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ABSTRACT 29 

The interplay of diagenetic processes in time and space makes quantitative assessments for 30 

paleoenvironmental reconstructions and reservoirs property predictions difficult. We studied the first 31 

meter of carbonate sediments of the Dziani volcanic crater lake (Mayotte Island), seen as an analog of 32 

lacustrine carbonates formed in rift settings and developed a new reactive-transport model with the 33 

Crunchflow code, which allows the quantification of diagenetic reactions by considering burial rate 34 

and sediment compaction.  The model is constrained by the already-known solid phase composition of 35 

the lake sediment and by a series of new data: 
14

C dating of plant macro-remains to characterize the 36 

sediment age model, chemical composition of sediment pore waters and chemical and isotopic 37 

composition of gases dissolved and bubbling through the lake. These new data reveal a massive 38 

magmatic CO2 contribution to the dissolved inorganic carbon of the lake, which fuels the primary 39 

productivity and the carbonate formation. The intense primary productivity raises the lake water pH 40 

above 9, inducing supersaturations of the surface sediment pore waters relative to aragonite, 41 

hydromagnesite and saponite. The model allows quantifying the contributions of microbial 42 

degradation of organic matter and magmatic CO2 inflows (2 mol.% and 22 mol.% at 1 m depth, 43 

respectively) to the dissolved inorganic carbon of sediment pore waters. These magmatic CO2 inflows 44 

induce a pH decrease at depth, leading to the destabilization of hydromagnesite while saponite and 45 

aragonite remains stable. These results bring new insights on the origin and diagenetic evolution of 46 

lacustrine carbonates in rift settings. They demonstrate the possible role of magmatic CO2 in setting 47 

the chemical conditions required for the co-precipitation of carbonate and Mg-silicates, in fueling the 48 

carbonate production, and in controlling the diagenetic evolution of the sediment mineralogy.  49 

Keywords: magnesium phyllosilicates, rift settings, reactive transport modeling, kinetics, magmatic 50 

CO2, saponite, isotopy, Dziani Dzaha, volcanic crater lake 51 

1. Introduction 52 

Diagenetic processes are an important feature of the functioning of the Earth system, from the 53 

reconstruction of paleoenvironments and biogeochemical cycles to the prediction of sedimentary rocks 54 

porosity and permeability. The diagenesis of reactive minerals, such as carbonates, is an especially 55 

complex system as both chemical and physical processes occur concurrently. In addition to 56 

compaction during burial, diagenetic evolution of carbonate-bearing rocks can be affected by 57 

dolomitization and dedolomitization
1,2

, carbonate cementation
3
, acidic fluids inputs

4,5
, dissolution of 58 

associated magnesium phyllosilicates
6–8

, and bacterial and thermal sulphate reduction
9
 among others. 59 

Thus, the outcomes of diagenesis are the results of a combination of processes occurring 60 

simultaneously or successively and in various extents depending on the initial sediment composition, 61 

the nature of the pore fluids, and the pressure and temperature conditions
10

. One of the main 62 
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challenges to further improve our understanding of the depositional and post depositional conditions 63 

leading to sedimentary rocks is to quantify how diagenetic processes interact together in time and 64 

space. 65 

Numerical models allow exploring the highly nonlinear coupling that characterizes natural 66 

systems. It allows quantitative evaluation of the coupling between physical, chemical, and biological 67 

processes that control Earth surface systems
11,12

. Relying on thermodynamics and kinetics constants 68 

available for an increasing number of reactions
13–16

, reactive transport codes can be used to perform 69 

forward modeling of compositional changes of fluid and solid phases of sedimentary columns as burial 70 

and fluid circulation occur
10,17–20

. Because of the chemical reactivity of carbonates, this approach is 71 

especially valuable for paleoenvironmental interpretations of carbonate sediments which are among 72 

the most abundant and widely used archives of Earth chemical and climatic history
21–23

.  73 

Cretaceous pre-salt carbonates of the South Atlantic continental margins and Proterozoic 74 

carbonates of the Ediacaran Doushantuo formation have been the focused of many studies of 75 

paleoenvironmental reconstruction in recent years
6–8,22,24–28

. Pre-salt carbonate rocks contain some of 76 

the most significant petroleum reservoirs discovered in decades while the Ediacaran formation (635 to 77 

551 Ma) hosts the earliest animal fossils in the geological record. In both formations, carbonates are 78 

associated with Mg-phyllosilicates; however, the sources of magnesium, silica and high pH values 79 

required for the Mg-phyllosilicates formation remain unclear, preventing accurate paleoenvironmental 80 

reconstruction
8,22,24,27,29,30

. Questions remain on the initial mineralogy of the Ca-carbonates and on the 81 

source of carbon capable of producing carbonates in lacustrine environments with the volume and the 82 

spatial extent of the pre-salt carbonates
28,29

.  83 

The geochemical and sedimentological study of contemporaneous analogs of those 84 

paleoenvironments, coupled with quantitative diagenetic models, is a method to assess these questions. 85 

In this contribution, we studied the first meter of carbonate sediments of the Dziani Dzaha volcanic 86 

crater lake (Mayotte Island), seen as a good analog of lacustrine environments in the early stages of 87 

continental rifting during which low mantle uplift results in low partial melting, producing alkaline 88 

magma
31,32

. The Dziani Dzaha sediment, previously characterized in detail by Milesi et al. 
33

, shows 89 

significant compositional changes with depth, with a decrease of hydromagnesite and organic matter 90 

and a simultaneous increase of a Mg- and Al-rich smectite characterized as a saponite-like mineral 91 

(referred hereafter as saponite). The pore water chemistry, the chemical and carbon isotopic 92 

composition of gases bubbling through the lake, the concentration of CH4 dissolved in the lake water, 93 

and 
14

C dating of plant macro-remains in the sediment cores were acquired to develop a fully-94 

constrained reactive transport model of the diagenetic processes at play. The model accounts for the 95 

fluid and solid burial as well as the sediment compaction with time. The early diagenesis is a stage of 96 

considerable compositional changes due to the interplay of biological, chemical and physical 97 
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processes
34

. Our study focuses on those processes, which are the foundation toward modeling further 98 

diagenetic stages in larger-scale basins.  99 

 100 

2. Geologic setting and limnology of the Dziani Dzaha 101 

The Dziani Dzaha is a tropical crater lake located on the island complex of Mayotte, which is the most 102 

southern island complex of the Comoros Archipelago (western Indian Ocean). The island of Petite 103 

Terre results from the most recent magmatic events in the Mayotte history, starting 80,000 years ago. 104 

It is made primarily of pyroclastic rocks of phonolitic/alkaline composition produced by partial 105 

melting of the lithospheric mantle metasomatized by CO2-rich fluids
35,36

. The Dziani Dzaha is hosted 106 

in a volcanic crater formed by a phreatomagmatic eruption, which may correspond to one of the most 107 

recent volcanic events of the island of Petite Terre dated from 9 Ka to 4 Ka
37

.  108 

The lake is meromictic. It is approximately at sea level, with an average depth of 3.5 m, and a 109 

singular depression down to 18 m where the water does not intermix (monimolimnion layer) (Fig. 1). 110 

Four sites of volcanic gas bubbling are identified within the lake associated with microbialites mainly 111 

made of calcite and aragonite
38

. The lake water has a salinity ranging from 34 and 71 g·kg
-1

 depending 112 

on the season and depth (i.e., between once and twice seawater’s salinity), alkalinity of ~0.2 mol∙L
-1

 113 

and pH values ranging from 9.1 to 9.4. The surface temperature varies between 28 and 36°C. 114 

Together, these characteristics correspond to the thalassohaline lake definition
39

. The lake biomass is 115 

dominated by cyanobacteria, with a primary productivity of ~8 g of C∙m
-2
∙day

-139
, close to the 116 

maximum rate of photosynthesis for tropical and subtropical lakes
40

. The most likely theory of the lake 117 

origin is sea water filling the volcanic crater formed by the phreatomagmatic eruption
39

. The 118 

limnigraphic measurements performed since 2014 show a balanced hydrologic budget. The lake water 119 

level is constant, with maxima reached from December to February and minima from Mai to 120 

September. Contribution of seawater inflows pulsed by tidal waves to the hydrologic budget can be 121 

ruled out as, even mitigated, they would have been recorded by the limnigraphe considering its 122 

sensitivity (±10 mm) and the magnitude of the tidal waves (3 m). The absence of external water 123 

inflows is confirmed by the concentration of the conservative elements, Cl and Br which are not 124 

involve in any biogeochemical processes. The Cl/Br ratio of the lake water is within 10% equal to that 125 

of seawater (Table S1). Therefore, the Cllake/Clseawater ratio of ca. 1.7 can be attributed to the lack of 126 

meteoric inputs compared with evaporation over the life time of the lake (Table S1). Given this 127 

preliminary interpretation of the lake origin and functioning (further investigations in progress), the 128 

massive photosynthetic activity in the lake is the most likely process at the origin of the high pHs. 129 

 The uppermost sediment of the Dziani Dzaha is dominated by organic matter and the 130 

authigenic carbonates, aragonite and hydromagnesite
33

. With increasing depth, the content of 131 
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hydromagnesite decreases while the one of saponite increases. Over the same interval, the organic 132 

matter which represents up to 40wt.% of the uppermost sediment in the deep parts of the lake 133 

decreases to 25-30wt.% at 1 m depth. Detrital inputs made of alkaline feldspar, clinopyroxene and 134 

volcanic pumice are present along the first meter of sediment. This mineral composition is observed in 135 

all sediment cores collected between 2 to 5 meters of water depth.  136 

 137 

Figure 1. (a and b) Situation map of the study site (modified from the study of Milesi et al.
33

). (c) 138 

Bathymetric map of the Dziani Dzaha showing bubbling sites (light red circles), microbialites (light 139 

grey circles), sites of sediment core sampling (CX, red triangles), sampled water column (blue square) 140 

and bubbling gases (GX, green circles).   141 
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3. Material and Method 142 

3.1 Nomenclature 143 

All samples are named as follows. For DZ14-10 C4, “DZ” is for Dziani, “14-10” is for the year (2014) 144 

and month (October) of the survey and C4 refers to the sediment core 4. In this nomenclature, “C” 145 

stands for sediment core, “G” for gas sample and “WC” for water column. The samples are listed in 146 

Table S2 in supporting information. As the sediment cores and the gas samples were named according 147 

to their sampling order, they are named in Figure 1 and in the article only as CX and GX, with X the 148 

number of the sample. 149 

3.2 Sampling 150 

The pore waters of sediment core C12 were sampled with Rhizon samplers during the survey of 151 

August 2016. The porous tubes with a mean pore size of 0.15 µm were placed every 2.5 cm along the 152 

1 m long sediment core and connected to 12 mL-evacuated Exetainer
®
 vials or to plastic syringes in 153 

order to avoid silicon contamination from the Exetainer
®
 glass. Within a few hours after collection, the 154 

27 pore water samples were acidified with high purity HNO3 for ulterior analysis of major cations 155 

concentrations. 156 

 The water column was sampled above the 18 m depression of the lake with a Niskin
®
 bottle 157 

during the surveys of September 2010, 2011, April 2012, 2014 and August 2016. The lake waters were 158 

stored in 12 mL Exetainer
®
 vials filled with water (no headspace) and poisoned with mercuric chloride 159 

(HgCl2) to prevent microbial activity.  160 

Radiocarbon measurements were performed on dissolved inorganic carbon (DIC), particulate 161 

organic carbon (POC), sediment inorganic carbon (SIC), sediment organic carbon (SOC) and on 162 

terrestrial plants macro-remains. Dissolved inorganic carbon (DIC) was sampled as Ba-precipitates. At 163 

field, a solution of concentrated Ba-hydroxide is introduced into headspace-free sampling bottles (1L), 164 

causing the precipitation of DIC as Ba-carbonates which are later filtered (glass fiber filter grade GF/C 165 

≈ 1.2µm) and dried under an atmosphere free of CO2. Particulate organic carbon (POC) was sampled 166 

by filtration of water on GF/F glass fiber filters (≈ 0.7 µm).  167 

For the sampling of gases bubbling at the lake surface (survey of August 2016), 12 mL 168 

Exetainer
®
 vials were filled with the lake water and then flushed with the bubbling gases until water is 169 

completely removed. Contamination from atmosphere is carefully avoided by constantly keeping the 170 

vials under the water level during sampling.  171 
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3.3 Chemical and isotopic composition of pore waters and gas samples 172 

The pH values of pore waters were measured within a few hours after sampling. Major cations were 173 

analyzed at the IPGP laboratory with inductively-coupled plasma atomic emission spectroscopy (ICP-174 

AES).  Sulfate, H2S and CH4 were not measured because of the difficulty of avoiding the degassing 175 

and oxidation of H2S and CH4 during the sediment core collection and during the sampling and storage 176 

of the pore waters.  177 

The carbon and hydrogen isotope composition of CH4 and CO2 of bubbling gases and of pore 178 

waters were analyzed at the IFPEN laboratory by sampling directly the headspaces of Exetainer
®
 vials. 179 

CH4 and CO2 were separated by on-line gas chromatography and their carbon and hydrogen isotope-180 

ratios were measured by mass spectrometry. Isotopic compositions are reported relative to the Peedee 181 

belemnite (PDB) standard for carbon and relative to the Standard Mean Ocean Water for hydrogen 182 

(SMOW). Precisions for isotopic compositions are of ±1‰ for δ
13

C and ±5‰ for δD. 183 

The concentration of CO2 and CH4 dissolved in the water column was measured at the IFPEN 184 

laboratory after splitting the water samples in two parts in order to create headspaces in the Exetainer
®
 185 

vials (a syringe is introduced through the septa to transfer the liquid from one vial to another). After 186 

48h of equilibration, the gas phase was sampled with a gas tight syringe and injected in a gas 187 

chromatograph connected to a thermal conductivity detector and a flame ionization detector, allowing 188 

quantification of H2, He, CO2, O2, N2, and all hydrocarbons from methane to iso- and normal-butane. 189 

Precisions for individual components are ±2%. The concentrations of dissolved methane and CO2 190 

were calculated considering gas/solution equilibrium.  191 

3.4 Porosity profile and density calculations 192 

The water content was estimated in the sediment core C12 by weighting 29 fresh samples before and 193 

after drying (80°C). The measurements were corrected for the precipitation of halite (NaCl) during 194 

drying, using the pore water salinity and the water content to calculate the amount of precipitated 195 

halite. As no data was available for the sediment composition of the core C12, the density of the dried 196 

sediment was calculated using the organic matter and mineral contents of the sediment core C4 and 197 

C10
33

. This approach is reasonable given the steady sediment composition between cores collected 198 

close to one another
33

. The densities for aragonite, hydromagnesite, alkaline feldspar, clinopyroxene, 199 

saponite, organic matter, halite, pyrite and magnetite are taken to be 2.9, 2.2, 2.6, 3.2, 2.5, 0.8, 2.2, 5.0 200 

and 5.2 kg·m
-3

, respectively.  201 

3.5 Radiocarbon measurements 202 

Water column and bulk sediment samples were analyzed by accelerator mass spectrometry (AMS) at 203 

the LMC14 Artemis AMS facility (CEA Saclay - Gif/Yvette, France). Dissolved and sediment 204 
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inorganic carbon (DIC as Ba-carbonates and SIC, respectively) were extracted at 60°C by adding 205 

anhydrous H3PO4 until complete CO2 outgassing occurred. For particulate and sediment organic 206 

carbon (POC and SOC, respectively), the samples were acidified (0.5M HCl, 80°C, 1 hour) to remove 207 

the carbonates and rinsed with deionized water. POC and SOC were then converted to CO2 at 900°C 208 

during 4 hours in contact with Cu-oxides and a wire of Ag. The 
14

C activities are reported relative to 209 

the oxalic acid standard HOxII and normalized to a δ
13

C value of -25‰. Radiocarbon ages and Detla 210 

notations are calculated according to the studies by Mook and van der Plicht
41

 and Stuiver and 211 

Polach
42,43

, respectively.  212 

Terrestrial plant macro-remains were analyzed by means of Aix-MICADAS AMS facility of 213 

Aix-en-Provence
44

. The samples were treated with a modified ABA chemical pretreatment to avoid 214 

possible contaminations from the lake DIC, carbonates and organic carbon
45

. Standards (OxA2 NIST 215 

SRM4990C) and blanks (VIRI K) were analyzed together with samples. The 
14

C data are reported in 216 

terms of conventional 
14

C age in years BP and in F
14

C
42,46,47

. 217 

3.6 Reactive transport modeling 218 

The CrunchFlow multicomponent reactive transport code
48

 was used with the Thermoddem 219 

database
13,14

 to model the early diagenesis of the sediment. The model accounts for kinetic and 220 

thermodynamic chemical processes (water/rock interaction), diffusive transport, together with fluid 221 

and sediment burial and compaction with time.  222 

3.6.1 Solid and fluid burial 223 

Sediment compaction depends on the time-scale, the stress, the pressure, the temperature and the 224 

rheology of the sediments
17,49

. The downward advection of the pore water (i.e., fluid burial rate) is 225 

identical to the burial rate of solids relative to the water-sediment interface only if the compaction is 226 

negligible and if there is no external driving force for the fluid (such as upwelling from hydrothermal 227 

vents or lateral fluid flow). Compaction over long time scales in fine-grained sediments results in non-228 

constant pore water and solid burial rates that can produce appreciable changes in the water content, 229 

and therefore, in the chemical profiles
11

. For instance, reaction-generated grain-scale permeability is 230 

sealed rapidly by compaction, which prevents or at least reduces fluid fluxes
49

. 231 

 The solid burial rate, ω, can be determined from the conservation of solid sediment mass 232 

(where ϕ is the porosity and z is the depth (m)) as follow
11,17

: 233 

  (   )  

  
        Eqs (1) 234 

The fluid flow due to compaction, υ, can be determined from the conservation of fluid mass given the 235 

assumption of steady-state compaction: 236 
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 (  )

  
        Eqs (2) 237 

The porosity profile ϕ as a function of the depth z was fitted in this study assuming that the 238 

dissolution/precipitation mechanisms influence the porosity . Considering the asymptotic burial rate of 239 

fluid and solid as boundary condition, the equations (1) and (2) become respectively: 240 

  
 (         )

    
,      Eqs (3) 241 

  
        

  
,       Eqs (4) 242 

with ϕz the porosity at a given depth z and ϕbottom and W the porosity and the asymptotic burial rate, 243 

respectively. Then, solid and fluid burial rates were calculated by solving numerically the equations 244 

(3) and (4) using the expression of the porosity profile. The fluid and solid burial rates are considered 245 

asymptotic at 5 m depth, which, according to most recent coring, is the approximated depth of the 246 

volcanic basement.  The value of the asymptotic burial rate at 5 m depth (W) was adjusted for the 247 

calculated solid burial rate to fit at best the sedimentation rate determined using the plant macro-248 

remains ages.  249 

3.6.2 Minerals, organic matter and associated reactions 250 

The sediment composition is dominated by organic matter and authigenic minerals (aragonite, 251 

hydromagnesite and Mg-rich saponite) with lower amounts of detrital silicates, mostly clinopyroxenes 252 

and alkaline feldspars with a chemical composition close to the one of anorthoclase (Na0.7K0.3Si3O8)
33

. 253 

Accordingly, albite, diopside, aragonite, hydromagnesite, dolomite, gibbsite, quartz, microcline and 254 

Mg-rich saponite are considered in the model. Those minerals may either precipitate or dissolve 255 

depending on the saturation state of the pore waters. The reaction kinetics R (mol·s
-1

) are described 256 

according to the TST rate law
50–53

 as:  257 

       
   
  ∏  

 (  (
 

 
) )     Eqs (5) 258 

where A is the mineral surface area (m
2
·g

-1
), k is the intrinsic rate constant (mol·m

-2
·s

-1
), Ea is the 259 

activation energy (kcal·mol
-1

), R is the gas constant (J⋅K-1⋅mol
-1

), T is the temperature in Kelvin, Πai
n
 260 

is a product of the activities a of various ions i in solution raised to the power n, which represents the 261 

inhibition or catalysis of the reaction by these ions. Especially, it allows considering a dependence of 262 

the reaction on pH. Q is the ion activity product for the mineral-water reaction, K is the corresponding 263 

equilibrium constant, Ɵ and ƞ are empirical parameters describing the affinity dependence of the 264 

reaction. The thermodynamic and kinetic parameters for minerals are based on literature values (Table 265 

1). The rate constant of Mg-saponite is adjusted to fit the observation as no data exists in the literature. 266 
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The organic matter is treated as a solid phase with a simplified stoichiometry of CH2O. The 267 

mineralization of the organic matter is represented by a reaction that describes a simplified process of 268 

microbial methanogenesis coupled to microbial fermentation (Table 1). This approach relies on the 269 

observation of high densities of methanogens and heterotrophs in the lake waters
39

.  270 

Table 1. Thermodynamic and kinetic parameters of the modeled reactions 271 

Solid phases Reaction stoichiometry 
log K* 

(25°C) 

log k** 

(mol·m-2·s-1) 

Surface area 

(m2·g-1) 

Activation energy 

(kcal·mol-1) 

Ion activity 

dependence§ 

(i, n) 

Affinity 

dependence§§ 

(Ɵ, ƞ) 

Organic matter 2CH2O  CO2 + CH4 10 -10.354 1.555 0 
 

1, 1 

Albite 
NaAlSi3O8 + 4H+ + 4H2O  

Al3+ + Na+ + 3H4SiO4(aq) 
2.996256 -9.8515 0.657 13.415 OH- 0.3215 / none 0.48, 10015 / 1, 1 

Microcline 
KAlSi3O8 + 4H+ + 4H2O = 

Al3+ + K+ + 3H4SiO4(aq) 
0.003656 -9.85based on 15 0.657 13.4based on 15 

 
1, 1 

Diopside 
CaMgSi2O6 + 4H+ + 2H2O = 

Ca2+ + Mg2+ + 2H4SiO4(aq) 
21.734558 -9.5459 357 9.759 H+ 0.1859 1, 1 

Quartz SiO2 + 2H2O =H4SiO4(aq) -3.737260 -9.72c / -11.4915 0.215 19.1215 / 11.9515 OH- 0.3415 / none 1, 1 / 4.58, 0.5415 

Gibbsite Al(OH)3 + 3H+ =Al3+ + 3H2O 7.734161 -5.5115 115 11.515 OH- 1.015 1, 1 

Aragonite CaCO3 + H+ =Ca2+ + HCO3
- 2.014362 -5.5763 / -7.6564 0.165 0 / 17.0264 

 
1, 0.8663 / 1, 1.764 

Hydromagnesite 
Mg5(OH)2(CO3)4·4H2O + 6H+ = 

4HCO3
- + 5Mg2+ + 6H2O 

31.392266 -10.3967 1.067 10.8767 
 

0.2, 167 

Dolomite 
CaMg(CO3)2 + 2H+ = 

2HCO3
- + Ca2+ + Mg2+ 

3.532856 
-7.9615 /  

-14.0215 
0.115 7.4115 / 24.6115 

 
0.16, 2.115 / 1, 1 

Saponite 

Mg0.17Mg3Al0.34Si3.66O10(OH)2 + 7.36H+ = 

2.64H2O + 0.34Al3+ + 3.17Mg2+ + 

3.66H4SiO4(aq) 

28.793714 -18⸆ 15068–71 14.58based on 15 
 

1, 1 

Values on the left and right side of the slash symbol are for dissolution and precipitation reactions, respectively. In case of 272 
single value, the value is used for both dissolution and precipitation reactions.  273 
*K is the equilibrium constant of the reaction. Thermodynamic data are from the Thermoddem database (Blanc et al., 2012). 274 
**k is the intrinsic rate constant. 275 
§The first term i is the ion in solution, the second term n is the power to which the activity of ion i is raised. 276 
§§The first and second term are the empirical parameters Ɵ and ƞ describing the affinity dependence. 277 
⸆fitted with the observation 278 

3.6.3 Model conditions and parameters 279 

The model domain consists of a one-dimensional column of sediment with a Dirichlet-type boundary 280 

condition at the sediment-water interface (infinite reservoir with constant concentrations for dissolved 281 

species and constant volume fractions for solids), and a pure advective, no diffusive flux boundary 282 

condition at the bottom (1 m depth) (Fig. 2). A fixed grid of 1 m height is used, made of 200 cells with 283 

a constant grid spacing of 5 mm. Initially, the entire column is free of organic matter or minerals and 284 

filled with the surface porewater charge balanced with chloride (Table 2). The aluminum 285 

concentration is set at equilibrium with gibbsite. Iron was not considered which appears reasonable 286 

considering its low concentrations in pore waters (mostly <50µM) and the absence of significant 287 

amounts of iron bearing mineral in the sediments
33

. The Dirichlet-type boundary condition at the 288 

sediment-water interface allows modeling constant inputs of water, minerals and organic matter from 289 

the lake to the sediment column. The supplied water has a constant composition equal to the one of 290 

surface pore waters. The volume fraction of supplied minerals and organic matter at the Dirichlet-type 291 

boundary condition is adjusted to fit the observations (Table 2). In addition to albite and diopside, an 292 

input of hydromagnesite is considered as it is expected to precipitate in the lake-water column or at the 293 
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sediment surface due to its supersaturation in the lake water. Fluids and solids are supplied to the 294 

sediment column considering the calculated burial rate and water diffusion. There are no additional 295 

transport processes such as advection, therefore no permeability value is required in the model. The 296 

initial porosity of 100% (column free of solid phases) is updated at each calculation step as minerals 297 

and organic matter are brought from the sediment-water interface and precipitate or dissolve during 298 

the calculation. At the flux boundary condition (bottom of the sediment column), an injection of CO2 299 

is considered. The gas flow rate is adjusted to fit the pH profile. The temperature, pressure, and pore 300 

diffusion coefficient are fixed at 30°C, 1 bar, and 2∙10
-9

 m
2
∙s

-1
, respectively. Each simulation was run 301 

for 4000 years, which corresponds to the estimation of the youngest age of the lake formation
37

 and is 302 

equal to 4 times the approximate age of the sediment at 1 m depth . This results in the sediment from 303 

the sediment-water interface moving completely through the column, thus achieving quasi-steady state 304 

results.  305 

 306 

Figure 2. Schematic diagram of the reactive transport model.  307 

  308 

Lake water – sediment boundary condition :
- Dirichlet condition
- Infinite cell (Lake)
- Fixed chemistry of surface porewater 
- Constant inputs of detrital minerals and 

organic matter from the lake

1D Grid:
- One-meter height
- Constant cell size of 5 mm (200 cells)
- Initially filled with surface porewater
- No mineral nor organic matter

Transport to the grid cells:
- Mineral and organic matter 

sedimentation according to the solid 
burial rate,  function of depth

- Water inputs according to the fluid 
burial rate, function of depth

- Pore water diffusion

Initial conditions
(t=0)

Boundary condition at the bottom of 
sediment core (1m):
- Flux condition downward
- CO2 injection imposed in the last grid cell



CO2



CO2
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Table 2. Boundary conditions of the reactive transport model at the sediment-water interface 309 

Water Organic matter and minerals 

- Concentration (mol∙kg-1) - Volume fraction (m3∙m-3) 

Temperature (°C) 30 Organic matter 0.0038 

pH 9 Albite 0.003 

HCO3
- 2∙10-1 Diopside 0.001 

Cl- charge balanced Hydromagnesite 0.0015 

Na+ 0.95   

K+ 3.5∙10-2   

Mg2+ 4∙10-3   

Ca2+ 1∙10-4   

Al3+ Gibbsite*   

SiO2(aq) 1.7∙10-4   

O2(aq) 1∙10-10   

4. *
Al concentration set at equilibrium with gibbsiteResults 310 

4.1 Dissolved and bubbling gases  311 

The concentration of dissolved methane in the water column evolves along its saturation 312 

concentration, increasing with depth to reach 3180 µM at 18 m depth (Fig. 3, Table S3 in supporting 313 

information). The CO2 concentration increases from 24 µM at surface to 263 µM at 18 m depth and 314 

remains ca. two orders of magnitude lower than its saturation concentration. Both concentrations of 315 

methane and CO2 are orders of magnitude higher than their respective concentrations at equilibrium 316 

with atmosphere.  In the pore waters, the δ
13

C and δ
2
H values of dissolved methane range between -317 

72‰ and -62‰ and between -177‰ and -230‰, respectively (Fig. 4, Table S4 in supporting 318 

information), while dissolved CO2 has δ
13

C values between +2‰ and +7‰. The gases bubbling at the 319 

lake surface are mostly made of CO2, with minor amounts of N2, O2 and CH4 (Table 3). The samples 320 

G3, G4, G7 and G10 contain mostly CO2 (>95 vol.%) with low amounts of methane (~0.3%). The 321 

δ
13

C values of CO2 and CH4 gases range between 0 and -3‰, and between -17 and -11‰, respectively. 322 

The samples G5, G11 and G12 have similar chemical composition and δ
13

C values of CO2 but the δ
13

C 323 

values of CH4 are lower, ranging from -21 to -29‰. Sample G2 has a different chemical and isotopic 324 

composition. Methane represents 80 vol.% of the gas and its carbon isotope composition is of -66‰, 325 

close to the one of dissolved methane of pore waters. The CO2 represents only 1.4 vol.% of the gases 326 

and its δ
13

C value of -20‰ is lower than in other samples.  327 

  328 
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 329 

Figure 3. Concentration of dissolved methane and CO2 in the water column straight up the 18 m 330 

depression (DZ14-4 WC). Methane and CO2 data are in red and blue, respectively. The open circles 331 

are the measured concentrations. The modeled CO2 and CH4 concentrations in the first 10 cm of 332 

sediment are shown with open diamonds, at the average depth of the lake water – sediment interface. 333 

The dashed and dotted lines are the saturation concentrations and the concentrations at equilibrium 334 

with atmosphere, respectively. Calculation is done at 30°C.  335 

 336 

 337 

Figure 4. Carbon isotope composition (δ
13

C) as a function of hydrogen isotope composition (δ
2
H) for 338 

dissolved methane of pore waters (blue dots) and for methane of bubbling gases (green dots). The 339 

dotted black lines correspond to the range of δ
13

C-δ
2
H values defined by Whiticar

72
 for thermogenic 340 
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and bacterial methane (acetoclastic and hydrogenotrophic pathways). The red dotted line is the range 341 

of δ
13

C-δ
2
H values defined by Etiope and Lollar

73
 for abiogenic methane.  342 

 343 

Table 3. Chemical and isotope compositions of bubbling gases  344 

Sample CO2 (vol.%) CH4 (vol.%) O2 (vol.%) N2 (vol.%) δ13CCO2 (‰)  δ13CCH4 (‰)  δDCH4 (‰)   
 

 ±2% rel. ±2% rel. ±2% rel. ±2% rel. ±1‰ ±1‰ ±5‰ 

 DZ16-08 G2 1.4 80.4 6.5 10.1 -20.1 -65.9 -272 

 DZ16-08 G3 95.5 0.6 2.6 2.7 -0.6 -16.8 -54 

DZ16-08 G4 98.1 0.4 1.0 1.1 -0.3 -16.6 - 

DZ16-08 G5 98.5 0.4 0.7 0.8 -2.0 -22.2 - 

DZ16-08 G7* 99.2 0.3 0.2 0.6 -3.2 -15.4 -251 

DZ16-08 G10 99.6 0.3 0.1 0.6 -2.4 -11.1 - 

DZ16-08 G11 99.8 0.6 0.2 0.7 -2.2 -28.1 - 

DZ16-08 G12 96.3 0.7 1.7 2.6 -1.4 -21.3 - 
*
Sample G7 is from the "Plage de l’aéroport" (airport beach), south of the volcanic crater.  345 

±2% rel. indicates that the value is known with a precision of 2% relative to the measured value. 346 

 347 

4.2 Radiocarbon measurements  348 

Radiocarbon measurements of DIC and POC of the water column were performed to assess the lake 349 

reservoir effect, which can be large in volcanic crater lakes
74

. DIC and POC have mean values of Δ
14

C 350 

of -566±3‰ and -554±2‰, respectively (Table 4), which correspond to conventional radiocarbon ages 351 

of 6650±1% years and 6420±1% years. Given the half-life time of 
14

C (5730±40 years), those 352 

measurements indicate that DIC and POC contain between 55% and 60% of "dead" carbon (i.e., non-353 

atmospheric CO2), evidencing the input of volcanic CO2 into the lake and its contribution to 354 

autochthonous carbonate and organic matter production. Expectedly, the Δ
14

C value of SIC and SOC 355 

in the surface sediment is close to that of DIC in the water column (except for one sample in the 356 

sediment core C2 (-87‰) composed primarily of terrestrial plant remains). Accordingly, plant macro-357 

remains coming from the volcanic catchment rather than SIC and SOC were used to date the sediment. 358 

The radiocarbon data of macro-remains indicate ages of ca. 550 and 650 years at 45 cm and 79 cm, 359 

respectively (Table 5). The macro-remain recovered in the surface sediment (1 cm depth) has pre-360 

Bomb values corresponding to 1955-1957 years AD (F
14

C calibrated at 2σ with the program 361 

CALIBomb, Zone SH1-2
75

). 362 

  363 
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Table 4. Radiocarbon data for water column and sediment 364 

Sampling location
a
 Sampling date Sample type Sampling depth (cm) age BP (year) 

1 σ 

(year) 
Δ

14
C (‰) 

DZ11-9 WC Sept. 2011 DIC 10 6700 35 -569 
DZ12-4 WC April 2012 DIC 10 6590 30 -563 
DZ10-9 WC Sept. 2010 POC 50 6460 35 -556 
DZ10-9 WC Sept. 2010 POC 300 6375 35 -551 
DZ12-4 C1 April 2012 SIC 2.5-5.0

*
 6460 30 -556 

DZ12-4 C1 April 2012 SIC 11-16
*
 5515 30 -500 

DZ12-4 C1 April 2012 SOC 5.0-7.5
*
 5720 30 -513 

DZ12-4 C1 April 2012 SOC 11-16
*
 4875 30 -459 

DZ12-4 C1 April 2012 SOC 11-16
*
 4415

**
 30 -427 

DZ12-4 C1 April 2012 SOC 22-30
*
 5730

**
 30 -514 

DZ12-4 C1 April 2012 SOC 37-40
*
 6045

**
 35 -532 

DZ12-4 C2 April 2012 SIC 0-2.5
*
 6545 30 -561 

DZ12-4 C2 April 2012 SIC 10.5-14.0
*
 6205 30 -542 

DZ12-4 C2 April 2012 SOC 2.5-4.5
*
 5450 30 -496 

DZ12-4 C2 April 2012 SOC 10.5-14.0
*
 675 30 -87 

DZ12-4 C2 April 2012 SOC 27-30
*
 5600 35 -506 

a
WC is for water column, C1 and C2 for the sediment core 1 and 2 

*
depth of the sediment layer; 

**
additional acid pre-treatment with 1M HCl solution at room temperature 

 365 

Table 5. Radiocarbon dating of terrestrial plant macro-remains of the sediment core C12 366 

Depth (cm) 
14

C age BP Err 1σ F
14

C Err 1σ 
Burial rate 

(mm·yr
-1

) 

1 
- - 1.0161 0.0084  

- - 1.0135 0.0084  

45 
582 71 0.9301 0.0078 0.77 

508 69 0.9387 0.0077 0.89 

79 
666 68 0.9204 0.0078 1.19 

653 63 0.9219 0.0072 1.21 

Two measurements per sample.    367 

 368 

4.3 Porosity and sedimentation rate  369 

The porosity decreases from 98% in the surface sediment to 80-85% at depth (Fig. 5, Table S5 in 370 

supporting information). The best fit of the porosity profile (r
2
=0.6) can be expressed as a log 371 

distribution because of the large porosity changes in the upper centimeters:  372 

ϕ (z) = -0.0199∙ln(z) + 0.881    Eqs (6) 373 

where ϕ is the porosity and z is the depth in meter. The correlation coefficient is explained by the 374 

spread of the porosity values at depth. Equation 6 is consistent with the mean porosity values all along 375 

the sedimentary column. 376 

Radiocarbon measurements of plant macro-remains in the sediment enabled to determine ages as 377 

function of depth (Table 5). This approach is reasonable as no textural evidence has been observed on 378 

the first meter of sediment that could indicate erosion episodes or changes in the depositional 379 
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environment
33

. The age-depth model allowed estimating an asymptotic burial rate at 5 m depth of 0.75 380 

mm∙yr
-1

. Then, the asymptotic burial rate and the porosity profile were used solved the equations (3) 381 

and (4). The solid burial rate decreases from 5 mm∙yr
-1

 in the uppermost sediment to 1 mm∙yr
-1

 at 1 m 382 

depth (Fig. 5).  383 

 384 

Figure 5. Measured and modeled porosity profiles (a) and calculated profiles for fluid and solid burial 385 

rates (b) as a function of depth. (a) Measured porosity (blue circles), and modeled porosity profile 386 

(black thick line). The blue line is a fit of the porosity data used for the burial rate calculation (Eqs 6; 387 

r
2
=0.6). (b) Fluid and solid burial rates (mm∙yr

-1
) used in the model. The depth-age constrains used for 388 

the burial rate calculation are shown with open blue circles and are obtained from the radiocarbon 389 

dating of plant macro-remains.  390 

 391 

4.4 Chemical composition of pore waters  392 

The pH values of pore waters decrease from 9 near the water-sediment interface to 8.3 at 1 m depth 393 

(Fig. 6, Table S6 in supporting information). The alkalinity and the concentrations of sodium and 394 

potassium are of  235 mM, 1000 mM and 37 mM, respectively, in the surface sediment and decrease 395 

slightly at depth. The calcium concentration remains constant at ca. 75 µM, while the silicon 396 

concentration increases from 150 µM at the sediment surface to 250 µM at 1 m depth. The magnesium 397 

concentration decreases down to 2 mM near the water-sediment interface and then increases slowly 398 

below 20 cm depth.  399 

  400 
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 401 

5. Figure 6. Comparison of measured and modeled pH values, alkalinity 402 

and major cations concentrations in the pore waters. The blue dots and 403 

the full black lines represent the measured and modeled values, 404 

respectively. Model results are after 4000 years of calculation. Modeling 405 

and discussion  406 

5.1 Carbon cycle and controls on pH  407 

The Dziani Dzaha is characterized by an unusual carbon cycle, for which the main characteristics are 408 

caught in Figure 7. Both CO2 and methane are outgassing from the lake water to the atmosphere. The 409 

carbon and hydrogen isotope signatures of dissolved methane of sediment pore waters are typical of 410 

bacterial methanogenesis through the hydrogenotrophic pathway
72

. The intense bacterial 411 

methanogenesis in the sediment and in the lake water
39

 results in saturated concentrations of methane 412 

in the lake water column and in CH4-dominated bubbling gases (Sample G2). The formation of CH4 413 

during hydrogenotrophic methanogenesis can be written as:  414 

CO2 + 4H2 = CH4 + 2H2O    
76

Rxn (1) 415 

The microbial fermentation of the organic matter is the most likely source of CO2 and H2 and could 416 

also account for the decrease of pore water pH valueswith depth. The coupled mechanisms of 417 

methanogenesis and fermentation can be represented by the simplified reaction:  418 

2CH2O = CO2 + CH4      Rxn (2) 419 
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with CH2O being a simplified stoichiometry for the organic matter. 420 

Magmatic CO2 inputs is also likely influencing the pH of pore waters. The CO2-dominated 421 

gases bubbling into the lake evidence an active magmatic degassing. The δ
13

C and δ
2
H values of CH4 422 

in samples G3, G4, G10 and G7 are consistent with an abiotic origin
73

. The lower δ
13

C-CH4 values of 423 

G5, G11, G12 and G2 reflect mixing between abiotic and microbial methane during the ascent of the 424 

bubbling gases through the water column, with an overwhelming dominance of microbial methane for 425 

G2, possibly due to the higher height of the water column where G2 was sampled. The chemical and 426 

isotopic compositions of CO2-dominated bubbling gases are consistent with a magmatic origin. 427 

 The radiocarbon measurements of inorganic and organic carbon of the water column indicate 428 

that the magmatic CO2 contributes to the carbonate and organic matter production by more than 50 429 

mol.%. This additional source of carbon fuels the massive primary productivity of the lake dominated 430 

by cyanobacteria
39

. In turn, the photosynthetic activity of the cyanobacteria is the most likely 431 

processes at the origin of the overall high pH values, according to the reaction:  432 

HCO3
-
 + H

+
 = CH2O + O2    Rxn (3) 433 

 434 

 435 

Figure 7. Schematic diagram of the carbon cycle and its controls on both lake water and pore 436 

waters pH values. Photosynthetic organisms in shallow waters use CO2 originating from the 437 

atmosphere, from the magmatic gases CO2 inputs and from organic matter degradation. The 438 

photosynthetic activity results in a production of O2 which is lost to the atmosphere, in an increase of 439 

the lake water pH, and in organic matter accumulating in the sediment. In the water column and the 440 

sediment, the microbial degradation of the organic matter produces CH4 and CO2 which, associated to 441 

the magmatic CO2 inputs, induce a decrease of the pore water pH values. Both CO2 and biogenic CH4 442 

escape to the atmosphere. The size of the arrows pointing toward the pH decrease of pore waters 443 



19 

 

illustrates the dominant contribution of the magmatic CO2 and the lower impact of the organic matter 444 

microbial degradation. 445 

5.2 Mineral stability 446 

The metastable equilibria between aragonite, hydromagnesite and brucite were calculated as a function 447 

of Mg
2+

, Ca
2+

 and CO2 activities (Fig. 8a). Although thermodynamics suggests that magnesite and 448 

dolomite are the most stable Mg-bearing carbonates at surface temperature and pressure, kinetics 449 

exerts a strong primary control on their formation
67,77,78

. The pore waters are close to metastable 450 

equilibrium between aragonite and hydromagnesite, which is consistent with the presence of the two 451 

carbonates in the surface sediment. While the Ca
2+

/Mg
2+

 ratio is relatively stable with depth, the 452 

decrease of pH induces an increase of the CO2 activity, which promotes the stability of aragonite at the 453 

expense of hydromagnesite. Dolomite has been locally observed at depth in the sediment
33

 and could 454 

form by Mg incorporation and Ca replacement in calcium carbonates
78,79

. The progressive 455 

hydromagnesite undersaturation with depth stems from the pH decrease in pore waters (Fig. 8b).  456 

The stability domains of Mg-aluminosilicates and those of talc, kerolite and sepiolite are 457 

calculated as function of H
+
, Mg

2+
 and SiO2 activities considering that aluminum behaves 458 

conservatively between the Al-bearing minerals (Fig. 8c). Chlorites are not considered as their 459 

formations are kinetically limited at ambient temperature and pressure
80

. The pore waters are 460 

supersaturated relative to saponite and remain supersaturated at depth despite the pH decrease. The 461 

Mg-aluminosilicate likely forms through heterogeneous nucleation involving mineral precursors such 462 

as alkaline feldspars, which lower the supersaturation required for mineral nucleation
81

. The Al-free 463 

Mg-silicates, although stable in the pore waters, are not observed in the sediments. Tosca
81

 proposed a 464 

critical supersaturation above which those Mg-silicates would precipitate through homogeneous 465 

nucleation. The precipitation of hydromagnesite and saponite, by removing magnesium and silica from 466 

the pore waters, likely hinder the formation of Al-free Mg-silicates.   467 

 468 
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 469 

Figure 8. Pore water compositions (blue circles) and mineral stability domains in the systems (a) Mg-470 

Ca-C-O-H, (b) Mg-C-O-H and (c) Mg-Al-Si-O-H at 30°C and 0.1 MPa. Mineral stability domains 471 

were calculated with the Thermoddem database
13,14

 and pore waters were speciated with the Phreeqc 472 

software
82

. (a) Magnesite and calcite are not considered in the calculation as they are not present in the 473 

sediment. The grey dotted lines are metastable equilibria between dolomite, huntite, aragonite, 474 

hydromagnesite and brucite. The full lines are metastable equilibria between aragonite, 475 

hydromagnesite and brucite. (b) The full line corresponds to fluid composition at equilibrium with 476 

hydromagnesite. (c) The full lines are metastable equilibria between Mg-aluminosilicates without 477 

considering chlorites. The dotted lines are fluid compositions at equilibrium with talc, sepiolite and 478 

kerolite. Thermodynamic data for kerolite are from Stoessel
83

. The dashed-dotted line is the critical 479 

supersaturation required for homogenous nucleation of Mg-silicates as suggested by Tosca
81

. Silica 480 

activities at equilibrium with quartz and amorphous silica are shown for reference (vertical dotted 481 

lines).      482 
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5.3 Reactive transport modeling 483 

The model is based on the sediment composition of the core C4, which was collected 484 

approximately at the average lake water depth (Fig. 1) and has a composition well representative of the 485 

dominant sediment composition observed in most sediment cores
33

. The mineral and pore water 486 

compositions are constant from 1500 years to 4000 years (end of the simulation), showing that a 487 

steady state has been reached. The microbial degradation of organic matter according to Reaction (2) 488 

results in a decrease of its content with depth and a decrease of pH through the release of CO2. The 489 

rate constant of the organic matter degradation is adjusted to best fit the profile of organic matter 490 

content. A value of 10
-10.3

 mol·m
-2

·s
-1

 is adopted (Table 1), close to published values
54

. The modeled 491 

concentration of methane in the uppermost part of the sediment column is consistent with the 492 

dissolved methane measured in the lake water column at the corresponding depth (i.e., 3-4 m of water 493 

height) (Fig. 3), which supports the use of methanogenesis and fermentation to approximate the 494 

overall organic matter degradation. If no external source of CO2 is considered, the modeled pH value 495 

at 1 m depth is 0.7 pH units higher than the measured value and the total CO2 pressure is of 6.3·10
-3 

496 

bar. In our model, CO2 is thus injected at the bottom of the sediment column to account for the 497 

influence of magmatic CO2. The best fit of pH is obtained with a CO2 injection of 4 mmol·s
-1

·m
-3

 of 498 

sediment, which results in a total CO2 pressure of 7.5·10
-2

 bar at 1 m depth, one order of magnitude 499 

higher than without CO2 injection (Fig. 6). The corresponding CO2 concentration is of 2 mM, which 500 

does not exceed the CO2 solubility of the lake (16 mM) and is consistent with the absence of bubbling 501 

CO2 where the sediment core C4 was collected. At 1 m depth, our model predicts magmatic CO2 502 

inflows and organic matter degradation accounting for 22 and 2 mol.% of the pore water DIC, 503 

respectively. The remaining DIC is inherited from the lake water by diffusion and fluid burial. The 504 

sulfur cycle, not considered in the model, is not expected to modify significantly these results. The 505 

sulfate concentrations of ca. 2 mM in the lake water
39

 indicate a low contribution of sulfate to the 506 

alkalinity compared to bicarbonate ions. Sulfate reduction coupled to organic matter oxidation would 507 

produce twice as many times CO2 per mole of reaction as the organic matter degradation considered in 508 

the model (Reaction 2) according to:   509 

2CH2O + SO4
2-

 + 2H
+
 = 2CO2 + H2S + 2H2O    Rxn (4) 510 

The low sulfate concentration does not seem compatible with high densities of sulfate-511 

reducing bacteria outcompeting methanogens
39

; however, even in the unlikely case where all organic 512 

matter degradation results from sulfate reduction, the process would only account, in first 513 

approximation, for ca. 4 mol.% of the total pore water DIC which remains a minor contribution 514 

compared to the magmatic CO2 inflows.  515 



22 

 

The modeled alkalinity and major cation profiles are consistent with the measured data (Fig. 516 

6). Magnesium shows a distinctive concentration profile compared to the other dissolved species, with 517 

a decrease in concentration in the surface sediment followed by a moderate increase at depth. Despite 518 

a shift toward higher values, the modeled profile is consistent with the measurements. Hydromagnesite 519 

exerts a strong control on the dissolved Mg. Its precipitation in the shallow sediment lowers the Mg 520 

concentrations, which increase at further depth where hydromagnesite is destabilized. A decrease of 521 

the CO2 inflows at the bottom of the sediment column allows a better fit of the Mg profile; however, 522 

the pH values become higher than the measured ones and the hydromagnesite is less destabilized at 523 

depth. When CO2 inflows are suppressed, the pH does not decrease enough to destabilize the 524 

hydromagnesite. A decrease of the hydromagnesite solubility decreases the Mg concentration but 525 

increases the Mg-carbonate content at depth. The discrepancy between the measured and modeled Mg 526 

profile could be explained by the precipitation of amorphous Mg-Si phases as precursors of Mg-527 

phyllosilicates
81

, which are not considered in our model. The silica concentration is controlled by the 528 

formation of saponite and microcline. If saponite or microcline are suppressed from the model, the 529 

silica concentration increases to value up to one order of magnitude higher than the measured ones, 530 

showing the role of these phases in the silica balance of the lake. The formation of microcline is 531 

consistent with evidences of low-temperature K-feldspars authigenesis in natural environments
84,85

. 532 

Equilibrium of the pore waters with amorphous Mg-Si phases
64

, not considered in the model, could 533 

also contribute to the buffering of the silica concentration. A reasonable consistency is obtained 534 

between the modeled and measured calcium concentrations. The underestimation of the Ca 535 

concentrations can result from an aragonite solubility higher in the Dziani Dzaha than reported in the 536 

Thermoddem database. An increase by 0.5 of the logarithmic value of the aragonite equilibrium 537 

constant shifts the modeled calcium concentrations toward values consistent with the measured ones.  538 

 The modeled sediment composition is also consistent with the observations (Fig. 9). The solid 539 

phase of surface sediment is dominated by organic matter and aragonite, with lower amounts of 540 

detrital silicates and saponite. The hydromagnesite content represents 17 wt.% of the solid phase at 60 541 

cm and decreases at further depth. The organic matter content decreases from 42 wt.% of the solid 542 

phase in the uppermost sediment to 23 wt.% at depth due to microbial degradation. The decrease of 543 

pH down to 8.2 at 1 m depth induces the destabilization of hydromagnesite, which matches the 544 

observations although the model overestimates the hydromagnesite content. An increase of the CO2 545 

inflows decreases the hydromagnesite content at depth, which is more consistent with the 546 

observations; however, the pH values and the Mg concentrations become under and overestimated, 547 

respectively. Aragonite and saponite remain stable despite the pH decrease and saponite accumulates 548 

at depth to reach 17 wt.% of the solid phase. The destabilization of hydromagnesite in parallel to the 549 

formation of saponite could evidence a reaction relationship between the two minerals
33

; however, 550 

suppressing the hydromagnesite of the model leads to similar yield of saponite, showing that the 551 
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magnesium required for the saponite formation is primarily supplied by the lake water. An increase of 552 

the precipitation rate of saponite does not lead to a significant increase of the saponite content; 553 

however, it results in a drastic decrease of the aluminium concentration from 10
-4

 µM to 10
-6

 µM, 554 

which highlights aluminium as the limiting reactant in the saponite formation. As consequence, the 555 

pore waters become undersaturated relative to the K-felspar due to the aluminium decrease. 556 

Microcline does not form anymore, and the silica concentrations increase above measured values. The 557 

diopside content decreases with depth as the mineral dissolves; however, a specific surface area one 558 

order of magnitude higher than the literature values is used to achieve this result (Table 1). 559 

Alternatively, higher inputs of detrital materials to the lake in recent times could explain the observed 560 

increase of the diopside content in the uppermost sediment. Quartz and dolomite do not form due to 561 

kinetic limitations and the pore waters are undersaturated relative to gibbsite.  562 

The role of the sediment compaction was tested running the model considering a same burial 563 

rate for fluid and solid phases. The results are very similar, which shows that the sediment compaction 564 

has low influence on the temporal and spatial time scale of the Dziani Dzaha early diagenetic 565 

processes. Additional sensitivity tests were performed to validated the robustness of the model 566 

(supporting information).   567 

 In summary, the model allowed to discriminate and quantify the role of magmatic CO2 inflows 568 

and organic matter microbial degradation on the diagenetic evolution of the sediment. Without 569 

magmatic CO2 inflows, the decrease of pH and the destabilization of hydromagnesite at depth cannot 570 

be explained. The magmatic CO2 inputs oversees 90% of the pH decrease of the pore waters. The 571 

organic matter degradation accounts for the remaining 10% while the only mineral reactivity has no 572 

significant impact on pH. The model allowed quantifying the flux of magmatic CO2 (4 mmol·s
-1

·m
-3

)
 

573 

and the fraction of the lake DIC inherited from the magmatic gases (22 mol.%). The model also 574 

highlights the lake water as the primary source of Mg, aluminum as the limiting reactant in the 575 

saponite formation and the K-feldspar controlling the Si concentrations. Isotopes composition, not 576 

treated in the model, could bring additional constrain on rate and processes
10,17,86

. Future modeling 577 

efforts will have to integrate isotopic data to fully decipher the early diagenesis of the Dziani Dzaha 578 

sediment.  579 
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 580 

Figure 9. Observed and modeled sediment composition (wt.%) as a function of depth. (a) Measured 581 

composition in the sediment core C4
33

. (b) Modeled sediment composition. Dark blue, light blue, 582 

brown, green, orange, red and purple are for aragonite, hydromagnesite, albite, microcline, diopside, 583 

saponite and organic matter, respectively. Model results are after 4000 years of calculation. 584 

 585 

5.4 Insights on the formation of lacustrine carbonates in volcanic-dominated settings 586 

These data provide new insights on the origin of carbonates and Mg-silicates produced in 587 

lacustrine environments in volcanic-dominated settings such as continental rifts
6–8,87

. Mg-silicates 588 

(stevensite, kerolite and talc) have been identified in the Cretaceous pre-salt carbonate rocks of the 589 

South Atlantic continental margins
27

. Their formation was suggested to occur in lakes dominated by 590 

volcanic terrains
8,88

, but it is unclear whether it is a sufficient source of silica and magnesium to fuel 591 

the Mg-silicates precipitation. Experimental work by Tutolo and Tosca
30

 showed that, at elevated pH 592 

and Si concentration, the precipitation of Mg-silicates and spheroidal calcium carbonates typical of the 593 

pre-salt formation requires moderate Ca and Mg concentrations,  < 1-2 mmol·kg
-1

. This implies high 594 

fluxes of Ca and Mg to the site of deposition to explain the volume of the carbonate rocks. Our study 595 

shows that the weathering of alkaline volcanic rocks in a small-scale basin can be enough to supply 596 

the Ca, Mg and Si needed for carbonates and Mg-silicates to form. The formation of Mg-silicates and 597 

K-feldpars would buffer the silica concentration. Alkaline volcanic terrains can also supply enough 598 

aluminium for saponite to form. Aluminium being shown as the limiting reactant in the saponite 599 

formation, the occurrence of Mg-aluminosilicates sets paeloenvironmental constrains on the nature of 600 

the volcanic terrains requiered for their formation.  601 

The origin of the high pH values requiered for the formation of Mg-silicates remains unclear. 602 

Specific geochemical conditions are required to produce high pH waters in evaporating lake
30

. 603 
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Depending on the ratio between Ca concentration and alkalinity, the formation of carbonates can 604 

prevent the pH to reach values high enough for Mg-silicates to form. An intense primary productivity, 605 

as identified in the Dziani Dzaha, can make the difference by pushing the pH to those high values. 606 

This intense primary productivity is probably due to the combination of nutrient imput by the 607 

weathering of alkaline volcanic rocks and the lake functionning, ammonium and phosphate generated 608 

by the organic matter degradation in the anoxic part of the water column being recycled for primary 609 

productivity rather than denitrified (for ammonium) or buried in the sediment together with iron 610 

oxides. 611 

The initial mineralogy of the carbonate rocks of the South Atlantic margins is still unknown. 612 

High contents of Sr measured in spherulitic calcite of the pre-salt deposits of the Angolan margin 613 

could support an aragonitic component of initial mineralogy
28

. Precipitation of aragonite rather than 614 

calcite is dependent on the Mg/Ca ratio, for which values above 10 tend to promote the formation of 615 

aragonite at the expense of calcite
89–91

. Delay between carbonates and Mg-silicates formation during 616 

early diagenesis tends to increase the Mg/Ca ratio favoring the formation of aragonite
30

. The Mg/Ca 617 

ratio of ca. 20 of the Dziani Dzaha lake and pore waters is consitent with the occurence of aragonite. 618 

Our field and model results highlight the differing time scales of carbonates and Mg-silicates 619 

formation during the early diagenesis, with saponite accumulating mostly at depth whereas argonite is 620 

present in the surface sediment. The Dziani Dzaha is a good example of geochemical environments 621 

co-precipitating carbonates and Mg-silicates and promoting the fomation of aragonite at the expense of 622 

calcite. Moreover, the Mg concentration of the Dziani Dzaha pore waters is shown to be controlled by 623 

the precipitation and destabilization of hydromagnesite, which can thus influence both the formation 624 

of Mg-silicates and the nature of the Ca-carbonates. The formation of hydromagnesite in the surface 625 

sediment can hinder the formation of Mg-silicates whereas its destabilization at depth can fuel the Mg-626 

silicates formation and increase the Mg/Ca ratio, stabilizing the aragonite.  627 

The volume and spatial extent of the continental carbonate rocks deposited in the South 628 

Atlantic continental rift at a time of isolation from the ocean (Early Cretaceous, 142-113Ma)
28,29,92

 629 

raise questions about the carbon source. During continental rifting, magmatic CO2 inflows could have 630 

occured as the continental crust became thinner and the influence of asthenospheric mantle increased. 631 

Our study demonstrates the ability of magmatic CO2 inflows to fuel the carbonate production into 632 

small-scale basin. By analogy, CO2 inflows may have set the appropriate geochemical conditions for 633 

the pre-salt Mg-silicate-rich carbonates to form by fueling the carbonate factory and the primary 634 

productivity, which in turn resulted in high pHs promoting the Mg-silicates formation.  635 

The occurrence of pore-filling Mg-silicates in carbonate reservoir rocks is expected to lower 636 

the reservoir quality by decreasing porosity and permeability. However, the diagenetic processes 637 

which may affect the stability of these chemically labile minerals are not well understood. Although 638 
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the pore waters remain supersaturated relative to saponite all along the first meter of the Dziani Dzaha 639 

sediment, the decrease of pH induces a progressive decrease of the saponite supersaturation. In a 640 

context of continental rifting under magmatic CO2 influence, a further decrease of pH at depth could 641 

eventually destabilize the Mg-silicates and increase the porosity. Investiagting the fate of saponite at 642 

further depth in the Dziani Dzaha sediment would provide new insights on the stability of these labile 643 

minerals during diagenesis. 644 

This study did not account for the iron and sulfur cycle. Considering the iron cycle is an 645 

unavoidable step towards the understanding of geological units such as pre-salt sedimentary sequences 646 

in which iron bearing phases such as titanomagnetite and siderite were identified in the paragenetic 647 

sequence
93

. Further characterization efforts will have to focus on the iron and sulfur sources and sinks 648 

to fully investigate diagenetic evolution of the Dziani Dzaha sedimentary sequences. 649 

6. Concluding remarks 650 

A detailed characterization of the Dziani Dzaha sediments was performed and used to develop a 651 

reactive-transport model accounting for burial rate and sediment compaction. The model allowed to 652 

discriminate and quantify the role of magmatic CO2 inflows and organic matter microbial degradation 653 

on the diagenetic evolution of the sediment. While our 
14

C radiometric data show that the magmatic 654 

CO2 fuels both the primary productivity and the carbonate formation, the model indicates that it is also 655 

responsible of the decrease of the pore water pHs from 9 to 8.2 in the first-meter of sediment. As 656 

consequence, the hydromagnesite is destabilized at depth leaving behind an aragonite - saponite 657 

mineral assemblage. Saponite formation is shown to be limited by aluminium availability, which 658 

brings constrain on the paleoenvironments of formation of Mg-aluminosilicates. These results bring 659 

new insight on the formation and diagenesis of carbonate sediments associated with Mg-silicates in 660 

volcanic-dominated settings such as continental rifting. They demonstrate the possible role of 661 

magmatic CO2 in setting the geochemical conditions required for the co-precipitation of carbonate and 662 

Mg-silicates, by supplying carbon to the carbonate factory, by fueling the primary production which in 663 

turn raises the pHs and enhances the carbonate and Mg-silicates formation,  and by controlling the 664 

pore water pHs during diagenesis. The ability of our model to reproduce the porosity, the pore water 665 

chemistry and the mineral assemblage of the Dziani Dzaha sediments makes it very promising to 666 

predict the full evolution of chemical and physical properties of larger-scale carbonate formation from 667 

their deposition to their current settings. 668 

  669 

 670 
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