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Sponge skeletons as an important sink of silicon in the global oceans

 ). It also intertwines with the cycling of carbon, nitrogen, phosphorus, iron, radium, barium and germanium. Consequently, there is interest in quantifying the 'journey of Si' through the world's oceans and understanding the forces that govern it. The conceptualization of the marine Si cycle has revolved around two initial assumptions that have transferred historically from one biogeochemical model to another over the years 1,3-7 . First, Si is recirculated in the ocean essentially through its utilization by planktonic diatoms, which consume silicic acid (that is, dissolved silica (DSi)) to elaborate a skeleton of biogenic silica (BSi), but other Si-consuming organisms (sponges, radiolarians, silicoflagellates, choanoflagellates and so on) would make negligible contributions. Second, the biogeochemical cycle is at a steady state, being the annual Si output from the ocean-essentially thought to occur by burial of BSi in sediments-compensated by an equivalent Si inflow as DSi. Recent discoveries challenge both long-standing assumptions.

Between 2009 and 2019, several revisions [START_REF] Laruelle | Anthropogenic perturbations of the silicon cycle at the global scale: key role of the land-ocean transition[END_REF][START_REF] Tréguer | The world ocean silica cycle[END_REF][START_REF] Frings | The continental Si cycle and its impact on the ocean Si isotope budget[END_REF][START_REF] Hawkings | Ice sheets as a missing source of silica to the polar oceans[END_REF][START_REF] Rahman | The missing silica sink: revisiting the marine sedimentary Si cycle using cosmogenic 32 Si[END_REF][START_REF] Rahman | Dissolved silica in the subterranean estuary and the impact of submarine groundwater discharge on the global marine silica budget[END_REF] of the mechanisms that bring DSi into the ocean increased the net input flux (F C(net) ) from 6.1 TmolSi yr -1 (a value set in 1995 6 ) to 12.1 TmolSi yr -1 . In contrast, the estimated Si outflow (F B(net) ) remained at 6.3 TmolSi yr -1 for most of that period [START_REF] Tréguer | The Southern Ocean silica cycle[END_REF] , which throws the cycle into a large positive imbalance. In 2017, a major Si sink-not strictly biologicalwas identified after discovering that 57-75% of the non-refractory BSi deposited in the sediments of warm continental margins readily becomes authigenic siliceous clay by reverse weathering [START_REF] Rahman | The missing silica sink: revisiting the marine sedimentary Si cycle using cosmogenic 32 Si[END_REF] and buries 4.5-4.9 TmolSi yr -1 . This new sink reduced considerably the imbalance of the cycle budget, but a gap of +1.1 TmolSi yr -1 still persisted.

In this regard, several studies reported that siliceous sponges may also operate as Si sinks [START_REF] Maldonado | Siliceous sponges as a silicon sink: an overlooked aspect of the benthopelagic coupling in the marine silicon cycle[END_REF][START_REF] Maldonado | Silicon uptake by sponges: a twist to understanding nutrient cycling on continental margins[END_REF][START_REF] Maldonado | Revisiting silicon budgets at a tropical continental shelf: silica standing stocks in sponges surpass those in diatoms[END_REF][START_REF] Maldonado | Nutrient fluxes through sponges: biology, budgets, and ecological implications[END_REF][START_REF] Chu | Glass sponge reefs as a silicon sink[END_REF] . Their historical omission from the global cycle budget derives from the fact that to quantify sponges as a Si sink is difficult and, unlike recently suggested [START_REF] Tréguer | The world ocean silica cycle[END_REF] , far more Q1 Q2 Q3 Q4 Q5 complex than merely dealing with only their DSi consumption. The longevity of sponges can range from decades to millenia [START_REF] Maldonado | Siliceous sponges as a silicon sink: an overlooked aspect of the benthopelagic coupling in the marine silicon cycle[END_REF][START_REF] Maldonado | Revisiting silicon budgets at a tropical continental shelf: silica standing stocks in sponges surpass those in diatoms[END_REF][START_REF] Maldonado | Nutrient fluxes through sponges: biology, budgets, and ecological implications[END_REF][START_REF] Jochum | Whole-ocean changes in silica and Ge/Si ratios during the Last Deglacial deduced from long-lived giant glass sponges[END_REF][START_REF] Jochum | Siliceous deep-sea sponge Monorhaphis chuni: a potential paleoclimate archive in ancient animals[END_REF] . Thus, the Si consumed within a year will accumulate as BSi standing crop (that is, skeletal growth) for a variable long period in each living sponge, which largely decouples the annual rate of Si consumption from that of Si deposition to the sediment. Additionally, an unknown part of the deposited skeletons after sponge death will dissolve as DSi before burial and will not qualify as Si output. Thus, the connection between sponge DSi consumption and BSi burial is not straightforward. A suitable way to assess the role of sponges as a Si sink is to quantify the rate at which their BSi is buried in the sediments, a flux not approached so far.

Currently, the reservoirs of BSi in marine sediments are believed to consist fundamentally of diatom BSi (frustules) [START_REF] Tréguer | The silica balance in the world ocean: a reestimate[END_REF][START_REF] Laruelle | Anthropogenic perturbations of the silicon cycle at the global scale: key role of the land-ocean transition[END_REF][START_REF] Tréguer | The world ocean silica cycle[END_REF] . Diatoms consume concomitantly inorganic carbon (that is, CO 2 ) through their photosynthesis and DSi through their frustule growth, which connects stoichiometrically the production of organic carbon and that of BSi. Here we show that siliceous skeletons from sponges and radiolarians-which represent BSi produced without association to a photosynthetic generation of organic carbon and can be defined as 'dark' BSi-dominate and co-dominate in many marine sediments. Much of this dark BSi has passed unnoticed in routine quantifications of the total BSi because it is relatively refractory. The oversight affects the current understanding of the equilibrium between Si inputs and outputs in the marine biogeochemical Si cycle.

Refractory BSi neglected in sediments

There are a variety of methods to estimate the total BSi content in sediments, but wet alkaline digestions emerge as overwhelmingly preferred for their versatility and simplicity. For marine sediments, digestion in 1% sodium carbonate at 85 °C for five hours is the common procedure, following the DeMaster's technique [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF] . Digestions based on stronger (5% and 22%) sodium carbonate solutions have also been proposed [START_REF] Hurd | Interactions of biogenic opal, sediment and seawater in the Central Equatorial Pacific[END_REF][START_REF] Mortlock | A simple method for the rapid determination of biogenic opal in pelagic marine sediments[END_REF][START_REF] Eggimann | Dissolution and analysis of amorphous silica in marine sediments[END_REF] 
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Nature GeoscieNce ments, are processed with even more aggressive solvents (0.1-0.5 M sodium hydroxide at 85-100 °C for two hours [START_REF] Kamatani | Measuring biogenic silica in marine sediments[END_REF][START_REF] Paasche | Silicon and the ecology of marine plankton diatoms. II Silicate-uptake kinetics in five diatom species[END_REF][START_REF] Müller | An automated leaching method for the determination of opal in sediments and particulate matter[END_REF] ). Here we show that, whereas the various digestion methods efficiently retrieve the amount of diatom BSi, they do not work for sponge BSi (Figs. 1 and2). The comparative digestion of (1) two types of sponge spicules with different surface area, (2) frustules of cultured diatoms and (3) two forms of lithogenic silica (LSi) represented by kaolinite and bentonite aluminosilicates (Methods and Supplementary Table 1) revealed major differences in dissolution dynamics. The 1% sodium carbonate approach dissolved 100% of diatom BSi at the recommended digestion time (five hours) [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF][START_REF] Conley | An interlaboratory comparison for the measurements of biogenic silica in sediments[END_REF] . In stark contrast, during that digestion time, less than 16.2 ± 6.2% of sponge BSi was dissolved (Fig. 1a), irrespective of obvious specific surface area differences between the sponge spicule types (Fig. 2). Scanning electron microscopy (SEM) after five hours of digestion documented that diatoms BSi were dissolved completely, whereas this digestion caused only a very incipient dissolution of the surface of the silica in the two types of assayed spicules (Fig. 2). Complete dissolution of the sponge BSi required over 60 hours, whereas most frustules of the assayed diatom had digested entirely after only 2-3 hours (Fig. 1a). To routinely accomplish a 60 hour digestion for sponge BSi is unpractical because a significant amount of the LSi that typically occurs in the sediments will also be dissolved (Fig. 1a), favours an overestimation of BSi contents.

More aggressive alkaline digestions in either sodium carbonate (5% and 22%) or sodium hydroxide (0.2 and 0.5 M) did not improve the sponge BSi detection (Fig. 1b-e): by the time of complete frustule digestion, the sponge skeletons were only dissolved partially, and, by the time of complete digestion of the sponge skeletons, much of the LSi was also dissolved. Indeed, extended or very aggressive digestions of marine sediments are systematically avoided in routine BSi 
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determinations to circumvent laborious aluminium (Al)-based corrections for LSi contamination [START_REF] Hurd | Interactions of biogenic opal, sediment and seawater in the Central Equatorial Pacific[END_REF][START_REF] Kamatani | Measuring biogenic silica in marine sediments[END_REF][START_REF] Ragueneau | A new method for the measurement of biogenic silica in suspended matter of coastal waters: using Si:Al ratios to correct for the mineral interference[END_REF] . Additionally, the particles of sponge BSi that remained after the primary sediment digestion will erroneously be accounted as LSi by any subsequent digestion, which biases the actual Al:Si ratio of aluminosilicates, a parameter, in turn, required to correct the BSi determination [START_REF] Kamatani | Measuring biogenic silica in marine sediments[END_REF] .

The concluding message is that the most widely used method to determine the total BSi in sediments (1% Na 2 CO 3 ) overlooks more than 80% of the sponge BSi and that the alternative digestion protocols also work inefficiently.

Quantifying dark BSi in sediments

The resistance of sponge BSi to digestion in 1% Na 2 CO 3 was suspected by DeMaster when he first proposed the method in 1981 [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF] .

Nevertheless, under the widespread supposition that the contribution of sponges to BSi in marine sediments was 'insignificant' [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF][START_REF] Laruelle | Anthropogenic perturbations of the silicon cycle at the global scale: key role of the land-ocean transition[END_REF][START_REF] Heinze | The Silicon Cycle: Human Perturbations and Impacts on Aquatic Systems[END_REF] , the importance of overlooking much of the sponge BSi was assumed by the users of the method as an inaccuracy 'smaller than insignificant'. Our results here indicate that such a presumption is erroneous.

We quantified the relative contribution of diatoms, sponges, radiolarians and silicoflagellates to total BSi in the 1 cm thick uppermost layer of 17 marine sediment cores. The cores, collected from depths of 3 to 5,204 m, represent an array of depositional environments, which includes continental shelves, slopes, plateaus, seamounts and basin bottoms from different oceans and seas (Supplementary Discussion 1, Supplementary Fig. 1 and Supplementary Table 2).

Light microscopy, digital photography and morphometric software were used to measure the volume (and then the Si mass) of andd). e-h, Spicules of C. caribensis after 48 h of digestion. Most of the stars remain as fragments (e) that can no be longer recognized as spicules, except for few cases (f). Yet a good portion of the initial sponge BSi remains undigested even after 48 h of treatment (g and h). i-m, The needle-like spicules of P. ficiformis after 5 h of digestion show that most spicules remain undigested (i and j). Increased magnification (k and l) shows that only the silica surface of the spicules is eroded and reveals a granulated pattern that recalls the silica nanospherules (m) formed within the silicification vesicle of the sponge cells during the early silicification steps. n-p, The spicules of P. ficiformis after 48 h of digestion show that fewer recognizable spicules (n) and fragments (o) remain. Again, the progressive digestion of the silica reveals a nanospherule pattern (p). q-t, Frustules of T. weissflogii after 2 h of digestion. Most of the diatoms are entirely dissolved, being no longer detectable. Yet some complete frustules can be found, although their walls are so thin that they become translucent to the electron beam of the SEM, which reveals the porous pattern of the 3 µm pore filter on which the frustules rest (q-t). The delicate ornamentation of the frustules is still visible at high magnification (s). 
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Nature GeoscieNce every recognizable sponge spicule, radiolarian and silicoflagellate, either complete or broken. A total of 102,197 spicules, either entire (9.7%) or as fragments (90.3%), as well as 50,183 radiolarians or their fragments and 11,488 silicoflagellates, were processed over five years of microscopy study (Supplementary Fig. 2). The BSi contribution of diatoms was estimated from the total BSi content yielded by the 1% sodium carbonate method after discounting the contribution owing to the dissolution (16.2%) of sponge spicules and assuming radiolarians as negligible (Methods). The results revealed that the relative contribution of sponge BSi to total BSi was substantial (29.3-99.7%) in 8 of the 17 cores (Fig. 3). These sediments came from continental shelves (cores 3, 5 and 7), slopes (cores 14 and 15) and seamounts (cores 2, 4 and 6). Only one continental shelf environment-the distal-shelf facies of the Gulf of Cadiz (core 10)-was poor (3.9%) in sponge BSi.

The highest sponge BSi contribution occurred in core 4 (a North Atlantic seamount that hosts sponge aggregations [START_REF] Murillo | Ancient deep-sea sponge grounds on the Flemish Cap and Grand Bank, northwest Atlantic[END_REF] ), in which spicules represented over 99% of the total BSi. Sponge BSi also contributed 95.9 and 81.7% in cores 7 and 6 (Fig. 3), respectively, collected from a Mediterranean seagrass meadow and from the base of a seamount (Galicia Bank) at the Northeastern Atlantic margin. Spicules were also important (62.8%) at the bathyal slope of the Great Barrier Reef in the Pacific Ocean (core 15). In four other cores (2, 3, 5 and 14) that represent continental slopes and shelves from the North Atlantic and Indian Oceans, sponge BSi was still substantial (29.3-48.6%).

In absolute terms (Fig. 3 and Supplementary Table 3), the largest sponge BSi value (76.31 ± 38.15 mgSi g -1 ) occurred in core 4 from Flemish Cap, collected within a Geodia spp. ground [START_REF] Murillo | Ancient deep-sea sponge grounds on the Flemish Cap and Grand Bank, northwest Atlantic[END_REF] , one of the many sponge aggregations that occur over the world's ocean [START_REF] Maldonado | Marine Animal Forests: The Ecology of Benthic Biodiversity Hotspots[END_REF] . The slope of the Bransfield Strait in Antarctica (core 17), another ocean region in which sponge aggregations abound [START_REF] Dayton | Observations of growth, dispersal and population dynamics of some sponges in McMurdo Sound, Antarctica[END_REF][START_REF] Gutt | Antarctic sponge spicule mats shape macrobenthic diversity and act as a silicon trap[END_REF][START_REF] Barthel | Sponge associations in the eastern Weddell Sea[END_REF] , ranked second in absolute values of sponge BSi, with 2.57 ± 0.86 mgSi g -1 . However, in this Antarctic sediment, sponge spicules represented only 5.3% of the total BSi, which was dominated by diatoms (45.69 ± 2.32 mgSi g -1 ). Frustules were even more abundant (98.56 ± 8.53 mgSi g -1 ) in core 16, from a Southern Ocean siliceous-ooze area [START_REF] Lisitzin | The Micropaleontology of Oceans[END_REF] , in which sponge spicules were very rare (0.13%). In summary, in most sediments from relatively open-water environments, such as the Girona continental rise (core 8), central basins (cores 9, 11-13 and 16) and slope basins (core 1), the sponge BSi contribution was comparatively small (<25%).

Silicifiers other than diatoms and sponges always contributed marginally. Siliceous radiolarians were regularly detected in ten cores (1, 2, 4-6, 10 and 14-17), but did not represent much of the total BSi (Fig. 3 and Supplementary Table 3). Radiolarian BSi reached its maximum (5.94 ± 1.30 mgSi g -1 ) in the Southern Ocean biosiliceous ooze (core 16), in agreement with previous knowledge that reported patches of abundant radiolarian skeletons scattered across this and other ocean areas [START_REF] Lisitzin | The Micropaleontology of Oceans[END_REF][START_REF] Dutkiewicz | Census of seafloor sediments in the world's ocean[END_REF][START_REF] Boltovskoy | World atlas of distribution of recent Polycystina (Radiolaria)[END_REF] . Nevertheless, that Southern Ocean BSi-rich (104.80 mgSi g -1 ) sediment was dominated by frustules (94.1%), with radiolarians contributing only 5.7% of the total BSi. Silicoflagellates were even less important globally, not being retrieved in the uppermost sediments of most cores. Their best representation occurred in Southern Ocean cores, although their maximum contribution (0.17% in core 16) was still insignificant (Supplementary Table 3).

These results indicate that, unlike traditionally hypothesized, a significant portion of the BSi at the superficial sediment layer of continental margins and around seamounts comes from sponges, and not only from diatoms (Supplementary Discussion 2).

Preservation of dark BSi

The low solubility of sponge BSi has enabled such a Si reservoir to pass unnoticed in routine digestions to quantify the total BSi in marine sediments. The question arises now as to whether the omis-sion may have led to a substantial underestimate of the Si burial in the global oceans.

In practical terms, the BSi deposited at the sediments continues to dissolve during its burial until a saturating silicate concentration is reached in the interstitial water. This typically happens no deeper than 30-35 cm in the sediments [START_REF] Tréguer | The world ocean silica cycle[END_REF][START_REF] Hurd | Interactions of biogenic opal, sediment and seawater in the Central Equatorial Pacific[END_REF][START_REF] Van Cappellen | Biogenic silica dissolution in sediments of the Southern Ocean. I. Solubility[END_REF] . To be conservative, we regarded that BSi preservation starts not at a 30 cm burial depth but at 50 cm. The sponge BSi preservation was then quantified in each core as the difference (%) in sponge BSi content between the 1 cm thick upper sediment layer and that buried at 50 cm, after assuming an approximately constant rate of sponge BSi deposition (Methods). In our cores, sponge BSi preservation ranged from 10.8 to 84.9% (Table 1). Overrated preservation (>100%) resulted in four cores: the Bay of Brest (core 3), the turbiditic Girona rise (core 8), the Southern Ocean biosiliceous oozes (core 16) and the Antarctic slope (core 17), and these were not considered when calculating the average BSi preservation (Supplementary Discussion 3). Not to overestimate in subsequent calculations, it was assumed that the 
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preservation in each of the overrated cores could not be higher than the average value that resulted from the 13 remaining ones (Table 1). Such a 'correction' is conservative because an averaged preservation is applied to sediments of the Southern Ocean (cores 16 and 17) and the Bay of Brest (core 3), which are

 
known to be characterized by a greater preservation than the average in marine sediments [START_REF] Demaster | The accumulation and cycling of biogenic silica in the Southern Ocean: revisiting the marine silica budget[END_REF][START_REF] Ragueneau | Biodeposition by an invasive suspension feeder impacts the biogeochemical cycle of Si in a coastal ecosystem (Bay of Brest, France)[END_REF] Estimated from the difference in BSi content (µgSi g -1 sed) between the superficial sediment and that buried at 50 cm. Sediment age at 50 cm is given. Overrated preservation (>100%) resulted in some cores (Supplementary Discussion 3), which were not considered when calculating average preservation (%) for sponge and radiolarian BSi. Subsequent calculations that involved overrated cores conservatively assumed a 'corrected preservation' identical to the average that resulted from the pool of the remaining cores. 
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Calculations yielded a global average preservation of 45.2 ± 27.4% for sponge BSi and 6.8 ± 10.1% for radiolarian BSi. Diatom BSi preservation, estimated from the literature [START_REF] Tréguer | The world ocean silica cycle[END_REF] , is 8%. The comparison of these three values indicates that sponge BSi has a great potential for Si burial (Supplementary Figs. 2 and3).

Burial flux of dark BSi

The   global burial flux of sponge and radiolarian BSi is quantified herein. Ocean extension was calculated [START_REF] Harris | Geomorphology of the oceans[END_REF] at 361.88 × 10 6 km 2 (Methods). As we noticed marked differences between 'basin environments' and 'continental-margin-seamount environments' regarding sponge BSi content in sediments, the ocean was simplified to those main compartments, where basins represent 70.2% of the seafloor. The remaining 29.8% consists of an assemblage of continental margins plus seamounts, plateaus and other minor geomorphological features. The continental-margin-seamount compartment is represented by ten cores and the basin compartment by seven (Fig. 3, Supplementary Discussion 1 and Supplementary Table 2). We then estimated the age of the sediments at 50 cm, wet bulk density of the sediments and the amount of sponge BSi preserved at 50 cm (Table 2 and Methods). By combining all four of these parameters, the amount of sponge BSi buried per metre squared and year was finally calculated for each core (Table 2). The mean rates of sponge BSi burial spanned two orders of magnitude across cores of the continental-margin-seamount compartment, from 13.3 mgSi m -2 yr -1 at the deep continental shelf of the Gulf of Cadiz (core 10) to 1,877.7 mgSi m -2 yr -1 at the Antarctic slope (core 17). The span illustrates the large sampled variety of depositional environments (Supplementary Discussion 3). In the basin compartment, sponge BSi preservation reflects the relatively homogeneous depositional scenario expected for distal-margin and open-water environments, with low rates varying minimally across five of the seven cores (4.5-9.9 mgSi m -2 yr -1 ). The preservation of sponge BSi was even lower at the Western Mediterranean continental rise (core 8) and the Pacific Clarion-Clipperton fracture zone (core 12) ((0.7 and 0.8 mgSi m -2 yr -1 ), respectively). Unlike that known for plank-Q7 tonic diatoms, the burial rate of sponge BSi barely correlates with the sediment deposition rate (Supplementary Fig. 4a). The non-planktonic nature of the sponge BSi production disrupts the relationship (Supplementary Discussion 3). Neither did sponge BSi preservation (%) correlate with total BSi in the sediments (Supplementary Fig. 4b), because of the general resistance of spicules to dissolution (Supplementary Discussion 3).

The approach used for sponge BSi was also extended to radiolarian BSi. Siliceous radiolarians occurred in only 10 of the 17 cores, with estimated burial rates from 0.1 × 10 -2 to 38.7 mgSi m -2 yr -1 , and preservation percentages varying from 0.2 to 28.7% (Tables 1 and2). As in the case of sponge BSi, overrated radiolarian preservation in the Southern Ocean sediments (cores 16 and 17) had to be adjusted down to the global average (6.8 ± 10.1%), as well as in core 10 (Supplementary Discussion 3).

The global burial flux for the sponge and radiolarian BSi in the ocean was then estimated by multiplying the preservation rates across the extension of the pertinent ocean compartments for each organism type (Table 3). For sponge BSi, the extensions of the continental-margin-seamount and basin compartments were calculated and the mean BSi burial rate that resulted from the corresponding set of associated cores applied (Methods). Yet, sponge aggregations occur in basins of all oceans [START_REF] Maldonado | Marine Animal Forests: The Ecology of Benthic Biodiversity Hotspots[END_REF] , but their potential BSi contribution was not incorporated in the set of 'basin cores' because samples of abyssal sponge grounds are lacking in the repositories. Evidence from both the literature [START_REF] Gutt | Antarctic sponge spicule mats shape macrobenthic diversity and act as a silicon trap[END_REF][START_REF] Bett | The influence of hexactinellid sponge spicules on the patchy distribution of macrobenthos in the Porcupine Seabight (bathyal NE Atlantic)[END_REF][START_REF] Laguionie-Marchais | Spatial and temporal variation in sponge spicule patches at Station M, northeast Pacific[END_REF] and cores 4, 5 and 17, which represent aggregations on continental margins, suggests that the sponge BSi content in the sediments of aggregations may be orders of magnitude higher than those in sponge-lacking areas. To address the lack of representability of sponge grounds in basin cores, we assumed that about 2% of the seafloor in basins hosts sponge aggregations. Such an assumption is thought to be conservative. Observations and predictive modelling on the occurrence of sponge grounds between 200 and 5,000 m in the North Atlantic-the best-studied ocean area in this regard-suggest a global occupancy much larger than 2%, with sponge grounds that extend over 33.5% of the Exclusive 
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Economic Zone and High Seas in Greenland, 25.5% in Norway, 14.8% in Iceland, 10.5% in the Faeroes, 5.6% in Canada and so on [START_REF] Howell | The distribution of deep-sea sponge aggregations in the North Atlantic and implications for their effective spatial management[END_REF] . Therefore, to consider the effects of sponge aggregations in basins (Table 3), we applied the average burial rate (890.9 ± 896.7 mg S m 2 yr -1 ) that results from the three cores that involve sponge aggregations (cores 4, 5 and 17). The final calculations yielded a global burial flux through sponge BSi of 1.7 ± 1.6 TmolSi yr -1 (Table 3). Note that error propagation incorporating the marked differences in the BSi burial rate across cores from very different environments in the world's oceans leads to a large s.d. value. We   applied the same reasoning to radiolarian BSi, but considered the ocean compartments for these planktonic organisms to be different from those defined for sponges (Table 3). A recent mapping of the seafloor sediments 36 identified many small areas across the ocean seafloor characterized by the abundance of radiolarian skeletons in the sediments (oozes). By importing into ArcGis Software the available map layers, we determined that radiolarian oozes consist of a total of 64 patches with a global extension of 5.3 × 10 6 km 2 and that radiolarian-rich diatom oozes occupied 19.5 × 10 6 km 2 , mostly in the Southern Ocean (Supplementary Fig. 5). To those extensions, the BSi content and preservation values of core 16, which testified for radiolarian abundance in the oozes (Fig. 3), were applied (Table 3). For the rest of the ocean, the average that results from all cores, core 16 included, was used. This was done to incorporate the notion that additional patches of radiolarian oozes occur, though not yet identified [START_REF] Dutkiewicz | Census of seafloor sediments in the world's ocean[END_REF] . The global calculations yielded a burial flux through radiolarian BSi of 9.3 ± 5.1 × 10 -2 TmolSi yr -1 , that is, two orders of magnitude lower than that of sponge BSi. Yet, these calculations for radiolarian BSi must be seen as a first conservative attempt to set the global magnitude of the burial flux. Subsequent readjustments based on the empirical determination of local preservation values may be required to relax our very conservative scenario that radiolarian BSi preservation in the oozes is only 6.8% (Supplementary Discussion 3 and Supplementary Table 4).

Collectively, the burial of dark BSi, quantified herein through sponge and radiolarian skeletons, increases by 28.6% the previous value of the biological Si sink (6.3 ± 3.6 TmolSi yr -1 ), which considered only diatoms. Sponge BSi accounts for 94.8% of that increase, with a minor (5.2%) global contribution from radiolarians. The identified Si sink through dark BSi (-1.8 ± 1.4 TmolSi yr -1 ) rises Q8 the global output flux to 12.8 TmolSi yr -1 and brings the ocean budget close to equilibrium, but now with a subtle negative imbalance (-0.7 TmolSi yr -1 ). Such a small gap is likely to be filled readily, because recent studies have reported small, local Si inputs into the ocean through DSi-rich ground water [START_REF] Hawkings | Ice sheets as a missing source of silica to the polar oceans[END_REF][START_REF] Sospedra | Identifying the main sources of silicate in coastal waters of the Southern Gulf of Valencia (Western Mediterranean Sea)[END_REF][START_REF] Ehlert | Transformation of silicon in a sandy beach ecosystem: insights from stable silicon isotopes from fresh and saline groundwaters[END_REF][START_REF] Lecher | Groundwater discharge in the Arctic: a review of studies and implications for biogeochemistry[END_REF] , which await quantification.

online content

Any methods, additional references, Nature Research reporting summaries, source data, statements of code and data availability and associated accession codes are available at https://doi.org/10.1038/ s41561-019-0430-7. For sponges, the ocean seafloor was divided into two compartments, 'continental margins, seamounts and minor additional geomorphological features' versus 'ocean basins', with about 2% of abyssal (or deeper) basin bottoms estimated to contain sponge aggregations. For radiolarians, the ocean floor was divided into three major compartments: radiolarian oozes, radiolarian-rich diatom oozes (that is, sediment dominated by diatom frustules but still rich in siliceous radiolarian testa) and the rest of the ocean (Supplementary Fig. 5). 1), so that the total amount of Si to be released during the digestion was similar across the materials (1.25 ± 0.09 mgSi). To make sure that the resulting DSi concentrations always remained far below the saturating concentration, we increased the volume of digester from 10 ml (traditional approach) to 40 ml, which provided solvent in great excess. All the digestions were based on eight replicated subsamples of each material. The assayed digestion solutions were sodium carbonate at 1% (ref. [START_REF] Demaster | The supply and accumulation of silica in the marine environment[END_REF] ), 5% (ref. [START_REF] Hurd | Interactions of biogenic opal, sediment and seawater in the Central Equatorial Pacific[END_REF] ) and 22% (ref. [START_REF] Eggimann | Dissolution and analysis of amorphous silica in marine sediments[END_REF] ), as well as sodium hydroxide at 0.2 M (ref. [START_REF] Paasche | Silicon and the ecology of marine plankton diatoms. II Silicate-uptake kinetics in five diatom species[END_REF] ) and 0.5 M (ref. [START_REF] Müller | An automated leaching method for the determination of opal in sediments and particulate matter[END_REF] ). Digestions were conducted in 50 ml hermetically closed Teflon bombs immersed in distilled water at 85 °C with orbital agitation, using a 50 l SBS TBA-30 bath that was user modified for agitation and temperature control. Sodium carbonate digestions at 1, 5 and 22% were sampled at 0, 2, 3, 4, 5, 6, 8, 12, 24, 48, 60, 72 and 84 h. The more aggressive sodium hydroxide digestions (0.2 and 0.5 M) were sampled at 0, 0.75, 1.5, 2.25, 3, 4, 5, 6, 8, 12, 24, and 28 h. For each sample, 1 ml of the digestion solution was pipetted out after centrifugation of the Teflon bombs at 1,500 rpm for 3 min. The sampled digestion solution was added to 19 ml of HCl solution for buffering and termination of the digestion reaction, with the pH of the resulting mix brought down to 6, an optimal value for the colorimetric determination of Si concentration (±1%) using an Alliance Futura autoanalyser. Finally, the percentage of Si released during the digestions was plotted against time to depict between-material differences in the dissolution kinetics. Additionally, two spare Teflon tubes of each material were poured on a 0.45 cm polycarbonate filter (3 µm pore) at each sampling time. The retained particulate BSi material was subsequently inspected under a Hitachi TM3000 SEM equipped with an energy dispersive X-ray spectrometer for microanalysis, and subsequently carbon coated and examined under a high-resolution Jeol Field Emission J1700S SEM.

A

To digest sediment from the cores, we used sodium carbonate at 1%, following DeMaster's technique [START_REF] Conley | An interlaboratory comparison for the measurements of biogenic silica in sediments[END_REF][START_REF] Demaster | Marine Particles: Analysis and Characterization[END_REF] . The method assumes that most of the BSi is dissolved in about 3 h at 85 °C and that the additional Si leached from the LSi can be corrected using the intercept of the linear regression to depict the increase in DSi caused by the progressive LSi digestion during 3, 4 and 5 h. Analyses were based on five sediment subsamples of 30 mg each.

Sediment cores.

The investigated cores (Supplementary Table 2) represent a diverse array of sedimentary marine environments (Supplementary Discussion 1). Cores 1 (Challenger, Dec-58, 51719_13; Porcupine Seabigth, Northeastern Atlantic), 12 (James Cook 120-081, GC-05; Northeastern Pacific basin), 14 (Sonne SO200, SO200/15PC; Sumatra margin, Indian Ocean) and 16 (James Clark Ross, JR179, PC501; Southern Ocean) were provided by the British Ocean Sediment Core Research Facility (of the National Oceanography Centre. Cores 2 (Hudson 20110310062-pc; Flemish Cap plateau, Northwestern Atlantic) and 4 (2009061 0058 A; Flemish Cap seamount, Northwestern Atlantic) were provided by the Geological Survey of Canada, Marine Geoscience Collection Facility at the Bedford Institute of Oceanography. Core 3 (SRQ3-KS34; Bay of Brest, Northeastern Atlantic) was supplied by the Marine Geoscience research unit at IFREMER. Core 5 (MLB2017-001-006; Sambro Bank, Northwestern Atlantic) was a push core sampled in September 2017 by using ROPOS ROV on the Nova Scotia shelf during the SponGES H2020 project. Cores 6 (K11-ERGAP2; Galicia Bank, Northeastern Atlantic), 8 (TG 36, GC-88-1; Mediterranean Iberian margin), 9 (KF14, VALSIS; Valencia Trough, Western Mediterranean), 10 (TG51bis, GC86-2; Gulf of Cadiz, North Eastern Atlantic), 11 (ALM6, MAYC-96; Alboran Basin, Western Mediterranean), 13 (TG3, ORINOCO97; Guiana Basin, Northwestern Atlantic) and 17 (TG15, MAGIA-99; Bransfield Strait, Antarctica) were provided by the Marine Geosciences department at the Institute of Marine Sciences (ICM, CSIC). Core 7 (C-2000; Mediterranean Iberian Margin) was provided by the Macrophyte Ecology Group at the Center for Advanced Studies of Blanes (CEAB, CSIC). Core 15 (NEA 3, 1987, 75/GC05; Great Barrier Reef, Queensland Trough) was provided by Australian Geosciences. Coring was based on gravity (cores 1, 3, 8, 10, 11, 12, 13, 15 and 17), piston (cores 2, 6, 7, 9, 14 and 16), box-core (core 4) or pushcore (core 5) methodologies. All the sediments were dried to a constant weight before digestion and microscopy analyses.

Determination of dark BSi. For the microscope determination of sponge, radiolarian and silicoflagellate BSi in sediments (mgSi per gram of dry sediment), three dry sediment subsamples of 10 mg each were collected and transferred to test tubes, boiled in HCl to remove calcareous skeletons, then in nitric acid to digest organic matter, rinsed in distilled water and 100% ethanol, and sonicated for 15 min to minimize the sediment aggregates. Sediment was then pipetted out and dropped on a microscope glass slide to make sets of 10-100 smear slides per sample, depending on the sediment features. Once all the particulate material in each test tube was recovered on the slides, examination was conducted by four different observers through contrast-phase compound microscopes. Using digital cameras and morphometric software, the volumes of the different skeletal pieces were calculated, often decomposing the global structure into smaller subparts more easily assimilable to cylinders, cones, spheres or other familiar volumetric figures. Measured BSi volumes were subsequently converted into Si biomass through average density values of 2.12 g cm -3 for marine sponges [START_REF] Sandford | Physical and chemical analysis of the siliceous skeletons in six sponges of two groups (Demospongiae and Hexactinellida)[END_REF] , 2.0 g cm -3 for silicoflagellates [START_REF] Hurd | Silicon Geochemistry and Biochemistry[END_REF] and 1.9 g cm -3 for radiolarians [START_REF] Demaster | Sediments, Diagenesis, and Sedimentary Rocks[END_REF] (Supplementary Methods). Dried, uncoated sediment samples were also inspected randomly under a FSI Quanta 200 SEM equipped with a Genesis EDAX-EBS microanalyser to investigate the aspect and level of digestion of buried spicules.

The contribution of diatoms was indirectly estimated from the total BSi content yielded by the 1% sodium carbonate method after discounting the contribution due to dissolution of sponge spicules (16.2%), a percentage experimentally determined after 5 h of digestion of the spicules in 1% sodium carbonate (Fig. 1a). This led to a non-conservative estimate of diatom contribution, which incorporated both: (1) the BSi contribution by radiolarians (assumed to be negligible) and (2) that by the many tiny silica fragments no longer recognizable as sponge spicules in microscopy examinations.

Preservation and burial of dark BSi. The sediment deposition rates and age for each core were obtained or calculated from geological studies, as referenced in Supplementary Discussion 1. The preservation during burial of sponge and radiolarian BSi was calculated from the difference (%) in the amount of BSi microscopically determined at the sediment surface and a burial depth of 50 cm (but 23 cm for push core 5). This threshold in burial depth was selected because it ensures saturation of the interstitial water with silicate [START_REF] Tréguer | The world ocean silica cycle[END_REF][START_REF] Rahman | The missing silica sink: revisiting the marine sedimentary Si cycle using cosmogenic 32 Si[END_REF][START_REF] Hurd | Interactions of biogenic opal, sediment and seawater in the Central Equatorial Pacific[END_REF][START_REF] Van Cappellen | Biogenic silica dissolution in sediments of the Southern Ocean. I. Solubility[END_REF] , so that the seawater no longer has the chemical capability to dissolve BSi substantially. Therefore, it can be assumed that BSi preservation and diagenesis start at that threshold depth irrespective of sediment features, with BSi (that is, opal A) progressively becoming opal CT, and eventually   chert [START_REF] Demaster | Sediments, Diagenesis, and Sedimentary Rocks[END_REF] . For the calculations, also assumed was a constant rate of sponge BSi deposition in each core during the time required to build the involved sediment thickness (Supplementary Discussion 3). The mean rate of sponge BSi burial per year was calculated from the values of the sediment density and the mean mass of sediment deposition per metre squared and year that would be needed to build 50 cm of sediment in the number of years indicated by the age of the sediment at 50 cm. To estimate the global burial fluxes, the extension of the relevant ocean compartments for sponges and radiolarians was accurately calculated using ArcGis Software on a digital mapping of ocean bottom morphology [START_REF] Harris | Geomorphology of the oceans[END_REF] . The layer of continents was based on the Shuttle Radar Topography Mapping (SRTM30_PLUS, NGA, NASA). The layers that contain ocean geomorphology features were downloaded from www.bluehabitats.com [START_REF] Harris | Geomorphology of the oceans[END_REF] , except for coral reefs, which was obtained from World Resource Institute (www.wri.org). As the map and geomorphological layers were all in the WGS84 geographical coordinates system, areas cannot be calculated directly from ArcGIS unless converted into a system of projected coordinates. There are between-projection differences in area calculation, depending on the particular algorithm for the projection (cartographic, cylindrical, pseudo-conical and so on). Therefore, to minimize errors in area determinations, we used three different projection systems (Sinusoidal or Mercator, Cylindrical Equal Areas and Bone), all of which preserve the area and reduce the projection distortion. After averaging the three projections, the areas were finally calculated using the Interset module of ArcGis. As a test, we corroborated that the total ocean area calculated by our method deviates only -0.09% from the most recent published calculation [START_REF] Harris | Geomorphology of the oceans[END_REF] . The extension of radiolarian-rich sediments was calculated using ArcGis Software from the layers available at www.earthbyte.org/webdav/ftp/papers/ Dutkiewicz_etal_seafloor_lithology/, originally provided by Dutkiewicz et al. [START_REF] Dutkiewicz | Census of seafloor sediments in the world's ocean[END_REF] .

Spicules in the sediment of the cores were carbon coated and studied under a high-resolution Jeol Field Emission J1700S SEM to examine in detail the marks and progress of BSi dissolution at 0 and 50 cm burial depths.

Fig. 1 |

 1 Fig. 1 | Digestion kinetics of BSi and LSi pure materials. a-e, Comparative dissolution kinetics of frustules of cultured Thalassiosira weissflogii, needlelike spicules of the sponge Petrosia ficiformis, star-like spicules of the sponge Chondrilla caribensis, bentonite and kaolinite in 1% (ref. 5 ) (a), 5% (ref. 21 ) (b) and 22% (ref. 23 ) (c) sodium carbonate at 85 °C, as well as in 0.2 M (ref. 25 ) (d) and 0.5 M (ref. 26 ) (e) sodium hydroxide at 85 °C. Symbols represent the average dissolution (%) and error bars are the s.d. values calculated from eight replicates. Time (h) is shown as a logarithmic scale. The blue dotted vertical lines refers to the recommended digestion time for each technique.

Fig. 2 |

 2 Fig. 2 | Diatom and sponge BSi skeletons during digestion in 1% sodium carbonate at 85 °C. (a-d) The star-like spicules of the sponge C. caribensis after 5 h of digestion show that the bulk of the spicules remain undigested (a) and that only superficial erosion is attained (b and c), which causes tiny pits (cand d). e-h, Spicules of C. caribensis after 48 h of digestion. Most of the stars remain as fragments (e) that can no be longer recognized as spicules, except for few cases (f). Yet a good portion of the initial sponge BSi remains undigested even after 48 h of treatment (g and h). i-m, The needle-like spicules of P. ficiformis after 5 h of digestion show that most spicules remain undigested (i and j). Increased magnification (k and l) shows that only the silica surface of the spicules is eroded and reveals a granulated pattern that recalls the silica nanospherules (m) formed within the silicification vesicle of the sponge cells during the early silicification steps. n-p, The spicules of P. ficiformis after 48 h of digestion show that fewer recognizable spicules (n) and fragments (o) remain. Again, the progressive digestion of the silica reveals a nanospherule pattern (p). q-t, Frustules of T. weissflogii after 2 h of digestion. Most of the diatoms are entirely dissolved, being no longer detectable. Yet some complete frustules can be found, although their walls are so thin that they become translucent to the electron beam of the SEM, which reveals the porous pattern of the 3 µm pore filter on which the frustules rest (q-t). The delicate ornamentation of the frustules is still visible at high magnification (s).
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Table 1 | Preservation (%) of sponge and radiolarian BSi

 1 

			Burial depth		Preservation of Si (%)	Corrected preservation of Si (%)
			0 c m	50 cm	
	CORE 1	Age (kyr)	0.00	8.75	
		Sponges	79.54 ± 33.84	52.28 ± 2.05	65.7	65.7
		Radiolaria	147.56 ± 5.28	42.29 ± 6.56	28.7	28.7
	CORE 2 Age (kyr)	12.00	14.18	
		Sponges	1,275.07 ± 284.27	225.08 ± 23.27	17.7	17.7
		Radiolaria	241.96 ± 131.72	8.90 ± 5.78	3.7	3.7
	CORE 3 Age (kyr)	0.00	0.94	
		Sponges	1,390.63 ± 240.80	3,608.75 ± 323.77	259.5	45.2
	CORE 4 Age (kyr)	0.00	9.94	
		Sponges	76,313.84 ± 38,146.98	8,222.38 ± 1,044.38	10.8	10.8
		Radiolaria	78.35 ± 79.26	0.14 ± 0.24	0.2	0.2
	CORE 5 Age (kyr)	0.00	0.77	
		Sponges	334.27 ± 26.01	116.85 ± 37.73	35.0	35.0
		Radiolaria	1.09 ± 0.36	0.09 ± 0.12	8.1	8.1
	CORE 6 Age (kyr)	0.00	14.74	
		Sponges	2,491.22 ± 297.36	860.91 ± 258.47	34.6	34.6
		Radiolaria	42.39 ± 16.88	2.26 ± 2.37	5.3	5.3
	CORE 7 Age (kyr)	0.00	0.47	
		Sponges	496.31 ± 300.36	188.46 ± 22.25	38.0	38.0
	CORE 8 Age (kyr)	0.00	6.39	
		Sponges	12.50 ± 6.64	15.50 ± 15.92	124.0	45.2
	CORE 9 Age (kyr)	0.00	1.22	
		Sponges	44.56 ± 63.82	7.08 ± 9.08	15.9	15.9
	CORE 10 Age (kyr)	0.00	2.21	
		Sponges	42.27 ± 22.74	35.59 ± 27.24	84.2	84.2
		Radiolaria	0.05 ± 0.09	0.94 ± 1.63	1870.8	6.8
	CORE 11 Age (kyr)	0.00	4.17	
		Sponges	61.49 ± 33.60	52.17 ± 49.35	84.9	84.9
	CORE 12 Age (kyr)	0.00	74.07	
		Sponges	134.72 ± 25.94	78.30 ± 9.00	58.1	58.1
	CORE 13 Age (kyr)	0.00	8.47	
		Sponges	286.99 ± 69.43	105.36 ± 5.45	36.7	36.7
	CORE 14 Age (kyr)	0.00	1.66	
		Sponges	1,043.74 ± 895.74	222.25 ± 13.46	21.3	2
		Radiolaria	50.87 ± 50.03	0.62 ± 0.15	1.2	1.2
	CORE 15 Age (kyr)	0.00	3.64	
		Sponges	587.40 ± 42.45	498.95 ± 54.04	84.9	84.9
		Radiolaria	14.73 ± 17.91	0.03 ± 0.05	0.2	0.2
	CORE 16 Age (kyr)	0.00	7.24	
		Sponges	125.50 ± 3.03	171.84 ± 60.99	136.9	45.2
		Radiolaria	5,935.55 ± 1,300.70	7,382.34 ± 1,765.71	124.4	6.8
	CORE 17 Age (kyr)	0.00	0.50	
		Sponges	2,572.09 ± 861.21	2,894.33 ± 513.81	112.5	45.2
		Radiolaria	26.22 ± 9.67	53.33 ± 3.40	203.4	6.8

.

Q6

Table 2 | Age, wet bulk density and deposition rate of the sediment in the different cores

 2 

	Core	Age	Sediment	Deposition	Sponge BSi	Sponge BSi	Radiolarian BSi	Radiolarian BSi
		at 50 cm	density	rate	at 50 cm	burial rate	at 50 cm	burial rate
		(yr)	(g cm -3 )	(g sed m -2 yr -1 )	(µgSi g -1 )	(mgSi m -2 yr -1 )	(µgSi g -1 )	(mgSi m -2 yr -1 )
	1	8,754	1.557	88.915	52.277	4.648	42.285	3.760
	2	2,182	1.601	366.824	225.082	82.566	8.901	3.265
	3	944	1.659	879.051	628.600	552.571	-	-
	4	9,937	1.618	81.396	8,222.379	669.271	0.137	0.011
	5	767	1.652	1,077.287	116.852	125.883	0.089	0.095
	6	14,741	1.552	52.641	860.915	45.319	2.263	0.119
	7	471	1.660	1,763.031	188.459	332.260	-	-
	8	6,390	1.563	122.309	5.649	0.691	-	-
	9	1,217	1.554	638.807	7.079	4.522	-	-
	10	2,212	1.654	373.797	35.587	13.302	0.003	0.001
	11	4,170	1.586	190.157	52.172	9.921	-	-
	12	74,074	1.441	9.728	78.295	0.762	-	-
	13	8,475	1.418	83.680	105.364	8.817	-	-
	14	1,661	1.464	440.747	222.253	97.957	0.616	0.272
	15	3,643	1.604	220.143	498.947	109.840	0.032	0.007
	16	7,236	1.395	96.365	56.728	5.467	402.017	38.740
	17	500	1.615	1,615.018	1,162.650	1,877.701	1.776	2.868

The amount of BSi preserved at 50 cm burial depth (considering corrected BSi preservation for sponges in cores 3, 8, 16 and 17 and for radiolarians in cores 10, 16 and 17) and the derived BSi burial rates for sponges and radiolarians. The continental-margin-seamounts compartment is represented by cores 2-7, 10, 14, 15 and 17. The basin compartment is represented by cores 1, 8, 9, 11-13 and 16.

Table 3 | Preservation rates and burial fluxes for dark BSi through sponges and radiolarian skeletons in their ocean compartments ocean compartment Compartment extension (km 2 × 10 6 )

 3 

			Sponge BSi	Sponge BSi	Radiolarian BSi	Radiolarian BSi	total BSi
			preservation	burial flux	preservation	burial flux	burial flux
			(mgSi m -2 yr -1 )	(tmolSi yr -1 )	(mgSi m -2 yr -1 )	(tmolSi yr -1 )	(tmolSi yr -1 )
	Margins and	108.02	390.667 ± 568.601 1.503	± 2.187		-	-	-
	seamounts							
	Basins without	248.78	4.975	± 3.556	0.044 ± 0.032		-	-	-
	aggregations							
	Aggregations in	5.08	890.952 ± 896.701 0.161	± 0.162		-	-	-
	basins							
	Basins and 2%	253.86	22.695	± 124.664 0.205 ± 0.143		-	-	-
	aggregations							
	Radiolarian oozes 5.34		-		-	38.740 ± 8.489 0.007 ± 0.002	-
	Radiolarian-rich	19.46		-		-	38.740 ± 8.489 0.027 ± 0.006	-
	diatom oozes							
	Rest of	337.08		-		-	4.914	± 11.984 0.059 ± 0.104	-
	'radiolarian' ocean							
	Global ocean	361.88		-	1.708	± 1.611		-	0.093 ± 0.051	1.801 ± 1.396

  Dissolution kinetics of several forms of BSi and LSi were compared using different digesters. As BSi, we used nitric-acid-cleaned frustules of T. weissflogii (cultured using F2 media), needle-like (oxea) spicules of P. ficiformis and star-like spicules (cortical spherasters) of C. caribensis. As LSi, we used aluminosilicate bentonite (Sigma-Aldrich, Pcode 101190698, H 2 Al 2 O 6 Si) and kaolinite (Fluka, Pcode 100981947, Al 2 O 3 •2SiO 2 •2H 2 O). Varying dry weights for the different materials were used in the digestions (Supplementary Table
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