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ABSTRACT

67 Ocean Drilling Program and Deep Sea Drilling Project sites were investigated to

determine the relationship between temperature and time for silica diagenesis. The

selected sites cover a variety of settings where the opal-A to opal-CT transition zone

lies in Cenozoic sediments. The opal-A to opal-CT transition leads to abrupt changes

in the sediment petrophysics which are used to identify the diagenetic interval at the

study sites. This transition zone is a thin interval ranging in thickness from 10 to 40

m. Controls on transition zone thickness are analysed and temperature was found to

be the fundamental driver. This study extends "the time‒temperature stability field of

Hein et al. (1978)" for the onset of opal-CT precipitation more generally. Active

silica diagenesis persists over a long period of time (> 35 m.y.) at low temperatures

(< 30 °C), within 3 m.y. at moderate temperatures (35‒55 °C), and much more

rapidly at high temperatures (> 55 °C) regardless of burial depth. Geothermal

gradients and sediment accumulation rates are the principal controls of the rate of

silica diagenesis transformation. Sites 794 and 795 in the Japan Sea, as typical cases
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of deep-sea boreholes capturing active transitions, were selected for further

understanding the temperature–time control on silica diagenesis. The reconstructed

thermal evolution of sediments from these representative sites demonstrates that the

rapid increase in temperatures from the Late Miocene onwards occurred in response

to high accumulation rates in the opal-A interval. The higher burial temperatures

achieved for the opal-A sediment under higher sedimentation rates and a steeper

thermal gradient led to an earlier transition at Site 795 (~5 m.y.) as compared to Site

794 (~8 m.y.). Kinetic-based models are formulated to illustrate the time‒

temperature dependence of biogenic silica diagenesis. One of the main findings

based on this model is that although opal-CT precipitation reaches its peak levels

across the transition zone at 8 and 5 m.y. after initial deposition of opal-A at Sites

794 and 795, respectively, the transformation is not completed until 14 m.y. at Site

794 and ca. 9.5 m.y. at Site 795 after initial sedimentation. Given the temperature

and elapsed time, the model allows the transformation state of opal-containing

sediments to be successfully predicted at any depth in these two sites.

Keywords: Biogenic silica diagenesis; Ocean Drilling Program; Deep Sea Drilling

Project; Opal-A; Opal-CT

1. Introduction

Biogenic opal-A (also referred to as biogenic silica; e.g., Mortlock and Froelich,

1989) is diagenetically a metastable hydrous amorphous silica polymorph with sub-

microscopic pores. It is usually produced by silica-secreting microorganisms,
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specifically diatoms, radiolaria, silicoflagellates, and siliceous sponges. With burial,

opal-A dissolves and reprecipitates as metastable opal-CT (cristobalite and tridymite)

(e.g., Wise et al., 1972; Murata and Nakata, 1974; Kastner et al., 1977; Leeder, 1982;

Williams and Crerar, 1985; Williams et al., 1985; Tada, 1991; Chaika and Williams,

2001; Weller and Behl, 2015). These diagenetic transformation processes lead to the

formation and development of an opal-A to opal-CT transition zone (TZA/CT) in

sediment records. This transition zone is often tens of metres in thickness (commonly

<50 m thick; see Varkouhi, 2018; Varkouhi et al., 2020a) across which opal-A and

opal-CT co-exist, though mostly composed of opal-CT. As a result of the

transformation of biogenic silica to diagenetic opal-CT, petrophysical state of opal-A

sediments changes sharply and significantly across the TZA / C T (in particular a

dramatic porosity reduction and marked density increases; e.g., Isaacs, 1981; Tada,

1991; Nobes et al., 1992; Chaika and Dvorkin, 1997; Meadows and Davies, 2007).

Other abrupt physical variations associated with porosity and density changes at the

depth of TZA/CT include velocity and resistivity increases (Nobes et al. 1992),

permeability reduction (Shipboard Scientific Party 1990a), pore-water loss (Isaacs

1981), and opal mass transfer (Tada 1991; Davies 2005).

The sharp contrasts between the petrophysical properties of these two silica

polymorphs (opal-A and opal-CT) strongly control the overall character of the

sediment. For instance, sediments rich in opal-A are commonly identified by their

high porosity. As such, the TZA/CT is mostly characterised by a dramatic reduction in

porosity (or increase in density) (e.g., after Nobes et al., 1992; Chaika, 1998; Chaika
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and Dvorkin, 2000; Davies and Cartwright, 2002; Davies et al., 2008; Meadows and

Davies, 2010; Neagu, 2011; Weller and Behl, 2015) . The abrupt decrease in the

porosity of silica-rich rocks at these transitions is due to sudden anomalous

compaction under the in situ dissolution of opal-A, allowing for compactional

collapse of the sediment matrix supporting the porous structure of siliceous frustules

(after Isaacs, 1981; also see Varkouhi, 2018; Varkouhi et al., 2020a).

The dissolution‒reprecipitation pathway involved in the diagenetic inversion from

opal-A toward opal-CT (and eventually to quartz) is controlled by temperature

(burial depth), geological time (age), the potential roles of Al, Fe, Mg, and alkalinity,

the surface area of biosilica, parent lithology, and the microbial decomposition of

organic matter (e.g., Kastner et al., 1977; Hein et al., 1978; Iler, 1979; Williams and

Crerar, 1985; Williams et al., 1985; Zijlstra, 1987; Nobes et al., 1992; Zijlstra; 1994;

Hinman, 1990, 1998; Jurkowska and Świerczewska-Gładysz, 2020a, b). Among

these, burial temperature and time are thought to be dominant drivers of silica

diagenetic transformation through exerting controls over kinetic dissolution of

biogenic opal in the sediment (e.g., after Mizutani, 1970; Kastner et al., 1977;

Kastner and Gieskes, 1983; Williams and Crerar, 1985; Williams et al., 1985;

Kuramoto et al., 1992; Nobes et al., 1992; Dove and Rimstidt, 1994; Hinman, 1998;

Hesse and Schacht, 2011).

The interactions of temperature and time in silica diagenesis have been studied over

the past five decades (Mizutani, 1970; Mizutani, 1977; Hein et al., 1978; Pisciotto,
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1981a, 1981b; Pisciotto et al., 1992; Kastner and Gieskes, 1983; Wrona et al., 2017).

The dependence of the silica diagenetic reactions on the thermal history of sediments

(temperature vs time) was first stressed by Mizutani (1977) and experiments of

Kastner et al. (1977). The current view is that the transformation of opal-A to opal-

CT occurs at lower temperatures in older sediments, while higher temperatures are

required in younger successions. Hein et al. (1978) estimated the time and

temperature of this transformation reaction for moderately to highly biosiliceous

Cenozoic deposits, and defined a diagrammatic temperature‒time stability field for

the formation of diagenetic silica.

Although the inverse relationship between temperature and time in ocean sediment

settings is intuitive, we lack sufficient quantitative data to permit the prediction of

silica diagenesis in response to both time and temperature. For example, Hein et al.'s

(1978) stability field for the opal-A to opal-CT transformation was based only on six

data points. Furthermore, noted mismatches between their diagram and data derived

from comparable studies at Ocean Drilling Program (ODP) sites (e.g., Neagu, 2011)

suggest a need to update this relationship and provide a more comprehensive model.

Predicting temperature‒time relationships for biogenic silica diagenesis has

implications for the reconstruction of the geothermal evolution of depositional basins

accommodating the opal-A to opal-CT transformation. This also affects the

determination of the likely diagenetic status of a TZA/CT, i.e., active versus arrested

transition zones. Silica diagenetic reactions occur over thermodynamically active
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transitions, in motion recently relative to the host lithology, at a recognisable rate

(after Neagu et al., 2010); this is known from the discordant stratigraphic

relationships between the TZA/CT and its host strata (Meadows and Davies, 2007).

Conversely, the opal-A to opal-CT conversion has been stopped in the arrested fronts

(also referred to as fossilised fronts; e.g., Davies and Cartwright, 2002), i.e.,

cessation of silica diagenetic reactions across the transition zone. The structural

criteria nominated by a few works in the past two decades (Roaldset and He, 1995;

Brekke, 2000; Davies and Cartwright, 2002; Cartwright, 2007; Neagu et al., 2010)

suggest that the silica reaction fronts are unlikely to remain active in their present-

day sub-seabed position. Based on these studies, association of a TZA/CT with three

deformation styles, including polygonal faulting, antiforms/synforms, and

differential folding indicates that silica diagenesis at this reaction boundary has been

possibly arrested at a regional scale (Varkouhi et al., 2020b). These structural

deformation modes have been particularly investigated by Neagu et al. (2010) on the

seismic section of the mid-Norwegian continental margin. The throw value at the

TZA/CT hosted by the Neogene biosilica for each extensional polygonal fault is lower

than the structural throw of accommodating lithology for the same fault. Neagu et al.

(2010) ascribe this feature to the cease of the transition, probably since the late

Miocene, prior to the last faulting episode on the mid-Norwegian margin. The folded

geometry of the boundary indicates different temperature histories endured by its

distinct deformed sections (Neagu et al., 2010). The structural ordering of diagenetic

opal at the anticline crest is therefore less than that at the syncline trough as the

depressed parts of the folded transition zone tolerate higher temperatures. As a result,
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the maturity lines of opal-CT cross the modern isotherms, an indication for an

arrested diagenesis (Mizutani, 1977; Varkouhi et al., 2020b). The uncommon domal

folds (ridge–depression structures) formed across parts of this TZA/CT have been

attributed to the upward differential migration of the boundary and to the anomalous

compaction this would entail. This explanation implies that the growth of domal

folded morphology occurred as the reaction boundary distinctly advanced through

the opal-A-rich sediment overburden. The well-ordered upward decrease in

structural relief of the ridge–depression features agrees with the distinctive porosity

drop and strongly suggests that the active upward migration of the TZA/CT stopped

prior to the last phase of biosilica deposition overlying this transition (Davies, 2005).

Given the significance of temperature‒time relationships for transformation of

biogenic to diagenetic opal, the underlying aim of this study therefore is to

investigate the influence of thermal variations over time on buried sediment during

this diagenetic process. The main goals of this study are threefold: (1) to extend the

time‒temperature domain of opal-CT stability diagram, (2) to approximate the

thermal history of silica diagenesis, and (3) to model the early burial transformation

of amorphous silica to opal-CT.

To achieve these goals, our work mines the ODP and Deep Sea Drilling Project

(DSDP) databases. The TZA/CT has been drilled through by more than 100 ODP and

DSDP boreholes, distributed worldwide. From these locations, we have selected 67

sites where the TZA/CT is recovered in the Cenozoic (Pliocene to Palaeocene) deep-sea
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core deposits (Fig. 1). For most of these sites, multiple parameters (e.g.,

petrophysical and thermal parameters of the sediment hosting the TZA/CT as well as

the TZA/CT characteristics) are available to act as indicators of silica diagenesis. We

use these datasets to identify the TZA/CT in the sediment records and to derive the data

required for discussions on temperature‒time relationships, and their implications for

reconstruction of thermal history and modelling of biogenic silica diagenesis in deep-

sea sediments. As the temperature domain of silica diagenesis can be deduced based

on the thickness and depth of the TZA/CT (Neagu, 2011), this manuscript also reports

and discusses, in a preliminary way, variations observed in terms of the thickness of

the transition zone and its controlling factors.

2. Depositional setting

Almost 3/4 out of the chosen sixty-seven ODP and DSDP borehole sites were drilled

along the continental margins of North and South America, western-northwestern

Africa, and east-southeast Asia (Fig. 1). The remaining sites are located mostly

within Oceania and the Southern Ocean. The study sites represent marine

depositional environments with highly porous biosiliceous uppermost sediments that

shift abruptly and markedly to less-permeable lower porosity lithologic units deeper

in the sediment following biogenic silica diagenesis (Ocean Drilling Program

Publication Services, 2012; Deep Sea Drilling Project Reports and Publications,

2012; Varkouhi, 2018). A few of the study sites are located beneath the largest and

most intense equatorial upwelling zones on the Earth (the equatorial eastern Pacific

Sites 846, 847, 850, 1225, 1226, and 1256; Fig. 1). This matter is of particular
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significance as the equatorial eastern rims of the North and South Pacific Ocean were

some of the major depocentres of biogenic opal during the Middle Miocene to Early

Pliocene (Ingle, 1980, 1981; Behl, 1999). In 39 of the selected borehole sites, pelagic

biogenic opal is deposited with fine detrital sediments formed through chemical

alteration of windblown volcanic ash (or volcanic glass) on the seabed, in addition to

products of continental weathering processes from the source regions (i.e., siliceous

oozes that are accompanied by clay, silt, and sometimes volcanic ash and tuff;

according to Varkouhi and Wells, 2020). Though detrital-based, small proportions of

marine calcareous nannofossils (sometimes benthic and planktonic foraminifers) are

admixed with the diatomaceous sediments from these sites, with the peak proportion

being for the Leg 167 of ODP, Sites 1016 and 1022 (15% of total sediment volume;

Shipboard Scientific Party, 1997a, 1997b). For the remaining 28 carbonate-based

sites, biosiliceous sediments, which may have small varying fractions of commonly

fine-grained siliciclastic materials (their peak clastic content being ~10% for Site

1207; Shipboard Scientific Party, 2002), are deposited with calcareous nannofossil

oozes (and foraminiferous). Whether clay-based or carbonate-dominated, the content

and grain-size variations of siliciclastic serve as a proxy for assessing the degree of

proximity to terrestrial sources for basinal biosiliceous deposits (e.g., Murray et al.

1992a, 1992b).

3. Data and methods

Initial reports, related sources, and publications for the ODP and DSDP boreholes

involved in this research contain data regarding the dominant lithology recovered at
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the sites, age, petrophysical properties, pore-water chemistry, mineralogy, thickness,

and thermal information for the intervals of interest (TZA/CT and its accommodating

successions) ( s e e Hein et al., 1978; Neagu, 2011; Ocean Drilling Program

Publication Services, 2012; Deep Sea Drilling Project Reports and Publications,

2012; International Ocean Discovery Program, 2014). This information is compiled

in Appendices I–III, and methods used to assess those parameters assembled in these

tables are described in detail in the ODP technical notes (e.g., Mazzullo and Graham,

1988; Fisher and Becker, 1993; Blum, 1997). Below, our approach to constraining

the depth to both frontiers (top and base) of the TZA/CT penetrated by the studied

borehole sites is explained. Also, with reference to the principal function of age and

in situ temperature of drilled sediments for the framework of present study, the

methodology of ODP for measuring these parameters is briefly described. 

3.1. Identification of TZA/CT 

3.1.1. Petrophysical properties

Due to their very small measurement intervals (e.g., 0.7–1.5 m for density stations

and ~30 cm for the downhole logging tools, according to Blum, 1997; Varkouhi,

2018), petrophysical-property measurements are accurate indications of the depths to

top and bottom of TZA/CT (e.g., Compton, 1991; Nobes et al., 1992; Chaika and

Williams, 2001; Neagu, 2011). In this study, the top and base of the TZA/CT were

principally tracked by following the approach of Neagu (2011), using the DSDP- and

ODP-conducted physical-property assessments. While petrophysical data for ODP

sites are well available, poor recovery of core samples limits the spectrum of
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physical-properties measurements in DSDP sites. According to Neagu (2011), on

density‒depth profiles, for example, the top of TZA/CT occurs where there is a great

positive deflection of the bulk sediment density (Fig. 2). This is followed by a slight

negative deflection near the base of TZA/CT as observed on the sediment density curve

(see Varkouhi, 2018; Varkouhi et al., 2020a, Varkouhi et al., 2020b). Such slight

deflections can be related to the non-uniform nature of mineralogical transformation

from biogenic to diagenetic opal, which acknowledges the presence of sediments

with little or no precipitates of diagenetic opal at and near the base of the transition

stratigraphically below the sediments with significant indications of opal-CT

(Varkouhi et al., 2020b). This does not mean that the density decreases (or the

porosity increases) in the preserved cores below the transition, but in fact its average

value remains higher than that in the sediment box above the transition despite the

deflections. Of course, the sediment box below the transition still exhibits marked

porosities because the sediment is almost devoid of biogenic silica, while opal-CT

precipitates in varying proportions which partly inhibits further anomalous

compaction of the porous matrix (especially for clay-rich deposits) (Varkouhi et al.,

2020a). In addition, the post-diagenetic characteristic of normal mechanical

compaction of biosiliceous deposits helps maintain porosity (and therefore resists

against large density increases) below the TZA/CT. The thickness of TZA/CT can thus be

estimated via the density profile from the depth of the marked positive gradient

between two adjacent values within a specific lithologic interval to the point where

the subsequent slight negative density deflection ends. The accuracy of density

profile is further supported by combining this indicator with data of porosity profiles
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which commonly mirror density values at comparable depths across the TZA/CT and

sonic velocity and resistivity increases as a results of density increase (after

Varkouhi et al., 2020a). The consistency between qualitative identification of TZA/CT

based on physical-property variations and the highest quantitative gradient between

two adjacent values within this depth interval suggests that Neagu's (2011) method is

a credible means for characterising the top and bottom of TZA/CT, and quantifying the

thickness of this reaction front (Varkouhi et al., 2020a).

In addition to petrophysical properties, for each investigated borehole site there are

other data types, including the results of X-ray diffraction (XRD) analysis, smear

slides, descriptive lithology, seismic reflection, and pore-water inorganic chemistry

which were used to constrain the depth of the TZA/CT. These methods and their

associated limitations for tracing the TZA/CT are presented below.

3.1.2. Other diagnostic methods

― XRD

The XRD-detected appearance of diagenetic opal in sediments is mostly not

coincident with the depth of the TZA/CT, i.e., the precipitates of opal-CT in opal-A-

rich deposits above the petrophysical TZA/CT have been previously documented (e.g.,

Nobes et al., 1992; Rice et al., 1995; Varkouhi et al., 2020b), making the recognition

of TZA/CT using XRD only a rough estimate. As a result, the XRD-defined boundary

is a very large opal-A-rich TZA/CT, which is not in accord with the thin opal-CT-rich

nature of the TZA/CT as defined by former studies (Davies and Cartwright, 2002;
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Neagu et al., 2010; Neagu, 2011; Varkouhi, 2018; Varkouhi et al., 2020a). With the

exception of Leg 19 which details of XRD data are reported by Hein et al. (1978), no

XRD analyses were performed on sediments of DSDP wells, but the results of this

analysis in a wide range of sampling interval resolutions (from 1 to 30 m; after

Varkouhi, 2018) are available for ODP sites. These data were used by the present

study to identify the top of the TZA/CT at the investigated sites as the first occurrence

of opal-CT in the sediment. XRD is not a reliable indicator of opal-A presence in the

sediment as it cannot detect the structure of starting non-crystalline silica during the

early stage of diagenesis (Rice et al. 1995). Further, the XRD band of opal-A is

overlapped by hk reflections that correspond to clay components (Singh and Gilkes

1993), making opal-A undetectable by XRD procedures (Varkouhi et al., 2020b).

― Smear slides

DSDP and ODP used smear slides to identify biogenic, lithogenic, and mineral

components of sediments, among which biogenic opal has been given particular

attention. These data were used by this study to represent rough indicators of the top

of TZA/CT as the depth where the relative abundance of solid biogenic silica, including

diatoms, radiolarians, silicoflagellates, and sponge spicules in sediments, decreases

sharply and dramatically. Smear slides define the base of TZA/CT as the depth where

opal-A disappears from the sediment, which is an imprecise estimation as the

disappearance of biosilica can be linked to major lithological variations instead of

transformation to opal-CT. The limitations associated with precision of the smear-

slides analyses (e.g., Kinoshita et al., 2009), additionally the non-uniformity of
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mineralogic transition from opal-A to opal-CT (Nobes et al., 1992; Varkouhi et al.,

2020b) lead to the definition of a large TZA/CT. Smear slides are widely used for

estimation of the proportion of biogenic opal in sediments. There have been

discussions on how reliable the methods standing as alternatives for smear slides,

including wet chemical analysis via the chosen leaching reactant determine the yields

of biogenic silica dissolution, and thereby opal content of sediments (e.g., Olivarez

Lyle and Lyle, 2002; Rahman et al., 2017; Pickering et al., 2020). These studies

argue that the results of wet chemical analyses often highly underestimate the

content of biogenic opal in sediment mixtures that smear slides still remain a more

reliable approach to assess the relative abundance of opal.

― Descriptive lithology

Lithological description of cores provides an approximate identification of TZA/CT top

as the depth of the first appearance of porcellanite and/or chert layers in biosiliceous

sediments (e.g., Behl and Garrison, 1994). As the leading opal porcellanite and chert

(sometimes siliceous claystone) composition of sediment box hosting the TZA/CT  can

continuously develop far below the depth of this boundary, commonly to the depth

of transition from opal-CT to quartz, the base of the TZA / C T cannot be easily

determined. Lithological features roughly detect the base of TZA/CT as the lowermost

occurrence of opal-A (the final disappearance of opal-A) if no major changes in

composition of the sediment below this boundary are observable. The base of TZA/CT

does not coincide with the uppermost occurrence of diagenetic quartz, which is at the

depth of transition from opal-CT to quartz far below the TZA/CT.
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― Seismic reflection

The sharp porosity reduction across the TZA / C T can produce a high-amplitude

reflector that is commonly recognised on seismic sections by a discordant geometry

with host strata (Brekke, 2000; Davies, 2005; Ireland et al., 2010; Neagu et al.,

2010). Due to its limited vertical extent, the TZA/CT is however below or at the

vertical resolution limit of the seismic data (Varkouhi et al., 2020b) that its thickness

cannot be determined using this identification method.

― Pore-water chemistry

Depth profiles of dissolved silica and other major ions are reliable diagnostic tools

for tracking the initiation of diagenetic opal precipitation. The onset of this process is

in particular illustrated by dissolved silica sink which commonly coincides with the

top of petrophysical TZA / C T (Fig. 2), and considered to be a strong means of

extracting the signatures of ongoing silica diagenesis (Varkouhi et al., 2020b). With

the exception of DSDP Sites 387, 469, and 471 which details of pore-water analysis

are reported by Hesse and Schacht (2011), the DSDP did not perform inorganic pore-

water chemistry program. The results of this program exclusively focused on

analyses of pore-water samples at different depths are also available for a limited

number of ODP sites. This study used the silica concentration profiles to determine

the depth to top of the TZA/CT penetrated by the investigated boreholes as the zone,

where the concentration suddenly drops. Silica profiles roughly define the base of

TZA/CT as the depth where concentration sink turns to the zone of gently decreasing

concentrations with depth if high-resolution small sampling spacings are followed.
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3.2. Temperature estimates

The procedure to estimate downhole temperatures of ODP- and DSDP-drilled

sediments follows Fisher and Becker (1993). Two types of ODP tools are available

for measuring the downhole temperatures: (1) the APC (advanced piston corer) and

(2) the WSTP (water-sampling temperature probe). The tools are used separately to

measure sediment temperature at different depths during a coring sequence.

T h e in situ temperatures at the ODP sites were measured using the APC tool

designed to assess the sediment temperature as a piston core is taken (Appendix IV).

The two steel prongs at the base of the APC tool case fit into the borehole at the

bottom of the annular cell in the cutting shoe of the piston corer. The instrument is

fixed in the annular cell with the help of the prongs. The resistance temperature

apparatus contained in the prong is used to measure the sediment temperature. The

wall thickness of the cutting shoe outside the annular cavity is about 1.5 cm, giving it

a few minutes of time constant in the sediment. The APC was thus held in place for

15–20 minutes to obtain enough data for extrapolating the in situ temperature.

The temperature of the sediment of the analysed DSDP boreholes was measured

using the WSTP tool (sometimes referred to as the Barnes/Uyeda probe) (Appendix

IV). The WSTP, connected to the end of a core barrel, was lowered down the drill

column and run on the coring line; thus requiring a break in coring (commonly 2

hours) to collect a fluid sample. The probe landed in the bottom-hole assembly,

extending about 1 m into the sediment in front of the drill bit. As the fluid sample is
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driven into a sample cell by the difference between hydrostatic and atmospheric

pressures, only one sampling effort was possible during each extension

(deployment). The fluid was pulled into the WSTP through a series of filters and

mounted near the tip of the probe through the end of a sampling tube. The WSTP

data logger continually sampled the resistance of the thermistors placed in the probe.

The probe was then held in place for 15 minutes to gain enough data allowing for

reliable extrapolation to the sediment temperature.

3.3. Age determination

Sediments hosting the TZA/CT were dated using biostratigraphic evidence from

diatoms, radiolarians, calcareous nannofossils, and planktonic foraminifera.

Combining the biostratigraphic patterns of these different microfossils provides a

well constrained chronology for nearly all of the studied borehole sites. Based on the

zonation scheme of Okada and Bukry (1980), calcareous nannofossils were often

used to develop the biostratigraphic framework of sequences. Due to notable

contrasts in abundance above and below the TZA/CT, diatom assemblages were

specifically used at sites where sufficient biosilica was contained in the sediment.

Sediment ages determined by these methods are available through open access to the

DSDP and ODP databanks. The present study has relied on the numerical ages

provided by these sources, and the numerical stratigraphic ages of the deep-sea

sediments for each ODP and/or DSDP site involved in this project have been derived

directly from its respective ODP and/or DSDP initial report. In this case, each initial

report has used a different version of the geological timescale.
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4. Results

4.1. The TZA/CT

Characterisation of the depth to top and base of the TZA/CT and its thickness for the

ODP and DSDP sites included in this study using the diagnostic data types other than

physical-property measurements is given in Appendix II, and in Figure 3 their results

are compared with those obtained based on petrophysical depth profiles. For 18 out

of 37 sites where silica transition could be determined using the XRD, this method

estimated the depth to top of the transition within the opal-A sediment zone at sub-

seabottom depths above the petrophysical TZA/CT (Appendices I–II; Fig. 2). In 24 of

the studied sites (almost 36% of the total 67 sites), the smear-slides measured the

depth to surface of the transition zone at or very close to the depth of the

petrophysical TZA/CT. For almost all (97%) of the studied sites where depths to both

frontiers of the TZA / C T were constrained using the smear-slides data, the TZA/CT

thickness was estimated thicker than that measured using physical-property changes

(Appendix II). The lithologic data of sediments cored constrained the depth to top of

the TZA/CT for all the DSDP and ODP sites included in this study (Appendix II).

Among the identification data types, the descriptive lithological analysis was the

only method which approximated the depth to top of the transition zone for a peak

number (~ 90%) of the studied boreholes very close to or coincident with the

petrophysical TZA/CT (Appendices I–II). For the studied sites where depths to both top

and base of the TZA / C T were determined using lithological data, the estimated

thickness of this boundary was larger than that assessed using petrophysical features.

Except for ODP Sites of Leg 127 and 128, where the TZA/CT is almost clearly traced
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on seismic profiles (Varkouhi, 2018; Varkouhi et al., 2020b), the depth of this

boundary on low-quality seismic reflection data acquired for the DSDP and ODP

sites used in this study was constrained with limited accuracy (Appendix II). In 27

out of 44 sites where the TZA/CT was recognised on seismic profiles, the method

estimated the depth of this boundary at or very close to depth of the petrophysical

TZA/CT (Appendices I–I I ) . For most of the studied sites, limited resolution on

acquisition and processing pore-water sampling intervals (being 10–30 m; after

Varkouhi, 2018) did not allow for constraining the depth to bottom of the TZA/CT and

its thickness (Appendix II). In 40% of sites where the onset of silica diagenesis was

detected from pore-water chemical profiles, the method estimated the top of the

transition zone at or very close to the depth of the petrophysical TZA/CT. For the

studied boreholes where the depth to both frontiers of the TZA/CT was detected using

silica concentration profiles, the boundary was far thicker than that measured using

petrophysical data.

4.1.1. Overview of the characteristics of petrophysical TZA/CT

Because of limited availability and stratigraphic resolution of the other data sets

presented above as compared with high precision of physical-property profiles and

association of their abrupt and visible variations with the TZA/CT (Fig. 2), the results

discussed and concluded in this study are built on the characterisation of this

boundary using the petrophysical contrasts between opal-A and opal-CT sediment

units (Appendix I). The depth of the petrophysical TZA/CT was generally 25 to 1050

meters below seafloor (mbsf), with the maximum sub-seafloor depth of 1050 mbsf
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observed for the transition zones hosted by detrital-dominated sediments at the ODP

Site 903 on the New Jersey continental slope (North America) and ODP Site 1150

from a deep-sea terrace of the Japan Trench. In detrital-rich basins, TZA/CT depth

varied mainly from 200 to 600 mbsf. In carbonate-dominated settings, the transition

zone depth ranged chiefly from 150 to 500 mbsf (Appendix V). It was observed that

the TZA/CT thicknesses estimated using various down-core physical parameters are

markedly lower than those measured based on the other data types described above

(Fig. 3). Even for the lithological data which estimations of depth to top of the TZA/CT

for a majority of studied sites correlate with the petrophysical depths better than any

other data types, the thicknesses measured using descriptive lithology are still far

larger than the petrophysically determined thickness values (Appendices I–II). In

compliance with Nobes et al. (1992) and Neagu (2011), the present work considers

the maximum thickness, which is defined from minimum depth to top of the TZA/CT

determined by petrophysical data to maximum depth to base of this transition, as

representative of the TZA/CT thickness. The maximum thickness corroborates that the

TZA/CT is constrained between the point where a clear-cut petrophysical change starts

and the point where the changes are indistinguishable from the natural background

variability (Varkouhi et al., 2020a). Following Varkouhi et al. (2020a), due to

dependence of porosity on water content loss as well as its high variability and

sensitivity under biogenic silica diagenesis, the thickness values measured using

porosity variations were used to closely represent the TZA/CT thickness at the

borehole sites assembled in this study (Appendix I). For all the studied ODP and

DSDP sites TZA/CT thickness was consistent across sites, ranging between 10 and 40
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m with a mean value of ~23 m, despite having different dominant lithologies

(statistics related to the TZA/CT thickness for clay- and carbonate-dominated cases as

well as statistics for all ODP and DSDP sites used in this study are presented in

Appendix III). Almost 30% of transition zones were more than 25 m thick,

regardless of the host lithology. Almost 80% of the clay-hosted transition zones and

60% of those hosted by carbonate-dominated lithologies were relatively narrow

intervals having a thickness varying from 5< to 25 m (Appendix V). Remarkably, it

was found that for both dominant host sediment types, i.e., clay versus carbonate, the

modal value of TZA/CT thickness fell within the 10–15 m range (Appendix V). The

studied opal-A to opal-CT diagenetic transitions ranged in age from the Middle

Palaeocene (Selandian) to the Late Pliocene (Piacenzian) (Appendix VI). The silica

transitions found within mainly carbonate sediments had wider age ranges than

transitions embedded in clay-rich sediments. The oldest (Middle Palaeocene) and the

youngest (Late Pliocene) transitions appeared in carbonate-rich and clay-rich host

lithologies, respectively. The most frequent silica diagenetic transition zones in clay-

dominated and carbonate-rich sediment types were found to occur during the Late

Miocene and Middle Miocene, respectively.

For all study sites, the age of the sediments in which the diagenetic transition was

embedded was neither correlated with the thickness of the TZA/CT nor with the opal-A

content of the sediment (correlation coefficients being -0.02 and -0.46; Figs. 4A, B,

respectively). However, when the sediment age was compared to thickness for

carbonate-dominated sites, a weak correlation was observed (r = 0.327; Fig. 4A).
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The present-day in situ temperature of the studied transition zones varies between 2

and 60 °C, with an average of ~25 °C (summary statistics for the TZA/CT temperature

values are presented in Appendix III). The maximum temperature, 60 °C, was

recorded at the clay-hosted Site 1173 in the Nankai Trough, northwestern Pacific

Ocean where the actual geothermal gradient is very high (170 °C/km; Appendix I).

However, according to Neagu (2011), the 60 °C recorded at this site is not very

reliable as it is estimated based on shallower temperature measurements that were

extrapolated to the TZA/CT depth. The lowest temperature (2 °C) was recorded at the

carbonate-dominated Site 1090 near the Agulhas Ridge in the Southern Ocean where

the geothermal gradient is anomalously low (8 °C/km; Appendix I). The

temperatures at the depth of the transitions in clay-rich sediments ranged widely (~

5–60 °C; Appendices I and VI), far more than for transitions hosted by carbonate

lithologies. A modal value of 35–40 °C was observed for the study sites having the

clay-dominated transitions. The frequency of carbonate-hosted transitions increased

with higher temperatures, while there was no apparent relationship between

frequency and temperature for clay-hosted sites (Appendix VI).

Regardless of the dominant lithology, the present-day TZA/CT temperature was

moderately correlated with TZA/CT thickness (r = 0.588) (Fig. 5A). Clay-hosted

TZA/CT showed a much stronger relationship between TZA / C T temperature and

thickness (r = 0.659) than did carbonate-embedded transitions (r = 0.424). One of the

most significant observations was that, under the present-day constant geothermal

gradients reported, the temperature contrast between the top and bottom of the TZA/CT
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itself was also correlated to the TZA/CT thickness (Fig. 5B).

4.2. Temperature‒age relationship

The relationship between in situ temperatures at the TZA/CT and the age of the

sediment hosting this diagenetic boundary followed the general trend previously

shown by Hein et al. (1978) exhibiting an inverse correlation between these two

variables (i.e., the older the diagenetic transition zone, the lower its measured

temperature). Figure 6A follows the general trend of the temperature‒age

relationship presented by Hein et al. (1978), and exhibits an overall moderate inverse

correlation between these two variables. However, a series of silica transitions

younger than the Middle Miocene were almost evenly distributed across the 3–40 °C

temperature range. Though the data points in Figure 6A generally have error bars

representing the possible age range of the sediment, this inverse relationship remains

statistically valid. When clay- and carbonate-dominated sites were assessed

separately, the temperature and age data points were moderately anticorrelated for

clayey sites, while only a weak inverse correlation between these variables was

observed for carbonate sub-populations (Fig. 6B; correlation coefficient values being

-0.5 and -0.15 for clay- and carbonate-dominated sites, respectively).

5. Discussion and implications

5.1. Controls on silica diagenesis

While available alkalinity and Mg are the most relevant factors for forming a

magnesium hydroxide compound (Mg(OH)2), which plays a key role in coagulation
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and nucleation of opal-CT lepispheres (e.g., Williams and Crerar, 1985), burial

temperature and age are considered to be fundamental controls on the overall opal-A

to opal-CT transformation (e.g., Kuramoto et al., 1992; Hesse and Schacht, 2011).

Marked dependence on temperature of th e precipitation rate of lepispheres is

experimentally acknowledged by Kastner and Gieskes (1983) who indicated that the

dissolved Mg decreases and the alkalinity is consumed as the Mg(OH)2 continues to

precipitate under increased temperatures. Although the early diagenetic (a few cm

below the seabed) transformation of silica polymorphs is confirmed in some

Palaeozoic and Mesozoic siliceous deposits independent of temperature and driven

by the pore-water silica content (e.g., Zijlstra, 1994; Racki and Cordey, 2000;

Migaszewski et al., 2006; Madsen et al., 2010; Jurkowska et al., 2019;

Świerczewska-Gładysz, 2020a, b), formation of TZA/CT requires conversion of opal-A

to opal-CT mineral phase during later diagenesis on significant depths under the

palaeogeothermal gradient (e.g., Iijima and Tada, 1981; Neagu, 2011; Pisciotto et al.,

1992; Kuramoto et al., 1992; Weller and Behl, 2015; Varkouhi, 2018).

The specific surface area is another factor especially for the initiation of the reaction

through exerting controls on the solubility of various biogenic silica. This factor thus

intends to explain the direct impact of biogenic silica solubility differences due to

varying surface areas of siliceous shells on the dissolution rate of opal-A and the

pore-water saturation state with respect to silica polymorphs (Williams et al., 1985).

The dissolution of opal-A can bring silica in pore waters to values approaching

solubility level of disordered opal-CT as the reactive surface area of opal decreases
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with further dissolution, and opal-CT enters the accumulation stage (Hinman, 1998).

The rate of opal-A to opal-CT transformation is also affected by the host lithology;

implying that the precipitation rate of opal-CT is much higher in carbonate than in

clay-hosted sediments. Predominance of opal-CT precipitation rate in carbonates is

particularly governed by the dissolution of carbonate minerals which provides the

necessary levels of alkalinity for increasing the total solubility of silica, and therefore

the Mg for the formation of Mg(OH)2 in the nuclei (Kastner et al., 1977). Under

essentially all natural conditions, the activity of this positively charged hydroxyl

complex provides nucleation sites for opal-CT lepispheres by attracting silanol

groups (Iler, 1973; Williams and Crerar, 1985). In clay-dominated sediments,

conversely, the detrital clayey materials stimulate formation of authigenic

aluminosilicates which compete with the formation of diagenetic silica for the

available alkalinity from the seawater, leading to their enrichment in Mg, and hence

a reduction in precipitation rate of opal-CT from dissolved silica. These authigenic

reactions, which are referred to as reverse weathering (Emerson and Hedges 2008;

Loucaides et al. 2010), commonly occur concomitant with silica diagenetic

transformation and often influence the solubility and chemical kinetics of dissolved

silica (Varkouhi et al., 2020a). The reduced rate of biogenic silica diagenesis in

clayey deposits is because the fine-grained aluminosilicate matter incorporated into

or deposited on the surface lattice of biogenic silica frustules limits its solubility and

reactivity by impeding covers (after Varkouhi and Wells, 2020). As shown in many

studies (e.g., Lancelot, 1973; Van Cappellen and Qiu, 1997a, b; Michalopolous and
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Aller, 2004; Tatzel et al., 2015; Ehlert et al., 2016; Rahman et al., 2016; Rahman et

al., 2017; Bernhardt et al., 2020; Geilert et al., 2020), this process is carried out via

adsorption of extraneous metallic cation species—they are mainly the constituents of

clay minerals—especially Al and Fe from sediment pore waters onto the surface

layers of opal, which influence its dissolution behaviour by reducing the solubility. It

has however been argued that due to rather conservative nature of Al, the supply of

this metal species for precipitation of authigenic clays and probably zeolites by

decomposition of detrital aluminosilicates is a major problem of its mobility

(Varkouhi et al., 2020a). Therefore, it is very unlikely that the formation of

authigenic aluminosilicates when Al is present in the pore waters possesses the

potential to cease the precipitation of opal-CT from dissolved silica.

As a factor partly triggering the opal-A to opal-CT conversion in the sediments

below the seabed, degradation of organic matter (i.e., dissolved organic matter)

accelerates the dissolution rates of amorphous silica via a complexation mechanism

which increases the alkalinity, pH, Eh, and ammonia content of the pore water early

in the diagenetic process (Bennett, 1991). Accordingly, the opal-A to opal-CT

transformation rates reduce if organic compounds are preserved later in the

diagenetic sequence (Hinman, 1990).

5.2. Controls on TZA/CT thickness

As the rate of opal-A to opal-CT transformation is predominantly temperature

dependent (e.g., Kastner and Gieskes, 1983), it can be inferred that temperature
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exerts a major control on the upward advance and the thickness of the TZA/CT as well.

This inference is supported by the studied transition zones being relatively narrow

intervals (maximum thickness = 40 m; Appendix I), regardless of the dominant host

sediment type, age, and/or biogenic silica content. According to Littke et al. (1991),

temperature is a first-order control on thickness where the TZA/CT is relatively narrow.

The correlation observed between the TZA/CT temperature and thickness values (Fig.

5A) further supports temperature being a primary control. A wide range of

differences in temperature between the top and bottom of the TZA/CT (0.12–5.9 °C;

Appendix I) suggests that other diagenetic drivers, such as time, pore chemistry,

surface area, and host lithology (e.g., Williams et al., 1985) may partially affect the

TZA/CT thickness. Temperature variability within the TZA/CT may reflect variations in

the thermal regime of the host sediment (after Neagu, 2011), i.e., the higher the

temperature contrast over the TZA/CT, the higher the heat flow within the sediment

(and vice versa). As indicated in Figure 5B, the TZA/CT intervals are distributed in

both low and high heat flow regimes.

The association of TZA/CT thicknesses with high temperature contrasts agrees with the

observations of Littke et al. (1991) linking narrow intervals to areas marked by high

geothermal gradients. However, a group of the analysed narrow transition zones are

clustered around values having a minimal temperature difference (< 1 °C

temperature contrast; Fig. 5B). Littke et al. (1991) suggest that silica diagenesis

across some of these transition zones occurred when the geothermal gradient was

significantly higher than at present. Therefore, the temperature contrast through the
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TZA/CT would not be representative of the actual diagenetic temperature of opal-A to

opal-CT transformation. This type of transition zone is discussed in the next section.

5.3. Revisiting the silica diagenesis stability field

The temperature‒time relationship during later diagenetic silica formation has been

studied extensively (e.g., Hein et al., 1978; Mizutani, 1977; Pisciotto, 1981a). Hein

et al. (1978) were the first to propose a diagenetic stability field necessary for

initiation of opal-A to opal-CT transformation. They estimated the age and present-

day temperatures at opal-CT formation depth for siliceous marine deposits from the

southern Bering Sea, the Monterey Formation, and some North Pacific chert and

porcellanite sediments. Their stability field was based on the strong negative

correlation of time and temperature during the ongoing precipitation of opal-CT (i.e.,

active diagenetic processes) and included the upper and lower boundaries of

diagenetic silica formation (see Fig. 6B). According to Hein et al. (1978), early

silicification (formation of opal-CT) takes place at relatively deep burial depths (>

500 mbsf) and moderate temperatures (35–55 °C) within 10 m.y., while more than

30 m.y. is required for opal-A to opal-CT transformation at shallow burial depths (<

300 mbsf) and low temperatures (< 30 °C) (Fig. 6B).

Our negatively correlated age and temperature data points fit poorly within the Hein

et al. (1978) time‒temperature field (Fig. 6B). Our data match the lower boundary of

the stability domain slightly better than the upper boundary. The low temperature (<

30 °C) data points, however, are located mostly outside the original lower boundary.

28

28

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644



We postulate that this non-conformity is because the Hein et al. (1978) time‒

temperature relationship field was based on limited data. As the initial diagram was

based on only six data points, it needs to be extended for use in constraining the

temperature‒time stability realm of diagenetic silica. This section therefore aims to

extend the time‒temperature stability field of opal-CT, which greatly helps

determine the present diagenetic state of the TZA/CT and has implications for thermal

history of sediments undergoing biogenic silica diagenesis. Below our approach to

revise the stability diagram is discussed.

5.3.1. Expansion of Hein et al.' (1978) diagram

The approach taken here is to expand the Hein et al.' (1978) diagram by including the

age and temperatures of a set of TZA/CT intervals that we believe are diagenetically

the most plausible active candidates (those zones across which biogenic silica

diagenesis is still occurring). Due to lack of uplift and erosion, the sedimentary

columns hosting the active transitions are presently at their maximum burial depth,

and the onset of silica diagenesis at these sites is not concurrent with unconformities.

As such, the ongoing precipitation of opal-CT is thus related to the present-day

burial depth. Therefore, the age and present-day temperature at the depth of an active

TZA/CT can roughly represent the time and temperature when formation of opal-CT

across the TZA / C T was first initiated. This assumption is possible as the active

transitions represent modern isothermal features that are in near equilibrium with the

present-day geothermal gradients (after Pisciotto et al., 1992; also see Varkouhi,

2018).
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The likely active TZA/CT intervals and the criteria used to select these intervals are

listed in Table 1. Seismic identification criteria were not used as, due to their low

quality, the TZA/CT is often difficult to identify from DSDP and ODP seismic profiles.

Only a limited number of the investigated transition zones (21 sites) were considered

to be presently active (Table 1). These likely active boundaries were found in

continuous stratigraphic sections where there are no major breaks or unconformities

in sedimentation. These transitions are found in young sediments (Middle Miocene

and younger) marked by high thermal gradients and generally containing sufficient

amounts of biogenic silica. Moreover, the concentration of silicic acid sharply

decreases across the active transitions (e.g., Varkouhi, 2018; Fig. 2). According to

thermodynamic analyses conducted by Varkouhi (2018) and Varkouhi et al. (2020b),

the correspondence between the dissolved silica removal from the interstitial water

and distribution of opal-CT at the depth of this boundary implies that the present-day

sink for silica across the TZA/CT is due to the ongoing precipitation of diagenetic opal.

The proposed stability field is defined mainly on the time‒temperature data from

likely active transitions and represents an expanded version of the Hein et al. (1978)

diagram (Fig. 7A).

Among the active sites used for extending the Hein et al. (1978) diagram, Site 1173

has the highest ODP-reported TZA/CT temperature (60 °C). However, according to

Neagu (2011), the ODP-recorded temperature for the transition zone at this site

cannot be fully trusted as it has been calculated based on shallower temperature

measurements that were extrapolated to the TZA/CT depth using an anomalous
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geothermal gradient of 170 °C/km estimated for the upper 300 m. It is acknowledged

that deeper than 300 mbsf at Site 1173 thermal conductivities have increased by 10%

(from 1.05 to 1.16 W/m °C; after Shipboard Scientific Party, 2001b), so the thermal

gradient should decrease proportionally (from 170 to 155.5 °C/km, given a reported

heat flow of 0.18 W/m2 or 180 mW/m2 for this site; Appendix I), and the TZA/CT

temperature (55 °C) is therefore somewhat lower than that reported by the ODP

(Appendix I). These very high thermal gradients have been explained by geological

and geophysical studies of the ocean bottom around the Nankai Trough near the

drilled off Site 1173, revealing that the northern edge of the very hot Philippine Sea

Plate is subducting underneath the Japanese landmass along this trough (Moore and

Karig, 1976; Kinoshita and Yamano, 1986). As the heat flow in the northern edge of

the plate offshore of the Nankai Trough is highly scattered (0.02‒0.2 W/m2), hot

parts of the Philippine Sea Plate are showing up around the trough area (after

Kinoshita and Yamano, 1986). Magnetostratigraphy shows that the age of the

sediment accommodating the TZA / C T has been slightly overestimated (~0.2 m.y.)

using the ODP biostratigraphic data (i.e., the biostratigraphic age being 3.5 m.y.;

Shipboard Scientific Party, 2001b). Accordingly, the slightly modified temperature

and age of the TZA/CT at Site 1173 (55 °C and the magnetostratigraphic age of 3.3

m.y., respectively; Fig. 7A) were used to fit the upper boundary of the stability field.

Insufficient time to reach an equilibrium temperature while drilling as well as the

temperature estimation based on shallower temperatures extrapolated to the TZA/CT

depth (Shipboard Scientific Party, 1981) are the two major sources that have affected
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the DSDP-reported TZA/CT temperature value in Site 471. The DSDP underestimation

of the TZA / C T temperature at this site (22.5 °C; Appendix I) is because small

variations in the thermal conductivity of opal-CT-rich sediments below the TZA/CT

(up to 4%; following Shipboard Scientific Party, 1981) have not been involved in

assessment of the geothermal gradient. The TZA/CT temperature was therefore shifted

to 23.5 °C (Fig. 7A), using a modified thermal gradient of 138.5 °C/km, which fits

the lower boundary of our extended stability field.

Also, some uncertainties in constraining the TZA/CT depth have led to slightly

underestimated and overestimated TZA / C T temperatures at Sites 184 and 1172,

respectively (Hein et al., 1978; Shipboard Scientific Party, 2001a). The TZA/CT

temperatures for Sites 184 and 1172 were thus modified, and placed very close to

and fitting the upper boundary of the revised opal-CT stability field, respectively.

The TZA/CT temperature at Site 184 (51.2 °C; Appendix I) was corrected to 52 °C

(Fig. 7A) using modifying the DSDP-reported 600 mbsf the depth of this boundary

(Shipboard Scientific Party, 1973; Hein et al., 1978) to 610 mbsf. Likewise, in Site

1172, the depth of the transition (500 mbsf; as reported by Shipboard Scientific

Party, 2001a; Appendix I) was modified to ~450 mbsf, which resulted in a

temperature reduction of 2.4 °C (from 25.7 to 23.3 °C; Fig. 7A).

This extended diagram follows the general trend of a progressive and ongoing

transformation from opal-A to opal-CT, implying the negative correlation between

temperature and time, valid for all diagenetic processes (after Giles, 1997). Since the
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data points from active transitions cover only the younger age zone of the extended

stability field (< 13 m.y.; Middle Miocene onwards), the boundaries of this diagram

were extrapolated to older ages (from the Middle Miocene to Middle Eocene) using

the age‒temperature data from some of diagenetic transformation boundaries that do

not meet the applicable recognition criteria for active transition zones (see Table 1

and Varkouhi et al., 2020b), but fit the inverse correlation pattern of temperature and

age established for ongoing silica diagenetic reactions (transition zones with

uncertain diagenetic status, shown by labelled red triangles in Fig. 7A). These data

points (red triangles in Fig. 7A) were chosen for the extrapolation of the stability

field to > 13 m.y. rather than any of the others shown in Figure 7B because:

1) these data points persist following the trend of temperature‒time relationship

observed for the younger part of the stability field better than others.

2) low temperature nature of these old transitions (Early Miocene and older) shows it

is very unlikely that these boundaries to be presently arrested (according to Neagu,

2011 and literature there in).

3) trend of temperature evolution in time among these data points shows a nearly

consistent variability pattern, with the least deviation from parallelism to the initial

stability field.

5.3.2. Revised versus initial stability field

Given its narrower temperature range, the Hein et al. (1978) stability field is captured

within our opal-A to opal-CT age‒temperature stability field. Comparable to the
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transition zones studied by Hein et al. (1978), the transitions from this study are

mostly ranged in age from the Middle Eocene to Late Pliocene; the time range for

the extended stability field was therefore defined the same as that of Hein et al.

(1978) diagram. According to the extended stability field, transformation of opal-A

to opal-CT under shallow-burial conditions at low temperatures (< 30 °C) takes more

than 35 m.y. (Fig. 7A). This is in broad agreement with Hein et al. (1978). They

claim that the silicification reaction, under the constraints of a shallow burial depth

and low temperatures, depends mainly on time. However, an increase in the rate of

silica diagenesis relative to the sedimentation rate would still be needed to sustain the

active transformation of opal-A to opal-CT following the initial opal-CT

precipitation. The increasing rate of sedimentation with time governs the upward

migration of geochemical zones, causing the favourable conditions for opal-A to

opal-CT transformation no longer sustained (Clayton, 1984; Zijlistra, 1994;

Jurkowska et al., 2019). Thus, time cannot be the first-order control for increasing

the reaction rate. Therefore, even at low temperature conditions, the opal-A to opal-

CT reaction has been primarily caused by temperature, of course partly influenced by

other agents such as sediment age, lithological factors, and the role of dissolved Mg,

alkalinity, and degradation of organic matter which induce changes in the chemistry

of sediment pore water.

It should be noted that the unusual accumulations of young (0.4–4 m.y.) opal-CT

porcellanites and cherts at very low surface temperatures commonly between 0 and 4

°C in near-seabed sediments (e.g., Bohrmann et al., 1990; Botz and Bohrmann,
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1991) is in contrast with the established models of later diagenetic precipitation of

opal-CT in deep-sea deposits, which require the dominance of higher transformation

temperatures (from 18 to 56 °C; Pisciotto, 1981a). Moreover, the inverse correlation

between age and formation temperature of opal-CT, implying silica transformation at

higher temperatures in young deposits challenges very low surface temperatures

being a major control on opal-CT precipitation near the seabed (Varkouhi and Wells,

2020). The analysis of near-seabed opal transformation at very low temperatures

was, however, not undertaken in this study as silica transformation reaction

diagnosed in the surface sediment does not represent an opal-A to opal-CT transition

zone, and the diatom ooze persists well below this horizon, e.g., to a penetration

depth of 166.2 mbsf at the ODP Site 751 from the Antarctic, according to Botz and

Bohrmann (1991) and Varkouhi and Wells (2020).

Based on the revised stability field, the active precipitation of opal-CT at moderate

temperatures (ranging from 35 to 55 °C) under shallow burial settings takes place

within a 3 m.y. period, a much shorter period than the transformation time estimated

by the Hein et al. (1978) diagram for moderate temperature conditions. The extended

diagram shows that at high temperatures (> 55 °C), the transformation will likely

occur rapidly (< 1‒2 m.y.) regardless of burial depth. Thus, an earlier transformation

occurs at higher temperatures.

5.3.3. Diagenetic state of TZA/CT — Remarks and implications

To confirm that the negative temperature‒age relationship illustrated by the extended
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opal-CT stability diagram adequately describes the study data, time and temperature

values for the TZA/CT depths of the study sites were replotted on the extended

diagram (Fig. 7B). Although showing a better fit to the lower boundary of the

extended stability field than to the upper boundary, these data points (red triangles in

Fig. 7B) do not fit the stability field. In general, these data do not follow the trend of

decreasing temperature with age (and vice versa) under ongoing silica diagenesis.

Due to the limited availability of thermal and geochemical data, the current

diagenetic status of the TZA/CT at these sites is not known. It should be noted that a

significant fraction of these data points (red triangles) fall outside the stability zone

of active opal-CT precipitation, more explicitly below the lower boundary of the

temperature‒time field. The temperature and age of some of these sites are certainly

not representative of an active opal-A to opal-CT diagenetic process (after Neagu,

2011). The TZA/CT at these boreholes is characterised by low temperatures (< 20 °C)

and is found in young sediments (Middle Miocene and younger; circled data points

in Fig. 7B). According to Neagu (2011), such opal-A to opal-CT transitions having

present-day low temperatures and younger ages likely represent regionally arrested

features. Although there are no published supporting data, it seems that the arrest of

the upward migration of TZA/CT at these sites occurred due to a remarkable drop in

the palaeogeothermal regimes that are possibly associated with past events of

increased heat flow (Neagu et al., 2010). This argumentation assumes the thermal

gradient has significantly decreased since the time of arrest (Davies and Cartwright,

2002) and that the magnitude of palaeogeothermal gradients was markedly higher
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than the present at the burial depth of these arrested transition zones.

Davies and Cartwright (2002) explain how significant decreases in palaeogeothermal

gradients and a cooling to modern values have possibly led to arrest of biogenic

silica diagenesis by presenting arguments for an arrested transition zone from the

Faeroe-Shetland Channel, northeast Atlantic margin. Based on constraints of

overburden thickness accumulated during the Late Miocene and Early Pliocene,

seabed temperature, and present-day geothermal gradient (38 °C/km), Davies and

Cartwright (2002) calculate that a minimum thermal gradient of 60 °C/km would

have been required to initiate active diagenetic transitions during the Middle and

Late Miocene. Given the present temperature of this boundary (24 °C), a minimum

60 °C/km palaeothermal gradient would have been necessary to raise the

palaeotemperature of the transition above 24 °C. This inference also incorporates a

palaeoseafloor temperature of 5 °C during the initiation of silica diagenesis; a

postulation that leads to an elevated palaeotemperature for the transition (29 °C at

400 mbsf), higher than that of its present-day depth (24 °C at 700 mbsf), when the

boundary was closer to the seafloor. From this, Davies and Cartwright (2002)

conclude that the opal-A to opal-CT transition might have been warmer early in

deposition, and then much colder later in its history when arrest of biogenic silica

diagenesis occurred, possibly due to sudden decreases in the extreme palaeothermal

gradient. However, up to the present no supportive thermochronological evidence is

available to support this.
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The idea of an elevated palaeogeothermal when the transformation from opal-A to

opal-CT initiated also explains why particular arrested sites exhibit young transition

zones. The long established view of the development of an active silica diagenetic

transition (prior to the arrest) originates from the theoretically based reasoning that

temperature was the principal rate-controlling factor for growth and up-section

migration of the transition through biosiliceous sediments (e.g., Kastner et al., 1977;

Meadows and Davies, 2007; Neagu et al., 2010). This reasoning supports the

assumption that the rate of transformation from biogenic to diagenetic silica prior to

arrest has been fundamentally controlled by the palaeogeothermal gradients and

thereby the palaeotemperatures. From this, we can conclude that the exceptionally

elevated palaeogeothermal gradients have favoured rapid (high rate) transformation

of opal-A to opal-CT, and therefore earlier formation of silica diagenetic boundaries

(young high-temperature active transition zones). According to Hein et al. (1978)

and Neagu et al. (2010), an active transition could also occur in an older and colder

environment (i.e., slower rates of opal-A to opal-CT transformation) where thermal

structure of the basin hosting silica diagenesis was not significantly disturbed in the

recent past. The young low-temperature transitions with a currently arrested feature

are however outside the realm of inverse age‒temperature relationships for active

diagenesis. These post-mid-Miocene boundaries, basically formed under elevated

thermal gradients in the recent past, cooled quickly and were arrested at a regional

scale possibly due to a sudden fall in geothermal fluxes of their host sediment.

It should also be mentioned that there have been discussions on the presence of Al
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metal species with the potential impact on solubility and formation of authigenic

clays as other explanation for the deviation of the young transition zones with likely

arrested features from the calculated stability field (after Varkouhi et al., 2020a). The

limited mobility of this metal cation due to its conservative behaviour additionally

the non-uniform formation of diagenetic aluminosilicates however disaccord with the

possibility that such authigenic precipitates can lead to cessation of the upward

migration of the TZA/CT. This argument is further acknowledged by the fact that the

extended stability field rules out the likely arrested transitions regardless of whether

their dominant host sediment type is clayey or carbonate (circled data points in Fig.

7B). Accordingly, half of the young low-temperature transitions deviating from

lower boundary of the extended stability field are accommodated in carbonate-rich

deposits, which are devoid of fine detrital aluminosilicates to precipitate authigenic

clays.

It is noteworthy to mention that the opal-A to opal-CT transition zones are developed

in many continental margin depositional basins worldwide and according to many

studies in the past three decades (e.g., Roaldset and He, 1995; Brekke, 2000; Davies

and Cartwright, 2002; Berndt et al., 2004; Neagu et al., 2010), the TZA/CT is not

presently related to an active diagenetic reaction but is in fact arrested in its current

position. However, most of the transition zones from different geographic regions are

apparently bottom-simulating reflectors; in such situations the TZA/CT is commonly

concordant with the host strata and it is extremely difficult to make a case that the

upward advance of TZA/CT is arrested at all (as evident from Neagu et al., 2010).
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Nevertheless, where the TZA / C T cross-cuts stratigraphy or it is deformed

contemporaneous with its arrest (in highly structured tectonic settings where local

variations in heat flow and thermal conductivity result in a complex shallow thermal

structure, according to Meadows and Davies, 2007, 2010; Neagu et al., 2010), the

nature of arrested diagenesis can be determined.

5.4. Geothermal history of silica diagenesis

Mizutani (1970, 1971) proposed that the silica mineral phases of siliceous deposits

are controlled by the thermal history experienced by the deposits during silica

diagenesis. Accordingly, the location and temperature of the TZA/CT primarily

depends on the integrated geothermal history of the layer in which the transition zone

is presently found (Tada, 1991; Langseth and Tamaki, 1992).

Amorphous silica has been transformed to opal-CT at all the studied ODP and DSDP

sites. However, the TZA/CT occurred at different depths in host sediments that ranged

in age and temperature (e.g., Appendix VI). To further examine temperature

variations in these sediments over time, the thermal history was estimated by

multiplying the geothermal gradient and sedimentation rate (G × ω; as suggested by

Mizutani, 1970) at the TZA/CT depth and the results were plotted versus the age of the

transition zone (Fig. 8). The accuracy of the temperature history values for those

DSDP and ODP sites plotted in Figure 8 depends strongly on to what degree the

variables (G and ω) can be estimated. We have used the gradients measured by the

DSDP and ODP and the sedimentary histories were estimated based on the
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magnetostratigraphic and biostratigraphic datum levels recognised at each site

(available through the DSDP and ODP initial reports) that have been modelled

versus sub-seabottom depth (e.g., Figure 30 in Shipboard Scientific Party, 1990a).

The inverse relationship between the age and temperature history is represented by

the power function (Fig. 8; correlation coefficient = -0.714). This pattern agrees with

the age and temperature history relationships observed for the siliceous sediments by

Pisciotto (1981b) who suggested that higher geothermal gradients in sediments with

higher burial rates can account for the increased rates of opal-A to opal-CT

transformation. Thus, high rates of silica diagenetic transformation correspond to

high geothermal gradients and high sedimentation rates.

This study proposes a pattern of opal-A to opal-CT transformation that has active

silica diagenesis at higher temperature gradients and higher sedimentation rates in

younger sediments (Middle Miocene and younger), while silica transformation in

sediments having low thermal gradients and low burial rates, corresponding to lower

temperature history values, requires a much longer period of time (starting in

sediments of Early Miocene age or older). Although the sediments with low thermal

history still existed during the Early Miocene, their accommodated transition zones

did not accelerate. It should be that the older sediments felt the same high heat flow

as that the younger sediments experienced throughout the Miocene, but have

presently arrested silica fronts due to an abrupt fall in the heat flux that promoted

silica transitions. In contrast, it is also possible that the diagenetic reaction would not

cease across these old transitions, and there has instead been a significant decrease in
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the rate of silica diagenesis in the final stage of basin evolution so that the boundary

spared the rapid silica transformation (Meadows and Davies, 2007). As indicated in

Figures 7A, B, some of these low-temperature transitions fit the inverse temperature‒

time relationships in silica diagenesis; likely implying a slower transformation rate

over the Early Miocene and older reaction fronts. However, due to the limited quality

and availability of seismic data for the offshore sites involved in this study, it is

presently not possible to determine the diagenetic state of these ancient cold reaction

boundaries. These patterns are best illustrated by the power function showing a near

steady upward trend when the TZA/CT is found in younger sediments (a temperature

history > 4 °C/m.y.; Fig. 8), and a nearly constant trend in older sediments (a

temperature history < 1 °C/m.y.). Some of the transition zones characterised by a low

temperature evolution and a young age (younger than 14 m.y.) that do not fit this

opposing pattern of temperature and time can be characterised as likely arrested

candidates (circled data points in Fig. 8; also see Fig. 7B). Although the present-day

temperatures of the young arrested TZA/CT are low (Fig. 7B), it is supposed that the

palaeogeothermal gradients of the sediment in which these transitions are contained

were significantly higher than the present-day gradients (e.g., Davies and Cartwright,

2002). This supports the view that the rate of biogenic silica diagenesis prior to arrest

was basically controlled by the palaeotemperatures, and that these palaeogeothermal

gradients caused a rapid transformation from opal-A to opal-CT (note that the

transformation occurred within young sediments at that time).

5.4.1. ODP Sites 794 and 795
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― Reconstruction of thermal history

Given that silica diagenesis continues, over time, to advance upward over the active

TZA/CT and that increasing burial depth leads to higher temperatures (Langseth and

Tamaki, 1992), a main control of this process must be related to the host sediment

temperature history. Reconstructing the thermal history of host sediments, on a case

by case basis, can provide further evidence to support this idea.

This section focuses on the thermal history of the sediments in the Sea of Japan,

recovered by ODP 794 and 795, where the depositional sections display a full

spectrum of siliceous lithologies and silica minerals (Shipboard Scientific Party,

1990a, b) and where the thermodynamic analyses suggest an active TZA/CT in these

biosiliceous deposits (Varkouhi, 2018; Varkouhi et al., 2020b). Stratigraphic

correlation of abrupt petrophysical changes at these sites with the depth of

lithological variations from highly porous diatom oozes to less porous

porcellanites/cherts, the silica concentration sink, and the fall in opal-A content

support this fact that the depth of the TZA/CT is well constrained using physical-

property contrasts (Fig. 9). The coincidence of dissolved silica depression very close

to the petrophysical TZA / C T with the depth where the pore water has reached a

solubility equilibrium with opal-CT shows that silica is still being removed from the

pore water and diagenetic silica is precipitating at this boundary (Varkouhi et al.,

2020b). These boreholes represent a relatively uncomplicated natural laboratory to

investigate the relation between temperature and time during silica diagenesis. It

requires that the accumulation of siliceous sediments be nearly continuous with little
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or no removal of sediment overburden (Fig. 9; Varkouhi, 2018; Varkouhi et al.,

2020b); the TZA/CT and its host sediments are thus currently at their maximum burial

depth. As such, the present-day thermal gradient and the sediment accumulation rates

under which silica diagenesis occurs can be used to reconstruct the thermal history.

This reconstruction relied on the approach of Mizutani (1970).

The most striking aspect of this reconstruction is the rapid acceleration of the thermal

history during Late Miocene in response to the peak rates of sedimentation in the

biosiliceous interval above the active TZA/CT at Site 794 (Fig. 10). In comparison, at

Site 795 the temperature history values for the opal-A sediment above and across the

TZA / C T are higher than for Site 794, but are still in agreement with the high

accumulation rates. The consistently higher rates of sedimentation at Site 795 from

the Late Miocene to Recent coupled with a higher thermal gradient—relative to the

sedimentation rates and geothermal gradient at Site 794—resulted in a greater burial

temperature for sediment above the TZA/CT. Thus, at Site 795 maximum diagenetic

silica concentrations occurred ca. 5 m.y. after deposition, whereas at Site 794 opal-

CT reached a peak concentration only after ca. 8 m.y. post-deposition (Fig. 10).

Although it is noted that minor amounts of opal-CT were precipitated in the opal-A

interval well above the TZA/CT, the maximum concentrations occurred only within the

TZA/CT (see Varkouhi, 2018 and Varkouhi et al., 2020b for a comprehensive review).

Notably, this statement may reveal an issue given that our study considers the

stability realm of opal-CT after this point, the petrophysical TZA/CT. Even though
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minor contents of opal-CT precipitated before this boundary indicate the initiation of

silica diagenesis chemical reaction, it does not become expressed in terms of abrupt

physical-property changes until the reaction moves toward completion through in

situ significant removal of biogenic opal and continuous extensive reprecipitation of

diagenetic opal (Varkouhi et al., 2020a). Accordingly, these marked variations in

sediment petrophysics (especially, the porosity drop) first occur where the TZA/CT

physically appears in the sediment as a distinct cored layer, which is coincident with

the stability field of opal-CT where the kinetic of its precipitation dominates.

― Modelling of silica diagenesis

The transformation of biogenic to diagenetic silica is the dynamic process of re-

establishing equilibrium with increasing temperature and time in a continuously

changing biosiliceous medium (Curtis, 1977; Littke et al., 1991; Kuramoto et al.,

1992; Worden and Burley, 2003). The thermodynamic modelling of this

transformation reaction is therefore significant for tracking the evolution of silica

phase-change process and temperature over time in sediment record and for further

constraining the thermal history of the basin hosting silica diagenesis. The Arrhenius

equation and the first-order reaction rate law (Appendix VII) were used to predict the

transformation in the sediments at the representative Sites 794 and 795. The values

chosen for the key parameters in the Arrhenius equation seem reasonable as

increased transformation rates are associated with higher temperatures (Appendix

VII; Fig. 11), a pattern that has been formerly documented (Pisciotto, 1981a, b;

Dralus et al., 2015; Varkouhi and Wells, 2020). The model predictions of variability
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of transformation ratios with temperature (Fig. 12A) closely mimics the previously

documented variabilities versus temperature (e.g., Dralus et al., 2015; Wrona et al.,

2017). The transformations temperatures also vary in the range of those established

by silica diagenesis phase diagrams defined by Hein et al. (1978) (Fig. 12B).

The match between the modelled and observed opal-A to opal-CT transformation

ratios, especially for the sediment overlying the TZA/CT (i.e., the zone of low

transformation ratios) in Sites 794 and 795 further validates this approach (Figs.

12C, D). The deviation the observed ratios take from the modelled values at high

transformation ratios (i.e., from the depth of TZA/CT downwards) is because the sharp

reduction in opal content has directly impacted the relative amount of produced opal-

CT, i.e., a sudden rise in the observed transformation ratios across this boundary by

following the equation: TRA/CT = opal-CT/(opal-CT + opal-A), where TRA/CT is the

observed transformation ratio of opal-A to opal-CT and the term opal-CT + opal-A

represents the initial amount of biosilica.

An important result is the precision of the transformation ratio model for predicting

the temperature at the present depth of the TZA/CT. The model slightly underpredicted

the TZA/CT temperature at Site 794, being ~37 °C at 293.5 mbsf (the ODP-measured

value at the comparable depth is 37.5 °C; Appendix I), while precisely predicting the

temperature for Site 795 (ODP estimate of 43.2 °C at 326 mbsf). At Site 794, the

model predicts opal-CT began precipitating in the siliceous facies above the TZA/CT

with almost 16% (corresponding to the transformation ratio of 0.16, Fig. 12A) of
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opal-A converted into opal-CT before reaching the TZA/CT. At Site 795, the value was

somewhat higher (22%). The low transformation ratios in the opal-A sediment for

both sites are due to low transformation rates of biogenic silica in this zone, where

the burial heating is lower than that in the opal-CT zone (the TZA/CT and the interval

below). Though both values are low, the transformation rate above the TZA/CT at Site

795 (being ~ 0.05/m.y.) is more than double that of the TZA/CT at Site 794.

At a greater depth, a significant increase in the reaction rate in the opal-CT zone

under increased burial heating caused ~75% progress in the transformation at Site

795, while the rate increase in the comparable interval from Site 794 promoted the

transformation ratio to about 0.63 (~45% progress) (Figs. 11 and 12A). The marked

warmer thermal history of opal-CT zone in Site 795 as compared to that of Site 794

accounts for a significant contrast between their amounts of reacted opal-A in this

zone. Although the peak levels of opal-CT occurred at the TZA/CT 8 and 5.3 m.y.

following the deposition of biosilica at Sites 794 and 795, respectively (Varkouhi,

2018), the transformation of opal-A to opal-CT was not fully complete until 14 m.y.

for Site 794 and 9.5 m.y. for Site 795 after initial deposition (Fig. 13). The strong

correlation for opal-CT formation between temperature (burial depth) and age (Fig.

13) also suggests that thermal burial (present temperature) and sediment

accumulation rates are principal controls of the transformation of opal-A to opal-CT.

6. Conclusions

Based on an exploration of the ODP and DSDP database, 67 globally distributed
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offshore sites having an opal-A to opal-CT transition zone within Palaeocene- to

Pliocene-aged sediments, were selected and examined for temperature‒time

relationships during biogenic silica diagenesis. The transition zone at these sites

represents a narrow depth interval (up to 40 m in thickness) across which opal-A is

transformed into opal-CT. Given the much higher resolution on acquisition and

processing physical-properties sampling spacings as compared with other data types,

this boundary was recognised in down-core profiles by its association with dramatic

petrophysical variations in the host sediment. Regardless of the dominant lithology

in which the transition zone was found (clay- or carbonate-rich sediments), the

observation that all transition zones were relatively narrow and that their thickness

was correlated to present-day temperatures suggest that temperature is the leading

control on the thickness of these diagenetic boundaries.

Through this work, we used data mined from the ODP and DSDP programmes to

extend the temperature‒time stability field of Hein et al. (1978) used for the

initiation of opal-CT formation. This new diagenetic opal stability field is an

extension of the original diagram, updated by adding the age and temperature data of

the active transition zones and transitions with uncertain diagenetic status fitting the

inverse temperature‒age correlation determined in this study. The extended stability

field follows the widely accepted pattern of temperature variability over time for

biogenic silica progressive diagenesis, implying an inverse relationship between

temperature and time, valid for all diagenetic processes. According to the extended

stability field, ongoing silica diagenesis under shallow burial occurs over 35 m.y. at
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low temperatures (< 30 °C), within 3 m.y. at moderate temperatures (35‒55 °C), and

rapidly, regardless of the burial depth, at higher temperatures (> 55 °C). However,

most data points from this study do not fit the extended stability field. The transition

zones at some of these borehole sites, characterised by very low temperatures and

captured in young sediments (Middle Miocene or younger), are likely to represent

currently arrested features.

The thermal history is a principal control on the rates at which the silica diagenetic

transformations occur. The geothermal history is primarily a function of sediment

accumulation and thermal gradient. The analysis of thermal history for the studied

sites suggests silica diagenesis occurs at high temperature gradients and high

sedimentation rates in younger sediments (Middle Miocene and younger), while

occurring over a longer time (Early Miocene and older) in sediments having low

thermal gradients and lower rates of burial. Reconstruction of the temperature history

of two representative wells having active transitions, ODP Sites 794 and 795,

indicated that an accelerated thermal history during the Late Miocene and later

occurred in response to the peak sedimentation rates in the opal-A interval overlying

the transition zone. Compared to Site 794, Site 795 had higher accumulation rates

from the Late Miocene to Recent and a higher thermal gradient that resulted in a

greater burial temperature for the opal-A sediment unit, leading to an earlier onset of

the diagenetic transition zone.

The time and temperature dependent transformation of opal-A to opal-CT was
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modelled for Sites 794 and 795 using fundamental kinetic principles. According to

this model, the ratio of opal-A that is converted to opal-CT increased significantly

within the opal-CT sediment interval below the transition zone, in comparison with

the low precipitation of this mineral phase in the opal-A sediments above the

transition. This was due to the higher burial temperature, and therefore higher

transformation rates, in the opal-CT zone. One of the main findings based on this

kinetic model is that although the peak levels of opal-CT were achieved across the

transition zones at 8 and 5 m.y. after initial biogenic silica deposition at Sites 794

and 795, respectively, the transformation of opal-A to opal-CT was not complete

until 14 m.y. (Site 794) and 9.5 m.y. (Site 795) after initial sedimentation.
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Figure 1. Location of the investigated borehole sites.

ODP sites (circled numbers): 1) 642/Leg 104, 2) 643/Leg 104, 3) 647/Leg 105, 4)
696/Leg 113, 5) 748/Leg 120, 6) 752/Leg 121, 7) 794/Leg 127, 8) 795/Leg 127, 9)
796/Leg 127, 10) 797/Leg 127, 11) 798/Leg 128, 12) 799/Leg 128, 13) 846/Leg 138,
14) 847/Leg 138, 15) 850/Leg 138, 16) 869/Leg 143, 17) 902/Leg 150, 18) 903/Leg
150, 19) 904/Leg 150, 20) 959/Leg 159, 21) 960/Leg 159, 22) 961/Leg 159, 23)
962/Leg 159, 24) 1010/Leg 167, 25) 1011/Leg 167, 26) 1016/Leg 167, 27) 1022/Leg
167, 28) 1090/Leg 177, 29) 1095/Leg 178, 30) 1122/Leg 181, 31) 1132/Leg 182, 32)
1133/Leg 182, 33) 1149/Leg 185, 34) 1150/Leg 186, 35) 1165/Leg 188, 36)
1170/Leg 189, 37) 1171/Leg 189, 38) 1172/Leg 189, 39) 1173/Leg 190, 40)
1201/Leg 195, 41) 1207/Leg 198, 42) 1225/Leg 201, 43) 1226/Leg 201, 44)
1256/Leg 206;
DSDP sites (numbers inside squares): 45) 98/Leg 11, 46) 184/Leg 19, 47) 185/Leg
19, 48) 188/Leg 19, 49) 189/Leg 19, 50) 190/Leg 19, 51) 191/Leg 19, 52) 192/Leg
19, 53) 277/Leg 29, 54) 280/Leg 29, 55) 366/Leg 41, 56) 367/Leg 41, 57) 368/Leg
41, 58) 370/Leg 41, 59) 385/Leg 43, 60) 387/Leg 43, 61) 397/Leg 47, 62) 405/Leg
48, 63) 467/Leg 63, 64) 469/Leg 63, 65) 471/Leg 63, 66) 473/Leg 63, 67) 603/Leg
93
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Figure 2. Example of a representative ODP borehole, Well 799/Leg 128 illustrating

the correlation of abrupt petrophysical (density and porosity) variations with opal-A

content of sediment, silica sink, and appearance of porcellanites across the depth of

an opal-A to opal-CT transition penetrated at this site. Note these sharp contrasts are

not coincident with the distribution of XRD-determined diagenetic opal at this

boundary, but are almost tied to a high amplitude reflection on the seismic section at

3.08 s. 0.1 s two-way travel-time roughly equates to 84 m sediment thickness in this

profile (the data in this figure were derived and modified from Shipboard Scientific

Party, 1990c).
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Figure 3. TZA/CT thickness as estimated by changes in the physical properties of the

sediments for four representative borehole sites. The depth constraints of this

boundary using XRD, smear slides, lithological features, and pore-water chemistry

are also plotted for comparison. Some of the measurements at Sites 797 and 798

were modified from Neagu (2011). Due to low-resolution sampling spacings, the

minimum and maximum symbols could not be determined for few data types. Given

the poor recovery of the core samples, measurements of physical properties for the

DSDP sites are often absent.

Numbers on the abscissa represent the downhole measurement methods (1 = bulk density, 2
= P-wave velocity, 3 = gamma ray, 4 = porosity, 5 = resistivity) and measurements directly
on core samples (6 = wet-bulk density, 7 = porosity, 8 = P-wave velocity, 9 = gamma ray, 10
= thermal conductivity, 11 = XRD, 12 = smear slides, 13 = descriptive lithology, 14 =
dissolved silica concentration) used for determining the thickness of the TZA/CT.
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Figure 4. A) Cross-plot illustrating the relationship between the TZA/CT age and

thickness in clay-dominated (solid squares) and carbonate-dominated (× marks)

sediments; B) Age of the TZA/CT relative to the opal content of the sediment hosting

the TZA/CT. In both Figures 4A, B, circled squares denote Sites 902/150 and 903/150

where TZA/CT depth was uncertain.
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Figure 5. A) Scatterplot showing the TZA/CT temperature‒zone thickness relationship

in clay- and carbonate-dominated ODP and DSDP study sites. Values for some of

the ODP sites were derived and modified from Neagu (2011). The explanations for

the circled data points are given in Figure 4; B) Temperature contrast through the

TZA/CT versus zone thickness for the studied sites. The temperature contrast between

top and bottom of the TZA/CT was calculated using the equation: ΔT = Gδ, where ΔT

is the temperature difference (°C) between the top and bottom of the zone, G is the

geothermal gradient of the sediment column hosting the TZA/CT (in °C/m), and δ is

the TZA/CT thickness (in m). Note that the low and high values of temperature

difference between the frontiers of the TZA/CT correspond to low and high heat flow

conditions in the host sediment, respectively.
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Figure 6. A) Inverse relationship between age and in situ temperature across the

TZA/CT at the studied ODP and DSDP sites. Data for some of the ODP sites were

modified from Neagu (2011).The p-value (< significance level 0.05) shows this
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relationship is statistically significant (Noymer, 2008). The X- and Y-error bars

represent the possible age ranges of the sediment and the standard errors,

respectively; B) The age‒temperature data points of Figure 6A as classified by their

dominant host sediment types. There is a moderate inverse correlation between these

variables for clay-rich sites, while a weak anticorrelation for carbonate sediments

(Noymer, 2008). The data of Hein et al. (1978) are also plotted for comparison. The

continuous and dashed red lines represent the upper and lower limits of opal-CT

formation as determined by the Hein et al. (1978) data.
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Figure 7. A) Stability field of diagenetic silica (opal-CT) formation based on age and

temperature values at the TZA/CT depths analysed in this study. The continuous and

dashed black lines represent the upper and lower boundaries of this stability field,
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respectively. The age and temperature of the TZA/CT at Site 1173 as well as the TZA/CT

temperature at Sites 184, 471, and 1172 were slightly modified (these sites are

labelled on the diagram). The data of Hein et al. (1978) are shown for comparison.

The continuous and dashed red lines represent the original upper and lower limits of

the opal-CT stability field as defined by Hein et al. (1978); B) Distribution of the

TZA/CT temperature and time data from the studied ODP and DSDP sites within and

around the extended stability field of opal-CT formation. The frontiers of the

stability field are based on the data points from active transitions, and extrapolated

using the data points representing transitions with uncertain diagenetic status, but

fitting the inverse temperature‒age correlation for ongoing silica diagenesis (red

triangles connected with continuous and dashed black lines). The circled data points

represent likely arrested transitions (Sites 473, 846, 850, 1095, 1133, 1149, 1201,

1225; Appendix I).
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Figure 8. Geothermal evolution versus age at the TZA/CT for the study sites. Data for

some of the ODP wells were modified from Neagu (2011).The temperature history

values on the Y-axis are the product of geothermal gradient (in °C/m) and

sedimentation rate (in m/m.y.) at each site. Note the negative correlation between the

two variables. The correlation is significant at p-value < significance level 0.05

(Noymer, 2008). The circled data points represent likely arrested transitions.
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Figure 9. Correlation of porosity and density contrasts with lithological features,

opal-A depression, silica sink, and near-equilibrium pore-water saturation index with

respect to opal-CT across the penetrated opal-A to opal-CT reaction front, Sites 794

(A) and 795 (B). Black dashed lines represent solubility equilibrium (log Q/K = 0).

Red dashed lines denote top of the petrophysical TZA/CT. These sudden contrasts do

not coincide with the distribution of diagenetic opal as determined by XRD. The

lithological, petrophysical, and dissolved silica data in this figure were derived from

Shipboard Scientific Party (1990a, 1990b) and International Ocean Discovery

Program (2014), the diagenetic opal (XRD analyses) and biogenic silica values,

thermodynamic data, and smear-slides and SEM photomicrographs from Varkouhi

(2018), Varkouhi et al. (2020a), and Varkouhi et al. (2020b).
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Figure 9. Continued.
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Figure 10. Reconstructed burial and thermal histories for the sediments hosting the

TZA/CT at Sites 794 and 795. The numerical age of the sediments was derived from

the depth profiles of diatom zones and magnetostratigraphic datum levels provided in

the ODP 794 and 795 initial reports (see Shipboard Scientific Party, 1990a, b).
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Figure 11. Calculated opal-A to opal-CT transformation rates versus in situ

temperature measurements at ODP Sites 794 and 795.
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Figure 12. A) Modelled opal-A to opal-CT transformation at ODP Sites 794 and 795. Black

and red dotted lines mark the coordinates of the TZA/CT at Sites 794 and 795, respectively; B)

Reference phase diagram for silica diagenesis (redrawn from Behl, 1999); C) Comparison

between modelled and observed transformation ratios in Site 794; D) Comparison of

modelled and observed transformation ratios at Site 795. The observed transformation ratios

plotted in Figures 12C, D have been approximated by combining the results of smear-slide

analyses (Varkouhi, 2018; Varkouhi et al., 2020a) and the results of the quantitative X-ray

diffraction of the sediments from these two sites (Varkouhi et al., 2020b) to determine the

amount of biogenic and diagenetic silica in the sediment.
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Figure 13. Modelled transformation of opal-A to opal-CT as a function of

temperature and time. Sediment numerical ages were derived from the ODP 794 and

795 initial reports (see Shipboard Scientific Party, 1990a, b).
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Table 1. Likely active opal-A to opal-CT transition zones involved in this study and

their characteristics. The data were extracted from the ODP and DSDP database. No.

= the identification number of the sites presented in Figure 1. The symbols represent:

ü = yes, – = no data

No. Site
Stratigraphic

continuity
Sediment
age, m.y.

Biosilica,
%

Geothermal
gradient,
°C/km

In situ
temperature,

°C

Silica
concentration drop

at the TZA/CT

7 794 ü 7.9 55 125 37.5 ü
8 795 ü 5.3 40 132 43.2 ü
9 796 ü 5.5 35 178 38 ü
10 797 ü 8 45 121 36.9 ü
11 798 ü 3.4 35 83 38.8 ü
12 799 ü 6.2 60 98 44.2 ü
24 1010 ü 13.1 60 122 23.4 –
26 1016 ü 7.2 50 105 30.9 –
27 1022 ü 8 10 88 33.6 –
39 1173 ü 3.5 40 170 60 ü
43 1226 ü 13 45 57.2 22.9 ü
44 1256 ü 12.5 35 146 27 ü
46 184* ü 5.3 80 82 51.2 –
47 185* ü 5.3 65 50.4 35 –
48 188* ü 4.5 75 – – –
49 189* ü 4.5 20 95.8 53.7 –
50 190* ü 5.3 40 – – –
51 191* ü 3.1 25 – – –
52 192* ü 8.5 60 – – –
63 467 ü 8.5 50 63 39.2 –
65 471 ü 11.6 55 132 22.5 –

* The temperature and age data from Sites 184, 185, 188, 189, 190, 191, and 192

(DSDP Leg 19) are a major component of the Hein et al. (1978) reference stability

field. The values estimated by Hein et al. (1978) for these sites were slightly

modified in this study, using them to define the new stability field for the initiation

of opal-CT precipitation.
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Appendix I. Parameters of the ODP and DSDP sites comprising the opal-A to opal-

CT transition zone. The values were mostly extracted or derived from ODP and

DSDP datasets. Values for some of the ODP sites were derived or modified from

Neagu (2011), and the age and temperature values for the DSDP Sites 184, 185, 188,

189, 190, 191, and 192 derived and slightly modified from Hein et al. (1978). No. =

the identification number of the sites presented in Figure 1, BSi = mean biogenic

silica in the total volume of the sediment column hosting and overlying the silica

transition, ΦA = mean porosity of the sediments rich in opal-A, ΦCT = mean porosity

of the sediments rich in opal-CT, ΔΦ = difference between the mean porosity of

opal-CT- and opal-A-rich sediments, ρA = mean bulk density of the sediments rich in

opal-A, ρCT = mean bulk density of sediments rich in opal-CT, Δρ = difference

between the mean bulk density of opal-CT- and opal-A-rich sediments, VA = mean

velocity in the sediments rich in opal-A, VCT = mean velocity in the sediments rich in

opal-CT, ΔV = difference between the mean velocity in opal-CT- and opal-A-rich

sediments, RA = mean resistivity of sediments rich in opal-A, RCT = mean resistivity

of sediments rich in opal-CT, ΔR = difference between the mean resistivity of opal-

CT- and opal-A-rich sediments, G = present-day geothermal gradient of the sediment

column hosting the silica diagenetic transition, Q = present-day heat flow of the

sediment column hosting the silica transition zone, ω = mean sedimentation rate for

the period immediately following the deposition of biogenic opal
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Appendix I. Continued.

* The maximum thickness of the silica transition zone as estimated from the porosity
depth profiles.
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Appendix II. Characterisation of the opal-A to opal-CT transformation, penetrated by

the studied ODP and DSDP sites, using the data types described in the Section

Identification of TZA/CT. The values were mostly extracted or derived from ODP and

DSDP datasets. Values for the ODP Sites 794 and 795 were derived from Varkouhi

et al. (2020b), and the limited XRD data for the DSDP Sites 184, 185, 188, 198, 190,

191, and 192 derived from Hein et al. (1978). Interstitial-chemistry data for DSDP

Sites 387, 469, and 471 were derived from Hesse and Schacht (2011). No. = the

identification number of the sites presented in Figure 1, Opal-CTA = mean amount of

opal-CT in the opal-A-rich sediments above the silica transition, Opal-CTCT = mean

amount of opal-CT in the opal-CT-rich sediments hosting the silica transition, BSiA =

mean biogenic silica in the total volume of the opal-A-rich sediments, BSiCT = mean

biogenic silica in the total volume of the opal-CT-rich sediments, DSiA = mean pore-

water concentration of dissolved silica in the opal-A-rich sediments, DSiC T = mean

pore-water concentration of dissolved silica in the opal-CT-rich sediments

20

89

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

1847

1848

1849

1850
1851

1853

1854

1855

1856



Appendix II. Continued.
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Appendix III. Statistics for the TZA/CT thickness (upper table) and temperature (lower

table) values presented in Appendix I.

Statistical parameters Clay-dominated
sites

Carbonate-
dominated sites

All studied sites

Count 28 23 51

Sum 635 520 1155

Minimum 10 10 10

Maximum 40 40 40

Range 30 30 30

Average 22.68 22.61 22.65

Averagea 22.68 22.61 22.65

Average deviation 7.7 8.6 8.11

Median 20 20 20

Mode 15 15 15

Standard deviation 9.41 9.64 9.42

Population standard deviation 9.24 9.42 9.32

Variance 88.6 92.88 88.71

Population variance 85.43 88.85 86.97

Kurtosis -0.54 -1.4 -0.96

Skewness 0.71 0.3 0.5

Statistical parameters Clay-dominated
sites

Carbonate-dominated 
sites

All studied sites

Count 31 16 47

Sum 900.6 270.3 1170.9

Minimum 4.8 2 2

Maximum 60 27 60

Range 55.2 25 58

Average 29.05 16.89 24.91

Averagea 29.05 16.89 24.91

Average deviation 12.49 7.27 11.53

Median 30.9 17.7 23.4

Mode 11 27 27

Standard deviation 14.95 8.59 14.28

Population standard deviation 14.71 8.32 14.12

Variance 223.58 73.85 203.81

Population variance 216.37 69.24 199.47

Kurtosis -0.78 -1.12 -0.45

Skewness 0.03 -0.44 0.39
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Appendix IV. A) APC tool components (left to right background): APC tool on

cylindrical holder, APC landing sub, APC coring shoe (with internal annular cavity),

interface cable attached to another APC tool (turned to show battery packs), and

interface box. (left to right in the foreground): battery packs, tool retaining rings, and

extraction tools (photograph from Fisher and Becker, 1993); B) WSTP probe

assembly for temperature measurement and fluid sampling. All dimensions in

centimetres (redrawn and slightly modified from Fisher and Becker, 1993).
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Appendix V. Upper histogram showing the depth distribution of the opal-A to opal-

CT transition zones in clay- and carbonate-rich lithologies drilled at the studied

borehole sites. Lower histogram showing the distribution of TZA / C T thickness

categories for the investigated sites. Each half-open thickness interval on the abscissa

also includes its upper (right hand side) end point.
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Appendix VI. Upper histogram showing the age distribution of silica diagenetic

transitions in the studied ODP and DSDP boreholes. The abbreviations represent: M.

Palaeoc. = Middle Palaeocene, L. Palaeoc. = Late Palaeocene, E. Eoc. = Early

Eocene, M. Eoc. = Middle Eocene, L. Eoc. = Late Eocene, E. Olig. = Early

Oligocene, L. Oligocene = Late Oligocene, E. Mioc. = Early Miocene, M. Mioc. =

Middle Miocene, L. Mioc. = Late Miocene, E. Plioc. = Early Pliocene, L. Plioc. =

Late Pliocene. Lower bar graph showing the distribution of temperature at TZA/CT

depth for the studied borehole sites. Each half-open temperature interval on the

abscissa also includes its upper end point.
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Appendix VII. Thermodynamic modelling of biogenic silica diagenesis.

According to earlier works (e.g., Kastner et al., 1977), the transformation of opal-A
to opal-CT requires the dissolution of siliceous tests into pore waters and
reprecipitation of the dissolved silica, as dispersed crystalline cristobalite, within the
sediment matrix (Langseth and Tamaki, 1992). The precipitation of opal-CT is the
target transformation process in silica diagenesis, and is substantially influenced by
the temperature‒time dependent dissolution rate of biogenic silica that controls
silicic acid concentrations being released into the pore solutions (e.g., Varkouhi and
Wells, 2020). The dependence on temperature and time of the reaction can be
described by the Arrhenius equation:

(1.1)

where k is the first-order kinetic coefficient (in 1/m.y.) , A is the pre-exponential
factor (7.18 × 1013/m.y., according to Icenhower and Dove, 2000), Ea is the
activation energy (92000 J/mol; Icenhower and Dove, 2000) , R is the gas constant
(8.314 J/K.mol), and T is the temperature (in K).

There are two key parameters in this equation:
a) The pre-exponential factor represents the frequency of collisions between reactant
molecules of solid silica and water. Given this, A is a temperature-dependent factor
because the molecular collision, and therefore the production of dissolved silica is a
function of temperature. As temperature increases, these reactant molecules move
faster (i.e., a higher kinetic energy) and are more likely to further collide (after
Chang, 2005; Atkins and de Paula, 2006). Accordingly, Icenhower and Dove (2000)
experimentally calculated a pre-exponential value of 7.18 × 1013/m.y . for the
dissolution of biogenic opal in marine sediments, which was chosen in this study for
modelling of biogenic silica diagenesis.

b) The apparent activation energy is the minimum amount of energy required to start
the chemical reaction. If the temperature is higher, the reactant opal and water
molecules reach higher levels of kinetic energy, and hence the energy difference
between the threshold energy and the energy of the molecules decreases. This means
less activation energy needs to be supplied to the reactants to overcome the threshold
energy (e.g., after Agarwal, 2019), which is a barrier for the dissolution of opal. As a
consequence, the lower the activation energy, the earlier the reaction, and the higher
the reaction rate. Following these correlations, the modelling approach in this study
used an activation energy of 92 kJ/mol (92000 J/mol) calculated by Icenhower and
Dove (2000) for the dissolution of biogenic silica during later diagenesis.
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Appendix VII. Continued.

The kinetic coefficient, k, in Equation 1.1 represents the transformation rate, and it
describes how fast (time function) opal-A can be transformed into opal-CT at a given
temperature. Temperature controls the kinetic rate constant through stimulating the
frequency of molecular collisions, which in turn affects the activation energy to
initiate the silica dissolution reaction (after Dralus et al., 2015). This allows for
predictions toward variations in the kinetic rate coefficient with temperature. As the
ratio of the activation energy to the kinetic energy increases (i.e., the exponent Ea/RT
with consideration of the negative sign behind it), the kinetic coefficient increases
(Varkouhi and Wells, 2020). The first step toward the modelling of time‒temperature
dependent silica diagenesis is the evaluation of the silica transformation rate, which
can be best estimated by k values. The second step is to estimate the transformation
ratio that represents the relative amount of opal-A transformed to opal-CT at a
certain point. This reacted opal-A content can be extracted based on the first-order
rate law:

(1.2)

where A is the amount of biogenic silica at time t ≠ 0 (in volume %), A0 is the initial
amount of biogenic silica (in volume %), k is the rate coefficient (in 1/m.y.), and t is
the elapsed time (in m.y.).

The key parameters in the rate law equation are time and the transformation rate (k),
clearly illustrating the relevance of time and temperature during silica diagenetic
transformation.

The transformation ratio can then be calculated using equation k' = 1 - (A/A0), where
k' is the transformation ratio and A/A0 is the relative amount of unreacted opal-A.
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