
ArticleiScience
Glacial rock flour enhances phytoplankton growth in
phosphorous- and trace metal-depleted
environments

Graphical abstract

Highlights

• Glacial rock flour contains a significant amount of

bioavailable Fe, Mn, and P

• Biological mobilization from glacial rock flour occurs on time

scales of days

• Fe from glacial rock flour supports an exponential growth of

phytoplankton biomass

• Glacial rock flour is a large source of bioavailable Fe, Mn, and

P to the coastal ocean

Authors

Jørgen Bendtsen,

Kristina Vallentin Larsen, Niels Daugbjerg

Correspondence

jorgen.bendtsen@sund.ku.dk

In brief

Marine processes; Biogeochemistry;

Marine geochemistry; Aquatic science

Bendtsen et al., 2026, iScience 29, 115813

May 15, 2026 © 2026 The Authors. Published by Elsevier Inc.

https://doi.org/10.1016/j.isci.2026.115813 ll

mailto:jorgen.bendtsen@sund.ku.dk
https://doi.org/10.1016/j.isci.2026.115813
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2026.115813&domain=pdf


iScience

Article

Glacial rock flour enhances phytoplankton 
growth in phosphorous- and trace 
metal-depleted environments

Jørgen Bendtsen,1,2,4,* Kristina Vallentin Larsen,1 and Niels Daugbjerg3

1Centre for Glacial Rock Flour Research, Globe Institute, University of Copenhagen, Øster Voldgade 5-7, 1350 Copenhagen K, Denmark
2ClimateLab, Symbion Science Park, Fruebjergvej 3, 2100 Copenhagen Ø, Denmark
3Department of Biology, University of Copenhagen, Universitetsparken 4, 2100 Copenhagen Ø, Denmark
4Lead contact

*Correspondence: jorgen.bendtsen@sund.ku.dk

https://doi.org/10.1016/j.isci.2026.115813

SUMMARY

Glacial rock flour (GRF) is a fine-grained clay to silt-sized material formed beneath glaciers where bedrock is 

abraded to fine powder. GRF in meltwater rivers constitutes a major source of continental material to the 

ocean. Here, we investigate the bioavailability of minerals in GRF and show that GRF increases the biological 

productivity in incubation experiments with an Arctic green alga, Pyramimonas diskoicola. Essential trace 

metals such as iron and manganese and the macronutrient phosphorus were biologically available from 

GRF within 3–6 days. In particular, mobilization of iron supplied the exponential growth of microalgal cells 

as efficiently as from an iron-replete growth medium, whereas growth rates in iron-depleted treatments 

without GRF were reduced by more than 60%. Hence, GRF stimulates phytoplankton growth and, therefore, 

constitutes an important nutrient and trace metal source in polar and subpolar coastal areas.

INTRODUCTION

Glacial rock flour (GRF) in Greenland is produced below the ice 

sheets when an up to several kilometers thick glacier slides 

and abrades the bedrock.1,2 The fine-grained rock flour is trans

ported to subglacial hydrological systems, and, eventually, it en

ters the ocean either via meltwater rivers or directly as subglacial 

discharge from marine terminating glaciers. Plumes with GRF 

can be seen from satellites at large distances (>10 km) from river 

outlets, implying a residence time of several days or weeks in the 

surface water.3 Transport of GRF from the Greenland ice sheet 

makes a substantial contribution of ∼8% of the global transport 

of material from continents to the ocean.4,5 Simultaneously with 

increasing meltwater runoff,6 the transport of suspended mate

rial around Greenland is estimated to have increased by more 

than 56% compared with the 1960–1991 period.4 This transport 

is expected to increase further due to global warming,7 and this 

may impact biogeochemical cycles and the marine environment 

in coastal water masses.

GRF consists of a suite of different elements including various 

nutrients. Applications of GRF on land have shown its potential 

to stimulate plant growth and increase crop yield,8,9 and sus

pended rock flour may similarly impact phytoplankton growth 

in the ocean. The mineral content of GRF depends on the 

bedrock composition2,10 and varies between watersheds below 

the Greenland ice sheet. Hence, the specific reactivity and po

tential impact on the marine biota including potential toxic ef

fects,2,11,12 therefore, depend on the geographical location.

GRF transported to meltwater rivers or entering the ocean as 

subglacial discharge contains essential nutrients and trace 

metals for phytoplankton growth, including phosphorus (P),13

iron (Fe),14 manganese (Mn), and other trace metals.15 Incuba

tions of GRF from Greenland and Svalbard have shown that 

Fe, Mn, and silica can be released during a 3-week period.16 Bio

logical incubation experiments have shown that GRF rich in Fe(II) 

from glaciated areas in South America stimulates the growth of 

phytoplankton.17 Incubation experiments with GRF from 

Greenland and natural phytoplankton communities from the 

subtropical Atlantic have also showed an increase in the photo

synthetic efficiency and chlorophyll a concentrations.18 Collec

tively, these studies have shown that GRF can be a source of 

trace metals and also stimulate phytoplankton growth. Transport 

by ocean currents19,20 or atmospheric dust,21 therefore, pro

vides potential supplies of nutrients and trace metals to the 

open ocean.

However, it is currently unknown to what extent the specific 

GRF components stimulate phytoplankton, and this is the pri

mary focus of this study. Here, we analyzed the impact of GRF 

on growth of an arctic green alga, with a special focus on its ca

pacity for supplying Fe, Mn, and P for phytoplankton growth. We 

designed a set of incubation experiments to identify the relative 

reactivity of these elements. GRF was collected from a sediment 

at a shallow marine deposit close to a major meltwater river 

outlet in Nuuk fjord (Figure 1). Different treatments address the 

potential influence of the seawater composition, e.g., dissolved 

nutrients and organic compounds, and the influence of different 
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sampling methods and postprocessing of the GRF. The relative 

amount of consumed elements from the GRF was estimated us

ing a mass balance model, and finally, the impact of GRF on 

ocean productivity and its potential as a means of action in ma

rine carbon dioxide removal (mCDR) applications are discussed.

RESULTS AND DISCUSSION

GRF and cell abundance

Biological mobilization of Fe, Mn, and P and the role of EDTA 

complexation with Fe were identified from a time series of cell 

abundance in the various treatments in experiments I–IV 

(Table 1). The treatments contained different compositions of 

an optimal growth media with nitrogen (N), P, vitamins (V) and 

trace metals (T); treatments with all components are referred to 

as NPVT. Treatments without specific compounds, for example, 

Fe, are referred to as NPVT-Fe, i.e., a growth media with all trace 

metals except Fe (see STAR Methods).

Fe limitation and cell abundance

Treatments without Fe (i.e., the NPV and NPVT-Fe treatments in 

experiments I–III, shown with pale brown and red, respectively, 

in Figures 2A–2C; Table 1) were strongly influenced by Fe limita

tion. The NPV and NPVT-Fe treatments showed very little growth 

during the incubations compared with incubations with all trace 

metals (NPVT, shown with gray) or GRF (i.e., NPV + GRF and 

NPVT-Fe + GRF, shown with light and dark blue, respectively). 

In treatments without Fe, the growth ceased after 6–9 days. Dif

ferences between the Fe-limited NPV and NPVT-Fe were rela

tively small in all experiments, and the low growth rates with final 

cell abundances of ∼103–104 cells mL− 1 in both treatments 

showed a large impact of Fe limitation on growth.

Treatments where Fe or GRF was included obtained much 

higher cell concentrations, with peak values above 105 cells 

mL− 1, i.e., 1–2 orders of magnitude larger than those under the 

Fe-depleted treatments. The final concentrations above ∼2 ×

105 cells mL− 1 after day 15 tended to collapse because of high 

pH values (>9.5) at the end of the incubations due to the greater 

uptake of dissolved inorganic carbon. Treatments with GRF 

were all comparable to treatments with NPVT. Hence, NPV + 

GRF and NPVT-Fe + GRF treatments showed a similar temporal 

trend as the NPVT treatment in experiments I–III. This demon

strated that GRF compensated for the omitted Fe in the NPVT- 

Fe treatments.

Mn limitation and cell abundance

Mn had a significant (p = 0.02) influence on cell abundance 

(Figure 2C). After 15 days, the concentration under NPVT treat

ment was ∼2.4 ± 0.16 × 105 cells mL− 1, whereas the treatment 

without Mn only had 1.9 ± 0.17 × 105 cells mL− 1 (NPVT-Mn treat

ment is shown in dashed light purple in Figure 2C). This corre

sponded to a 22% reduction in cell concentration due to the 

lack of Mn. In treatments where Mn was omitted and GRF was 

added (i.e., NPVT-Mn + GRF is shown in dashed purple), the 

reduction was only 2% and not significantly different from that 

under NPVT. This demonstrated that Mn limitation had a signifi

cant impact on cell abundances, and mobilization of Mn from 

GRF could partly compensate for Mn in those treatments where 

Mn was omitted.

P limitation and cell abundance

Removal of P from the growth media (i.e., NVT, shown with light 

brown in Figure 2D) also had a significant (p < 10− 4) impact on 

cell abundance. Treatments without P resulted in a cell concen

tration of only 2.2 × 104 cells mL− 1 after 15 days, whereas the 

Figure 1. Sampling location 

(A) Meltwater is transported from the Greenland Ice Sheet, via Lake Tasersuaq and a meltwater river to the narrow strait at Ilulialik (white square) and into Nuup 

Kangerlua (Nuuk fjord). 

(B) Sampling location of GRF. Source: Spot and Sentinel 2 satellite images from https://dataforsyningen.dk; (A) Jun–Aug 2020; (B) Aug 2022.
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corresponding concentration in the NPVT treatment was 2.0 ×

105 cells mL− 1. This showed that growth was strongly limited 

by P availability. Addition of GRF to the batch solution (i.e., 

NVT + GRF, shown with brown in Figure 2D) more than doubled 

the cell concentration after 15 days (i.e., 5.7 × 104 cells mL− 1) in 

comparison with the NVT treatments. Hence, a significant (p = 

0.001) amount of P was also mobilized from GRF and able to 

partly compensate for the lack of P in these treatments. P mobi

lization from GRF was not able to compensate fully for the 

absence of phosphate, and the cell abundance was only 29% 

of the NPVT concentration after 15 days.

EDTA-Fe complexation and cell abundance

Fe complexation with EDTA provides a buffer of bioavailable Fe 

for cell growth during the incubations. The EDTA treatments 

were designed to investigate the potential impact of EDTA on 

Fe mobilization from GRF and, in particular, to exclude the pos

sibility that mobilization rates in the GRF experiments could be 

associated with EDTA in the growth media (Table 1). A reference 

treatment with NPVT without EDTA (i.e., NPVT-E shown with 

dashed light purple in Figure 2A) was, therefore, compared 

with a treatment without Fe referred to as NPVT-E-Fe (shown 

with dashed purple) and a similar treatment where GRF was 

added (i.e., NPVT-E-Fe + GRF, shown with dark purple). Treat

ments without EDTA at day 18 were not significantly different 

from the NPV treatment, and removing Fe also did not make 

any significant change. Contrarily, adding GRF made a signifi

cant difference, i.e., NPVT-E-Fe + GRF resulted in 2.0 × 105 cells 

mL− 1 at day 18 (i.e., different from the NPVT-E-Fe treatment with 

1.8 × 104 cells mL− 1, p < 10− 3). This was similar to the reference 

NPVT and NPVT-Fe + GRF treatments and demonstrated that 

the presence of EDTA in the growth media had no significant 

impact on the mobilization rate of Fe determined from the GRF 

experiments. Hence, we do not expect a bias of our result due 

to the presence of EDTA in the media. It should be noted that 

the functioning of EDTA as an Fe ligand may be compensated 

for by the natural occurrence of dissolved organic matter in the 

applied seawater.22–24

GRF and growth rates

Growth rates in all experiments were analyzed during days 3–15 

(Figure 3). In general, linear regression of treatments with all trace 

metals or addition of GRF showed a strong correlation (R2 

∼0.97–0.99, n = 5), and this supported that the growth rate (μ, 

d− 1) was well represented by a constant value during the growth 

phase of the experiments (Table 2).

Table 1. Description of experiments and treatments

Exp. no. Batch water Glacial rock flour Focus element

I oceanic 2024-material Fe, EDTA

II oceanic 2015-material Fe

III shelf sea 2015-material Fe, Mn

IV shelf sea 2015-material P

Treatment ID Description of treatment Focus and experiment no.

NPVT Full L1-media include N, P, vitamins (V), and 

all trace metals (T)

Fe, Mn, and P: I-IV

NPV as NPVT but without trace metals Fe: I–III

NPV + GRF as NPV and where GRF was added, i.e., 

0.326 g GRF L− 1

Fe: I–III

NPVT-Fe as NPVT but without Fe Fe: I–III

NPVT-Fe + GRF as above and where GRF was added, i.e., 

0.326 g GRF L− 1

Fe: I–III

NPVT-Mn as NPVT but without Mn Mn: III

NPVT-Mn + GRF as above and where GRF was added, i.e., 

0.326 g GRF L− 1

Mn: III

NPVT-E as NPVT but without EDTA Fe and EDTA: I

NPVT-E-Fe as NPVT but without EDTA and Fe Fe and EDTA: I

NPVT-E-Fe + GRF as above and where GRF was added, i.e., 

0.326 g GRF L− 1

Fe and EDTA: I

NVT as NPVT but without P P: IV

NVT + GRF as NVT and where GRF was added, i.e., 

0.326 g GRF L− 1

P: IV

Description of batch water origin in experiments I–IV and the applied Fe, Mn, EDTA, and P in the associated treatments. Batch water is identified by its 

origin (oceanic: Iceland Basin or Shelf Sea: entrance to the Baltic Sea), the source of GRF is Ilulialik in Nuuk Fjord, Greenland, and time of collection and 

the focus on various elements in GRF and the growth media in each experiment. Different treatments are associated with each experiment and abbre

viated according to the growth media (e.g., NPVT implies nitrogen, phosphorus, vitamins, and trace metals are included; NPTV-Fe implies growth me

dia comprising all trace elements, except Fe; NPVT-Fe + GRF implies the growth media except Fe and addition of GRF. The focus of each treatment 

and the corresponding experiment(s) are listed.
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Bioavailable Fe and growth rates

Treatments without Fe or GRF showed significantly lower 

growth rates, and, in general, caused cessation of growth 

before day 15 (i.e., NPV and NPVT-Fe shown with red and 

brown, respectively, in Figures 3A–3C). This showed that Fe 

was particularly important for the growth rates and could 

explain the limitation in these treatments. The ANOVA of the 

five treatments in experiments I–III between day 3 and day 15 

(i.e., NPVT, NPV, NPV + GRF, NPVT-Fe, and NPVT-Fe + 

GRF) showed that there were no significant differences among 

the three experiments with all trace metals or addition of GRF 

(i.e., NPVT, NPV + GRF, and NPVT-Fe + GRF in each experi

ment, shown with gray, light blue, and blue, respectively). 

Growth rates varied between 0.35 and 0.45 days− 1 in these ex

periments. The importance of Fe among the trace metals was 

further supported by the similarity between NPVT-Fe and 

NPV treatments under which the growth rates were less than 

0.2 days− 1 (Table 2). Growth rates in the Fe- or GRF-free incu

bations were significantly different from those under 

incubations with Fe and GRF. A direct comparison between 

treatments without Fe and without/with GRF (i.e., NPVT-Fe 

vs. NPVT-Fe + GRF, shown as red and blue, respectively, in 

Figures 3A–3C) showed that growth rates in the Fe-depleted 

treatments decreased by more than 60%, whereas no signifi

cant difference was found between NPVT and the treatments 

with GRF, and the mobilization rate of Fe from GRF could sup

ply plankton uptake comparable with Fe consumption in the 

NPVT treatments which were Fe replete.

Bioavailable Mn and growth rates

Lack of Mn had a moderate effect on growth rates (Figure 3C); 

however, cell abundances were significantly different among 

the treatments. Growth rates varied between 0.36 days− 1 

(NPVT-Mn) and 0.38 days− 1 (NPVT-Mn + GRF) and were lower 

than the NPVT growth rates of 0.43 days− 1 (Table 2). However, 

the ANOVA of growth rates between day 3 and day 15 of 

NPVT, NPVT-Mn, and NPVT-Mn + GRF treatments (Table 2) 

showed no significant differences, although cell numbers were 

significantly higher when GRF was added.

Bioavailable P and growth rates

Lack of P in the NVT treatments reduced the growth rate signif

icantly (Figure 3D). Addition of GRF to the treatments without P 

also resulted in an increased growth rate. The ANOVA between 

NPVT, NVT, and NVT + GRF showed a significant difference be

tween treatments with and without P. A direct comparison be

tween treatments with and without GRF (i.e., NVT + GRF and 

NVT) showed a growth rate reduction of ∼20% in the treatments 

with GRF, whereas the growth rate in the NVT treatment was 

reduced by more than 40%. Thus, comparing growth rates of 
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Figure 2. Time series of cell concentrations 

Time series (mean ± SEM) of cell concentrations between day 0 and day 18 in the four experiments (mean ± SEM). (A) experiment I, (B) exp. II, (C) exp. III, and (D) 

exp. IV. Standard errors are shown as error bars (some less than symbol size).
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treatments with and without GRF indicated a significant mobili

zation of P from GRF (Figure 3D, NVT vs. NVT + GRF).

GRF and photosynthetic efficiency

Photosynthetic efficiency (i.e., Fv/Fm) showed relatively low vari

ation during the experiments, except from initial changes in the 

first three days (Figure 4). This initial response was related to 

the onset of the experiment and acclimation of the cells in the 

lag phase. Treatments without trace metals or GRF (i.e., NPV 

and NPVT-Fe shown with brown and red, respectively, in 

Figures 4A–4C) resulted in values that tended to remain below 

0.25. Treatments with trace metals or GRF (i.e., NPVT, NPVT- 

Fe + GRF, and NPV + GRF shown with gray, blue, and light 

blue, respectively, in Figures 4A–4C) had relatively high values 
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Figure 3. Growth rates in the experiments 

Growth rate (μ) during days 3–15 in the four experiments (mean ± SEM). (A) experiment I, (B) exp. II, (C) exp. III, note that the growth rate of NPV is close to zero, and 

(D) exp. IV.

Table 2. Growth rates in experiments and treatments

Exp. no NPVT NPV NPV + GRF NPVT-Fe NPVT-Fe + GRF

I 0.402 ± 0.018 (0.97–0.99) 0.194 ± 0.046 (0.97–0.99) 0.449 ± 0.002 (0.98–0.99) 0.150 ± 0.009 (0.77–0.97) 0.460 ± 0.003 (0.99)

II 0.379 ± 0.006 (0.99) 0.047 ± 0.003 (0.21–0.33) 0.352 ± 0.009 (0.98–0.99) 0.144 ± 0.033 (0.71–0.99) 0.369 ± 0.008 (0.97–0.98)

III 0.429 ± 0.005 (0.98) 0.001 ± 0.107 (0.39–0.82) 0.397 ± 0.009 (0.97–0.98) 0.091 ± 0.005 (0.56–0.99) 0.366 ± 0.003 (0.99)

Exp. no NPVT NPV NPVT-EDTA NPVT-EDTA-Fe NPVT-EDTA-Fe + GRF

I:EDTA as I as I 0.244 ± 0.029 (0.94–0.99) 0.101 ± 0.093 (0.20–0.99) 0.446 ± 0.014 (0.98–0.99)

Exp. no NPVT NPV NPV + GRF NPVT-Mn NPVT-Mn + GRF

III:Mn as III as III as III 0.363 ± 0.011 (0.99) 0.379 ± 0.008 (0.98–0.99)

Exp. no NPVT NVT NVT + GRF – –

IV 0.402 ± 0.004 (0.98) 0.225 ± 0.029 (0.90–0.95) 0.317 ± 0.005 (0.98) – –

Sensitivity and statistics (n = 5, range of R2 for linear regressions shown in parentheses) of growth rates (μ, day− 1, SEM) to iron, manganese, and phos

phorus between day 3 and day 15.
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between 0.25 and 0.5, which were significantly higher than those 

under treatments without trace metals or GRF. The high Fv/Fm 

values tended to decrease after day 15, and this could be ex

plained by the high cell abundances and high pH-values. The 

low Fv/Fm in the Fe-depleted treatments implied a weak photo

synthesis response to light, in accordance with the known impor

tance of Fe for photosynthetic efficiency.25 The Fv/Fm supported 

that a significant Fe supply was provided by the GRF.

Mn had a smaller impact on the temporal changes in Fv/Fm, 

and, in accordance with the similarity in growth rates, there 

were no significant difference in Fv/Fm between NPVT, NPVT- 

Mn, and NPVT-Mn + GRF treatments (Figure 4C). However, the 

Fv/Fm in treatments without Mn but with GRF tended to be 

higher than in the treatments without Mn. This is in accordance 

with higher cell abundances in this treatment (i.e., NPVT-Mn + 

GRF compared with NPVT-Mn).

Treatments without P but with all trace metals and with/ 

without GRF showed a similar response as NPVT, and this 

showed that the photosynthetic efficiency was not significantly 

affected in these Fe-enriched treatments (Figure 4D). However, 

both treatments without P tended to be a little lower than the 

reference NPVT treatment, except after day 12 where the pH 

was higher than 9.5. The relatively high pH in the NPVT 

treatments, compared with pH < 8.5 in the two other treatments, 

resulted in a decrease in Fv/Fm.

Treatments with GRF but without EDTA and Fe had a relatively 

high Fv/Fm values that were even significantly higher than those 

under the reference NPVT treatment between day 3 and day 12 

(Figure 4A). Fv/Fm in the treatment without Fe (i.e., NPVT-E-Fe) 

was relatively low during day 3–12 in accordance with the other 

Fe-depleted treatments. Fv/Fm in the treatments without EDTA 

(NPVT-E) was significantly lower than the treatment where GRF 

was added (NPVT-E + GRF) until day 15. These results support 

that the impact of EDTA on GRF mobilization was negligible.

Mass balance of biological Fe uptake

The experiments showed a significant impact of Fe depletion on 

cell abundances, growth rates, and photosynthetic efficiency. 

This is in accordance with the relatively high cellular Fe quota 

in phytoplankton.26,27 However, only a minor impact of Mn and 

P depletion on photosynthesis was observed, and this indicated 

that growth was not severely limited by these elements. This 

could possibly be explained by the presence of larger pools of 

Mn and P in the batch water in relation to the required com

pounds for growth. The large physiological impact of Fe on cell 

growth and photosynthesis in the Fe-depleted experiments 
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Figure 4. Time series of variable fluorescence 

Time series of Fv/Fm between day 0 and day 18 in the four experiments (mean ± SEM). (A) experiment I, (B) exp. II, (C) exp. III, and (D) exp. IV.
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showed that the bioavailable pool of Fe from the background 

concentration in the batch water was almost completely 

consumed. Below, we apply this result to constrain a mass bal

ance model of biological Fe uptake.

The biological Fe consumption in relation to the total Fe con

tent in the added GRF (i.e., in a concentration of 0.326 g L− 1) 

can be estimated by a mass budget model of the mobilized Fe. 

Each cell was assumed to contain a certain amount of Fe (γFe, 

mole Fe cell− 1) and nutrients (e.g., mole nitrogen per cell, γN), 

and the total uptake could, thereby, be determined from the dif

ference between the initial number of cells (nini) and the 

maximum cell number (nmax) during the incubation period. The 

cellular Fe content has been determined for various green algae, 

and we assume that the Fe content of the species Pyramimonas 

parkeae, which belongs to the same genus as P. diskoicola 

applied in this study, was representative. Molar ratios for this 

species have been reported28 as Fe:P:N of 15.4 ⋅ 10− 3:1:17.6, 

e.g., a molar ratio of Fe:P of 15.4 ⋅ 10− 3 and a Fe:N ratio of 

0.875 mmol mol− 1. The nitrogen content of the cell varies with 

the cell volume, and the volume was estimated by applying the 

reported29 dimensions of P. diskoicola (w/l = 5.1/8.3 μm), result

ing in an average cone-shaped cell volume of 56.5 μm3. Nitrogen 

content was estimated from typical N:volume relations.30 This 

implies an estimated Fe content per cell of γFe = 2.27 ⋅ 
10− 16 mol Fe cell− 1.

There were 3 sources of Fe in the experiments: (1) Fe added 

from the L1 growth media (FeL1), (2) Fe mobilized from GRF 

(FeGRF), and (3) Fe in the initial batch water with natural seawater 

and the small inoculum with the initial phytoplankton biomass 

(Febw). Note that Febw includes Fe from both the applied 

seawater and from the small inoculum. The total bioavailable 

Fe in the incubations was then determined as follows: Fetot = 

Febw + FeL1 + FeGRF.

The NPVT-Fe treatment made a special subset of the treat

ments where the only source of Fe was the Fe present in batch 

water and the small inoculum (i.e., FeL1 and FeGRF were zero). 

The increase in cell concentration (Δn) in these treatments 

solely accounted for the bioavailable Fe in the batch water 

and the small inoculum (i.e., Febw). This Fe pool could be esti

mated from the difference between the maximum and initial cell 

numbers from the NPVT-Fe treatment (Δnbw), i.e., Febw = γFe 

Δnbw. The initial cell concentration in experiment I of 883 ± 

27 cells mL− 1 (SEM, standard error of the mean) increased to 

a maximum value of 7897 ± 1018 cells mL− 1, and the estimated 

Fe uptake based on this difference in cell concentration then 

corresponded to 1.6 ± 1.5 nM Fe (i.e., originating from the 

batch water and the small inoculum). The corresponding esti

mates for Fe content in the batch water of the NPVT-Fe treat

ments in experiments II and III were 3.5 and 1.8 nM, 

respectively.

Similarly, the NPVT-Fe + GRF treatments contained Fe only 

from the batch water, the small inoculum, and the added GRF 

(i.e., FeL1 = 0), and the total Fe uptake from GRF (FeGRF) could 

then be estimated from the difference between the maximum 

and initial cell numbers (ΔnGRF) as: FeGRF = γFe ΔnGRF − Febw. 

Hence, FeGRF represents the mobilized Fe during the incubation 

period and is, thereby, a minimum estimate of the total bioavail

able Fe from the added GRF.

The estimated Febw in the three experiments varied between 

1.6 and 3.5 nM, where the Icelandic Basin water had the lowest 

concentration. The batch water Fe concentrations were compa

rable with previous observations of surface water from the Ice

land Basin10 and the North Sea31 ranging between ∼0.1 and 

2 nM. Febw also contained Fe from the small inoculum and 

possibly from contamination during the handling procedure; 

however, the consistency among the replicates in the incuba

tions and the relatively low estimated Fbw support that these 

Fe sources can be assumed to have a minor impact on the 

growth.

FeGRF ranged between 44 and 68 nM in the three experiments, 

with an average of 54 nM, which was, thereby, more than an or

der of magnitude larger than the bioavailable Fe from the batch 

water. Comparison with the Fe content in GRF32 (∼8.6 wt % of 

Fe2O3 or 0.5 mmol (g GRF)− 1), corresponding to a concentration 

of ∼0.4 mM Fe, if fully dissolved in the batch water, showed that 

only a tiny fraction (i.e., 44–68 nM from a total pool of 0.4 mM) of 

the total Fe content in the added GRF was consumed during the 

experiments. In summary, the mass budget model shows that a 

significant amount of Fe was mobilized from the GRF in compar

ison with similar treatments without GRF.

Impact on coastal cycling of Fe

Glacial meltwater rivers have a relatively high concentration of 

dissolved Fe.14,33,34 However, a major part of dissolved and par

ticulate Fe is removed in the transition zone from the river outlet 

toward more saline coastal water masses31,35–38 due to increased 

flocculation at high salinities.39 The transport of suspended GRF 

thereby constitutes a pathway of continental nutrients and trace 

metals to the coastal ocean.19 Chemical and biological process

ing of sedimented GRF adds to dissolved fluxes across the sedi

ment-water interface and may enrich bottom water masses with 

Fe40 or enhance its bioavailablity.41 Considering the large trans

port of suspended material from the Greenland ice sheet and 

the rapid biological mobilization of Fe from GRF, our results sug

gest that a pelagic biological-mediated pathway of Fe, Mn, and P 

supplied by GRF may be an important additional component of 

nutrient and trace metal cycling in subpolar seas.

GRF and mCDR

The ocean constitutes a large reservoir of dissolved carbon and 

contains ∼40 times the current mass of ∼870 Gt of carbon in the 

atmosphere.42 Increasing ocean carbon storage by a few 

percent would make a substantial contribution to bringing atmo

spheric CO2 down to levels that are within planetary boundaries 

(i.e., ∼350 ppm) and thereby sustain the stability and resilience of 

the Earth system.43 Fe is limiting productivity in large areas of the 

ocean,27,44 and the addition of Fe or other nutrients to the sur

face ocean has, therefore, been considered in relation to 

mCDR.45–47

Our experiments demonstrated that GRF rapidly stimulates 

phytoplankton growth. GRF is also available in large quantities 

from sedimentary deposits around Greenland.1,48 Dispersal of 

GRF in trace metal- and/or nutrient-depleted ocean areas27,49,50

could, therefore, increase ocean productivity, consume dis

solved inorganic carbon, and thereby increase oceanic CO2 up

take. The net effect would, in principle, be similar to previous field 
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studies of Fe fertilization51–53 or as simulated in model studies of 

the addition of Fe or macronutrients.45,54 However, several un

known factors may limit the efficacy of this mCDR approach in 

relation to the export of carbon and the sequestration time of re

mineralized organic carbon in the deep ocean.55–57 Our experi

ments support that growth of phytoplankton can be stimulated 

by GRF, and this is the first step for a marine GRF application 

for CO2 removal; however, the overall impact on the biological 

pump needs further investigations.

Impact of GRF on primary production

GRF contains significant amounts of bioavailable Fe, Mn, and P 

that can rapidly be mobilized for phytoplankton growth on time 

scales within 3-6 days. Fe was mobilized from GRF at a rate 

that could supply exponential growth of cells as efficiently as 

from an Fe-replete growth medium. Significant amounts of Mn 

and P were also found to be mobilized, although they could 

only partly compensate for the lack of these elements. This im

plies that GRF has a large potential for supplying primary pro

ducers in the ocean with these essential nutrients and trace 

metals.

Limitations of the study

Two sources of GRF, collected at the same location in 2015 

and 2024, were analyzed in the experiments, and they were 

assumed to be representative of sedimented GRF in the marine 

deposit. The general similarity between experiments with GRF 

(e.g., NPV + GRF in experiments I–III resulted in growth rates 

ranging between 0.35 and 0.45 days− 1, Table 2) and the rela

tively large and significant difference between experiments 

without GRF (i.e., NPV with growth rates between ∼0 and 

0.19 days− 1) supported that the bioavailable trace metal con

tent is about the same in the two GRF sources. The similar 

response to GRF from the two different sampling periods of 

GRF, i.e., experiment I versus experiments II–III also supported 

that contamination during sampling, postprocessing, and 

experimental setup could be considered to be of minor 

importance.

The biological response to Fe mobilization from GRF by the 

green algae P. diskoicola may differ from that by other phyto

plankton species where the GRF content of other minerals, 

e.g., silicate, also may impact the growth rate. However, Fe is 

an essential element for all phytoplankton species, and, there

fore, we consider GRF to be a general potential trace metal 

and P source for phytoplankton growth, although there likely 

will be a species-dependent sensitivity.
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10. Nielsdóttir, M.C., Moore, C.M., Sanders, R., Hinz, D.J., and Achterberg, 

E.P. (2009). Iron limitation of the postbloom phytoplankton communities 

in the Iceland Basin. Glob. Biogeochem. Cycles 23, GB3001. https://doi. 

org/10.1029/2008GB003410.

11. Jørgensen, C.J., Søndergaard, J., Larsen, M.M., Kjeldsen, K.K., Rosa, D., 

Sapper, S.E., Heimbürger-Boavida, L.-E., Kohler, S.G., Wang, F., Gao, Z., 

et al. (2024). Large mercury release from the Greenland Ice Sheet invali

dated. Sci. Adv. 10, eadi7760. https://doi.org/10.1126/sciadv.adi7760.

12. Krause, J., Zhu, X., Höfer, J., Achterberg, E.P., Engel, A., Meire, L., Stuart- 

Lee, A.E., and Hopwood, M.J. (2023). Glacier-derived particles as a regional 

control on marine dissolved Pb concentrations. J. Geophys. Res. Biogeosci. 

128, e2023JG007514. https://doi.org/10.1029/2023JG007514.

13. Hawkings, J., Wadham, J., Tranter, M., Telling, J., Bagshaw, E., Beaton, 

A., Simmons, S.-L., Chandler, D., Tedstone, A., and Nienow, P. (2016). 

The Greenland Ice Sheet as a hot spot of phosphorus weathering and 

export in the Arctic. Glob. Biogeochem. Cycles 30, 191–210. https://doi. 

org/10.1002/2015GB005237.

14. Bhatia, M.P., Kujawinski, E.B., Das, S.B., Breier, C.F., Henderson, P.B., 

and Charette, M.A. (2013). Greenland meltwater as a significant and 

potentially bioavailable source of iron to the ocean. Nat. Geosci. 6, 

274–278. https://doi.org/10.1038/NGEO1746.

15. Hawkings, J.R., Skidmore, M.L., Wadham, J.L., Priscu, J.C., Morton, P.L., 

Hatton, J.E., Gardner, C.B., Kohler, T.J., Stibal, M., Bagshaw, E.A., et al. 

(2020). Enhanced trace element mobilization by Earth’s ice sheets. Proc. 

Natl. Acad. Sci. USA 117, 31648–31659. https://doi.org/10.1073/pnas. 

2014378117.

16. Zhu, X., Hopwood, M.J., Laufer-Meiser, K., and Achterberg, E.P. (2024). 

Incubation experiments characterize turbid glacier plumes as a major 

source of Mn and Co, and a minor source of Fe and Si, to seawater. 

Glob. Biogeochem. Cycles 38, e2024GB008144. https://doi.org/10. 

1029/2024GB008144.

17. Shoenfelt, E.M., Sun, J., Winckler, G., Kaplan, M.R., Borunda, A.L., Farrell, 

K.R., Moreno, P.I., Gaiero, D.M., Recasens, C., Sambrotto, R.N., and Bo

stick, B.C. (2017). High particulate iron(II) content in glacially sourced 

dusts enhances productivity of a model diatom. Sci. Adv. 3, e1700314.

18. Bendtsen, J., Daugbjerg, N., and Hansen, J.L.S. (2024). Glacial rock flour 

increases photosynthesis and biomass of natural phytoplankton commu

nities in subtropical surface waters: a potential means of action for marine 

CO2 removal. Front. Mar. Sci. 11, 1416421. https://doi.org/10.3389/fmars. 

2024.1416421.

19. Hendry, K.R., Huvenne, V.A.I., Robinson, L.F., Annett, A., Badger, M., Ja

cobel, A.W., Ng, H.C., Opher, J., Pickering, R.A., Taylor, M.L., et al. (2019). 

The biogeochemical impact of glacial meltwater from Southwest 

Greenland. Prog. Oceanogr. 176, 102126. https://doi.org/10.1016/j.po

cean.2019.102126.

20. Jones, R.L., Hawkings, J.R., Meredith, M.P., Lohan, M.C., Moore, O.W., 

Sherrell, R.M., Fitzsimmons, J.N., Kazemian, M., Araki, T., Kaulich, B., 

and Annett, A.L. (2025). Antarctic glaciers export carbon-stabilised 

iron(II)-rich particles to the surface Southern Ocean. Nat. Commun. 16, 

5015. https://doi.org/10.1038/s41467-025-59981-y.

21. Crusius, J., Lao, C.A., Holmes, T.M., and Murray, J.W. (2024). Alaskan 

glacial dust is an important iron source to surface waters of the Gulf of 

Alaska. Geophys. Res. Lett. 51, e2023GL106778. https://doi.org/10. 

1029/2023GL106778.

22. Gledhill, M., and Buck, K.N. (2012). The organic complexation of iron in the 

marine environment: a review. Front. Microbiol. 3, 69. https://doi.org/10. 

3389/fmicb.2012.00069.

23. Bendtsen, J., Hilligsøe, K.M., Hansen, J.L.S., and Richardson, K. (2015). 

Analysis of remineralisation, lability, temperature sensitivity and structural 

composition of organic matter from the upper ocean. Prog. Oceanogr. 

130, 125–145. https://doi.org/10.1016/j.pocean.2014.10.009.

24. Lampe, R.H., Coale, T.H., McQuaid, J.B., and Allen, A.E. (2024). Molecular 

mechanisms for iron uptake and homeostasis in marine eukaryotic phyto

plankton. Annu. Rev. Microbiol. 78, 213–232. https://doi.org/10.1146/an

nurev-micro-041222-023252.

25. Gorbunov, M.Y., and Falkowski, P.G. (2022). Using chlorophyll fluores

cence to determine the fate of photons absorbed by phytoplankton in 

the world’s oceans. Ann. Rev. Mar. Sci 14, 213–238. https://doi.org/10. 

1146/annurev-marine-032621-122346.

26. Twining, B.S., and Baines, S.B. (2013). The Trace Metal Composition of 

Marine Phytoplankton. Ann. Rev. Mar. Sci 5, 191–215. https://doi.org/ 

10.1146/annurev-marine-121211-172322.

27. Moore, C.M., Mills, M.M., Arrigo, K.R., Berman-Frank, I., Bopp, L., Boyd, 

P.W., Galbraith, E.D., Geider, R.J., Guieu, C., Jaccard, S.L., et al. (2013). 

Processes and patterns of oceanic nutrient limitation. Nat. Geosci. 6, 

701–710. https://doi.org/10.1038/ngeo1765.

28. Ho, T.Y., Quigg, A., Finkel, Z.V., Milligan, A.J., Wyman, K., Falkowski, P.G., 

and Morel, F.M.M. (2003). The elemental composition of some marine 

phytoplankton. J. Phycol. 39, 1145–1159.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

NaNO3 (concentration in final media: 8.82 ⋅ 
10− 4 M/L)

Analytical grade Component in L1-media

NaH2PO4⋅H2O (concentration in final media: 

3.62 ⋅ 10− 5 M/L)

Analytical grade Component in L1-media

Thiamine⋅HCL, Vitamin B1 (concentration in 

final media: 2.96 ⋅ 10− 7 M/L)

Analytical grade Component in L1-media

Biotin, Vitamin H (concentration in final 

media: 2.05 ⋅ 10− 9 M/L)

Analytical grade Component in L1-media

Cyanocobalamin, Vitamin B12 

(concentration in final media: 3.69 ⋅ 
10− 10 M/L)

Analytical grade Component in L1-media

Na2EDTA⋅2H2O (concentration in final 

media: 1.17 ⋅ 10− 5 M/L)

Analytical grade Component in L1-media

FeCl3⋅6H2O (concentration in final media: 

1.17 ⋅ 10− 5 M/L)

Analytical grade Component in L1-media

MnCl2⋅4H2O (concentration in final media: 

9.09 ⋅ 10− 7 M/L)

Analytical grade Component in L1-media

ZnSO4⋅7H2O (concentration in final media: 

8.00 ⋅ 10− 8 M/L)

Analytical grade Component in L1-media

CoCl2⋅6H2O (concentration in final media: 

5.00 ⋅ 10− 8 M/L)

Analytical grade Component in L1-media

CuSO4⋅5H2O (concentration in final media: 

1.00 ⋅ 10− 8 M/L)

Analytical grade Component in L1-media

Na2MoO4⋅2H2O (concentration in final 

media: 8.22 ⋅ 10− 8 M/L)

Analytical grade Component in L1-media

H2SeO3 (concentration in final media: 1.00 ⋅ 
10− 8 M/L)

Analytical grade Component in L1-media

NiSO4⋅6H2O (concentration in final media: 

1.00 ⋅ 10− 8 M/L)

Analytical grade Component in L1-media

Na3VO4 (concentration in final media: 1.00 ⋅ 
10− 8 M/L)

Analytical grade Component in L1-media

K2CrO4 (concentration in final media: 1.00 ⋅ 
10− 8 M/L)

Analytical grade Component in L1-media

Lugols Iodine (final concentration 2%) Analytical grade Conservation of cells

Experimental models: Organisms/strains

Pyramimonas diskoicola Univ. of Copenhagen Cell culture

Software and algorithms

R statistical software R foundation www.R-project.orrg

Graphpad GraphPad Prism (v.10.6.0) www.graphpad.com

Other

Plankton wheel, 0.5 rpm Univ. of Copenhagen Custom made design

Nunc flasks, 25 cm2 Sarstedt Incubation bottles

ULM 500 Waltz Used for PAR measurements

VWR bench pHenomenal VWR Used for pH-measurements

Trilogy fluorometer Turner design Used for chlorophyll a measurements

1 mL Rafter chamber Sedgewick Used for cell counting

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Collection and processing of GRF

GRF was collected from the same location in 2015 and 2024 (Figure 1). Samples were collected from the surface sediment from a 

marine deposit in Nuuk fjord (Ilulialik, west Greenland, 64.76◦N, 50.66◦W) and brought on ship with an excavator in a shallow 

(∼1 m depth) area near a river outlet from a large (∼20 km) lake (Tasersuaq) that receives meltwater directly from the Greenland 

Ice Sheet. Material from 2015 was dried at a dry-room facility, crushed with a jaw-crusher and packed in bags (∼25 kg). Samples 

for experiment 2–4 was collected from the bags. Material from the 2024-material, used in experiment I, was stored in a plastic 

bag at the site and brought to the laboratory. The wet rock flour was dried at 50◦C and grinded with 20 mm Agate grinding bowls 

(99.9% SiO2) in a Fritsch pulverizette 6, planetary monomill (2 min, 300 rpm).

METHOD DETAILS

Glacial rock flour and batch solution

Analysis of GRF collected in 20152,32 showed a median grain size (d50) ∼2.6 μm with a relatively large BET-specific surface area of 

19.6 m2 g− 1, and a similar structure was assumed for the 2024-material collected at the same location. The large surface area of the 

material implies a potential large reactivity with the surrounding environment. GRF from the 2015 batch was collected at the same 

location as material used in previous studies of marine incubations,18 terrestrial CO2-sequestration32 and growth of crops.8 The major 

mineral composition of the GRF used in this experiment consists of biotite, oligoclase/andesine, amphibole, anorthite, quartz, Fe-ox

ide, K-feldspar, and muscovite.2,32

Collection of seawater

Seawater was collected at an open ocean site in the northern North Atlantic in the Icelandic Basin and from a shelf sea at the entrance 

to the Baltic Sea. Water in the Icelandic Basin was collected at 10 m depth (3 Sep. 2024) from 3 stations between (63.05◦N 18.21◦W) 

and (63.31◦N, 18.19◦W). These stations were characterized by low nutrient concentrations ([PO4
3− ]∼0.13 μmol L− 1, 

[NO3
− ]∼0 μmol L− 1). Baltic Sea water was collected in the northern part of The Sound (56.05◦N, 12.64◦E) at a depth of 32 m. The 

bottom water was collected at different times during the year. Dissolved inorganic phosphorus and nitrogen concentration vary typi

cally between ∼0.5 and 0.7 μM L− 1 and ∼3–7 μM L− 1, respectively. It should be noted that the final concentration of N and P in the 

incubations were much higher due to the addition of L1-media (See key resources table).

Experimental setup

Different combinations of GRF-samples and seawater origin were investigated to identify possible impacts from differences in the 

processing of GRF-samples and composition of seawater. Experiments were carried out with a green alga incubated on two identical 

plankton wheels (d = 1 m, rotation of 0.5 rpm) at a constant temperature of 4◦C ± 1◦C, and exposed to a constant photosynthetically 

available radiation (PAR = 91 ± 18 μE m− 2 s− 1 in exp. I-IV, respectively) in a 16:8 h light:dark cycle. These conditions were represen

tative for conditions in a subpolar environment.

Phytoplankton species and growth media

Incubations were made with an arctic green alga Pyramimonas diskoicola.29 Polar species of Pyramimonas have optimal temperature 

for growth in the range of 3◦C–8◦C.58–60 An L1 growth media61 was added to the batch water that contained nitrogen (N), phosphorus 

(P), and an f/2 vitamin (V) solution.62 In addition the L1-media contains EDTA. EDTA is included in the growth media to keep the free 

iron concentration low and comparable to iron in seawater.63

L1-media contains 10 compounds of trace metals including Fe and Mn, e.g., iron and manganese was added as FeCl3 and MnCl2 in 

a concentration of 1.17 ⋅ 10− 5 M and 9.09 ⋅ 10− 7 M, respectively (key resources table).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Olympus BH2 microscope Olympus Used for cell counting

Filtropur V100 Vacuum filter, unit 1000 mL, 

0.2 μm

Sarstedt Used for filtering batch water

Pulverizette 6 Fritz Planetary monomill for grinding dried GRF

LabSTAF Chelsea Technologies Ltd Used for Fv/Fm-measurements

Millipore Synergy UV Water Purification 

System

Merck Millipore Ultrapure Milli-Q water used for dilution of 

batch water
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A series of treatments were designed for quantifying the biological mobilization rate of Fe, Mn and P (Table 1). A reference treat

ment with the complete L1-media, i.e., N, P, Vitamins and Trace metals, is referred to as NPVT. This treatment contained sufficient N, 

P, vitamins and trace metals for several weeks of exponential growth from the initial inoculum of phytoplankton cells. The general 

sensitivity to trace metals as well as the sensitivity to the Fe-concentration were analyzed. Hence, NPV and NPV + GRF treatments 

showed the sensitivity between a treatment without any trace metals (i.e., NPV) and a treatment where GRF was added instead of the 

trace metals. A constant GRF-concentration of 0.326 g L− 1 was applied in all experiments. This concentration is comparable to high 

concentrations observed near river outlets in Greenland.37

The sensitivity to iron-mobilization from the GRF was analyzed by leaving out iron in the L1-media. Hence, the NPVT-Fe treatment 

included the full L1-media without iron, and this treatment was compared with NPVT-Fe + GRF, where GRF potentially could 

compensate for the lack of iron. Similarly, the sensitivity to manganese-mobilization was investigated by omitting Mn in the growth 

media and comparing NPVT-Mn and NPVT-Mn + GRF treatments. A set of treatments were also analyzed for identifying the potential 

for P-mobilization from the GRF. The NVT-treatment, i.e., NPVT without P, showed the importance of P for growth during the incu

bations. This P-limited treatment was then compared with a corresponding set of NPV-treatments where GRF was added (NVT + 

GRF). Finally, a set of treatments were analyzed with the focus on identifying the possible impact from EDTA in the L1-media on 

the mobilization rates of iron.

The batch water, i.e., the seawater used in the incubations, was filtered (Filtropur V100 Vacuum filter, 0.2 μm, Sarstedt) and ster

ilized by autoclaving at 120 ◦C for 30 min. The N, P and the trace metal solution from the L1-media was included before sterilization. 

The f/2 vitamin was subsequently added when the L1-media was cooled, and GRF was added at the very start of the experiments. 

The potential influence of salinity was accounted for by diluting to a common salinity of ∼30 g kg− 1 with Milli-Q water. Finally, cells of 

P. diskoicola were added in concentrations of ∼103 cells mL− 1 and incubated in 70 mL sterile Nunc-flasks (cell culture flask, 25 cm2, 

polystyrene, Sarstedt).

Incubation experiments

All treatments were incubated for 18 to 21 days and measurements were made in the morning every third day. Each sampling was 

based on triplicate measurements of photosynthetic efficiency determined from variable fluorescence Fv/Fm (LabSTAF, Chelsea 

Technologies Ltd)64 after samples were stored in darkness for at least 30 min, and measured in a small sample chamber (20 mL). 

The Fv/Fm describes the maximum quantum yield of photosystem II, and it expresses the photosynthetic efficiency of the cells where 

high values indicate cells with a well-functioning photosynthetic apparatus and low Fv/Fm indicates an iron depleted environment.25

In addition, pH (VWR bench pHenomenal), chlorophyll a (Trilogy fluorometer, Turner Design) and salinity (refractometer) were 

measured. Cell concentrations were attained by manual cell counts from a marked set of triplicates of all treatments and resulted 

in 3 time series of cell abundances. Cells were counted from 1.175 mL of the incubation sample and stored in Eppendorf tubes 

with Lugol’s iodine (final concentration 2%). Counting of samples used a 1 mL Sedgewick Rafter chambers and an Olympus BH2 

microscope. At least 400 cells were counted for each sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

Model of growth rate and statistical analysis

It was assumed that the impact by microbiomes from the small inoculum (∼0.3–1 mL) of the microalgal stock culture or associated 

with the dried GRF on the cell growth in the sterilized batch water were insignificant for the growth of the cells. Hence, the cell con

centration (n, cells mL− 1) could be described by a constant growth rate (μ, day− 1) as a function of time (t): n(t) = n(t = 0) exp(μt). The 

growth rate was determined by a linear regression of the logarithm of the cell concentration. Statistical analysis was made with R65

and GraphPad Prism (ver. 10.6.0) and the significance level was p = 0.05.
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