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Abstract 

Mudstones are highly susceptible to diagenetic alteration because their depositional components are 

highly reactive. The microbial processes responsible for precipitation of early carbonate and pyrite 

cements, and the deeper, thermogenic processes that underpin the transformation of mixed-layer illite-

smectite to illite and quartz are relatively well known. Careful characterization reveals that in addition to 

these cements, pre-compaction silica and kaolinite cement are also commonly visible in these rocks. The 

origins of these silicate cements, and the effects that their precipitation has on porosity reduction are, 

however, much less well known. Here we investigate, using combined optical, electron optical, 

geochemical (XRD and TOC) and petrophysical techniques how the porosity system in mudstones 

evolves using materials collected from the Cenomanian to Turonian aged Greenhorn and La Luna 

Formations as natural laboratories.  

 

The depositional detritus in both these mudstones is dominated by silt and very fine sand size biogenic 

detritus (framework components) that includes foraminifer and coccoliths (particularly in coccolith-rich 

fecal pellets). Minor mixed layer illite-smectite and organic macerals infill the matrix. This detritus is 

cemented by early carbonate and pyrite cements. These very early precipitates, that are visible in inter-

and intra-granular porosity are then enclosed by silica and kaolinite cements prior to emplacement of 

solid hydrocarbon phase. 

 

The carbonate and pyrite cements likely precipitated in the oxic and sulfate reduction zones as a result of 

solutes being supplied microbial-mediated oxidation of organic carbon. The solutes for the later silica 

silica cements were likely sourced from the dissolution of the tests of opaline organisms at deeper burial 

depths (<40°C), where insufficient solutes were available to infill all the available pore space. Silica 
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precipitation was then followed by kaolinite formation, as pore water aluminum concentrations gradually 

increased. Here aluminum was likely supplied to reaction sites by complexing with di-functional organic 

acids that were present in the pore waters in the Methanogenic zone. 

 

Pre-compaction cementation profoundly impacted porosity preservation in this rock by minimizing the 

effects of compactional porosity loss. This cementation impacts storage capacity distributions in this 

materials and is highly dependent upon sediment provenance. 

 

Background  

The initial detritus of fine grained (mud-sized) sedimentary rocks are commonly highly reactive and 

subject to alteration following deposition. This arises because once buried these materials encounter very 

different chemical conditions from where they formed, and many of the solids contribute to the raw 

materials for biological processes as they dissolve. The chemical instability of these materials, coupled 

with the large volumes of interstitial water present, makes these sediments highly susceptible to 

diagenetic alteration (both dissolution and precipitation) during burial. 

The presence of both organic carbon and a suite of oxidants, derived variously by diffusion (e.g. O2 and 

𝑆𝑂4
2−) or delivered to the sediment as detrital as mineral oxidants (e.g. Mn(IV), and Fe(III)), may cause 

significant organic carbon mineralization where the initial sediment has high organic carbon loading. 

Mineralization reactions are particularly apparent in pore waters in diffusive contact with the overlying 

water column, where there was sufficient time for large volumes of solutes to be supplied to reaction 

sites. Horizons, significantly impacted by these processes are indicated by the presence of concretions, 

composed of carbonate and sulfide minerals around which there is evidence of differential compaction. 

While the origins of carbonate and pyrite cements in these settings are well-known, they are by no means 

the only pre-compaction cements present.  Silicate cements, variously composed of silica and kaolinite, 

are also commonly observed, particularly in biogenic detritus-rich mudstones. The origins of such 

cements, however, beyond an appreciation that the silica for their precipitation was likely derived from the 

dissolution of metastable siliceous organisms, are only poorly known. Geochemical constraints, informed 

by the observation that aluminum is highly insoluble in most pore waters, have resulted in most 

researchers arguing that precipitation occurred in-situ by the dissolution/replacement of feldspars. 

High-resolution optical and electron optical petrographic observations of the fabrics present in biogenic 

detritus-rich mudstones reveal that silicate cements are commonly visible in these rocks. These cements 

are observed to occlude not only grain dissolution porosity but also intergranular and intragranular pore 

volumes. Importantly these mineral cements are commonly coated in a solid hydrocarbon phase that has 

infilled relict porosity. Such fabrics suggest that: a) there is a great deal more macro-porosity in these 

rocks than most researchers had appreciated, b) aluminum, in the pre-compaction burial environment, is 

much more mobile than most researchers had assumed and c) migrated hydrocarbons are present in 

conventional, mineral hosted pore space in these sedimentary rocks. 

Aims and Objectives 

The aims of this contributions are to a) illustrate the crucial early cementation and porosity fabrics present 

in mudstones, b) discuss the fundamental processes responsible for solute generation and mobility that 

underpins pre-compaction cementation in these materials, c) review how varying grain provenance 

impacts subsequent diagenetic pathways, and d) asses how these factors underpin our understanding of 

storage capacity preservation in mudstones that form tight unconventional reservoirs. The similar-aged 

Cenomanian to Turonian aged mudstones of the La Luna Formation in Colombia and the Greenhorn 

Formation in Colorado, USA are ideal natural laboratories to investigate these processes because they 
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are depleted in clastic detritus derived from fluvial inputs, although they contain volcanic ash, and are 

variably cemented by pre-compaction calcite, pyrite, silica and kaolinite cements. 

 

Materials and methods 

The analytical protocols adopted by most geologists to characterize fine grained sediments are based on 

whole rock analytical techniques e.g. X-Ray Diffraction, X-Ray fluorescence, RockEval, Leco total organic 

carbon, and ICP. While such techniques produce valuable information about rock composition they 

neither provide information about rock fabric nor internal heterogeneity because they rely on the sample 

being homogenized prior to characterization. In coarser clastic and carbonate sediments important fabric 

information that allows cements to be distinguished from grains and identify subtle spatial variations in 

composition is mostly obtained by optical petrographic methods. Using conventional optical petrographic 

techniques to obtain this information from fine-grained sediments, however, is not particularly effective 

because they have insufficient resolution (in 30 µm thick thin sections) to image the individual grains and 

small pores present in such materials. Moreover, because the pore throats are so small Hg injection 

methods on conventional core plugs do not access much of the porosity in the rock and resulting  data 

are unreliable. To avoid these problems and distinguish cementing components from grains unusually 

thin (15 to 20 µm) polished thin sections were prepared for each sample and these were analyzed by a 

combination of backscattered electron imagery and energy dispersive spectrometry (Jeol 630, equipped 

with a 4-quadrant backscattered electron detector, running at 15kV, at operating at a working distance of 

15 mm, linked to an Oxford Instruments windowless EDS detector running AZTEC software). This 

technology allows the fabrics present, the detritus to be distinguished from the cements and the 

composition (on the basis of varying backscattered coefficients () and X-ray attributes) of the grains and 

pore-occluding cementing components and porosity types to be distinguished (e.g. Macquaker et al., 

2014). This distinction is possible because these techniques have sub-micrometer resolution. Quantitative 

porosity () data were then obtained from Helium porosimetry of crushed and solvent extracted material 

as part of the Gas Research Institute (GRI) protocol to ensure that as much of the porosity as possible 

was accessed. The  values so obtained, however, are likely low side estimates because a fraction of the 

large pores present will be destroyed by the crushing process that is used to ensure that as much of the 

pore network is accessed as possible and inevitably some of the pores will not be accessible behind the 

very small controlling pore throat sizes. Resulting rock fabrics and porosity data are described using a 

modified version of the Lazar et al. (2015) recommended nomenclature scheme, with particular emphasis 

being placed upon distinguishing component origins (grain versus cement),  types visible and the 

presence of a solid hydrocarbon in the pore space. 

 

Results  

Optical and electron optical analyses of the Greenhorn and La Luna Formation mudstones reveals that 

they can contain many attributes in common. Both are thin bedded, partially disrupted by bioturbation and 

contain large volumes of foraminifer and coccolith debris (Figure 1). Much of the latter is organized into 

fecal pellets. In some intervals both are pervasively cemented by pre-compaction calcite (>85%) with 

some pyrite (<1%). Where early carbonate cementation in less pervasive their matrices are dominated by 

mineral mixtures of calcite (mainly in the form of dispersed coccoliths) (up to 20%) and dioctahedral micas 

(up to 15%). These early carbonate and sulfide precipitates are then enclosed by silica (upto 60%) and 

kaolinite (upt0 to 15%) cements. These cements are particularly evident in intragranular pores within 

foraminifer tests. Where cementation has not led to complete porosity destruction, a now solid, liquid 

hydrocarbon phase may infill relict pore space. These units contain up to 10% total organic carbon.  
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Discussion - Solute generation and cement precipitation 

The sampled mudstones contain large volumes of pre-compaction non-ferroan calcite, pyrite, quartz and 

kaolinite cements (Figure 1). Where present the non-ferroan calcite cements maybe pervasive. In these 

locations they are visible filling intergranular, grain dissolution and fracture porosity and may be 

commonly closely associated with framboidal pyrite (Figure 1). This early cement assemblage was most 

likely a precipitation product of microbial decay of organic matter (e.g. Irwin et al.,, 1977). The presence of 

burrows suggests that at least some of the calcite precipitated close to the sediment water interface in the 

oxic zone. Under these circumstances the necessary raw materials were likely supplied either from 

organic carbon decay (particularly the bicarbonate, Eq. 1), diffusion from the overlying water column 

(bicarbonate and calcium, see Eq. 1, 2) or the dissolution of metastable biogenic calcareous debris.  

 

Eq. 1:   𝐶6𝐻12𝑂6 + 6𝑂2 → 6𝐻𝐶𝑂3
− + 6𝐻+ → 6𝐶𝑂2 + 6𝐻2 

 

 Eq. 2: 𝐶𝑎2+ + 2𝐻𝐶𝑂3
− → 𝐶𝑎𝐶𝑂3 + 𝐻2 𝑂 + 𝐶𝑂2 

 

 

The intimate association between pyrite and some of the non-ferroan calcite cements indicates that after 

a period of oxic diagenesis the porewaters became anoxic and sulfidic (sensu. Berner, 1981). Such 

conditions developed beneath the oxic zone, where sulfate was still being supplied by diffusion from the 
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overlying water column (Eq.3). In contrast, the iron oxides, the other component necessary for pyrite 

precipitation, were most likely delivered to the sediment water interface as solid phases (Rickard and 

Luther, 2007). Once in the shallow buried environment, the iron oxides dissolved and were reduced 

supplying the other raw material for pyrite precipitation (see Eq. 4). Iron reduction is also important in this 

context because this reaction contributes significant hydroxyl to the pore water contributing to their 

alkalinities which further favored carbonate cementation. 

 

 

Eq. 3:    2𝐻𝐶𝑂3
− + 𝑆𝑂4

2− → 𝐻+ + 2𝐻𝐶𝑂3
− + 𝐻𝑆−   

 

Eq.4:   𝐹𝑒2𝑂3 + 𝐶𝐻2𝑂 + 3𝐻2 → 𝐻𝐶𝑂3
− + 4𝐹𝑒2+ + 7𝑂𝐻− 

                 

Importantly, the early calcite and pyrite cements will continue to precipitate into uncompacted 

intergranular pore space for as long oxidants (O2, Fe(III) and SO4
2-) and reductants (mainly organic 

carbon) are available. As these carbonate cements are precipitating in a diagenetic system that has 

access to materials from the water column (either in solution or reactive available iron that has been 

buried recently) cementation will continue until nearly all the pore space has been occluded. Inevitably 

prolonged cementation in such stratigraphic settings e.g. just below stratal surfaces (see Taylor and 

Macquaker, 2000), will mean it, rather than physical compaction, will be responsible for significant 

porosity loss at these levels. Such processes will also mean that the sediment components will be 

ultimately dominated by diagenetic rather than detritus components.  

 

While silica cementation in mudstones is commonly attributed to the transformation of mixed layer illite / 

smectite to illite and quartz during burial (e.g. Small,1993), the presence in these units of silica cements in 

uncompacted pore space (Figure 1) indicates a different, and early burial precipitation mechanism was 

operating here. The most likely option is that silica precipitation was associated with the dissolution and 

recrystallization of opaline organisms during early burial (35 to 40°C) (e.g. Kastner et al., 1977). Under 

these conditions metastable opal-A, which was originally delivered to the sediment in the tests of 

radiolaria and sponges (e.g. Michalopoulos and Aller, 2004). Dissolution caused silica concentrations in 

the pore water to increase, and this coupled with the lack of clay minerals (which otherwise might act as a 

sink for magnesium) and availability of Mg-hydroxyls, which were responsible for providing numerous 

favorable nucleation sites (lepispheres), opal-CT precipitation commenced (e.g. Kastner et al. 1977)). The 

availability of multiple nucleation sites led to pervasive microcrystalline silica cement precipitating after 

calcite authigenesis variously in intragranular porosity associated with foraminifer tests and pellets, as 

well as in intergranular porosity with the calcareous matrix. There is also very little evidence that silica 

precipitation was preferentially localized onto widespread pre-existing quartz grains, because all the silica 

components present, even those that are in the smallest size fractions, exhibits euhedral outlines and 

show little visible evidence of detrital grain cores (Figure 1). Crucially, because these units are not fully 

compacted at this point in the burial history, and silica was being supplied from the dissolution of 

materials buried with the sediment (i.e. in a closed diagenetic system where access to large solute 

reservoirs was limited) there was insufficient solutes for cement precipitation to replace all the water filled 

porosity that had been inherited from the sediment water interface. Silica cementation was therefore 

responsible for stiffening the sediment making it more likely to limit subsequent compactional porosity 

loss, and to increase the likelihood that these units would have sufficient porosity to be target 

unconventional reservoirs. 

 

Texturally kaolinite authigenesis follows silica cement precipitation in these rocks (Figure 1). Importantly, 

kaolinite cements are observed in intragranular pores as well as in the matrix. Their presence suggests 

that pore water Al concentrations had risen to such an extent that silica was no longer the stable 
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precipitate and indicates that aluminum was being transported, at least over short distances, to nucleation 

sites (e.g. Macquaker et al., 2014). Here the presence of volcanic ash and the dissolution of relatively 

unstable feldspars, and other ash components (e.g. glass clay minerals and volcanic glass) likely 

supplied the aluminum to the sub-surface environment (Eq. 5) 

 

Eq.5         (3𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8. 2𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8) + 4𝐻+ + 2𝐶𝑂3
2− + 2𝐻2        

                                          → 3𝑁𝑎𝐴𝑙2𝑆𝑖3𝑂8 +   2𝐴𝑙2𝑆𝑖2𝑂8(𝑂𝐻)2 + 2𝐶𝑎𝐶𝑂3 

 

In most near surface marine pore waters, aluminum is considered to be largely immobile. With such 

constraints it would be expected that kaolinite would only be visible in grain dissolution pores. Its 

presence in other pore types here, suggests that it was mobile at least over short distances. Its mobility in 

these circumstances was likely linked to the presence of high concentrations of difunctional organic acids 

in the pore waters (e.g. Fein, 1994; Wallman et al. 2008, Macquaker et al. 2014). These difunctional 

organic acids are able to form organo-Al complexes and transport this otherwise conservative solute in 

the subsurface. While organic acid formation has long been associated with early hydrocarbon generation 

(e.g. Surdam and Crossey, 1985), recent research also documents its presence in relative early burial 

methanogenic aqueous pore waters (e.g. Wallman et al., 2008). Once again the necessary solutes for 

this process were derived likely from the transformation of materials buried with the sediment and there is 

little evidence that long distance transport of Al had occurred. Given the fact that the porewaters must 

have still contained an aqueous phase at this time then it seems that while kaolinite precipitation was 

responsible for some porosity loss it was not responsible for wholesale porosity destruction. 

 

Grain provenance and subsequent cementation 

The solutes for pre-compaction cement precipitation in mudstones deposited in marine settings are 

derived either from either diffusion from the overlying water column or from grain dissolution of chemically 

reactive solid phases that had been delivered to sites of deposition. Analyses of all the samples here 

illustrates that most of the depositional detritus was derived from either biogenic production in the water 

column or volcanic ash. There is very little evidence of significant inputs directly from updip chemically 

weathering profiles via fluvial inputs (Figure 1). This observation is important because while materials can 

be supplied from diffusion from the overlying water column, as long as they are in diffusive contact with 

this reservoir (i.e. the surficial layers), the majority of the rest of the solutes are only supplied to the 

porewaters via dissolution of materials that contributed to the original sediment inventory locally. Long 

distance flux of materials is not the parsimonious option, at least during early burial, because these 

materials with their very small pore throats operate as seals in the subsurface. Having access to materials 

e.g. aragonite, feldspars, and opal-A) that are thermochemically unstable in the pore waters in near 

surface is therefore an important pre-requisite if extensive pre-compaction carbonate cementation is 

going to occur. Clay minerals derived from weathering do not meet this criterion because during 

compaction they mechanically rearrange themselves to occlude the majority of the initial water filled pore 

space, the necessary cementation only occurs after burial and temperatures on the order of 80 to 90°C 

(e.g. Hamilton, ).  

 

Cementation and storage capacity in mudstones 

Early, pre-compaction, cementation in biogenic mudstones preserves intergranular porosity, because it 

reduces the effects of compactional porosity loss. To preserve porosity, in this setting requires the 

sediment to be stiffened by the transformation of chemically unstable detrital materials to cement without 

all the pore space being occluded during the process. This occurs where the sediment is buried rapidly to 

depths where cement solute supply is limited (i.e. beyond the depth to which solutes from the water 
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column reservoir are no longer available) because muddy sediments are buried with so much interstital 

water there are insufficient volume of solids to infill all the available pore space. Cementation in such 

settings maximizes the chances that some conventional pore space (i.e. storage capacity) being available 

at depth when liquid hydrocarbons maybe present. Under such circumstances liquid hydrocarbons will 

displace the water from the pore space, cementation will cease causing the last materials in the 

paragenetic succession to be oil.   

 

 

Conclusions 

Early diagenetic processes profoundly impacts many mudstones prior to significant burial. Carbonate and 

silicate (quartz and kaolinite) cements in particular are observed occluding inter-, intra- and grain 

dissolution-porosity in biogenic-rich mudstones. In the La Luna and Greenhorn Formations, pre-

compaction carbonate and associated pyrite cements are present, in units that have been bioturbated, 

indicating that these cements were precipitating both in the oxic and sulfidic zones. The oxygen, sulfate, 

calcium and magnesium required for cement precipitation were likely derived by diffusion from the 

overlying water column. Where pore waters remained in diffusive contact with the water column 

cementation continued for a prolonged period resulting in most of the primary intergranular porosity being 

occluded. Where the sediment was buried to depths beyond which diffusion from the overlying water 

column was effective, however, solutes for cement precipitation were derived from the dissolution of solid, 

thermochemically unstable detritus buried with the sediment. The silica, and metal cations required for 

this later silicate cement authigenesis by silica and kaolinite were likely derived from the dissolution of 

opaline and aragonitic organisms as well as volcanic ash (feldspars, bentonites, and volcanic glass), with 

the aluminum being transported to reaction sites complexed onto organic acids.  Cementation in these 

settings, while still texturally early (pre-dating compaction) occurred in the methanogenic and thermal 

decarboxylation zones. These rocks have been subject to significant early Importantly early cementation 

minimized the effects of pre-compactional porosity loss and was responsible for providing much of the 

storage capacity for subsequent hydrocarbons. 

 

References 

Berner R.A. (1981) A new geochemical classification of sedimentary environments. Journal of 

Sedimentary Research, v. 51, p. 359-365. 

Fein, J.B., 1994. Porosity enhancement during clastic diagenesis as a result of aqueous metal-

carboxylate complexation: Experimental studies. Chemical Geology, v. 115, p. 263-279. 

Irwin, H., Curtis, C. D., and Coleman, M. L., 1977, Isotopic evidence for source of diagenetic carbonates 

formed during burial of organic-rich sediments: Nature, v. 269, p. 209–213. 

Kastner, M., J. B. Keene and J. M. Gieskes, 1977, Diagenesis of siliceous oozes-I. Chemical controls on 

the rate of opal-A to opal-CT transformation- an experimental study, Geochimica et Cosmochimica Acta, 

v. 41, 1041-1059. 

Lazar, O.R., Bohacs, K.M., Macquaker, J.H.S., Schieber, J., and Demko, T.M., (2015).  Capturing key 

attributes of fine-grained sedimentary rocks in outcrops, cores, and thin sections: nomenclature and some 

description guidelines. Journal of Sedimentary Research, v. 85, p. 230-246.  



  8 

Macquaker, J.H.S., Taylor, K.G., Keller, M and Polya, D.A., (2014). Compositional controls on early 

diagenetic pathways in fine-grained sedimentary rocks: implications for predicting unconventional 

reservoir attributes of mudstones.  American Association of Petroleum Geologists Bulletin, v. 98, p. 587-

603. 

Michalopoulos, P., and Aller, R. C., 2004, Early diagenesis of biogenic silica in the Amazon delta: 

Alteration, authigenic clay formation, and storage: Geochimica et Cosmochimica Acta, v. 68, p. 1061–

1085. 

Rickard, D., and G.W. Luther, 2007. The chemistry of iron sulfides. Chemical Reviews, v 107, p. 514-562. 

Small J.S. (1993) Experimental determination of the rates of precipitation of authigenic illite and kaolinite 

in the presence of aqueous oxalate and comparison to the K-Ar ages of authigenic illite in reservoir 

sandstones. Clays and Clay Minerals, v. 41, p. 191 -208. 

Surdam R.C. and Crossey L.J. (1985) Mechanisms of organic/inorganic interactions in sandstone/shale 

sequences. In Relationships of Organic Matter and Diagenesis (eds. D. L. Gautier, Y. K. Kharaka, and R. 

C. Surdam), pp. 177- 232 

Taylor, K.G., and Macquaker, J.H.S., 2000, Spatial and temporal distribution of authigenic minerals in 

continental shelf sediments: implications for sequence stratigraphic analysis. In: Glenn, C. et al. (Eds.) 

Marine Authigeneis: Microbial to Global, SEPM Special Publication, v. 66: pp 309 – 323. 

Wallman, K., G. Aloisi, M. Haeckel, T. P. Ishchenko, G. Pavlova, J. Greinert, S. Kutterolf, and A. 

Eisenhauer, (2008). Silicate weathering in anoxic marine sediments. Geochimica et Cosmochimica Acta, 

v. 72, p. 3067-3090.  


