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A B S T R A C T   

An existing sequential extraction scheme for particulate iron (Fe) is evaluated for manganese (Mn) using a range 
of Mn standards. The scheme consists of 5 steps and quantifies 5 operationally defined Mn pools (1) poorly 
ordered Mn oxides and Mn phosphates (ascorbic acid extractable); (2) Mn carbonates and Mn sulfides (1 M HCl 
extractable), (3 and 4) crystalline Mn oxides (citrate buffered dithionite and ammonium oxalate extractable, 
respectively) and (5) Mn associated with pyrite (concentrated HNO3 extractable). Application of the extraction 
scheme to coastal sediments from six locations (Black Sea, Baltic Sea, Bothnian Sea, Gulf of Mexico and Ches-
apeake Bay) highlights the dependency of sediment Mn partitioning on bottom water redox conditions. In 
sediments deposited in anoxic and sulfidic (euxinic) bottom waters, Mn is mostly present in Mn carbonates, 
pyrite and in non-reactive Mn forms, in approximately equal amounts. We find that in sediments deposited in 
periodically euxinic and hypoxic (oxygen <63 μmol L− 1) waters, Mn carbonates dominate over the two other 
fractions, and small amounts of Mn oxides are observed. In sediments deposited in oxygenated bottom waters, 
Mn oxides, Mn-rich vivianite-type minerals and Mn carbonates dominate and no pyrite-bound Mn is observed. A 
large advantage of the extraction scheme is that it quantifies sediment forms of Mn and Fe simultaneously. Given 
the role of Mn as a bottom water redox proxy, the separation of poorly ordered Mn oxides, carbonates and pyrite 
is of specific relevance.   

1. Introduction 

Manganese (Mn) is a key micro-nutrient in marine surface waters 
(Raven, 1990; Moore et al., 2013). The cycling of Mn in the marine 
environment interacts with that of iron (Fe), carbon, phosphorus, ni-
trogen, sulfur and various trace metals (Burdige, 1993; Canfield et al., 
1993; Luther et al., 1997; Beal et al., 2009). For example, Mn oxides can 
act as an electron acceptor in the oxidation of organic matter and as a 
carrier for phosphorus, cobalt and nickel (Goldberg, 1954; Koschinsky 
and Hein, 2003; Jilbert and Slomp, 2013). In ancient sediments, Mn 
contents are frequently used as a proxy of bottom water oxygen con-
centrations (i.e. Calvert and Pedersen (1993), Johnson et al. (2016), 
Ostrander et al. (2019)). With the present-day expansion of low oxygen 
areas in the open and coastal ocean (Breitburg et al., 2018), detailed 
insight into the forms of Mn in sediments and the water column and their 
response to environmental changes is becoming increasingly important. 

In oxic waters and surface sediments, particulate Mn is mainly pre-
sent in the form of Mn oxides (Fig. 1; Calvert and Pedersen (1993), 
Burdige (1993)). These Mn oxides can consist of minerals within the 

group of tecto- and phyllomanganates such as birnessite and pyrolusite 
or crystalline forms such as manganite and bixbyite (Hem and Lind, 
1983; Anschutz et al., 2005). Upon burial or downward mixing by 
macrofauna, Mn oxides can be reductively dissolved during the degra-
dation of organic matter or through reactions with sulfide (H2S), dis-
solved Fe(II) or CH4 (Postma, 1985; Burdige, 1993; Beal et al., 2009). 
This leads to release of dissolved Mn to the porewater, either as Mn(II) or 
Mn(III) (Madison et al., 2013). Upward diffusing dissolved Mn(II) and 
Mn(III) can be re-oxidized in the oxic surface sediment and again form 
Mn oxides (Sundby and Silverberg, 1985; Learman et al., 2011). In 
anoxic sediments, where dissolved Mn(II) and carbonate (CO2−

3 ) con-
centrations in porewaters are high, redMnCO3 or mixed Mn-Mg-Ca 
carbonate phases, such as rhodochrosite or pseudokutnahorite, may 
form (Middelburg et al., 1987; Mucci, 1988; Neumann et al., 2002). In 
coastal sediments with a low salinity, vivianite-type minerals rich in Mn 
((Fe, Mn)3(PO4)2⋅ 4H2O) can contribute to burial of Mn (Nakano, 1992; 
Egger et al., 2015; Lenstra et al., 2018). In sulfidic sediments, part of the 
dissolved Mn can be incorporated in pyrite or in authigenic Mn sulfide 

* Corresponding author. 
E-mail address: w.k.lenstra@uu.nl (W.K. Lenstra).  

Contents lists available at ScienceDirect 

Chemical Geology 

journal homepage: www.elsevier.com/locate/chemgeo 

https://doi.org/10.1016/j.chemgeo.2021.120538 
Received 18 June 2021; Received in revised form 17 September 2021; Accepted 20 September 2021   

mailto:w.k.lenstra@uu.nl
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2021.120538
https://doi.org/10.1016/j.chemgeo.2021.120538
https://doi.org/10.1016/j.chemgeo.2021.120538
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2021.120538&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Chemical Geology 584 (2021) 120538

2

minerals, such as alabandite and rambergite, (Suess, 1979; Lepland and 
Stevens, 1998; Huerta-Diaz and Morse, 1992; Lenstra et al., 2020). A 
small fraction of non-reactive Mn can be present in clays, such as 
smectites and primary Fe-Mg silicates. 

Changes in particulate Mn forms with depth and time in sediments 
and the water column are frequently inferred from trends in total Mn 
contents (i.e. Lyons and Severmann (2006), Dellwig et al. (2007), 
Sulu-Gambari et al. (2017)). For example, when oxic marine bottom 
waters transition into anoxia, surface sediments typically become 
depleted of Mn (Calvert and Pedersen, 1993; Brumsack, 2006). This is 
usually attributed to reductive dissolution of Mn oxides and escape of 
the dissolved Mn to the water column (Sulu-Gambari et al., 2017; Her-
mans et al., 2021). This dissolved Mn may then precipitate again as Mn 
oxide in the water column upon contact with oxygen in the redoxcline 
and the Mn oxide may then settle on the seafloor. Analyses of the 
chemical and mineral composition of particulate Mn from marine en-
vironments with XRD, synchotron-based X-ray spectroscopy and 
SEM-EDS have confirmed such redox driven cycles. (Lenz et al., 2014; 
Lenstra et al., 2020; Lee et al., 2021). While these latter methods allow 
the identification and, in suspended matter, quantification of Mn min-
erals, these techniques are rather time-intensive (e.g. Lam et al. (2015)). 
Hence, they can typically only be carried out for a subset of samples and 
need to be complemented with bulk geochemical analyses by wet 
chemical techniques. Various single step and sequential procedures for 
the extraction of particulate Mn have been proposed (Tessier et al., 
1979; Hyacinthe et al., 2001; Hyacinthe and Van Cappellen, 2004; 
Anschutz et al., 2005; Mouret et al., 2009). However, to date, these 
methods have not been applied in a sequential scheme, calibrated with 
standards for key Mn minerals. 

In this study, we present a 5-step sequential extraction procedure for 
Mn, which we apply to a total of sixteen standards that include various 
types of Mn oxides, Mn phosphates, Mn carbonate, Mn sulfide and clays. 
This procedure combines steps from three sequential extraction schemes 
used for the partitioning of solid phase Fe (Poulton and Canfield, 2005; 
Claff et al., 2010; Raiswell et al., 2010) as presented by Lenstra et al. 
(2019) in a study of Black Sea sediments and suspended matter. We 
demonstrate that the method is particularly successful in separating 

poorly ordered Mn oxides, Mn carbonates and Mn in pyrite. By applying 
the method to a range of coastal sediments, we further demonstrate its 
suitability in distinguishing particulate Mn phases. 

2. Material and methods 

2.1. Mn extraction scheme 

The 5-step sequential extraction procedure applied in this study 
(Table 1) employs (1) ascorbic acid (pH 7.5) to extract poorly ordered 
Mn oxides such as birnessite and pyrolusite (Raiswell et al., 2010; 
Hyacinthe and Van Cappellen, 2004); (2) 1 M HCl to dissolve metal 
carbonates (Claff et al., 2010); (3) citrate buffered dithionite and (4) 
ammonium oxalate to extract crystalline metal oxides (Poulton and 
Canfield, 2005) and (5) concentrated HNO3 to extract Mn bound in 
pyrite (Huerta-Diaz and Morse, 1992; Claff et al., 2010). All solutions 

Fig. 1. Schematic overview of Mn dynamics in coastal sediments. Mn ox: Mn oxides, Clay Mn: Mn associated with clays, Mndiss: dissolved Mn, Corg: organic carbon, 
Fediss: dissolved Fe, Mn-FeS2: Mn associated with pyrite, MnS: Mn sulfides, MnCO3: Mn carbonates. 

Table 1 
Sequential extraction procedure based on Raiswell et al. (2010), Poulton and 
Canfield (2005) and Claff et al. (2010) as presented in Lenstra et al. (2019). All 
extraction steps were performed at room temperature.  

Step Extractant Time 
(h) 

Terminology Reference 

1 0.17 M sodium citrate, 0.6 M 
sodium bicarbonate and 
0.057 M ascorbic acid (pH 
7.5) 

24 Mn Asc. Raiswell et al. 
(2010) 

2 1 M HCl 4 Mn HCl Huerta-Diaz and 
Morse (1990) 

3 50 g L− 1 sodium dithionite 
solution buffered to pH 4.8 
with 0.35 M acetic acid/ 
0.2 M sodium citrate 

4 Mn CDB Poulton and 
Canfield (2005) 

4 0.2 M ammonium oxalate/ 
0.17 M oxalic acid (pH 3.2) 

6 Mn Oxalate Poulton and 
Canfield (2005) 

5 65% HNO3 2 Mn HNO3 Lord (1982),  
Claff et al. 
(2010)  
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were deoxygenated before addition to the samples, except for the 
concentrated HNO3 solution. All reagents used during the sequential 
extraction procedure were analytical grade and the solutions were 
prepared using deionised (Milli-Q) water. 

Aliquots of ca. 20 mg of each Mn standard (in triplicate) and 100 mg 
of each sediment sample were subjected to 10 ml of extractant in each 
step. During the extraction the samples were shaken on a shaker table. 
After extraction, all solutions were centrifuged and subsequently passed 
through a 0.45 μm nylon filter except for the concentrated HNO3 solu-
tion. Concentrations of Mn were analyzed by Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES; Spectro Arcos). 

To gain insight in the dissolution kinetics of Mn oxides and Mn 
phosphate during the 24 h extraction with ascorbic acid (Step 1; 
Table 1), experiments where performed using birnissite, manganite and 
Mn bearing vivianite (Mn/Fe ratio: 0.1) standard. All Mn experiments 
were carried out in triplicate on ca. 20 mg of the Mn standards using 
10 ml of extractant. During this extraction 5 samples were taken with 
time at 0, 1.1, 2.55, 4.45, 6.35 and 24 h after the start. 

2.2. Mn standards 

The sixteen Mn standards consist of six different types of Mn oxides, 
capturing various crystallinities and redox states, a range of six 
vivianite-type minerals ((Fe, Mn)3(PO4)2⋅ 4H2O) with varying ratios of 
Fe and Mn, a Mn carbonate (rhodochrosite), a Mn sulfide (alabanite) and 
two clay samples (two types of smectite; Table 2). One of the amour-
phous Mn oxide standards was obtained from a Mn nodule. 

The vivianite-type minerals were synthesized by mixing a 0.2 M 
Mohr salt solution ((NH4)2Fe(SO4)2 6H2O) with a solution of 0.16 M 
ammonium acetate and 0.47 M disodium phosphate in an argon filled 
glovebox (1:1 volume ratio) following the procedure described by 
Rouzies and Millet (1993). To synthesize vivianite-type minerals with 
varying Mn concentrations, we added 0.6 M MnCl2 solution in various 
ratios to the solutions following Dijkstra et al. (2018a), and always kept 

the P:(Fe+Mn) ratio at 1:1. All chemical solutions were deoxygenated 
before mixing and prepared in sulfate-free artificial seawater with a 
salinity of 14, as in Dijkstra et al. (2018a). Artificial seawater was pre-
pared according to Millero (1974) after Kester et al. (1967). After 
combining the Fe, Mn and phosphate containing solutions, these were 
shaken for 48 h under an argon atmosphere. Subsequently, the super-
natant was removed by centrifuging and the minerals were washed 
twice with deoxygenated water and dried under an argon atmosphere 
for 7 days. 

To determine the total elemental concentrations of the Mn standards, 
all standards were ground in an agate mortar and ca. 10 mg was digested 
in 2.5 ml mixed acid (HNO3:HClO4; 2:3) and 2.5 ml 40% HF at 90 ◦C. 
After fuming off the acids, the residue was redissolved in 2.5 ml 
concentrated H2O2 and 2.5 ml concentrated HCl. After fuming off the 
H2O2 and HCl, the residue was redissolved in 1 M HNO3. The solutions 
were subsequently analyzed for total Al, Ca, Fe, Mn, P, S and Ti by ICP- 
OES. The average analytical uncertainty based on duplicates was 6% for 
Mn. 

The mineralogy of all Mn standards was determined by X-ray 
diffraction (XRD) using a Bruker D2 diffractometer with Cobalt Kα ra-
diation over a 5–85 2σ range with a step size of 0.026◦. The character-
ization of the Mn standards using XRD is described in Supplementary 
Information (Fig. A.1). 

2.3. Sediment collection and analyses 

The sequential extraction scheme was applied to coastal sediments 
from six sites, which were selected to capture a range of bottom water 
redox conditions (Table 3). The sites are located in the euxinic Northern 
Gotland basin in the Baltic Sea (LL19), the seasonally hypoxic Gulf of 
Finland (GoF5), the oxic deep basin of the Bothnian Sea (US5B), the 
hypoxic shelf edge near the chemocline in the northwestern Black Sea 
(Black Sea 6), the seasonally hypoxic Louisiana shelf in the Gulf of 
Mexico (GoM1) and an oxic estuary in Chesapeake Bay (ET5.1). 

Table 2 
Source and total elemental concentrations of the manganese standards included in this study, bdl is below detection limit. The Mn minerals were characterized with 
XRD (Fig. A.1). The low amount of sample used (i.e. 10 mg) for the determination of the total element composition might lead to some uncertainties in these numbers.  

Standard Source Al Ca Fe Mn P S Ti 
XRD characterizationa  μmol g− 1 μmol g− 1 μmol g− 1 μmol g− 1 μmol g− 1 μmol g− 1 μmol g− 1 

Mn(IV) oxide 
Mn nodule In house collection 1349 303 2668 2238 71 147 135 
Pyrolusite Alfa Aesar 402 590 29 6994 72 bdl bdl  

Mn(IV/III) oxide 
Birnessite LGITb 366 32 13 10,491 bdl 342 bdl  

Mn(III) oxide 
Manganite Ward 351 53 360 2125 bdl bdl bdl 
Bixbyite Alfa Aesar 352 35 13 12,231 bdl bdl bdl  

Mn(II/III) oxide 
Hausmannite Alfa Aesar 368 49 42 5921 bdl bdl bdl  

Mn(II) phosphate 
Hureaulite Alfa Aesar 115 307 9 5970 5768 382 bdl 
Switzerite Synthesis 401 67 27 5663 4403 bdl bdl 
Mn/Fe (6) Synthesis 341 44 892 5369 3993 32 bdl 
Mn/Fe (2) Synthesis 68 117 2322 4558 4397 244 bdl 
Mn/Fe (0.5) Synthesis 353 21 3834 1976 3808 191 bdl 
Mn/Fe (0.1) Synthesis 403 20 5179 560 3603 427 bdl  

Mn carbonate 
Rhodochrosite Baker 401 41 25 9154 bdl bdl bdl  

Mn(II) sulfide 
Alabanite Alfa Aesar 254 41 29 10,577 bdl 8235 bdl  

Clay 
Smectite-1 Clay mineral society 3706 108 773 5 27 218 104 
Smectite-2 Clay mineral society 2581 332 2287 3 38 490 84  

a XRD characterization: main mineral observed by XRD, complete overview is given in the appendix and Fig. A.1 
b Laboratoire de Géophysique Interne et Tectonophysique. 
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Sediment depth profiles of organic carbon, total Mn, and pyrite, and 
porewater profiles of dissolved Mn and H2S determined for these sites 
were all previously published except for site GoM1 in the Gulf of Mexico 
(Table 3). We briefly summarize the methods here. At each site, a 
sediment core was collected and sliced under a nitrogen atmosphere. 
Porewater was extracted via centrifugation and sediments were subse-
quently freeze-dried and ground in an agate mortar under an argon at-
mosphere. Total Mn in the sediment was determined through dissolution 
with HF and HNO3 and analyzed with an ICP-OES as described in Sec-
tion 2.2. Organic carbon contents were determined on a NCS analyzer 
after decalcification. Pyrite was determined as chromium reducible 
sulfur. For further details on the procedures for site GoM1, we refer to 
Lenstra et al. (2019). 

The bottom water salinity at the sites, as determined with a CTD 
system at the time of sampling, ranged from 5.2 at ET5.1 to 35.6 at 
GoM1 (Table 3). Organic carbon contents in the surface sediment ranged 
from 0.8 wt% at GoM1 to 10.4 wt% at GoF5 (Table 3). Sediments at all 
sites contained pyrite (Fig. A.2), with highest concentrations at the 
euxinic (LL19) and seasonally hypoxic site in the Baltic Sea (GoF5). 

Dissolved porewater Fe was lowest at the euxinic sites and highest at the 
oxic sites (Fig. A.2). 

3. Results and discussion 

3.1. Sequential extraction of Mn standards 

The application of the 5-step sequential extraction procedure 
(Table 1) to the sixteen Mn standards (Table 2) revealed distinct dif-
ferences in the solubility of the various Mn forms (Fig. 2; Table A.1). The 
ascorbic acid solution (Step 1), efficiently extracted the tecto- and 
phyllomanganates birnessite (99%) and pyrolusite (87%) and the 
amorphous Mn oxides in the nodule (88%), but only partially dissolved 
the crystalline Mn oxides manganite (49%), bixbyite (48%) and haus-
mannite (40%). This indicates that not all Mn oxides are necessarily 
dissolved during a 24 h extraction with ascorbic acid. This contrasts 
with the observations of Hyacinthe and Van Cappellen (2004) who re-
ported efficient extraction of birnissite, bixyite, hausmannite and py-
rolusite using this procedure. The difference might be related to 

Table 3 
Location and site characteristics of the six sites included in this study, BW is bottom water.  

Basin Label Latitude N Longitude Depth mbss Organic carbon* BW oxygen BW salinity Year of sampling Reference      
wt % μmol L− 1    

Baltic Sea LL19 58◦53.24′ 20◦19.5′ E 173 9.6 0 (H2S: 6.3) 11.7 2016 a 

Baltic Sea GoF5 59◦57.10′ 25◦11.02′ E 65 10.4 11 9.4 2016 b 

Black Sea Black Sea 6 43◦45.9′ 30◦05.1′ E 114 0.9 27 20 2015 c 

Gulf of Mexico** GoM1 28◦48.55′ 91◦20.12′ W 16 0.8 56 35.6 2018 d 

Bothnian Sea US5B 62◦35.17′ 19◦58.13′ E 214 3.2 180 6 2013 e 

Chesapeake Bay ET5.1 38◦48.36′ 75◦54.66′ W 4 6.2 339 5.2 2017 f  

a Lenstra et al. (2021). 
b Hermans et al. (2021). 
c Lenstra et al. (2020). 
d Lenstra et al., in prep. 
e Egger et al. (2015). 
f Kubeneck et al. (2021). 
* Organic carbon contents in the surface sediment (0–0.5 cm) for all stations except for US5B (0–1 cm). 
** Methods as in Lenstra et al. (2019). 

Mn-n
od

ule

Pyro
lus

ite

Birn
es

sit
e

Man
ga

nit
e

Bixb
yit

e

Hau
sm

an
nit

e

Rho
do

ch
ros

ite

Alab
an

ite

Hure
au

lite

Swits
eri

te

Mn/F
e (

6) 

Mn/F
e (

2)

Mn/F
e (

0.5
)

Mn/F
e (

0.1
)

Smec
tite

-1

Smec
tite

-2

0%

20%

40%

60%

80%

100%

Ascorbic acid
1M HCl
CDB
Oxalate
HNO3

Mn
oxides

Mn
phosphates

Mn
sulfide

Mn
carbonate

Clay Mn

Pe
rc

en
ta

ge
 M

n 
ex

tra
ct

ed

2246 8399 13942 3172 12821 11467 5134 6470 2207 4018 2207 633 8229 10831 34

Total Mn extracted (µmol g-1)

Fig. 2. Percentages of Mn extracted from sixteen standards (Table 2) during the 5-step sequential extraction procedure (Table 1). Total extracted Mn during the 
procedure for the different standards is given at the bottom of each bar in μmol g− 1. Percentages and values are means of triplicate analyses. Amounts of Mn 
extracted, including standard deviations for all extraction steps are presented in Table A.1. 

W.K. Lenstra et al.                                                                                                                                                                                                                              



Chemical Geology 584 (2021) 120538

5

differences in the composition of the Mn standards and/or differences in 
ageing (Eitel et al., 2018), which might especially affect the extraction of 
Mn minerals from older sediments and rocks. 

Ascorbic acid was highly efficient in extracting all Mn phosphates 
and vivianite-type minerals (>95%; Fig. 2), besides Mn oxides. The 
dissolution of the vivianite-type minerals slightly decreased with 
increasing Mn content, from 99% (Mn/Fe ratio: 0.1) to 96% for swit-
zerite (the Mn-rich end-member), which could indicate that the mineral 
stability increases slightly when the Mn content in the minerals is high. 
The ascorbic acid solution did not dissolve Mn carbonates (<1%) but did 
dissolve some MnS (ca. 30%), as also observed by Hyacinthe and Van 
Cappellen (2004). 

The 1 M HCl solution (Step 2) efficiently extracted Mn carbonate 
(99%) and Mn sulfide (70%; Fig. 2). A small amount of the crystalline 
Mn oxides, manganite (16%), bixbyite (9%) and hausmannite (11%), 
was extracted in 1 M HCl as well. This demonstrates that 1 M HCl mainly 
targets Mn carbonates and Mn sulfides and that these can be differen-
tiated from the poorly ordered Mn oxides and Mn phosphates that are 
extracted in the first step of this method. 

The CDB and ammonium oxalate solutions (Step 3 and 4) are widely 
used to extract crystalline Fe oxides, such as goethite, hematite and 
magnetite (Poulton and Canfield, 2005; Claff et al., 2010). We observed 
that the CDB and ammonium oxalate solutions extracted the remaining 
part of the crystalline Mn oxides (i.e. manganite, bixbyite and haus-
mannite; Fig. 2). However, because these Mn oxides were partly dis-
solved in the first two steps, poorly ordered and more crystalline Mn 
oxides cannot be fully separated via this procedure. 

Concentrated HNO3 (Step 5) is commonly used to extract pyrite and 
associated trace metals after the extraction of the other metal phases 
(Lord, 1982; Huerta-Diaz and Morse, 1992; Claff et al., 2010). Since no 
other Mn standards are extracted in the concentrated HNO3 solution, 
this suggests that this step is indeed specific for Mn associated with 
pyrite. Part of the Mn in the smectites was extracted in all steps. How-
ever, the total extracted Mn concentrations were very low (<5 μmol g− 1; 
Fig. 2; Table A.1). 

The kinetic experiments with ascorbic acid were performed on two 
minerals that were nearly completely dissolved in this step (i.e. poorly 
ordered Mn oxide (birnessite) and Mn bearing vivianite (Mn/Fe ratio: 
0.1)) and one mineral that was partly dissolved (crystalline Mn oxide 
(manganite); Fig. 3). Dissolved Mn concentrations in the birnessite and 
Mn bearing vivianite experiment both reach a plateau after ca. 2.5 h, 
which indicates that the complete dissolution of these minerals occurs 
relatively fast (Fig. 3A and C). Concentrations of dissolved Fe and Mn 
versus time in the ascorbic acid extraction of Mn bearing vivianite were 
nearly identical. This suggests that the mineral dissolved homoge-
neously and that there is no preferential release of either Mn or Fe. 
Manganite dissolution does not reach a plateau in the experiment 

(Fig. 3B), which is in accordance with our observation that ca. 50% of 
manganite dissolved in the ascorbic acid solution during the 24 h 
extraction. In future experiments, the effect of shortening the extraction 
time of the ascorbic acid extraction might be assessed in more detail to 
improve the separation between poorly ordered Mn oxides, such as 
birnessite, and vivianite-type minerals and the crystalline Mn oxides, 
such as manganite. 

3.2. Porewater Mn and Mn speciation in sediments 

The sediments at the six study sites differ greatly in their porewater 
characteristics. The shape of the porewater profiles point towards pro-
duction of dissolved Mn in the sediment at all locations (Burdige (2006); 
Fig. 4A). Porewater sulfide was present at all sites and either increases 
with depth (LL19, GoF5, Black Sea 6) or shows a subsurface maximum 
(GoM1, US5B, ET5.1). Concentrations are highest at the euxinic and 
seasonally hypoxic sites in the Baltic Sea (LL19, GoF5). These differences 
in sulfide availability are expected to impact both total Mn contents and 
the Mn speciation in the sediment (Burdige and Nealson, 1986). 

Our total Mn analyses and the application of the sequential extrac-
tion procedure to the sediments from the six sites, ordered based on their 
bottom water redox conditions (euxinic to oxic; Table 3) confirm that 
there are large differences in sediment Mn contents and speciation 
(Figs. 4B and 5). Below, we discuss the Mn profiles for each site within 
the context of several key site characteristics, including what is known 
about the sediment forms of Mn based on previous studies (Table 4). 

The porewaters at the euxinic site LL19 in the Baltic Sea are rich in 
both dissolved Mn and H2S (maxima of ~70 and 250 μmol L− 1, 
respectively, Fig. 4A). The linear increase in dissolved Mn with depth 
points towards a Mn source below the sampled interval. Total sediment 
Mn contents (Fig. 4B) are mostly below 10 μmol g− 1 except for the 
depths between 7 and 10 cm where they increase to ca. 100 μmol g− 1 

(Fig. 4B). At this site, only few Mn oxides are expected because of their 
rapid reduction with H2S, either in the water column or sediment 
(Burdige, 1993). The subsurface maximum in total Mn at this site has 
previously been attributed to Mn carbonate precipitation linked to water 
column reoxygenation (Jilbert and Slomp, 2013; Lenz et al., 2015). The 
extraction data show that ascorbic acid extractable Mn contents are very 
low (Fig. 5A). A slight enrichment is observed near the sediment water 
interface, however, that may indicate that small amounts of poorly or-
dered Mn oxides can survive transport through a euxinic water column 
and be deposited at the sediment-water interface. At ca. 8 cm depth the 
majority of the Mn is extracted in the HCl step, which points towards the 
presence of Mn carbonate, in line with expectations. The CDB and 
ammonium oxalate extractable Mn is low and near constant with depth. 
The Mn extractable with HNO3 is a small but detectable fraction, 
pointing towards incorporation of small amounts of Mn during the 
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formation of pyrite. Such incorporation has been reported previously for 
sediments in the region, based on Mn-XANES (Lenz et al., 2014). 

The porewaters at the (seasonally) hypoxic sites GoF5, Black Sea 6 
and GoM1, located in the Baltic Sea, Black Sea and Gulf of Mexico, 
respectively, are all enriched in dissolved Mn and indicate mobilization 
of Mn from the solid phase in the upper 5 cm of the sediment. The 
observed maxima in porewater Mn at sites GoF5 and GoM1 are typically 
interpreted as indicators of Mn oxide dissolution near the sediment 
water interface and Mn carbonate formation at depth. At GoF5, a strong 
enrichment in ascorbic acid extractable Mn at the sediment-surface and 
the presence of HCl-extractable Mn at depth confirm this interpretation 
(Fig. 5). Ascorbic acid extractable Mn at site GoM1 is very low, which 
may be related to dilution because of the high sedimentation rate (ca. 
2 cm yr− 1; Canfield (1988)), rapid dissolution of Mn oxides upon 
deposition and subsequent benthic release of dissolved Mn (Lenstra 
et al., in prep). The Black Sea site is located near the chemocline at the 
shelf edge of the deep euxinic basin. 

Here, the Mn enrichment, in the nearly sulfide-free surface sediment, 
was expected to either consist of Mn oxides or Mn carbonates (Table 4). 
Our extraction results suggest that the Mn was extracted by HCl and 
hence consists mostly of Mn carbonates. At all three sites, the CDB and 
ammonium oxalate extractable Mn account for an appreciable and 

constant fraction of Mn, pointing towards burial of less reactive/ 
nonreactive Mn forms in the sediment. At sites GoF5 and GoM1, Mn is 
extracted in the HNO3 step when pyrite concentrations are above 
40 μmol g− 1 (Fig. A.2). This suggests that when pyrite contents and 
dissolved manganese concentrations are both sufficiently high, Mn can 
be incorporated in the pyrite structure. 

The porewaters at the sites with oxic bottom waters, US5B and 
ET5.1, located in the Bothnian Sea and Chesapeake Bay, are highly 
enriched in dissolved Mn (>1000 μmol L− 1) with concentrations 
increasing with sediment depth. The subsurface maximum in dissolved 
H2S at both sites is linked to methane oxidation with sulfate (Egger et al., 
2015; Kubeneck et al., 2021). At both sites, sink-switching of Mn from 
Mn oxides to Mn bearing vivianite-type minerals has been proposed 
(Egger et al., 2015; Kubeneck et al., 2021). At both sites, Mn extractable 
with ascorbic acid was elevated near the sediment-water interface but 
also at depth (Fig. 5C). Because both Mn oxides and Mn phosphates are 
extracted in the ascorbic acid step, we cannot differentiate between Mn 
oxides and Mn in vivianite-type minerals. The slight increase in 
HCl-extractable Mn with depth suggests the formation of Mn carbonates. 
CDB and ammonium oxalate extractable Mn contribute an appreciable 
and constant fraction. Manganese associated with pyrite is below the 
detection limit at these sites, in line with the low pyrite content 
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(<45 μmol g− 1; Fig. A.2). 

3.3. Implications and conclusions 

In this study we applied an existing sequential extraction procedure 
for Fe on a range of Mn standards consisting of Mn oxides, Mn phos-
phates, Mn carbonate, Mn sulfide and Mn in clays (Table 1 and A.1). The 
ascorbic acid solution (Step 1) was efficient in extracting poorly ordered 
Mn oxides, such as birnessite and pyrolusite, and Mn phosphates. 
Additionally, ascorbic acid partly extracted crystalline Mn oxides, such 
as manganite and hausmannite. The 1 M HCl (Step 2) was highly effi-
cient in extracting Mn carbonate and Mn sulfide. Since Mn sulfides are 
only observed in highly sulfidic systems (e.g. Suess (1979), Lepland and 
Stevens (1998)), we expect that 1 M HCl predominantly extracts Mn 
carbonates in marine systems. To detect the possible presence of Mn 
sulfides other techniques such as XRD, SEM-EDS or XANES/EXAFS, are 
required. The CDB and ammonium oxalate solutions (Step 3 and 4), 
extracted the remainder of the crystalline Mn oxides. These crystalline 
Mn oxides were partially extracted in the previous steps, therefore step 3 
and 4 are not specific for Mn oxides with a high crystallinity. The 
concentrated HNO3 solution (Step 5) extracted a negligible amount of 
the Mn standards (Fig. 2; Table A.1) but has been shown to be highly 
efficient in extracting pyrite in a sequential extraction procedure (Lord, 
1982; Huerta-Diaz and Morse, 1992; Claff et al., 2010). Therefore this 
step is likely specific for Mn incorporated in pyrite. 

Application of the extraction procedure to a range of coastal sedi-
ments shows how the results complement those of total Mn and X-ray 
analyses in allowing a quantification of the various sediment Mn forms 
for a large number of samples. Our extraction results also highlight a 

Fig. 5. Depth profiles of different forms of Mn at six sites as determined with the sequential extraction procedure, average distribution of Mn extracted in surface 
sediment and below 5 cm for non-sulfidic sites and change with depth of the different extracted Mn phases for A: euxinic site LL19; B: (seasonally) hypoxic sites GoF5, 
Black Sea 6 and GoM1; C: oxic sites US5B and ET5.1. The peak of Mn at ca. 8 cm depth at site LL19 is related to an inflow event of oxygen-rich water resulting in the 
deposition of high concentrations of Mn. The relatively low sample resolution at LL19 is the cause of the broad Mn peak in panel A (see Fig. 4 and the supple-
mentary data). 

Table 4 
Expected main Mn forms in the surface sediment (0–2 cm) and deeper sediment 
(below 5 cm) based on previous studies.  

Site Surface sediment Deeper 
sediment 

Method Source 

LL19 Small amount of 
Mn oxides 

Mn carbonates μXRFa Lenz et al. 
(2015) 

GoF5 Mn oxides and/ 
or Mn 
phosphates 

Non-reactive 
Mn 

Mn-XANES & 
μXRFb 

Hermans 
et al. (2021) 

Black 
Sea 6 

Mn oxides and/ 
or Mn carbonates 

Non-reactive 
Mn 

Mn-XANES 
&Mn-EXAFS 

Lenstra et al. 
(2021) 

GoM1 Mn oxides Mn carbonates – (Lenstra et al., 
in prep.) 

US5B Mn oxides Mn oxides/Mn 
phosphates 

SEM-EDS, 
μXRFa, b Mn- 
XANES 

Egger et al. 
(2015) 

ET5.1 Mn oxides Mn oxides/Mn 
phosphates 

SEM-EDS & 
μXRFa 

Kubeneck 
et al. (2021)  

a Desktop μ X-Ray Fluorescence (μXRF). 
b Synchrotron-based focused-beam μXRF. 

SEM-EDS: Scanning Electron Microscopy – Energy Dispersive X-ray Spec-
troscopy. 

Mn-EXAFS: Extended X-ray Absorption Fine Structure. 
Mn-XANES: X-ray Absorption Near-Edge Structure. 
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number of key aspects of Mn cycling in coastal systems. These are dis-
cussed one by one below. 

In euxinic coastal marine basins, Mn oxides (or mixed Fe-Mn-P 
phases) formed in the redoxcline, are expected to be reductively dis-
solved by H2S before they reach the surface sediment (e.g. (Dellwig 
et al., 2010; Dijkstra et al., 2018b). Any Mn detected in such sediments is 
thought to be associated with either pyrite or clays (Lyons and Sev-
ermann, 2006; Lenstra et al., 2020). We find, however, that at the 
euxinic site in the Baltic Sea, ascorbic acid extractable Mn accounts for 
ca. 30% of the total Mn pool in the surface sediment, with concentra-
tions quickly decreasing with sediment depth (Fig. 5A). This suggests 
that some Mn oxides and/or mixed Fe-Mn-P phases survive transport 
through the euxinic water column and are deposited at the sediment 
water interface. This may be due to the shallow water euxinic column at 
our Baltic Sea study site (80 m versus 2000 m in the Black Sea), possibly 
augmented by rapid sinking and shuttling of Mn-rich particles upon 
their association with other inorganic or organic particles (e.g. Martin 
and Knauer (1980)). 

At sites with (seasonally) hypoxic bottom waters, the Mn speciation 
of surface sediments will depend on a range of factors including bottom 
water oxygen concentrations, the input of Mn oxides from the water 
column, and the presence of reductants in the sediment, such as organic 
matter and porewater sulfide (Burdige, 1993). Given that our study sites 
in the Baltic Sea, Black Sea and Gulf of Mexico show large differences in 
such characteristics (Table 3; Fig. 4), it is not surprising that their Mn 
speciation in the surface sediment also differs. At site GoF5, rapid 
cycling of Mn between the surface sediment and the redoxcline in the 
water column likely explains the enrichment in Mn oxides near the 
sediment surface in these otherwise highly reducing sediments (Figs. 4 
and 5) as discussed in detail by Hermans et al. (2021). At the Black Sea 
site near the redoxcline, in contrast, most Mn in the surface sediment is 
present as Mn carbonate, pointing towards conversion of Mn oxides to 
Mn carbonates in these sulfide-poor shelf sediments. Based on the shape 
of the total sediment Mn profile, this Mn could have been wrongly 
assigned to Mn oxides if no Mn speciation data were available. At site 
GoM1, very little Mn oxide is present in the surface sediment, likely due 
to rapid mobilization in the sediment and diffusive loss of dissolved Mn 
to the water column (Figs. 4 and 5), possibly followed by offshore 
transport of the Mn (Bianchi et al., 1997; Owings et al., 2021). 

At our sites with oxic bottom waters, both the surface and deeper 
sediments contain quite some ascorbic acid extractable Mn. While in the 
surface sediment this Mn fraction likely consists of Mn oxides, at depth 
Mn-rich vivianite plays an additional role as deduced from a range of 
microscopic and X-ray analyses of the sediment at these sites (Egger 
et al., 2015; Kubeneck et al., 2021). Vivianite is frequently formed below 
the sulfate-methane-transition zone in marine sediments (Marz et al., 
2008; Egger et al., 2015; Lenstra et al., 2018), and while its role as a sink 
for P is well-recognized, its contribution to Mn burial deserves further 
study. Further work is also needed to establish what types of Mn oxides 
may be buried in coastal sediments and their potential role in, for 
example, anaerobic methane oxidation (e.g. Beal et al. (2009)). 

At all sites, the relative contribution of 1 M HCl extractable Mn to 
total Mn increased with sediment depth (Fig. 5). At the euxinic site, the 
sharp increase in Mn between 7 and 10 cm (Figs. 4 and 5) can be linked 
to an inflow of oxygenated North Sea water into the Gotland basin, 
subsequent deposition of newly formed Mn oxides at the sediment sur-
face and their rapid conversion to Mn carbonate (Lenz et al., 2015). At 
many of the other sites, some sink-switching of Mn oxides to Mn car-
bonates likely also occurs, although this is much less pronounced. 
Importantly, our study sites are all characterized by either no macro-
fauna or low numbers thereof, and hence, low rates of sediment mixing 
through bioturbation (Hermans et al., 2019; Lenstra et al., 2019; Egger 
et al., 2015; Kubeneck et al., 2021). The presence of Mn carbonate near 
the sediment water interface therefore suggests rapid formation of this 
mineral near the sediment water interface and/or input from the water 
column. We note that suspended matter in the Baltic Sea and Black Sea 

contains 1 M HCl extractable Mn (Lenstra et al., 2020, 2021), supporting 
the latter suggestion. 

At all sites, CDB and ammonium oxalate extractable Mn accounted 
for a constant background concentration of Mn. This suggests that the 
associated Mn phases are non-reactive, and most likely involve recal-
citrant Mn oxides or Mn in clays. Additionally, part of the Mn released in 
the ammonium oxalate step might be Mn that was readsorbed onto 
crystalline Fe oxides during previous extraction steps (Koschinsky et al., 
2001). Finally, we show that HNO3 extractable Mn is a small but 
detectable fraction that increases slightly with depth at sites where py-
rite concentrations are relatively high, in line with incorporation of Mn 
in pyrite. 

With the use of this new sequential extraction procedure for partic-
ulate Mn, it is possible to determine key operationally defined Mn forms 
in sediments simultaneously with those of Fe. This has large benefits for 
the study of Mn and Fe dynamics in marine sediments, as illustrated here 
for Mn for six coastal sites with strongly contrasting bottom water redox 
conditions. We envisage that this procedure will also be of benefit when 
studying ancient marine sediments, by allowing a quick separation of 
Mn oxides and Mn carbonates. Sediments in the eastern Mediterranean 
Sea, for example, are characterized by an enrichment in total Mn at or 
near the top of the most recent sapropel. This enrichment usually con-
sists of Mn oxides but, in some cases, the Mn oxides may convert to Mn 
carbonate. This was, for example, demonstrated for a highly Mn- 
enriched sediment in the Aegean Sea using X-ray diffraction (Mercone 
et al., 2001). Our procedure should allow such cases to be identified, 
also when sediment Mn contents are lower. Similarly, the extraction 
procedure could be used to assess the composition of Mn-rich layers in 
ancient Arctic Ocean sediments where, besides diagenetically formed 
Mn carbonates, buried Mn oxide layers are observed (e.g. Lowemark 
et al., (2014)). We note, however, that the current technique is not 
calibrated for the quantification of the widely used highly reactive Fe 
parameter in ancient sediments (Raiswell et al., 2018; Alcott et al., 
2020). The value of the extraction procedure for the analysis of Fe and 
Mn in suspended matter was illustrated previously (Lenstra et al., 2020, 
2021). 
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