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Abstract 26 

 Manganese (Mn) is an essential micro-nutrient that can limit or, along with iron (Fe), co-27 

limit phytoplankton growth in the ocean. Glacier meltwater is thought to be a key source of trace 28 

metals to high latitude coastal systems, but little is known about the nature of Mn delivered to 29 

glacially-influenced fjords and adjacent coastal waters. In this work, we combine in-situ 30 

dissolved Mn (dMn) measurements of surface waters with Mn K-edge X-ray absorption 31 

spectroscopy (XAS) data of suspended particles in four fjords of West Greenland. Data were 32 

collected from transects of up to 100 km in fjords with different underlying bedrock geology 33 

from 64 to 70°N. We found that dMn concentrations generally decreased conservatively with 34 

increasing salinity (from 80-120 nM at salinity <8 to <40 nM at salinities >25). Dissolved Fe 35 

(dFe) trends in these fjords similarly declined with increasing distance from glacier outflows 36 

(declining from >20 nM to <8 nM). However, the dMn/dFe ratio increased rapidly likely due to 37 

the greater stability of dMn at intermediate salinities (i.e. 10 – 20) compared to rapid 38 

precipitation of dFe across the salinity gradient. The XAS data indicated a widespread presence 39 

of Mn(II)-rich suspended particles near fjord surfaces, with structures akin to Mn(II)-bearing 40 

phyllosilicates. However, a distinct increase in Mn oxidation state with depth and the 41 

predominance of birnessite-like Mn(IV) oxides was observed for suspended particles in a fjord 42 

with tertiary basalt geology. The similar dMn behaviour in fjords with different suspended 43 

particle Mn speciation (i.e., Mn(II)-bearing phyllosilicates and Mn(IV)-rich birnessite) is 44 

consistent with the decoupling of dissolved and particulate Mn and suggests that dMn 45 

concentrations on the scale of these fjords are controlled primarily by dilution of a freshwater 46 

dMn source rather than exchange between dissolved and particle phases. This work provides new 47 

insights into the Mn cycle in high latitude coastal waters, where small changes in the relative 48 
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availabilities of dMn, dFe and macronutrients may affect the identity of the nutrient(s) 49 

proximally limiting primary production.  50 

 51 

1. Introduction 52 

Manganese (Mn) is an essential micro-nutrient for all known photosynthetic organisms 53 

(Morel and Price, 2003) because it is integral to water oxidation in photosystem II and can serve 54 

as a co-factor in key enzymes, including Mn superoxide dismutase (Peers and Price, 2004; 55 

Hansel, 2017). Due to its importance for phytoplankton metabolism, Mn can limit or co-limit 56 

marine phytoplankton growth (Pausch et al., 2019). For example, Mn concentrations are depleted 57 

in parts of the offshore Southern Ocean (Latour et al., 2021) and recent work suggests Mn- or 58 

Fe/Mn co-limitation is prevalent in Drake Passage (Browning et al., 2021). Concentrations of 59 

dMn are generally much higher in coastal Arctic and high latitude North Atlantic environments 60 

around Greenland (Colombo et al., 2020; Achterberg et al., 2021; Krisch et al., 2021) and thus 61 

unlikely to limit marine primary production, but Mn cycling may nevertheless influence other 62 

biogeochemical cycles. Mn oxides are for example a strong scavenger of dissolved cobalt in the 63 

ocean (Hawco et al., 2018).  64 

Although atmospheric particle fluxes are a major trace metal source to oceans on a global 65 

scale (Boyd and Ellwood, 2010), recent work suggests particle-rich glacier meltwater and the 66 

associated shelf sediments can be significant regional sources of Mn and Fe along glaciated 67 

coastlines (Wehrmann et al., 2014; Hawkings et al., 2020; Forsch et al., 2021). Glacially-derived 68 

metal fluxes are expected to be particularly prominent in glaciated fjords, such as along the 69 

coastline of West Greenland, where meltwater is confined, creating strong gradients in turbidity 70 

and salinity (Hopwood et al., 2016). Since the annual meltwater flux from the Greenland Ice 71 
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Sheet is expected to increase in the future due to increasing Arctic air temperatures (Boers and 72 

Rypdal, 2021; Slater et al., 2021), glacially-sourced Mn (and Fe) inputs may increase. However, 73 

the flux and speciation of Mn, particularly solid-phase Mn, delivered to fjords and adjacent 74 

waters are poorly understood. Addressing the knowledge gap concerning how solid-state 75 

speciation affects the exchange of metals between the solid and dissolved phases is particularly 76 

important for understanding potential changes in metal availability to marine ecosystems, where 77 

cellular acquisition of trace elements primarily occurs from dissolved phases. 78 

In the environment, Mn can exist in three oxidation states, each with unique reactivity 79 

and different roles in the oceanic cycles of other elements. Divalent Mn (Mn(II)), one of the most 80 

bioavailable Mn forms, is often a major fraction of dissolved Mn (dMn) in aquatic environments 81 

(Jones et al., 2020). Mn(II) is more soluble than oxidized Mn (Jones et al., 2020) and is relatively 82 

stable in oxic environments. For example, homogeneous Mn(II) oxidation by O2 to form 83 

particulate Mn oxides requires months to years (Diem and Stumm, 1984). Abiotic Mn(II) 84 

oxidation by O2 can be catalysed by mineral surfaces, but Mn(II) is still relatively stable in the 85 

presence of surfaces, with a reported half-life on the order of days (Davies and Morgan, 1989; 86 

Morgan, 2005). Consequently, Mn(II) oxidation rates in the marine environment are thought to 87 

be largely controlled by microorganisms rather than inorganic processes (Tebo and Emerson, 88 

1986; Sunda and Huntsman, 1987) because biotic Mn(II) oxidation can be several orders of 89 

magnitude faster than abiotic oxidation (Tebo et al., 2004; Learman et al., 2011). Microbial-90 

mediated Mn(II) oxidation is typically initiated by the biotic generation of reactive oxygen 91 

species (ROS), such as the superoxide radical (Learman et al., 2013), though ROS can also form 92 

abiotically (Nico et al., 2002). The vertical distribution of dMn in the ocean is characterised by 93 

high surface concentrations of dMn(II) (4 – 10 nM) due to photoreduction of Mn(III/IV) oxides 94 
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and photoinhibition of microbial Mn(II) oxidation (Sunda et al., 1983; Sunda and Huntsman, 95 

1988; Colombo et al., 2020). This produces a distinct surface dMn maxima and generally 96 

contrasts with the distribution of most other bio-active trace elements which show mid-water 97 

column maxima due to surface drawdown and subsurface remineralization (Sunda, 2012). 98 

Although moderately soluble, Mn(II) can also be present in the solid phase, with Mn(II)-bearing 99 

carbonates and aluminosilicates reported in estuarine and ocean sediments (Lenz et al., 2014; Yu 100 

et al., 2016).  101 

Trivalent Mn (Mn(III)) is unstable in solution and disproportionates rapidly. Therefore, 102 

stable Mn(III) is often found associated with particles as a minor species bound to metal oxides 103 

or silicates (Carroll et al., 2002; Ling et al., 2018) or more rarely as a separate Mn(III) oxide 104 

(Ostwald and Frazer, 1973). However, organic ligands can also stabilize dissolved Mn(III), with 105 

recent studies suggesting that Mn(III)-ligand complexes can dominate dMn in waters with high 106 

dissolved organic carbon concentrations (Oldham et al., 2020). Since Mn(III) can both accept 107 

and donate electrons, it can participate in many oceanic element redox cycles.  108 

Tetravalent Mn(IV) is found primarily in the solid phase, typically formed via biogenic 109 

Mn(II) oxidation to create nanoscale Mn(IV) oxides that have unique redox and sorption 110 

properties (Tebo et al., 2004). Mn(IV) oxides are some of the ocean’s most powerful oxidants 111 

and can rapidly oxidize key redox-active species, including cobalt and organic carbon (Wang and 112 

Stone, 2006; Simanova and Pena, 2015). The strong metal sorption reactivity of Mn(IV) oxides, 113 

such as biogenic birnessite, has earned them the reputation as the “scavengers of the sea” 114 

(Goldberg, 1954). However, Mn(IV) is also unstable in sunlight and is photoreduced readily to 115 

Mn(II,III) (Sunda et al., 1983).  116 
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Since the biogeochemical reactivity of Mn evidently depends on its oxidation state, 117 

knowledge of particulate Mn speciation, and how it relates to dMn, is essential to understand the 118 

impact of glacier-sourced material on Mn availability in coastal waters. However, most studies 119 

employ an operational definition of solid-phase Mn based exclusively on filtration using 120 

different filter pore sizes or acid digestions (Evans and Nishioka, 2018; Jensen et al., 2020; 121 

Forsch et al., 2021). Although helpful, simple distinction between different sizes of particulate 122 

Mn is not an ideal approach because it cannot unambiguously distinguish some different Mn-123 

bearing solids that have dramatically different reactivities. One of the barriers to a more detailed 124 

understanding of particulate Mn speciation is that traditional mineralogical tools are often 125 

inadequate to characterize particulate Mn because the Mn content of suspended particles can be 126 

too dilute and the Mn-bearing solid can be poorly-ordered and lacking Bragg peaks in X-ray 127 

diffraction (Webb et al., 2005). However, advancements at synchrotron facilitates have improved 128 

access to sophisticated fluorescence yield detectors that, when coupled to an element-specific 129 

technique like X-ray absorption spectroscopy (XAS), can routinely measure the solid-phase 130 

speciation of dilute metals in environmental matrices (Proux et al., 2017; Lefebvre et al., 2021; 131 

Xiang et al., 2021). Therefore, in combination with dMn data, synchrotron-based XAS can be a 132 

pivotal tool to unravel the complex behaviour of particulate Mn in dynamic environmental 133 

contexts, such as marine regions affected by glacier discharge.   134 

In this work, we integrate measurements of in-situ dMn concentrations with synchrotron-135 

based Mn K-edge XAS data of suspended particles in four West Greenland fjords separated by 136 

hundreds of km. Data were collected from transects of up to 100 km in length in fjords with 137 

different underlying bedrock geology. The Mn data are also contrasted with Fe data from the 138 

same transects, which was first presented in our previous work (van Genuchten et al., 2021), and 139 
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evaluated in view of other reported Mn datasets in similar geographic environments around 140 

Greenland (Aciego et al., 2015; Hawkings et al., 2020; Achterberg et al., 2021; Krisch et al., 141 

2021). These results provide insights into the biogeochemical behaviour of glacially-derived Mn 142 

and may help refine predictions concerning future changes to the relative availabilities of Fe and 143 

Mn in glaciated coastal regions (Browning et al., 2021; Forsch et al., 2021).   144 



8 
 

2. Methods 145 

2.1 Sampling locations 146 

Four transects in West Greenland were sampled (Figure 1, Figure S1 for satellite images) 147 

all close to the expected peak of the annual meltwater season. Runoff (i.e. liquid discharge) has 148 

only been monitored continuously through the meltwater season in situ at a handful of sites 149 

around Greenland, but modelled data products along the West Greenland coastline suggest 150 

runoff is a continuous flow by May and reaches peak values in July or August before declining 151 

into September (Mankoff et al., 2020). Two of the transects were conducted in Ameralik and the 152 

neighbouring Godthåbsfjord (Nuup Kangerlua), which are both located in southwest Greenland 153 

near Nuuk (Figure 1A). Ameralik (AM) and Godthåbsfjord (GHF) are situated in the Archaean 154 

Block of West Greenland, with a geology dominated by Tonalite-Trondhjemite-Granodiorite 155 

gneiss, but with significant mafic, ultramafic and metasedimentary components (Naeraa et al., 156 

2014). The AM transect was sampled during two separate research cruises with RV Avataq in 157 

August 2019 for fjord water sampling and in June 2015 for suspended particle sampling. The 158 

GHF transect was performed in July 2019 using RV Avataq, with a series of depth-resolved 159 

suspended particle samples (including sediment from calved ice) also collected from a single 160 

location (64°38’ N, 50°09’ W) near the Narsap Sermia glacier terminus (Figure 1) in a separate 161 

research cruise in June 2015. While subsets of the AM and GHF transect data were collected in 162 

different years, all data were collected in the summer and the particle geology is not likely to 163 

change considerably on this timescale. An additional sample collected from the Nuuk area was a 164 

dry glacially-abraded rock flour material obtained directly from a raised seabed deposit 15 km 165 

north of Nuuk (64°17’ N, 51°43’ W; striped square in Figure 1A).    166 
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The other two transects were performed in the Disko Bay region in July 2019 with RV 167 

Sanna (Figure 1B and 1C). One transect was performed in the Disko Fjord, which is a ~50 km 168 

long fjord located in the southwest of Disko Island. This transect is herein referred to as the 169 

Disko Island (DI) transect. The geology of Disko Island (Qeqertarsuaq) consists of tertiary basalt 170 

flows and sills overlying Precambrian felsic basement (Mascarenhas and Zielinski, 2019). 171 

Another transect was conducted in Arfersiorfik Fjord, a large fjord over 100 km in length that 172 

lies south of the town of Aasiaat and north of Nordre Strømfjord (Nassuttooq Fjord). This 173 

transect is herein referred to as the Arfersiorfik (AF) transect. The geology of the Greenland 174 

coast for the AF transect is characterized by Precambrian basement consisting primarily of 175 

amphibolite – granulite facies gneisses (Mascarenhas and Zielinski, 2019). The vast majority of 176 

all glaciers in the studied catchment areas are land terminating glaciers, with the only exception 177 

being GHF, which hosts three marine-terminating and three land-terminating glaciers. 178 

  179 
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 180 

 181 
Figure 1: Map of West Greenland sampling locations for the Ameralik (AM), Godthåbsfjord 182 
(GHF), Disko Island (DI) and Arfersiorfik (AF) transects. The colour contours indicate ocean 183 
bathymetry (General Bathymetric Chart of the Oceans). Maps were produced with Ocean Data 184 
View (Schlitzer, 2014). The GHF ice sample was collected in the same area as the GHF depth 185 
profile (black square in panel A). dMn and TdMn symbols indicate sampling positions of 186 
dissolved and total dissolvable Mn, respectively. Solid Phase Mn_1 m and Solid Phase_Depth 187 
Profile refer to suspended particle samples taken at 1 m depth and in depth profiles, respectively. 188 
 189 

2.2. Sampling procedures 190 

Fjord water was collected for measurements of dMn at ~1 m depth with acid-cleaned 191 

high density polyethylene (HDPE) bottles fitted to a HydroBios sampler on a nylon line (AM 192 

and GHF) or by using a custom made towfish device (DI and AF). For AM and GHF, samples 193 

were filtered through 0.2 µm Millipore polyvinyl difluoride syringe filters, which were flushed 194 

with 0.1 M HCl, ultrapure water (18.2 M·cm MilliQ) and sample water before use. For DI and 195 

AF samples, the towfish was mounted on a winch ~2 m away from the ship’s hull when 196 

underway and was operated by continuously pumping water with a polytetrafluoroethylene 197 
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(PTFE) diaphragm pump (Dellmeco, DM15) through polyvinyl chloride (PVC) tubing (pre-198 

cleaned with 0.1 M HCl). The towfish was equipped with an inline filtration system (AcroPak 199 

pre-filter with 0.8 µm pore size followed by second filter with 0.2 µm pore size; 200 

polyethersulfone filters) to filter water samples. Trace metal clean 125 mL low density 201 

polyethylene (LDPE, Nalgene) bottles were used to retain filtered water. A three-stage washing 202 

procedure (1 day in detergent, 1 week in 2 M HCl, 1 week in 2 M HNO3 with three to five rinses 203 

of ultrapure water after each stage) was used to prepare the LDPE bottles in advance. The bottles 204 

were stored empty and double bagged until use. Filtered samples were acidified to pH <2.0 by 205 

the addition of 180 μL HCl (Romil Ultrapure grade acid, part-per-trillion level impurities) within 206 

2 days of sample collection and stored upright for at least 6 months prior to analysis. A subset of 207 

samples from AM and GHF transects was retained without filtration and acidified as above in 208 

order to determine total dissolvable Mn (TdMn). A laminar flow hood was used for sample 209 

processing on-board the ship.  210 

For dMn analysis, samples were preconcentrated using a Preplab device (PS Analytical) 211 

and analysed via inductively coupled plasma mass spectrometry (ICP-MS, ThermoFisher 212 

Element XR) at GEOMAR. To provide a comparison with dMn concentrations, we also report 213 

dissolved Fe (dFe) concentrations from the same samples, which were first presented in our 214 

previous companion article (van Genuchten et al., 2021). Other trace element concentrations 215 

(dissolved Cu, Co and Ni) are reported by Krause et al., (2021) from the same samples and 216 

method as per dFe. The dFe concentrations were analysed with preconcentration offline using a 217 

seaFAST system as per Rapp et al. (2017). After standing acidified for >6 months, TdMn 218 

samples were measured via ICP-MS following 5 to 50 times dilution with 1 M HNO3 to account 219 

for the large concentration range (distilled in-house from Romil Superpure grade acid, parts-per-220 
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billion level impurities). The accuracy of the dMn measurements was determined from analysis 221 

of coastal seawater GSC (GEOTRACES Program) and CASS6 (National Research Council 222 

Canada) reference material (measured 2.49 ± 0.84 nM and 37.1 ± 0.83 nM; reference values 2.18 223 

± 0.075 nM and 40.4 ± 2.18 nM, corresponding to recoveries of 114% and 92%, respectively; 224 

dFe values are given in our previous work (van Genuchten et al., 2021)). The limit of detection, 225 

defined as 3 standard deviations of blanks, was 64 pM for dMn.  226 

Where possible, fjord samples were collected in combination with physical data, which 227 

included salinity and temperature (i.e., CTD data) from ~1 m depth. These CTD data are reported 228 

alongside dMn data. When and where CTD data were not measured alongside dMn sampling, a 229 

handheld LF 325 conductivity meter (WTW) was used to record in-situ temperature and salinity. 230 

Suspended particle samples were collected at depths from 1 to 300 m using a 5 L Go-Flo 231 

bottle that was separated from a stainless steel cable by a nylon line to minimize contamination 232 

from the cable. For these samples, the fjord water was filtered immediately after collection 233 

aboard the ship using a vacuum pump with 0.2 µm polyethersulfone (PES) disk filters (25 mm 234 

diameter; Sartorius). Although the filter membranes for collection of suspended particles and 235 

dMn samples were different materials, the approximate filter pore size was identical and, in any 236 

case, clogging of any filter by collection of sufficient material for beamtime analysis will 237 

attenuate the effective pore-size. For each sample location and depth, approximately 1-2 L of the 238 

suspension was filtered (or less if the filter clogged). The disk filters with retained solids were 239 

then sealed in air-tight petri dishes while still wet and kept frozen throughout the cruise (stored in 240 

-80 C freezer) and during shipment to the home institute (packed with dry ice). 241 

 242 

2.3 X-ray absorption spectroscopy 243 



13 
 

2.3.1 Data collection  244 

Suspended sediment samples were analysed by Mn K-edge X-ray absorption 245 

spectroscopy (XAS) at beam line 4-1 of the Stanford Synchrotron Radiation Lightsource (SSRL; 246 

Menlo Park, USA). Data were collected in fluorescence mode out to a maximum of k = 12 Å-1 247 

using a 30-element solid state Ge detector (Canberra), with the samples housed in a liquid 248 

nitrogen cryostat (77 K) during data collection. Individual scans for each sample were compared 249 

and no beam damage was observed. Spectra were aligned, averaged and background-subtracted 250 

using SixPack software following a previous approach (van Genuchten and Pena, 2017). 251 

2.3.2. Mn K-edge X-ray absorption near-edge structure (XANES) analysis  252 

The average Mn oxidation state (AMOS) of the samples was determined using linear 253 

combination fits (LCFs) following the Combo method, which is described in detail elsewhere 254 

(Manceau et al., 2012). The LCFs were performed from 6535 to 6575 eV using the SixPack 255 

software (Webb, 2005). The sum of the reference spectra components in the LCFs was not 256 

constrained to 1.0 and negative components were not allowed. Each of the Mn-bearing 257 

references used in the Combo method LCFs are plotted in Figure S2 in the Supplementary 258 

Materials (SM). 259 

2.3.3. Mn K-edge extended X-ray absorption fine structure (EXAFS) analysis 260 

Principal component analysis of EXAFS spectra with adequate data quality (>20 261 

samples) was performed with SixPack software (Webb, 2005). The number of independent 262 

components that reproduced the major variance of the EXAFS dataset was determined by 263 

minimizing the indicator function (IND) (Malinowski, 1977).  264 

The local Mn bonding environment of select reference materials, which were collected 265 

partly in our previous work (van Genuchten and Pena, 2017), and suspended particle samples 266 
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was determined by shell-by-shell fits of the Fourier-transformed EXAFS spectra. The fits were 267 

performed with algorithms derived from IFEFFIT (Newville, 2001) over the range of 1 to 3.5 Å 268 

in R+R-space, which was selected to ensure the second-nearest-neighbour atom could be 269 

identified (i.e. Mn-Mn), though we acknowledge fits of higher order atomic shells would yield 270 

additional information. Since the presence of multiple Mn oxidation states and bonding 271 

environments complicates shell-by-shell fits, our analysis of the samples focused primarily on 272 

Mn(II) and Mn(IV) end-member samples with the lowest and highest AMOS determined by 273 

XANES Combo LCFs. Spectra of select Mn(II) (aqueous Mn2+), Mn(III) (bixbyite, α-Mn2O3) 274 

and Mn(IV) (δ-MnO2) reference materials and samples were typically fit by varying the 275 

interatomic distance (R), the coordination number (CN), the mean squared atomic displacement 276 

parameter (σ2) and the change in threshold energy (ΔE0). Since EXAFS fits are not able to 277 

distinguish between elements with similar scattering amplitudes (i.e., similar atomic numbers), 278 

we report the second-shell fit output for some samples as Mn-Me, where Me represents a metal 279 

with atomic number near or equal to that of Mn, which is most likely Fe given its abundance, if 280 

not Mn. The overall goodness-of-fit was assessed using the R-factor, which is the mean square 281 

difference between the fit and the data on a point-by-point basis: R = i(datai–fiti)
2/i(datai)

2. 282 

Additional details regarding the collection and analysis of XAS data are given in the SM.   283 
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3. Results 284 

3.1 Dissolved Mn 285 

Figure 2 compares the dMn and salinity in surface water of the four transects as a 286 

function of distance from the innermost fjord. For the AM transect, dMn and salinity exhibited 287 

distinct opposing trends with distance from inner- to outer-fjord. The highest dMn concentration 288 

of 80 nM was measured in surface water with the lowest salinity (4.0), which was located in the 289 

innermost fjord where meltwater discharge is high. The dMn concentration decreased with 290 

distance along the fjord, reaching a steady concentration in the range of 16-18 nM in higher 291 

salinity surface waters (salinity >23) over 35 km from the inner-fjord. These surface dMn levels 292 

are consistent with a recent study of dMn concentrations in the glacially-fed Copper River 293 

entering the Gulf of Alaska (Kandel and Aguilar-Islas, 2021) and are generally higher than the 294 

corresponding dFe levels (~7 - 35 nM in the outer fjord, maximum 230 nM nearest glacier 295 

discharge) at the same sample locations (van Genuchten et al., 2021). Particulate Mn was the 296 

dominant Mn form in the AM transect, with dMn levels representing 4-30% of total dissolvable 297 

Mn (TdMn; maximum TdMn >2000 nM), consistent with the high particle load shown by 298 

elevated turbidity. Similar to dMn, TdMn also decreased with increasing salinity and distance 299 

along the fjord (Figure S3). The decrease in TdMn with distance along the fjord matched the 300 

behaviour of turbidity, which was extremely high in the inner-fjord (600 NTU). Turbidity in the 301 

inner-fjord was characterized by a thin (< 1 m) near-surface layer of high turbidity that was 302 

visibly dissipated in the ship’s wake (van Genuchten et al., 2021) and was not likely fully 303 

resolved by CTD data at 1 m resolution (i.e., the highest measured turbidity was likely an under-304 

estimate). 305 
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Compared to the AM transect, the neighbouring GHF transect contained considerably 306 

lower dMn concentrations and the maximum dMn level was located mid-fjord rather than inner-307 

fjord (Figure 1 and Figure S4). The dMn concentration in surface water at the inner-most GHF 308 

location was 22 nM (salinity of 12.7) and increased to 38 nM (salinity of 16.5) nearly 60 km 309 

from the inner-fjord. The same trend with distance was observed for dFe (5 – 12 nM) in this 310 

transect (van Genuchten et al., 2021) and reflects the outflow of a very large turbid lake (Lake 311 

Tasersuaq) mid-fjord, which likely contains elevated dMn and dFe signals compared to the 312 

freshwater sources (runoff and calved ice melt) in the inner-fjord (Hopwood et al., 2016). At 313 

distances further away from the inner-fjord (over 60 km from marine-terminating glacier Narsap 314 

Sermia), the dMn levels decreased as salinity increased, consistent with the AM transect. The 315 

lowest dMn concentration in the GHF transect of 9.5 nM was measured in the most saline 316 

surface water (27.8), which was >100 km from the inner-fjord. Similar to the AM transect, dMn 317 

in the GHF inner-fjord was a small fraction (~12-35%) of TdMn (Figure S3). While elevated 318 

turbidity occurs in the inner-fjord at sporadic depths close to the various glacier outflows, 319 

turbidity in GHF is much lower than AM, rarely exceeding 10 NTU in the main fjord and only 320 

exceeding 100 NTU within the shallow bay that receives Lake Tasersuaq outflow. 321 

For the DI transect, a uniform decrease in dMn and increase in salinity with distance from 322 

inner- to outer-fjord was observed, consistent with the AM transect, but the dMn concentrations 323 

were higher along the DI transect (dFe levels ranged from 5 – 7 nM throughout the fjord (van 324 

Genuchten et al., 2021)). The inner-fjord surface waters with the lowest salinity (2.8) contained 325 

the highest dMn concentration of 135 nM, which exceeded peak dMn values of the AM (80 nM) 326 

and GHF (38 nM) transects. As distance along DI fjord progressed, dMn declined to 21 nM in 327 

the DI outer-fjord (salinity of 28.3) and dMn reached a minimum of 4.5 nM in the inner shelf 328 
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(salinity of 33.8). Turbidity within DI was very similar to that observed in AM, characterised by 329 

a thin surface layer of high turbidity that spanned the inner-most 30 km of the fjord. 330 

The dMn concentrations and salinity of the AF transect depended on location along the 331 

fjord, similar to the other transects. However, because of strong currents preventing sampling in 332 

the mid-fjord area of the AF transect, the dMn and salinity measurements are grouped in inner-333 

fjord and outer-fjord clusters (dFe levels ranged from 4 – 6 nM throughout the fjord (van 334 

Genuchten et al., 2021)). The inner-fjord samples of the AF transect showed fairly stable and 335 

high dMn concentrations (128±8 nM) and low salinity (15.7±1.3). By contrast, the outer-fjord of 336 

the AF transect (Figure 2) was characterized by substantially lower dMn concentrations (20±7 337 

nM) and higher salinities (31.5±0.9). Turbidity in AF was characterised by a distinct subsurface 338 

maximum around 10 m deep within the inner 30 km of the fjord and extremely high (>100 NTU) 339 

turbidity throughout the water column in the inner-most 10 km.  340 

In all four fjords, dMn in surface waters appeared to behave relatively conservatively 341 

across the salinity gradient (linear regressions: R2 GHF=0.59, AM=0.90, DI=0.99 and AF=0.97; 342 

Figure 2E, Figure S5), with GHF showing the most deviation from linearity due to the existence 343 

of 6 distinct major runoff outflows (3 marine-terminating glaciers: Kangiata Nunaata Sermia, 344 

Akullersuup Sermia, and Narsap Sermia; and runoff from 3 land-terminating glacier systems: 345 

Qamanaarsuup Sermia, Kangilinnguata Sermia and Saqqap Sermersua). Normalised to salinity, 346 

dMn concentrations were highest in AF and DI and lowest in GHF (Figure 2E). In all cases, the 347 

freshwater dMn endmember that can be estimated from regression of fjord data (range 49-233 348 

nM) is similar to measured freshwater dMn concentrations in runoff from around south/west 349 

Greenland (range 27-234 nM) (Aciego et al., 2015; Hawkings et al., 2020). 350 
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 351 
Figure 2. Dissolved Mn (dMn) and salinity along the Ameralik (AM; A), Godthåbsfjord (GHF; 352 
B), Disko Island (DI; C) and Arfersiorfik (AF; D) transects. Note that the y-axis for dMn in 353 
panel B (GHF) is different to the other panels. Salinity is defined according to the Practical 354 
Salinity Scale (Lewis and Perkin, 1978). Plots of dMn as a function of salinity and fits to linear 355 
regressions for each transect are shown in panel E. 356 
 357 
   358 
3.2 Mn K-edge XANES spectroscopy 359 

3.2.1 Ameralik and Godthåbsfjord transects 360 
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The XANES spectra of suspended particle samples from AM and GHF transects were all 361 

characterized by a small shoulder near 6547 eV and a double peak at 6552 and 6557 eV in the 362 

absorption maximum (Figure 3A). The small shoulder and first peak in the XANES spectra are 363 

consistent with the Mn(II) references (MnSiO3 and Mn2SiO4) and the position of the second peak 364 

in the absorption maxima matches that of the Mn(III) reference (Mn2O3), suggesting the presence 365 

of multiple Mn oxidation states (Manceau et al., 2012). The XANES spectra of the AM and GHF 366 

samples largely matched the glacially-abraded rock flour spectrum (data overlay in Figure 3B), 367 

but none of the sample spectra were reproduced entirely by any of the 16 reference spectra given 368 

in Figure S2 (e.g., MnO, MnCO3, MnPO4, etc). While we do not report a Mn(II)-rich 369 

phyllosilicate reference spectrum here, the small shoulder and unique double peak in the XANES 370 

maximum of the samples closely resemble these features in the spectra of Mn(II)-bearing 371 

phyllosilicates (Lenz et al., 2014; Van Groeningen et al., 2020).  372 

While the AM and GHF samples all displayed similar XANES fingerprints, some key 373 

differences are present, especially in the GHF depth profile samples. The overlain XANES 374 

spectra in Figure 3C show that the sample taken at 300 m has less amplitude in the shoulder and 375 

first absorption peak than the surface samples, but larger amplitude in the post-edge region at 376 

higher X-ray energy (arrow in Figure 3C), consistent with a greater fraction of oxidized Mn. 377 

Indeed, a higher fraction of Mn(III) in the GHF samples at depth is supported by the XANES 378 

Combo LCFs (Table 1). For example, the XANES LCFs of all AM samples yielded nearly 379 

identical average Mn oxidation states (AMOS) of 2.29–2.33, with similar contents of Mn(II) (67-380 

71%) and Mn(III) (29-33%). The XANES LCFs of the GHF depth profile showed a steady 381 

increase in the AMOS of 2.31, 2.39, 2.41 and 2.57 for samples collected from the surface 382 

(glacier ice), 30 m, 200 m and 300 m depth. The XANES LCFs also indicated that the increase in 383 
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AMOS with depth was due exclusively to an increase in the Mn(III) content from 31 to 57% at 384 

the expense of Mn(II). The LCFs did not support the presence of Mn(IV) in any sample from the 385 

AM or GHF transects.  386 

 387 

Figure 3. Mn K-edge XANES spectra of suspended particle samples (black lines) compared to 388 
the spectra of select Mn(II), Mn(III) and Mn(IV) references (in red, purple and blue, 389 
respectively). The left panels (A, B, C) show samples from Ameralik (AM) and Godthåbsfjord 390 
(GHF), the middle panels (D, E, F) show samples from Disko Island (DI) and the right panels 391 
(G, H, I) show samples from Arfersiorfik (AF). The vertical lines in panels A and G correspond 392 
to X-ray energies of 6552 and 6557 eV, whereas those in panel D correspond to 6547 and 6560 393 
eV. Spectra in the upper panels (A, D, G) have been offset 0.5 A to facilitate comparison, 394 
whereas spectra in the lower panels are overlain to highlight key differences in XANES features. 395 
Sample names indicate location and depth (i.e. AF 4_100m represents the fourth station in the 396 
AF transect at 100 m depth).  397 
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 398 

3.2.2 Disko Island transect 399 

 The XANES spectra of Disko Island samples displayed large variation with location and 400 

depth, in contrast with the XANES spectra of the AM and GHF samples, indicating major 401 

changes in particulate Mn speciation over a similar spatial scale. The XANES spectrum of inner-402 

fjord particles at 1 m depth exhibited the same features as the AM and Rock Flour samples (i.e. 403 

shoulder at 6547 eV, double-peaked absorption maximum), but these features in the DI sample 404 

were broadened and less distinct. The XANES spectra of the depth profile samples at this 405 

location showed a systematic shift in the absorption maximum to higher X-ray energy, consistent 406 

with an increase in Mn(IV) content (Figure 3E). For example, the XANES absorption maximum 407 

of samples collected from depths of 10 to 50 m was positioned at 6560 eV, which matches 408 

closely the position of the XANES absorption maximum of the Mn(IV) reference compound, δ-409 

MnO2 (a synthetic analogue of naturally-occurring birnessite (Zhu et al., 2012)). The XANES 410 

spectra of the depth profile samples also contained a post-edge oscillation with a local maximum 411 

near 6573 eV that is present in the post-edge region of the δ-MnO2 reference spectrum. For the 412 

sample collected from the lowest depth (90 m), the XANES spectrum resembled that of the 1 m 413 

depth sample, suggesting a return to Mn(II)-dominated particles. The suspended particles 414 

collected from the outer-fjord at 1 m depth (Figure 3F) contained XANES features consistent 415 

with Mn(II), including the shoulder at 6547 eV and a dominant single peak in the absorption 416 

maximum at 6550 eV. However, this sample was a closer match to the reference spectrum of 417 

MnSiO3 (pyroxmangite; a Mn(II)-bearing inosilicate (Manceau et al., 2012)), rather than a 418 

Mn(II)-rich phyllosilicate. This result indicates different Mn(II) host phases dominate in the 419 

inner- and outer-fjord regions of the DI transect, which could be due to preferential flocculation 420 
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of phyllosilicates upon exposure to seawater leading to mineral differentiation along the particle 421 

plume.    422 

  423 

Table 1: Summary of XANES LCFs by the Combo Method 424 
 425 

Transect Sample 
Average Mn 

Oxidation State 
%Mn(II) %Mn(III) %Mn(IV) R-Factor 

A
m

er
a
li

k
 a

n
d

 

G
o
d

th
å
b

sf
jo

rd
 

Rock Flour 2.29 ± 0.08 71 29 0 0.0149 

AM 1_1m 2.31 ± 0.08 69 31 0 0.0101 

AM 2_1m 2.33 ± 0.08 67 33 0 0.0093 

AM 3_1m 2.32 ± 0.08 68 32 0 0.0129 

AM 5_1m 2.29 ± 0.08 71 29 0 0.0098 

AM 6_1m 2.29 ± 0.08 71 29 0 0.0085 

      

GHF Ice 2.31 ± 0.08 69 31 0 0.0147 

GHF_30m 2.39 ± 0.08 61 39 0 0.0201 

GHF_200m 2.41 ± 0.08 59 41 0 0.0129 

GHF_300m 2.57 ± 0.08 43 57 0 0.0063 

       

D
is

k
o

 I
sl

a
n

d
  DI 1_1m 2.40 ± 0.08 61 38 1 0.0024 

DI 1_5m 2.76 ± 0.08 42 40 18 0.0039 

DI 1_10m 3.05 ± 0.04 28 38 33 0.0057 

DI 1_20m 3.27 ± 0.04 15 42 42 0.0141 

DI 1_50m 3.21 ± 0.04 18 44 39 0.0117 

DI 1_90m 2.47 ± 0.08 57 39 4 0.0025 

DI 7_1m 2.28 ± 0.08 72 28 0 0.0085 

       

A
rf

er
si

o
rf

ik
 

AF 4_1m 2.26 ± 0.08 74 26 0 0.0121 

AF 4_5m 2.27 ± 0.08 73 27 0 0.0146 

AF 4_10m 2.27 ± 0.08 73 27 0 0.0148 

AF 4_20m 2.27 ± 0.08 73 27 0 0.0132 

AF 4_50m 2.28 ± 0.08 72 28 0 0.0155 

AF 4_100m 2.25 ± 0.08 75 25 0 0.0172 

AF 8_1m 2.25 ± 0.08 75 25 0 0.0239 

AF 13_1m 2.33 ± 0.08 67 33 0 0.0104 

 426 
The errors in the average Mn oxidation state represent estimated uncertainty of the Combo 427 
method. The origin of uncertainty in XANES Combo LCFs is described in detail in Manceau et 428 
al. (2012).    429 
 430 

The XANES Combo LCFs confirmed the transition from Mn(II)-rich to Mn(IV)-rich 431 

particles with depth for the DI transect, with a maximum Mn(IV) content detected at 20 m (Table 432 

1). The AMOS of particles collected at 1 m was determined to be 2.40 and consisted primarily of 433 
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Mn(II) (61%), with a lower fraction of Mn(III) (38%). The LCFs indicated an almost linear 434 

increase in AMOS with depth to 20 m at this location, with AMOS values of 2.76, 3.05 and 3.27 435 

detected for samples at 5, 10 and 20 m depth. This change in AMOS was mainly due to an 436 

increase in Mn(IV) from 18% to 42% at the expense of Mn(II). The LCF-derived Mn(III) content 437 

for all samples in the depth profile was essentially constant, varying from 38 to 44% (Table 1). 438 

As depth increased beyond 20 m, the AMOS of suspended particles decreased, with the LCFs 439 

indicating the largest AMOS decline at depths of 50 m (AMOS of 3.21) to 90 m (AMOS of 440 

2.47). Finally, the XANES LCFs of the sample collected from the DI outer-fjord indicated the 441 

predominance Mn(II) (AMOS of 2.28; 72% Mn(II), 28% Mn(III)), which is consistent with the 442 

inner-fjord sample at 1 m, despite their different XANES features (Figure 3F).      443 

3.2.3 Arfersiorfik transect 444 

Similar to the AM transect samples, all AF suspended particles exhibited similar XANES 445 

spectra, suggesting no major structural modifications with location or depth. The XANES spectra 446 

of each AF sample contained the same characteristic shoulder at 6547 eV and double peaks at 447 

6552 and 6557 eV as was observed for the AM and GHF samples. In contrast to the moderate 448 

differences in XANES spectra of the GHF depth profile samples, particles from the AF transect 449 

depth profile did not display significant changes in the XANES spectra (Figure 3H). However, 450 

we note that the depth profile (100 m) of AF transect was not as deep as that of GHF (300 m) 451 

due to the shallower nature of the inner-fjord. While all samples in the AF transect exhibited 452 

similar XANES spectra, some deviation in XANES features were present for the samples 453 

collected at 1 m depth in the inner- and outer-fjord regions. The AF 13 sample, which was 454 

collected approximately 100 km downstream of the AF 4 sample (Figure 1C), contained higher 455 

amplitude in the XANES region indicative of oxidized Mn (arrow in Figure 3I). 456 
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The XANES Combo LCFs confirmed the predominance of Mn(II) in the AF transect 457 

samples. A relatively narrow range of AMOS from 2.26-2.33 was detected for all AF transect 458 

samples (all samples were within the estimated uncertainty of ±0.08), with the Mn(II) content 459 

varying from 67-74% and the Mn(III) content varying from 26-33%. The LCFs detected no 460 

Mn(IV) for any sample, consistent with the AM and GHF transects.  461 

 462 

3.3 Mn K-edge EXAFS spectroscopy 463 

 Principal component analysis of the EXAFS dataset (>20 samples) revealed a minimum 464 

in the indicator function (IND) with only two independent components (Figure S6). Therefore, 465 

the major variance in the EXAFS spectra of all samples collected across the four transects can be 466 

reproduced with only two end-member spectra. Characteristic features of the XANES and 467 

EXAFS spectra indicate that the end-members include Mn(II)-rich and Mn(IV)-rich particles. 468 

The EXAFS spectra of these two distinct groupings are analysed together in the following 469 

subsections.      470 

3.3.1 Mn(II)-rich end-member samples  471 

The EXAFS spectra of the Mn(II)-rich samples all displayed similar features in the major 472 

EXAFS oscillations, including a split first peak from 2.8 to 4.6 Å-1, a relatively small feature 473 

near 5.2 Å-1 and an intense peak near 5.9 Å-1. While all Mn(II)-rich sample spectra contained the 474 

same EXAFS fingerprints, no single reference compound could reproduce these features (Figure 475 

S7), which was also the case for the corresponding XANES spectra. We note that the Mn(II)-rich 476 

outer-fjord sample for the DI transect, which had a different XANES spectrum from the samples 477 

given in Figure 3, could not be further analysed for EXAFS here because of an insufficient 478 

signal-to-noise ratio. The Fourier-transformed EXAFS spectra of the Mn(II)-rich samples were 479 
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characterized by two major peaks: a high and low amplitude peak positioned at short and long R-480 

values, respectively. The position and amplitude of the large peak was a close match to that of 481 

the aqueous Mn(II) reference spectrum, whereas the lower amplitude peak at longer R did not 482 

match the references. To quantitatively determine the Mn coordination environment in these 483 

samples, shell-by-shell fits of these peaks were performed. 484 

The first shell of all Mn(II)-rich samples was fit with an Mn-O path at 2.16-2.17 Å, 485 

which is a good match to the fit-derived RMn-O value (2.18 Å) for aqueous Mn(II) (Table 2). The 486 

slightly shorter RMn-O of the samples compared to the aqueous Mn(II) reference is attributed to 487 

the presence of Mn(III), which has a shorter RMn-O (Table 2). The fit of the second-shell peak of 488 

the Mn(II)-rich samples was more complicated because of the possibility of a variety of atomic 489 

pairs, such as Mn-Me, Mn-Al and Mn-Si, depending on the Mn host phase. Despite the potential 490 

for different atomic pairs, the best fit of all Mn(II) end-member samples was achieved with a 491 

single Mn-Me atomic pair at 3.15 Å, which is consistent with Mn-Me bonds from edge-sharing 492 

MnIIO6 and MeO6 octahedra (Wyckoff, 1963). Many separate attempts to fit an Mn-Al or Mn-Si 493 

path in lieu of, or in addition to, the Mn-Me path were not successful, yielding non-physical 494 

(negative) CN values. A Mn-Me path at 3.3-3.4 Å was also attempted in the fit, but it was not 495 

supported (negative CN values or convergence to 3.15 Å). The fit-derived CNMn-Me varied 496 

slightly across all samples (1.0 – 1.8), with the Rock Flour sample having a larger CN (1.8) than 497 

the fjord samples (1.0 – 1.2).  498 

 499 
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 500 
Figure 4: Mn K-edge EXAFS spectra and corresponding Fourier transforms of Mn(II)-bearing 501 
end-member suspended particle samples compared to select reference materials. The fitting 502 
output (dotted lines) is overlain to the data (solid lines) in panel B.   503 
  504 
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Table 2: Summary of Shell Fits of Mn-bearing References and Suspended Particles 505 
 506 

 
Name 

Atomic 

Pairs 
CN R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 

R
ef

er
en

ce
 M

at
er

ia
ls

 

Aq Mn2+ Mn-O 7.1 (0.6) 2.18 (0.01) 0.010 (0.001) -10.0 (1.0) 0.012 

       

α-Mn2O3 

Mn-O 2.6 (1.0) 1.92 (0.03) 0.004 (0.004) -17.8 (5.2) 0.020 

Mn-Mn1 5.3 (4.0) 3.09 (0.04) 0.009 (0.007)   

Mn-Mn2 4.0 (3.2) 3.52 (0.05) σ2
Mn-Mn1   

       

δ-MnO2 
Mn-O 4.7 (0.7) 1.89 (0.01) 0.004 (0.001) -20.1 (1.5) 0.011 

Mn-Mn 4.1 (0.9) 2.88 (0.02) 0.007 (0.002)   

M
n
(I

I)
 E

n
d

-m
em

b
er

 S
am

p
le

s 

Rock Flour 
Mn-O 4.8 (0.7) 2.16 (0.01) 0.005 (0.002) -7.9 (1.6) 0.028 

Mn-Me 1.8 (0.3) 3.15 (0.02) 0.007   

       

GHF Ice 
Mn-O 4.2 (0.7) 2.16 (0.01) 0.006 (0.002) -7.9 (1.9) 0.038 

Mn-Me 1.4 (0.3) 3.15 (0.02) 0.007   

       

AM 5_1m 
Mn-O 3.7 (0.7) 2.17 (0.01) 0.005 (0.002) -7.3 (2.0) 0.044 

Mn-Me 1.0 (0.3) 3.15 (0.02) 0.007   

       

AF 4_1m Mn-O 3.8 (0.6) 2.16 (0.01) 0.005 (0.002) -8.1 (1.7) 0.030 

 Mn-Me 1.2 (0.3) 3.15 (0.02) 0.007   

       

AF 4_100m Mn-O 3.3 (0.5) 2.16 (0.01) 0.005 (0.002) -8.2 (1.7) 0.031 

 Mn-Me 1.2 (0.2) 3.15 (0.02) 0.007   

M
n

(I
V

) 
E

n
d
-m

em
b
er

 S
am

p
le

s 

DI 1_10m 

Mn-O1 1.5 (0.5) 1.89 (0.01) 0.005 (0.003) -10.0 (2.3) 0.025 

Mn-O2 0.7 (0.3) 2.18 (0.03) 0.005    

Mn-Me 1.0 (0.1) 2.86 (0.02) 0.007   

       

DI 1_20m 

Mn-O1 1.3 (0.6) 1.90 (0.02) 0.005 (0.004) -17.2 (2.8) 0.031 

Mn-O2 0.6 (0.4) 2.21 (0.03) 0.005    

Mn-Me 0.9 (0.1) 2.87 (0.02) 0.007   

       

DI 1_50m 

Mn-O1 1.2 (0.5) 1.89 (0.01) 0.004 (0.004) -19.3 (2.6) 0.025 

Mn-O2 0.5 (0.4) 2.19 (0.03) 0.005    

Mn-Me 0.9 (0.1) 2.85 (0.02) 0.007   

CN represents the coordination number, R the interatomic distance, σ2 the mean squared atomic 507 
displacement and ΔE0 represents the change in threshold energy. The passive electron reduction 508 
factor, S0

2, was fixed at 0.7. Fitting parameters allowed to float are accompanied by fit-509 
determined standard errors in parenthesis, while constrained parameters appear without a 510 
parenthesis. All fits were carried out from 1 to 3.5 Å in R+R-space. The number of independent 511 
points (NIDP) in the fits was 12.6 and the number of variables (NVar) was 4 to 9.  512 



28 
 

3.3.2 Mn(IV)-rich end-member samples  513 

The Mn(IV)-rich sample spectra all displayed characteristic features in the major EXAFS 514 

oscillations that were also present in the δ-MnO2 reference spectrum, including the distinct 515 

staircase from 4 to 6 Å-1, which is indicative of nanoscale MnO2 (Grangeon et al., 2010; Ling et 516 

al., 2018), and the large peak from 6 to 7 Å-1 (grey bars in Figure 5A; Figure S7). The similarity 517 

between the EXAFS spectra of the Mn(IV)-rich samples and nanocrystalline δ-MnO2 is 518 

consistent with their comparable XANES spectra. The Fourier-transformed EXAFS spectra 519 

further confirm that the average Mn coordination environment in the Mn(IV)-rich samples 520 

matches that of δ-MnO2. For example, the samples and δ-MnO2 all displayed two main peaks of 521 

similar relative amplitude positioned at nearly identical R-values (vertical lines in Figure 5B). 522 

However, the first-shell peak of the samples also contained a visible shoulder at higher R, 523 

consistent with the presence of Mn(II).  524 

Fits of the major component of the first-shell peak for the Mn(IV)-rich samples returned 525 

similar RMn-O values for all samples (1.89-1.90 Å), which was identical within fit-derived 526 

uncertainties to the RMn-O for δ-MnO2 (1.89 Å, Table 2). Despite the relatively low Mn(II) 527 

content in these samples (15-28%), a second Mn-O peak at longer R (2.18-2.21 Å) was resolved 528 

in the first-shell peak using a constrained σ2 equal to that of the Mn(II)-rich samples (0.005 Å2). 529 

The RMn-O of this second Mn-O atomic pair is comparable to that of the aqueous Mn(II) 530 

reference spectrum (2.18 Å, Table 2), but the exact host phase for Mn(II) in the Mn(IV)-rich 531 

samples could not be identified further. The second-shell peak of all Mn(IV)-rich samples was fit 532 

with an Mn-Me path at 2.85-2.87 Å, which closely reproduced the analogous Mn-Mn path in the 533 

fit of δ-MnO2 (2.88 Å). In contrast to the fits of the Mn(II)-rich samples, which yielded slight 534 

differences in CNMn-Me, the second-shell fits of the Mn(IV) samples yielded similar CNs for all 535 



29 
 

samples (Table 2). Although the shape of the EXAFS spectra and the fit-derived RMn-O and RMn-536 

Me values for the Mn(IV)-rich samples matched δ-MnO2, the fit-derived CNs for the samples 537 

were lower than the values expected based on the crystal structure of birnessite (Lanson et al., 538 

2002). This result can be explained by destructive interference of multiple EXAFS oscillations 539 

causing a decrease in amplitude of the EXAFS data and Fourier transforms, which has been 540 

reported previously for birnessite and δ-MnO2 when Mn(II,III) is present in the solid phase, 541 

consistent with our samples (Webb et al., 2005).  542 

543 
Figure 5: Mn K-edge EXAFS spectra and corresponding Fourier transforms of Mn(IV)-bearing 544 
end-member suspended particle samples compared to select reference spectra. The fitting output 545 
(dotted lines) is overlain to the data (solid lines) in panel B. The grey vertical bars (6 – 7.3 Å-1, 546 
8.6 – 9.2 Å-1) highlight key features in the EXAFS spectra of the Mn(IV)-rich samples. 547 
  548 
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4. Discussion  549 

4.1 Identity of the Mn(II)- and Mn(IV)-rich host phases 550 

Before discussing the behaviour of dMn, we will first identify the host phases of Mn(II) 551 

and Mn(IV) in the suspended particles to aid our interpretation of dMn trends. The Mn(II)-552 

bearing suspended particles were widespread, having been collected from all four transects 553 

across a range of environments, including fjord surfaces, depth profiles and calved glacier ice. 554 

The EXAFS analysis indicated that the second-shell peak of the Mn(II) end-member samples 555 

was best fit with a Mn-Me path at 3.15 Å. This RMn-Me is consistent with Mn-Me bonds from 556 

edge-sharing octahedra, but an Mn-Me bond with this length is not unique to any single Mn(II)-557 

bearing mineral. In particular, rhodonite (MnSiO3), tephroite (Mn2SiO4) and manganosite (MnO) 558 

all contain at least some Mn-Me bonds near 3.15 Å (Wyckoff, 1963; Yamazaki and Toraya, 559 

1999; Nelson and Griffen, 2005). However, the presence of a significant fraction of these 560 

minerals can be ruled out because the major second-shell atomic pair in rhodonite and tephroite 561 

is Mn-Si, which was not detected by the fit, and the manganosite XANES (Figure S2) and 562 

EXAFS spectra (Figures EA6) contained characteristic features that were not present in the 563 

sample spectra. Rather than these three minerals, Mn(II)-bearing phyllosilicates, such as biotite 564 

or chlorite, are the likely Mn(II) host phases. For example, if Mn(II) occupied a cation site in the 565 

brucite-like sheet of phyllosilicates, the dominant atomic pair in the second Mn coordination 566 

sphere would be a 6-fold coordinated cation, consistent with the fit-derived RMn-Me of 3.15 Å. 567 

Furthermore, the XANES spectra of the samples closely resembled that of Mn(II)-rich 568 

phyllosilicates reported previously (Lenz et al., 2014; Van Groeningen et al., 2020). The 569 

widespread presence of Mn(II)-bearing phyllosilicates is also supported by our previous work in 570 
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the same fjords, which showed that Fe(II) was hosted by phyllosilicates in the majority of 571 

suspended particle samples (van Genuchten et al., 2021).  572 

For the Mn(IV)-rich end member samples, which were collected primarily from the DI 573 

depth profile between 10 and 50 m, the XANES and EXAFS spectra matched those of the δ-574 

MnO2 reference mineral. The shell-by-shell fits of the Mn(IV)-rich samples (RMn-O = 1.89-1.90 575 

Å, RMn-Me = 2.85-2.87 Å) also matched the fitting output of δ-MnO2 (Table 2) and are consistent 576 

with edge-sharing Mn(IV) octahedra (Lanson et al., 2002). Therefore, we conclude that the 577 

Mn(IV)-rich particles consist of nanoscale birnessite-like MnO2. Other types of MnO2, including 578 

crystalline pyrolusite (β-MnO2), can be excluded based on key differences in the XANES (Figure 579 

S2) and EXAFS spectra (Figure S7). While the EXAFS analysis indicated the presence 580 

nanoscale MnO2 akin to birnessite, a considerable fraction of reduced Mn(II,III) was also 581 

detected (Table 1). Previous work has shown that synthetic and naturally-occurring birnessites 582 

can contain high Mn(III) content (>40%), leading to AMOS values much lower than 4.0 (Toner 583 

et al., 2005; Ling et al., 2018). The presence of reduced Mn is particularly relevant for biogenic 584 

birnessites, the most common form of MnO2 in nature (Tebo et al., 2004), which also often 585 

contain >10% Mn(II), depending on reaction conditions (e.g. time, solution composition, type of 586 

Mn(II)-oxidizing microorganisms) (Webb et al., 2005; Yu et al., 2012). As a consequence, the 587 

maximum XANES-derived Mn(IV) content of 42% in the DI depth profile does not necessarily 588 

translate to 42% of solid-phase Mn speciated as birnessite. Rather, birnessite-like Mn is expected 589 

to be the dominant Mn phase in the Mn(IV)-rich samples (i.e., >70-80% of total particulate Mn 590 

assuming birnessite is composed of 50-60% Mn(IV)) because a fraction of the lower valent Mn 591 

detected by XANES LCFs is likely part of the birnessite mineral structure. 592 

 593 
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4.2 Behaviour of dMn  594 

Measurements of dMn for all fjords showed a similar inverse relationship in dMn 595 

concentration with salinity and distance along the fjord. For example, the maximum dMn levels 596 

for the AM (80 nM), DI (135 nM) and AF (130 nM) transects were all inner-fjord. The exception 597 

was the GHF transect, which showed a maximum dMn (38 nM) mid-fjord likely due to the input 598 

of the turbid Lake Tasersuaq outflow with locally higher dMn concentrations than are associated 599 

with freshwater inputs at the inner-fjord. Although dMn data elsewhere around Greenland in 600 

near-shore waters are limited (Colombo et al., 2020; Krisch et al., 2021), these dMn values are 601 

consistent with glacially-fed outflows of the Copper River to the Gulf of Alaska (Kandel and 602 

Aguilar-Islas, 2021) and other reported freshwater concentrations (24-234 nM) (Aciego et al., 603 

2015; Hawkings et al., 2020), which is reasonable considering the relative salinities. The general 604 

decrease in dMn with salinity could be explained by a combination of dMn oxidation and 605 

precipitation, dilution and likely some degree of biological drawdown. Considering the low 606 

primary production associated with high turbidity surface waters in inner-fjord environments, 607 

corresponding approximately to salinities of ~15 or less herein, inorganic processes (oxidation 608 

and precipitation) likely account for the majority of any non-conservative mixing. Yet the similar 609 

linear gradient of surface water dMn levels against salinity across 4 diverse fjords suggests 610 

dilution was the main process affecting dMn concentrations in surface waters and that dMn 611 

dynamics are largely conservative on this spatial scale. The overlapping range of measured 612 

freshwater concentrations in West Greenland (27-234 nM) (Aciego et al., 2015; Hawkings et al., 613 

2020), and freshwater endmembers derived from regression of fjord data (49-233 nM) also 614 

suggests that dMn sources other than freshwater derived dMn are likely minor. If other dMn 615 

sources to the outflowing surface layer on the same spatial/temporal scale were large by 616 
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comparison, such as entrainment of a net benthic efflux of dMn from shallow sediments 617 

(Wehrmann et al., 2014), dMn concentrations at zero salinity derived from regression would be 618 

larger than measured freshwater concentrations, and dMn would be less conservative across the 619 

salinity gradient.   620 

While a decrease in concentration with increasing salinity has also been noted for dFe in 621 

these fjords (van Genuchten et al., 2021), the behaviour of dMn and dFe is not identical, which 622 

was also observed recently in the Copper River particle plume (Kandel and Aguilar-Islas, 2021). 623 

This is immediately apparent when comparing the strong linearity in dMn concentrations across 624 

the salinity gradient (Figure S5), with the non-linear loss of dFe along the same transects (van 625 

Genuchten et al., 2021). One way to visualise the corresponding behaviour of these two trace 626 

metals is to compare the dMn/dFe ratio as a function of salinity. In Figure 6, we combine the 627 

current dMn dataset with dFe measurements from the same samples reported previously and 628 

determine the dMn/dFe ratio of our samples alongside other dMn/dFe ratios reported around 629 

Greenland (Aciego et al., 2015; Hawkings et al., 2020; Achterberg et al., 2021; Krisch et al., 630 

2021). In general, the dMn/dFe ratio exhibits several key features with salinity (and distance 631 

along the fjord). For low salinity inner-fjord environments close to meltwater outflows, the 632 

dMn/dFe ratio is variable but generally low because the dFe content in meltwater is, on average, 633 

much higher than dMn (Aciego et al., 2015; Hawkings et al., 2020). This is expected based on 634 

the crustal abundances of Fe (~5%) and Mn (~0.1%) and the lithogenic source of most metals in 635 

runoff (Hartmann et al., 2012). As salinity increases to intermediate values (10-20), the dMn/dFe 636 

ratio uniformly exceeds 2 and is often above 10 (mean of 15±12). This trend arises from the 637 

lower stability of dFe across the salinity gradient (Boyle et al., 1977) and higher likelihood of 638 

dFe precipitation than dMn, particularly in surface waters (Sunda et al., 1983) due to low 639 
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concentrations of organic ligands that are required to stabilize dFe at nanomolar concentrations 640 

in saline waters (Ardiningsih et al., 2020). Finally, at the highest salinities, the dMn/dFe ratio 641 

decreases again because dMn(II) is oxidized and ultimately precipitates, whereas the remaining 642 

dFe concentration depends to a greater extent on complexation and stabilization by organic 643 

ligands (Gledhill and Buck, 2012; Ardiningsih et al., 2020; Achterberg et al., 2021). Although 644 

we did not perform dMn speciation measurements, we do not expect a large fraction of strong 645 

aqueous Mn-ligand complexes near the inner-fjord where the dMn level peaked because existing 646 

work suggests the complexation of Fe in similar environments is characterised by a pool of 647 

ligands which are weaker than their marine counterparts (Ardiningsih et al., 2020).  648 

Comparing data across fjords did not reveal any clear relationships between dMn 649 

concentration and particulate Mn speciation or underlying bedrock geology. For example, dMn 650 

concentrations in the inner-fjord of the GHF transect were lower than those of the AM and AF 651 

transects, but all three fjords were dominated by Mn(II)-bearing suspended particles derived 652 

from the same Precambrian shield geology. While precise fjord-scale freshwater budgets are not 653 

available, a critical difference between GHF and the other fjords studied is that a significant 654 

fraction of freshwater entering GHF is from the melting of calved ice (i.e. icebergs) within the 655 

fjord. For the time period 2002-2012, liquid runoff into the fjord is estimated as 18.4 ± 5.8 Gt 656 

yr−1 from the ice sheet and 7.5 ± 2.1 Gt yr−1 from other runoff (Langen et al., 2015). An estimate 657 

of ice calving for a similar time period is 7.6 ± 1.5 km3 (Mortensen et al., 2011) with 70% of 658 

calved ice melting mainly within the inner fjord. It can therefore be approximated that ~20% of 659 

the freshwater entering GHF is from calved ice melting. As elevated trace metal concentrations 660 

in runoff primarily arise from sedimentary interaction, the concentrations of dissolved trace 661 

metals in calved ice are generally expected to be lower than runoff. Regional differences 662 
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depending on the residence time of freshwater in subglacial and proglacial environments are also 663 

likely. While we cannot comment on the underlying cause herein, the highest dMn 664 

concentrations normalized to salinity herein in the Arfersiorfik region also correspond to an area 665 

with the highest reported dNi and dCo concentrations reported to date in coastal waters around 666 

Greenland (25-29 nM dNi and 6-7 nM dCo, (Krause et al., 2021)). Dissolved Mn data for calved 667 

ice are sparse, but the limited available dFe data do support the hypothesis of changes in the 668 

freshwater concentrations contrasting proglacial runoff with freshly melted ice (reported means 669 

for West Greenlandic runoff range 53 nM-3.7 µM, the range for West Greenlandic ice is <3-300 670 

nM) (Statham et al., 2008; Bhatia et al., 2013; Hopwood et al., 2016; Stevenson et al., 2017; 671 

Hawkings et al., 2020). Differences in the origin of freshwater (tundra runoff, snow melt, glacier 672 

runoff and calved ice melting) likely therefore contribute to the different mean freshwater 673 

endmembers for these fjord systems.  674 

The DI and AF transects in the Disko Bay region contained similar maximum dMn 675 

levels, but the suspended particle speciation in these fjords varied (i.e., birnessite-like Mn(IV) 676 

derived from tertiary basalts in DI, Mn(II)-bearing solids in AF). These inter-fjord comparisons 677 

suggest a decoupling between particulate and dissolved Mn, which is inconsistent with the notion 678 

that increased dMn levels are generally favoured in the presence of Mn(II)-bearing minerals 679 

because of their higher solubility than Mn(IV)-bearing solids (Ball and Nordstrom, 1991). The 680 

decoupling of aqueous and particulate Mn is consistent with a similar decoupling of dissolved 681 

and solid-phase Fe in these fjords (i.e. changes in Fe mineralogy did not correlate with changes 682 

in dFe (van Genuchten et al., 2021)) and suggests that dMn concentrations on the scales of the 683 

fjord are regulated by processes other than particulate Mn solubility. This does not preclude a 684 

role of particle dissolution in driving elevated freshwater dMn concentrations, but suggests that 685 
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limited further net-dissolution occurs on the timescale during which saline waters circulate 686 

through glacier fjord systems. This contrasts with process studies concerning Fe and Mn 687 

dissolution from aerosol particles, where dMn release at low nanomolar concentrations scales 688 

linearly with particulate Mn availability and Fe release is less linear (Mendez et al., 2010). A 689 

critical difference between dust addition into the offshore ocean and runoff-derived particle 690 

addition to the coastal ocean is particle loading. Runoff around Greenland is estimated to have an 691 

average particle load of ~1 g/L, with a few notable catchments including AM estimated to be 2-3 692 

times higher than average (Overeem et al., 2017). The resulting high particle loads and surface 693 

area close to glacier outflows may promote scavenging and reduce light, both of which may 694 

disfavour dMn stability and promote Mn(II) oxidation, consistent with the low dMn/dFe ratio at 695 

low salinities (Figure 6). Similar dynamics likely influence the upstream dMn concentrations in 696 

the corresponding freshwater environments. 697 

Although our dataset suggests that dMn and particulate Mn speciation are decoupled in 698 

these transects, it is important to acknowledge several caveats to this conclusion. First, multiple 699 

sampling campaigns were required to obtain the entire dataset, which prevented the collection of 700 

all data within a short time frame. However, all data were collected in the summer months close 701 

to the peak of the meltwater season. Even with data collected in different seasons, there is still 702 

not much evidence of pronounced trace metal concentration changes throughout the year based 703 

on the limited available data. For example, Godthåbsfjord dFe concentrations more than ~50 km 704 

away from the glacier termini almost all fall within the 4-10 nM range during the months May, 705 

August and September covering conditions of very low, peak and post-peak runoff (Hopwood et 706 

al., 2016; van Genuchten et al., 2021; Krause et al., 2021). Therefore, the collection of data in 707 

multiple sampling campaigns is not expected to impact our conclusions. The second caveat is 708 



37 
 

related to limited access to beam lines for synchrotron work and the several hours required for 709 

XAS data collection per sample. While our particle dataset is large, it was not logistically 710 

feasible to conduct high resolution surveys with multiple profiles in multiple fjords. We therefore 711 

opted to conduct profiles and transects to select for areas with notable gradients where the largest 712 

changes in speciation would be plausibly expected to occur. There is thereby a bias towards 713 

lateral transects because, as documented by turbidity in full depth profiles of these fjords (van 714 

Genuchten et al., 2021), the vast majority of the particles advected away from the glaciers 715 

studied herein are in a thin surface-only layer. Considering the two-dimensional estuarine 716 

circulation typical of large Greenlandic fjords in summer, near-surface plumes are also the most 717 

relevant with respect to down-fjord advection of particles (Mortensen et al., 2014; Straneo and 718 

Cenedese, 2015).  719 

 720 

Figure 6. Ratio of dMn/dFe as a function of salinity for the fjords in the current study (filled 721 
diamonds) compared to data obtained from the scientific literature (open symbols). The squares, 722 
circles and triangles represent data reported from W Greenland (Aciego et al., 2015), NE 723 
Greenland (Krisch et al., 2021) and E Greenland respectively (Achterberg et al., 2021). The X 724 
symbol represents the average dMn/dFe ratio reported from Leverett Glacier, W Greenland 725 
(Hawkings et al., 2020). The data presented above were all collected in early to late summer. A 726 
plot of dMn/dFe ratios using only the data in this study is given in Figure S8.   727 
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 728 

4.3 Changes in particulate Mn speciation with depth 729 

One of the most distinct trends revealed by the Mn K-edge XAS data was the change in 730 

particulate Mn speciation with depth in DI fjord. Although the AMOS was found to increase 731 

slightly in the GHF depth profile (increase from 2.3 to 2.6 over 300 m depth), the change in 732 

AMOS was most pronounced in the DI depth profile in the inner-fjord. The DI depth profile also 733 

had the unique feature that the AMOS of particles increased from 2.4 near the surface to a 734 

maximum near 3.3 at 20 m depth, then decreased again to 2.5 at 90 m depth. These observations 735 

could be explained by several scenarios. The first is simply that particulate Mn at depth has a 736 

different origin that is enriched in Mn(IV) than the Mn(II)-rich surface particles. This scenario is 737 

consistent with lateral transport of particulate Mn(IV) that could occur from a source such as 738 

submarine groundwater discharge, though dMn can also be easily transported laterally and 739 

oxidized subsequently (Jensen et al., 2020; Xiang and Lam, 2020). Subsurface currents that 740 

erode the walls of the fjord could also contribute to different materials found at depth. The 741 

second scenario is that glacial meltwater entering DI fjord initially contained MnO2 that was 742 

photoreduced near the fjord surface, but was preserved or re-oxidized in particles rapidly sinking 743 

below the photic zone. This interpretation is based on the well-documented instability of MnO2 744 

in the presence of light (Matsunaga et al., 1995; Marafatto et al., 2015; Zhang et al., 2018) and 745 

the common observation of increased surface water dMn concentrations relative to deeper 746 

seawater (Sunda, 2012; Noble et al., 2013), although we note dMn depth profiles near coasts can 747 

be altered by subsurface dMn inputs. The presence of meltwater-derived Mn(IV) in DI fjord and 748 

not the other fjords is also consistent with our previous work showing distinct Fe mineralogy of 749 

DI fjord particles (oxidized Fe(III) (oxyhydr)oxides) compared to AM and AF particles (Fe(II)-750 
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rich phyllosilicates), which can be attributed to differences in fjord bedrock geology (Dawes, 751 

2009; van Genuchten et al., 2021). However, some weaknesses of this photoreduction scenario 752 

are that MnO2 photoreduction is expected to lead to different particulate Mn species (e.g., 753 

rhodochrosite) than the Mn(II)-bearing phyllosilicates collected from the top of the DI depth 754 

profile and photoreduction alone cannot explain why the sample at the lowest depth contained a 755 

high Mn(II) fraction.    756 

The third explanation is that glacial meltwater entering DI fjord initially contained 757 

Mn(II)-rich particles that are transformed to Mn(IV) by Mn(II)-oxidizing microorganisms 758 

populating the DI fjord water column. Although thermodynamically favourable, abiotic Mn(II) 759 

oxidation by O2 is kinetically limited even in the presence of particle surfaces (Sung and 760 

Morgan, 1981). By contrast, biogenic Mn(II) oxidation is rapid, occurring on hour timescales 761 

(Sunda and Huntsman, 1987; Toner et al., 2005; Droz et al., 2015), and has been reported to 762 

produce Mn(IV)-bearing solids in freshwater and seawater with structures similar to the Mn(IV)-763 

rich samples (Tebo et al., 2004; Webb et al., 2005). Once oxidized, Mn(IV)-rich particles are 764 

effective electron acceptors (Simanova and Pena, 2015), which, in addition to potential particle 765 

resuspension from the DI fjord floor (total depth of 120 m), can explain the decrease in AMOS at 766 

90 m depth. One implication of the biogenic Mn(IV) production scenario is that this pathway 767 

suggests rapid Mn turnover and/or the oxidation of particulate Mn(II) since dMn was a small 768 

fraction of TdMn in these fjords. Although biogenic Mn(IV) production is most often reported 769 

for aqueous Mn(II), solid-phase Mn(II) oxidation is not unprecedented. For example, microbial-770 

mediated oxidation of rhodochrosite (MnCO3) has been shown to occur via microbial dissolution 771 

of mineral-hosted Mn(II) and subsequent oxidation by extracellular superoxide radicals (Tang et 772 

al., 2013).  773 
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The detection of Mn(IV)-rich particles in DI fjord is therefore interesting due to the 774 

unique redox and metal sorption reactivity of MnO2, which can impact trace metal(loid) cycling 775 

in the water column (Tebo et al., 2004). Yet additional work is required to fully understand 1) the 776 

role and type of Mn(II) oxidizers, if present, in DI fjord and/or 2) the unique conditions 777 

favouring the presence of a Mn(IV) plume in DI fjord that are not present in the other 778 

investigated transects. One further potential caveat is that inner-fjord environments are dynamic 779 

interfaces in which ambient conditions, such as turbidity and water column structure, change 780 

markedly on both short-term (hours to days) and long-term (seasonal-interannual) timescales 781 

(Svendsen et al., 2002; De Andrés et al., 2020; Podolskiy et al., 2021). It therefore also remains 782 

an open question whether the Mn(IV) plume observed in DI fjord is a sustained feature, a 783 

seasonally recurring feature, or a sporadic feature appearing intermittently. While turbidity 784 

within the DI fjord is not atypical compared to the other systems herein, there is insufficient data 785 

to characterise seasonal evolution of this fjord compared to better studied systems such as GHF.  786 

 787 

 788 
Figure 7: Change in average Mn oxidate state (AMOS) with depth for suspended particles 789 
obtained from Godthåbsfjord (GHF, grey squares), Disko Island (DI, black circles) and 790 
Arfersiorfik (AF, white circles). Panel B shows the upper-most 60 m of each depth profile, which 791 
is delineated by the grey dotted line in panel A. 792 
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5. Conclusions 793 

Our study revealed that dMn concentrations were generally conservative across four 794 

different glacier fjord systems with contrasting geology and suspended particulate Mn speciation. 795 

Due to non-conservative removal of dFe at low salinities and low concentrations of dMn in 796 

freshwater relative to dFe, the dMn/dFe ratio increased at intermediate salinities (10-30) 797 

reflecting the higher stability of dMn. Mn(II)-rich phyllosilicates were widespread in suspended 798 

particles in fjord surface waters, but Mn(IV)-rich birnessite-like particles dominated at depths 799 

between 10 and 50 m in a fjord derived from tertiary basalt geology. These results imply the 800 

potential for a more complex redox cycle for suspended particulate Mn than Fe in glacially-801 

modified fjords, especially at depths spanning the euphotic zone where the Mn oxidation state 802 

was observed to fluctuate in DI fjord, with biogenic Mn(II) oxidation speculated to be occurring 803 

in some inner-fjords. However, further investigations of microbiological populations in these 804 

inner-fjord environments is necessary to confirm the precise source of solid-phase Mn(IV). 805 

Considering the major differences in reactivity between Mn(II)-bearing phyllosilicates and 806 

birnessite-like Mn(IV), we hypothesize the distribution of biogeochemically-relevant trace 807 

elements, particularly metals with high sorption affinities for Mn oxides (e.g., Co, Ni, Zn and 808 

Pb), may be significantly altered in areas where Mn(IV)-rich suspended particles are prevalent. 809 

Our results provide an important insight into the geographical locations and depths where 810 

additional in-situ measurements of dissolved trace metals can help confirm this hypothesis.   811 
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