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The Amazonian mangrove systems
accumulate and release dissolved
neodymium and hafnium to the oceans
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Mangroves are essential tropical ecosystems nurturing a wide range of marine biodiversity and
counteracting global warming by sequestering atmospheric carbon dioxide. Hence, the export
mechanisms and fluxes of particulate and dissolved organic carbon and trace elements from
mangroves directly influence coastal productivity, the global carbon cycle and thus global climate,
which are, however, not well constrained. Here we find consistent radiogenic neodymium and hafnium
isotopic compositions of porewater, sedimentary iron-manganese oxyhydroxides and coastal
seawater, suggesting that the Amazonian mangrove belt supplies trace elements through porewater
discharge, dissolution of iron-manganese oxyhydroxides and their interactions with seawater.
Together, these processes supply 8.4 x 10°g yr ' dissolved neodymium, equivalent to 64% of the total
sources of neodymium to the Amazonian coastal seawater. Globally, mangrove systems along the
continental margins contribute 6-9% of the net neodymium input to the ocean, which is similar to the
contributions from atmospheric deposition. A contribution of this magnitude is potentially also the
case for other trace elements, given the strong correlations between neodymium and iron (Pearson
r=0.92), and manganese (r = 0.75) concentrations across the entire river-ocean section, emphasizing
the crucial role of mangrove system inputs in micro-nutrient cycling.

Tropical mangrove forests serve as crucial sinks of atmospheric CO,"* and
as critical buffer zones between land and oceans by trapping substantial
amounts of continental material, including trace metals and organic
materials”’. Mangrove-dominated ecosystems also act as biochemical
reactors, in which processes such as the decomposition of organic matter
within sediments® and the generation and export of vast quantities of
nutrients, particulate and dissolved organic carbon, CO, and CH,, along
with trace elements (TEs) take place’". Export fluxes of particulate organic
carbon, dissolved organic carbon, and TEs to the coastal ocean from the
mangroves directly affect carbon sequestration and the food webs of surface
ecosystems in tropical coastal waters'’. Meanwhile, within the mangrove
systems, diverse material sources and complex processes interact, including
anthropogenic emissions, riverine (dissolved and particulate) inputs, sedi-
ment dissolution and porewater discharge, as well as estuarine removal or
release, and sediment-seawater-porewater interactions. These factors

challenge the accurate quantification of TE exports from mangroves and a
comprehensive understanding of the role of mangrove systems in marine
biogeochemical cycles.

Particle-reactive rare earth elements (REEs) and hafnium (Hf) provide
insights into different elemental sources and geochemical processes such as
sediment-water interactions, enabled by the distinct REE patterns of river
water, seawater and sediments'™". The relative enrichment or depletion of
cerium compared to neighboring REEs (named Ce anomaly) can identify
redox conditions due to the redox-sensitive nature of Ce, as a consequence of
which oxidized Ce (IV) is more efficiently adsorbed to particles and removed
from water'’. A positive gadolinium (Gd) anomaly typically represents
anthropogenic source contributions given that medical imaging and waste-
water discharge is the major Gd source in modern rivers and coastal
oceans'*. In tropical mangrove estuaries in New Caledonia REE patterns
have been used to suggest that mangrove sediments supply substantial
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amounts of dissolved REEs to estuarine waters”. Enrichments of the light
REE (LREE) relative to the heavy REE (HREE) observed in mangrove sedi-
ments from several areas (e.g., Indian Sundarbans, Zhangjiang estuary, China
and Jaguaripe estuary, Brazil) have been suggested to result from sources or
processes like the weathering of crustal materials, preferential scavenging of
LREE by flocculation matter or adsorption by sediments and preferential
mobilization of HREE into dissolved form™ . Complementing the infor-
mation from REEs, radiogenic Nd and Hf isotopic compositions, expressed as
ena and ey, respectively (defined in Methods) are sensitive tracers of the rock
type and weathering of their continental sources". The eyq and ey sig-
natures trace seawater-particle interactions at the continent-ocean interface
through isotopic fingerprints in river water, seawater and particles”. Radio-
genic Nd and Hf isotopes are also powerful tracers of the origin and mixing of
water masses and serve as proxies for past changes in ocean circulation”*.
Mangrove forests located along the land-ocean interface act both as sinks for
continental materials and as sources of nutrients and metals to the coastal
oceans'”” and thus also as a potential source of dissolved Nd and Hf to the
ocean. Indeed, in the coastal seawater off the Amazonian mangrove belt
elevated concentrations of TEs have been observed and linked to ground-
water inflow in previous studies’ . However, the sources and processes
controlling these TE concentrations within the mangroves and their impact
on oceanic REE and Hf budgets remain largely unknown.

In this study, we analyzed REEs in coastal surface seawater, the Caeté
River, brackish intertidal creek water, porewaters, and the iron-manganese
(Fe-Mn) oxyhydroxide fraction of sediments in combination with eng and
exgrsignatures of coastal seawater, porewater (exg only) and coastal sediment.
This dataset allows the evaluation of processes within mangroves on various
spatial scales including coastal seawater mixing, Caeté River estuarine pro-
cesses, porewater-seawater mixing, and sediment-porewater/seawater
interactions. Evidence combining REEs, exg, and ey reveals that porewater
and Fe or Fe-Mn oxyhydroxides supply substantial amounts of dissolved
REEs and Hf to coastal seawater and control its exg and gy distributions.

Results and Discussion

Dissolved REE and Hf concentrations and radiogenic Nd and Hf
isotope compositions in the coastal area off the mangrove belt
Across the coastal area off the Amazonian mangroves (Fig. 1), Nd and Hf
concentrations ([Nd], [Hf]) in seawater averaged 35.8 + 6.6 pmol kg' and
0.8+ 0.1 pmol kg'1 (1 SD, standard deviation, n = 11), respectively, with the
maximum reaching 44.7 pmol kg for [Nd] and 1.0 pmol kg for [Hf]
(Fig. 2a, b). These concentrations are higher than mean values (n = 2) of 30.6
pmol kg for Nd and 0.6 pmol kg for Hf in the Amazon estuarine waters at
similar salinities (Sal: 29 ~ 31)*". Increased concentrations were also observed
for other TEs such as Fe, nickel (Ni), cobalt (Co), titanium (Ti), aluminium
(Al), and zinc (Zn) in these seawaters™***. These observations support the
comparison between these metals and Nd and Hf, the isotopic compositions of
which allow the tracing of source contributions that elevate their concentra-
tions in coastal seawater. eng and g signatures in coastal surface seawater
were -17.3+0.3 and -8.0£0.8 (1 SD, n=11), respectively, and were thus
much less radiogenic than those in upstream tropical western Atlantic sea-
water (eng: -12.5, e3¢ -0.7)””. This documents that increases in dissolved [Nd]
and [Hf] are coupled with large shifts of &g and ey values in the coastal
seawater, suggesting a source enriched in Nd and Hf with highly unradiogenic
isotopic signatures (Fig. 3). The substantial shifts in dissolved exg and ey
cannot be attributed to the adjacent Amazon River and Pard River as their exg
and ey signatures are much more radiogenic at -9.4 (enq) and +1.8 (eyy) and
-14.1 (eng) and -4.1 (gy¢), respectively . Given the elevated TE concentrations
observed in many mangrove-estuaries'>*>**"", the nearby Amazonian man-
grove system is considered the primary source responsible for these changes,
likely including contributions from riverine inputs, partial dissolution of
mangrove sediments, and porewater discharge™*.

Dissolved REE variability in the Amazonian mangrove ecosystems
In the Caeté River estuary, the river-ocean section is divided into three zones
based on salinity levels and mangrove distributions: the fluvial zone (Sal:

0.2-3.7), the mangrove-fringed zone (Sal: 3.7-33.6), and the coastal marine
zone (Sal: 33.6-35.9) (Fig. 1c)*. In the fluvial zone, the dissolved [Nd] of
Caeté River freshwater (Sal: 0.2) ranged from 494 to 531 pmol kg"'. Along
the salinity gradient, dissolved [Nd] decreased rapidly in the low-salinity
zone (Sal <8) due to salt-induced coagulation and precipitation of (nano)
particles and colloids (NPCs)**** (Fig. 4a). The maximum removal of 71.6%
for Nd (Supplementary Table S1) was substantially lower than in the
Amazon estuary (90.8%) and in the Pard estuary (95.0%), which may be
related to higher dissolved organic matter (DOM) in the Caeté River. In the
mid- to high-salinity zone, several distinctly elevated [Nd] values were
observed with the largest spike reaching 395 pmol kg, higher than expected
from conservative mixing between river water and coastal seawater (blue
dashed line in Fig. 4a). Furthermore, in order to examine if coagulation and
removal of Nd continued with increasing salinity or if Nd addition in the
mid- to high-salinity zone occurs after initial removal, a second conservative
mixing line (green dashed line in Fig. 4a) has been calculated between the
water samples corresponding to mixing with the seawater endmember
following the maximum removal (Supplementary Table S1). Interestingly,
we observed higher [Nd] compared to the values expected from the second
conservative mixing line for salinities of 10-33 in the mangrove-fringed
zone. Strikingly, at salinities of 11 and 16, observed [Nd] reached 259 pmol
kg" and 395 pmol kg, which exceeded 120% and 300% of the expected
values of 113 pmol kg and 98 pmol kg from the second conservative
mixing lines, respectively (Fig. 4a). These marked additions of Nd require a
major supply from a third endmember other than Caeté River freshwater
and seawater, particularly considering the substantial Nd removal (71.6%)
noted in the low-salinity zone. Furthermore, in the coastal marine zone (Sal
> 34.6), [Nd] in seawater was 54 + 8 pmol kg (1 SD, 7 = 5), much higher
than observations in either the Amazon estuary of 23 + 2 pmol kg™ (1 SD,
n =4, Sal > 35.4) or the upstream tropical western Atlantic seawater of 15
pmol kg (Sal: 36.4)”, implying a substantial contribution from the addi-
tional source that impacts dissolved Nd distributions in mangrove-fringed
and costal marine zones. The weak correlations between [Nd] and fluor-
escent DOM (FDOM, Pearson Coefficient, r = 0.33, P = 0.12,n = 23), as well
as between [Nd] and dissolved organic carbon concentrations (r=0.18,
P =0.42, n = 23), indicate that the observed increases in [Nd] in the mid- to
high-salinity zones were not directly associated with organic matter (Sup-
plementary Fig. S1). Instead, this additional source appears to be strongly
linked to Fe or Fe-Mn cycling. This is revealed by strong correlations
between [Nd] and [Fe] (r = 0.92, P < 0.01, n = 23, Fig. 4a), and between [Nd]
and [Mn] (r = 0.75, P < 0.01, n = 23, Supplementary Fig. S1) across the entire
river-ocean section. Therefore, the zigzag variations of [Nd] and [Fe] in the
mid- to high-salinity zone are likely not due to sampling biases or noisy
background, but are instead attributed to mangrove contributions through
Fe-Mn cycling (see below discussion).

In the intertidal creek water of Furo do Meio (Fig. 1d), [Nd] exhibited
tidal shifts between increased values of 163 + 104 pmol kg (1SD, n=6)
during low tide and 86+ 17 pmol kg (1SD, n=7) during high tide
(Fig. 4b). This phenomenon was particularly prominent in the samples
taken on the same day, when during low tide creek water was saline (Sal:
37.7) and reached peak [Nd] values of 392 pmol kg, whereas during high
tide creek water was fresher (Sal: 34.2) and had a lower value of 72 pmol kg .
The increases and tidal changes of [Nd] in creek water indicate that a source
within the mangroves supplies Nd, which is observed especially during low
tide. This source can neither be attributed to river supply as there is no fluvial
freshwater input™, nor to organic matter inputs, given the lack of strong
correlations between [Nd] and FDOM (r=0.41, P=0.12, n=13) and
between [Nd] and dissolved organic carbon concentration (r=0.37,
P=042, n=13) (Supplementary Fig. S1). Instead, this source is closely
related to the porewater discharge driven by tidal pumping and associated
with Fe or Fe-Mn cycling indicated by the observed tidal variations in
salinity™*’ and strong correlation between [Nd] and [Fe] (r=0.76, P < 0.01,
n=13, Fig. 4b) and between [Nd] and [Mn] (r=0.61, P<0.01, n=13,
Supplementary Fig. S1) in saline tidal creek water, respectively. Additionally,
it has been reported that the [Fe] and [Mn] in these mangrove porewaters
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Fig. 1 | Map of the study area showing sampling sites. a View of the study area on
the North Brazil continental shelf (red rectangle). b Sampling stations of coastal

surface seawater (orange circles) and sediment (grey circles) in Zone A and B. The
Amazonian mangrove area between Zone A and B covers 2200 km” along a coastline
spanning 280 km. ¢ Sampling sites across the Caeté River estuary (black circles) in
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three sections (fluvial, mangrove-fringed, coastal marine) indicated by yellow
brackets. d Sampling sites of intertidal creek water (pink circles) and porewater in the
mangrove area (red circles). Mangrove coverage is marked by the green area in
panels a, b and c. Source map from ©2020 Google Earth (Fig. 1d). Figures were
generated by QGIS.
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Fig. 2 | Dissolved Nd and Hf concentrations ([Nd], [Hf]), rare earth element
(REE) patterns, exq and &gy distributions in the coastal area off the Amazonian
mangrove belt. a, b Dissolved [Nd] and [Hf] distributions versus salinity in coastal
surface waters from zone A (blue rectangles) and zone B (blue dots). Data from
Amazon estuarine waters are shown as green dots for comparison. Regression lines
(blue dashed line) and 95% confidence intervals (CI, shaded gray area) in panels
aand b are generated using data from the coastal area off the mangrove belt. ¢ REE
pattern of all coastal seawater stations across the mangrove-dominated coast (cir-
cles), Amazon estuarine water (rectangles) and the reference material (BATS 15 m,
triangles) all normalized to PAAS (Post-Archean Australian Shale)”. Colors of the
symbols represent salinity as indicated by the color bar. d, e exq and ey of coastal
seawater (blue dots), porewater (pink dots) and labile Fe-Mn oxyhydroxides (gray

bars) versus salinity. Grey solid lines in panels d and e represent the two-endmember
conservative mixing between the freshest coastal seawater (Sal: 28.1) and tropical
western Atlantic seawater using measured [Nd] and [Hf] of these endmembers. Blue
solid lines represent two-endmember (freshwater and seawater) conservative mixing
using calculated [Nd] and [Hf] of the freshwater endmembers (4000 pmol kg and
50 pmol kg ', respectively) assuming river supply as the sole dissolved source
(Supplementary Fig. S2). Dissolved [Nd] or [Hf] and corresponding eng Or ep¢
signatures of tropical western Atlantic seawater are adopted from Zieringer” and are
listed in Supplementary Table S2. The dashed lines above and below the corre-
sponding solid lines reflect the uncertainties of the estimations of the eyg and ey¢
endmember values. Error bars correspond to 2 SD of the exq and eyf measurements.

are 87 +72 umol L and 26 + 16 pmol L, respectively, which are several
times higher than those in Caeté River freshwater, estuarine water and
intertidal creek water, suggesting that porewaters can be major sources of Fe
and Mn*.

Within the Amazonian mangroves, various processes are at play,
including interactions between porewater, sediment and estuarine water/
seawater, and the reductive dissolution of Fe(III) and/or Mn(IV) solid
phases and TE release’”. On top of this is a high porewater discharge of 1.9
x 10* m® km™ day” (5.1 x 10 1SD), which is driven by tidal seawater
pumping'”. The REE patterns are useful for distinguishing different sources
and processes enabled by the distinct patterns of river water, seawater,
porewater and sediments”™ to help identify the dominating process
responsible for [Nd] supply from mangroves. In the Caeté River estuary,

waters with elevated [Nd] exhibited a REE pattern characterized by a LREE
increase without negative Ce anomalies (Fig. 4c), which was similar to those
of porewaters and Fe-Mn oxyhydroxides (see below discussion). In the
intertidal creek, the REE patterns of seawater during high tide and low tide
were distinct (Fig. 4d). During high tide, the saline creek water displayed
seawater-like LREE-depleted and HREE-enriched REE patterns with
negative Ce anomalies (Fig. 4d). In contrast, during low tide, the REE
patterns of creek water were characterized by increased LREE levels without
negative Ce anomalies, suggesting a crustal-like LREE supply. Within the
mangrove sediments, porewaters displayed remarkably high [Nd] ranging
from 238 pmol kg to 4897 pmol kg with a mean value of 2429 + 1892
pmol kg (1 SD, n = 8). These porewaters showed two distinct REE patterns
(Fig. 4e): i) an estuarine water-like pattern, characterized by a slight
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enrichment in HREE and a depletion in LREE without a Ce negative
anomaly compared to estuarine water. This suggests the existence of a Ce
supply to porewaters within reducing mangrove sediments enabling soluble
Ce enrichment in porewaters'’, and ii) a Fe-Mn oxyhydroxide-like pattern,
being HREE-depleted and highly LREE enriched. Therefore, the elevated
[Nd] and REE patterns of porewaters suggest that reductive dissolution of
Fe-Mn oxyhydroxides is the main source elevating [REE] in porewater and
shaping their REE patterns. This conclusion is also strongly supported by
the consistent eyq signatures of the porewaters (-17.8 £0.2,1 SD, n = 5) and
the labile Fe-Mn oxyhydroxides in the sediments (-17.8 +0.2) (Table 1).
Combining the evidence from Fe-Mn oxyhydroxide, porewater, estuarine
water and tidal creek water data demonstrates that discharge from pore-
waters and interactions with labile Fe-Mn oxyhydroxides supply substantial
amounts of REEs to Caeté River estuarine waters and tidal creek water
within the Amazonian mangrove belt.

Sources and processes controlling REE and Hf distributions in
the coastal area

We observed elevated [Nd] and [Hf] of coastal surface seawater with highly
unradiogenic &g and ey signatures (Fig. 2 and Fig. 3). Potential sources
along the mangrove-dominated coast that could supply Nd and Hf to
surface waters include river water, porewater discharge, and Fe-Mn oxy-
hydroxide and silicate phase dissolution of mangrove sediments. Assuming

mixing between river and seawater, the [Nd] values of Caeté River water
(~ 550 pmol kg') are too low to cause the observed unradiogenic exg and
egr compositions of the surface waters (Fig. 2d, e and Supplementary
Fig. S2). Hence, the Caeté River is likely not the sole source of REEs for
coastal seawater. In consideration of the extremely high [Nd] in porewaters
(up to 4897 pmol kg™) and similar REE patterns of porewater, labile Fe-Mn
oxyhydroxides, Caeté estuarine water, and creek tidal water (Fig. 4), pore-
water discharge and Fe-Mn oxyhydroxide dissolution were likely the main
contributors of Nd to coastal seawater. This is supported by consistent exg
values among coastal seawater (-17.3+0.4, 1SD, n=11), porewaters
(-17.8£0.2, 1SD, n=5), and Fe-Mn oxyhydroxides (-17.8+0.2). It is
challenging to unambiguously distinguish the influence of clay, silt, and
residual bulk silicate sediment dissolution on coastal seawater based solely
on the gyq signatures of the different solid phases given their narrow ranges
(-17.0£0.1, -19.2+ 0.1, and -18.8 £ 0.1, respectively), which are similar to
those of porewater and coastal seawater. The ey signatures provide further
insights into the contributions from different silicate phases as they are
strongly influenced by mineral weathering”. The mean & signature of
-8.0 + 0.8 (1 SD, n = 11) in coastal seawater is identical within error to the gy
signature of the Fe-Mn oxyhydroxide phases (7.2 + 0.8). In contrast, the eg¢
signatures of the clay, silt, and residual bulk silicate phases (-14.2+0.2,
-38.5+0.2, and -38.4 + 0.2, respectively) are all markedly less radiogenic
than coastal seawater. The Hf isotopes thus clearly document that the
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Fig. 4 | Rare earth element (REE) patterns of waters from the Caeté River section,
tidal station, and of porewater and sedimentary Fe-Mn oxyhydroxides.

a Distributions of Nd and Fe concentrations of Caeté River estuarine waters. The
blue dashed line in panel a represents the calculated conservative Nd mixing line
between the freshwater and seawater endmembers along the river transect. The
second conservative mixing line (green dashed line) for Nd is defined by end-
members representing maximum Nd removal and seawater. b Distributions of Nd
and Fe concentrations of intertidal creek water over 10 days of tidal cycles. Fe
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concentrations are from Knoke et al.”’. ¢ REE patterns of Caeté River estuarine
waters, d brackish intertidal creek water, e porewater and labile Fe-Mn oxyhydr-
oxides coatings of sediment. Sample salinities are indicated by the color bar in each
panel. All REE patterns are normalized to PAAS™. The REE pattern of labile Fe-Mn
oxyhydroxides is scaled down by a factor of 1000 to facilitate comparison. The REE
patterns of Caeté estuarine waters (Sal: 20, solid gray line) were added for com-
parison and magnified by factors of 3 and 5 in panel e.

isotopic signature of coastal seawater is controlled by the Fe-Mn oxyhydr-
oxide phases with little influence of the residual silicate phases of the
sediments.

To elucidate the contributions from the aforementioned sources (i.e.,
dissolved riverine input, porewater discharge, and labile Fe-Mn oxyhydr-
oxide supply), we established a Nd mass balance model (Supplementary
Figs. S3 and S4). Contributions from riverine input, porewater discharge,
and labile Fe-Mn oxyhydroxide supply to the gross Nd flux (i.e., total Nd
output from the mangrove system) amounted to 56.9 £ 2.1%, 8.8 +3.1%,
and 34.3 £ 4.4%, respectively (Table 2). For the net Nd flux (i.e., the flux after
dissolved Nd removal in the estuary and at the coast), the contribution of
riverine input dropped to 36.0% after subtraction of the removal fluxes in
the estuary and of the additional Nd inputs from the mangroves to the
estuarine waters. Correspondingly, the contributions from porewater dis-
charge and labile Fe-Mn oxyhydroxide dissolution together accounted for
64.0% of the total sources of dissolved Nd to the coastal waters (Table 2).
These results suggest that porewater discharge, reductive dissolution of Fe or

Fe-Mn oxyhydroxides, and/or their interactions with coastal seawater are
the primary drivers of the dissolved [Nd] and [Hf] as well as &g and ¢
distributions in coastal seawater, which is supported by the REE patterns
and eyg and ey data discussed above.

To clarify the processes controlling REE cycling within mangrove
systems, a schematic figure (Fig. 5) is included. Mangroves produce and
store large quantities of organic matter in the mangrove sediments with a
global annual burial rate of 2.6 x 10" g organic carbon’. Within the sedi-
ments, organic matter acts as a rich source of DOM, which binds and
stabilizes REE in solution thereby preventing their precipitation and
removal by NPCs*~". The high abundance of organic matter in the Ama-
zonian mangroves promotes the transport of dissolved REEs from the rivers
to the coastal ocean, leading to a lower removal of [Nd] in the Caeté River
estuary (71.6%) than in the Amazon River estuary (90.8%)”". Furthermore,
increased microbial respiration and decomposition fueled by organic matter
promotes the prevalence of anoxic conditions within the sediments and
porewaters of the mangrove systems”. The occurrence of such anoxic
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conditions facilitates the reductive dissolution of Fe-Mn oxyhydroxides™”,
thus creating a positive feedback leading to elevated dissolved [REE]. This is
because tidal-driven porewater discharge and dissolution of Fe-Mn oxy-
hydroxides and/or interaction with seawater promotes the remobilization of
REEs and their release to the water column. These processes ultimately
control REE concentrations and ey 4 and gy distributions in the coastal area.
Nevertheless, REEs are removed from solution through scavenging during
sediment resuspension by oxidized Fe and/or Mn phases (e.g., Fe and Mn
sulfides)”, which are abundant in mangrove sediments™>*”’, and via floc-
culation and precipitation of Fe and Mn colloids during mixing of fresh-
water and seawater. Also, REEs, in particular LREE, are absorbed, mobilized,
and partitioned within mangrove plants, and root activity may strongly
influence their vertical distribution in core samples™. REE accumulation in
Indian mangrove plants was found to be 5 mgkg, accounting for 3.3% of
total REE concentrations in the surrounding sediments™. Moreover, uptake
of REEs by plants becomes more significant when sediment pH is low **.
However, the concentration of REE in mangrove plants is relatively low
compared to their abundance in bulk mangrove sediments, where Al and Fe
oxy-hydroxides are the primary host phases™. Consequently, the dynamic
redox cycles of Fe and Mn phases within mangrove systems play a pivotal
role in controlling REE cycling in mangrove-dominated coastal areas, as
evidenced by the strong correlations between [Nd] and [Fe] or [Mn] shown
in Fig. 4.

Implications for global oceanic trace element budgets and con-
sequences of mangrove loss

Determination of the accurate oceanic budgets of Nd and Hf is essential to
reliably apply Nd and Hf isotopes as tracers for identifying water mass
sources and their mixing in the present-day ocean and as proxies for past
variations in global ocean circulation. However, quantifying the oceanic Hf

Table. 1| Nd concentrations ([Nd]) and isotopic signatures (eng
and &) in coastal seawater, porewater, labile Fe-Mn
oxyhydroxide, clay, silt and residual sediment

Sample €ngs SD €np, SD [Nd]
(pmol kg )

Porewater 1 +2 -17.6+0.3 — 3044
Porewater 3 + 4 -18.0+0.3 — 4897
Porewater 9 + 10 -17.8+0.3 — 4154
Porewater 11 + 12 -17.7+0.3 = 4746

Porewater 16 -17.9+0.3 = 1547
Labile Fe-Mn -17.8+0.2 -72+0.8 —
oxyhydroxides

Clay fraction -17.0+0.1 -142+0.2 —

Silt fraction -19.2+0.1 -38.5+0.2 —

Residue -18.8+0.1 -38.4+0.2 —
Coastal -17.3+04 -8.0+0.8 35.8+6.6

seawater (n=11)

Note. External reproducibility (2 SD) of the eng and €y measurements were determined by running
secondary standard NIST 3135a and CGHF1. 1 SD of coastal seawater eng and €y data was
calculated from 11 samples.

budget remains challenging due to the limited global data. In contrast, more
information is available for Nd fluxes to/from the ocean allowing to better
constrain the different sources. Even with the latest estimate of a global
dissolved riverine Nd flux of 1.5 x 10°gyr"”, models still identify a sub-
stantial global Nd input deficit ranging from 4.0 to 7.5 x 10°g yr', which is
required to balance both [Nd] and eyq distributions in the global ocean™*".
Possible missing Nd sources include submarine groundwater discharge™,
benthic sediment flux** and particle dissolution/particle-seawater interac-
tion (i.e., boundary exchange processes)”. In view of the high Nd and Hf
contributions from mangrove systems observed in our study, the Nd flux
from mangrove system is calculated in order to address its contribution to
the deficit.

Our mass balance estimation suggests that the mean gross Nd flux
from the Amazonian mangrove systems (2200 km” between zone A and B in
Fig. 1) is 9.0£0.37 x 107 g yr' (1SD), including riverine supply, and
3.9+0.37 x 10" g yr' (1SD) without it. The corresponding mean Nd
removal fluxes are calculated as 7.7 + 0.37 x 10’ gyr" (1 SD) and 3.1 + 0.37 x
10’ gyr'* (1 SD). Consequently, the net Nd flux from Amazonian mangrove
systems is 1.3 x 107 g yr'", including a river contribution and 8.4 x 10° g yr'*
without it (Table 3). In addition, estimates using a seawater residence time
method give results similar to the mass balance model (Supplementary
Table S$4). Extrapolating data from Amazonian mangroves to a global scale
(applying a global mangrove area of 1.4 x 10°km*)*’, the global total man-
grove flux is estimated at 2.4 +0.23 x 10°gyr" (1 SD) for Nd if river con-
tributions are excluded and we only consider fluxes released through
porewater discharge and the dissolution of Fe-Mn oxyhydroxides and/or
exchange with seawater. Therefore, after subtracting mean removal fluxes of
1.9+0.23 x 10°gyr" (1 SD) the net Nd flux is calculated at 5.2 x 10°g yr
(Table 3). The calculated Nd flux from global mangroves is thus higher than
the estimated Nd flux from global dust (2 ~ 4 x 10*g yr'") and accounts for 6
to 9% of the global Nd input to the oceans™".

It is noted that the annual Brazilian mangrove loss occurs at a rate of
0.05% while the loss rate is 0.13% or 0.16% globally, due to human
activity”*”’. The amount of sediment trapped and organic matter production
by mangroves are consequently expected to decrease. Therefore, the TE
fluxes from the mangrove system may also decrease as their cycling is
dependent on the variability of redox conditions and the reductive dis-
solution and (re)precipitation of Fe or Fe-Mn oxyhydroxides in sediments.
A schematic diagram (Supplementary Fig. S5) illustrates potential changes
in TE fluxes (e.g., Nd), in response to mangrove degradation. Mangrove
systems are known to function as net sinks of nutrients (e.g., nitrate) and
thus protect coastal ecosystems from negative impacts of nutrient
enrichment™®, while also serving as net sources of nutrients (e.g., phos-
phate) and metals to support food webs and sustain coastal
productivity”’®”". However, under the climate change-driven pressures such
as sea-level rise, saltwater intrusions and rainfall extremes, the bio-
geochemistry of TEs in mangrove systems has been observed to change,
leading to elevated dissolved concentrations and fluxes of TEs like Fe, Mn,
copper (Cu), and mercury (Hg)**”*”*, with Cu and Hg potentially accu-
mulating through food webs and being toxic to aquatic life. Given the
essential role of mangrove ecosystems in controlling nutrient and heavy
metal dynamics in coastal environments by trapping terrestrial material and
nutrients, supplying essential nitrogen, phosphorus and micronutrients to

Table. 2 | Contributions of various sources to gross and net Nd fluxes exported from Amazonian mangrove systems

Total Riverine input

Porewater discharge Fe-Mn oxyhydroxide release

Gross Nd flux (g yr™') 9.0+0.33 x 107 5.1 x 107 7.9£2.7 x10° 3.1+£0.48 x 107
Contribution to total sources (%) 56.9+2.1 8.8 +3.1 343+4.4

Net Nd flux (g yr™") 1.3 x 107 4.7 x 10° 8.4 x 10°

Contribution to total sources (%) 36.0 64.0

Note. The gross Nd flux represents the total Nd output from all sources while the net Nd flux is calculated by subtracting the removal Nd flux. Details of the calculations are provided in the Supplementary

Figure. S3, Figure. S4 and Table S3.
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Fig. 5 | Schematic representation of the rare earth element (REE) sources and
cycling in mangroves and coastal areas. a An overview of the sources and processes
controlling REE dynamics in the mangroves and coastal areas. b REE removal-
release processes in the estuary, including large-scale removal of dissolved REEs via
salt-induced coagulation and precipitation of (nano-)particles and colloids (NPCs),
along with porewater input and Fe-Mn oxyhydroxide dissolution supply elevating
the [REE]. The presence of dissolved organic matter (DOM) exported from man-
groves enhances the availability of dissolved REEs and prevents their removal from

seawater

solution. ¢ Seawater-porewater mixing process in the mangrove areas. Porewater
discharge is mainly driven by tidal seawater intrusion and retreat (pumping).

d Sediment-porewater/seawater interactions. e Summary of the sources of dissolved
REEs supplied to the ocean via mangrove systems. The schematic diagram highlights
the variability of redox conditions regulating the reductive dissolution and (re)
precipitation of Fe or Fe-Mn oxyhydroxides during porewater-seawater mixing and
at the sediment-porewater-seawater interfaces, which subsequently impacts the REE
cycles in the mangroves and the coastal areas.

Table 3 | Calculated Nd fluxes from Amazonian and global mangrove systems

With riverine supply
Mean, 1 SD, 1SE, 95% CI

Without riverine supply
Mean, 1 SD, 1SE, 95% CI

Mean gross flux from Amazonian mangroves (x 10°gyr )

9.0, 0.37, 0.16, [8.7, 9.4]

3.9,0.37,0.16, [3.5, 4.3]

Mean removal flux (x 10"g yr™')

7.7,0.37,0.16, [7.3, 8.1]

3.1,0.37,0.16,[2.7, 3.4]

Removal percentage (%)

85.5,0.6, 0.3, [84.9, 86.1]

78.4,2.1,1.0,[76.2, 80.6]

Net flux from Amazonian mangrove (x 107 g yr") 1.3

0.84

Mean gross flux from global mangrove (x 10°g yr')

5.7,0.23,0.10, [5.4, 5.9]

2.4,0.23,0.10, 2.2, 2.7]

Mean global removal flux (x 10°g yr~")

4.8,0.23,0.10, [4.6, 5.1]

1.9,0.23,0.10, [1.7,2.2]

Net flux from global mangrove (x 10gyr™) 8.2

5.2

Note. The term “Amazonian mangroves” here refers specifically to the mangrove area between the zone A and zone B covering approximately 2200 km?. The gross Nd flux is the total dissolved Nd output
from the Amazonian mangroves, comprising both the removal and net Nd fluxes. To calculate the Nd flux from the Amazonian mangrove system without the contribution from rivers, the Nd flux supplied by
rivers has been subtracted using freshwater discharge and dissolved [Nd] with a maximum Nd removal of 90.8%, which is assumed to be the same as that of the Amazon River®’. The standard deviation
(18D), standard error (1SE) and 95% confidence interval (Cl) of the calculations are listed. The parameters and specific details used in the calculations are provided in the Supplementary Figure. S3,

Figure. S4 and Table S3.
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aquatic food webs, as well as their contribution to CO, sequestration, it is
urgent to promote mangrove conservation.

Our study reports high Nd fluxes to the ocean from mangrove systems
via dissolved riverine input, porewater discharge, and reductive dissolution
of Fe-Mn oxyhydroxides and/or interactions with coastal seawater. Yet,
these fluxes have not been included in global budgets and model applica-
tions. On a global scale, mangrove systems may supply a Nd flux of 5.2 x
10°gyr", which is similar to or even higher than that estimated for atmo-
spheric deposition. Although our extrapolated global fluxes may have
uncertainties due to limited sample stations during a single season in coastal
mangrove areas, our study aligns with previous work in New Caledonia
mangroves and highlights the role of mangrove systems in supplying TEs to
coastal seawater. Overall, considering the biological functions of other TEs
such as Fe, Mn, Zn, and Co in surface ocean ecosystems’”, and the potential
for substantial export of these elements from mangrove systems to coastal
seawater, our findings emphasize the importance of acquiring a compre-
hensive understanding of the magnitude and impact of TE inputs origi-
nating from mangrove systems as well as the influence of mangrove loss on
TE export. This understanding is crucial for effectively evaluating coastal
ecosystem dynamics and their responses to environmental changes.

Methods

Sample collection and treatment

We sampled surface seawater (1 = 11) and surface sediment (1 = 1) off the
Amazonian mangrove area on the continental shelf, water samples (n = 23)
along the entire salinity gradient (0 to >35) in the Caeté River estuary, tidal
water samples (n = 11) in the Furo do Meio intertidal creek (Sal: 33.3 ~ 37.7)
and porewaters at eight different locations in the mangroves next to the
creek (Fig. 1). Surface seawater samples were collected with a Conductivity-
Temperature-Depth (CTD) rosette at 2 to 4 m water depth and surface
sediment was obtained by a multiple corer during RV Meteor cruise M147
during the wet season (29 April to 20 May 2018, official process study
GAprl11 of the international GEOTRACES program). Samples were filtered
through 0.45um Nucleopore filters within a few hours after collection and
were acidified on board to pH ~2 using concentrated ultrapure distilled HCI.
Surface waters (depth <2 m) in the Caeté River estuary were collected during
the dry season (10th October) in 2017. The tidal seawater was sampled
during high and low tide between the 27th September and 07th October,
covering 11 tidal cycles from neap to spring tide, at depths of less than 0.5 m
with a bucket that had been pre-rinsed three times with the sample. For
porewater sampling, a small hole was dug in the sediment and five liters of
porewater were obtained after discarding the initial two fillings of the
accumulating water. These samples were filtered through 0.45um
surfactant-free cellulose acetate (SFCA) syringe filters and were then acid-
ified with ultrapure HNOj to reach a final concentration of 1% (v/v). More
sampling details were reported in Knoke et al.”.

Fe-Mn oxyhydroxide extraction and alkaline fusion

Approximately 1 g of sediment was treated with >18.2 MQ grade deionized
water for three times to remove any exchangeable ions’. Carbonate was
removed using an Na acetate solution buffer to pH 4 with acetic acid (Merck
Suprapur’) following Gutjahr et al.”’. After centrifugation and decanting of
the supernatant, sediment sample was triple rinses in >18.2 M(Q) water. The
labile Fe-Mn oxyhydroxide fraction was extracted by a diluted reductive
solution (0.005 M hydroxylamine hydrochloride/1.5% acetic acid/0.03 M
Na-EDTA solution buffered to pH 4 with NaOH) for 10 min following
Huang et al.”. The sediment was then treated with a strong reductive
solution (0.05 M hydroxylamine hydrochloride/15% acetic acid/0.03 M Na-
EDTA solution buffered to pH 4 with NaOH) overnight to completely
remove residual Fe-Mn oxyhydroxides following Gutjahr et al.”. In this
study, the term “labile Fe-Mn oxyhydroxide phase” and “residual Fe-Mn
oxyhydroxide phase” refer to the fractions extracted by the diluted and
strong reductive solutions, respectively. The labile phase is considered more
likely to dissolve and release TEs into the water, and is sensitive to pH and
redox conditions’®. The residual sediment samples were then separated into

clay and silt fractions following the method of Bretschneider et al.”’. Both
clay and silt parts were dried and homogenized prior to alkaline fusion
following Bayon et al.*’. The accuracy and reproducibility of the leaching
experiment and fusion technique were monitored by processing reference
materials with each batch of samples including marine sediment MESS-2
(n =3), USGS reference material BHVO-2 (n =3) and AGV-2 (n =3), and
sample replicates (1 = 3), as shown in Supplementary Data.

Neodymium and hafnium isotope analyses

Coastal surface seawater and porewater samples for exq and/or ey analysis
were preconcentrated by Fe co-precipitation, followed by treatment with
pre-cleaned di-ethyl ether to remove most of added Fe''. The REE and Hf
were separated from matrix elements using cation exchange chromato-
graphy (AG” 50W-X8, 1.4 mlL, 200-400 um) according to the method
described by Stichel et al.’’. Nd and Hf were further purified for isotope
measurements using Eichrom” LN-Spec resin (2 mL, 50-100 pum) following
Pin and Zalduegui® and Bio-Rad AG’ 1-X8 resin (2 mL, 200-400 pm)
following the procedure by Miinker et al.”, respectively. The “*Nd/'*Nd
ratios were measured on a Neptune Plus MC-ICP-MS at GEOMAR and
were corrected for instrumental mass bias to "**Nd/"*Nd = 0.7219 and to
'“Nd/"*“Nd = 1.141876 following the approach of Vance and Thirlwall*.
The "*Nd/**Nd ratios of all samples were normalized to the accepted values
of the JNdi-1 standard value (0.512115)*". The °Hf/"”"Hf ratios measured
on the Neptune Plus MC-ICPMS were corrected for instrumental mass bias
to "’Hf/"””Hf = 0.7325 applying an exponential mass fractionation law. The
standard Hf JMC 475 values were within uncertainty of the accepted value of
0.28216". Total procedural blanks were below 30 pg for Nd and 28 pg for Hf
and hence negligible (1 =5). To ensure accuracy and external reproduci-
bility, secondary standard solution NIST 3135a Nd, internal laboratory
standard solution (CGHF1 Hf, Inorganic Ventures’) and USGS reference
material NOD-A-1 were run with water samples and USGS reference
materials AGV-2 and BHVO-2 were run with sediment samples. The
external reproducibility of the Nd and Hf isotope measurements of water
samples was determined using standard solutions with concentrations
matching those of the measured samples in the range of 0.24-0.32 ey4 units
(2 standard deviation, 2 SD) and 0.74-1.43 eisunits (2 SD), respectively. For
sediment samples, the reproducibility ranges were 0.08-0.15 units (2 SD) for
Nd isotopes and 0.20-0.83units (2 SD) for Hf isotopes. The reproducibility
of measured Nd and Hf isotopic compositions in all figures is illustrated
using the 2 SD values of the secondary standards NIST 3135a and CGHF1,
as shown in Supplementary Data. eng and eyyeare defined by the Egs. (1) and
(2), respectively:

(143yq/144,)...
tna = Nd Nd/sample _1)x 104 (1)
(143Nd/144Nd)CHUR

(176Hf/ 1 77Hf)sample
Hf = —_—
(76435 /177w6) crur

- 1) x 10* )

where the "*Nd/"**Nd and "°Hf/"""Hf ratios of CHUR (Chondritic Uniform
Reservoir) are 0.512638% and 0.282785", respectively.

Neodymium and hafnium concentration analyses

1 L seawater samples were spiked with pre-weighed *’Nd and "**Hf spikes
and preconcentrated using iron coprecipitation for Nd and Hf concentra-
tion measurements. The samples were then purified on a AG" 50W-X8
column following the method detailed in Rahlf et al.*. Hf cuts were further
purified using AG" 1-X8 resin (1.6 mL, 200-400 um) following Sahoo et al.”.
The concentrations were calculated based on the Nd/*“Nd and
$Hf/"*Hf ratios obtained from a Nu Plasma MC-ICP-MS with an Aridus 2
desolvating nebulizer. The relative standard deviation (2RSD) was better
than 0.6% for Nd and better than 1.2% for Hf according to repeated spiking,
treatment and measurement one sample (n = 5).
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Rare earth element and yttrium concentration analyses

The [REE] of water samples were pre-concentrated offline using a SeaFAST
system (model M5 from Elemental Scientific) and analyzed on a Thermo
Element XR ICP-MS coupled with a CETAC “Aridus 2” desolvating
nebulizer at GEOMAR. Natural river and estuarine water reference mate-
rials (NRCC SLRS-6 and SLEW-3) and GEOTRACES inter-calibration
samples BATS 15m and 2000 m were pre-concentrated and measured
together to monitor external reproducibility and accuracy. The oxide for-
mation was monitored with element solutions of barium (Ba), Ce, praseo-
dymium (Pr) + Nd, and samarium (Sm) + Eu + Gd + terbium (Tb) at the
start of each analytical session. Oxide formation was <0.0002% for Ba,
<0.04% for Ce, <0.03% for Pr4+-Nd and <0.05% for the MREE.

The mean values obtained for the reference waters are given in Sup-
plementary Data. The [REE] of labile Fe-Mn oxyhydroxide, clay and silt
parts of residue were measured on an Agilent 7500ce Quadrupole-ICP-MS
at GEOMAR. The [REE] of bulk residue is calculated as the sum of the
concentrations of the clay and silt components. The reproducibility was
monitored by repeated measurements of one sediment sample, and USGS
reference materials AGV-2 and BHVO-2. Mean values and 2 SD for the
reference material measurements are given in Supplementary Data. Ce
anomaly (Ce/Ce’), Gd anomaly (Gd/Gd’) and Eu anomaly (Ew/Eu’) are
defined by Egs. (3), (4) and (5), respectively:

3% Ceppas

Ce/Ce* = 3
/ 2% Lapy g + Ndpypst+ ©)
3% Gd
Gd/Gd* = * Gdppas (4)
Smpaas + 2 % Thpgas
3xE
Eu/Bu* = * Elpyag ()

2% Smpppg + Thpaas

where Gd, Eu, samarium (Sm) and terbium (Tb) are Post-Archean
Australian Shale (PAAS) normalized.

Nd removal calculations in the Caeté River estuary
The percentage of Nd removal was quantified with Eq. (6):

[Nd]measured X 100 (6)

Y%removal =1 — INd]

conservative

where [Nd] easured T€presents measured concentrations and [Nd]conservative
represents concentrations expected from two-endmember conservative
mixing for the same salinity.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the Supplementary files and
are also available on PANGAEA.
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