernardini et al. 
(2020) further demonstrated that Raman spectroscopy can reliably 
distinguish the oxidation state and coordination environment of Mn, 
based on the position and shape of the ν₁ modes. The ν₁[6]Mn4+ notation 
refers to the symmetric stretching vibration (ν₁) of Mn4+ situated in 
sixfold (octahedral) coordination. In their detailed study of a wide range 

of well-characterized Mn oxide samples, Bernardini et al. (2020) showed 
that the ν₁[6]Mn4+ band typically occurs near 650 cm− 1 in phases with 
empty structural channels, but shifts to ~630 cm− 1 when large cations 
occupy the channels. The presence of this lower-frequency band in our 
spectra suggests a similar structural configuration, likely involving the 
incorporation of Fe3+ and Ni2+ (Fig. 3), which necessitates partial Mn4+

→ Mn3+ substitution to preserve charge balance. Raman spectroscopy 
can reveal Mn oxide mineral phases and Mn oxidation states, offering 
indirect clues to biogenicity (Bernardini et al., 2021a, 2021b). However, 
similar spectral features can arise in both biogenic and abiotic Mn ox
ides, making clear distinctions difficult (Huld et al., 2023). The Raman 
bands observed around 1450 cm− 1 and 1630 cm− 1 are commonly 
attributed to hydrocarbon-related compounds (Romero-Sarmiento et al., 
2014) and poorly ordered or amorphous carbon (Beyssac et al., 2002), 
respectively. These features suggest the presence of thermally altered or 
mildly matured carbonaceous material (Beyssac et al., 2002, 2003), 
consistent with previous observations from similar samples (Neubeck 
et al., 2021), here suggesting an influence (direct or indirect) of biology 
on the dendrites. The absence of typical carbon bands, such as the D 
band (~1350 cm− 1), the G band (~1580 cm− 1), and the overtone/ 
combination bands in the 2700–3100 cm− 1 region (associated with sp2 

carbon bonding and graphitic structures), indicate that the material is 
not highly graphitized and likely lacks well-ordered crystalline carbon 
(Beyssac et al., 2002, 2003).

4.3. Manganese oxidation states

Manganese(IV) oxides are prevalent in most environments and 
typically form through the biotic oxidation of Mn(II) by O₂, a process 
mediated by microorganisms and generally faster than abiotic mecha
nisms (Sjöberg et al., 2021, Bernardini et al., 2021a, 2021b). However, 
under certain conditions, such as elevated pH, low microbial activity, 
and the presence of nano-sized mineral surfaces like ferrihydrite, abiotic 
Mn(II) oxidation can also play a significant role in producing Mn(III/IV) 
(oxyhydr)oxides (Wang et al., 2015). Wang et al. (2015) showed that 

Fig. 5. Raman spectrum of aragonite (207, 704 and 1085 cm− 1) and Mn oxides (503 and 630 cm− 1). The 1450 and 1630 cm− 1 peaks represent C––C, water, and/or 
oxide lattice vibrations. Iron oxides (hematite and maghemite) with peaks around 500–550 and 700 cm-1 may partly overlap with the Mn spectrum.
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ferrihydrite surfaces enhance Mn(II) oxidation, promoting the formation 
of stable phases such as manganite, hausmannite, and birnessite over 
less stable ones like feitknechtite or groutite. These reactions are influ
enced by factors including pH, Mn(II) concentration, and O₂ levels, 
which collectively determine the oxidation state and crystallinity of the 
resulting Mn oxides.

While biogenic processes often yield poorly crystalline birnessite-like 
Mn(IV) oxides, abiotic pathways, particularly those catalyzed by min
eral surfaces, may account for much of the observed mineralogical di
versity. Co-precipitation with iron oxides in these settings also has 
implications for contaminant mobility, underlining the environmental 
relevance of surface-catalyzed abiotic (Bernardini et al., 2021a, 2021b; 
Tebo et al., 2004; Madden and Hochella, 2005; Junta and Hochella, 
1994).

Hematite surfaces can similarly catalyze Mn2+ oxidation in the 
presence of dissolved O₂, with nanoscale hematite significantly accel
erating the reaction (Madden and Hochella, 2005). This enhancement is 
linked to size-dependent shifts in electronic structure, including 
increased Lewis basicity of surface oxygen atoms and a higher density of 
reactive sites such as edges and kinks. Electron transfer theory attributes 
the higher reaction rates to stronger electronic coupling and lower 
reorganization energy, particularly at sites where Mn2+ coordination 
deviates from its usual octahedral geometry (Madden and Hochella, 
2005).

Although there is evidence for the abiotic formation of Mn oxides, 
microbially mediated processes often result in the production of similar 
Mn3+/Mn4+ phases, complicating the distinction between biotic and 
abiotic pathways in natural systems (Jung, 2017). Consequently, both 
mechanisms are likely involved in Mn oxide formation. Abiotic pro
cesses may dominate in environments enriched in nanoparticles, cata
lytic mineral surfaces, or where photo-oxidation is possible (Jung, 
2017). However, in deep subsurface settings, where photochemical 
oxidation cannot occur (Jung, 2017), microbial mediation and/or cat
alytic mineral surfaces (including nanoparticles) is likely to play a sig
nificant role in Mn2+ oxidation and the subsequent precipitation of 
manganese oxides (Bernardini et al., 2021a, 2021b).

4.4. Viscosity contrast dendrites

Despite these suggestions, the precise mechanisms responsible for 
Fe–Mn dendrite formation in serpentinized rocks remain poorly un
derstood. To date, only a limited number of studies have focused on 
natural three-dimensional Fe–Mn dendrites (Hou et al., 2023; Garcia- 
Ruiz et al., 1994; Chopard et al., 1991) or their carbon isotopic signa
tures (Neubeck et al., 2021). Hou et al. (2023) demonstrated that den
drites in clinoptilolite tuffs may form via the accretion of Fe–Mn oxide 
nanoparticles at the interface between Fe-Mn-rich and oxygenated 
fluids, with fluid mixing dynamics and viscosity contrasts playing a 
critical role. Nanoparticles are hypothesized to form when an infiltrating 
fluid displaces oxygenated pore water and mixes with it, producing a 
Mn-oxide-oversaturated solution. Laboratory studies have shown that 
such conditions favor the nucleation of Mn-oxide nanoparticles (Li et al., 
2014; Huang et al., 2015). A comparable mechanism is plausible for the 
dendrites documented in Sample 1272 A. The dendrites observed here 
resemble those of Hou et al. (2023), showing a primary trunk with a 
botryoidal surface and scallop-like top (Fig. 2). While this morphology 
supports an abiotic nanoparticle accretion model, it does not exclude the 
possibility that the initial nucleation of particles could be biologically 
mediated. Indeed, as discussed in previous work, abiotic and biogenic 
Mn dendrites often share similar mineralogical and structural features, 
making it challenging to definitively determine their origin without 
multiple lines of supporting evidence.

The Raman-EPMA element maps revealed an association of carbon
ate with silica in the central parts of the vein (Fig. S1), suggesting 
infiltration of oxidizing, CO2-rich fluids in the serpentines, resulting in 
leaching and reprecipitation of silica (Buckman and Ashley, 2010), 

similar to successive fluid-driven reactions of serpentinized peridotites 
(Boskabadi et al., 2020). The plastic, clay-like and high viscous char
acter of the serpentine reported in Bach et al. (2004) in contact with the 
oxidizing low viscous fluids may have provided a particularly suitable 
mechanism for formation of dendrites, through the so called “viscous 
fingering” mechanism (Garcia-Ruiz et al., 1994; Suekane et al., 2017, 
2019). Viscous fingering involves the formation of dendritic patterns 
when a less viscous fluid (LVF) displaces a more viscous fluid (MVF), 
resulting in the formation of dendritic “fingers” due to differences in 
density. In the study by Hou et al. (2023), similar 3D mineral dendrites 
in clinoptilolite are described as arising from the interaction between 
fluids and chemical gradients and, like those discussed here, grow 
perpendicular to the direction of the crack or vein. Parts of the vein wall 
has a brownish, yellowish rim where the dendrites are located and 
which is richer in Fe oxides (Figs. 2, 3, Table 1, table S1). A plausible 
formation process for these dendrites begins with the initial serpenti
nization of the host rock, producing serpentinite mud (Bach et al., 2004). 
As proposed by Bach et al. (2004), low-temperature alteration may have 
postdated serpentinization, consistent with our observations of an 
earlier episode of serpentinization of harzburgite and dunite into ser
pentinite muds. During this process, Mn2+ released from the alteration 
of primary silicates could have remained in solution. Subsequent epi
sodes of low-viscosity, oxidizing hydrothermal fluids likely transported 
and precipitated Mn oxides within the mud. These fluids infiltrated the 
higher-viscosity serpentinite mud, forming dendritic Mn oxides along 
pressure gradients marking a fluid flow (Fig. 4). The interaction between 
two fluids of different viscosity would also explain why these dendrites 
are growing “inwards” rather than outwards into the carbonate vein, 
which have been reported in previous samples (Ivarsson et al., 2018; 
Neubeck et al., 2021). The low viscosity alteration fluids most likely 
were also enriched in Mn and Ni compared with host serpentine and as 
evidenced in Fig. 3 and Table 1, the majority of the Mn is found in the 
veins and vein rims and decline in concentration inwards, towards the 
serpentine (transects A-D, Figs. 3, 4, S3).

4.5. Dendrite morphology

Dendrites exhibit a wide range of morphological changes depending 
on the environmental conditions. In viscous fluids, the growth patterns 
are significantly influenced by the viscosity of the medium. Higher 
viscosity fluids tend to suppress the growth of dendrites by reducing the 
rate of diffusion and convection, leading to more compact and less 
branched structures (Jeong et al., 2001). Conversely, in low-viscosity 
fluids, dendrites often develop more intricate and branched morphol
ogies due to the enhanced mobility of solutes and the formation of 
natural convection currents (Hou et al., 2023, Eshraghi et al., 2017). In 
deep sea, the morphological changes are further complicated by the 
interaction of oxygenated fluids with the matrix. The influx of oxygen
ated fluids can lead to the formation of Liesegang stripes and fractal 
dendrites, which are characteristic of non-equilibrium conditions (Liu 
et al., 2023). These patterns are often observed in rocks such as lime
stone and sandstone, where the precipitation of minerals occurs under 
varying diffusion parameters and material properties (Liu et al., 2023).

Several groups have studied the formation of different crystal mor
phologies as an attempt to understand the diverse crystal structures 
found in similarly composed rocks (Bogoyavlenskiy and Chernova, 
2000; Oaki and Imai, 2003; Saito and Ueta, 1989). The dendritic char
acter of crystals is commonly associated with and out-of-equilibrium, 
diffusion-controlled process with an unstable growing surface, the 
contact between fluids of different densities or viscosities (Garcia-Ruiz 
et al., 1994) or, a fluid in contact with a high porosity rock. An equi
librium situation will form single polyhedral crystals, whereas out-of- 
equilibrium will shift the morphology towards irregular dendrites 
formed by polycrystalline aggregates and the chemical composition has 
been suggested to have a limited effect on morphology (Liu et al., 2023). 
Rather, viscosity differences and diffusion rates control the morphology 
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(Liu et al., 2023). The increased concentration of Mn at the dendrite tips 
(Fig. 4) may be explained by: (i) a concentration gradient, where 
oxygenated fluids oxidize more Mn at the growth front or dendrite tips; 
(ii) a geometric effect, where a cross-section of the dendrites gives the 
appearance of higher Mn concentrations in the walls compared to the 
nearly hollow interiors; or (iii) the progressive growth of manganese- 
oxidizing microorganisms extending inward into the serpentine mud. 
However, microorganisms typically grow towards sources of energy, 
making the scenario described by Neubeck et al. (2021) plausible, where 
microbial colonies attach to vein walls and extend outward into the vein, 
benefiting from continuous fluid flow that supplies fresh nutrients. In 
contrast, it is less intuitive to envision why microorganisms would grow 
inward into the serpentine mud. Nevertheless, the presence of organic 
carbon (Fig. 5), morphological similarities to other dendritic structures 
(Sjöberg et al., 2021; Neubeck et al., 2021), and the slightly negative 
carbon isotope values (Table 1) together suggest at least some degree of 
microbial involvement.

4.6. Dendrite growth environment

The environment of growth may be a primary factor accounting for 
the different dendrites including their isotopic compositions. In Neubeck 
et al. (2021), the dendrites grew into the vein later filled with aragonite, 
whereas the dendrites described in this study grow into serpentine mud. 
One explanation for the chemical differences between these two types of 
Mn-rich dendrites may be the type of mineralization process that is 
involved. According to Dupraz et al. (2009), four biomineralization 
processes may account for different types of dendrites; a) biologically 
controlled biomineralization (BCM) where organisms exert precise 
control over the mineralization process, including the location, timing, 
and type of minerals formed, b) biologically induced biomineralization 
(BIM), where the environment created by organisms indirectly in
fluences mineral formation, often as a byproduct of metabolic activities, 
where organisms alter their local environment to facilitate mineral 
deposition, c) intracellular biomineralization where minerals form 
within the cells and d) extracellular biomineralization where the min
erals form outside the cells. The different dendritic structures in this 
study might all be influenced by microbial activity, but result from 
various biomineralization processes. For instance, aragonite dendrites, 
which contain organic carbon and light carbon and nickel isotopes, 
might be biologically induced. On the other hand, serpentine dendrites, 
with heavier carbon isotopes and slightly negative nickel isotopes, might 
be partially induced by biological activity and partially formed through 
non-biological processes. In this scenario, a microbial “seed”, such as a 
living cell, organic matter, or extracellular polymeric substance, could 
initiate the otherwise abiotic precipitation of Mn oxides (Jung, 2017; 
Sjöberg et al., 2021). This seed could promote ion entrapment and 
oxidation, particularly of Mn2+. Alternatively, the process may be 
entirely abiotic, beginning with the formation of a nucleating nano
particle and followed by the progressive precipitation of Fe–Mn oxides 
(Jung, 2017). Abiotic formation of the Mn oxides, such as birnessite, 
may have fractionated the stable nickel isotopes through adsorption 
and/or coprecipitation (Sorensen et al., 2020). The dendritic micro
stromatolites documented in previous papers (Neubeck et al., 2021, 
Ivarsson et al., 2018) showed a cyclic growth pattern, visible as lami
nations within the dendritic shapes, which has not been observed in our 
serpentine dendrites, also indicating another formation process.

4.7. Nickel isotopes and manganese oxides

Nickel isotope analyses were conducted on dendrites using micro- 
drilling and well-established methods yielding δ60Ni values of − 0.10 
‰ and − 0.04 ‰ (Table 1, Fig. 2). The δ60Ni values revealed a lighter 
isotope signature associated with the Fe-Mn-rich dendrites while the 
inner aragonite vein parts and the serpentine muds displayed heavier 
δ60Ni values of +0.40 ± 0.07 ‰ and + 0.16 ± 0.03 ‰, respectively. 

However, all these values are still considerably lighter than the average 
seawater values of ~1.4 ‰ (Archer et al., 2020; Cameron and Vance, 
2014; Takano et al., 2017) but within the range shown in igneous and 
mantle-derived rocks (− 0.19 and + 0.37 ‰, respectively, Cameron 
et al., 2009, Gueguen et al., 2013, Gall et al., 2017). The values also fall 
within the reported isotopic range of weathered ultramafic and mafic 
rocks (− 0.60 to +0.30 ‰, Ratié et al., 2015, Spivak-Birndorf et al., 
2018). However, the values are heavier than the hydrothermal values 
reported by Pašava et al. (2019) from the pyrite dominated Logachev 
hydrothermal crust (− 0.24 ‰) and more in line with the Logachev 
serpentinites (− 0.13 ‰) reported by Gueguen et al., 2013, suggesting a 
similar alteration process. All values are additionally considerably 
heavier than any reported biogenic Ni, see Fig. 6 below but similar to 
δ60Ni values in black shales, which are rich in organic matter and often 
associated with Mn phases (Dong et al., 2023).

Previous measurements of hydrogenetic marine ferromanganese 
crusts have reported values ranging between +0.9 to +2.5 ‰ (Gueguen 
et al., 2021 and Gall et al., 2013, Fig. 6), which deviates from the values 
presented here. Although Mn nodules are often studied, they account for 
only a small fraction (0.1 %) of the total Mn deposited in the ocean 
(Fleischmann et al., 2023). Consequently, other Mn-rich deposits, such 
as sediments and serpentine muds, may play a more substantial role in 
controlling the overall marine Ni budget, particularly through Ni scav
enging and isotope fractionation (Fleischmann et al., 2023). The strong 
correlation between Mn and Ni (Fig. 3, Table 1) and the negative cor
relation between δ60Ni and Ni (ppm), show that Mn-oxides are strong 
scavengers but also that they preferentially scavenge the lighter Ni 
isotopes. It is unclear however, if our δ60Ni isotope values are idicative 
of a abiotic or biologic signature. Fleischmann et al. (2023) demon
strated this with a comprehensive Ni isotope dataset for modern Mn- and 
organic-rich pelagic sediments, reporting values from − 0.20 to 0.09 ‰, 
consistent with our findings. Our data suggest that these light Ni sig
natures are preserved over time in hydrothermally derived and tecton
ically emplaced rocks, such as the serpentinites analyzed in this study. 
The noticeably lighter δ60Ni values associated with our Fe-Mn-rich 
dendrite rim of − 0.10 ± 0.05 ‰ and − 0.04 ± 0.03 ‰, respectively, 
compared with the Fe-richer oxide rim of +0.13 ± 0.04 ‰ also suggest 
that Mn oxides is a stronger scavenger of light Ni than the more Fe-rich 
oxides, because of the strong sorption properties of Mn oxides such as 
birnessites (Peacock and Sherman, 2007a, 2007b). The correlation be
tween Ni and Mn is also stronger than the correlation between Fe and 
Mn (average 0,94 vs average 0.47, Fig. 3, Table 1, table S1). Natural Mn 
oxides often have large surface areas, low point of zero charges, high 
negative charges, and high reduction potential, compared with for 
example iron oxides, making them exceptional scavengers of cations 
such as Ni (Li et al., 2024). This is evident also in our data, where the Ni 
abundance is closely following the abundance of Mn (transects in Fig. 3) 
and where the correlation between Mn and Ni is 0,94 (Table 1, table S1). 
The strong fractionation capacity of Mn oxides has been investigated 
through abiotic, laboratory experiments by Sorensen et al. (2020), who 
showed Ni fractionation factors (Δ60/58Nimin-aq) as low as − 3.35 ‰, 
which are values not yet found in natural environments. Commonly, Ni 
isotopes in Mn oxides are relatively heavy (Fig. 6) and the reported 
heavy δ60Ni of hydrogenetic ferromanganese crusts (Gueguen et al., 
2021; Gall et al., 2013) and the light δ60Ni values of laboratory exper
iment birnessites showed by Sorensen et al. (2020), demonstrate the 
complexity of Ni isotope fractionation mechanisms in Mn rich minerals. 
Little et al. (2020) investigated the fractionation of Ni isotopes during 
diagenetic remobilization processes, focusing on the role of Mn oxides. 
Their study highlights how the dissolution and precipitation cycles of 
Mn oxides, coupled with mineralogical transformations from birnessites 
to todorokites, can account for the observed light Ni isotopic composi
tions in hydrogenetic Fe–Mn crusts and metalliferous sediments in the 
eastern Pacific. Additionally, the research suggests that Fe oxides 
contribute to the lighter Ni isotopic values, which we observed in the 
Fe–Mn dendrites, due to the mixed mineralogical composition of Fe and 
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Mn oxides present in these structures (Fig. 3, Table 1, table S1). How
ever, the correlation between Ni and Fe across the transects show mixed 
results where only one of the transects show a strong correlation (0.84, n 
= 54, p < <0.005, Fig. 3, Table 1). Little et al. (2020) reported δ60Ni 
values of − 0.8 ‰ in metalliferous sediments in the east Pacific, sug
gesting a hydrothermal input. Our serpentine values (+0.13 ± 0.04 and 
+ 0.17 ± 0.03 ‰) falls within the range of other serpentinites, whereas 
the aragonite vein (+0.40 ± 0.07 ‰) indicate a mixed marine seawater 
and hydrothermal input and a scavenging of lighter isotopes by the Mn 
and/or Fe rich alteration rims (Neubeck et al., 2021; Pašava et al., 
2019). The tendency of Mn oxides to preferentially accumulate lighter 
Ni isotopes can be explained either by biological processes or by abiotic 
factors such as the bonding environment, zero-point energy (ZPE) or 
crystal field effects (Schauble, 2004). When Ni is adsorbed or incorpo
rated, it interacts with the Mn–O framework. The vibrational fre
quencies in Mn oxides are determined by the Mn–O bonds in the lattice 
and when Ni is incorporated or adsorbed, it perturbs these vibrations 
and becomes part of the vibrational landscape of the oxide (Peacock and 
Sherman, 2007a, 2007b). The Ni–O bonds in Mn oxides are generally 
strong and covalent, similar to the bonding found in other oxides such as 
silicates and phosphates. However, despite the general principle favor
ing heavier isotopes in stronger bonds, the specific high-frequency 
vibrational environment of Mn oxides can lead to preferential incorpo
ration of lighter Ni isotopes (Sorensen et al., 2020). This occurs because 
lighter isotopes, with their higher vibrational frequencies, better match 
the energetic landscape of the Mn oxide structure (Schauble, 2004). 
Thus, the Mn oxide associated with light Ni isotopes, may be explained 
by the high-frequency vibrational environments of the Mn oxides, which 
in turn will incorporate lighter isotopes. However, substitution and 
incorporation of metal isotopes (ZPE shifts) will lead to a lowered en
ergy, which favor the heavier isotope, and in turn may explain the often 
occurring “aging” of the isotopic fractionation of laboratory synthesized 
minerals and the associated isotopic signature shifting from light to 
heavy (Little et al., 2020; Ciscato et al., 2018).

4.8. Carbon isotopes and manganese

Several studies have demonstrated that manganese oxides are 
commonly associated with negative carbon isotope values ranging from 
− 11.1 to − 43.8 ‰ (Neubeck et al., 2021; Zhang et al., 2024; Johnson 
et al., 2015). Some of these values have been interpreted as indicative of 
biogenic origins (Neubeck et al., 2021; Zhang et al., 2024). Johnson 
et al. (2015) reported on the scavenging of heavy carbon isotopes 
abiotically, by birnessites, suggesting that microbially formed Mn oxides 

might be distinguishable from abiotic ones through carbon isotope 
analysis. Natural Mn carbonates also typically exhibit negative carbon 
isotope compositions (− 16.4 to +1.3 ‰), and are instead related to 
hydrothermal fluids with dissolved CO₂ (Starikova and Kuleshov, 2016). 
Most natural Mn ores show negative δ13C values due to their association 
with the oxidation of organic matter (Kuleshov, 2003; Kuleshov et al., 
2023). In contrast, the few Mn ores with slightly positive δ13C values are 
linked to the precipitation of atmospheric CO₂ (Kuleshov et al., 2023). 
The preferential scavenging of carbon isotopes by Mn oxides remains 
largely unknown, making it challenging to interpret the biogenicity of 
Mn oxides based on carbon isotopes. In our samples, the serpentinite 
mud shows lighter carbon isotope values (− 17.67 ± 0.6 ‰) compared to 
the mixed samples (serpentinites and dendrites, − 6.75 ± 0.5 ‰), indi
cating an abiotic and/or mixed formation process for the dendrites. The 
Raman analyses did reveal carbon peaks around 1450 and 1630 cm-1, 
representing hydrocarbons (Romero-Sarmiento et al., 2014) and poorly 
ordered carbon (Beyssac et al., 2002), respectively, which is in line with 
previous findings of similar samples (Neubeck et al., 2021). The δ13C 
values of − 4.02 to − 21 ‰, however, contrasts with an earlier study of 
dendrites from the same drill core but at a different depth, which re
ported δ13C average values of − 35.4 ± 0.50 ‰ for the dendrites 
compared to (+0.67 ± 0.40) ‰ for aragonite (Neubeck et al., 2021). The 
relatively narrow range of δ13C values (− 4.02 to − 21 ‰) falls within 
both the abiotic and biogenic fields (Fig. 6), precluding a definitive 
interpretation of origin based solely on these measurements. However, 
in situ analyses of δ13C may reveal additional trends that could aid in 
distinguishing between formation pathways.

5. Conclusions

This study provides new insights into the formation of three- 
dimensional Fe–Mn-rich dendrites, indicating a likely mixed abiotic 
and biotic origin for structures that extend inward from veins into 
serpentine muds. This mode of growth contrasts with previously re
ported dendrites, which developed outward into veins subsequently 
filled with aragonite. The dendrites documented here exhibit morpho
logical similarities to those described in earlier studies, where Fe–Mn 
oxide nanoparticles are proposed to form at fluid-fluid interfaces, 
potentially supporting a fluid-driven formation mechanism involving 
viscous formation of finger-like structures.

Elemental mapping and Raman spectroscopy reveal that the den
drites are composed of disordered Fe and Mn oxides, most likely bir
nessite, characterized by distinctive Mn–O stretching vibrations. These 
structures may have formed through interactions between oxidizing, 

Fig. 6. Literature values of δ60Ni (left panel) and δ13C (right panel) in natural and laboratory samples. References: Spivak-Birndorf et al., 2018, Gall et al., 2012, 
2013, Gueguen et al., 2013, 2021, Ratié et al., 2015, Ratnayake et al., 2021, Wang et al., 2021, Klaver et al., 2020, Li et al., 2021, Beunon et al., 2020, Chernonozhkin 
et al., 2015, Steele et al., 2011, Chen et al., 2023, Cameron et al., 2009, Cameron and Vance, 2014, Lemaitre et al., 2022, Archer et al., 2020, Sorensen et al., 2020, 
Pašava et al., 2019, Hein et al., 2013, Wagner et al., 2018, Neubeck et al., 2021). The gray area represents the BSE δ60/58Ni value modified from Hiebert et al., 2022).
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low-viscosity fluids and more viscous serpentine muds, promoting 
dendritic growth in response to chemical and physical gradients or by 
biogenic oxidation. Notably, the presence of mature carbonaceous ma
terial within the dendrites suggests a biogenic and/or mixed origin.

Isotopic analyses, particularly δ60Ni values, indicate that the Fe–Mn 
dendrites fractionate nickel isotopes, displaying lighter signatures rela
tive to the surrounding serpentine and aragonite. While this pattern 
aligns with observations from hydrothermal, weathered ultramafic en
vironments or black shales, it does not correspond to typical biogenic 
isotope signatures. In contrast, δ13C values point towards a mixed 
abiotic–biotic origin, differing from exclusively biogenic interpretations 
in other parts of the drill core, which may be partly due to the mixed 
nature of the sample despite the micro drilling approach.

These findings underscore the complexity of Fe–Mn dendrite for
mation, where abiotic and biogenic processes may yield morphologi
cally similar features with distinct geochemical characteristics. This 
highlights the need for more detailed microstructural and isotopic in
vestigations to better resolve the formation mechanisms. The study 
further emphasizes the role of fluid dynamics and mineral precipitation 
in shaping the morphology and composition of Fe–Mn dendrites in 
serpentine-rich environments, with potential contributions from mi
crobial activity or associated organic by-products. Taken together, the 
Fe–Mn dendrites presented here are likely formed through either mixed 
abiotic/biotic processes or reflect mixed isotopic signals, where the 
carbon isotopes indicate a combination of organic matter and aragonite. 
However, the limited sample size and the scarcity of studies on dendrites 
introduce uncertainty, making it difficult to draw definitive conclusions 
about their origin.

To advance understanding of these structures, future research should 
adopt a broader sampling strategy across varied geological settings, 
enabling more robust statistical analyses and reducing uncertainties 
related to the limited sample size. Expanded isotopic investigations, 
particularly of δ60Ni and δ13C values, would help refine our under
standing of isotope fractionation and its relevance to distinguishing bi
otic, abiotic, or mixed origins. Moreover, comparisons with 
microstromatolites exhibiting cyclic growth laminations may aid in 
identifying diagnostic morphological indicators of biogenic versus 
abiotic processes.
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