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1 Abstract

This study calculated the dissolution rates of biogenic silica deposited on the seafloor and the

silicic acid benthic flux for 22 Ocean Drilling Program sites. Simple models developed for

two host sediment types—detrital and carbonate—were used to explain the variability of

biogenic opal dissolution and recycling under present-day low (-0.3 to 2.14°C) bottom-water

temperatures. The kinetic constants describing silicic acid release and silica saturation

concentration increased systematically with increasing bottom-water temperatures. When

these temperature effects were incorporated into the diagenetic models, the prediction of

dissolution rates and diffusive fluxes was more robust. This demonstrates that temperature

acts as a primary control that decreases the relative degree of pore-water saturation with opal

while increasing the silica concentration. The correlation between the dissolution rate and

benthic flux with temperature was pronounced at sites where biogenic opal is accommodated

in surficial sediments mostly comprised of biogenic carbonates. This is because the

dissolution of carbonates provides the alkalinity necessary for both silica dissolution and clay

formation; thus strongly reducing the retarding influence of clays on opal dissolution.

Conversely, the silica exchange rates were modified by presence of aluminosilicates, which

led to a higher burial efficiency for opal in detrital- than in carbonate-dominated benthic

layers. Though model prediction of first-order silica early transformation suggests likely

effects from surface temperatures (0–4°C) on opal-CT precipitation over short geological

times (< 4 Ma) near seabed in the Antarctic Site 751, the relationship between silica

solubility and surface area variability in time is a more critical control. Since silica solubility
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and surface area decrease with time, a < 4 Ma elapsed time aged opal-A to the point that

changes in specific surface area caused minor effects on solubility, allowing for formation of

opal-CT at low temperature settings near the seabed.

Keywords: Bottom-water temperature, Biogenic silica, Dissolution rate, Benthic flux,

Ocean Drilling Program

2 Introduction

Only a fraction of siliceous tests (~3%; Tréguer and De La Rocha, 2013) produced by

plankton such as diatoms, radiolarians, and silicoflagellates in surface ocean accumulates

on the seafloor after avoiding dissolution in the upper ocean and lengthy passage through

the water column. Even then, this small percentage of solution resistant biogenic silica

(opal-A) undergoes progressive dissolution across water-sediment interface, especially

within the top few centimetres of sediment column, where 70–95% of the opal rain

arriving at the seafloor dissolves prior to burial (Ragueneau et al., 2000). The extensive

dissolution of siliceous tests in surface sediments—including the water-sediment

interface and the first centimetres below it—constitutes part of silica early diagenesis

during which a considerable volume of silicic acid produced by dissolution of opal is

released back to overlying ocean water through diffusion (Dixit and Van Cappellen,

2003). This recycling (benthic flux) of silica (23 × 101 2 moles of silicon per year) is

estimated to be globally three times greater than the total amount of opal arriving on the

seafloor and ending up buried in the sediment column (burial flux) (Tréguer et al., 1995).

Interest in the dissolution of sedimentary opal-A within deep-sea surficial sediments
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arises partly because of its importance as a mechanism by which the generated silicic acid

contributes as a major component of the nutrient silicon cycle in the world ocean. More

importantly, the part of silicic acid not diffused back to the water column and trapped in

pore water under burial is consumed deeper in the sediment to incite the development of

a diagenetic transition zone (Varkouhi, 2018)―a boundary across which biogenic silica

is transformed into diagenetic opal (opal-CT). This depth interval gains importance as a

potential energy resource (Davies and Cartwright, 2002) and as a result of the

significance of silica diagenesis for basin analysis approach (Wrona et al., 2017).

The dissolution rate of opal-A depends on a variety of factors, including temperature,

time, reactive surface area of biogenic opal, pore-water chemistry, host lithology, and

sediment permeability (Lancelot, 1973; Kastner et al., 1977; Hein et al., 1978; Nobes et

al., 1992; Hesse and Schacht, 2011). Among these, temperature is widely accepted as the

dominant control (Kastner et al., 1977; Williams and Crerar, 1985; Neagu et al., 2010).

The solubility of biogenic opal substantially increases with temperature (Canfield et al.,

2005; Atkins and de Paola, 2006; Park et al., 2006; Boggs, 2009). Laboratory based

experiments by Van Cappellen and Qiu (1997a) provided constraints for development of

mechanistic models of silica early diagenesis in marine sediments. They suggested that

silica solubility is dependent on bottom-water temperature for highly siliceous uppermost

sediments (top 10-20 cm) of the Southern Ocean, and a temperature increase of 0.5°C

adds up to 50 μM dissolved silica to pore water. Comparable experiments by Rickert

(2000), at an in situ temperature of 2°C to simulate bottom-water conditions, also

demonstrated a critical temperature dependence on dissolution of opal in the Arabian Sea.
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Bottom-water temperature controls

To date, the basis for most models that account for early diagenetic transport of silica

through surficial sediments is derived from a first-order dissolution rate law (e.g., Schink

et al., 1975; Berner, 1980; Rabouille et al., 1997; Dixit and Van Cappellen, 2003):

(1.1)

where Rdiss is the dissolution rate of biogenic opal in the sediment (in s-1) , k is the

temperature-dependent first-order kinetic constant (in s-1) , C is the dissolved silica

concentration (in μM), and Csat is the asymptotic silica concentration (in μM).

The major assumption is that the dissolution of biogenic opal supplied to the sediment

through seawater opal rain produces dissolved silica. This kinetic expression of the

reaction rate highlights the dependence of dissolution rate on the reaction rate constant

(involving bottom-water temperature effects) and on relative departure from equilibrium

with opal—given by the contrast between pore-water silica concentrations and the

saturation value (the asymptotic concentration of silicic acid). The mathematical

expansion of the standard kinetic rate law for opal dissolution also forms the basis of

most models that deal with the benthic flux of silicic acid. Dixit and Van Cappellen

(2003) presented the most comprehensive expansion of the congruent rate law for

biogenic opal. Their expression for the benthic flux of silica combines the expanded

dissolution rate equation (including the effects of biogenic opal content of sediment and

the petrophysical properties in the magnitude of the standard kinetic rate) with Fick’s first

law for diffusion through a porous medium.
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Silica dissolution and its associated benthic flux in deep-sea sediments, as predicted by

Dixit and Van Cappellen’s (2003) model and the other aforementioned works, are

however modified by relative detrital fraction of the sediment—implying an inverse

correlation between dissolution rate and the mass ratio of lithogenic matter (detrital) to

biogenic opal supply of the sediment. In opaline sediments that experience significant

detrital inputs, precipitation of aluminum derived from detrital material simultaneous

with dissolved silica release into the pore water slows down the dissolution rate of

biogenic silica and prevents pore-water silica from reaching saturation with the

dissolving opal (Van Cappellen and Qiu, 1997a; Dixit and Van Cappellen, 2003).

Despite the rate-limiting role of detrital matter in silica early diagenesis, there are

indications that (bottom-water)temperatures exert a stronger control on silica dissolution

and recycling that under some circumstances is even more efficient than silica pore-water

concentration (Dixit et al., 2001). Evidence for a strong temperature control includes:

(1) A shift in relative saturation (from an undersaturated to a saturated state) within the

detrital-dominated surficial sediments from the Ocean Drilling Program (ODP) cores

(e.g., ODP Sites 794 and 795; Varkouhi, 2018) implies a strong control by bottom-water

temperature on biogenic opal dissolution, even in presence of high lithogenic content.

(2) Seasonal variations of opal dissolution rate and silicic acid effluxes within the

topmost sediment layer in some ocean regions (e.g., the southern North Sea) suggest a

strong relationship between these processes and bottom-water temperatures. This

relationship reflects low silicic acid fluxes in winter and markedly high fluxes in summer

(Oehler, 2014). The increased silicic acid fluxes during summer might be inconsistent
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with diatoms primary production as phytoplankton blooms during summer lead to silicic

acid depletion in the water column. However, silica concentration can further increase

after phytoplankton blooms by settling and dissolution of diatoms at the seafloor and

within the surface sediment (Joint and Pomroy, 1993);

(3) It is evident that the accumulation of ancient early diagenetic opal through time was

responsive to temperature following a shift in marine silica cycle to a diatom-dominated

pattern in the Late Jurassic and Cretaceous (Hein and Parrish, 1987; Kidder and Erwin,

2001; Muttoni and Kent, 2007). This shift argues that pre-Cretaceous oceans had higher

levels of dissolved silica than younger basins (Siever, 1992). Effects of temperature,

however, receive less focus because of limited variability in modern systems.

The main objective of this paper is to research the role of bottom-water temperature in

silica dissolution and recycling across surficial layer (topmost few tens of centimetres) of

marine sediment record. Here, we examine accessible ODP sources to compile and

analyse data regarding lithology, temperature, silica concentrations of pore water, and

physical properties of the surface biosiliceous sediments cored by the ODP. Neagu et al.

(2011) reported about 100 ODP wells around the globe that drill the sediment units

containing a silica diagenesis transition zone. Among these, we chose 22 sites where the

transition is located in Neogene deposits for which there are existing data of the topmost

sediment composition, bottom-water temperatures, pore-water silica levels, sediment

porosity, and density. These Neogene transitions are developed largely free from any

significant interaction with downslope processes and are identifiable through seismic and

downhole profiles easier and with more certainty than those within the older successions.
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Bottom-water temperature controls

The dissolution rates of reactive silica across the surface sediment were calculated for all

the 22 sites using the first-order rate law, the diffusive effluxes using the early diagenetic

model expression of Dixit and Van Cappellen (2003), and the burial fluxes of opal using

the mass accumulation rate expression (Oehler, 2014). Diagenetic models accounting for

temperature dependence of the kinetic rate coefficient (k) were formulated to predict the

silica dissolution and its benthic flux in relation to modern bottom-water temperatures.

These results were then used to predict the transformation of biogenic opal and discuss

unusual precipitation of low temperature (commonly from 0 to 4 °C) young (< 4 Ma; e.g.,

Botz and Bohrmann, 1991) opal-CT at some Antarctic sub-seabottom locations.

3 Environmental setting

The distribution of 22 ODP sites studied here is indicated on Figure 1. Half of the sites

were drilled off the western continental margins of North and South America and within

the northern Pacific, 40% drilled in the Sea of Japan and its surrounding basins, and the

remaining 10% cored within the Southern Ocean and around the Antarctic Peninsula. The

geographic location, ocean depth, and lithology of sediments recovered at the sites are

provided in Table 1. The study sites represent exceptional depositional environments with

highly porous biosiliceous uppermost sediments that shift abruptly to less permeable

lower porosity units deeper in the sediment following silica diagenesis (Varkouhi, 2018).

A few of the study sites are located beneath the largest and most intense zone of

equatorial upwelling on Earth (Sites 846, 847, 1225, and 1226). This is of significance as

the equatorial eastern rims of the North and South Pacific Ocean were some of the major
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depocentres of biogenic silica during the Middle Miocene to Early Pliocene (Ingle, 1980,

1981; Behl, 1999). In 15 of the chosen sites, biogenic opal is deposited with fine detrital

(siliceous oozes that are accompanied by clay, silt, and sometimes volcanic ash). Though

detrital-based, fractions of calcareous nannofossils (and sometimes foraminifers) are

admixed with the diatomaceous sediment in Sites 798, 1016, 1022, 1165, 1175, and 1208.

Figure 1. Location of the investigated ODP borehole sites (redrawn and modified from

Ocean Drilling Program Site Maps, 2009).

ODP sites (red circles): 1) 794/Leg 127, 2) 795/Leg 127, 3) 796/Leg 127, 4) 797/Leg
127, 5) 798/Leg 128, 6) 799/Leg 128, 7) 846/Leg 138, 8) 847/Leg 138, 9) 1016/Leg 167,
10) 1022/Leg 167, 11) 1095/Leg 178, 12) 1149/Leg 185, 13) 1150/Leg 186, 14)
1151/Leg 186, 15) 1165/Leg 188, 16) 1175/Leg 190, 17) 1207/Leg 198, 18) 1208/Leg
198, 19) 1211/Leg 198, 20) 1212/Leg 198, 21) 1225/Leg 201, and 22) 1226/Leg 201.
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Table 1. Description of ODP sites investigated in this study, including latitude and longitude, water depth, geographic location, and

description of the first lithologic unit. No. = the identification number of the ODP sites as presented in Figure 1.

No. Site/Leg Latitude Longitude
Water
depth, m

Geographic location Sediment type

1 794/127 40° 11.41´N 138° 13.86´E 2822
Yamato Basin, southeastern Japan
Sea

Clay and silty clay with a significant admixture of
vitric ash

2 795/127 43.99°N 138.97°E 3310 Japan Sea
Silty clay with subordinate diatom clay, ashy clay,
and diatom ooze

3 796/127 42.89°N 139.41°E 2596 Japan Sea Diatom-bearing clay and silty clay

4 797/127 38.62°N 134.54°E 2876
Yamato Basin, south-central Japan
Sea

Clay and silty clay with a minor admixture of vitric
ash and diatoms

5 798/128 37.04°N 134.8°E 911 Oki Ridge, southeastern Japan Sea
Clay, silty clay, and diatom clay with occurrence of
calcareous nannofossils and foraminifers

6 799/128 39° 22.05´N 133° 86.69´E 2985 Yamato Rise, Japan Sea
Diatomaceous ooze and diatomaceous clay with
carbonate and siliciclastic sands

7 846/138 3° 5.7´S 90° 49.08´W 3387 Galapagos Islands, equatorial Pacific
Nannofossil ooze, diatom nannofossil ooze,
nannofossil diatom ooze, and clayey diatom ooze

8 847/138 0° 11.59´N 95° 19.23´W 3346 Galapagos Islands, equatorial Pacific
Diatom nannofossil ooze and nannofossil ooze with
minor amounts of radiolarians and foraminifers

9 1016/167 34° 32.42´N 122° 16.59´W 4162 Point Conception, California
Diatom ooze with clay, diatom clay, and clayey 
diatom ooze, and diatom nannofossil ooze with clay

10 1022/167 40° 4.85´N 125° 20.56´W 2325 Cape Mendocino, California Nannofossils and siliciclastic clay with diatoms

11 1095/178 66° 59.13´S 78° 29.27´W 3863 Antarctic Peninsula, Pacific margin
Diatom-bearing silty clay, silty clay, and clay with
minor siliceous ooze

12 1149/185 31° 20.52´N 143° 21.08´E 5829 Nadezhda Basin, northwestern Pacific
Clay with varying amounts of siliceous microfossils
and volcanic grains

13 1150/186 39° 10.91´N 143° 19.92´E 2692 Japan Trench, off northeast Japan Diatom ooze and diatom clay with tephra

14 1151/186 38° 45´N 143° 20´E 2182 Japan Trench, off northeast Japan
Diatomaceous silty clay with occurrence of sand,
silt, and pumice as minor lithologies

15 1165/188 64° 22.22´S 67° 13.14´E 3549 Prydz Bay, Antarctic Ocean Transition from diatomaceous ooze to diatom clay

16 1175/190 32.6°N 134.64°E 3024 Nankai Trough, southwestern Japan Nannofossil-rich hemipelagic mud

17 1207/198 37° 47.43´N 162° 45.05´E 3112
Shatsky Rise Northern High,
northern Pacific

Nannofossil ooze and clayey nannofossil ooze

18 1208/198 36° 7.63´N 158° 12.1´E 3346
Shatsky Rise Central High,
northern Pacific

Alternation of nannofossil clay and ooze with
siliceous tests

19 1211/198 32° 0.13´N 157° 51´E 2907
Shatsky Rise Southern High,
northern Pacific

Alternation of nannofossil clay and nannofossil
ooze

20 1212/198 32° 26.90´N 157° 42.70´E 2681
Shatsky Rise Southern High,
northern Pacific

Nannofossil ooze with clay

21 1225/201 2° 46.25´N 110° 34.29´W 3772 East Pacific Rise
Alternation of nannofossil ooze and diatom- and
radiolarian-rich nannofossil ooze

22 1226/201 3° 5.67´S  90° 49.08´W 3297 East equatorial Pacific
Alternation of diatom-rich nannofossil ooze and
nannofossil-rich diatom ooze
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Given that the sample sites reflect deep-sea zones (excluding Site 798 with a water depth

of 911 m, the depths range between ~2200 and ~5800 m; Table 1), the surface sediments

are not reworked nor disturbed by tidal currents and storms (Oehler, 2014). Further,

sediment gravity flows did not affect the uppermost sediments at the cored sites

(Shipboard Scientific Party, 1990a). Therefore, the accumulated sediment, silica

dissolution, and subsequent benthic fluxes from the pore water reflect processes in the

overlying water column (e.g., primary production or opal rain arriving at the seafloor). In

addition, macrofaunal irrigation is thought to be only a minor effect on benthic solute-

exchange fluxes at these sites (after Meile and Van Cappellen, 2003). Even in the case of

uplifted sediments at Site 798, subjected to a sudden shallowing, possible low oxygen

levels in the bottom water decrease the quality of infaunal habitat (Shipboard Scientific

Party, 1990b), and consequently exclude pore-water irrigation.

4 Data acquisition and methods

ODP resources (initial reports and scientific results) and the IODP (International Ocean

Discovery Program) databank provided the mineralogy, temperature, pore-water silica

concentration, and physical properties (in particular porosity and density) for the surface

and uppermost sediments of the 22 borehole sites selected for this study. The baseline

information acquired during the ODP cruises through downhole and onboard-ship

measurements and measurements on water and core samples is available through open

access (see International Ocean Discovery Program, 2018).

The various sediment and water measurements used in this work are described in ODP
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technical notes (Rabinowitz and Garrison, 1985; Mazzullo and Graham, 1988; Gieskes et

al., 1991; Fisher and Becker, 1993; Blum, 1997). Below, a description is given for ODP

methodology toward the sediment parameters reported in this study (Table 2).

In situ temperatures were measured using an APC (advanced hydraulic piston core) tool

designed to assess the bottom-sediment temperature during the process of cutting a

hydraulic piston core. The APC was held in place for at least 15 minutes to obtain enough

data to extrapolate to in situ sediment temperatures (Fisher and Becker, 1993).

Once on deck, whole-round 10-cm-long samples for pore-water analyses were quickly

removed from the 1.5-m-long core sections, re-capped, and sent to a cold laboratory,

where they were extruded at 3°C (Mazzullo and Graham, 1988). Interstitial-water core

samples were then squeezed until a sufficient quantity of water was extracted, ~10 ml

from a 200 cm3 sample. Silica concentration was determined in the pore waters by

onboard ship colorimetry and analytical techniques described by Gieskes et al. (1991). As

silica concentrations are temperature sensitive, the preparation and analysis of the

samples under cold laboratory conditions during ODP practices ensured offsets from the

actual in situ values were minimal.

An accurate definition of the sediment-water silica concentration gradient using ODP

data to calculate sediment-water exchange rates may be argued as drilling would obscure

the location of the centimetre-scale sediment-water boundary. The authors acknowledge

the attenuation from saturation levels to the bottom-water value within this thin surface
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sediment cannot be captured using ODP cores. However, this study used the saturation

value mostly from the middle and bottom of the 1-1.5 m long topmost cores (ranging in

depth from 0.6 to 1.3 mbsf), which is well within the depth realm of marine benthic layer.

The benthic layer is defined, by following Wildish (2001), as an ecological zone at the

lowest level of seawater column which thickness varies from 10 cm to 5 m and includes

benthic substrate and the topmost sediment layer. This typical depth zone (0.6 to 1.3

mbsf) is strongly influenced by benthic sediment-water interactions, particularly diffusion

which leads to a developed silica concentration gradient from this point to the bottom

water (Hurd, 1973). More importantly, most changes in silica concentration occur within

30-40 cm of the surface of sediment, and from this depth downwards to l-2 mbsf the

concentration commonly becomes constant (e.g., Van Cappellen and Qiu, 1997a; Van der

Weijden and Van der Weijden, 2002). Therefore, silica concentration from the topmost

core still represents the saturation value for a few tens of centimetres of sediment surface.

Multi-sensor track logged the 1.5-m-long cores for gamma ray density, compressional

wave velocity, magnetic susceptibility, and natural gamma radiation. Specimens were

extracted from the cores for measuring the moisture and average mineral density (MAD)

(Blum, 1997). From these measurements, basic physical properties, including porosity,

bulk density, grain density, dry density, and void ratio were calculated.

Smear slides of unconsolidated sediments were prepared to document the lithology of

recovered material and to describe the cores. A visual estimation technique, using

comparator charts of Terry and Chilingarian (1955), was applied by ODP to determine
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the relative percentages of minerals, skeletal grains, and other sediment components. The

composition of the surficial sediments was derived from results of this approach.

Dissolution rates and benthic effluxes of dissolved silica and the burial fluxes of opal

were calculated and modelled based on the sediment parameters described above. In the

following section, equations required for these calculations are introduced.

4.1 Early diagenetic equations for silica

A first-order kinetic rate law (Equation 1.1) is the most widely used expression for the

dissolution of biogenic opal. This relates the dissolution rate to a linear function of the

degree of pore-water undersaturation with respect to opal.  The term 1-C/Csat (0 ≤ C/Csat <

1) in Equation (1.1) represents the degree of undersaturation with dissolving silica.

Whether stated explicitly or not, it is typically assumed that C in Equation 1.1 is equal to

the bottom-water silicic acid concentration. The Csat equates to the near constant

concentration of dissolved silica at depths a few centimetres, usually < 10 cm below the

sediment surface, and represents the equilibrium solubility of deposited biogenic silica

(i.e., asymptotic silica concentration or saturation concentration).

Temperature dependence on the kinetic rate constant is typically expressed using the

Arrhenius’ Law (1889):

(1.2)
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where A is the pre-exponential factor (in s-1), Ea is the apparent activation energy of the

dissolution reaction (in J mol-1), R is the universal gas constant (8.314 J K-1 mol-1), and T

is absolute temperature (in K).

Temperature controls the kinetic rate constant through interaction with activation energy

to initiate the silica dissolution reaction (Dralus et al., 2015). This allows for basic

predictions toward variations in the dissolution rate coefficient with temperature. The

exponent Ea/RT is the ratio of the activation energy to the average kinetic energy (RT)

and as this ratio increases (with consideration of the negative sign behind it), the

coefficient increases. This implies higher temperatures, while other parameters in the

equation kept constant, favour larger rate coefficients; thus speeding up the reaction.

Although a narrow range of variations for modern seafloor temperatures imposes slight

changes in rate coefficients, their effects on reaction kinetics is substantial due to

exponential variability of silica saturation with temperature (Williams and Crerar, 1985). 

The mathematical expansion of Equation 1.1 combined with the Fick’s diffusion law

yields an expression for the benthic flux of silica (Dixit and Van Cappellen, 2003):

(1.3)

where J0 is the benthic flux of silicic acid (in mol m -2 yr-1) , k is the first-order rate

coefficient (for Equation 1.3, the unit is converted from s- 1 into yr-1) , Mopal is particulate

biogenic silica concentration (in volume %), Ds is the sediment diffusion coefficient (in
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m2 yr-1), Φ is the sediment porosity (in %), ρb is the grain density of the sediment (in kg m-

3) , Cbw is the bottom-water dissolved silica concentration (in μM), and Csat is the

asymptotic silica concentration (saturation concentration) (in μM).

Although based on a simplified model of silica diagenesis, Equation 1.3 incorporates the

main properties and variables of the early diagenetic system that affect the benthic fluxes

of dissolved silica diffused from marine sediments back to the seawater.

The fraction of the opaline rain flux that reaches the water-sediment interface and that is

neither dissolved nor diffused back to the water column is then buried within the

sediment. This burial flux of biogenic silica is estimated using the mass accumulation

equation (after Oehler, 2014):

(1.4)

where BSiacc is the accumulation rate of biogenic silica within the sediment (in kg m-2 yr-

1), Mopal is the amount of biogenic silica (in volume %), ω is sedimentation rate (in m yr-1),

Φ is the sediment porosity (in %), and ρb is the sediment density (kg m-3).

The rain rate of opal arriving at the seabed can then be calculated using the silica mass

balance equation (Rabouille et al., 1997; Ragueneau et al., 2009):

(1.5)
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where BSirain is the rain rate of biogenic silica reaching the seafloor (in mol m-2 yr-1), J0 is

the diffusive flux of silicic acid at water-sediment interface (in mol m -2 yr-1), and BSiacc is

the accumulation rate of opal in the sediment (for Equation 1.5, the accumulated biogenic

silica is converted from kg m-2 yr-1 into mol m-2 yr-1).

5 Results

5.1 ODP-derived dataset

The sediment composition, bottom-water temperatures, pore-water silica concentrations,

and the results of sediment porosity and density measurements for the 22 study sites are

reported by the ODP. To calculate opal dissolution rates as well as benthic and burial

fluxes, a dataset composed of these parameters was assembled for the chosen sites (Table

2). The lithology of the unit accommodating biogenic opal within the topmost sediment

layers was categorised into two groups: detrital and carbonate. Almost 70% of the surface

sediment layers are hosted by detrital lithologies; the others by biogenic carbonate.

Modifying the ODP approach for partitioning the sediment components (Marsaglia et al.,

2013), sediment sample composition was divided into three fractions: biogenic opal

(consisting of diatoms, radiolarians, silicoflagellates, and sponge spicules), detrital

material (composed mainly of clays, detrital quartz, oxides, volcanic ash, and volcanic

glass), and biogenic carbonate (calcareous nannofossils and foraminifers). When

combined with accessory particles (organic debris, plant debris, and accessory minerals),

the total is 100% for solid sediment volume. The sediments exhibit a wide compositional

range. Biogenic silica content varies from 5 to 71%, detrital from 0 to 91%, and biogenic
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Table 2. Dataset assembled from the ODP data sources for the uppermost sediment of the

22 study sites. No. = the identification number of the ODP sites presented in Figure 1,

Mopal = biogenic silica content of the uppermost sediment layer, T = present-day in situ

bottom-water temperature, Cbw = bottom-water concentration of silicic acid, Csat =

asymptotic pore-water concentration of silicic acid, Φ = porosity of the uppermost

sediment layer, ρb = grain density of the uppermost sediment layer, Ds = diffusion

coefficient of sediment, and ω = sedimentation rate of the lithologic unit hosting the

uppermost sediment layer. With the exception of Cbw values for Sites 794 through 799

that were extracted from Sarmiento et al. (2007), all other values in the table were

obtained from the ODP.

No. Site
Host a

lithology
Mopal,
%

Detrital, b

%
Carbonate, b

%
T, K

Cbw,
μM

Csat,
μM

Φ,
%

ρb,
kg m-3

Ds ×10-10, c

m2 s-1
ω ×10-5,
m yr-1

1 794 Detrital 15 84 0 273.36 70 440 85 2660 3.97 3.5
2 795 Detrital 15 83 0 273.35 70 615 93 2550 4.76 4.8
3 796 Detrital 7 91 0 273.15 70 740 77 2500 3.26 7.4
4 797 Detrital 10 89 0 273.35 70 540 81 2620 3.61 4.6
5 798 Detrital 17 75 7 274.55 60 620 77 2360 3.26 12.2
6 799 Detrital 29 65 3 273.29 70 537 88 2700 4.26 7.1
9 1016 Detrital 20 69 9 274.45 170 804 80 2770 3.52 5.3
10 1022 Detrital 5 83 10 275.05 160 702 65 2750 2.32 10.1
11 1095 Detrital 10 88 0 273.34 140 380 74 2730 3.01 2.2
12 1149 Detrital 21 76 2 274.21 190 559 81 2680 3.61 3.4
13 1150 Detrital 65 32 2 275.29 140 550 83 2420 3.79 20.5
14 1151 Detrital 33 63 3 275.26 140 500 77 2700 3.26 7.2
15 1165 Detrital 71 20 8 272.85 140 522 75 2700 3.09 1.5
16 1175 Detrital 15 74 10 274.77 140 556 67 2640 2.47 52
18 1208 Detrital 15 53 30 274.3 160 726 80 2670 3.52 4.2
7 846 Carbonate 39 5 55 274.96 160 892 84 2490 3.88 4
8 847 Carbonate 27 6 65 274.95 160 901 85 2700 3.97 3.2
17 1207 Carbonate 17 29 53 274.4 160 584 73 2690 2.93 1.4
19 1211 Carbonate 14 20 64 274.2 160 540 66 2690 2.4 0.9
20 1212 Carbonate 10 26 63 274.25 160 552 70 2710 2.7 1.4
21 1225 Carbonate 32 1 66 274.55 160 625 78 2700 3.35 8.9
22 1226 Carbonate 51 0 49 274.85 160 772 84 2580 3.88 4

a Lithological composition of the sediment hosting biogenic silica.
b Detrital (in percent of total volume) and biogenic carbonate (in percent of total volume)
components of the topmost sediment layer.
c Diffusion coefficient of sediment determined using equation Ds = Ф2 × D (Ullmann and
Aller, 1982), where Ф is the porosity value (derived from the ODP database), and D (5.5
× 10-10 m2 s-1; Rickert, 2000) is the free-solution molecular diffusion coefficient for silicic
acid.

17

306

307

308

309

310

311

312

313

314

315

316
317
318
319
320
321
322

https://doi.org/10.5194/os-2019-121
Preprint. Discussion started: 3 January 2020
c© Author(s) 2020. CC BY 4.0 License.



carbonate from 0 to 66%. The obtained values for accessory particles are not provided

(Table 2). Given the research aims, the lithologic composition of the sites was divided

into two categories; detrital and carbonate. On this basis, the detrital-dominated sites

having a mean of 70% detrital matter contain on average 23% biogenic silica and only

5% carbonate. Conversely, the carbonate-dominant sites having a mean carbonate

mineral content of 60% include an average of 12% detrital material and 27% opal. The

highest contribution of biogenic opal to the sediment composition is reported from the

detrital-based Site 1165 in the Southern Ocean. This site is situated at a sub-polar latitude

beneath a major upwelling zone where there are high rates of opal rain. Relatively lower

rates of detrital particle rain account for high concentration of solid opaline silica in the

surficial sediments (after Rashid, 1985; Libes, 1992). The highest detrital matter content

is reported from Sites 796 and 797 in the Sea of Japan and Yamato Basin, respectively,

where clay particles are the principal constituent of detrital sediment, formed through

chemical alteration of either windblown volcanic ash or volcanic glass on the seafloor, in

addition to products of continental weathering from the source region. The highest

biogenic carbonate content is reported from Site 1225 in the Eastern Pacific Rise where

nannofossil oozes alternate with layers rich in diatoms and radiolarians.

The present-day low temperature at the water-sediment interface for the chosen sites

varies from 272.85 to 275.29 K. The maximum temperature was recorded in the deep-sea

terrace of the Japan Trench (Site 1150), where heat flow is anomalously high, averaging

60–70 mW/m2, appreciably higher than typical heat flows for seafloors aged 135 Ma. The

probable cause of the higher bottom-water temperature at this site is an efficient vertical
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heat transport by hydrothermal circulation within a permeable layer in the oceanic crust,

developed by fracturing due to plate bending (Yamano et al., 2014). The lowest

temperature was recorded in diatom ooze to diatom clay of Prydz Bay in the Antarctic.

The bottom-water silica concentrations vary from 60 to 190 μM, with the maximum

values observed in the uppermost sediments of the Nadezhda Basin in the northern

Pacific. Minimum values are found in the Sea of Japan. The asymptotic silicic acid

concentrations of sediments range from 380 to ca. 900 μM. These values compare well

with the silica concentration levels of benthic chambers reported from other ocean basins

(e.g., see Rabouille et al., 1997) . The highest values are observed in diatomaceous

nannofossil oozes of the Galapagos Islands in the equatorial Pacific, the lowest in the

diatom-bearing fine detrital sediments of the Antarctic Peninsula. However, even within

the same oceanic region the silica asymptotic concentration can vary widely. For

instance, in the Sea of Japan, concentrations differ by as much as 300 μM.

Porosity and sediment grain densities vary between 65 and 93% and 2360 to 2770 kg m-3,

respectively. The highest benthic porosity is observed in the surficial silty clay sediments

of the Japan Sea that contain subordinate diatom clay and diatom ooze. Grain density is

highest in the diatomaceous ooze containing clay, diatom clay, diatom ooze, and diatom

nannofossil ooze from the western Point Conception in California.

The sediment diffusion coefficient, scaled with tortuosity according to the equation Ds =

Ф2 × D (Table 2), varies from 2.32 × 10-10 to 4.76 × 10-10 m2 s-1, with the peak value
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associated with the silty clay sediments of Site 795 in the Sea of Japan. Because of a very

narrow range of bottom-water temperatures (2.44 K), correction of seawater molecular

diffusion coefficient for temperature was omitted in this study and a value of 5.5 × 10-10 m2

s- 1 was adopted as representative of the free-solution diffusion coefficient for dissolved

silica. The estimated sedimentation rates range between 0.9 × 10-5 and 20.5 × 10-5 m yr-1,

with the highest rates observed for the diatom ooze and clay deposits in Japan Trench.

The lowest rates are for the nannofossil clay and ooze from the Southern High of Shatsky

Rise in northern Pacific (Sites 1211 and 1212).

6 Discussion

6.1 Model parameters: Calibration

One of the problems in the modelling of the early diagenesis of silica is the kinetic

coefficient k of opal dissolution that is poorly constrained and commonly used as a fitting

parameter in the diagenetic models (Dixit and Van Cappellen, 2003). The kinetic

coefficients obtained through fitting of pore-water profiles vary greatly between different

sediments (e.g., Schink et al., 1975). This is usually due to differences in temperature and

the mineralogical nature of the sediments. To limit such a marked variability, the kinetic

rate constant has been adjusted separately for each studied ODP site using the site-

specific bottom-water temperatures, a common activation energy of approximately 50 KJ

mol-1 (50000 J mol-1) for the dissolution of biogenic silica (following Dove and Rimstidt,

1994; Van Cappellen and Qiu, 1997b) and a first-order pre-exponential factor of ~30 s -1.

The linear variability of adjusted kinetic coefficient values due to differences in modern

bottom-water temperatures (Fig. 2) deviates from the general trend of an exponential
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relationship with temperature for the solubility of silica. This is related to the narrow

range of low seafloor temperatures (272.85–275.29 K), the presence of detrital matter in

most sediments (this puts a constraint on the dissolution kinetics of opal), and a common

activation energy set for dissolution of opal within the benthic layer of investigated sites.

Observed variations in the asymptotic concentrations Csat of silicic acid across the study

sites poses another challenge for modelling the early diagenesis of silica. Despite

temperature differences across the water-sediment interface and large variations in the

asymptotic concentrations of dissolved silica, even where the lithologic composition of

biosiliceous sediments is very similar, the relationship between Csat and bottom-water

temperature (T) remains robust across the range of deep-sea environments, especially

across the carbonate-hosted settings included in this study (Fig. 3). This relationship was

therefore used to calibrate the Cs a t against sediment temperature when calculating the

dissolution rate and benthic flux of silica through Equations 1.1 and 1.3, respectively.

Empirical equations relating Csat to the T values in clay- and carbonate-hosted sites fitted

through the data points (representing the regression lines in Figure 3) are:

R2 = 0.1, for detrital-hosted sediments, and

R2 = 0.97, for carbonate-hosted sediments

where Csat is expressed in µM.
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Figure 2. The first-order variability of dissolution rate coefficient with bottom-water

temperature at the detrital- and carbonate-hosted 22 selected ODP sites. The rate constant

values were calculated using the Arrhenius’ (1889) equation.

Figure 3. Asymptotic silicic acid concentration as a function of present-day temperature

of the clay- and carbonate-based surface sediments. The p-value (< 0.05, according to

Noymer, 2008) shows the relationship between the data points for carbonate sediments is

more significant than that for detrital sediments.
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The exponential best fit overpredicted the ODP-reported asymptotic concentrations of

silicic acid in the clayey sediments of Yamato Basin by as much as 9 µM. The best fit for

carbonate-hosted sediments predicted very well (only 0.5 µM overprediction) the

concentrations measured by the ODP for nannofossil oozes from the Northern High of

Shatsky Rise in the northern Pacific Ocean.

6.2 Dissolution rate and benthic efflux: Empirical models

Dissolution rates for biogenic opal and the benthic fluxes of produced dissolved silica

were predicted through the diagenetic equations 1.1 and 1.3, respectively. Values of solid

opal content, porosity, density, and the diffusion coefficient of the uppermost sediment

layer as well as the bottom-water and asymptotic concentrations for silicic acid were

taken from Table 2. The asymptotic concentrations from Table 2 were calibrated based

on empirical relationships defined in Figure 3, and the values of site-specific kinetic rate

constants were based on the Arrhenius Law.

Two different scenarios were used to calculate the dissolution rate and benthic efflux of

biogenic silica. In the first scenario, the normalised asymptotic silicic acid concentration

(C*
sat) was kept constant and values were set as equal to the estimated peak amounts

within the uppermost sediments of Sites 1150 and 846 for clay and carbonate host

sediments, respectively. This scenario thus assumes that the thermodynamic properties of

sedimentary biogenic silica are unaffected by the present-day temperature and

composition of the sediment. As far as silica dissolution is concerned, bottom-water

temperatures vary across the sites, and the sediments differ by their contents of detrital,
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carbonate, and biogenic opal (Table 2). In the second scenario, the asymptotic

concentration depends on the temperature, implying that the increase in C*
sat (and also k)

with observed increases in bottom-water temperatures (Figs. 2 and 3) follows the

common dependency observed through laboratory experiments for samples recovered

from different basins (e.g., Rabouille et al., 1997; Van Cappellen and Qiu, 1997a). The

second scenario best represents the effect of bottom-water temperature on the dissolution

and efflux of silica during early diagenesis (Figs. 4 and 5). When thermodynamic and

kinetic effects on the production of silicic acid are considered, a better association is

observed between the predicted dissolution rate and diffusive flux and temperature. A

slight increase in dissolution rates and benthic fluxes with temperature for detrital-based

sediments—as compared with a significant increase in carbonate sites for both scenarios

—strongly suggests the rate-limiting effects of the presence of detrital matter in the

sediment. The incorporation of fine detritus into the external layer of biosiliceous tests

significantly alters their solubility and reactivity. The transition from a linear to an

exponential increase of the dissolution rate and flux values in carbonate-based sediments

when shifting from the first to the second scenario is because the variability in saturation

levels of silica is involved in the early diagenetic reactions.

The dissolution rates and benthic fluxes predicted from the second scenario were

recalculated separately for two host sediment types assuming average values for porosity,

density, and bottom-water silica concentrations (average Φ, ρb, and Cbw in detrital-hosted

sediments being 80%, 2600 kg m-3, and 120 μM, respectively; carbonate-hosted sediment

had average values of 77%, 2650 kg m-3, and 160 μM for Φ, ρb, and Cbw, respectively).
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Figure 4. Calculated dissolution rate of sedimentary biogenic opal versus bottom-water

temperature for the investigated sites. Note the difference between the rate variabilities

with temperature, particularly for the carbonate-hosted sites, when shifting from the first

(constant calibrated asymptotic concentration of silica) to the second scenario

(asymptotic concentration varies with temperature). The p-values (< 0.05, Noymer, 2008)

show the dissolution rate-temperature relation in carbonate-dominated sites for both

scenarios is more significant than that for detrital-dominated sites. These values also

indicate that the correlation between the data points is more significant in the second

scenario than the first scenario.

The dissolution rates calculated with the average parameter values in carbonate sites

match perfectly those calculated with the site-specific values reported in Table 2 (Fig. 6).

This occurs as bottom-water silicic acid concentrations remain constant among all the

carbonate-based sites. However, for detrital-dominated sites, based on: 1) an observed
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shift from a weakly positive correlation between dissolution rates and temperature to a

strong linear correlation for the properties, and 2) recalculation of dissolution rates using

average values produces rates that are generally higher than for site-specific values, a

strong case can be made that variations in the pore-water concentrations of dissolved

silica is an important source of variability for the dissolution rate of biogenic opal.

Figure 5. Calculated benthic flux of silicic acid versus bottom-water temperatures at the

investigated ODP sites. Note the variability of flux, particularly for carbonate-hosted

sites, when shifting from the first scenario (constant asymptotic concentration of silica) to

the second scenario (site-specific asymptotic silica concentration). The p-values show the

relationship between the data points for carbonate-dominated sites for both scenarios is

statistically more significant than that for detrital sites. These values also show the

correlation between the data points for the second scenario is more significant than that

for the first scenario.
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Figure 6. Dissolution rates of biogenic silica as a function of bottom-water temperature at

the investigated sites. Note a transition from a weak positive correlation to a strong

positive linear correlation at the clay-hosted sites when shifting from rate values

calculated based on the second scenario (variable asymptotic concentration of silica with

temperature) to those calculated using average parameter values (average bottom-water

silica concentration). The dissolution rates at the carbonate-dominated sites do not change

when shifting from a second scenario to those predicted based on average parameter

values. The p-values (< 0.05, Noymer, 2008) show the relationship between the data

points for carbonate-dominated sites is statistically more significant than that for detrital

sites. These values also show the correlation between the data points determined based on

average parameter values is more significant.

At detrital-hosted sites, the corresponding benthic fluxes predicted either using site-

specific parameters or using average values exhibiting a slight increase with temperature

(Fig. 7), highlight effects of detrital matter admixed with biogenic silica in confining the
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diffusive flux of silicic acid from the seafloor. The presence of sufficient fractions of

detrital material (especially aluminosilicates) in the sediment causes a reduction in the

rate of silicic acid production under the temperature-dependent dissolution kinetics of

biogenic opal. This, in turn, affects the benthic flux. In such cases, variations in porosity,

grain density, and bottom-water silicic acid concentration can only be a subordinate

source of variability for benthic fluxes of silicic acid. Conversely, in carbonate sites, the

close correspondence between the increasing effluxes of dissolved silica, predicted using

either the average or site-specific parameters, shows an exponential trend. This suggests a

much more important role for bottom-water temperature in increasing silicic acid

concentrations, thereby leading to the higher benthic fluxes. In addition, appearing

directly from Equation 1.3, the amount of solid biogenic silica in the sediment also plays

a key role in the evolution of silicic acid benthic flux as k and Csat are dependent on the

mineralogical composition of the sediment. An increase in the biogenic opal content of

the sediment increases the access rate of pore water to the reactive surface areas of

siliceous shells (even when the sediment contains detrital particles). This, in turn, helps

these kinetic and thermodynamic parameters of biogenic opal to actively increase under

the present-day bottom temperatures.

As inferred from Figures 6 and 7, the linear dependence on in situ temperatures of opal

dissolution rate and associated diffusive fluxes in detrital-hosted benthic layers, while

showing a substantial dependence on temperature in carbonate sites, are best represented

by the values predicted using average parameter values. Unfortunately, no measured

values of dissolution rates and benthic fluxes of silica are available for these study sites.
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Figure 7. Benthic fluxes of dissolved silica as a function of bottom-water temperature at

the studied sites. Note the closely corresponding flux values for the detrital-hosted sites

when shifting from the second scenario (site-specific parameter values) to values

calculated based on average parameters (including average porosity, density, and bottom-

water silica concentration). In carbonate-hosted sites, the flux values based on average

parameters mimic those calculated using site-specific parameters. The p-values show the

relationship between the data points for carbonate-dominated sites is more significant

than that for detrital sites. The values also indicate that the correlation between the data

points determined using average values is more significant than that between the data

points from the second scenario.

Therefore, values obtained from other ocean regions were used for comparison. As seen

in Figures 8 and 9, the measured parameters deviate markedly from the predicted values

at the investigated ODP sites (except for a very few detrital-based sites clustered close to
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the modelled curves for the benthic flux). This deviation, while the saturation

concentrations from the present study are comparable to those of other studies, is due to

temperature differences and large discrepancies between the composition of the

sediments sampled in this study and that of other works.

Figure 8. Dissolution rate of opal predicted using average parameter values versus

bottom-water temperature at the studied ODP sites. The linear and exponential lines

correspond to the model-predicted dissolution rates for detrital- and carbonate-dominated

host lithologies, respectively. Also plotted are the dissolution rates determined for other

ocean regions.
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6.3 Controls on pore-water undersaturation

The model-predicted increased dissolution rate of opal with bottom-water temperature in

detrital-hosted sediments (Figs. 6 and 8) is consistent with the variability of dissolution

rate constant and fits well with the linear dissolution rate law. The pore-water

undersaturation state with respect to the dissolving opal phase within the surface

sediments could explain this linear pattern (Fig. 10). According to Van Cappellen and

Qiu (1997b), only at very high levels of undersaturation (commonly > 0.85) do the

dissolution kinetics of biogenic silica deviate from the linear rate law, which then

increases in a non-linear manner with increasing undersaturation. The high detrital to

opal ratios for the clay-dominated sites from this study (the mean ratio being 6; Fig. 10)

have, however, modified the dissolution rates significantly. The slow increase in the opal

dissolution rate with bottom-water temperatures in detrital-hosted sediments is attributed

to the complementary active role of clays, as they compete with silica dissolution for the

available alkalinity from ocean water (Kastner et al., 1977). As a result, aluminosilicates

in the sediment (especially clay minerals) provide an additional sink for the alkalinity and

the rate of opal dissolution is thereby reduced. Though causing lower degrees of pore-

water undersaturation with respect to the in situ solubility of biogenic silica, an elevated

detrital fraction in biosiliceous sediments prevents pore water from reaching equilibrium

with biogenic silica because it confines the maximum levels of silicic acid (Dixit et al.,

2001; Dixit and Van Cappellen, 2003; Martin and Sayles, 2003). Here, low bottom-water

temperatures act as a control that mainly influences the opal saturation state in pore-water

solutions by increasing silica concentrations at higher dissolution rates (according to

Williams and Crerar, 1985).
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In carbonate sites, conversely, the dissolution of carbonate provides the required

alkalinity for both silica dissolution and the formation of aluminosilicates. As such, the

influence of clay minerals is strikingly reduced. Further, very low relative detrital

fractions of carbonate-hosted sediments (the mean value being 0.8; Fig. 10) have

significantly limited their control on silica solubility. These lead to the rapidly increasing

saturation concentrations of silicic acid (although pore waters remain highly

undersaturated with respect to opal) at low seafloor temperatures (Fig. 3), and account for

the transition from a linear to nonlinear exponential opal dissolution trend. Comparably,

the primary effect of temperature on opal in carbonate-dominated surface sediments is to

decrease the relative saturation degree of the pore-water with this mineral phase while

speeding up the rate of its dissolution.

Since both the dissolution rate and the benthic flux of silicic acid depend positively on

the present-day cold bottom-water temperatures (Figs. 4–9), a positive relationship is

expected between them. The model-predicted benthic fluxes confirm this expected

relationship (Figs. 7 and 9). Compared to the slight increases in benthic fluxes with

temperature at clay-dominated sites, the exponential trend of increased benthic fluxes

with temperature for carbonate sites is related to the higher rates of silicic acid production

in pore waters that are highly undersaturated with respect to biosilica.

The function of bottom temperature during silica early diagenesis through influencing the

undersaturation status with biogenic opal in pore water focused in this study seems to be

in contrast with the results of comparable research by Frings (2017) which, based on 453
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published pore-water profiles compiled from various ocean settings worldwide, show that

the silica saturation concentration and its fluxes across the sediment-water interface are

unrelated to the present-day in situ temperatures. The discrepancy between these works

arises from significant difference between their ranges of bottom-water temperature

variations used to establish a relationship with the silica exchange reactions. 

Figure 9. Benthic fluxes of silicic acid versus bottom-water temperature for the various

studied ocean regions. The lines correspond to model-predicted fluxes, calculated using

average porosity, density, and bottom-water silica concentrations, for clay- (solid line)

and carbonate-hosted (dashed line) sites. Also shown are the benthic fluxes determined

for other ocean basins.
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Figure 10. Degree of undersaturation with respect to opal versus bottom-water

temperature at the studied ODP sites. Also shown is the average relative detrital fraction

of the sediments for carbonate- and detrital-dominated sites, calculated based on the data

from Table 2, marked with red and black dotted lines, respectively.

In essence, the retention of a narrow band of colder bottom-water temperatures (-0.3 to

2.14 °C) regardless of the host sediment type, as stressed by this study, is a requirement

for the dissolution of opal to persist across the water-sediment interface, while pore water

remains undersaturated. Wide temperature ranges (-5 to 25 °C) and therefore warmer

bottom-water temperatures (commonly > 3 °C, according to Abraham et al., 2013), as

followed by Frings (2017), accelerate dissolved silica concentrations quickly towards
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equilibrium solubility values in sediment pore water (after Williams and Crerar, 1985;

Van Cappellen et al., 2002), which lead the silica dissolution rate and its recycling to

cease. Therefore, unsurprisingly no relationship is observed between the silica exchange

rates and the warmer bottom-water temperatures. Excluding the warmer temperatures,

flux-temperature diagram of Frings (2017) illustrates a good correlation between these

parameters.

6.4 Biogenic silica burial efficiency

The fractions of biogenic opal recycled and buried in the sediment from the researched

sites are clearly a function of the opal rain rate (Table 3 and Fig. 11), but this relationship

is not straightforward. At low sedimentation rates, corresponding to lower opal rain rates

in this study, a reduced fraction of the opal becomes buried due to its prolonged exposure

across the benthic layer. Here, the lower rates of opal rain at the seafloor correspond to a

higher silica content become recycled by extensive dissolution of opal. Conversely, at

sites with relatively high sedimentation rates for biogenic silica, corresponding to higher

opal rain rates, the burial is maximised as the deposited opal particles remain at the

water-sediment interface only for a short time. Further, the detrital nature of benthic

layers that have higher sedimentation rates among the ODP stations (Sites 1150 and

1175) places a constraint on significant removal by dissolution of biosilica from sediment

to the water column. High sedimentation rates combined with the detrital composition of

host sediment thus causes opal to dissolve slowly near the water-sediment interface as it

is removed from the dissolution zone due to comparatively rapid burial (after Rabouille et

al., 1997; the burial efficiency of opal in detrital sites reached elevated values up to 53%;
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Fig. 11). Even for sites with low sedimentation rates, a higher mean buried flux of opal in

detrital-dominated (~11%) than carbonate benthic layers (~5%) (Table 3) is because the

aluminosilicates form a coating on opal particles (Michalopoulos and Aller, 1995), which

reduces their solubility and leads to a lower recycled silica flux in detrital sites.

Table 3. Site-specific benthic flux, burial flux, and rain rate of biogenic opal calculated

using the early diagenetic equations 1.3, 1.4, and 1.5, respectively. Also shown are the

relative diffused and buried fluxes (in percentage) at each site. No. = the identification

number of the ODP sites presented in Figure 1, J0 = benthic flux of dissolved silica, BSiacc

= opal burial flux, and BSirain = opal rain rate.

No.
Host
lithology

J0,
mol m-2 yr-1

BSiacc,
kg m-2 yr-1

BSirain,
mol m-2 yr-1

Recycled
flux, %

Buried
flux, %

1 Detrital 1.03 0.002 1.06 97.2 2.8
2 Detrital 0.79 0.001 0.81 97.5 2.5
3 Detrital 0.72 0.003 0.77 93.5 6.5
4 Detrital 0.88 0.002 0.91 96.7 3.3
5 Detrital 1.24 0.01 1.39 89.2 10.8
6 Detrital 1.35 0.007 1.46 92.5 7.5
9 Detrital 1.13 0.006 1.22 92.6 7.4
10 Detrital 0.59 0.005 0.67 88.1 11.9
11 Detrital 0.78 0.002 0.81 96.3 3.7
12 Detrital 1.05 0.004 1.11 94.6 5.4
13 Detrital 2.14 0.05 2.97 72 28
14 Detrital 1.67 0.01 1.82 91.8 8.2
15 Detrital 1.97 0.007 2.08 94.7 5.3
16 Detrital 1.03 0.07 2.19 47 53
18 Detrital 0.97 0.003 1.02 95.1 4.9
7 Carbonate 2.02 0.006 2.11 95.7 4.3
8 Carbonate 1.71 0.003 1.76 97.2 2.8
17 Carbonate 1.06 0.002 1.09 97.2 2.8
19 Carbonate 0.81 0.001 0.83 97.6 2.4
20 Carbonate 0.73 0.001 0.75 97.3 2.7
21 Carbonate 1.37 0.02 1.67 82 18
22 Carbonate 2.21 0.008 2.33 94.8 5.2
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Figure 11. The fraction of solid silica buried as a function of the opal rain rate

emphasising the role of sedimentation rate in the preservation of biogenic silica.

6.5 Controls on the precipitation of low temperature near-surface opal-CT

Numerous studies have shown temperature and time are the most efficient controls on

transformation of biogenic to diagenetic opal (e.g., Kastner et al., 1977; Kastner and

Gieskes, 1983; Kuramoto et al., 1992; Nobes et al., 1992; Hesse and Schacht, 2011).

Dissolution rate of opal-A typically controls the overall rate of opal-A to opal-CT

transformation under various chemical conditions (Williams et al., 1985; Wrona et al.,

2017). This rate-controlling process brings silica in pore waters to values approaching

solubility level of disordered opal-CT as the surface area of opal-A decreases with

dissolution, and opal-CT enters the accumulation stage (Hinman, 1998).
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Opal-CT precipitates following opal-A dissolution, when sediment temperatures are

between 35–50 °C (comparable to burial depths of hundreds of metres) (Behl, 1999),

although in some depositional settings this is as low as 17–21 °C (Matheney and Knauth,

1993). Nevertheless, there are uncommon occurrences of early diagenetic young (0.4–4

Ma) opal-CT porcellanites and cherts at low temperatures commonly between 0 and 4 °C

within near-surface sediments. The best known near-seabed recordings of opal-CT

growth have been reported from the Antarctic marine sediment (Bohrmann et al., 1990;

Botz and Bohrmann, 1991).

Until now, there has only been speculation concerning the controls on precipitation of

opal-CT in these near-surface sediments. Model predictions of early diagenetic silica

precipitation within the topmost layers of studied ODP cores have attempted to clarify

whether or not surface temperatures account for accumulation of opal-CT in the topmost

sediment. As the Arrhenius plot of early diagenetic transformation of silica (represented

by ln k) over a narrow temperature range (0–3 °C) is based on 22 ODP surficial sediment

sites (Fig. 12) having a global distribution, it is applicable to other ocean basins. Here,

this model is used to predict the transformation of silica at the ODP Leg 120 Site 751

from the Kerguelen Plateau in Antarctic. Botz and Bohrmann (1991) report occurrence of

pure opal-CT porcellanite at the depth of ~14 mbsf for this site. The linear regression for

silica diagenesis, with the slope (activation energy) and intercept (pre-exponential factor)

being 0.136 and ~-34.03, respectively, estimates a transformation rate constant of 1.7 ×

10-15 s-1 for the sediment at ~14 mbsf (~0.12 °C) for Site 751. Assuming an age of 3 Ma

for the porcellanites, opal-A to opal-CT transformation at this site was predicted using the
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first-order translation of rate coefficient into a transformation ratio following:

          (1.6)

where k is the precipitation rate constant (in s-1) and t is time (in s). The term e-kt in

Equation 1.6 is the relative amount of untransformed biogenic silica (according to the

first-order rate law: A/A0 = e-kt, where A and A0 are the remaining and initial amount of

biogenic opal (in volume %), respectively).

The linear rate law (Fig. 12 and Equation 1.6) slightly overpredicted the ODP-extracted

transformation ratio of ~0.1 for Site 751 (Shipboard Scientific Party, 1989) by 0.05. At

the water-sediment interface (temperature = -0.3°C), the linear model predicted well the

transformation ratio equal to a measured value of 0. The close correspondence between

the predicted and measured values (Fig. 13) validates this model for estimating silica

transformation rates and ratios in near-surface sediments for different ocean settings.

The agreement between the depth variability of model-predicted transformation ratios

observed at Site 751 and the temperature increase in the near-surface sediments initiated

from the seafloor down-core along the site-specific geothermal gradient to the depth of

opal-CT formation suggests that there may be controls from these low temperatures on

accumulation of opal-CT porcellanites close to the seabed. Further, the present-day

temperatures measured at the depth of opal-CT porcellanite agrees well with the isotopic

opal-CT formation temperature range of 0 to 1 °C (Friedman and O'Neil, 1976),
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Figure 12. Linear transformation rate in the analysed surface sediments. The rate

coefficients were adjusted using an activation energy of 85000 J mol - 1 (Icenhower and

Dove, 2000) to represent early diagenetic re-precipitation process within the sediment.

Figure 13. Model predicted versus measured transformation ratios of opal-A to opal-CT,

Site 751. The measured values were derived from Shipboard Scientific Party (1989).
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suggesting no deviation from the general trend of temperature change parallel to the

thermal gradient with the precipitation of opal-CT.

The accumulation of diagenetic silica under such low temperature conditions is, however,

in contrast with the established models of later diagenetic precipitation of opal-CT within

deep-sea sediments, which require the dominance of higher temperatures (commonly

between 18 and 56 °C; Pisciotto, 1981) for transformation. Further, the widely accepted

inverse correlation between age and formation temperature of opal-CT, implying silica

transformation at higher temperatures in young deposits and vice versa (Hein et al., 1978;

Giles, 1997; Neagu, 2011), challenges low surface temperatures being a major control on

precipitation of opal-CT near the seabed in Site 751. Alternative explanation for unusual

deposition of near-surface opal-CT may be drawn from relationship between solubility

and surface area of biogenic silica. Considering the surface area of opal-A is ranging

between 19 and 350 m2/g (Hurd, 1973), the steady-state solubility of skeletal silica is

likely to quickly approach the equilibrium solubility for this surface area (i.e., 120 ppm,

Tobler et al., 2017) as dissolution is rapid relative to nucleation and growth of other silica

containing phases (Williams et al., 1985). It is assumed that, in the context of surficial

opal-CT deposits at Site 751, age plays a critical role more important than temperature.

The solubility and specific surface area decrease with age in biosiliceous sediments

(Hurd, 1983). It is therefore possible that an elapsed time of near 4 Ma has aged opal-A

to the point that changes in particle size or surface area have produced minor effects on

solubility. This process could possibly speed up the silica transformation in Site 751,

allowing opal-CT of a specific surface area within the range of the opal-A surface area to
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nucleate from the pore water supersaturated with opal-CT earlier than it otherwise would.

7 Conclusions

Empirical models specified for two deep-sea sediment types hosting biogenic silica—

detrital and carbonate—are developed to predict variations in dissolution rates of

deposited biogenic silica and benthic fluxes of produced silicic acid with present-day

bottom-water temperatures across the benthic layer for 22 representative ODP sites. The

significant variables in the models are the opal-A content of the benthic layer, the

temperature-dependent kinetic constant, the saturation concentration of dissolved silica,

and bottom-water temperature. Variability in the silica exchange rates in relation to

surface temperatures is more pronounced when the functional association of temperature

on saturation levels and dissolution kinetics is involved in prediction of dissolution rate

and benthic flux. A subtler increase in dissolution rates and benthic fluxes with

temperature in detrital-hosted sediments, as opposed to the large increases in the silica

exchange rates for carbonate sites, is because the detrital matter incorporated into the

surface lattice of biosilica markedly limits its solubility and reactivity. This modification

of silica early diagenetic reactions in presence of detrital matter has led to a higher opal

burial efficiency for clay-dominated stations with different opal rain rates. The mismatch

between the model-calculated silica exchange rates determined in this work and previous

values from other research is attributed to the temperature differences and large

discrepancies in sediment composition between this study and the others.

Tough linear expression of early diagenetic transformation of biogenic to diagenetic opal
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declares possible surface temperature controls on accumulation of low temperature (0–4

°C) opal-CT in young sediments (< 4 Ma) near the seabed in the Antarctic Site 751, the

established inverse temperature-time relation in silica diagenesis requires precipitation of

young opal-CT deposits at higher temperatures. Silica solubility and specific surface area

relationship provides more reliable explanation in this situation, where a < 4 Ma time has

been sufficient to reach opal the point that further surface area decreases have produced

negligible effects on solubility, which allows for earlier precipitation of opal-CT.
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