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Miocene Monterey Formation: 
Lithology & Diagenesis

Richard J. Behl
California State University 
Long Beach, CA 

The MARS Project: Monterey And Related Sediments 

•!Sedimentary Components 
•!Silica  
•!Carbonate 
•!Organic matter 
•!Phosphate 
•!Detritus (clay and silt) 

The MARS Project

Isaacs (1985)

The MARS Project

Algal Microfossils!

Diatoms - Chrysophyta!

The MARS Project
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Pennate Diatoms in Diatomite 

The MARS Project

Large Centric Diatom in Diatomite 

Calcareous 
Microfossils: 
Coccolithophorids  
& Foraminifers 

The MARS Project
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Foraminifera!

Planktic forams!

The MARS Project

Benthic forams!

The MARS Project

Mixed siliceous, detrital & authigenic material 
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Authigenic clay in diatomite 

The MARS Project

Primary clay particles, opal-CT lepispheres,
in shale. 

Physical Characteristics of 
Monterey Lithologies

!!Factors that control physical rock 
properties 
"!Silica Phase 
"!Detrital Content 
"!Carbonate Content 
"!Organic Matter 
"!Porosity 

The MARS Project
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!! Chert
!! Porcelanite
!! Siliceous Shale/Mudstone 
!! Clay Shale/Mudstone  

"! (Also: Calcareous and Diatomaceous 
Shale) 

!! Diatomite 
!! Dolostone/Limestone/Marlstone 
!! Phosphatic Shale 
!! Sandstone 

S
ili

ca
Rock Types 

The MARS Project

Isaacs (1985)

Compositional and 
lithologic variability 

Chert

Porcelanite

Dolomite/ 
Limestone

Mudstone/ 
Shale

The MARS Project

Pisciotto & Garrison, 1981 

•!Silica phase = lithology! 

The MARS Project

Diatomaceous rocks
!! Biogenic Silica 

"! Opal-A (mostly diatoms, + 
silicoflagellates, radiolarians,  
and sponge spicules 

!! Composition 
"! Up to 90% biogenic silica 

!! Physical Properties 
"! Very soft < 2  
"! Highly porous (60-85%) 
"! Firm (diatomites fracture!) 
"! Can be calcareous, phosphatic, etc. 
"! Density increases with detrital content 
"! Brown in subsurface, white if weathered 

Lithologies of the Monterey 

The MARS Project
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Diatomite 

Characteristics of chert
!! Diagenetic Silica 

"! Opal-CT or Quartz 
!! Composition 

"! 90% diagenetic silica (not considering carbonate) 
#! dolomite, calcite, organic and clay laminations 

!! Physical Properties 
"! Hardness Index ! 5 (>steel probe) 
"! Luster – vitreous to resinous 
"! Fracture – conchoidal, smooth 
"! Brittle,  
"! Low porosity 

Lithologies of the Monterey 

The MARS Project

Chert Nodule in Diatomite 
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Chert & Siliceous Shale 
The MARS Project

Characteristics of porcelanite
!! Diagenetic Phase 

"! Opal-CT +/or Quartz 
!! Composition 

"! 50-85% diagenetic silica 
#!  Detrital minerals, dolomite, calcite 

!! Physical properties 
"! Hardness Index " 3 
"! Luster – matte (lacks vitreous luster)
"! Blocky, hackly fracture 
"! Typically laminated  
"! Mod high porosity 
"! Low to moderate permeability 

Lithologies of the Monterey 

The MARS Project

Effects of Silica Phase 

Issacs, 1981 

Main diagnostic difference 
between porcelanite and chert 
is density, hardness and 
porosity. 

Schwalbach, 2009 

The MARS Project

!! Diagenetic Phase 
"! Opal-CT or Quartz 

!! Composition 
"! 30-50% diagenetic silica 

#! Mostly detritus 
!! Physical properties 

"! Surface luster - Dull, matte 
"! Fracture/fault – Closed 
"! Some degree of fissility
"! Harder than nonsiliceous

rocks owing to the silica 
content 

"! Non-reservoir 

•!Characteristics of siliceous shale/mudstone 

Lithologies of the Monterey 

The MARS Project
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Lithologies of the Monterey 

!!Phosphatic Shales/Marlstone 
"! Pure nodules and disseminated impure layers 
"! White cream or rose-colored blebs are generally more 

resistant than surrounding shale. 
"! Frequently calcareous and usually organic rich 

•!Isaacs, 
1981

The MARS Project
Interbedded chert & dolomite 

The MARS Project

!!Dolomite/Dolostone
"! Nodular, bedded, laminations, 

 or disseminated 
"! Authigentic, diagenetic
"! Brittle beds, extensive fractures  

and breccias
"! Locally porous 

Lithologies of the Monterey 
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Siliceous Shale 

Porcelanite

Cherty Porcelanite & Shale 

Phosphatic shales or marlstone 
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Phosphatic shales or marlstone 
Phosphatic marlstone 

Dolomite 

Dolomite 
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Carbonate diagenesis
!! Recrystallization of calcite (CaCO3)
!! Conversion to dolomite CaMg(CO3)2

!! Authigenic precipitation of dolomite 
!! Dissolution and precipitation in veins  

The MARS Project

Tiger-striped  interlaminated chert & dolomite 
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Shifts between siliceous, 
phosphatic and dolomitic rocks 

Porcelanite & siliceous 
shale 

Tuffaceous siliceous shale 

Shaley 

dolomite 

•!Main Sedimentary Components 
•!Silica 
•!Carbonate 
•!Organic matter 
•!Phosphate 
•!Detritus (clay and silt) 

High diagenetic potential of silica,  
carbonate, phosphate & organic matter  

The MARS Project

Diagenetic Pathways of Constituents in the 
Monterey Formation 
!! Siliceous Sediments 

"!Opal-A 
"!Opal-CT 
"!Diagenetic quartz 

!! Calcareous Sediments 
"!Early forming “Proto”-dolomite 
"!Higher order stoichiometric dolomite 

!! Clay Sediments 
"!Mixed-layer smectite-illite
"! Increased illite component 

!! Organic Matter 

45-50°C 

65-80°C 

80-115°C 

As low as 60°C 

The MARS Project
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Diagenesis

Deformation Fluid Flow

•!Cementation 
•!Embrittlement 
•!Increased Fluid Pressure 
•!Change in stress state 

•!Chemical transport 
•!Change in pore pressure 
•!Change in rock strength 

•!Advective mass transfer 
•!Advective heat transfer 

•!Fracture networks 
•!Fracture Permeability 
•!Strain partitioning 
•!Pore fluid expulsion 

•!Preferred cementation 

•!Dehydration reactions 
•!Organic matter maturation 
•!Chemical compaction 
•!Sealing of microfractures 

After Eichhubl & Behl (1998) 

The MARS Project

Eichhubl & Behl, 1998 

Collapsed early calcite veins in 
dolostone

Calcite veins 
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Silica Diagenesis 

2-step dissolution/reprecipitation:

!!Opal-A 
!!Opal-CT 
!!Quartz 

Siever (1983) 

The MARS Project The MARS Project

The MARS Project
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Poorly ordered opal-CT 
(less time and temperature)

Well ordered opal-CT 
(more time and temperature) 

Infilling of Porosity with 
Opal-CT & some 
detritus present 

Opal-CT 
Porcelanite

The MARS Project

Quartz 
Porcelanite
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Silica Phase and Pore Size Distribution 
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Pore Throat Diameter (microns)

|
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5341.5
Detritus 17% 
Opal CT 79% 
Porosity 30%

6179.9
Detritus 18% 
BioQuartz 77% 
Porosity 20% 

Mercury Injection Capillary 
Pressure (MICP) 

$!The histograms compare the 
pore throat diameters for 
porcelanite of similar silica/
detrital ratios but of different 
silica phases.

$! Most “pore throats” for the 
Opal CT sample are between 
0.1 and 0.01 microns.  Quartz 
phase pore throats are 
generally between 0.1 and 1.0 
microns.

Schwalbach, 2009 

The MARS Project

Nearly Solid Chert 

Opal-A 
diatomite 

Opal-CT 
porcelanite 

Laminated, but  
massive-bedded diatomite 
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Ribbon-bedded 
porcelanite

Stepped changes in porosity 

Theoretical Fluid Loss & Volume Change for  
Opal-A to Opal-CT to Quartz  

for Chert and Porcelanite
Pure diatomite Impure diatomite 

Chert Porcelanite 

Grain density:  
1.8 gm/cc 

Porosity: 80% 

Grain density:  
1.8 gm/cc 

Porosity: 65% 

Grain density:  
2.3 gm/cc 
Porosity: 15% 

Grain density:  
2.3 gm/cc 
Porosity: 40% 

Grain density:  
2.7 gm/cc 
Porosity: 15% 

Grain density:  
2.7 gm/cc 
Porosity: 3% 

85%
H2O
loss 

75%
H2O
loss 

The MARS Project

Mizutani, 1977 

Neagu et al, in press, 2010 
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Diagenesis induced deformation 

Ireland et al. (2009) 

Detrital composition 
controls rates of 
diagenesis for 
porcelanites and 
siliceous mudrocks 

The MARS Project

Two processes 
•!Closed-system   
reorganization for 
porcelanites 
•!Open system 
silicification for 
cherts, porefilling 
silicification 

The MARS Project
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The MARS Project

Behl & Garrison, 1994;
Eichhubl & Behl, 1998 

The MARS Project

Earliest formed cherts usually 
display greater macroscopic 

strain than diatomite or later-
formed brittle rocks 

At all scales, interlayered chert, porcelanite
dolomite & shale have different styles of deformation 

The MARS Project
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Monterey Lithology Summary 
!! Heterogeneous composition 

"! Silica 
"! Carbonate 
"! Detritus (silt and clay) 
"! Organic matter and phosphate 

!! Lithology determined by primary composition + 
diagenesis

!! Compositional variability controls timing & type of 
diagenesis

!! Sedimentary and diagenetic variability leads to 
mechanical stratigraphy and heterogeneous styles of 
deformation 

The MARS Project




