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A B S T R A C T   

The Mariana intraoceanic volcanic arc system in the western Pacific Ocean hosts abundant ferromanganese (Fe- 
Mn) precipitates. A suite (n = 22) of Fe-Mn precipitates were collected from the southern portion of the arc and 
their mineralogies and chemical compositions were determined. These results were used to decipher their genetic 
assemblage, assess their potential as a source of trace metals, and place them into context with respect to Fe-Mn 
precipitates sampled at higher latitudes in the Mariana arc and from other locations, globally. Minerals identified 
include vernadite, birnessite, 10 Å manganate, manganite, hematite, goethite, maghemite, calcite, rhodochrosite, 
quartz, phillipsite, various feldspar, pyroxene, and clay minerals. Element discrimination diagrams indicate that 
the samples are predominantly of hydrothermal and hydrogenetic-hydrothermal (i.e., mixed) origin, with most 
reflecting some influence of both. Rare earth element and Y (REY) profiles are distinguished by negative Ce and Y 
anomalies and positive Eu anomalies. Together, the samples form a continuum from the hydrogenetic to hy-
drothermal endmembers. Samples with the largest hydrogenetic component are friable with branching oxide/ 
oxyhydroxide growth structures, contain mostly vernadite, and have the greatest concentrations of most metals 
(including the REY elements). Hydrothermal input produces denser, cemented deposits that contain more 10 Å 
and 7 Å manganate minerals and lower minor-metal contents. Calculated growth rates range from 6 mm to >190 
m Ma− 1. Average metal contents of Fe-Mn precipitates from the southern Mariana arc are low relative to 
hydrogenetic Fe-Mn crusts and hydrothermal Fe-Mn deposits from the northern Mariana arc and elsewhere, 
globally, and are therefore unlikely to be viable exploration targets.   

1. Introduction 

Marine ferromanganese (Fe-Mn) crusts, nodules, and hydrothermal 
deposits are chemical precipitates that form throughout the world’s 
ocean basins. They are comprised of various Fe-oxyhydroxide and Mn- 
oxide minerals and arise through three end-member processes: (1) the 
accretion of precipitates sourced directly from ambient seawater, 

termed hydrogenetic Fe-Mn crusts and nodules; (2) the remobilization of 
elements from sub-oxic pore fluids below the sediment-water interface 
and precipitation near the seafloor, termed diagenetic, which commonly 
form Mn nodules on abyssal plains; and (3) diffuse-flow mineralization 
that occurs as ascending hydrothermal fluids mix with seawater and 
chemically react with sediment, creating cemented and replaced stra-
tabound precipitates, termed hydrothermal deposits (Bau et al., 2014; 
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Bonatti et al., 1972; Glasby and Li, 2015; Hein et al., 2008; Hein et al., 
2000; Pelleter et al., 2017). Hydrothermal plumes created at vent sites 
can also contribute metalliferous sediment, from above, along their 
dispersal path (Leybourne et al., 2012). Hydrothermal Fe-Mn deposits 
are commonly associated with volcanic-arc systems and mid-ocean ridge 
spreading centres (Glasby et al., 2015) and hydrogenetic crusts are 
ubiquitous on the slopes and summits of seamounts, ridges, plateaus, 
and abyssal hills at depths of 600–7000 m below sea level (Hein and 
Mizell, 2013; Koschinsky and Hein, 2003). Commonly, there is mixing 
among these end-members forming mixed origin deposits; for example, 
hydrogenetic crusts can have a hydrothermal component, depending on 
the proximity to a hydrothermal source, and mixed hydrogenetic- 
diagenetic nodules can form when precipitates are accreted from both 
seawater and sediment pore fluids (Peacock and Sherman, 2007). The 
diagenetic endmember is typically associated with Mn nodules, not Fe- 
Mn crusts, as it is difficult to distinguish a diagenetically-influenced 
crust from one of mixed hydrogenetic-hydrothermal origin. A mixed 
hydrogenetic-hydrothermal origin is assumed, in part, due to the 
observed prevalence over diagenetic influence on a crust, however, 
diagenetic processes can affect hydrothermal deposits as well (Bau et al., 
2014; Marino et al., 2019). 

Understanding the formation and distribution of Fe-Mn crusts and 
deposits in active back-arc and arc volcanic environments is becoming 
increasingly important as they are being actively explored and evaluated 
as potential targets for deep-sea mining of critical metals including Co, 
Li, Bi, Te, Ti, V, Zr, W, Pt, and rare earth elements and Y (REY), as well as 
strategic metals Fe, Cu, Mo, Ni, Pb, and Zn (Bau et al., 2014; Hein and 
Koschinsky, 2014; Josso et al., 2017). Sequestration of these metals is 
due primarily to physical and chemical variations associated with the 
specific genetic processes, mineralogical characteristics, and formation 
environments. Hydrogenetic deposits can concentrate trace metals up to 
nine orders of magnitude higher than those in ambient seawater (Co, Ni, 
Ti, Te, high field strength elements [HFSE], and REY) because of their 
high specific surface areas (mean 325 m2 g− 1), slow growth rates (1 to 6 
mm Ma− 1) and oxidation-reaction kinetics, and surface charges on the 
colloidal Fe (weak positive) and Mn (strong negative) phases (Banakar 
and Hein, 2000; Bau et al., 1996; Hein et al., 2008; Hein et al., 2000; 
Koschinsky and Hein, 2003). The rapid precipitation of hydrothermal 
deposits, however, typically impedes incorporation of the minor metals, 
thus leading to their relatively lower concentrations, where enrichment 
can occur by later sorption from seawater if exposed at the seabed 
(Burgath and Von Stackelberg, 1995; Koschinsky and Hein, 2003; 
Schultz, 2006). Understanding the differences in chemistry and the 
processes influencing the composition of the genetic types can help 
refine geochemical exploration techniques for Fe-Mn precipitates. 

Traditionally, the genetic origin of a Fe-Mn precipitate is determined 
by plotting its composition on a ternary diagram with Fe, Mn, and 10 * 
(Co + Ni + Cu) endmembers (Bonatti et al., 1972), because hydrogenetic 
crusts typically have the highest Co, Cu, and Ni contents, and diagenetic 
nodules have high Mn content. The hydrothermal and diagenetic fields 
overlap substantially in this diagram, however, and cannot be easily 
distinguished. A more robust scheme, developed by Bau et al. (2014), 
uses bivariate discrimination plots of REY elements - which exhibit 
coherent behaviour and predictable fractionation during geochemical 
processes - and their shale-normalized ratios (i.e., Nd vs. CeSN/CeSN* and 
YSN/HoSN vs. CeSN/CeSN*, subscript ‘SN’ is shale normalized to Post- 
Archean Australian Shale, PAAS, of McLennan (1989)) to distinguish 
all three endmembers. In these diagrams, hydrothermal Fe-Mn deposits 
have positive Y (defined as YSN/HoSN > 1), negative Ce (defined as CeSN/ 
CeSN* < 1) anomalies, and a Nd content typically lower than ~10 mg 
kg− 1, whereas hydrogenetic crusts have negative Y (YSN/HoSN < 1), 
positive Ce (CeSN/CeSN* > 1) anomalies, and a Nd content >100 mg 
kg− 1 (Bau et al., 2014). Diagenetic nodules have negative Y and Ce 
anomalies, and an intermediate Nd content (~10 to 100 mg kg− 1) (Bau 
et al., 2014). Neodymium is distinguished from the remainder of the 
REY elements here because it can be used to differentiate the 

hydrogenetic, hydrothermal, and diagenetic (in Mn nodules) endmem-
bers (Bau et al., 2014). The slower growth rates of hydrogenetic Fe-Mn 
crusts concentrate REY elements (e.g., Nd), whereas hydrothermal input 
dilutes these metals, and diagenesis of ocean sediments can result in 
post-depositional release of Nd, in particular, resulting in greater con-
centrations of this element in the associated diagenetic pore fluids 
(Abbott et al., 2016; Abbott et al., 2015; Elderfield and Sholkovitz, 1987; 
Hein et al., 2008; Johannesson and Burdige, 2007; Johannesson et al., 
2011). The combination of these factors in diagenetic Mn nodules (i.e., 
having a faster growth rate than hydrogenetic crusts and an additional 
source of Nd) results in their intermediate Nd contents. Because the YSN/ 
HoSN value of a Fe-Mn precipitate can change considerably during 
phosphatization, and atypical enrichments of major and minor metals 
are known to occur in some deposits, such as those from Wallis and 
Futuna (SW Pacific Ocean), further developments to discrimination 
methods were necessary. Josso et al. (2017) developed a ternary dia-
gram with endmembers of 100 * (Zr + Ce + Y), 15 * (Cu + Ni), and (Mn 
+ Fe)/4, capable of discerning the genetic origin of most samples (with 
the exception of those that are nearly pure silica and have <3 wt% Fe). 
High field strength elements such as Zr, Ce, and Y are preferentially 
concentrated in hydrogenetic crusts, whereas diagenetic processes pro-
duce large amounts of Cu and Ni, and hydrothermal deposits are rela-
tively depleted in most metals except for Mn and Fe (Josso et al., 2017). 
Additional systems have been proposed which use various metals and 
metalloids (e.g., As, Mo, Pb, V, Zn) or oxides (e.g., MgO, Fe2O3, MnO2) to 
classify Fe-Mn precipitates (Conly et al., 2011; Nicholson, 1992), but 
these have not been developed to the same extent and will therefore not 
be discussed further. Additional indicators of a hydrogenetic origin 
include high contents of redox sensitive trace metals (e.g., Pt, Te, and 
Co) and an REYSN pattern that is (overall) relatively flat with respect to 
increasing atomic number (Bau et al., 2014; Hein and Koschinsky, 2014; 
Koschinsky et al., 2020). Additional indicators of a hydrothermal origin 
include high Mn, Mo, and Li contents, low contents of rare trace metals, 
and an REYSN pattern similar in shape to that of seawater (i.e., it has a 
steep incline with increasing atomic number, particularly with respect to 
the light rare earth elements [LREE]) (Bau et al., 2014; Hein and 
Koschinsky, 2014). 

In this study we determine the geochemical and mineralogical 
compositions of Fe-Mn precipitates (n = 22) from the southern Mariana 
arc and use these data to: (1) delineate their genetic origin; (2) assess 
their potential as a source of rare trace metals; and (3) compare them 
contextually with Fe-Mn precipitates from a variety of other locations. 
Genetic type is evaluated using the well-established discrimination 
schemes of Bonatti et al. (1972), Bau et al. (2014), and Josso et al. 
(2017), as well as trace metal contents, and REYSN patterns. Metal 
contents from datasets used in other studies - representative of different 
regions around the world – were collated and used to form a basis of 
comparison for our samples. Our data extends that of Hein et al. (2008) 
in the north and central portions of the Mariana arc, to now cover the 
entire Mariana portion of the Izu-Bonin-Mariana system. 

2. Geographic and geological settings 

The Izu-Bonin-Mariana (IBM) convergent plate margin is an intra-
oceanic volcanic arc complex (mostly submarine) consisting of a trench, 
forearc, arc, and back-arc basin (Fryer, 1996; Hein and Mizell, 2013; 
Stern et al., 2013). It is located in the north-west Pacific Ocean (Fig. 1) 
and stretches for nearly 2600 km from Japan in the north to south of 
Guam (Resing et al., 2009). Convergence along the IBM system, where 
the Pacific Plate subducts beneath the Philippine Plate (Davis and 
Moyer, 2008; Resing et al., 2009), creates a series of trenches (approx-
imately 200 km wide), fore-arcs, active magmatic arcs (volcanic fronts), 
and extensional back-arcs (Fryer, 1996; Stern et al., 2013). Young 
igneous rocks are well-exposed in the volcanic arc and back-arc regions, 
and a dynamic network of active volcanoes and hydrothermal systems 
make it an ideal site for the study of subduction-related processes (Fryer, 
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1996). 
Formation of the Mariana arc began during the Eocene (about 50 Ma) 

and it now stretches approximately 1500 km along the southern portion 
of the IBM convergent margin (Baker et al., 2008; Stern et al., 2013). The 
Mariana arc is one of the most volcanically active regions in the world, 
with chemically and isotopically distinct magmas (Stern et al., 2013) 
that are products of the mixing of partial melting of the mantle wedge 
with inputs from dehydration of the subducted Pacific Plate (Davis and 
Moyer, 2008); this process is representative of a complex two-stage 
evolution (i.e., from rifting to spreading) (Baker et al., 2008). Bloomer 

et al. (1989) divide the Mariana arc into three distinct sections: the 
Northern Seamount Province (24◦ 5′ to 20◦ 30′ N), Central Island 
Province (20◦ 30′ to 16◦ 12′ N), and Southern Seamount Province (16◦

12′ to 13◦ N). The Northern and Southern Seamount provinces contain 
only submarine volcanoes, whereas the Central Island Province contains 
subaerial ones as well (Baker et al., 2008). The presence of active vol-
canoes and hydrothermal vents in the Mariana arc and back-arc region 
facilitates the growth of stratabound Fe-Mn deposits hosted by mafic to 
felsic volcanic rocks and sedimentary deposits. West of the IBM volcanic 
arc is the mostly sediment-covered floor of the eastern Philippine Sea 

Fig. 1. Dredge locations of Fe-Mn precipitates (black diamonds), nearby confirmed active (green squares), inferred (by sensor data) active (yellow squares), and 
inactive (red squares) submarine volcanic edifices along the Mariana arc. Green and yellow circles represent confirmed active and inferred active hydrothermal vents 
along the back-arc spreading center, respectively. Volcano and hydrothermal vent locations are from Baker et al. (2008) and Baker et al. (2017), respectively. World 
Ocean Base (2012) is used as the base map for this figure. 

D.R. Knaack et al.                                                                                                                                                                                                                              



Chemical Geology 568 (2021) 120132

4

with seamounts, ridges, and basins, which includes the Mariana Trough 
(an active back-arc spreading centre located immediately west of the 
Mariana arc) and the West Mariana Ridge, a remnant/extinct volcanic 
arc (Hein et al., 2008). An interesting and potentially significant aspect 
of the Mariana convergent margin is that the region west of the 
magmatic arc is a hydrographic basin at water depths >1500 m (Masuda 
and Fryer, 2015). 

3. Samples and methods 

Samples examined in this study were dredged from the southern 
Mariana arc on Leg 7 of the Cook Expedition (COOK07MV) aboard the R. 
V. Melville research cruise (GDC Cruise ID# 295) which took place in 
2001. The cruise sampled along a 650 km stretch of the arc between 
Guam and north of Sarigan Island (Table 1; Fig. 1) in order to ensure a 

diverse geographic spread in sampling. The 22 samples are from 14 
submarine volcanic centres, eight of which have multiple edifices 
(Table 1). Half of the samples are from the southern-most portion of the 
Central Island Province and the remainder are from the Southern 
Seamount Province (Fig. 1). Sixteen of the samples are from volcanic 
edifices along the arc front, and the other six are from rear-arc cross- 
chain volcanoes (Table 1). Three of the samples (D19-2-1, D21-2-1, and 
D35-3-1) formed within 10 km of an active submarine volcano (Table 1; 
Fig. 1). Sample labels are by dredge number (i.e., D14), followed by 
sample number (i.e., D14-1), then by subsample number (i.e., D14-1-1), 
where applicable. Where different areas of the same sample or sub-
sample were analyzed separately, a letter ends the sample name (i.e., 
D37-2-3A). 

Geochemical data were collected, averaged, and summarized (Ta-
bles 2-4) from a number of studies involving hydrogenetic Fe-Mn crusts 
and hydrothermal Fe-Mn deposits sampled from various locations 
within the Atlantic, Arctic, Indian, and Pacific oceans to help place Fe- 
Mn precipitates from the southern Mariana arc into context, globally 
(Baturin et al., 2012; Bau et al., 1996; Benites et al., 2020; Hein et al., 
2008; Hein et al., 2016; Hein et al., 2017; Hein and Koschinsky, 2014; 
Marino et al., 2017; Muiños et al., 2013; Pelleter et al., 2017). Averages 
of hydrogenetic Fe-Mn crusts (hereafter referred to as all hydrogenetic), 
and hydrothermal Fe-Mn deposits (hereafter referred to as all hydro-
thermal) were calculated, using these same datasets. Because the hy-
drothermal deposits from Wallis and Futuna are atypically enriched in 
metals, an additional hydrothermal average was calculated, excluding 
this dataset (hereafter referred to as all hydrothermal except Wallis & 
Futuna), and another was calculated using all phosphatized samples 
(hereafter referred to as all phosphatized). Detailed descriptions and 
discussions of each of these suites of samples can be found in their 
original source material. The significance of these calculated averages 
are fourfold, as they allow us to: (1) provide a more robust comparison 
by using more than individual datasets; (2) confirm that, on average, 
hydrogenetic Fe-Mn crusts and hydrothermal Fe-Mn deposits plot in 
their proper fields using each of the four discrimination diagrams; (3) 
determine where an average phosphatized Fe-Mn precipitate plots on 
each discrimination diagram; and (4) precisely visualize where these 
averages lie in their respective large and imprecise fields. 

3.1. Sample preparation 

Hand samples were photographed and described (Appendix A), cut 
using a rock saw or hand saw (Dremel tool), and impregnated with 
epoxy for polished thin section preparation (~30 μm) at the Harquail 
School of Earth Science, Laurentian University (LU), Canada. Thin sec-
tions were selected based on petrographic observations for Raman 
analysis, conducted in the Microanalytical Centre (MAC) at LU. 

Aliquots of the hand samples were used for X-ray diffraction (XRD) 
analysis at the MAC and bulk geochemical analysis at Bureau Veritas 
(BV), Vancouver, Canada. For these analyses, sub-samples were 
powdered using a ceramic ring and puck mill after being broken into 
small fragments with a hammer, or by hand with an agate mortar and 
pestle. To minimise cross-contamination between sample pulverisation, 
the equipment was cleaned by pulverizing clean quartz sand followed by 
a methanol wash and a compressed air rinse between each sample. 

3.2. Raman spectroscopy 

Raman spectra were obtained using a Horiba Jobin Yvon Xplora 
Raman microscope with Lab Spec 5 software (version 5.78.24) with a 
laser of wavelength 532 nm focused onto the samples using an Olympus 
BX41 optical microscope fitted with a 100× objective lens. The Raman 
spectrometer was calibrated using a polished silicon chip, and data were 
collected over a range of 50–1850 cm− 1. Mineral identifications were 
made using Crystal Sleuth (version: May 19, 2008). 

Table 1 
Dredge locations, depths, arc location, and distance to nearest volcano for 
samples from Cruise COOK07MV (volcano names and arc locations from Baker 
et al. (2008); samples are listed in order by latitude). Italic font indicates active 
edifices, normal font indicates inactive edifices.  

Dredge Latitude (N) Longitude (E) Depth 
(m) 

Arc 
Location 

Nearby 
Volcanoes 
(approx. dist. 
to dredge, in 
km) 

D52 17◦22′36.12” 145◦17′53.88” 2990 Rear-arc 
cross- 
chain 

W Guguan 3 
(5.3) 

D47 17◦15′29.88” 145◦33′42.12” 1302 Rear-arc 
cross- 
chain 

W Guguan 2 
(1.7) 

D49 17◦15′18.00” 145◦42′11.88” 1708 Arc front W Guguan 1a 

(20.0), W 
Guguan 2 
(15.9) 

D54 17◦14′31.20” 145◦14′42.00” 3325 Rear-arc 
cross- 
chain 

W Guguan 3 
(14.1) 

D44 16◦52′58.80” 145◦40′05.88” 1268 Arc front W Zealandiaa 

(15.9), 
Zealandia 
(21.4) 

D35 15◦57′25.20” 145◦42′24.12” 474 Arc front Middle 
Diamante 
(7.9), E 
Diamantea 

(5.0) 
D37 15◦55′12.00” 145◦35′53.88” 1067 Arc front Middle 

Diamante 
(12.0), E 
Diamantea 

(13.9) 
D21 15◦02′16.80” 145◦12′47.88” 888 Arc front Esmeralda 

(8.9), N 
Esmeraldaa 

(8.9) 
D19 14◦54′36.00” 145◦14′42.00” 469 Arc front Esmeralda 

(7.0), N 
Esmeraldaa 

(7.0) 
D15 14◦41′24.00” 144◦58′54.12” 2320 Rear-arc 

cross- 
chain 

NW Rota-1 
(20.8), NW 
Rota-2 and 
Rota-5a 

(11.4) 
D14 14◦39′36.00” 145◦00′24.12” 1860 Arc front NW Rota-1 

(27.3), NW 
Rota-3 and 
Chaifea (8.0) 

D70 14◦01′12.00” 144◦37′36.12” 1477 Arc front NW Guam 
(1.4) 

D75 13◦37′58.80” 144◦23′42.00” 1230 Arc front Tracey (1.7)  

a Volcanic centre with multiple edifices. 
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3.3. X-ray diffraction 

The powders were packed onto aluminum disks and analyses were 
made using a Philips PW-1710 powder X-ray diffractometer with a Co Kα 
radiation source over a 2θ range of 5 to 100◦ and step size of 1◦ at 2 s per 
step. Peak matching was done using HighScore Plus (version 1.5c-09 11 
04), and manually selecting best-fit mineral profiles. 

3.4. Solution ICP-MS 

Whole rock powders were sent to BV for major and trace element 
analysis by inductively coupled plasma - optical emission spectroscopy 
(ICP-OES) and mass spectrometry (ICP-MS) following modified aqua 
regia (MAR) partial digestion (1 HNO3 acid: 1 HCl acid: 1 H2O) or 
lithium metaborate (LiBO2) total fusion (and acid digestion of fusion 
products). The MAR partial digestion provides valuable information 
regarding mobile and easily soluble species, such as sulfide and Mn- 
oxide minerals, and the fusion technique completely decomposes even 

Table 2 
Major element composition of Fe-Mn crusts and deposits analyzed in this study, and elsewhere, globally.  

Sample ID/Location Gen. 
Type 

Mn Fe Mn/ 
Fe 

Si Al Si/Al Mg Ca Na K Ti P Reference 

wt 
% 

wt 
% 

wt% wt 
% 

wt 
% 

wt 
% 

wt 
% 

wt 
% 

wt 
% 

wt 
% 

Amerasia Basin, n = 99 Hgn 7.7 19.9 0.4 11.1 6.3 1.8 1.7 1.2 1.6 1.1 0.4 0.5 a 
Canary Island Seamount Province, n = 16 Hgn 15.4 22.4 0.7 4.5 1.9 2.3 1.4 5.5 1.3 0.5 0.9 1.2 b 
Mariana Arc Hydrogenetic Fe-Mn Crust Avg. Hgn – – – – – – – – – – – – c 
Mariana Arc – North & Central, n = 63 Mix 27.8 5.9 4.7 9.4 3.3 2.9 2.0 3.5 2.3 1.0 0.2 0.1 c 
Mariana Arc – North & Central, n = 21 Hth 47.5 0.9 53.5 1.2 0.6 2.1 1.9 1.7 2.6 1.0 0.04 0.1 c 
Ninetyeast Ridge, n = 16 Hgn 19.9 19.5 1.0 5.2 1.3 4.1 1.1 2.2 1.3 0.5 0.7 0.4 d 
Ninetyeast Ridge, n = 1 Phos 13.3 10.0 1.3 1.9 1.0 1.9 1.4 16.2 1.0 0.4 0.2 5.9 d 
Pacific Ocean - Central, n = 14 Hgn 26.7 17.5 1.5 – 0.6 – – – – – 1.2 0.5 e 
Pacific Ocean - Central, n = 9 Phos 25.9 10.8 2.4 – 0.3 – – – – – 0.8 2.5 e 
Pacific Ocean - Northwest, n = 16 Hth 34.9 18.7 1.9 3.6 1.6 2.3 2.0 2.5 2.4 1.0 0.1 0.1 f 
Portuguese EEZ & Canary Isles., n = 18 Hgn 13.7 17.9 0.8 4.3 2.0 2.1 1.5 3.1 1.1 0.5 0.8 0.7 g 
Rio Grande Rise, n = 1 Hth 17.4 19.1 0.9 0.5 0.8 0.6 1.8 10.8 0.4 0.2 0.1 2.5 h 
Rio Grande Rise, n = 7 Hgn 22.5 15.8 1.4 0.7 1.3 0.5 2.5 5.7 1.2 0.3 1.0 0.5 h 
Rio Grande Rise, n = 13 Phos 10.8 4.8 2.2 0.6 1.5 0.4 2.5 22.9 0.7 0.2 0.2 5.8 h 
Sea of Okhotsk, n = 8 Mix 12.1 9.1 1.3 14.2 4.2 3.4 1.7 2.5 2.3 1.1 0.2 0.2 f 
Wallis & Futuna, n = 17 Hth 34.7 7.1 4.9 4.3 0.7 6.4 1.5 1.8 3.0 0.7 0.1 0.1 i 
Atlantic Ocean Avg., n = 42  14.5 20.9 0.7 5.2 2.2 2.4 1.6 4.0 1.3 0.5 0.9 0.8 j 
California Margin Avg., n = 115  18.2 23.5 0.8 11.2 1.8 6.1 1.2 2.1 2.0 0.9 0.7 0.6 j 
Indian Ocean Avg., n = 21  17.0 22.3 0.8 6.8 1.8 3.7 1.3 2.3 1.6 0.6 0.9 0.4 j 
North Pacific Non-Prime Avg., n = 45  23.4 22.5 1.0 5.9 1.8 3.3 1.4 2.5 2.0 0.8 1.0 1.0 j 
North Pacific Prime Zone Avg., n = 83  22.8 16.9 1.3 4.1 1.0 4.0 1.1 4.0 1.6 0.6 1.2 1.0 j 
Pacific Ocean - South Avg., n = 75  21.7 18.1 1.2 4.8 1.3 3.7 1.3 3.5 1.5 0.6 1.1 0.8 j  

All Hydrothermal, n = 55 Hth 33.6 11.4 2.9 2.4 0.9 2.7 1.8 4.2 2.1 0.7 0.1 0.7  
All Hydrothermal Except Wallis & Futuna, n =

38 
Hth 33.3 12.9 2.6 1.7 1.0 1.7 1.9 5.0 1.8 0.7 0.1 0.9  

All Hydrogenetic, n = 180 Hgn 16.9 17.4 1.0 6.7 2.5 2.6 1.6 3.4 1.5 0.6 0.8 0.6  
All Phosphatized Crusts, n = 23 Phos 16.6 8.5 2.0 1.2 0.9 1.3 1.9 19.5 0.8 0.3 0.4 4.7   

Mariana Arc – South (Current Study), n = 22               
D14-2-1  0.2 6.8 0.03 21.97 7.95 2.8 2.3 8.4 2.0 1.0 0.4 0.05  
D15-1-1  4.7 14.2 0.3 15.8 5.5 2.9 1.5 2.9 2.0 1.3 1.0 0.2  
D19-2-1  11.4 7.9 1.5 18.3 6.0 3.1 2.4 5.1 2.7 0.7 0.6 0.1  
D21-2-1  15.8 6.3 2.5 16.0 5.6 2.9 2.3 5.4 2.8 0.6 0.5 0.1  
D35-3-1  14.0 14.7 1.0 16.6 0.1 209.1 2.2 0.4 1.5 1.4 – 0.00  
D37-2-3A  15.3 4.8 3.2 11.5 5.0 2.3 2.5 10.5 1.8 0.4 0.3 0.03  
D37-2-3B  14.0 4.2 3.3 13.1 5.8 2.3 2.3 10.0 1.9 0.5 0.3 0.04  
D37-2-3C  17.6 3.7 4.7 7.3 3.4 2.2 2.0 13.2 1.9 0.4 0.2 0.03  
D44-1-2A  11.6 2.5 4.6 23.6 5.6 4.2 1.4 2.4 3.1 0.9 0.2 0.03  
D44-1-2B  1.9 4.8 0.4 28.3 7.1 4.0 1.0 2.8 2.9 0.9 0.4 0.1  
D44-2-2  12.0 7.4 1.6 15.9 6.7 2.4 3.3 5.2 1.9 0.6 0.4 0.04  
D44-2-4  37.0 1.3 27.7 2.7 1.5 1.8 2.6 2.4 2.5 0.8 0.1 0.01  
D44-3-2  3.3 13.4 0.2 19.0 5.5 3.4 2.4 2.7 1.6 2.3 0.4 0.03  
D47-1-1  2.1 14.1 0.1 21.9 5.0 4.4 1.8 2.5 2.1 1.6 0.2 0.1  
D49-3-1  2.2 9.6 0.2 19.8 7.7 2.6 3.7 6.9 1.7 0.7 0.6 0.1  
D52-1-2  13.4 18.1 0.7 – 6.2 – 2.5 0.3 2.3 – 1.1 0.4  
D54-1-2A  42.7 0.4 119.6 0.7 0.4 1.8 1.9 1.7 2.4 1.1 0.02 –  
D54-3  10.4 24.1 0.4 5.6 1.1 5.3 0.9 1.5 1.7 0.3 0.7 0.5  
D54-4  9.3 23.6 0.4 6.3 1.5 4.2 1.1 1.7 1.8 0.4 0.7 0.4  
D70-1-1  12.0 16.9 0.7 8.8 3.1 2.8 1.2 3.1 2.1 0.7 0.8 0.4  
D75-2-7A  8.6 22.1 0.4 12.9 1.0 13.1 1.6 1.0 1.6 1.2 0.1 0.3  
D75-2-7B  27.1 8.0 3.4 7.3 0.8 9.4 2.6 1.6 1.5 1.7 0.1 0.1  
Min.  0.2 0.4 0.03 0.7 0.1 1.8 0.9 0.3 1.5 0.3 0.02 0.00  
Max.  42.7 24.1 119.6 28.3 8.0 209.1 3.7 13.2 3.1 2.3 1.1 0.5  
Avg.  13.0 10.4 8.1 14.0 4.2 13.7 2.1 4.2 2.1 0.9 0.4 0.1  

Sample data for locations other than the southern Mariana arc are from: aHein et al., 2017; bMarino et al., 2017; cHein et al., 2008; dHein et al., 2016; eBau et al., 1996; 
fBaturin et al., 2012; gMuiños et al., 2013; hBenites et al., 2020; iPelleter et al., 2017; jHein and Koschinsky, 2014. Genetic type indicates how the Fe-Mn precipitates 
were classified in their original source. Hgn = hydrogenetic Fe-Mn crust; Hth = hydrothermal Fe-Mn deposit; Mix = mixed origin hydrogenetic-hydrothermal; and 
Phos = phosphatized crust. 
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Table 3 
Minor/trace element composition of Fe-Mn crusts and deposits analyzed in this study, and elsewhere, globally.  

Sample ID/Location Gen. Type As Ba Bi Co Cr Li Mo Nb Ni Pb Sc Te V W Zn Pt Reference 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppb 

Amerasia Basin, n = 99 Hgn 559 451 4 1452 43 89 209 39 2289 233 47 16 936 49 341 – a 
Canary Island Seamount Province, n = 16 Hgn 398 3213 – 4533 – – 376 105 2748 1543 – – 2245 80 653 172 b 
Mariana Arc Hydrogenetic Fe-Mn Crust Avg. Hgn – – – – – – – – – – – – – – – – c 
Mariana Arc – North & Central, n = 63 Mix 71 1186 – 154 21 515 416 – 313 97 – – 256 – 1275 21 c 
Mariana Arc – North & Central, n = 21 Hth 68 1508 – 73 2 – 651 – 349 70 – – 232 – 3058 – c 
Ninetyeast Ridge, n = 16 Hgn 220 1371 45 4178 11 6 467 49 2944 1669 12 61 624 79 534 368 d 
Ninetyeast Ridge, n = 1 Phos 130 2220 4 2529 74 59 235 5 7428 286 4 2 657 28 1259 – d 
Pacific Ocean - Central, n = 14 Hgn – – – – – – – – – – – – – – – – e 
Pacific Ocean - Central, n = 9 Phos – – – – – – – – – – – – – – – – e 
Pacific Ocean - Northwest, n = 16 Hth 33 555 – 72 48 436 327 10 287 45 4 – 225 23 238 – f 
Portuguese EEZ & Canary Isles., n = 18 Hgn 300 1205 21 3285 59 28 343 42 2196 1276 14 42 795 73 574 – g 
Rio Grande Rise, n = 1 Hth 792 4575 2 2396 30 44 172 8 3775 139 1 10 0.1 63 616 – h 
Rio Grande Rise, n = 7 Hgn 453 1286 56 6304 14 61 566 103 5756 2641 4 89 0.1 128 554 660 h 
Rio Grande Rise, n = 13 Phos 135 751 4 1356 13 123 234 21 5589 283 5 15 0.05 111 504 163 h 
Sea of Okhotsk, n = 8 Mix 72 1166 0.5 194 31 29 126 4 526 63 11 2 210 49 356 – f 
Wallis & Futuna, n = 17 Hth 47 575 – 5348 – 292 1025 1 12,902 12 1196 – 117 – 215 – i 
Atlantic Ocean Avg., n = 42  308 1556 19 3608 47 33 409 51 2581 1238 16 43 849 79 614 567 j 
California Margin Avg., n = 115  252 2224 17 2977 52 15 354 31 2299 1541 10 11 613 59 561 71 j 
Indian Ocean Avg., n = 21  207 1533 30 3291 22 8 392 61 2563 1371 13 31 634 80 531 211 j 
North Pacific Non-Prime Avg., n = 45  257 2267 31 3733 30 7 516 50 3495 1470 11 30 679 87 673 228 j 
North Pacific Prime Zone Avg., n = 83  393 1934 43 6662 28 3 461 52 4209 1641 7 60 641 89 668 470 j 
Pacific Ocean - South Avg., n = 75  287 1705 22 6167 35 3 418 59 4643 1057 9 38 660 97 698 465 j  

All Hydrothermal, n = 55 Hth 235 1803 2 1972 27 257 544 6 4328 66 400 10 143 43 1032 –  
All Hydrothermal Except Wallis & Futuna, n = 38 Hth 298 2213 2 847 27 240 383 9 1470 85 2 10 152 43 1304 –  
All Hydrogenetic, n = 180 Hgn 334 1449 25 3324 32 43 348 57 2743 1238 18 42 802 76 502 400  
All Phosphatized Crusts, n = 23 Phos 132 1485 4 1942 44 91 235 13 6509 285 5 8 329 70 881 163   

Mariana Arc – South (Current Study), n = 22                   
D14-2-1  2 301 0.1 34 4 7 2 1 22 5 23 0.1 232 – 63 3  
D15-1-1  68 703 1 313 18 9 26 11 405 172 23 4 266 4 322 23  
D19-2-1  5 358 – 32 2 76 37 2 – 1 31 0.04 382 10 26 –  
D21-2-1  3 341 – 26 2 102 78 1 – 1 25 0.1 305 11 37 3  
D35-3-1  26 1552 0.02 9 2 35 93 0.3 54 5 – 0.1 64 3 38 –  
D37-2-3A  8 1102 – 33 7 251 61 1 32 5 18 0.1 236 1 44 –  
D37-2-3B  10 893 0.03 26 8 234 78 1 34 6 17 0.1 170 10 43 –  
D37-2-3C  10 659 0.1 20 8 451 114 1 101 10 12 0.1 176 1 84 3  
D44-1-2A  5 649 – 76 2 298 54 2 206 1 10 0.03 83 12 215 7  
D44-1-2B  15 504 0.4 101 6 39 11 4 113 44 16 1 105 2 131 6  
D44-2-2  15 355 0.2 172 6 335 48 1 277 30 33 1 266 11 206 12  
D44-2-4  24 1494 – 205 2 884 246 – 282 1 6 0.1 174 – 65 20  
D44-3-2  10 279 – 41 6 59 16 1 89 2 31 0.1 118 3 100 7  
D47-1-1  30 192 – 31 2 17 12 1 62 1 9 – 104 4 28 –  
D49-3-1  38 256 1 368 15 6 27 7 305 168 32 3 245 4 137 11  
D52-1-2  118 547 1 268 7 17 122 10 875 152 11 7 443 22 246 28  
D54-1-2A  21 482 – 5 – 259 – – 751 2 – 0.03 149 – 775 3  
D54-3  216 1245 2 588 6 5 62 64 629 338 13 15 579 18 522 73  
D54-4  211 – 2 – 8 4 54 – 613 357 14 16 – – 504 62  
D70-1-1  179 902 7 1647 14 7 238 34 1829 865 14 19 489 41 438 134  
D75-2-7A  150 590 0.2 363 8 108 161 2 991 23 4 1 365 22 466 44  
D75-2-7B  46 753 1 208 6 246 464 3 4014 93 3 2 183 22 1479 76  
Min.  2 192 0 5 2 4 2 0 22 1 3 0 64 1 26 3  
Max.  216 1552 7 1647 18 884 464 64 4014 865 33 19 579 41 1479 134  
Avg.  55 674 1 217 7 157 95 8 584 104 17 3 244 11 271 30  

Sample data for locations other than the southern Mariana arc are from: aHein et al., 2017; bMarino et al., 2017; cHein et al., 2008; dHein et al., 2016; eBau et al., 1996; fBaturin et al., 2012; gMuiños et al., 2013; hBenites 
et al., 2020; iPelleter et al., 2017; jHein and Koschinsky, 2014. Genetic type indicates how the Fe-Mn precipitates were classified in their original source. Hgn = hydrogenetic Fe-Mn crust; Hth = hydrothermal Fe-Mn 
deposit; Mix = mixed origin hydrogenetic-hydrothermal; and Phos = phosphatized crust. Arsenic, Bi, Li, Pb, Te, and Zn contents of our samples are from MAR digestion dataset. 
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the most refractory matrices to provide total element concentrations for 
the Fe-Mn crusts. Several certified reference materials (CRMs) were 
submitted to BV as unknowns (SGR-1, MESS-1, PACS-1, SO-2, and SO-4) 
to ensure accuracy. These data, precisions, and limits of detection (LOD) 
values for each element can be found in Appendix B. 

3.4.1. Efficiency of digestion 
Nickel, Cu, and P were almost completely recovered (Appendix C) 

using MAR digestion (with respect to LiBO2 fusion), suggesting that 
these elements are mostly present in oxide minerals; phosphate minerals 

are unlikely considering the low P contents (Table 2). Other elements 
including Zn, Co, U, Li, and V, are recovered to a high degree 
(~81–90%) using MAR, whereas Sr, Ba, Ga, Y, La, Ce, Pr, Nd, Sm, Eu, 
and Gd are recovered to a lesser extent (71–80%), and Ca, Mg, Na, K, Th, 
Cs, Rb, Tb, Dy, Ho, Er, Tm, Yb, and Lu to an even lesser extent (61–70%). 
Elements with an intermediate degree of recovery using MAR are likely 
hosted in multiple phases (i.e., oxide/oxyhydroxide minerals and the 
detrital aluminosilicate fraction). Substantially less MAR recovery 
(0–60%) was determined for Al, Ti, Sc, Zr, Hf, and Nb (most of which are 
HFSEs and therefore not easily mobilized). Zirconium, despite 

Table 4 
Neodymium, total rare earth element content, rare earth anomaly ratios, and growth rates of Fe-Mn crusts and deposits analyzed in this study, and elsewhere, globally.  

Sample ID/Location Gen. Type Nd ΣREY CeSN/CeSN* EuSN/EuSN* YSN/HoSN Growth Rate Reference 

ppm ppm mm Ma− 1 

Amerasia Basin, n = 99 Hgn 170 1619 2.44 1.12 0.76 10 a 
Canary Island Seamount Province, n = 16 Hgn 295 2787 2.33 1.04 0.77 2 b 
Mariana Arc Hydrogenetic Fe-Mn Crust Avg. Hgn 254 1610 0.96 1.11 0.62 – c 
Mariana Arc – North & Central, n = 10 Mix 23 145 0.91 1.19 0.96 – c 
Mariana Arc – North & Central, n = 21 Hth 8 70 0.44 1.35 1.68 56,523 c 
Ninetyeast Ridge, n = 16 Hgn 268 2621 2.49 1.05 0.65 3 d 
Ninetyeast Ridge, n = 1 Phos 46 518 1.30 0.94 1.77 2 d 
Pacific Ocean - Central, n = 14 Hgn 147 1442 1.97 1.09 0.77 – e 
Pacific Ocean - Central, n = 9 Phos 129 1809 2.92 1.10 1.30 – e 
Pacific Ocean - Northwest, n = 16 Hth 7 – – – – – f 
Portuguese EEZ & Canary Isles., n = 18 Hgn 208 2057 2.55 1.07 0.45 – g 
Rio Grande Rise, n = 1 Hth 20 186 1.14 0.90 1.40 4 h 
Rio Grande Rise, n = 7 Hgn 207 2407 3.31 0.99 0.82 1 h 
Rio Grande Rise, n = 13 Phos 101 785 0.91 0.92 157 3 h 
Sea of Okhotsk, n = 8 Mix 30 225 1.28 1.61 0.85 – f 
Wallis & Futuna, n = 17 Hth 6 48 0.48 0.95 0.98 – i 
Atlantic Ocean Avg., n = 42  243 2402 2.43 0.94 0.67 – j 
California Margin Avg., n = 115  253 2352 2.44 1.14 0.62 – j 
Indian Ocean Avg., n = 21  259 2541 2.44 0.90 0.60 – j 
North Pacific Non-Prime Avg., n = 45  275 2487 2.22 1.03 0.63 – j 
North Pacific Prime Zone Avg., n = 83  258 2438 2.09 1.07 0.72 – j 
Pacific Ocean - South Avg., n = 75  184 1634 2.05 1.97 0.75 – j  

All Hydrothermal, n = 55 Hth 10 101 0.69 1.06 1.35 –  
All Hydrothermal Except Wallis & Futuna, n = 38 Hth 12 128 0.79 1.12 1.54 –  
All Hydrogenetic, n = 180 Hgn 189 1880 2.45 1.14 0.73 –  
All Phosphatized Crusts, n = 23 Phos 92 1037 1.71 0.99 1.54 –   

Mariana Arc – South (Current Study), n = 22         
D14-2-1  13 85 0.77 1.22 0.94 333  
D15-1-1  82 477 0.70 1.12 0.77 44  
D19-2-1  12 79 0.83 1.43 0.96 2070  
D21-2-1  8 59 0.84 1.43 0.97 3418  
D35-3-1  1 8 0.28 0.79 1.25 34,635  
D37-2-3A  5 33 0.76 1.22 0.96 2052  
D37-2-3B  6 39 0.83 1.31 0.9 2592  
D37-2-3C  6 36 0.59 1.28 1.12 5411  
D44-1-2A  13 105 0.66 0.94 0.95 289  
D44-1-2B  20 153 1.13 1.16 0.89 52  
D44-2-2  10 84 1.04 1.27 0.95 123  
D44-2-4  6 65 0.47 1.14 1.36 288  
D44-3-2  6 42 0.82 1.39 0.97 1060  
D47-1-1  9 60 0.85 1.37 1.04 1612  
D49-3-1  39 270 1.11 1.16 0.73 15  
D52-1-2  108 588 0.34 1.30 0.91 66  
D54-1-2A  4 33 0.11 1.11 1.27 191,136  
D54-3  226 1192 0.62 1.10 0.62 42  
D54-4  226 1201 0.68 1.16 0.66 35  
D70-1-1  156 1067 0.98 1.10 0.70 6  
D75-2-7A  23 190 1.25 1.09 0.75 76  
D75-2-7B  31 175 0.87 1.08 0.57 242  
Min.  1 8 0.11 0.79 0.57 6  
Max.  226 1201 1.25 1.43 1.36 191,136  
Avg.  46 230 0.75 1.19 0.92 12,287  

Sample data for locations other than the southern Mariana arc are from: aHein et al., 2017; bMarino et al., 2017; cHein et al., 2008; dHein et al., 2016; eBau et al., 1996; 
fBaturin et al., 2012; gMuiños et al., 2013; hBenites et al., 2020; iPelleter et al., 2017; jHein and Koschinsky, 2014. Genetic type indicates how the Fe-Mn precipitates 
were classified in their original source. Hgn = hydrogenetic Fe-Mn crust; Hth = hydrothermal Fe-Mn deposit; Mix = mixed origin hydrogenetic-hydrothermal; and 
Phos = phosphatized crust. The EuSN/EuSN* value of sample D35-3-1 and all three anomaly ratios of sample D54-4 were calculated using MAR data, because that of 
LiBO2 fusion digestion was missing. 
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commonly being viewed as a proxy for detrital material, is primarily 
associated with Fe oxide and oxyhydroxide minerals in Fe-Mn crusts 
(Abd El-Naby and Dawood, 2013; Hein and Koschinsky, 2014; 
Koschinsky and Hein, 2003). that are unable to be recovered by MAR are 
likely hosted in the detrital silicate fraction. 

3.5. Calculations 

Growth rates (G, in mm Ma− 1) were calculated using the equation G 
= 0.68/((Co * 50)/(Fe + Mn))1.67, where Fe, Mn, and Co are in wt% 
(Manheim and Lane-Bostwick, 1988), to further aid with classification 
by genetic type. The Co chronometer of Puteanus and Halbach (1988), 
where G = 1.28/(Co – 0.24), is intended for use with hydrogenetic Fe- 
Mn crusts only, but was nonetheless applied to our data to form a 
comparison. In the Ce and Eu anomaly (CeSN/CeSN* and EuSN/EuSN*, 
respectively) calculations, CeSN* = (0.5 LaSN) + (0.5 PrSN), and EuSN* =
(0.5 SmSN) + (0.5 GdSN), respectively (Baturin, 2012; Baturin et al., 
2012; Bau et al., 2014; Tostevin et al., 2016). 

4. Results 

4.1. Mineralogy 

The mineralogy of our samples, as determined using a combination 
of XRD and Raman spectroscopic techniques, and the chemical formulae 
of some important oxide and oxyhydroxide minerals are summarized in 
Tables 5 and 6, respectively. Because of the poorly crystalline nature of 
Mn oxide and Fe oxyhydroxide minerals, the reported mineralogy 

should be considered qualitative. 

4.1.1. X-ray diffraction 
Best-fit pattern matches indicate that the Fe-Mn oxide and oxy-

hydroxide minerals in the samples include a 10 Å manganate mineral (e. 
g., todorokite or asbolane), birnessite, vernadite, manganite, goethite, 
maghemite, and hematite (Table 5, Appendix D). Manganese-containing 
carbonate minerals, manganocalcite and/or rhodochrosite, were also 
detected, in samples D37-2-3A, D37-2-3B, and D37-2-3C. Host rock/ 
sediment minerals include plagioclase feldspar, pyroxene minerals, 
quartz, calcite, phillipsite, and clay minerals including illite and smec-
tite (i.e., montmorillonite and nontronite). 

4.1.2. Raman spectroscopy 
Minerals were identified using laser Raman spectroscopy based on 

best-fit matches of phase-shifts with a global database. Multiple spectra 
were analyzed for each mineral in different spots along the same growth 
zone. Raman spectra are generally weak, and the peaks poorly resolved, 
likely because of scattering of the laser beam due to the acicular nature 
of some minerals. Poorly crystalline Mn oxide and Fe oxyhydroxide 
minerals are common in Fe-Mn precipitates and can result in broad 
Raman peaks (Bernardini et al., 2019; Ostrooumov, 2017; Schulz and 
Zabel, 2006). There is also a prevailing similarity in the Raman spectra 
among many of the minerals being considered, based on similarities in 
their respective crystal chemistries and structures, making peak shape 
and the number of peaks important factors for proper mineral identifi-
cation. The Mn-oxide mineral vernadite exhibits its strongest peak at 
570 cm− 1, with additional moderate-intensity peaks commonly 
observed at 500 and 630 cm− 1 (Ostrooumov, 2017). Vernadite was 
found in samples D15-1-1, D52-1-2, D70-1-1, D75-2-7A, and D75-2-7B 
(Table 5). Todorokite, a 10 Å manganate mineral, exhibits a strong 
peak at 630 cm− 1 with shoulder peaks at 507 and 575 cm− 1 (Bernardini 
et al., 2019). A 10 Å manganate mineral (identified as todorokite based 
on number of peaks and peak shape) was only observed in sample D54- 
1-2A. Hematite has a strong peak at 225 cm− 1, with additional peaks at 
245, 300, and 412 cm− 1 (Hanesch, 2009), and was observed in samples 
D75-2-7A and D75-2-7B. The zeolite mineral phillipsite exhibits bands 
at 410 and 475 cm− 1 (Ostrooumov, 2017), and was found in samples 
D15-1-1, D49-3-1, D52-1-2, D54-3, D70-1-1, and D75-2-7B. Pyroxene 
minerals augite (wavenumbers 663 and 1006 cm− 1) and diopside (665 
and 1010 cm− 1) (Buzatu and Buzgar, 2010) were observed in one 
sample (D52-1-2). 

4.2. Macroscopic and microscopic textures 

The Fe-Mn oxide minerals precipitated as crusts on a range of lithic 
fragments including basalt, sandstone, or pumice (Fig. 2A). They also 
developed dendritic columns within poorly consolidated sedimentary 
rocks (Fig. 2B), as multiple generations of void fill (Fig. 2C), as acicular 
wavy laminations with needles oriented perpendicular to laminae 
(Fig. 2D), or they cement and pervasively (Fig. 2E) or partially (Fig. 2F) 
replace volcaniclastic rocks. Iron- and Mn-oxide layers, commonly 

Table 5 
The mineralogy and mineralization styles of Fe-Mn precipitates used in this 
study; 10 Å = 10 Å manganate; Ab = albite; Aug = augite; Brn = birnessite; Cal 
= calcite; Chl = chlorite; Dck = dickite; Gth = goethite; Hem = hematite; Ilt =
illite; Man = manganite; Mgh = maghemite; Mnc = manganocalcite; Mnt =
montmorillonite; Nnt = nontronite; Pl = plagioclase; Php = phillipsite; Prx =
pyroxene; Qz = quartz; Rds = rhodochrosite; Vrn = vernadite.  

Sample Fe-Mn 
Mineralogy 

Additional 
Mineralogy 

Mineralization style (as 
identified in Fig. 2) 

D14-2-1  Php 2E, 2F 
D15-1-1 Vrn Php 2B 
D19-2-1 Brn, Vrn, Gth Php 2F 
D21-2-1 10 Å, Brn, Gth Ab, Cal, Php, Qz, 

Prx, 
2C 

D35-3-1 Brn Ab, Mnt 2E, 2F 
D37-2- 

3A 
10 Å Cal, Qz, Php, Prx 2F 

D37-2- 
3B 

10 Å, Mnc, Mgh Ab, Cal, Php, Prx 2F 

D37-2- 
3C 

10 Å, Mgh, Rds Ab, Cal, Qz 2F 

D44-1- 
2A  

Ab, Php 2F 

D44-1- 
2B 

Man, Hem Ab, Php 2F 

D44-2-2 Hem Ab, Chl, Mnt 2F 
D44-2-4  Ab 2F 
D44-3-2 10 Å, Vrn, Man, 

Mgh 
Ab, Cal, Ilt, Php, 
Prx 

2F 

D47-1-1  Ab, Mnt, Nnt 2F 
D49-3-1  Ab, Php 2A, 2B 
D52-1-2 Gth, Vrn, Rds Ab, Ilt, Nnt, Php, 

Prx, Qz 
2D 

D54-1- 
2A 

10 Å, Brn Php, Pl 2E 

D54-3 10 Å Aug, Pl, Php 2A, 2B 
D54-4   2A, 2B 
D70-1-1 Brn, Mgh, Vrn Ab, Php, Pl, Qz 2A 
D75-2- 

7A 
Gth, Vrn, Hem Cal, Prx 2E 

D75-2- 
7B 

Gth, Vrn, Hem Ab, Cal, Dck, Php, 
Prx 

2E  

Table 6 
Important Mn and Fe oxide and oxyhydroxide minerals identified in this study. 
Chemical formulae of Mn and Fe oxide/oxyhydroxide minerals are from Post 
et al. (1999) and James (1966), respectively.  

Mineral (d-spacing) Chemical formula 

Todorokite (10 Å) (Ca,Na,K)X(Mn4+,Mn3+)6O12⋅3.5H2O 
Asbolane (10 Å) (Ni,Co)XMn4+(O,OH)4⋅nH2O 
Birnessite (7 Å) (Na,Ca)Mn7O14⋅2.8H2O 
Vernadite δ-MnO2 

Manganite MnOOH 
Goethite α-FeOOH 
Maghemite γ-Fe2O3 

Hematite α-Fe2O3  

D.R. Knaack et al.                                                                                                                                                                                                                              



Chemical Geology 568 (2021) 120132

9

intercalated with fine-grained silicate minerals, are planar or branching 
growths on the substrate surfaces or fill pore space. The Fe-Mn oxide 
minerals also precipitated as layers in and cement for detrital, volcani-
clastic, and biogenic material. Microscopic textures include branching 
laminated columns in a matrix (Fig. 3A), alternating lamina and lami-
nated columns (Fig. 3B), branching laminated columns (Fig. 3C), sin-
gular and branching laminated botryoids overgrown with a mixture of 
Fe-Mn cement and clay (Fig. 3D), cemented (multi-generation) detrital 
grains (Fig. 3E) and laminated in-filling of foraminifera or radiolaria 
chambers (Fig. 3F). Within individual samples, dominant Fe-Mn texture 
can be observed (i.e., sample D52-1-2), however multiple textures can 

be observed in many of the samples. 

4.3. Geochemical composition & discrimination diagrams 

Element contents are summarized in Tables 2-4, and the dataset can 
be seen in Appendix B. The amount of each element recovered by MAR 
with respect to LiBO2 fusion (i.e., percentage recovered) was calculated 
to determine its effectiveness and provide insight into which mineral 
phases primarily host them (Appendix C). Because MAR did not 
completely recover most metals, data acquired by LiBO2 fusion digestion 
were used in all tables and figures (unless otherwise stated). 

Fig. 2. Hand samples showing Fe-Mn oxide precipitation textures: A) Fe-Mn crust on rock clast (D70-1-1); B) dendritic columns within mudstone, on rock fragments 
(D15-1-1); C) multiple generations of growth in-filling voids/vugs (D21-2-1); D) alternating dark and pale wavy acicular laminae (D52-1-2); and E) cemented and 
pervasively replaced volcanogenic sediment on a lithic fragment (D75-2-7); F) cemented and partially replaced volcaniclastic sediment, with minor biogenic material 
(D44-2-2). Scale bars represent 2 cm. 

Fig. 3. Photomicrographs of Fe-Mn precipitation textures under reflected-light microscopy: A) isolated branching laminated columns in a matrix; B) alternating 
lamina and laminated columns; C) branching laminated columns; D) singular and branching laminated botryoids (dark gray with pale gray laminae), that are 
overgrown by a secondary, more massive, (pale gray) rim cement intermixed with mud; note massive cement in the upper and lower left sectors; E) multiple 
generations of cement around detrital grains; note that the sample is cement-supported indicating that a finer matrix was replaced; F) laminated chamber fill of 
foraminifera or radiolaria, along with small botryoids in a matrix. 
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The discrimination diagrams of Bonatti et al. (1972), Bau et al. 
(2014), and Josso et al. (2017) were used to determine the genetic types 
of our Fe-Mn precipitates (Figs. 4-7). Fourteen samples lie within the 
hydrothermal field of the 10 * (Co + Cu + Ni) – Fe – Mn ternary diagram 
of Bonatti et al. (1972), four lie within the hydrogenetic field, and four 
plot between these two fields (Table 7; Fig. 4). In the Nd vs. CeSN/CeSN* 
discrimination diagram (Fig. 5) of Bau et al. (2014), nine precipitates 
plot within the hydrothermal field and four others lie close to its 
boundaries (i.e., a Nd concentration of 10 mg kg− 1 and a CeSN/CeSN* 
value of 1). Sample D70-1-1 has Nd content >100 mg kg− 1 and a CeSN/ 
CeSN* value of ~1, and therefore plots on the boundary of a hydro-
genetic Fe-Mn crust. The remaining eight samples plot between the 
hydrothermal and hydrogenetic fields (some within and some outside of 
the field typically reserved for diagenetic nodules). In the YSN/HoSN vs. 
CeSN/CeSN* discrimination diagram (Fig. 6), five samples plot in the 
hydrothermal field, four lie in the hydrogenetic field, and the remaining 
13 plot between these two fields (i.e., they have YSN/HoSN and CeSN/ 
CeSN* values below 1). In the 100 * (Zr + Y + Ce) – 15 * (Cu + Ni) – (Mn 
+ Fe)/4 ternary diagram of Josso et al. (2017), 11 of our samples plot in 
the hydrothermal field, one lies in the hydrogenetic field, and, with the 
exception of D75-2-7B, the remaining samples plot between the 
hydrogenetic and hydrothermal fields (Fig. 7). Sample D75-2-7B lies 
midway between the hydrothermal field and that of a diagenetic nodule. 

Additional (i.e., not included in the discrimination diagrams) criteria 
considered for classifying our samples include total REY content (ΣREY), 
growth rate, Mn/Fe value, and Mo, Li, Pt, and Te contents (Tables 2-4). 
Manganese and Fe contents vary considerably among our samples, 
ranging from 0.2 to 42.7 wt% and 0.4 to 24.1 wt%, respectively, and 
Mn/Fe values range from 0.03 to 199.6 (mean of 8.1) (Table 2). Total 
REY content in our samples range from 8 to 1201 ppm, with a mean of 
230 ppm (Table 4). Lithium content ranges from 4 to 884 ppm with a 
mean value of 157 ppm and Mo ranges from 2 to 464 ppm, with a mean 
of 95 ppm. Tellurium and Pt range from 0 to 19 ppm (with a mean of 3 
ppm) and 3 to 134 ppm (with a mean of 30 ppm), respectively (Table 3). 
Calculated growth rates for our samples (Table 4) vary from 6 to 
>190,000 mm Ma− 1 (with mean and median values of 11,000 and 290 
mm Ma− 1, respectively). 

4.4. Geochemical correlation 

Principal component analysis (PCA) was conducted on both the 
LiBO2 fusion and MAR datasets to identify relationships between pa-
rameters (all data from PCA can be found in Appendix E). Two principal 
components account for 100% of the variance in the LiBO2 fusion 
dataset (PC1 = 82% and PC2 = 18%) and four principal components 
account for 90% of the variance in the MAR dataset (PC1 = 64%; PC2 =
13%; PC3 = 7%; PC4 = 6%), with four more accounting for the 
remaining 10%. In the LiBO2 fusion data, PC1 has high positive loading 
on Al, Ca, Cr, Mg, Sc, Si, and EuSN/EuSN*, and high negative loading on 
Ba, Be, Co, Cs, Fe, Hf, Mn, Na, Nb, Ni, P, Sn, Sr, Ta, Th, Ti, U, V, W, Zr, 
LOI, and REY elements. Principal component 2 has high positive loading 
on Cs, K, Rb, Ti, and YSN/HoSN, and high negative loading on Ga and 
CeSN/CeSN*. 

Regression analysis was also conducted on most of the parameters in 
our LiBO2 fusion dataset (Appendix F), with a P-value of <0.05 
considered the threshold for statistical significance (i.e., values below 
0.05 are statistically significant). Iron exhibits statistically significant 
positive correlations with P, Ti, Be, Co, Cs, Hf, Nb, Rb, Sn, Th, U, V, W, 
Zr, and the REY elements, and negative correlations with Ca, Na, Mg, 
and Ga (Appendix F). Manganese has statistically significant negative 
correlations with Si, Al, Fe, Ti, Sc, and CeSN/CeSN*, and a positive cor-
relation with LOI. Silica has a statistically significant positive correlation 
with Al, Sc, Sr, and CeSN/CeSN*, and a negative correlation with Ba, Nb, 
and LOI. Calcium has a statistically significant positive correlation with 
Al and Sr, and a negative correlation with K and Cs. 

Fig. 4. Ferromanganese precipitates from the current study; hydrothermal and 
mixed origin Fe-Mn deposits from Hein et al. (2008); and averages of all 
hydrogenetic, all hydrothermal, all hydrothermal except Wallis and Futuna, 
and all phosphatized Fe-Mn precipitates plotted on 10 * (Co + Cu + Ni) vs. Fe 
vs. Mn ternary discrimination diagram from Bonatti et al. (1972). 

Fig. 5. Ferromanganese precipitates from the current study; hydrothermal and 
mixed origin Fe-Mn deposits from Hein et al. (2008); and averages of all 
hydrogenetic, all hydrothermal, all hydrothermal except Wallis and Futuna, 
and all phosphatized Fe-Mn precipitates plotted on a bivariate discrimination 
diagram (Nd vs. CeSN/CeSN*) from Bau et al. (2014). 
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5. Discussion 

In the following, we discuss six items: Geochemical Composition and 
Genetic Classification, Mineralogy and Genetic Origin, Calculated 
Growth Rates, Mineralization Style, Volcanic Style, and the overall ge-
netic model for the formation of Fe-Mn crusts and deposits in the 
southern Mariana arc. 

5.1. Geochemical composition and genetic classification 

A fundamental question about southern Mariana crusts is the extent 
to which their formation is related to hydrothermal activity, either 
nearby or within the Mariana region, vs. forming from normal seawater 
as hydrogenous deposits. One key observation is whether samples were 
collected near active hydrothermal vents; only a few were collected near 

Fig. 6. Ferromanganese precipitates from the current study; hydrothermal and 
mixed origin Fe-Mn deposits from Hein et al. (2008); and averages of all 
hydrogenetic, all hydrothermal, all hydrothermal except Wallis and Futuna, 
and all phosphatized Fe-Mn precipitates plotted on a bivariate discrimination 
diagram (YSN/HoSN* vs. CeSN/CeSN*) from Bau et al. (2014). 

Fig. 7. Ferromanganese precipitates from the current study, and averages of all 
hydrogenetic, hydrothermal, hydrothermal (except Wallis and Futuna), and 
phosphatized Fe-Mn precipitates, plotted on a ternary discrimination diagram 
from Josso et al. (2017) with endmembers of 100 * (Zr + Y + Ce) vs. 15 * (Cu +
Ni) vs. (Mn + Fe)/4. 

Table 7 
Classification summary of Fe-Mn crusts and deposits analyzed in this study. As 
best as could be determined, samples with the largest hydrogenetic component 
are listed first (top of the hydrogenetic column) and the degree of hydrothermal 
influence increases toward the bottom of the hydrothermal column.  

Discrimination Diagram Reference Hydrogenetic Mixed 
origin 

Hydrothermal 

Bonatti et al., 1972 D70-1-1 D75-2-7B D14-2-1  
D75-2-7A D52-1-2 D19-2-1  
D15-1-1 D54-3 D21-2-1  
D49-3-1 D44-1-2B D35-3-1    

D37-2-3A    
D37-2-3B    
D37-2-3C    
D44-1-2A    
D44-2-2    
D44-2-4    
D44-3-2    
D47-1-1    
D54-1-2A    
D54-4 

Bau et al., 2014 (Nd vs. CeSN/ 
CeSN*) 

D70-1-1 D54-4 D47-1-1   

D54-3 D21-2-1   
D15-1-1 D44-3-2   
D49-3-1 D37-2-3B   
D75-2-7B D37-2-3A   
D75-2-7A D37-2-3C   
D52-1-2 D44-2-4   
D44-1-2B D54-1-2A   
D44-1-2A D35-3-1   
D14-2-1    
D44-2-2    
D19-2-1  

Bau et al., 2014 (YSN/HoSN vs. 
CeSN/CeSN*) 

D75-2-7A D75-2-7B D47-1-1  

D49-3-1 D44-3-2 D37-2-3C  
D44-1-2B D37-2-3B D44-2-4  
D70-1-1 D21-2-1 D35-3-1  
D44-2-2 D19-2-1 D54-1-2A   

D14-2-1    
D37-2-3A    
D15-1-1    
D54-4    
D54-3    
D44-1-2A    
D52-1-2  

Josso et al., 2017 D70-1-1 D54-3 D44-2-2   
D44-1-2B D47-1-1   
D15-1-1 D19-2-1   
D49-3-1 D44-2-4   
D54-4 D44-3-2   
D14-2-1 D21-2-1   
D52-1-2 D37-2-3B   
D44-1-2A D37-2-3A   
D75-2-7A D37-2-3C   
D75-2-7B D54-1-2A    

D35-3-1  
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vents that are now active. But hydrothermal activity correlates strongly 
with submarine volcanic activity and these volcanoes are intermittently 
active and dormant, so some crusts may have formed by hydrothermal 
processes on edifices that are no longer active. Radiometric ages for 
volcanic rocks and crusts would be needed to address this issue, and both 
are lacking at present. 

Genetic classifications for our samples were assigned based on the 
total number of times they fell within the hydrothermal or hydrogenetic 
fields, or in between (i.e., mixed origin) using each of the four 
discrimination diagrams (Fig. 8). Using this approach, 10 samples are 
classified as primarily hydrothermal, 9 as mixed hydro-
thermal‑hydrogenetic, and 3 as primarily hydrogenetic in origin. Sam-
ples D35-3-1 and D54-1-2A are the most hydrothermally influenced 
(D35-3-1 today is within 10 km of an active submarine volcano but D54- 
1-2A is not), and sample D70-1-1 is consistently classified as the most 
hydrogenetic (Table 7; Figs. 4-7). In the discrimination diagram of Josso 
et al. (2017), sample D75-2-7B lies midway between the hydrothermal 
field and that of a diagenetic nodule (Fig. 7), and in the Bonatti et al. 
(1972) diagram, it is located in the diagenetic nodule field (Fig. 4). This 
sample is unique because of its above-average Cu and Ni contents. Ac-
cording to Josso et al. (2017), it should be classified as a metal-rich 
hydrothermal deposit, although it is greatly enriched (relative to the 
hydrothermal and hydrogenetic mean values) in Ni and Cu only 
(Table 3; Appendix G). 

These Fe-Mn precipitates are most similar in composition to mixed- 
type Fe-Mn deposits sampled from the north and central Mariana arc 
(Hein et al., 2008) with some notable exceptions – for example, our 
samples have lower contents of Ba, Li, Mo, and Zn (Table 3; Fig. 9), 
elements commonly associated with hydrothermal input (Hein et al., 
2008; Hein and Koschinsky, 2014). They are not only depleted in most of 
the trace metals relative to the hydrogenetic means, but also relative to 
the hydrothermal means, except for the REY elements and a limited 
number (e.g., Sn, Ta, Th, Zr) of others (Figs. 10 and 11). 

Although the average Mn/Fe value of our Fe-Mn precipitates is 8.1 
(Table 2), which is higher than the averages of hydrogenetic Fe-Mn 
crusts or hydrothermal Fe-Mn deposits (1.0 and 2.9, respectively), this is 
mainly due to one outlier (sample D54-1-2A with Mn/Fe = 120). 
Excluding this sample results in a mean Mn/Fe value of 2.7, which is 
similar to that of the hydrothermal average (2.9). This is significantly 
lower than Mn/Fe of hydrothermal Fe-Mn deposits sampled from the 
north and central Mariana arc, with mean Mn/Fe = 53.5 (Hein et al., 
2008). Sample D35-3-1, an outlier with a Si/Al value of 209, results in a 
high mean Si/Al (13.7) for our sample suite (Table 2). Removing this 
sample results in a mean Si/Al = 3.9, slightly above the mean of global 
hydrothermal (2.7) and hydrogenetic (2.6) Fe-Mn precipitates. Mean Si/ 
Al of the north and central Mariana arc (2.9) is also slightly lower than 
that of the southern Mariana arc (Table 2). The mean P content in our 
samples (0.1 wt%) is below that of global hydrothermal deposits (0.7 wt 
%) and hydrogenetic crusts (0.6 wt%) and are well below the average P 
concentration of phosphatized crusts (4.7 wt%), indicating that no sig-
nificant phosphatization has occurred. Contents of As, Ba, Co, Cr, Mo, 
Ni, Te, W, and Zn are lower than their respective averages in global 
hydrothermal Fe-Mn deposits and hydrogenetic Fe-Mn crusts, and Bi, 
Nb, and Pb contents are similar to their averages in hydrothermal Fe-Mn 
deposits (Table 3; Figs. 10 and 11). The low content of these metals in 
our samples suggests strong dilution of hydrogenetic input by rapid 
deposition from hydrothermal fluid. Many of these elements (i.e., Ba, Ni, 
Zn) are essential nutrients scavenged by marine organisms, perhaps 
further reducing their availability (if the organisms relocate), resulting 
in lower contents (Hein et al., 2008; Morel et al., 1991). On average, Sc 
content in our samples is similar to that of global hydrogenetic Fe-Mn 
crusts, and Li and V contents are intermediate to the means of global 
hydrothermal Fe-Mn deposits and hydrogenetic Fe-Mn crusts (Table 3), 
indicating a mix of influence from these endmembers. Average Pt con-
tent (30 ppm) is much lower in our samples than the hydrogenetic 
average (400 ppm); there is no Pt data available for pure hydrothermal 

Fig. 8. Number of times a sample was classified as each genetic type using the four discrimination diagrams.  
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Fe-Mn deposits for comparison (Table 3). The average ΣREY value of our 
samples (230 ppm) is slightly higher than mean global hydrothermal Fe- 
Mn deposits (101 ppm) but an order of magnitude below the mean of 
global hydrogenetic Fe-Mn crusts (1880 ppm). Mean ΣREY for southern 
Mariana arc samples is similar to that for the north and central Mariana 
arc (145 ppm) and from the Sea of Okhotsk (225 ppm), indicating a 

mixed origin for our samples as well (Table 4). Ferromanganese pre-
cipitates in this study are enriched in most elements relative to the 
average Mariana arc volcanic rock, except for some major and 
aluminosilicate-associated elements (Table 8; Fig. 12). Four elements – 
Mn, Mo, Pb, and Cd – are enriched >10× of the mean Mariana arc lava 
concentrations (Fig. 12). 

Fig. 9. Enrichments and depletions of 38 elements in Fe-Mn precipitates from this study relative to the respective averages in mixed-origin Fe-Mn deposits from the 
northern Mariana arc (Hein et al., 2008). Data points represent average values and error bars are 1σ. 

Fig. 10. Enrichments and depletions of 57 elements in Fe-Mn precipitates from this study relative to the respective averages of all hydrogenetic Fe-Mn crusts. Data 
points represent average values and error bars are 1σ. 
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Shale-normalized REY diagrams were generated using data from our 
Fe-Mn precipitates (Fig. 13) and for most of the comparative datasets 
and other averages (Fig. 14). The REYSN values of our samples vary by 

three orders of magnitude (~0.01 to 10) although all are LREE-depleted 
relative to shale. Like the discrimination diagrams, the southern 
Mariana sample suite forms a continuum (with respect to magnitude of 

Fig. 11. Enrichments and depletions of 54 elements in Fe-Mn precipitates from this study relative to the respective averages of all hydrothermal Fe-Mn deposits 
*excluding those with extraordinarily high metal contents from Wallis and Futuna. Data points represent average values and error bars are 1σ. 

Table 8 
Average element contents of northern Mariana arc mixed origin Fe-Mn deposits, Mariana arc volcanic rocks (data from Hein et al. (2008)), all hydrogenetic Fe-Mn crust 
data, and all hydrothermal Fe-Mn deposit data *excluding the Wallis & Futuna dataset from Pelleter et al. (2017). Major elements are in wt%, Pt is in ppb, and the 
remaining elements are in ppm.  

Element North & Central 
Mariana Arc Avg. 

Arc Rock 
Avg. 

All Hydrogenetic 
Avg. 

All Hydrothermal* 
Avg. 

Element North & Central 
Mariana Arc Avg. 

Arc Rock 
Avg. 

All Hydrogenetic 
Avg. 

All Hydrothermal* 
Avg. 

Mn 27.8 0.1 16.9 33.3 Rb – 15 19 1 
Fe 5.9 6.5 17.4 12.9 Sb – – 40 36 
Si 9.4 25.2 6.7 1.7 Sc – 35 18 2 
Al 3.3 8.9 2.5 1.0 Se – – 1 0.1 
Mg 2.0 3.0 1.6 1.9 Sn – – 6 1 
Ca 3.5 6.9 3.4 5.0 Sr 544 322 1016 893 
Na 2.3 2.0 1.5 1.8 Ta – 0.1 1 0.1 
K 1.0 0.7 0.6 0.7 Te – – 42 10 
Ti 0.2 0.5 0.8 0.1 Th – 1 43 2 
P 0.1 0.1 0.6 0.9 Tl – – 97 75 
As 71 – 334 298 U – 0.4 12 4 
B – 20 – – V 256 257 802 152 
Ba 1186 210 1449 2213 W – – 76 43 
Be – 1 5 1 Zn 1275 76 502 1304 
Bi – – 25 2 Zr – 35 246 52 
Cd 13 0.3 4 14 La 23 6 215 19 
Co 154 35 3324 847 Ce 42 14 1065 28 
Cr 21 98 32 27 Pr 5 2 46 3 
Cs – 0.4 2 – Nd 23 10 189 12 
Cu 306 99 642 259 Sm 5 3 41 2 
Ga – 16 15 – Eu 1 1 10 1 
Ge – – 1 – Gd 6 3 46 4 
Hf – 2 6 0.3 Tb 1 1 7 1 
In – 0.1 0.2 – Dy 1 4 40 4 
Li 515 – 43 240 Y 30 23 161 32 
Mo 416 2 348 383 Ho 1 1 9 1 
Nb – 2 57 9 Er 3 2 23 3 
Ni 313 – 2743 1470 Tm 0.4 0.3 3 0.4 
Pb 97 3 1238 85 Yb 3 2 21 2 
Pt 21 – 400 – Lu 0.5 0.4 3 0.3  
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REYSN values). Ferromanganese precipitates with a larger hydrogenetic 
component typically plot near the top of the diagram (i.e., contain more 
REYs), are flatter, show positive Ce anomalies and generally show 
negative Y anomaly (Fig. 14), whereas samples with a larger 

hydrothermal component typically contain lower REYs, are depleted in 
LREE (reminiscent of a seawater REY pattern (Bau et al., 2014)), show 
negative Ce anomalies and generally show a positive Y anomaly. Similar 
REY patterns are observed for Fe-Mn precipitates sampled from the 
north and central Mariana arc (Table 4; Fig. 13). 

The CeSN/CeSN* values of most of our Fe-Mn precipitates are below 
one (mean of 0.75), suggesting widespread hydrothermal influence, and 

Fig. 12. Enrichments and depletions of 48 elements in Fe-Mn precipitates from this study relative to the respective averages of Mariana arc volcanic rock. Data points 
represent average values and error bars are 1σ. 

Fig. 13. Shale-normalized (PAAS) REY diagram of Fe-Mn precipitates analyzed 
in this study. 

Fig. 14. Shale-normalized (PAAS) REY patterns of average: north (Hein et al., 
2008) and south (current study) Mariana arc; Amerasia Basin (Hein et al., 
2017); Wallis & Futuna (Pelleter et al., 2017); North Pacific Prime Zone, 
Atlantic and Indian oceans (Hein and Koschinsky, 2014); and all hydrogenetic, 
hydrothermal, hydrothermal except Wallis and Futuna, and phosphatized Fe- 
Mn precipitates. 

D.R. Knaack et al.                                                                                                                                                                                                                              



Chemical Geology 568 (2021) 120132

16

samples with the highest CeSN/CeSN* values (D44-1-2B, D49-3-1, and 
D75-2-7B with values of 1.13, 1.11, and 1.25, respectively) were all 
identified as being either hydrogenetic or mixed-origin, depending on 
the discrimination scheme used (Tables 4 and 7; Figs. 4-7). The perva-
sive hydrothermal input in the western Mariana region, which serves as 
a semi-enclosed basin at water depths > ~ 1500 m, and resultant fast 
growth rates, are likely the underlying cause of these low CeSN/CeSN* 
values in our samples. The negative Ce anomaly reflects the signature of 
arc lavas and seawater; CeSN/CeSN* can be positive only if the growth 
rate is much slower, allowing kinetic effects to occur during oxidation of 
Ce3+ to Ce4+ on the surface of oxide and oxyhydroxide minerals (Bau 
and Koschinsky, 2009; Elderfield et al., 1981; German and Elderfield, 
1990). Of the REY anomalies examined in this study (i.e., CeSN/CeSN*, 
YSN/HoSN, and EuSN/EuSN*), the YSN/HoSN value is unique because un-
like Ce and Eu which fractionate from the rest of the REY elements due 
to changing redox and temperature conditions, fractionation of Y from 
Ho is driven by REY speciation and anion composition of the ambient 
fluids (Bau and Dulski, 1995). The Ho complexes in solution are pref-
erentially incorporated onto oxyhydroxide surfaces over those contain-
ing Y, producing this anomaly (Bau et al., 1996). The YSN/HoSN values of 
our samples (Table 4) are mostly below one (average of 0.92), sug-
gesting hydrogenetic growth (in contrast to CeSN/CeSN* values). All 
samples except D35-3-1 and D44-1-2A have a positive Eu anomaly 
(Table 4), which is typical of Fe-Mn precipitates derived from high- 
temperature hydrothermal fluids (Bau, 1991; Bau et al., 2014). Coun-
terintuitively, the sample with the lowest EuSN/EuSN* value (D35-3-1 
with a value of 0.79), otherwise appears to be one of the most hydro-
thermally influenced samples in our dataset (Tables 4 and 7), and D44-1- 
2A (with a value of 0.94) also appears to have interacted with hydro-
thermal fluids considerably (it is likely a mixed-origin Fe-Mn precipi-
tate). It is unlikely that mixing of seawater - which typically has no Eu 
anomaly (Olivarez and Owen, 1991) - with hydrothermal fluids during 
mineralization, or interaction with low-temperature hydrothermal 
fluids - which result in lower, but still positive EuSN/EuSN* values 
(Nakada et al., 2017) - would produce such low values. The mean EuSN/ 
EuSN* value of our samples is 1.19, slightly higher than the mean of 
global hydrothermal deposits (1.06) and hydrogenetic crusts (1.14), and 
the same value as mixed origin Fe-Mn precipitates sampled from the 
north and central Mariana arc (Table 4). 

5.2. Mineralogy and genetic origin 

To identify correlations between mineralogy and genetic type in our 
samples, the number of times each Fe and Mn oxide and oxyhydroxide 
mineral was identified in a hydrothermal, mixed origin, or hydrogenetic 
sample was determined (Fig. 15). The 10 Å manganate mineral was 
identified in samples D21-2-1, D37-2-3A, D37-2-3B, D37-2-3C, D44-3-2, 
and D54-1-2A, all of which are classified as hydrothermal Fe-Mn de-
posits using at least three out of four of the discrimination diagrams, and 
sample D54-3, which is classified as mixed hydrothermal‑hydrogenetic 
in origin (Tables 5 and 7; Fig. 15). Vernadite was identified in samples 
classified as hydrogenetic in the discrimination diagrams (i.e., D70-1-1 
and D75-2-7A) as well as those of mixed origin with a large hydro-
genetic component (i.e., D75-2-7B, D15-1-1, D52-1-2) (Tables 5 and 7; 
Fig. 15). The mineral birnessite was commonly identified in hydro-
thermal Fe-Mn deposits (i.e., D19-2-1, D21-2-1, D35-3-1, D54-1-2A). 

Hydrothermal samples D44-3-2 and D19-2-1 not only contain 10 Å 
manganate and birnessite, respectively, but also vernadite (Table 5). The 
Fe-Mn precipitate with the greatest hydrogenetic component, D70-1-1, 
also contains birnessite in addition to vernadite. These limited cases 
where unexpected minerals are present can be explained by the nature 
of their mixed genetic origin. Because the supply and composition (e.g., 
Mn, Fe, trace metals) of ambient (hydrothermal) fluids are subject to 
changes in this formation environment, so too are the authigenic min-
erals which precipitate (Post, 1999; Von Damm, 1995). 

The composition of minor detrital aluminosilicate, carbonate, and 

other mineral fractions can provide insights into the formation condi-
tions of a sample. Authigenic phillipsite, for example, precipitates near 
mid-ocean ridges and where submarine weathering occurs, as mafic 
and/or alkaline (i.e., low Si/Al) volcanic glass shards break down and 
their contents are redistributed (Petzing and Chester, 1979). Addition-
ally, the high contents of Si and Al (Table 2) in our samples (especially 
with respect to their respective averages in hydrothermal Fe-Mn de-
posits) indicates a larger detrital aluminosilicate fraction (i.e., fewer 
oxide/oxyhydroxide minerals) and therefore partially explains the low 
contents of metals associated with the latter mineral phases (Hein and 
Koschinsky, 2014). The detrital aluminosilicate fractions of Fe-Mn pre-
cipitates in this study (Table 5) do not appear to favour any specific 
genetic type. The presence (or not) of carbonate minerals can indicate 
formation depth because these minerals dissolve below the carbonate 
compensation depth (CCD) which lies ~4500 m in the Pacific Ocean 
(Edmond, 1974), much deeper than any of our samples. Calcite was 
identified in samples (i.e., D21-2-1, D37-2-3A, D37-2-3B, D37-2-3C, 
D44-3-2, D75-2-7A, and D75-2-7B) that were dredged from relatively 
shallow formation depths of above ~1300 m (Tables 1 and 5), well 
above the CCD. Rhodochrosite, a more resistant Mn carbonate, was 
identified in D52-1-2, which was sampled from a depth of 2990 m 
(Tables 1 and 5). No correlative relationship was observed between 
formation depth and genetic type. 

5.3. Calculated growth rates 

Growth rates reported in Table 4 are derived using the equation of 
Manheim and Lane-Bostwick (1988) only. The equation of Puteanus and 
Halbach (1988) produced all negative values (including the most 
hydrogenetic of our Fe-Mn crusts), because Co concentrations in our 
samples were below the threshold of 0.24 wt% (Table 3); this is another 
indication that our samples are not purely hydrogenetic in origin. Both 
equations operate under the assumption that there is a constant supply 
of Co over time and space, (Manheim and Lane-Bostwick, 1988; 

Fig. 15. Number of times each Mn-Fe mineral was identified in a sample of 
each genetic type. 
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Puteanus and Halbach, 1988), which is unlikely to be the case for hy-
drothermal Fe-Mn deposits, because hydrothermal fluids wax, wane, 
and undergo changes in composition regularly (Hein et al., 2008; Von 
Damm, 1995). Puteanus and Halbach (1988) include an optional 
correction that can be applied to their equation for heavily phosphatized 
Fe-Mn crusts, however, this was not used in our study because P contents 
are relatively low, and the correction requires that there be a measurable 
difference in Mn/Co value between old heavily phosphatized and young 
un-phosphatized material in a sample. Manheim and Lane-Bostwick 
(1988) do not include a correction for phosphatization because it is 
assumed that Co is proportional to both Fe and Mn, however, it has been 
demonstrated that Fe is depleted to a greater extent than Mn in phos-
phatized Fe-Mn crusts, an issue which should be addressed in cases 
where P contents are considerable (Josso et al., 2019; Koschinsky et al., 
1997). 

In general, the growth rates of hydrothermal Fe-Mn deposits are 
much greater (i.e., they can range from hundreds to ~220,000 mm 
Ma− 1) than the 1–6 mm Ma− 1 rate typical of hydrogenetic Fe-Mn crusts 
(Hein et al., 2008; Koschinsky and Hein, 2003). Most of the Fe-Mn 
precipitates in this study exhibit growth rates indicative of a hydro-
thermal origin, or some degree of influence from this genetic end-
member (Table 4). Fig. 16 shows the relationship between growth rate 
(mm Ma− 1) and genetic type in our samples. Those designated as hy-
drothermal Fe-Mn deposits range from ~290 to 190,000 mm Ma− 1 

(mean of 24,400 mm Ma− 1), mixed origin deposits range from 35 to 330 
mm Ma− 1 (mean of 136 mm Ma− 1), and hydrogenetic Fe-Mn crusts 
range from 6 to 76 mm Ma− 1 (mean of 32 mm Ma− 1) (Table 4; Fig. 16). 
The growth rate of hydrogenetic Fe-Mn crust D75-2-7A (76 mm Ma− 1) is 
>3× that of the other two hydrogenetic crusts (D70-1-1 and D49-3-1, 
with growth rates of 6 and 15 mm Ma− 1, respectively) combined, indi-
cating slight hydrothermal influence (Table 4; Fig. 16). Only two of the 
other studies we examined have growth rate data for hydrothermal Fe- 
Mn deposits, and one of these had only a single data point with an 

atypically low growth rate, so we compare our data to the mean growth 
rate of hydrothermal Fe-Mn deposits from the north and central Mariana 
arc instead of a global hydrothermal mean (Fig. 16). The mean growth 
rate of hydrothermal Fe-Mn crusts from the north and central Mariana 
arc is ~56,000 mm Ma− 1 (Table 4), which is similar to (Fig. 16) some of 
our most hydrothermally influenced samples (e.g., D54-1-2A, D35-3-1). 
The global mean growth rate of hydrogenetic Fe-Mn crusts was deter-
mined to be ~4, which is comparable to, albeit slightly below, the 
growth rates of our most hydrogenetic samples (Table 4; Fig. 16). 

5.4. Mineralization style 

The textural appearance of Mariana Arc and back-arc Fe-Mn pre-
cipitates may reflect different mineralization styles and differing redox 
conditions at the time of deposition, with each genetic type (i.e., hy-
drothermal and hydrogenetic) producing distinct textures or minerali-
zation styles (Table 5; Fig. 2). Ferromanganese precipitates from the 
southern Mariana arc reflect a variety of processes, all of which reflect 
the interaction of local and regional hydrothermal activity and seawater 
(i.e., hydrogenetic and hydrothermal endmembers). Ferromanganese 
precipitates consistently classified on discrimination diagrams as hy-
drothermal deposits exhibit textures of multiple generations of void fill 
(Fig. 2C), cemented and pervasively replaced (Fig. 2E), and cemented 
and partially replaced (Fig. 2F) volcaniclastic rocks, whereas those 
classified as hydrogenetic crusts occur as friable crust on lithic fragments 
(Fig. 2A), dendritic columns in poorly consolidated sedimentary rocks 
(Fig. 2B), and one (D75-2-7A) as a cemented and pervasively replaced 
(Fig. 2E) precipitate (Table 5; Fig. 2). This association may extend 
further, with respect to the Fe-Mn mineralogy and the associated metal 
compositions of these minerals; Fig. 15 suggest that 10A manganate, 
birnessite, and maghemite are characteristic of hydrothermal deposits 
whereas hematite is characteristic of hydrogenetic and mixed origin 
crusts. 

Fig. 16. Growth rates (mm Ma− 1) of Fe-Mn precipitates from the southern Mariana arc (sorted by genetic classification); north & central Mariana arc hydrothermal 
mean; and mean of all hydrogenetic Fe-Mn crusts. 
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5.5. Volcanic activity 

Samples classified as hydrogenetic were recovered near inactive 
edifices (e.g., D49-3-1, D70-1-1, and D75-2-7A) whereas samples from 
close to active edifices (e.g., D35-3-1, D21-2-1, D19-2-1, and D37-2-3) 
have a significant hydrothermal component (Tables 1 and 7). Some of 
the most hydrogenetic samples (e.g., D15-1-1, D49-3-1, and D44-1-2B) 
were recovered >10 km (11.4, 15.9, and 15.9 km, respectively) from 
their nearest respective volcanoes, however, the two with the most 
hydrogenetic input (D70-1-1 and D75-2-7A) were recovered 1.4 and 1.7 
km, respectively, from the nearest volcanic edifice (Table 1). Samples 
with strong hydrothermal influence (e.g., D35-3-1, D54-1-2A, D47-1-1, 
D44-2-4, and D19-2-1) were recovered from a wide range of distances 
(5.0, 14.1, 1.7, 15.9, and 7.0 km, respectively) from nearby volcanic 
edifices (Table 1). The distance between Fe-Mn crusts/deposits and 
nearby volcanoes, therefore, appears to be less consequential to genetic 
type than the presence or absence of nearby submarine volcanic activity. 
Distance to nearest volcano shares high positive loading (Appendix E) in 
the same principal component as aluminosilicate-associated elements (e. 
g., Si, Al, Sc, and Mg) only. The sample with high Si/Al value (D35-3-1) 
was recovered ~5 km from an active volcano (Table 1). Our sample size 
is small and therefore our conclusion that hydrothermal crusts are found 
closer to submarine volcanoes and that hydrogenetic crusts are found 
farther away must be regarded as a tentative finding. A detailed regional 
study taking into account plume dispersal mechanics, ocean currents, 
and changes to hydrothermal activity through time should be explored 
to investigate the effect these parameters have on the distribution of 
metals, but this is beyond the scope of the current study. 

5.6. Genetic model 

Ferromanganese precipitates from the southern Mariana arc reflect a 
continuum of mixing between hydrogenetic and hydrothermal compo-
nents and the contribution of each depends heavily on proximity to 

nearby volcanic or hydrothermal activity (Fig. 17A). Samples recovered 
farthest from active submarine volcanoes and hydrothermal vents 
reflect a greater contribution of metals from normal seawater (i.e., they 
are primarily hydrogenetic) whereas those recovered from locations 
close to volcanic or hydrothermal activity show greater influence from 
this endmember. Hydrothermal plumes in the Mariana arc are typically 
S-rich and low in metal content, however, exceptions are known to occur 
(Resing et al., 2009). Hydrothermal plumes above the Esmeralda and 
Ruby submarine volcanoes, for example, contain Fe, and the plume 
above NW Rota-1 contains Fe and Al (Resing et al., 2009), therefore 
contribution of metals from these plumes, however minor, are none-
theless relevant. Because the East and West Mariana Ridges encompass 
the Mariana Trough (i.e., the back-arc spreading centre), this basinal 
environment likely plays a role in keeping hydrothermal fluids trapped 
in the region (Fig. 17B), contributing further to the already large degree 
of hydrothermal influence on southern Mariana arc Fe-Mn precipitates. 

6. Conclusions 

The following conclusions can be drawn from the results of this 
study:  

• Fe-Mn precipitates from the southern portion of the Mariana arc (n =
22) are mostly classified as hydrothermal‑hydrogenetic (i.e., mixed 
origin) and hydrothermal Fe-Mn deposits, with few samples being 
classified as hydrogenetic. These designations differ slightly 
depending on which discrimination technique is used but generally 
agree. Most samples reflect some degree of influence of both genetic 
endmembers, and plot along a continuum from hydrogenetic to hy-
drothermal origin. 

• Trace metal contents in these samples are extraordinarily low, rela-
tive not only to hydrogenetic Fe-Mn crusts, but also hydrothermal Fe- 
Mn deposits from other locations around the world. They are most 
similar in composition to mixed-type Fe-Mn deposits sampled from 

Fig. 17. Genetic model showing how mixed origin Fe-Mn deposits from the southern Mariana arc formed. This figure borrows concepts and data from Hein et al., 
2008, Lusty et al., 2018, and the Baker, 2015. Horizontal scale is approximate and vertical direction is not to scale. 
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higher latitudes along the Mariana arc – but have lower contents of 
Ba, Li, Mo, and Zn. Samples from this region show little potential as a 
viable source for rare trace metals. 

• Minerals identified in these samples include the Mn oxide and oxy-
hydroxide minerals vernadite, birnessite, a 10 Å manganate mineral, 
and manganite; Fe oxide and oxyhydroxide minerals include hema-
tite, goethite, and maghemite; carbonate minerals include calcite, 
manganocalcite, and rhodochrosite; and aluminosilicate minerals 
include quartz, phillipsite, and various feldspar, clay, and pyroxene 
minerals. Ferromanganese precipitates from this region have un-
dergone almost no phosphatization.  

• Samples in this study with the largest hydrogenetic component are 
friable with branching oxide/oxyhydroxide growth structures, 
contain mostly vernadite, and have the greatest concentrations of 
most metals (including the REY elements). Hydrothermal input 
produces denser, cemented deposits that contain more 10 Å and 7 Å 
manganate minerals and lower minor-metal contents.  

• Applying the Co chronometer of Manheim and Lane-Bostwick (1988) 
to our samples resulted in estimated growth rates ranging from 6 to 
>190,000 mm Ma− 1, further supporting the conclusion that these 
samples are of mixed-origin. The Co chronometer of Puteanus and 
Halbach (1988) produced erroneous values because the Co concen-
trations were so low and therefore appears to have very limited use 
with respect to mixed-origin Fe-Mn precipitates. 
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