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ABSTRACT 
Zhaoqi Li, Ph.D. 

Department of Geology, January 2013 
University of Kansas 

 

This diagenetic study of Miocene strata from La Molata, southeastern Spain, 

evaluates controls on meteoric diagenesis and low-temperature dolomitization. There is a 

well-constrained sequence-stratigraphic framework and sea-level history that, combined 

with an absence of deep burial, allows for improved conceptual models of carbonate 

diagenesis, porosity and permeability. The methods combined field data, transmitted light 

and cathodoluminescence petrography, XRD, fluid inclusions, carbon and oxygen 

isotopes, Sr concentration and 87Sr/86Sr.  

The carbonate platform was extensively dolomitized at the end of the Miocene but 

before Pliocene deposition. Amount of dolomite increases basinward and down section; 

limestone is restricted to the most proximal area. Cathodoluminescence petrography 

shows dolomite is closely associated with dissolution and shows consistent zonation 

throughout the area. Fluid inclusions and carbon and oxygen isotopes indicate 

dolomitization was from mixtures of freshwater and evaporated seawater (43 ppt). The 

distribution of carbon and oxygen isotopes on the platform, and the Sr data indicate 

vertical flow of freshwater into the carbonate system. Thus, dolomitization is due to 

ascending freshwater-mesohaline mixing. This mechanism is broadly applicable to 

carbonate platforms with hydrogeology that permits recharge of freshwater below a 

platform saturated with evaporated seawater.  
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Minor dissolution and cementation, associated with meteoric diagenesis along the 

first six sequence boundaries, occurred during short-lived and/or arid events of subaerial 

exposure. The seventh surface was exposed subaerially in a wetter climate for the last 

5-million years, and this led to extensive cementation. These constraints show the 

diagenetic effects of subaerial exposure may be in part predictable with constraints on 

climate and duration along sequence boundaries. Calcite cements precipitated in two 

zones that cut across stratigraphy. Petrography, fluid inclusions, and carbon and oxygen 

isotopes indicate a freshwater phreatic origin. The two cemented zones were associated 

with two different water tables formed during relative sea-level fall and erosional 

downcutting of the landscape. In cemented zones, calcite cementation reduced porosity 

and permeability with relationships that are lithofacies specific. Petrography and field 

work indicate later dissolution, closely associated with vadose processes and fracture 

control.  These observations serve to calibrate GPR observations suggesting fracture 

control on porosity. 
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CHAPTER 1. INTRODUCTION 

During recent decades, carbonate geologists and geochemists have devoted great 

effort to investigate the factors that control diagenetic alteration of carbonate sediments 

and rocks in natural and laboratory settings. Many predictive diagenetic conceptual 

models have been developed (Kitano, 1962; Folk, 1974; Folk and Land, 1975; Katz and 

Matthews, 1977; Lahann, 1978; Given and Wilkinson, 1985; Hardie, 1987; Budd, 1988; 

Budd and Land, 1990; Zhong and Mucci, 1989; Gonzalez et al., 1992; Sun and Esteban, 

1993; Berner and Kothavala, 2001; Csoma et al., 2004, 2006; Demicco et al., 2005; 

Whitaker and Smart, 2007a, b). Some of these models have been tested in ancient oil and 

gas systems or reservoir analogs, with mixed and sometimes conflicting results.  

For meteoric diagenesis, some research groups concentrate on dissolution 

processes, because of observations they have made in modern aquifers (Whitaker and 

Smart, 2007a, b). Others have shown a complex record of low-Mg calcite cementation, 

the distribution of which is related to aquifer configuration, climate, and duration of 

subaerial exposure (e.g. Goldstein, 1988; Saller et al., 1994; Carlson et al., 2003; Buijs 

and Goldstein, 2006). Furthermore, constraints on diagenetic alteration of porosity 

indicate that differences exist between predominantly calcitic heterozoan carbonates and 

mixed mineralogy photozoan carbonates (Bathurst, 1975; Nelson et al., 1988; James and 

Choquette, 1990; James, 1997; James et al., 2005; Knoerich and Mutti, 2006).  

   Low-temperature dolomitization can involve seepage reflux (Adams and 

Rhodes, 1960; Whitaker and Smart, 1990; Kaufman, 1994; Goldstein, 1996) and fluid 
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mixing (Badiozamani, 1973; Kaufman, 1994; Meyers et al., 1997; Lu and Meyers, 1998; 

Luczaj and Goldstein, 2000), as well as other mechanisms (Kaufman, 1994; Warren, 

2000). Some researchers infer that dolomitization leads to porosity enhancement based on 

mole-per-mole replacement of calcite to dolomite (Murray, 1960; Weyl, 1960; Choquette 

et al., 1992). Many other researchers now argue for the importance of porosity reduction 

through dolomite cementation (Warren, 2000; Lucia, 2004; Machel, 2004; Choquette and 

Hiatt, 2008).  

For subsurface prediction of pore systems associated with low-temperature 

diagenesis, it is time to rethink many of the conceptual models used in porosity prediction 

and to evaluate current models used in predicting diagenetic alteration of porosity and 

permeability. To do this, research is necessary on well-constrained ancient carbonate 

systems. One such system exists for Tortonian and Messinian (Upper Miocene) 

carbonates of the La Molata area of SE Spain, which is an area where the sequence 

stratigraphic framework has been well established, there has been no burial diagenesis, 

and the history of sea level change, duration of subaerial exposure, and paleoaquifer 

configuration are well constrained (Franseen et al., 1998). Moreover, Upper Miocene 

(Tortonian and Messinian) reef-bearing carbonates throughout the western Mediterranean 

have been extensively dolomitized (Franseen, 1989; Oswald, 1991; 1992; Meyers et al., 

1997; Lu and Meyers, 1998). Thus, many of the input parameters for diagenetic alteration 

are known, making evaluation of the diagenetic products a useful test of diagenetic 

models.  
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This dissertation studies the diagenetic controls on porosity and permeability at 

La Molata, southeastern Spain. In particular, it concentrates on the meteoric diagenesis 

associated with seven subaerial exposure surfaces defined in the sequence stratigraphic 

framework. It also focuses on dolomitization and dissolution that occurred at the end of 

Miocene. The body of this dissertation consists of five chapters (chapters 2-6). Chapters 2, 

3 and 4 were written in a format suitable for publication in peer-reviewed journals, with 

chapter 2 currently accepted for publication in Journal of Sedimentary Research. Chapter 

5 is written as a contribution to a more inclusive paper that will focus on ground 

penetrating radar data imaging fracture controls on porosity enhancement in the vadose 

zone. Lead author on this paper will be George Tsoflias, and coauthors include Robert 

Goldstein, Evan Franseen, Katharine Knoph, and myself. Chapter 6 integrates data of 

Whitesell (1995) with new data. It is intended as an archive of research results that would 

likely require further analysis before submission for publication.  

Chapters 2 and 3 focus on the origin of dolomitization. Chapter 4 concentrates on 

meteoric calcite cementation associated with the subaerial exposure surface (surface 7) 

that overlies the Miocene section at La Molata. Chapter 5 is focused on fracture controls 

on dissolution in the vadose zone. Chapter 6 evaluates duration, climate, and mineralogy 

controls on meteoric diagenesis associated with surfaces of subaerial exposure. Chapter 7 

summarizes the conclusions of the dissertation.  

Chapter 2, ascending freshwater-mesohaline mixing: a new scenario for 

dolomitization, studies the origin of dolomitization of Miocene carbonates. It combines 
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petrography, fluid inclusions, and carbon and oxygen isotopes, and proposes a new model 

for dolomitization that involves upward flow of freshwater through mesohaline waters, 

promoting fluid mixing. Cathodoluminescence shows that dolomites have well-preserved 

CL zonations. Primary fluid inclusions within dolomite yield Tm-ice data that range from 

-0.2 to -2.3 °C, indicating precipitation from fluids of 4 to 43 ppt seawater salt equivalent 

and confirming fluid mixing. Carbon and oxygen isotopic values display positive 

covariation, with δ13C ranging from -4.5 to +3.0‰ VPDB, and δ18O +0.9 to +6.0‰ 

VPDB. δ13C and δ18O are consistent with fluid mixing of freshwater and evaporated 

seawater. Both downdip and updip areas were influenced by high-salinity and 

low-salinity fluid end members. In addition, stratigraphically lower units have more 

depleted δ13C and δ18O as compared to upper units. These are consistent with injection of 

freshwater from below supplied from a freshwater aquifer. Therefore, dolomitization is 

due to ascending freshwater-mesohaline mixing. 

Chapter 3, a new model for widespread dolomitization of carbonate platforms: 

ascending freshwater-mesohaline mixing, La Molata platform, Spain, provides new data 

and analysis to support the proposed concept that extensive dolomitization was due to 

ascending freshwater-mesohaline mixing by combining petrography, field mapping, 

carbon and oxygen isotopes, geochemical modeling of oxygen isotope, fluid inclusions, 

and Sr isotopes. Modeling of evaporation effects on oxygen isotopic composition 

suggests the most enriched oxygen isotopic composition was associated with evaporated 

seawater of 43 ppt salinity, which is the same salinity as the most saline fluid inclusions. 
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For La Molata dolomite, Sr concentration ranges from 77 to 409 ppm, and 87Sr/86Sr ratios 

range from 0.70866 to 0.70904. In addition to some 87Sr/86Sr values that are consistent 

with Late Miocene seawater values, some are higher and lower than the late Miocene 

seawater, indicating dolomitizing fluids interacted with the volcanic basement. The 

relationships among 87Sr/86Sr and Sr concentration, and Sr, carbon and oxygen isotopes 

imply that it was the freshwater endmember that had interacted chemically with the 

volcanic basement, rather than the mesohaline brine. The model of ascending 

freshwater-mesohaline mixing for dolomitization incorporates fluid mixing necessary in 

classic mixing-zone models, but requires an evaporated seawater endmember and vertical 

flow of freshwaters through the evaporated seawater to promote fluid flow, pressure 

decrease, and degassing of CO2. Specialized hydrologic and climate conditions are 

necessary for this type of dolomitization to occur, and those conditions may be 

predictable in the ancient. 

Chapter 4, meteoric calcite cementation: diagenetic response to relative sea-level 

fall and effect on porosity and permeability, Upper Miocene, southeast Spain, focuses on 

abundant calcite cementation in the carbonate platform of La Molata. This study shows 

that the meteoric diagenesis associated with the subaerial exposure surface that caps the 

entire succession had the most profound effect on diagenetic alteration, producing an 

upper and lower zone of extensive calcite cementation. The boundaries between 

cemented zones and poorly cemented zones cut across stratigraphy. Cement textures are 

consistent with phreatic environments. Carbon and oxygen isotopes, and fluid inclusions 
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indicate precipitation of calcite cement from fresh water. The upper zone pre-dates the 

lower zone on the basis of known relative sea-level history. These two zones are 

associated with the positions of two different paleo-water tables of different ages that 

formed during relative sea-level fall and erosional downcutting of the landscape during 

the Plio-Pleistocene. Thus, similar distributions of cements may be predictable with 

known sea-level history elsewhere. Meteoric calcite cementation reduced much of the 

porosity and permeability, but its effects were lithofacies specific. This pattern of calcite 

cementation in two zones, and the lithofacies specific relationships among porosity, 

permeability and calcite cements are useful in incorporation into subsurface geomodels.  

Chapter 5, fracture control on distribution of late dissolution, La Molata, Spain, 

documents and focuses on fracture controlled meteoric dissolution in the vadose zone. 

Near vertical boundaries between areas with vuggy porosity and areas without such 

porosity were observed in the field, and these areas show up on GPR image profiles. 

Moreover, these boundaries cut across facies. Such zonations cannot be explained by 

depositional processes. Petrography, and petrographic image analysis suggest dissolution 

in the vadose zone that postdated the extensive calcite cementation. This dissolution 

enhanced porosity. It, however, results in heterogeneity in the upper cemented zone by 

creating areas with higher porosity that cut across the cemented areas.  

Chapter 6, climate, duration and mineralogy controls on meteoric diagenesis, 

investigates the various aspects that control meteoric diagenesis. Although subaerial 

exposure is typically thought to result in extensive alteration of limestone, this study 
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shows that for many surfaces of subaerial exposure, there was little effect on porosity. 

The diagenetic effects of subaerial exposure on porosity are mostly controlled by the 

climate and duration, as well as mineralogy. Short-lived subaerial exposure in an arid 

climatic setting had minor impact on porosity. Decreasing aridity and increased rainfall 

correlates to an increase in diagenetic alteration by meteoric waters. Carbonates 

composed of calcitic mineralogy are more resistant to alteration from meteoric diagenesis. 

Extensive cementation and dissolution formed during long-lived subaerial exposure in a 

wetter climate.  
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CHAPTER 2. ASCENDING FRESHWATER-MESOHALINE 

MIXING: A NEW SCENARIO FOR DOLOMITIZATION 

Zhaoqi Li, Robert H. Goldstein, and Evan K. Franseen 

Department of Geology, the University of Kansas, 1475 Jayhawk Boulevard, 120 Lindley 

Hall, Lawrence, KS, 66045, USA 

ABSTRACT 

The concept of mixing-zone dolomitization has received enough criticism in recent years 

to suggest that it no longer be considered viable for making large amounts of dolomite. 

This study proposes an alternative conceptual model that still requires fluid mixing. In 

this model, ascending flow of freshwater mixes with evaporated seawater, leading to 

extensive dolomitization. The new model is constrained from Upper Miocene strata of 

southeast Spain, where the dolomite yields fluid inclusion Tm-ice data that range from 

-0.2 to -2.3 °C, indicating precipitation from fluids of 4 to 43 ppt seawater salt equivalent 

and confirming fluid mixing. The δ13C and δ18O of the dolomite ranges from -4.5 to +3.0‰ 

VPDB, +0.9 to +6.0‰ VPDB, respectively, and display positive covariation. Although 

such positive covariation may represent fluid mixing, mixing of two dolomites sampled 

in the lab, or an original dolomite that has been recrystallized, fluid inclusion data and 

cathodoluminescence petrography from these strata disprove the mixture during sampling 

and recrystallization hypotheses. Isotopic evaporation modeling for the most positive 

dolomite δ18O values indicates an evaporated seawater endmember of 43 ppt salinity, 

identical to the most saline fluid inclusions. As paleotopography is preserved in the study 
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area, the spatial variation in dolomite geochemistry can be mapped to evaluate if it is 

consistent with the hydrogeology of the typical mixing-zone model or an alternative. The 

data reveal that both downdip and updip areas were influenced by high-salinity and 

low-salinity fluid end members, and that stratigraphically lower units have more depleted 

δ13C and δ18O than upper units. These results are consistent with a conceptual model of 

upward flow of freshwater that provides the mechanism of mixing of freshwater and 

evaporated seawater. Upward flow and degassing of CO2 from loss of pressure 

contributed to near-platform-wide dolomitization in this succession, and may have 

analogs in other ancient successions. 

INTRODUCTION 

Mixing of freshwater and seawater has been proposed as one of the many 

mechanisms for dolomitization since early studies of a Tertiary limestone aquifer in 

central Florida (Hanshaw et al., 1971), the Hope Gate Formation of North Jamaica (Land, 

1973) and Ordovician dolomites of the Wisconsin arch (Badiozamani, 1973). Following 

the initial work, numerous researchers applied the mixing-zone dolomitization model to 

explain dolostones that lack associated evaporites (e.g., Land et al., 1975; Choquette and 

Steinen, 1980; Churnet et al., 1982; Eriksson and Warren, 1983; Baum et al., 1985; 

Randazzo and Bloom, 1985; Ward and Halley, 1985; Humphrey, 1988; Humphrey and 

Quinn, 1989; Muchez and Viaene, 1994; Fookes, 1995; Gill et al., 1995). Criticisms of 

this model, however, have continued since the 1980s (e.g., Hardie, 1987; Machel and 

Mountjoy, 1986; Machel and Mountjoy, 1990; Machel, 2004). Reexamination of some of 
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the classic examples of mixing-zone dolomite have shown that they did not form in 

mixing zones, but either formed from seawater followed by recrystallization in freshwater, 

or resulted from hydrothermal fluids (Land, 1991; Machel and Burton, 1994; Luczaj, 

2006). In addition, numerous studies have shown that modern and ancient mixing zones 

lack pervasive dolomite (Smart et al., 1988; Price and Herman, 1991; Maliva et al., 2001; 

Melim et al., 2004; Csoma et al., 2004; 2006). In light of these studies, many have 

suggested that the mixing-zone dolomitization model should no longer be considered 

viable. 

This study hypothesizes that fluid mixing can lead to extensive dolomitization, 

just not with the same hydrogeology or end-member seawater composition of the 

traditional mixing-zone model. An effective mechanism for dolomitization could result 

from mixing between freshwater and evaporated seawater, especially where freshwater 

flows upward into carbonates saturated with the evaporated seawater. The study uses an 

example from the Upper Miocene of southeast Spain, where dolomitization associated 

with fluid mixing is concluded with high confidence because of the combination of 

preserved paleotopography, no history of deep burial, constrained sequence stratigraphy, 

combined petrography, fluid inclusion and stable isotope data. 

GEOLOGICAL BACKGROUND 

The study area is Cerro de la Motala, a set of outcrops exposed in the Cabo de 

Gata region on the southern margin of the Almeria basin of southeast Spain (Fig. 2-1). 

During the Miocene, volcanism generated local islands. Three million years after 
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volcanism was over, Upper Miocene carbonates were deposited on the flanks of these 

volcanic islands. The volcanic basement is intensively fractured. The carbonate sequence 

stratigraphy consists of a lower succession of heterozoan bioclastic and hemiplegic 

carbonates (sequences DS1A and DS1B), a middle succession of reef and fore-reef slope 

carbonates (sequences DS2 and DS3), and an upper succession of oolitic and microbial 

carbonates (TCC sequences) (Franseen et al., 1998). This carbonate platform and other 

Miocene carbonate platforms around the western Mediterranean have been extensively 

dolomitized (Oswald, 1992; Meyers et al., 1997; Lu and Meyers, 1998). At La Molata, 

the abundance of dolomite increases downward and basinward (Fig. 2-2). Dolomitization 

extends through the uppermost Miocene TCC but not into overlying Pliocene carbonates, 

which contain clasts of Miocene carbonates with dolomite crystals truncated at their 

margins. In addition, there is no aquitard or aquiclude at the Miocene/Pliocene boundary 

to prevent cross-formational flow. Together, these lines of evidence date dolomitization 

to the end of the Miocene, after deposition of the TCC, but before Pliocene deposition.  
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Figure 2-1. Location and general geology around study area Cerro de la Motala, southeast 

Spain. Modified from Dabrio et al. (1981). 

 

Figure 2-2. Percent of dolomite contour superimposed on 2-D cross section based on 

outcrop. Notice the extensive dolomitization of upper Miocene carbonate rocks. 
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PETROGRAPHY 

Standard transmitted light and cathodoluminescence petrography on 290 thin 

sections revealed dolomite occurring as both replacement and cement. Replacive 

dolomites are either very finely crystalline (<10 µm across), mimetically replacing 

fragments of red algae, serpulid worms, pellets and microbialite; or coarsely crystalline 

(20 µm to 120 µm diameter) and fabric-destructive, consisting of both 

spheroidal/polyhedral and subhedral/euhedral crystals replacing a variety of grain types. 

Dolomite cements have morphologies similar to fabric-destructive replacive dolomite, 

but reduce pore space. Fabric-destructive replacive dolomite and dolomite cements have 

finely banded (2-15 µm) cathodoluminescence (CL) patterns with alternating 

dull-to-bright luminescence. Mimetically replacive dolomites are characterized by either 

dull or bright luminescence identical to subzones in zoned fabric-destructive replacive 

dolomite and dolomite cements. Both updip and downdip areas have complex CL zoning 

showing approximately the same sequence of growth zones, suggesting all areas may 

have experienced the same or similar events of dolomitization (Fig. 2-3). Patchy 

luminescence, which would suggest a minor amount of recrystallization of the dolomite, 

represents only about 10% of the dolomite CL fabric. 
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Figure 2-3. CL photomicrograph showing dolomites have well-preserved CL zoning. 

Notice updip (A) and downdip (B) areas have similar CL. RD - replacive dolomite, DC – 

dolomite cement. Scale bar in both is 0.1 mm. 

GEOCHEMISTRY OF DOLOMITE 

FLUID INCLUSIONS 

Fluid inclusions preserve a record of the salinity of low-temperature fluids 

(Goldstein and Reynolds, 1994). This study utilizes low-temperature microthermometry 

measurements of freezing point depression of ice (Tm ice) of primary fluid inclusions 

within dolomites to study the salinity of fluids responsible for dolomitization. Inclusions 

were originally all liquid. Tm ice data from fluid inclusions of both dolomite cement and 

fabric-destructive replacive dolomite are confined to dolomite crystals that show 

well-preserved CL zoning, arguing against entrapment during recrystallization of 

dolomite and arguing for entrapment during its initial precipitation. Some fluid inclusions 

are elongate in shape, and are aligned in the direction of crystal growth, or exist as 

isolated inclusions that are relatively large in relation to the small dolomite crystals. 
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These observations indicate that the fluid inclusions observed are primary in origin. To 

observe phase changes, i.e., document the Tm ice, vapor bubbles must be generated by 

heating samples to 175 to 225 °C in an oven overnight, and then cooling the samples in a 

freezer (method of Goldstein and Reynolds, 1994). Repeated freezing runs (measured ± 

0.1 °C) were performed to evaluate if inclusions were leaking and needed to be 

eliminated from further analysis.  

Measured Tm ice values range from -0.2 to -2.3 °C. Tm ice values neither 

increase nor decrease progressively across dolomite growth zones; there is no consistent 

trend either way. Tm ice reflects salt content in fluid inclusions; Tm ice of -1.9 °C 

signifies normal seawater, lower values than -1.9 °C imply evaporative concentration of 

seawater (Fig. 2-4). Tm ice was converted to salinity using the seawater-salt model of 

Goldstein and Reynolds (1994). Salinity values calculated thus range from 4 ppt to 43 ppt 

seawater salt equivalent. Most of the salinity values are either lower or higher than 

normal seawater salinity, indicating dolomitizing fluids were a mixture between 

freshwater and evaporated seawater. 
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Figure 2-4. Frequency histogram showing distribution of Tm-ice measurements of 

primary fluid inclusions in dolomite. Tm-ice below -1.9° indicates evaporation and above 

-1.9° indicates involvement of freshwater. 

CARBON & OXYGEN ISOTOPES 

On the basis of thin section petrography, 109 individual analyses of carbon and 

oxygen isotopic compositions on micro-drilled pure dolomite powders are reported 

relative to VPDB standard. δ18O and δ13C values range from +0.9‰ to +6.0‰, and -4.5‰ 

to +3.0‰, respectively (Fig. 2-5). Some of the significant features of δ18O and δ13C data 

include: (1) linear or curved covariation between δ18O and δ13C; (2) negative as well as 

positive δ13C values; (3) both upslope and downslope areas have similar ranges of δ18O 

and δ13C; (4) δ18O and δ13C are similar for both dolomite cements and replacive 

dolomites; (5) individual rock samples show a wide range of δ18O and δ13C; and (6) in 

general, stratigraphically higher units have more positive δ18O and δ13C (mean of +4.4 

and +0.4, respectively) as compared to stratigraphically lower units (mean of +3.8 and 

-0.1, respectively) (Fig. 2-5). 
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Figure 2-5. Cross plot of δ18O and δ13C. Notice the covariation of δ18O and δ13C, wide 

range of δ18O, and positive as well as negative δ13C.  

The endmember with the most depleted δ18O and δ13C values implies a freshwater 

signature. The other endmember can be interpreted from the most enriched δ18O. If one 

assumes a temperature of 25°C (approximate paleotemperatures from 

Hernández-Fernández et al., 2007; García-Alix et al., 2008; Matson and Fox, 2010), 

dolomites with the most positive δ18O of 6.0‰ correlate to precipitating fluids of δ18O of 

3.7‰ VSMOW, on the basis of the equation 1000lnα = 3.2 x 106 T-2 - 3.3 (Sheppard and 

Schwarz, 1970; Land, 1983). A fluid with δ18O of 3.7‰ VSMOW has a much more 

enriched oxygen isotopic composition than that of normal late Miocene seawater (Miller 

et al., 1987; Veizer et al., 1999). Therefore, evaporation has played a role in oxygen 

isotope enrichment.  
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One way to evaluate the extent of evaporation is through geochemical modeling 

of evaporation effects on oxygen isotopic composition of seawater (e.g., Craig and 

Gordon, 1965; Gonfiantini, 1986; Swart et al., 1989). Initial stages of evaporation result 

in δ18O increase and further evaporation results in δ18O decrease (Lloyd, 1966; Nadler 

and Magaritz, 1980). Using the modeling method of Swart et al. (1989), and assuming a 

relative humidity of 75%, starting composition of 0.8‰ VSMOW, and temperature of 25 

ºC, the modeling results produce two alternative solutions; evaporation of either 16% or 

87% of the original seawater in the water body. As there is no indication of evaporites at 

this high paleotopographic level, the 16% value is the most likely, yielding a salinity of 

43 ppt if normal Mediterranean seawater was 36 ppt.  

DISCUSSION 

The overlap in C and O isotopic values and similarity in CL pattern between 

dolomite cements and replacive dolomite indicate they should be treated together, and 

likely are formed under the same mechanism. Tm ice values reveal dolomite precipitation 

from fluids of salinity ranging from 4 to 43 ppt. Although the covariation of oxygen and 

carbon isotopic composition can be hypothesized to be due to a) fluid mixing between 

evaporated seawater and freshwater, b) recrystallization of an evaporated-seawater 

dolomite in freshwater, or c) physical mixing between an evaporated-seawater dolomite 

and another dolomite, the fluid inclusion data disprove all but the fluid-mixing 

interpretation. This argument can be made on the basis of observations in 

cathodoluminescence that show only minor recrystallization, overall dolomite 
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distribution decreasing upward (inconsistent with reflux of evaporated seawater), and the 

lack of bimodal fluid inclusion salinities (inconsistent with freshwater recrystallization of 

an evaporated-seawater dolomite). Geochemical modeling of evaporation effects on 

oxygen isotopic composition suggests the most positive δ18O requires evaporation to 

increase seawater salinity to 43 ppt; the most depleted δ18O and δ13C suggest 

involvement of freshwater. Fluid inclusion data indicate salinities ranging from 43 to 4 

ppt. The match between the isotopic and fluid inclusion observations strongly argues for 

dolomitization during mixing between a mesohaline evaporated seawater of 43 ppt 

salinity and freshwater. 

The involvement of both freshwater and evaporated seawater suggests the climate 

was arid enough to cause evaporation of the Mediterranean, yet there was enough 

freshwater recharge locally for input of freshwater into the system. During the latest 

Miocene to early Pliocene, there is evidence of increased freshwater impact, as suggested 

by the well-known Lago Mare facies described in most subbasins of the Mediterranean. 

This facies consists of freshwater to brackish water deposits overlying the latest Miocene 

carbonate/evaporite association, indicating increasing freshwater input from latest 

Miocene into the Pliocene (Cita et al., 1978; Rouchy and Saint-Martin, 1992; Rouchy et 

al., 2001). 

Several geologic scenarios can explain extensive dolomitization from 

freshwater-mesohaline mixing. One scenario would be traditional mixing-zone 

dolomitization during progressive sea-level fall after TCC deposition. Falling sea level 
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would introduce freshwater into the system, and mixing zones would migrate basinward 

as sea level falls, dolomitizing the most of the carbonate platform in response to 

progressive sea-level fall. This scenario can be discredited because updip and downdip 

areas have similar ranges of δ18O and δ13C; sea-level fall would likely lead to 

Mediterranean restriction and progressive change in salinity, producing a progressive 

shift in isotopic signature. Further, the mostly likely site for a traditional mixing zone, 

near the shoreline, seems to have the lowest amount of dolomite, not the highest (Fig. 

2-2). Fluid inclusion data do not show the pattern of progressive freshening expected if 

mixing zones had migrated downdip. Downdip areas show CL zonation in dolomite 

similar to updip areas; therefore, there is no additional phase of dolomite added in the 

downdip areas that would be absent in updip areas, as would be predicted with this 

scenario.  

A second more complex scenario can also be discredited; that is the scenario of 

dolomitization from traditional mixing zones migrating across the platform multiple 

times due to rises and falls in sea level after TCC deposition and before Pliocene 

deposition. The stratigraphic record does not support the idea of multiple rises and falls in 

sea level after deposition of the TCC and reaching the same elevations as the TCC 

(Esteban, 1979; Rouchy and Saint-Martin, 1992; Franseen et al., 1998; Bourillot et al., 

2010).  

A third scenario, herein termed ascending freshwater-mesohaline mixing, requires 

only a single sea-level stand in which the platform is immersed in evaporated seawater. 
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At the same time, freshwater is injected from below because of recharge from the 

adjacent hinterland. This setting would result in more depleted δ18O and δ13C values 

being more common near the base of the section in contact with volcanic basement, the 

likely freshwater aquifer, exactly what is found. This scenario of injection of freshwater 

from below has both geochemical and hydrologic conditions that would promote 

extensive dolomitization. As freshwater is more buoyant than dense evaporated seawater 

already saturating the platform, freshwater would tend to flow upward upon being 

injected into the system. This situation could create a system of active flow and mixing 

well beyond that which would be generated in a typical island mixing zone. Moreover, 

upon this upward flow of fluids, pressure decrease would be accompanied by degassing 

of CO2. Consequently, the mixing of fluids, in conjunction with CO2 degassing, could 

lead to pervasive dolomitization (Fig. 2-6). 
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Figure 2-6. Conceptual model of ascending freshwater-mesohaline mixing dolomitization. 

Freshwater is channelized through high-permeability fractures in low-permeability 

volcanic rocks. Upon injection into carbonates driven by hydraulic head from recharge 

area, freshwater flows upward because it is more buoyant than evaporated seawater. The 

outward and upward eddy flow results in fluid mixing. Degassing of CO2 occurs due to 

loss of pressure during ascending flow of mixed fluids. Mixing of fluids, upward 

degassing of CO2, and a mesohaline endmember may all contribute to extensive 

dolomitization. 

As documented by others (Machel and Mountjoy, 1990; Machel and Burton, 
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1994), the traditional mixing-zone dolomitization model can be criticized on the basis of 

mass balance and saturation state concerns. The ascending freshwater-mesohaline mixing 

dolomitization model overcomes these perceived shortcomings in several ways. First, the 

active flow through injection of low-density freshwater from below promotes mixing and 

circulates evaporated seawater through the carbonate platform, providing the source for 

Mg. Upward flow of freshwater is driven by hydraulic head and lower density as 

compared to overlying evaporated seawater, driving fluid flow and mixing. Second, CO2 

degassing increases the supersaturation with respect to dolomite, while the fluids could 

still remain undersaturated with respect to CaCO3 (certain mixing ratios and pCO2 values 

modeled in Plummer, 1995). This new conceptual model is capable of widespread 

dolomitization of small carbonate platforms, as demonstrated in our study area, but due to 

the special hydrologic conditions required, it may not be applicable at larger scales (tens 

to hundreds of kilometers). The extent of dolomitization of a platform may be controlled 

by the aquifer configuration of the bedrock relative to it, the relief and extent of an 

adjacent area of subaerial exposure to drive recharge and create hydraulic head, and the 

distribution of evaporated seawater in the platform. 

To date, because there is no well-documented modern analog described in the 

literature, it remains to be seen if pervasive dolomitization is due to simply mixing with 

the evaporated endmember, CO2 degassing or the hydrogeology of this system, or if all 

three are required. Reactive transport models can be used to explore various scenarios, 

but studies of modern systems where fresh water discharges into seawater or evaporated 
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seawater at sites such as springs offshore from the Yucatan peninsula, are necessary to 

further explore this idea for ascending freshwater-mesohaline mixing dolomitization.  

CONCLUSIONS 

Fluid inclusion measurements of Miocene dolomites from Spain yield Tm ice 

ranging from -0.2 to -2.3 °C, indicating dolomite precipitation from fluids of 4 ppt to 43 

ppt seawater salt equivalent, and confirming fluid mixing between freshwater and 

evaporated seawater. The δ18O and δ 13C values of dolomite range from +0.9‰ to +6.0‰ 

VPDB, and -4.5‰ to +3.0‰ VPDB, respectively, and are characterized by positive 

covariation. Geochemical modeling of evaporation effects on oxygen isotopes yields an 

evaporated end member of 43 ppt, consistent with the salinities calculated from fluid 

inclusions. Fluid inclusion and petrographic data rule out recrystallization after 

precipitation from normal or evaporated seawater as well as mixing of two different 

dolomites during sampling.  

Evidence for a new scenario of ascending freshwater-mesohaline mixing 

dolomitization is documented and presented herein. The hydrogeological conceptual 

model for extensive dolomitization is driven by injection of freshwater from below into a 

platform saturated with evaporated seawater. Upon entering shallower areas from below, 

pressure decrease is accompanied by CO2 degassing. Consequently, the mixed fluids 

become highly supersaturated with respect to dolomite. This new scenario may be used as 

a predictive tool for dolomitization where hydrogeology allows for injection of 

freshwater from below a carbonate platform, and climate conditions are such that 
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freshwater recharge can take place at the same time as evaporative concentration of 

seawater. 
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ABSTRACT 

This paper documents extensive dolomitization by ascending freshwater-mesohaline 

mixing in a Miocene (Tortonian to Messinian) carbonate system (La Molata) in southeast 

Spain. Dolomitization occurred at the end of the Miocene, before Pliocene deposition. 

Dolomite occurs as replacement and cement; both have well-preserved CL zonations. 

Fluid inclusion Tm ice values range from -0.2 to -2.3 °C, indicating fluid mixing of 

freshwater and evaporated seawater. δ18O and δ13C are characterized by positive 

covariation, with +0.9 to +6.0‰ VPDB for δ18O, and -4.5 to +3.0‰ VPDB for δ13C. 

Lower stratigraphic units are more depleted in δ18O and δ13C compared to upper 

stratigraphic units. 87Sr/86Sr values (0.70866 to 0.70904) range from less than to greater 

than that of late Miocene seawater values. All data are consistent with injection of 

freshwater into the carbonates from below. Upward flow of meteoric waters, driven by 
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hydraulic head from the hinterland, creates fluid mixing and leads to loss of pressure and 

degassing of CO2. This ascending freshwater-mesohaline mixing is responsible for 

dolomitization at La Molata, and may be applicable to Miocene dolomitization around 

the western Mediterranean. The model can be applied broadly to carbonate systems 

adjacent to paleotopographic highs, where freshwater discharges into slightly evaporated 

seawater. 

INTRODUCTION 

Despite considerable attention and numerous research efforts over more than 200 

years, processes responsible for dolomitization have remained controversial. The essence 

of the so-called “dolomite problem” lies in the following: (1) the uneven distribution of 

dolomite through time - it is uncommon in modern carbonate sediments, whereas it is 

abundant in ancient carbonates; and (2) difficulty in precipitating dolomite 

experimentally at earth-surface temperature without microbial or surface meditation. 

Understanding low-temperature dolomitization will not only satisfy scientific aspirations 

of geologists, but also carry economic significance. It is estimated that dolomites contain 

up to 80% of oil and gas found in carbonate rocks in North America and many 

hydrocarbon reservoirs in the Middle and Far East (Braithwaite et al. 2004).  

Mixing of freshwater and seawater is one of the many mechanisms that have been 

proposed for dolomitization. Mixing-zone dolomitization was first proposed by Hanshaw 

et al. (1971) by studying a Tertiary limestone aquifer of central Florida. Land (1973) 

reported the Hope Gate Formation of North Jamaica as one of the first examples of 
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mixing-zone dolomitization, on the basis of petrography and a study of carbon & oxygen 

isotopes. At the same time, Badiozamani (1973) suggested that dorag dolomite formed 

from mixing of freshwater and seawater, and supported this with thermodynamic 

calculations. In his arguments, he demonstrated that mixed fluids of freshwater and 

seawater in a certain range become supersaturated with respect to dolomite but 

undersaturated with respect to calcite. In addition, he applied this concept to explain the 

pervasive dolomitization of Ordovician carbonates along the Wisconsin arch. Following 

the initial work by Land (1973) and Badiozamani (1973), numerous researchers applied 

mixing-zone dolomitization model to explain dolostones that lacked and association with 

evaporites (e.g. Land et al. 1975; Sears & Lucia 1980; Choquette & Steinen 1980; 

Churnet et al. 1982; Kaldi & Gidman 1982; Eriksson & Warren 1983; Baum et al. 1985; 

Randazzo & Bloom, 1985; Ward & Halley 1985; Durgaprasada-Rao et al. 1987; Xun & 

Fairchild 1987; Humphrey 1988; Searl 1988; Muchez & Viaene 1994; Fookes 1995). 

Even though mixing-zone dolomitization has been advocated by many researchers, 

others have questioned if freshwater-seawater mixing is an effective mechanism of 

dolomitization since the 1980s (Hardie 1987; Machel & Mountjoy 1986; 1990; Machel & 

Burton 1994). Hardie (1987) argued that in Badiozamani’s calculation, solubility values 

(K=10-16.5) characteristic of modern dolomite precipitates should be used, instead of 

solubility values (K=10-17) for ancient stoichiometric dolomites. If K=10-16.5 were used, 

only a narrow ratio of freshwater and seawater is theoretically capable of dolomitization. 

Furthermore, Land (1991), once a big proponent for mixing-zone dolomitization, 
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overthrew his original interpretation of the Hope Gate Formation dolomites as 

mixing-zone dolomites. Instead, he interpreted seawater as the fluid responsible for 

dolomitization, on the basis of strontium isotopes and δ18O values that are consistent with 

precipitation from seawater. The Golden Grove dolomite in Barbados, another proposed 

Quaternary mixing-zone dolomite (Humphrey 1988; Humphrey & Quinn 1989), has been 

reinterpreted to have a different origin by Machel & Burton (1994). Their interpretation 

was that the δ18O values (+1.1 to +4.4 ‰ PDB) suggest seawater dolomitization with 

variable temperatures and/or slight evaporation. Moreover, Luczaj (2006) ruled out the 

dorag model for dolomitization of Ordovician carbonates near the Wisconsin arch. On the 

basis of his field, petrographic and geochemical evidence, he proposed that the 

dolomitization has a genetic link with regional hydrothermal fluids. 

Another aspect that undermines the mixing-zone dolomitization model is the lack 

of extensive dolomites in many modern and ancient mixing zones. Although a few 

examples of mixing zones were documented to have dolomites (Magaritz et al. 1980; 

Ward & Halley 1985; Cander 1994), numerous studies have found only small amounts or 

no dolomite in mixing zones; mixing-zone diagenesis does not follow the pattern 

predicted by mixing-zone dolomitization model (e.g., Plummer et al. 1976; Smart et al. 

1988; Stoessell et al. 1989; Price & Herman 1991; Wicks et al. 1995; Wicks & Herman 

1996; Maliva et al. 2001; Melim et al. 2004; Csoma et al. 2004, 2006).  

On the basis of these recent studies, many have suggested that mixing-zone 

dolomitization is no longer a viable mechanism for dolomitization. Reasons include: (1) 
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using solubility value of disordered dolomite instead of ordered dolomite, 

thermodynamic calculations would yield a small window of fluid mixing in which 

dolomitization is likely to happen; (2) no conclusive interpretation of the origin of 

dolomites can be drawn from geochemical data, because they usually do not distinguish 

between fluid mixing and a later overprint of freshwater or high-temperature fluids; and 

(3) the paucity of extensive dolomites in modern and ancient mixing zones. These 

concerns led many geologists to argue against mixing zone dolomitization and to promote 

rejection of this model as an effective mechanism for large-scale dolomitization (Machel 

& Mountjoy 1986; Hardie 1987; Budd 1997; Melim et al. 2004; Machel 2004; Luczaj 

2006). 

This study investigates the origin of extensive dolomitization of upper Miocene 

carbonates in southeast Spain. It combines petrography, field mapping, carbon and 

oxygen isotopes, fluid inclusions, geochemical modeling of oxygen isotopes, and Sr 

isotopes to uniquely define the environment of dolomitization. The combined analyses 

provide new data to support the recently proposed idea that pervasive dolomitization was 

due to ascending freshwater-mesohaline mixing (e.g. Goldstein et al. 2012; Li et al. in 

revision). This new model for dolomitization incorporates fluid mixing necessary in 

previous mixing-zone models, but requires an evaporated seawater endmember and 

vertical flow of freshwaters through them to promote fluid flow, pressure decrease, and 

degassing of CO2. Specialized hydrologic and climate conditions are necessary for this 

type of dolomitization to occur, and those conditions may be predictable in the ancient. 
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GEOLOGICAL SETTING 

LOCATION AND STRATIGRAPHY 

The study area is near the coastal town of Las Negras and located south of the 

Almeria basin (Nijar-Carboneras basin), in the Cabo de Gata volcanic province of 

southeastern Spain (Fig. 3-1). Neogene volcanism, associated with transtension between 

the African and Iberian plates, created volcanic highs and resulted in a complex 

topography of islands and basins (Rehault et al. 1984, 1985; Montenat et al. 1987; Sanz 

de Galdeano & Vera 1992). The Carboneras fault, a major sinistral strike-slip fault 

system, separates the Neogene volcanic basement of the Cabo de Gata region from the 

Mesozoic-Palaeozoic metamorphic basement of the Betic range (Montenat et al. 1987; 

Martin et al. 2003). The deformation created the present-day basin-and-range topography 

visible today. Regional uplift of the region progressed from the late Tortonian and 

through the Pliocene and later (Rehault et al. 1984, 1985). Deformation caused extensive 

fracturing of the volcanic basement. 

After subaerial erosion of the volcanic basement, marine carbonate sediments 

were deposited during the late Miocene (Tortonian and Messinian) on the flanks of the 

Neogene volcanic highs. The Miocene carbonates have been studied by many researchers 

(e.g., Esteban et al. 1996; Franseen, 1989; Franseen et al. 1998; Montgomery et al. 2001; 

Martin et al. 2003; Johnson et al. 2005; Bourillot et al. 2009, 2010). Most of the 

carbonate rocks are younger than the volcanic basement rocks, although the lowest 

carbonate depositional sequence is interbedded with a volcanic flow unit  (Franseen & 
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Goldstein 1992; Franseen et al. 1993; Franseen & Goldstein 1996; Franseen et al. 1997). 

The volcanic flow unit yields an 40Ar/39Ar age of 8.5 ± 0.1 Ma, providing an age for the 

oldest depositional sequence (Goldstein & Franseen 1995; Franseen & Goldstein 1996). 

The sequence stratigraphic framework and quantitative history of relative sea level has 

been studied and established by previous work (Franseen 1989; Franseen & Mankiewicz 

1991; Franseen & Goldstein 1992; Franseen et al. 1993; Whitesell 1995; Goldstein & 

Franseen 1995; Franseen & Goldstein 1996; Franseen et al. 1997; Franseen et al. 1998; 

Johnson et al. 2005; Lipinski 2009). The carbonate depositional sequences (DS) consist 

of a lower heterozoan carbonate association (DS1a and DS1b), a middle photozoan 

carbonate association (DS2 and DS3), and an upper oolite-microbialite association TCC. 

TCC can be further divided into four depositional sequences, including TCC-1, -2, -3, 

and -4 (Fig. 3-2).  

DS1a and DS1b are carbonate sequences that dip basinward and onlap against the 

volcanic basement. These sequences mark the initial marine inundation of subaerially 

eroded volcanic basement. DS1a strata are dominated by bryozoan-rich facies and 

red-algal facies. Locally, volcaniclastic sandstones/conglomerates occur in the sequence 

(Franseen et al. 1998).  

DS1b  is composed of six-to-ten high-frequency fining-upward cycles (2-15 m in 

thickness each) that generally onlap and drape DS1a and volcanic basement . Fining 

upward cycles consist of coarse-grained, cross-bedded, graded red-algae-rich 

packstone/grainstone at the base, and burrowed fine-grained foraminiferal 
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wackestone/packstone at the top (Johnson et al. 2005).  

DS2 varies from 1 to 30 m in thickness. DS2 strata generally drape pre-existing 

gently sloping surfaces created by earlier deposition of DS1a and DS1b. DS2 consists 

primarily of skeletal wackestone/packstone, and minor packstone/grainstone. The base of 

DS2 consists of megabreccia (MB1);  clasts are composed mainly of reef facies of 

Tarbellastraea and Porites corals.  MB1 clasts show evidence of subaerial exposure 

before transport, indicating relative sea-level fall (Franseen et al. 1993).  

DS3 has a preserved thickness of 20-70 m. The basal portion of DS3 consists of 

megabreccia 2 (MB2), coarse-grained carbonates and volcaniclastic 

sandstones/conglomerates.The overlying units in DS3 consist of fringing reef strata that 

aggrade, prograde and downstep. The down-stepping strata developed in response to 

relative fall in sea level (Franseen et al. 1993). The youngest DS3 strata consist primarily 

of Halimeda-rich facies. In addition to reef facies, DS3 strata also include coarse- to 

fine-grained Porites-red algae-mollusc packstone/grainstone, with finer-grained 

packstone/grainstone occurring in more distal positions (Franseen et al. 1993).  

The uppermost carbonate succession, Terminal Carbonate Complex (TCC), 

ranges up to 30 m in thickness and overlies a subaerial exposure surface on the top of 

DS3. TCC consists of four predominantly topography-draping sequences, each composed 

of microbialite (stromatolite and thrombolite) and oolite. Each was deposited in response 

to high-frequency cyclic glacioeustacy. Sequences commonly have basal stromatolite, 

overlain by local thrombolite that is overlain by oolitic grainstone. Subaerial exposure at 



	   48	  

the end of Miocene and after TCC deposition signifies a relative sea-level fall of at least 

200 m (Franseen et al. 1998). 

PALEOTOPOGRAPHY  

The carbonate sequences show only minor tilting, compaction and faulting 

(Esteban & Giner 1980; Franseen 1989; Franseen et al. 1993; Franseen et al. 1998). Thus, 

preserved palaeotopography allows for examination and comparison of dolomitization in 

the downdip vs. updip areas. It also permits reconstruction of palaeo-geography and 

palaeo-hydrogeological setting. Paleo-pressure data indicate that 200-to-300 m of 

volcanic rocks have been eroded in the nearby Rodalquilar area in the last 10 Ma (Arribas 

et al. 1995). The Rodaliquilar area would have been a volcanic high adjacent to the La 

Molata area. La Molata was located within the northwest part of a caldera that was open 

toward the east. Given a constant erosion rate, the Rodalquilar volcanic high would have 

been 100-to-150 m higher than present-day elevation at the end of the Miocene. Today, 

the highest volcanic hills are greater than 480 m in elevation. They form a 

horseshoe-shaped linear ridge that likely formed a drainage divide separating drainage 

into the caldera interior from drainage into the Agua Amarga and Nijar-Almeria basins 

(Fig. 3-3).  

CLIMATE 

Late in the Miocene, evaporite precipitated extensively in the Mediterranean, 

known as Messinian Salinity Crisis (MSC) (Hsü et al. 1973, 1977). Esteban & Gíner 

(1980) suggested the pre-TCC unconformity had a genetic link with major evaporative 
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drawdown, during which the lower and some upper evaporites were deposited in the main 

Mediterranean basin. TCC strata might be time-equivalent to some upper evaporites (Van 

de Poel 1991; Esteban 1996). During the MSC, evaporites were also deposited in some 

marginal basins. The timing for deposition of evaporites in the main basin and those in 

marginal basins remains unclear.  Riding et al. (1991) proposed that TCC strata postdate 

evaporite deposition in the marginal Sorbas Basin. In our immediate study area, no 

evaporites are present, and there is no evidence to suggest they were deposited and later 

removed. It is clear that at the end of DS3 deposition, and perhaps during parts of TCC 

deposition, conditions in the Mediterranean were sufficiently arid for Mediterranean 

seawater to achieve higher than normal marine concentrations. This climate may have 

had an impact on dolomitization. 

It is generally acknowledged that evaporite deposition had ceased at the very end 

of the Messinian due to freshwater dilution and marine reflooding by opening of the 

Gibraltar strait (e.g. Hsü et al. 1973, 1977). Lago Mare facies, representative of 

freshwater to brackish water deposits, immediately overlie the latest Miocene 

carbonate/evaporite association (Cita et al. 1978; Rouchy & Martin 1992; Rouchy et al. 

2001). Thus, the end of the Miocene represents a transition from arid conditions to those 

of increasing freshwater input.  This transition may have significance for the sources of 

fluids responsible for dolomitization. 
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Fig. 3-1. A - Location map illustrating Neogene basins within the Betic Cordillera of 

southeast Spain. Field area is in the Cabo de Gata volcanic province. B - Generalized 

geological map of the Cabo de Gata region showing the location of La Molata field area 

(modified from Lipinski 2009). 
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Fig. 3-2. Generalized stratigraphy of the Miocene carbonates of the La Molata field area, 

southeast Spain (modified from Franseen et al. 1998). 
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Fig. 3-3. Topographic and palaeogeographic map of La Molata field area. La Molata is 

located at NE corner of Rodalquilar caldera and surrounded by volcanic highs landward. 

A possible horse-shoe shaped palaeo-drainage divide is illustrated on the map. This 

drainage divide separates drainage into the caldera interior from drainage into the Agua 

Amarga and Nijar-Almeria basins (modified from Lipinski 2009).  

METHODS AND MATERIALS 

This work combines stratigraphic, petrographic, petrographic image analysis 

(PIA), XRD, fluid inclusion, stable carbon and oxygen isotope, and Sr isotope data to 
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study the origin of dolomitization for the upper Miocene La Molata carbonate platform in 

southeast Spain. 

Petrographic study focused on the description of dolomites, pore types, and the 

paragenesis of diagenetic events. Three hundred doubly polished thin sections were 

prepared and examined using both standard transmitted light and cathodoluminescence 

(CL) petrography. Before preparation of thin sections, billets were impregnated with blue 

epoxy for recognition of porosity. Thin sections were then stained with alizarin red-S 

mixed with potassium ferricyanide to distinguish dolomite from calcite (method of 

Lindholm & Finkelman, 1972). CL work concentrated on the cement stratigraphy of 

dolomites. 

Petrographic image analysis is useful for quantifying porosity and mineral content, 

to objectively classify reservoir porosity, and to analyze pore properties and permeability 

(e.g., Ehrlich et al. 1984; Ruzyla 1986; Dorobek et al. 1987; Ruzyla & Jezek 1987; 

Mowers 1993; Mowers & Budd 1996; Anselmetti et al. 1998; Layman 2002). PIA 

quantifies components on the basis of color contrast: pore space is commonly filled with 

blue epoxy; calcite cement stains red with alizarin red-S, whereas dolomite is not stained. 

In this study, PIA used JMicroVision (http://www.jmicrovision.com) and a Qimage 

QICAM digital camera mounted on an Olympus BX60. For each thin section, 

eight-to-twelve standard transmitted-light digital photomicrographs of thin sections were 

collected. The background extraction tool and point counting tool were both used. 

Background extraction is semi-automated and time-efficient, however, it is limited to 
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analyze digital images that show high contrast and large areas of objects of interest. Point 

counting is more time-consuming but more reliable when digital images are complex. In 

order to produce reliable and consistent results, 300 points or more were counted on each 

digital image. Comparison between PIA porosity values and core-plug porosity values 

suggests that PIA was able to yield reliable and consistent data. 

X-ray powder diffraction (XRD) samples consist of finely ground dolomite 

powders. Samples were prepared by crushing small chips of rock in a mortar, and then 

sieving with 200-mesh. Prepared powders were mounted on a sample holder, and were 

analyzed with XRD on a Bruker AXS D8 Advance X-ray diffractometer with Cu-Kα 

beam at the X-Ray Crystallography Laboratory at the University of Kansas. 

Fluid inclusions were analyzed to study the composition of dolomitizing waters. 

Doubly polished thick sections, about 80 µm in thickness, were prepared for 

microthermometry of final melting temperature of ice (Tm ice). Detailed fluid inclusion 

petrography was performed to determine timing of entrapment of fluid inclusions. In 

order to measure all-liquid fluid inclusions must be stretched in the lab to generate 

bubbles (Goldstein & Reynolds 1994). To do this, small chips (a couple of millimeters in 

diameter), were selected after detailed fluid inclusion petrography. They were then heated 

in an oven at 175 to 225°C overnight, and then transferred to a freezer for several hours 

to generate vapor bubbles. Fluid inclusions can also be artificially stretched from 

repeated heating-and-freezing runs in a typical heating-and-freezing stage in a shorter 

amount of time, although this approach is less effective (methods of Goldstein & 
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Reynolds 1994). Microthermometric analyses were performed using a Linkam T95-PE 

heating-and-freezing stage mounted on Olympus BX53 microscope. The precision for 

Tm ice measurement is ±0.1 °C, as monitored from period calibration using synthetic 

fluid inclusions with known compositions. 

Stable carbon and oxygen isotopes were used to further investigate the diagenetic 

environment of dolomites, and were analyzed at the Keck Paleoenvironmental and 

Environmental Stable Isotope Laboratory at the University of Kansas. Stable isotope 

samples were selected based on detailed petrographic study of thin sections. Samples 

were from both updip area and downdip area, and from all depositional sequences. Pure 

dolomite powders, 40 to 120 µg, were micro-drilled from polished slabs using a 

microscope-mounted dental drill with tungsten carbide burs. Powders of dolomites were 

first vacuum roasted at 200°C for one hour to remove volatile contaminants. Then 

vacuum-roasted powders were analyzed using phosphoric acid (H3PO4) digestion at 75°C 

on a ThermoFinnigan Kiel III single sample acid dosing system connected to a dual inlet 

system ThermoFinnigan MAT 253 isotope ratio mass spectrometer. Results are reported 

relative to VPDB standard. Analytical precision is better than 0.1‰ for both δ13C and 

δ18O, as monitored by analysis of NBS-18 and NBS-19. 

Pure dolomite samples, micro-drilled from polished slabs, were analyzed for 

strontium concentration and strontium isotopic composition at the University of Kansas 

Isotope Geochemistry Laboratories. Pure dolomite powders, ~500 µg, were micro-drilled 

from polished slabs using a microscope-mounted dental drill with tungsten carbide burs. 
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Powders of dolomite were first dissolved in 3.5 N HNO3 and the Sr eluted through 

ion-exchange columns filled with strontium-spec resin. High precision 87Sr/86Sr ratios 

were then measured on a Thermal Ionization Mass Spectrometer (TIMS), an automated 

VG Sector54, in the same lab.  Isotopic ratios were adjusted to correspond to a value of 

0.71250 on NBS987 for 87Sr/86Sr.  We also assumed a value of 86Sr/88Sr of 0.1194 to 

correct for fractionation and to apply an exponential fractionation correction. 

PETROGRAPHY 

OBSERVATIONS 

Franseen (1989) showed that the La Molata carbonate platform had been 

extensively dolomitized. Dolomites occur in all the Miocene depositional sequences (Fig. 

3-4). Calculated from area percent in cross section, approximately 83% of the carbonate 

platform contains 90% or more dolomite. Pliocene rocks are not dolomitized, and contain 

clasts of Miocene rocks having dolomite crystals truncated at their margins.  

Observed trends in the La Molata platform are that dolomite increases both 

basinward and down section (Fig. 3-4).  Limestones are restricted to the most proximal 

areas (west). In these areas, the uppermost outcrops are less then 10% dolomite; below 

this, they gradationally increase to greater than 90% dolomite over a stratigraphic interval 

of 30 to 40 m. From the proximal area of limestone (west) to more distal areas (east) 

dolomite gradationally increases from 10% to 90% over a distance of 0.8 km.  In the 

distal area, the rocks are pervasively dolomitized, and dolomite abundance is greater than 

90%.  
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Some areas that are less dolomitized represent exceptions to the basinward and 

down section gradational pattern of change in dolomite abundance. Two such areas are in 

DS3, immediately at and below the sub-TCC unconformity. These two areas are 

represented as isolated less-dolomitized geobodies based on sample coverage.  Further 

samples would be needed to determine if the geobodies were laterally continuous just 

below the unconformity. Other places where less dolomitized areas exist include a small 

area in DS1b in a distal section, and a few reef clasts rich in submarine cements from 

MB1 and MB2 in a medial area.  

 

Fig. 3-4. Cross section of La Molata Platform with contours of percent dolomite 

superimposed to illustrate the distribution of dolomite. Dolomite abundance increases 

basinward and stratigraphically downward. In general, this carbonate platform has been 
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extensively dolomitized. The rocks of greater than 90% dolomite comprise at least 80% 

of this platform (modified from Li et al. in revision). 

La Molata dolomites occur as both cement and replacement in all sequences.. 

Dolomite cement is found in both primary and secondary pores. In general, originally 

high-Mg calcitic components were mimetically replaced by fine-grained dolomites, 

whereas original aragonitic components were dissolved rather than being replaced. Such 

aragonitic components include primarily corals, ooids, Halimeda, gastropod fragments, 

and some bivalves (Fig. 3-5).  

Specific observations are that dolomites mimetically replaced fragments of red 

algae, serpulid worm tubes, calcitic bivalves, pellets, stromatolite and thrombolite. Such 

dolomites are microcrystalline and range from 2 to 15 µm in diameter (typically 4-6 µm). 

Under standard transmitted-light microscope, this type of replacive dolomite cannot be 

readily distinguished from calcite without staining by alizarin red-S because of the 

remarkable preservation of original fabrics. Less commonly, replacive dolomites occur as 

fabric-destructive replacement of micrite, ooids and some microbialite textures. The 

fabric-destructive replacive dolomite of micrite consists of microcrystalline to finely 

crystalline planar-e or nonplanar (spheroidal) crystals (typically 20 - 30 µm; classification 

of Sibley & Gregg 1987). The dolomites that replaced ooids consist of 

coarsely-crystalline, planar or nonplanar (spheroidal/polyhedral) crystals, ranging 

commonly 20 - 120 µm in diameter, and typically are 50-70 µm (classification of Sibley 

& Gregg 1987; Fig. 3-5). 
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Volumetrically, dolomite cements are less abundant than replacive dolomites. 

Dolomite cements are primarily observed in rocks with high original porosity, such as 

skeletal grainstones, and oolite. This type of dolomite is similar to coarsely crystalline 

fabric-destructive replacive dolomite in morphology. The cores of this type of dolomite 

are commonly cloudy and are fluid inclusion rich, whereas the outer growth zones are 

typically limpid. Dolomite cements precipitated symmetrically around both primary 

interparticle porosity and secondary moldic porosity as well as vuggy and fracture 

porosity. Dolomites in secondary moldic pores have smaller crystals compared to primary 

pores. Dolomite cements partially reduce porosity; complete filling of porosity is rare. 

Dolomite cements and coarsely crystalline fabric-destructive replacive dolomite 

have the same characteristics of cathodoluminescence (CL) patterns. The dolomites 

consist of a bright or dull luminescent core, and eight finely banded (2 to 15 µm) 

alternating dull-to-bright outer growth zones. Zone 1 represents the dolomite core, and is 

typically bright luminescent. Zones 2, 4, 6 and 8 are non-luminescent; whereas zones 3, 5, 

7 and 9 are bright luminescent (Fig. 3-6). Mimetic replacive dolomites are characterized 

by either bright or dull luminescence, which is identical to the subzones in coarsely 

crystalline dolomite cements and replacive dolomites. Dolomite cements generally have 

more complete CL subzones in primary pore space as compared to secondary moldic 

pores. In addition, it is common that only the latest CL subzones of dolomite were 

observed in secondary moldic pores (Fig. 3-7). 
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INTERPRETATIONS 

Dolomitization took place at the end of Miocene, but before Pliocene deposition, 

as indicated by superpositional and cross-cutting relationships. Evidence for this is that 

dolomite occurs through all the Miocene sequences and has the same CL pattern, arguing 

for a period of dolomitization that postdates all Miocene carbonate deposition. Lack of 

dolomite in Pliocene rocks and truncated dolomite crystals of Miocene clasts within 

Pliocene rocks indicates that the dolomitization predated deposition of Pliocene 

carbonates, which are dated at 3.6 Ma (Aguirre 1998; Jiménez et al. 2009).  

A proximal area with less dolomite indicates that this setting was not 

geochemically or hydrologically conducive to the process of dolomitization, whereas the 

other areas were.  Small areas with less dolomite in the otherwise completely 

dolomitized system can be explained by diagenesis that predates the dolomitization. In 

the example of clasts of reef megabreccia in DS3, early marine cements may have 

inhibited fluid flux. In the example along the sub-TCC unconformity, early stabilization 

and cementation during subaerial exposure may have inhibited later dolomitization.  

Dolomitization and dissolution are closely associated. The majority of moldic 

porosity was created during dolomitization, because only the latest dolomite CL zones 

exist in most of the moldic pores (Fig. 3-7). If these moldic pores were created before 

dolomitization, then it is expected that molds and primary pores would contain the same 

dolomite CL zones. Moldic pores cannot have been created by an even later event, 

because that is inconsistent with the presence of dolomite within them.  
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Dolomite cement and replacive dolomite share the similar complex CL pattern, 

indicating they were formed by the same mechanism, during the same event or same 

series of events. 
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Fig. 3-5. Photomicrographs of dolomite. (A) - Fabric-destructive replacement of ooids. 

Scale bar is 200 µm. (B) - Mimetically replaced stromatolite. Scale bar is 500 µm. (C) 

-Nonplanar dolomite (spheroidal/polyhedral). Scale bar is 200 µm. (D) - Mimetically 

replaced red algal and serpulid grains, and dolomite cement coating grains. Notice 
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dolomite cement is less abundant compared to replacive dolomite. Scale bar is 500 µm. 

(E) - Mimetically replaced red algae. Notice the preservation of internal structure of red 

algae. Scale bar is 200 µm. (F) - Microcrystalline dolomite within a 

wackestone-packstone. Scale bar is 200 µm. 

 

Fig. 3-6. Cathodoluminescence photomicrographs of dolomite showing downdip (A) and 

updip (B) areas having the same complex CL zonation. Scale bars = 100 µm. 

 

Fig. 3-7. Paired CL (left) and transmitted light (right) photomicrographs showing only the 

latest CL subzones (zones 7, 8 and 9) within a bivalve mold. This indicates that this 

moldic porosity was created during dolomitization, but before the precipitation of CL 
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zones 7, 8 and 9. Scale bars = 100 µm. 

GEOCHEMISTRY OF DOLOMITE 

XRD RESULT AND INTERPRETATION 

The main 2θ peak on XRD of an ideal stoichiometric dolomite is 30.96°; it 

correlates with d104 at 2.886 Å (Goldsmith & Graf 1958). The main peak shows up on all 

the analyzed samples. Increase in calcium in excess of stoichiometry (Ca50Mg50) leads to 

an increase of d104. What’s more, it is a linear relationship between Ca and d104 

(Goldsmith & Graf 1958; Runnells 1970; Lumsden 1979). This linear relationship can be 

used to calculate the percentage of CaCO3 in dolomite using the equation of Lumsden 

(1979) (standard error is ±0.15%). 

NCaCO3 = md + b 

In this equation N is the CaCO3 content in mol%, d stands for observed d104 value, m = 

333.33, and b = -911.99.  

The degree of order (R) of dolomite can be calculated using equation. 

R = I(d015)/I(d110) 

In this equation I represents the intensity of the peaks {015} (superstructure peak) and 

{110} (Goldsmith & Graf 1958; Hardy & Tucker 1988).  

Ca content of dolomites ranges from 52% to 54%, averaging 53%. The degree of 

order (R) varies from 0.9 to 1.1, averaging 1.0. These data indicate La Molata dolomites 

are ordered, but still have excess Ca in them.  
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FLUID INCLUSION PETROGRAPHY AND TM-ICE 

Petrographically, primary fluid inclusions can be used to investigate the 

diagenetic fluids from which minerals precipitated because they are trapped during, and 

as a direct result of, crystal growth. One-phase all liquid aqueous fluid inclusions are 

dominant in relation to a few rare two-phase fluid inclusions. Inclusions are either 

isolated, or elongate in shape, or confined to certain concentric crystal growth zones. 

Fluid inclusions vary in size, but commonly are small (a few µm in diameter, commonly 

1 to 3 µm). Where fluid inclusions are found in isolation in the crystal, they tend to be 

relatively large in relation to the dolomite crystals. Where they are elongated, they are 

commonly oriented in the direction of crystal growth. All these observations indicate that 

the fluid inclusions are primary in origin (Fig. 3-8; Roedder 1984; Goldstein & Reynolds 

1994; Goldstein 2003). Although a few secondary fluid inclusions were observed to be 

trapped along healed fractures, they are rare and irrelevant to this study. 

Tm ice data are generated from both dolomite cements and fabric-replacive 

dolomites. Microthermometric measurements of Tm ice yield values ranging from -0.2 to 

-2.3 °C (Fig. 3-9). Within individual dolomite crystals, there is no consistent trend to 

suggest that Tm ice values increase or decrease progressively across dolomite growth 

zones. 

INTERPRETATIONS OF FLUID INCLUSIONS 

Tm ice values are useful for interpretation of salt content in fluid inclusions. Tm 

ice of 0.0 °C indicates freshwater; -1.9 °C indicates normal seawater; values lower than 



	   66	  

-1.9 °C are suggestive of evaporation. Applying the seawater-salt model of Goldstein & 

Reynolds (1994, p. 101-102), Tm ice values can be converted to salinity values using the 

equation: 𝑝𝑝𝑡  𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 =   −0.17+ 19.22  𝜃 − 0.93  𝜃! + 0.34  𝜃!(θ is the magnitude 

Tm ice is depressed below 0.0 °C). Interpretation of Tm ice values of -0.2 to -2.3 °C 

yields salinity values ranging from 4 ppt to 43 ppt seawater salt equivalent. These salinity 

values range from lower than normal seawater salinity to values higher than normal 

seawater salinity. Therefore, fluid inclusion measurements of Tm ice indicate the 

involvement of both freshwater and evaporated seawater and the fluids responsible for 

dolomitization were a mixture of the two waters. 
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Fig. 3-8. Photomicrographs illustrating one-phase all-liquid fluid inclusions within 

dolomite. Scale bars are 10 µm. (A) - Fluid inclusions (arrows), distributed within the 

dolomite core, are isolated and relatively large in relation to dolomite crystal, suggesting 

they are primary in origin. (B) - Another example of primary fluid inclusion (arrow) as 

isolated and relatively large in size, located within the dolomite overgrowth zone. (C) - 

The dolomite core contains abundant fluid inclusions that are randomly distributed, but 

the dolomite overgrowth zone is deficient in fluid inclusions, indicative of a primary 

origin for the fluid inclusions. (D) - Fluid inclusions concentrate in a growth zone 

(highlighted by the grey color shading) that mimics the dolomite crystal terminations. 

The relationships to crystal growth indicate a primary origin for fluid inclusions. 
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Fig. 3-9. Frequency histogram showing the distribution of Tm-ice data within dolomites. 

Seawater-salt model (Goldstein & Reynolds 1994) was used to convert Tm-ice data into 

salinities (shown on the upper X-axis) (modified from Li et al. in revision). 

STABLE CARBON AND OXYGEN ISOTOPES RESULTS  

Both replacive dolomites and dolomite cements show similar carbon and oxygen 

isotopic composition. For replacive dolomite, δ18O values are +0.9‰ to +6.0‰, and δ13C 

values are -4.5‰ to +3.0%. For dolomite cements, δ18O values are +1.3‰ to +5.7‰, and 

δ13C values are -2.0‰ to +2.7‰. The δ18O and δ13C values can be subdivided into 

groups 1 and 2. The majority of data fall into group 1, and group 2 represents only a 

small portion of the data (Fig. 3-10). Group 1 is characterized by positive linear or curved 

covariation between δ18O and δ13C; whereas group 2 has relatively constant δ18O (+4.1‰ 

to +4.8‰, mean of +4.4‰) but a wide range of depleted δ13C (-4.5‰ to -1.7‰, mean of 
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-2.9‰).  

 

Fig. 3-10. δ18O vs. δ13C of La Molata Miocene dolomites. Notice replacive dolomite and 

dolomite cement have similar ranges of δ18O and δ13C. Also notice that updip and 

downdip areas show similar δ18O and δ13C values. Group 1 is characterized by positive 

covariation of δ18O and δ13C; whereas group 2 is characterized by nearly constant δ18O 

and very depleted δ13C (modified from Li et al. in revision). 

In group 1, some of the significant features of the δ18O and δ13C are: (1) wide 

range for δ18O, +0.9‰ to +6.0‰; (2) negative as well as positive values for δ13C, -2.6‰ 

to +3.0%; (3) updip areas and downdip areas have similar ranges of δ18O and δ13C; and 

(4) upper sequences in the stratigraphy have higher isotopic values (+1.3‰ to +6.0‰ for 
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δ18O; -1.7‰ to +3.0‰ for δ13C) as compared to stratigraphically lower sequences (+0.9‰ 

to +4.4‰ for δ18O; -2.6‰ to +1.2‰ for δ13C). The enriched end member of the trend has 

δ18O of +6.0‰ and δ13C of +3.0‰. The depleted end member of the trend has δ18O of 

+0.9‰ and δ13C of -2.6‰. 

INTERPRETATIONS OF CARBON AND OXYGEN ISOTOPES 

Group 1 Negative end member 

δ18O of the dolomitizing fluids can be calculated for the depleted end member in 

group 1 by applying the equation that describes the relationship between temperature and 

mineral-water fractionation (1000lnα = 3.2 x 106 T-2 - 3.3, Sheppard & Schwarz 1970). 

Using temperature of 20 to 30 ºC, dolomite δ18O of the most depleted end member (+0.9‰ 

VPDB) yields a fluid δ18O of -2.6‰ to -0.2‰ VSMOW (Fig. 3-11). This end-member 

corresponds to δ13C values of – 2.6‰. Negative δ18O and δ13C values are consistent with 

involvement of meteoric waters (Allan & Matthews 1977, 1982; Lohmann 1988). 
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Fig. 3-11. Temperature vs. δ18O of dolomitizing fluids and δ18O of dolomite. δ18O of 

dolomitizing fluids was calculated using equation 1000lnα = 3.2 x 106 T-2 - 3.3 (Sheppard 

& Schwarz 1970), and an assumed temperature range from 20 to 30 °C. 

Group 1 Positive end member 

For the enriched end member of group 1, the δ18O of +6.0‰ VPDB indicates 

precipitation from fluids at +2.5‰ to +4.9‰ VSMOW (assuming 20 to 30 °C; Fig. 3-11). 

These δ18O values are higher than those expected for late Miocene normal salinity 

seawater (Miller et al. 1987; Veizer et al. 1999), suggesting evaporation of 

Mediterranean seawater that led to enriched isotopic composition.  The carbon isotopic 

values of +3.0‰ are consistent with normal marine values (Veizer et al. 1999). Given the 

need for a source of Mg for dolomitization, geologic setting, and Sr isotope values (see 

below) it is reasonable that Mediterranean seawater evaporated to result in the enriched 
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values. The extent of its evaporation can be evaluated through geochemical modeling of 

the effects of evaporation on fluid oxygen isotopic composition.  

Evaporation leads to enrichment of 18O in the remaining water body (Craig & 

Gordon 1965; Lloyd 1966). The magnitude of enrichment is a function of: (1) the relative 

humidity of the atmosphere; (2) temperature; (3) salt type and concentration (ion 

hydration effects); and (4) the initial isotopic composition of water (Craig & Gordon 

1965; Swart et al. 1989). During evaporation, oxygen isotopic composition can be 

modeled by the following equations (Craig & Gordon 1965; Gonfiantini 1986; Swart et 

al. 1989). 

𝛿 = 𝛿! −
𝐴
𝐵 𝑓! +

𝐴
𝐵 

𝐴 =

ℎ
𝛼!

𝛿! + ∆𝜖 +
𝛼 − 𝜏
𝜏

1− ℎ
𝛼!

+ ∆𝜖
 

𝐵 =

ℎ
𝛼!

− ∆𝜖 − 𝛼 − 𝜏𝜏

1− ℎ
𝛼!

+ ∆𝜖
 

In this equation 𝛿 is O isotopic composition of the remaining water; 𝛿!  is the O 

isotopic composition of the initial water; 𝛿! is the oxygen isotopic composition of the 

atmospheric vapor; 𝑓  is the fraction of remaining water; ℎ  is relative humidity 

presented as a fraction (i.e. 0.7 means 70% relative humidity); 𝛼! is water activity 

coefficient; ∆𝜖 is the kinetic enrichment factor; 𝛼 is the equilibrium fractionation factor; 

𝜏 is the ratio of the activity coefficient for 18O/16O. A/B can be seen as the isotopic 

composition when a water body reaches its final evaporation stage (i.e., 𝑓 approaches 
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zero). 

This paper uses such models to describe the composition of evaporated 

end-member fluid by calculating the fraction of remaining waterbody ( 𝑓 ). The 

equilibrium fractionation factors (𝛼) are temperature dependent, and can be calculated for 

any given temperature (Kakiuchi & Matsuo 1979). The water-activity coefficients (𝛼!) 

are determined following the tabulation of Robinson & Stokes (1959). 𝜏 has been 

discussed by Sofer & Gat (1972, 1975). The kinetic enrichment factor (∆𝜖) is a function 

of relative humidity (Gonfiantini 1986). Late Miocene was predominantly humid 

(Garcia-Alix et al. 2008). Therefore, This model assumes a relative humidity of 75%.  

Given temperature of 25 ºC (Hernandez Fernandez et al. 2007; García-Alix et al. 

2008; Matson & Fox 2010), calculation from known δ18O of fossil carbonate yields δ0 of 

0.8‰ (O’Neil et al. 1969; Spezzaferri et al. 1998). The δ18O of evaporated seawater can 

be determined from the most enriched end member of dolomite isotopic group 1 (Fig. 

3-11). At 25 ºC, the calculation yields 3.7‰ VSMOW for δ18O.  

The pathway of δ18O evolution during evaporation is shown in Figure 4-12. Initial 

evaporation leads to enrichment of δ18O in the remaining waterbody. Further evaporation 

results in depletion of δ18O. This phenomenon was observed in present-day natural 

environments (Lloyd 1966; Nadlar & Margaritz 1980). Because of the nonlinear 

relationship between evaporation and δ18O, this model suggests either 16% or 87% 

evaporation of the original seawater. As no evaporites have been found in this area, and 

the most saline fluid inclusions found are only 43 ppt, it is highly unlikely that 87% of the 
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seawater was evaporated. Therefore, the enriched end member of isotope group 1 is 

interpreted to result from evaporation of 16% of the original seawater. This 16% 

evaporation would have yielded a fluid salinity of 43 ppt, assuming original seawater was 

36 ppt. 

 

Fig. 3-12. Diagram illustrating the 𝛿18O evolution upon evaporation with humidity of 

75%, temperature of 25 ºC, and initial δ18O of 0.8‰. The non-linear evolution produces 

two solutions (16% and 87%) to yield a fluid δ18O of 3.7‰. 

Fluid Mixing in Group 1 

As noted above, the enriched end member in isotope group 1 is evaporated 

seawater; the depleted end member is meteoric water. The positive covariation of carbon 

and oxygen isotope values can be explained either by: (1) a physical mixture of two 

end-member dolomites; (2) recrystallization in freshwater of an original dolomite that 

formed in evaporated seawater; or (3) fluid mixing of freshwater and evaporated seawater. 

By combining petrographic, fluid inclusion, and stable isotope data, two of these 
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hypotheses can be disproven. 

It is common for dolomitized rocks to have two or more populations of dolomites 

with different isotopic compositions. For example, Gaswirth et al. (2007) documented 

two types of dolomites in the Suwannee and Ocala Formations in west-central Florida: a 

marine dolomite matrix and a freshwater-seawater mixing zone dolomite cement. The 

marine dolomite matrix pre-dated dolomite cement and provided a substrate for the 

dolomite cement. Likewise, it is common for early dolomites to recrystallize during later 

diagenesis. For example, Banner et al. (1988) and Banner & Hanson (1990) reported two 

generations of dolomites in the Mississippian Burlington-Keokuk Formation: an early 

dolomite precursor (dolomite I) and a second-generation replacement dolomite (dolomite 

II). Dolomite II was shown to be formed via recrystallization of dolomite I.  Physical 

mixtures of two dolomites produce a straight line of covariation between δ13C and δ18O 

(Banner & Hanson 1990). In contrast, mixing of two different fluids produces hyperbolic 

trends because the end-members typically have different amounts of dissolved carbon 

(Lohmann 1988; Banner et al. 1988; Banner & Hanson 1990). A linear trend can be 

produced only if two end-members have equal amounts of total dissolved carbon. Our 

carbon and oxygen stable isotope data are consistent with the combination of multiple 

hyperbolic trends rather than a simple linear trend, favoring fluid mixing over a physical 

mixture.  

Fluid mixing is also supported by the fluid inclusion data. If the covariation in 

group 1 represents a physical mixture between dolomites with two distinct isotopic 
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compositions, Tm ice data would be expected to display two distinct salinities. The Tm 

ice, however, preserve almost all salinity values between 4 and 43 ppt. There is no trend 

of either decreasing or increasing salinities across dolomite growth zones; dolomite core 

and overgrowth experienced the same fluids. Thus, a physical mixture of two endmember 

dolomites, and a physical mixture of unrecrystallized and recrystallized dolomites can be 

ruled out, and fluid mixing is supported. Additional support comes from CL petrography, 

which argues against recrystallization because dolomites have well-preserved CL 

subzones. 

In conclusion, the positive covariation between δ18O and δ13C is associated with 

mixing of freshwater and slightly evaporated seawater. Geochemical modeling of the 

enriched endmember fluid yields 43 ppt salinity, which is remarkably consistent with the 

most saline fluid inclusions, which are also 43 ppt.  

Group 2 

In group 2, assuming 25 °C, the fluid isotopic composition would be 2.0 ‰ 

VSMOW (Fig. 3-12), based on the relatively consistent δ18O of 4.3‰ VPDB. This 

isotopic composition could indicate that group 2 dolomite precipitated from normal 

salinity or slightly evaporated seawater (Miller et al. 1987; Veizer et al. 1999). The 

variable and depleted δ13C values suggest varying contributions from sulfate reduction 

(Mazzullo 2000; Teal et al. 2000). This process, however, appears to be of little 

significance because group 2 only represents a minor proportion of the total dolomite 

samples analyzed. 
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SR ISOTOPE AND SR CONCENTRATION RESULTS 

Strontium concentrations display a wide scatter, ranging from 77 to 409 ppm with 

an average of 212 ppm. 87Sr/86Sr values range from 0.70866 to 0.70904 (Fig. 3-13). Some 

of these isotope values are consistent with late Miocene seawater, but others are both 

lower and higher than the 87Sr/86Sr of late Miocene seawater (Burke et al. 1982; 

McKenzie et al. 1988; McArthur et al. 2001; Fig. 3-14). 

As illustrated in Figure 3-13, dolomites with low Sr concentration have a wide 

range of 87Sr/86Sr (0.70866 to 0.70904); whereas dolomites with high Sr concentration 

have less variable 87Sr/86Sr (~0.70895), which is consistent with late Miocene seawater 

values. Dolomites with the most enriched δ18O and δ13C have the highest Sr 

concentration; whereas dolomites with less enriched δ18O and δ13C have lower and more 

variable Sr concentration (Fig. 3-15A, B). Dolomites with enriched δ18O or δ13C also 

have less variable 87Sr/86Sr (0.70895) than dolomites with less enriched δ18O or δ13C, 

which show greater variation in 87Sr/86Sr (Fig. 3-16A, B).  

INTERPRETATIONS OF SR DATA 

The 87Sr/86Sr in replacement dolomites typically is controlled by 87Sr/86Sr of 

dolomitizing fluids and the host carbonate. The Sr isotopes can be used to determine if 

the dolomitizing fluids were evaporated seawater alone, or if some component of the 

dolomitizing fluids interacted with the surrounding volcanic basement. Seawater 87Sr/86Sr 

for this time interval is characterized by a steep and unidirectional curve through time 

(Burke et al. 1982; Veizer et al. 1999; McArthur et al. 2001). If the Mediterranean Sea 
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had the same 87Sr/86Sr as open oceans during the late Tortonian to Miocene-Pliocene 

boundary, one would expect 87Sr/86Sr to range from 0.70893 - 0.70902. Some of the 

87Sr/86Sr values of dolomites are much lower than that and others are slightly higher than 

that. Published data on the 87Sr/86Sr in the Neogene calc-alkaline volcanic rocks in the 

study area ranges from 0.7080 to 0.7156 (Benito et al. 1999). Thus, it is suggested that 

dolomitizing fluids interacted chemically with the volcanic basement rocks before 

dolomitization.  

If Mediterranean seawater 87Sr/86Sr deviated from open ocean values during the 

late Miocene, which is a very real possibility, the 87Sr/86Sr values in the dolomite still 

would have to indicate chemical interaction with the volcanic rocks. The upper evaporite 

in the Mediterranean shows 87Sr/86Sr (0.70860 to 0.70886) that are significantly lower 

than coeval open ocean values (0.70902) (McKenzie et al. 1988; Müller & Mueller 1991; 

Keogh & Butler 1999; Flecker et al. 2002). If the Mediterranean had 87Sr/86Sr similar to 

the upper evaporite during the late Miocene, then this could explain the dolomite 87Sr/86Sr 

values below the open seawater curve. This cannot explain, however, values above the 

curve, and one must still invoke chemical interaction of dolomitizing fluids with the local 

volcanics. 

Sr concentration vs. 87Sr/86Sr suggests that freshwater interacted chemically with 

the volcanics, not the evaporated seawater. Marine dolomites typically contain 

approximately 200 to 600 ppm Sr (Behren & Land 1972; Mitchell et al. 1987; Land 1991; 

Budd 1997). Some of the La Molata dolomite values are consistent with that, but others 
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are much lower. The higher Sr concentration dolomites likely represent more of the 

evaporated seawater endmember, and the lower Sr concentration dolomites likely 

represent input from freshwater. If this is the case, it would be expected that samples with 

the highest Sr concentration would have 87Sr/86Sr values most consistent with late 

Miocene seawater and the lower Sr concentration samples would have more variable 

87Sr/86Sr, consistent with freshwater interaction with the volcanics. As this is what has 

been observed, the data are consistent with dolomitization during fluid mixing of a 

seawater-derived fluid and meteoric water that has interacted with volcanics.  

This interpretation can be tested using the stable isotope data. If low Sr 

concentrations represent involvement of freshwater, then it is expected that low Sr 

concentration values would correlate with depleted δ13C or δ18O. Commonly, dolomites 

that have low Sr concentrations are depleted in δ13C or δ18O, confirming the involvement 

of freshwater (Fig. 3-15A, B).  

The relationship between 87Sr/86Sr and oxygen/carbon isotopes also imply that it 

is freshwater that interacted chemically with volcanic rocks. The most depleted δ18O and 

δ13C have 87Sr/86Sr values that are both higher and lower than seawater 87Sr/86Sr values; 

whereas most enriched δ18O and δ13C samples have marine 87Sr/86Sr values (Fig. 16A, B). 

These observations are consistent with the interpretation that freshwater interacted 

chemically with the volcanic basement, rather than the evaporated seawater. 
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Fig. 3-13. Sr concentration vs. 87Sr/86Sr. Notice the high Sr concentrations are consistent 

with marine 87Sr/86Sr; and low Sr concentrations correlate with wide ranges of 87Sr/86Sr 

that are either less radiogenic or more radiogenic than seawater values.  
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Fig. 3-14. 87Sr/86Sr of La Molata dolomite vs. seawater age. Notice 87Sr/86Sr values 

display a wide range, from less radiogenic to more radiogenic than Late Miocene 

seawater. 
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Fig. 3-15. Stable isotopes versus Sr concentration in dolomite. Higher Sr concentrations 

commonly have more enriched δ18O or δ13C, which is consistent with low Sr having 

freshwater origin and high Sr having evaporated marine origin. (A) - Carbon isotopic 

composition vs. Sr concentration. (B) - Oxygen isotopic composition vs. Sr 

concentration. 
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Fig. 3-16. Stable isotopes versus 87Sr/86Sr. Notice the most enriched δ18O and δ13C values, 

representative of evaporated seawater, show 87Sr/86Sr with a marine signature. In addition, 

the less enriched δ18O and δ13C values have a wide range of 87Sr/86Sr, suggestive of 

derivation from volcanic rocks. (A) - Carbon isotopic composition vs. 87Sr/86Sr. (B) - 

Oxygen isotopic composition vs. 87Sr/86Sr.  

CONCEPTUAL MODEL FOR DOLOMITIZATION 

Replacive dolomites and dolomite cements have similar ranges of stable carbon 
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and oxygen isotopic values, and show similar complex CL patterns, indicating they are 

formed during the same event or series of events and should be treated together. Fluid 

inclusion and stable carbon and oxygen analysis indicate that fluid mixing of freshwater 

and evaporated seawater was responsible for dolomitization. Tm ice data of primary fluid 

inclusions from dolomite indicate that salinities of fluids responsible for dolomitization 

range from 4 to 43 ppt. Geochemical modeling of evaporation effects on oxygen isotopes 

suggests 43 ppt for the evaporated seawater end-member, a remarkable correspondence 

with the fluid inclusion data. Thus, the evaporated seawater endmember had a salinity of 

43 ppt. Sr isotopes and Sr concentrations suggest that freshwater interacted chemically 

with the volcanic basement, indicating a fluid pathway for freshwater. 

Several scenarios can be hypothesized to explain dolomitization in association 

with freshwater-evaporated seawater mixing. The first and second scenarios involve the 

migration of traditional mixing-zones during two scenarios of sea-level change, and are 

both considered unlikely. The third scenario involved ascending freshwater-mesohaline 

mixing. 

Scenario one proposes that dolomitization was associated with progressive 

relative sea-level fall after TCC deposition. As sea level fell, a mixing-zone would have 

migrated progressively basinward, dolomitizing the entire carbonate system. Although it 

seems plausible, this scenario can be discredited on the basis of δ13C and δ18O 

distribution on La Molata. If Mediterranean sea level fell progressively during 

dolomitization, this would have led to increasing restriction of the Mediterranean and 
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progressive increase of salinity, which in turn would result in progressive enrichment in 

C & O isotopic compositions and increasingly more negative values of Tm ice within 

fluid inclusions. This progressive trend is not consistent with our data, which show that 

both updip areas and downdip areas have similar ranges of δ13C and δ18O. Furthermore, 

fluid inclusions do not show progressively lower values of Tm ice toward downdip areas, 

which would be expected if a mixing-zone migrated downdip. In addition, this scenario is 

not compatible with the distribution of dolomite. If dolomites were formed in traditional 

mixing zones, it would be expected that the shoreline areas would have the highest 

amounts of dolomite because these sites represent the most likely locations of mixing 

zones. In contrast, the most proximal shoreline area at La Molata has the least amount of 

dolomite instead of having the highest amount of dolomites. Moreover, downdip areas 

would show more CL zones compared to updip areas, if the mixing zones migrated 

downdip.  In contrast to the prediction, dolomites from downdip areas show similar 

complex CL patterns as compared to those from updip areas. Finally, the capability of 

traditional mixing zones for generating large amounts of dolomite has been attacked as 

no longer viable (e.g. Machel & Mountjoy 1986, 1990; Hardie 1987; Melim et al. 2004; 

Luczaj 2006). Hence, all the evidence discussed indicate this scenario is unlikely to have 

been responsible for dolomitization. 

A second scenario requires the migration of a traditional mixing-zone during 

multiple relative rises and falls of sea level, after TCC deposition and before Pliocene 

deposition. This scenario can be ruled out on the basis of stratigraphic observations. 
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There is no stratigraphic record indicating multiple rises and falls in sea level over the 

TCC on La Molata and before Pliocene deposition.  After TCC deposition, sea level 

never rose to the same elevations as the TCC after the sea-level fall at the end of Miocene 

(Esteban 1979; Rouchy & Saint-Martin 1992; Franseen et al. 1998; Bourillot et al. 2010). 

In addition, as previously presented, traditional mixing zones are unlikely to cause much 

dolomitization (e.g. Wicks & Herman 1996; Maliva et al. 2001; Melim et al. 2004; 

Csoma et al. 2004, 2006). 

The third scenario appears to be consistent with our data, and we designate it as 

ascending freshwater-mesohaline mixing dolomitization (Fig. 3-17). This scenario 

consists of the following elements: (1) evaporated seawater saturates the carbonate 

platform; (2) injection of freshwater from below into the carbonate platform; and (3) 

degassing of CO2 during upward flow of freshwater due to loss of pressure. Freshwater 

comes from the hinterland area, and flows upward upon entering the carbonate platform 

from below because it is less dense than evaporated seawater; this could create active 

mixing. Freshwater input suggests a climate with sufficient rainfall to recharge an aquifer, 

whereas evaporated seawater implies a negative water budget for the Mediterranean due 

to evaporation outpacing freshwater and normal seawater input. By virtue of this model, 

it is predicted that lower stratigraphic units would show more depleted δ13C and δ18O 

values as compared to upper stratigraphic units, because freshwater would have 

discharged from the fractured volcanic aquifer into the lower stratigraphic units before 

encountering the upper stratigraphic units. By the time freshwaters reached the upper 
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stratigraphic units, there would have been more opportunity for mixing with evaporated 

seawater. As the more depleted isotopic values are found preferentially in the lower 

stratigraphic units, this model is strongly supported. In addition, Sr concentration and Sr 

isotopes support the idea that freshwater had interacted chemically with the volcanic 

basement, indicating a fluid pathway for freshwater flux. 
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Fig. 3-17. Dolomitization from ascending freshwater-mesohaline mixing. Fractures in the 

volcanic rocks provide fluid pathways for freshwater flux. Hydraulic heads from the 

hinterland and density contrast force freshwater to flow upward when discharging into 

carbonate platform from below. This mechanism creates active fluid mixing well beyond 

that from traditional fluid mixing at shorelines. Upward flow of fluids leads to decrease 

of pressure, which results in degassing of CO2. Fluid mixing of freshwater and 

mesohaline, and degassing of CO2 may all be responsible for extensive dolomitization 

(modified from Li et al. in revision). 
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The geochemical mechanism for dolomitization from ascending 

freshwater-mesohaline dolomitization will require further work to evaluate if dolomite 

precipitation is simply due to the presence of evaporated seawater, mixing of freshwater 

with evaporated seawater, degassing of CO2 as fluids rise through the platform, or if it is 

due to a combined effect from them. This new conceptual model remains to be tested. 

Reactive transport models can be used to provide insight into this new concept. In 

addition, modern systems, where freshwater discharges into seawater or evaporated 

seawater, should be studied to evaluate if those systems are leading to dolomitization.  

Prospective sites include offshore springs in the Yucatan peninsula (Back 1985) and 

Persian/Arabian Gulf (Chafetz et al. 1988). 

DOLOMITIZATION AROUND THE WESTERN MEDITERRANEAN 

Late Miocene carbonate platforms around the western Mediterranean, including 

Mallorca, Nijar and La Molata, have been extensively dolomitized (Oswald 1992; 

Meyers et al. 1997; Lu & Meyers 1998). Dolomites from these areas show similar 

relationships of more extensive dolomitization seaward and less extensive dolomitization 

near the shoreline. Stratigraphic distribution is such that the TCC and all underlying 

upper Miocene units are dolomitized. Dolomite distribution indicates dolomitization at 

approximately the same time, during the end of Miocene but before Pliocene deposition. 

Petrographic characteristics are similar in all areas. Dolomites occur as both replacement 

and cement and are similar in size and morphology. Sizes range from a few µm to more 

than a hundred µm, and show spheroidal/polyhedral crystal morphologies as well as 
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euhedral morphologies. Although dolomites from these areas have been proposed to have 

different origins, they may have formed under the same or a similar mechanism.  

Both La Molata and Nijar dolomites have enriched as well as depleted C & O 

isotopic end members, and lie along the same positive covariant trend (Fig. 18). For La 

Molata dolomites, stable isotopic compositions range from +0.9‰ to +6.0‰ VPDB for 

δ18O, and -6.4‰ to +1.9‰ VPDB for δ13C.  For Nijar dolomites, stable isotopic 

composition ranges from -3.7‰ to +5.4‰ VPDB for δ18O, and -4.5‰ to +3.0‰ VPDB 

for δ13C. Compared to La Molata and Nijar dolomites, Mallorcan dolomites have more 

enriched stable isotopes (+3.9‰ to +7.0‰ VPDB for δ18O; +0.4‰ to +3.5‰ VPDB for 

δ13C) (Fig. 3-18). Stable isotopic values of Mallorca dolomites lie along the enriched end 

of the same positive covariant trend as La Molata and Nijar dolomites (Fig. 3-18). 

Nijar dolomites were interpreted to have formed during mixing between evaporite 

brines (6-7x seawater) and meteoric water (Meyers et al. 1997; Lu & Meyers, 1998). 

Dolomitization was proposed to have occurred during multiple events of sea-level rise 

and basin refilling. The brines or brine-seawater mixtures were the source of Mg and 

were pumped through the carbonate platform and mixed with meteoric water primarily by 

“buoyant circulation” with a freshwater lens overlying the saline fluids. Their depleted 

δ18O and δ13C values are consistent with the interpretation of a freshwater endmember. 

Their interpretation of the composition of the saline end member is very reasonable, but 

an alternative interpretation is also possible. The basis for their interpretation of an 

evaporite brine of 6-7x seawater was made on the basis of modeling the composition of 
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the enriched fluid on the basis of δ18O, trace element Na (170 - 1700 ppm), Cl (240 - 670 

ppm), SO4 (550-7000 ppm) and Sr/Ca.  

There may be a similar alternative interpretation for the brine composition that 

precipitated the dolomites from Mallorca. Oswald (1992) proposed that the dolomitizing 

fluids were near halite saturation, and that these fluids flooded the Mallorca platform 

during intra-Messinian transgression. Dolomitization continued until the Mediterranean 

reached near-seawater composition during Pliocene flooding. His interpretation of the 

evaporative brines to be near halite saturation was based on the modeling fluid 

composition from the enriched δ18O values, Na (500-2000 ppm), F (350 – 1400 ppm) and 

SO4 (900 – 6000 ppm). His geochemical modeling suggested seawater became most 

efficient at dolomitization after it evaporated in the absence of CaCO3. Finally, a 

reconnaissance examination of Mallorca dolomite showed a micro-inclusion of halite, but 

this was at a grain boundary rather within the dolomite crystal. 

Although the arguments for both Nijar and Mallorcan dolomites are highly 

plausible, there are alternative interpretations that must be considered. As La Molata, 

Nijar and Mallorca dolomites are similar in distribution and age, and lie along the same 

isotopic trend, it is worth considering that they have a common origin. This is especially 

true given the dearth of evaporites interbedded with or overlying the TCC. If all of the 

dolomites were formed in similar ways, our fluid inclusion data provide unequivocal 

evidence that dolomitizing fluids were mixtures of freshwater and slightly evaporated 

seawater. The question is: are the Nijar and Mallorca trace element and stable isotope 
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data consistent with this? The Sr, Na, Cl, and SO4 data for Mallorca and Nijar all show 

wide ranges, consistent with the interpretation of fluid mixing (Meyers et al. 1997; Lu & 

Meyers 1998; Oswald 1992). Some high values overlap those for dolomites precipitated 

from evaporative brines (Lu & Meyers, their figure 6). Thus, these data are suggestive of 

an evaporated brine end member rather than a mesohaline brine endmember. Wide ranges 

of values, on the other hand, lead to concern about applying a single distribution 

coefficient between water and dolomite. It has been demonstrated unequivocally that 

many distribution coefficients are controlled by kinetics temperature, and crystallinity, 

and thus some question may still remain about the interpretation of the values (Hardie 

1987; Banner 1995; Budd 1997; Warren 2000). Lu & Meyers (1998) clearly 

acknowledged the sensitivity of their interpretation to distribution coefficients, and thus, 

it remains possible that the Nijar and Mallorca interpretations are consistent with the 

ascending freshwater-mesohaline mixing model.  

There are basic hydrogeologic reasons why the ascending freshwater-mesohaline 

mixing model may be more likely. The hydrogeology of the models of Meyers et al. 

(1997) and Oswald (1992) may not be as effective at moving fluid as the ascending 

freshwater-mesohaline mixing model. The proposed models for Nijar and Mallorca 

require brines at 6-7x seawater. Such dense fluids are proposed to come from lower 

elevations, and thus would likely remain as dense bottom water, with freshwater or 

seawater on top of them. This would not promote flow of evaporated fluids through the 

carbonate platform effectively. With the ascending freshwater-mesohaline mixing model, 
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however, freshwater would enter the base of a carbonate platform flooded with 

mesohaline brine. The hydraulic head from the hinterland and the density contrast would 

drive freshwater upward. This would result in a strong drive for fluid flow and mixing. 

Therefore, the ascending freshwater-mesohaline mixing model might be a more effective 

hydrogeological model for fluid flow than other suggested models.  

If the dolomites of Nijar, Mallorca and La Molata had a similar origin, from 

ascending freshwater-mesohaline mixing, then the local paleogeography can be used to 

explain why dolomites from each area lie along a different part of the same covariant 

isotopic trend. The more depleted carbon and oxygen values in Nijar would indicate the 

greatest influence of freshwater. The enriched isotopic values of Mallorca would indicate 

the least influence of freshwater. La Molata values indicate intermediate amounts of 

freshwater influence. The Nijar platform was developed on the flanks of a high (Sierra 

Alhamilla; greater than 1380 m) and broad (~13 km wide) mountains composed of 

metamorphic basement. The dolomites of the Nijar platform were within 3-4 km of this 

paleohigh. La Molata carbonates were deposited on the flanks of hills (less than 500 m, 

~5 km wide) composed of Neogene volcanic rocks. The dolomites of the La Molata 

platform were within 1-2 km of this paleohigh. Therefore, the hydrogeology would have 

provided more freshwater and greater head to the Nijar carbonate platform than to the La 

Molata. The Mallorca carbonate platform prograded broadly (15-20 km wide) on the 

flanks of 700-1000 meter-high, ~20 km wide mountains composed primarily of deformed 

Jurassic carbonates. The Mallorca platform prograded more extensively than Nijar and La 



	   94	  

Molata. The sampled dolomites of Mallorca were ~15-20 km away from these structural 

highs. Their more enriched carbon and oxygen isotopic values might be due to the 

samples being located at the most distal part of the Miocene platform, which received 

little or no freshwater influence from the distant mountains. Thus, they may only 

represent the evaporated seawater endmember. Further samples from inland in Mallorca 

might produce δ18O and δ13C that better represent the freshwater endmember.   

As the composition of basement differs in La Molata (volcanics) and Nijar 

(metamorphics), a comparison between the two can help evaluate the effect of the 

chemistry of the freshwater on dolomitization.  As both areas seem to have similar 

dolomites despite differing basement-rock composition, it is interpreted that rock-water 

interaction between the freshwater and basement had little effect on dolomitization.  
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Fig. 3-18 (A) - Index map of western Mediterranean showing the locations of La Molata, 

Nijar and Mallorca. (B) - Carbon and oxygen isotopic composition of La Molata, Nijar 

(Meyers et al. 1997; Lu & Meyers 1998) and Mallorca dolomites (Oswald 1992).  

CONCLUSIONS 

1. Miocene carbonates at La Molata, southeast Spain have been extensively 

dolomitized. All of the Miocene sequences have dolomite, but Pliocene deposits only 

contain clasts of dolomitized Miocene carbonates. Therefore, dolomitization is 

constrained to have occurred during the latest Miocene but before Pliocene deposition. In 
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general, the abundance of dolomite increases basinward and down section from the most 

proximal areas, although a few anomalies exist. These anomalies are controlled by either 

early marine cementation, or early meteoric stabilization and cementation. 

2. Dolomite occurs as both replacement and cement, but replacive dolomite is 

volumetrically more significant than dolomite cement. Both replacive dolomite and 

dolomite cement consist of ordered dolomite, and both of them have similar amounts of 

Ca ranging from 52% to 54%. Replacive dolomites consist of microcrystalline dolomites 

that mimetically replaced early high-Mg components, and more coarsely crystalline, 

fabric-destructive dolomites. The more coarsely crystalline dolomites range from 

euhedral to spheroidal/polyhedral. Dolomite cements have the same morphology as the 

more coarsely crystalline replacive dolomites. Coarse dolomites preserve concentric CL 

subzones with alternating bright and dull luminescence. Microcrystalline replacive 

dolomites are either bright luminescent or dull luminescent, similar to CL subzones in 

coarse dolomites. Downslope areas show similar complex CL patterns to upslope areas, 

indicating both downslope and upslope areas have experienced the same event or series 

of events of dolomitization. Dolomitization and creation of moldic porosity are closely 

associated. Only the latest CL subzones of dolomites are present in the moldic pores, 

indicating dissolution during dolomitization. 

3. Tm ice measurements of primary fluid inclusions within dolomite crystals 

yielded -0.2 to -2.3 °C, indicating the salinities of dolomitizating fluids range from 4 ppt 

to 43 ppt. Stable carbon and oxygen isotopic values show positive covariation, with δ18O 
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ranging from +0.9‰ to +6.0‰ VPDB and δ13C -4.5‰ to +3.0‰ VPDB. Downslope and 

upslope have similar carbon and oxygen isotopic composition; whereas upper sequences 

in the stratigraphy have higher isotopic values as compared to lower sequences in the 

stratigraphy. Geochemical modeling of evaporation effects on most enriched oxygen 

isotopic composition suggests 43 ppt for the most saline end-member, a remarkable 

similarity to the fluid inclusion data. Positive covariation of carbon and oxygen isotopic 

values is suggestive of fluid mixing, or physical mixture, or recrystallization. Fluid 

inclusion data and well-preserved CL subzones support fluid mixing, and rule out 

physical mixture and recrystallization. 

4. Sr concentration of dolomites ranges from 77 to 409 ppm. The 87Sr/86Sr ratios 

show a wide scatter and range from 0.70866 to 0.70904. In addition to some 87Sr/86Sr 

values that are consistent with Late Miocene seawater values, some are higher and lower 

than the late Miocene seawater, indicating dolomitizing fluids interacted with the 

volcanic basement. At low Sr concentration, 87Sr/86Sr show deviations from Late 

Miocene seawater. In addition, the relationships between Sr concentration and 

carbon/oxygen isotopes, and relationship between Sr isotopes and carbon/oxygen 

isotopes, imply that it was the freshwater endmember that had interacted chemically with 

the volcanic basement, rather than the mesohaline brine. 

5. Dolomitization at La Molata can be attributed to ascending 

freshwater-mesohaline mixing. Freshwater coming from the hinterlands flows upward, 

upon entering the carbonate platform from below, because it is more buoyant than 
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evaporated seawater.  This upward flow creates fluid mixing and leads to loss of 

pressure and degassing of CO2. The combined effects of fluid mixing of freshwater and 

evaporated seawater and degassing of CO2 are responsible for extensive dolomitization. 

This model may be applicable to many other carbonate platforms that have similar 

hydrogeology as La Molata. 

6. Miocene carbonate platforms around the western Mediterranean are extensively 

dolomitized. In addition to ascending freshwater-mesohaline mixing dolomitization, other 

mechanisms have been proposed. The proposed models invoke either mixed fluids of 

freshwater and 6-7x evaporated seawater, or evaporated seawater near halite saturation as 

dolomitizing fluids. Re-examination of those models suggests ascending 

freshwater-mesohaline mixing could be an alternative interpretation. It is therefore 

proposed that much of the dolomitization around the western Mediterranean may have 

been due to ascending freshwater-mesohaline mixing. This mechanism is broadly 

applicable to carbonate platforms that form on the flanks of paleotopographic high areas, 

where there is sufficient freshwater recharge, evaporation of seawater, and a 

hydrogeology that allows for injection of freshwater from below the carbonate platform. 
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ABSTRACT 

Meteoric calcite cementation commonly reduces porosity and permeability. 

Understanding this process and quantifying its effect on porosity and permeability are 

useful for oil and gas exploration and production. This study investigates calcite 

cementation in an Upper Miocene carbonate system in southeast Spain. The project uses 

field work, standard transmitted light and cathodoluminescence petrography, core plug 

data, petrographic image analysis, carbon and oxygen stable isotope analysis, and fluid 

inclusions. The carbonate succession has an upper and a lower zone of extensive calcite 

cementation; each zone boundary cuts across the stratigraphy. Cement textures suggest 

phreatic conditions. Cement in each of the two zones has a unique cathodoluminescence 

signature. Cement in the upper cemented zone has two meteoric calcite lines with δ18O at 

-5.1 ‰ and -5.8 ‰ VPDB, whereas the lower cemented zone is at -6.7‰ VPDB. δ13C for 

both are predominantly negative values, ranging from -10 to +2 ‰ PDB, suggestive of 

soil-gas. Measurements of Tm ice in primary fluid inclusions yield a mode of 0.0 °C in 

both zones, indicating calcite cementation from fresh water. The upper cemented zone 
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pre-dated the lower cemented zone on the basis of known relative sea-level history. These 

two zones are associated with the positions of two different paleo-water tables of 

different ages that formed during relative sea-level fall and erosional downcutting of the 

landscape during the Plio-Pleistocene. Meteoric calcite cementation reduced porosity and 

permeability, but measured values are inconsistent with simple filling of open pore space. 

There are different relationships between percent calcite cement and 

porosity/permeability for each lithofacies. Distribution of cements may be predictable on 

the basis of known sea-level history. The cementation can be incorporated into 

subsurface geomodels by defining surfaces that separate cemented zones from 

uncemented zones, and applying lithofacies specific relationships between cementation, 

porosity and permeability.  

INTRODUCTION 

Modern carbonate sediments typically have high porosity values of 40 to 70% 

(Enos and Sawatsky, 1981).  In contrast, ancient carbonate rocks rarely have more than 

a few percent porosity (Choquette and Pray, 1970; Lucia, 1995; Ehrenberg et al., 1998). 

Although porosity could be occluded during burial, a considerable number of studies 

have shown that reduction of porosity and permeability can be attributable to early 

meteoric cementation (e.g., Goldstein, 1988; Moss and Tucker, 1995). As carbonate 

platforms commonly aggrade into shallow water, early influx of meteoric fluids is to be 

expected. Therefore, meteoric diagenesis has been the subject of many studies (e.g., 

Bathurst, 1975; James and Choquette, 1984; Hird and Tucker, 1988; Budd, 1988; 
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Goldstein, 1988; Budd and Land, 1990; Goldstein et al., 1990; Esteban and Wilson, 1993; 

Saller et al., 1994; Sun and Esteban, 1994; Mutti, 1995; Saller et al., 1999; Carlson et al., 

2003; Csoma et al., 2004; Whitaker and Smart, 2007a; 2007b; Goldstein et al., 2011; 

Buijs and Goldstein, in press). Few studies, however, provide quantitative data on the 

controls that determine where meteoric calcite cementation is important, and what effect 

it has on porosity and permeability. The purpose of this work is to investigate calcite 

cementation in exposures of an Upper Miocene carbonate system in southeast Spain. The 

focus is to unravel the origin of calcite cements and quantify their effect on porosity and 

permeability. A quantitative approach is used in combination with 3-dimensional control 

provided by the exposures that is related to paleotopography. In addition to field work, 

techniques include: standard and cathodoluminescence (CL) petrography, core-plug 

porosity and permeability, petrographic image analysis (PIA), carbon and oxygen 

isotopes, and fluid inclusions.  

Many diagenetic complexities that are important to reservoir character are beyond 

the resolution of seismic, and well penetrations are typically limited. Therefore, there is a 

great need for diagenetic process-response models that allow for prediction of porosity 

and permeability. Numerous studies have investigated the controls on distribution of 

meteoric calcite cement, but few have been capable of isolating controls on its 

distribution, or effect on porosity and permeability. Since the initial work by Meyers 

(1974) on the Mississippian of New Mexico, the concept of cement stratigraphy has been 

widely applied to many studies (e.g., Meyers, 1978; Dorobek, 1987; Grover and Read, 
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1983; Meyers and Lohmann, 1985; Goldstein, 1988; Kaufman et al., 1988; Sun, 1990; 

Bruckschen et al., 1992; McManus and Wallace, 1992; Dickson and Saller, 1995; Caron 

and Nelson, 2003; Esteban and Taberner, 2003; Hajikazemi et al., 2010). Goldstein’s 

(1988) work on early intraformational subaerial exposure and associated meteoric 

diagenesis shows a control of climate, duration of exposure, paleoaquifer characteristics, 

and paleotopography.  In our study, some of these variables can be isolated because the 

sequence stratigraphy is well known, the carbonate systerm is well exposed in three 

dimensions, and paleotopography is preserved. Moreover, because the rocks have not 

been buried, the diagenetic interpretations of cements are unambiguous, and porosity and 

permeability immediately after meteoric cementation can be measured. 

These results ultimately can be used for prediction in the subsurface. Advanced 

knowledge of sequence stratigraphy has made prediction of lithofacies distribution in the 

subsurface possible; however, exploration and production in carbonate reservoirs still 

face great difficulties because carbonate rocks are susceptible to diagenetic alteration that 

greatly affects distribution of porosity and permeability. Thus, incorporating diagenetic 

data into subsurface geomodels is important for better prediction in reservoirs (e.g., 

Poppelreiter et al., 2008). This study demonstrates the effects meteoric calcite 

cementation has had on distribution of porosity and permeability. It presents a useful case 

history, that can be used to train subsurface geomodels, and discusses some of parameters 

that will prove useful in making diagenetic data more applicable to the subsurface. 

This paper documents meteoric phreatic calcite cementation in two zones, each of 
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which is associated with a paleo-water table. The precipitation of calcite cement in two 

zones represents a diagenetic response to relative sea-level fall. Here we quantify the 

effect of such cementation on porosity and permeability and provide insights into 

workflows useful for incorporation of such diagenetic relationships into subsurface 

geomodels. 

GEOLOGICAL SETTING 

The study area, Cerro de La Molata, is exposed on the southern margin of the 

Almeria basin in the Cabo de Gata region in southeastern Spain (Fig. 4-1). During the 

Neogene, transtension between the African and Iberian plates generated volcanism in this 

area, and Upper Miocene carbonates were deposited on the flanks of volcanic highs 

(Dabrio et al. 1981; Galdeano and Vera, 1992; Franseen et al., 1993; Goldstein and 

Franseen 1995; Esteban et al. 1996; Franseen and Goldstein 1996; Franseen et al. 1998; 

Martin et al. 2003). The Almeria basin is dissected by a major sinistral strike-slip fault, 

the Carboneras fault, which was active throughout the Tortonian, Messinian, and 

Pliocene (Montenat et al., 1987). This fault separates Neogene volcanic basement of the 

Cabo de Gata region from Mesozoic-Paleozoic metamorphic basement of the Betic range 

to the northwest. Our study area is located in the Cabo de Gata volcanic region. The 

Upper Miocene carbonate rocks in this region are younger than underlying volcanic rocks, 

although locally the lowermost carbonate depositional sequence is interbedded with a 

volcanic unit (Franseen and Goldstein, 1996; Franseen et al., 1997). The youngest 

volcanic rocks have been 40Ar/39Ar dated at 8.5 ± 0.1 Ma, providing an important 
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absolute age for the initial carbonate deposition (Goldstein and Franseen, 1995; Franseen 

and Goldstein, 1996; Franseen et al., 1998).  

The sequence-stratigraphic framework and quantitative sea-level fluctuation 

history have been well studied in previous work (Franseen, 1989; Franseen and 

Mankiewicz, 1991; Franseen et al., 1993; Goldstein and Franseen, 1995; Franseen and 

Goldstein, 1996; Franseen et al., 1997; Franseen et al., 1998). In a general sense, the 

Upper Miocene carbonate system is composed of a lower succession of heterozoan 

carbonate association, a middle succession of photozoan reef and fore-reef slope 

carbonates, and an upper succession of oolitic grainstone and microbialite (Fig. 4-2; 4-3).  

The heterozoan carbonate succession is divided into two sequences (DS1a and 

DS1b) that predominantly onlap preexisting volcanic basement. DS1a is mostly 

composed of bryozoan-rich facies, and minor red algae-rich wackestone-packstones. 

Local admixtures of volcaniclastic sandstones and conglomerates occur. DS1b consists of 

at least 10 fining-upward cycles. Cycles are characterized by basal red algae-rich 

coarse-grained carbonate grainstone and packstone facies that fine upward into 

foraminifera wackestone to packstone facies.  

The middle photozoan carbonate succession is divided into two sequences (DS2 

and DS3).  The lower DS2 sequence consists of a polymictic megabreccia unit (MB1) at 

its base. MB1 is composed, of locally distributed sub-meter-to 10s of meters-scale coral 

framework (Tarbellastraea and Porites), volcanic, grainstone, packstone, and wackestone 

clasts that were transported from upslope areas and deposited distally in planktonic 
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foram-rich wackestone and packstone facies. The upper part of DS2 consists 

predominantly of foraminifera-rich wackestones and packstones, and, locally, 

coarse-grained grainstone/packstone. The upper sequence of the photozoan carbonate 

succession (DS3) consists mainly of fringing reef and proximal-to-distal fore-reef slope 

strata. Early stages of reef development are characterized by aggradational and 

progradational geometries. Later stages are characterized by down-stepping 

progradational reef development in response to relative sea-level fall. Only minor 

in-place reef core facies are preserved, and DS3 predominantly consists of coarse- and 

fine-grained skeletal packstone and grainstone fore-reef slope deposits.  

The upper oolite and microbialite succession is the uppermost Upper Miocene 

unit defined as the Terminal Carbonate Complex (TCC; Esteban et al., 1979). It is a 

distinctive unit that can be traced around the western Mediterranean Sea. In the study 

area, the TCC consists of four sequences that are similar in nature.  Each sequence 

predominantly drapes preexisting paleotopography and consists of oolite and microbialite 

(thrombolite and stromatolite) facies. 

Surfaces (sequence boundaries) that bound sequences evidence relative sea-level 

falls; some sequence boundaries contain evidence of subaerial exposure (designated as 

surfaces with numbers on Fig. 4-2). Evidence of subaerial exposure occurs on the upper 

DS1a sequence boundary (surface 1), the upper DS2 sequence boundary (surface 2), the 

upper DS3 sequence boundary (surface 3), and all of the sequence boundaries within the 

TCC (surfaces 4, 5, 6).  In addition, the surface that caps the entire Miocene succession 



	   125	  

(surface 7) has been exposed subaerially since the end of the Miocene.  

The field area mostly preserves Miocene paleotopography as carbonate sequences 

show little evidence of tilting, compaction, and only meter-scale faulting has been 

observed (Franseen, 1989; Franseen et al., 1993). The well-defined stratigraphic 

framework, finely-constrained sea-level fluctuation history, preserved paleotopography, 

and lack of burial allows the examination of porosity and permeability response to early 

diagenetic processes, without the complication of burial diagenesis. 
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Figure 4-1. A. Location map showing Neogene basins within the Betic Cordillera of 

southeast Spain. Modified from Gibbons and Moreno (2003). B. Generalized geological 

map of the Cabo de Gata region and location of study area, La Molata, with the 

Carboneras fault to the west. Modified from Lipinski (2009). 
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Figure 4-2. Generalized stratigraphy of the La Molata study area, southeast Spain. 

Modified from Franseen et al. (1998). 
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Figure 4-3. 2D cross section of La Molata constructed on the basis of measured outcrop 

sections. Modified from Franseen et al. (1998). 

METHODS AND MATERIALS 

This study integrated stratigraphic, petrographic, geochemical, core plug, and 

petrographic image analysis (PIA) data to investigate the origin of calcite, its distribution, 

and its effect on porosity and permeability.  

PETROGRAPHY 

Fieldwork concentrated on tracing the distribution of calcite cements. Five 

stratigraphic sections were measured, through the entire carbonate succession exposed on 

La Molata. Rock samples were collected throughout the succession, with the sampling 

concentrated along sequence boundaries and areas with calcite cementation. 300 thin 

sections were prepared for petrography, including standard transmitted light and 

cathodoluminescence. Prior to cutting thin sections, rock billets were impregnated with 
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blue epoxy for recognition and later quantification of porosity. Thin sections were stained 

with alizarin red-S and potassium ferricyanide to distinguish calcite from ferroan calcite 

and dolomite (method of Lindholm and Finkelman, 1972). 

PETROGRAPHIC IMAGE ANALYSIS 

Since the 1980’s, petrographic image analysis (PIA) has been applied to quantify 

porosity and composition, to objectively classify reservoir porosity, and to analyze pore 

properties and permeability (e.g., Ehrlich et al., 1984; Ruzyla, 1986; Dorobek et al., 1987; 

Ruzyla and Jezek, 1987; Mowers, 1993; Mowers and Budd, 1996; Anselmetti et al., 1998; 

Layman, 2002). PIA software quantifies different components on the basis of color or 

brightness contrast. Porosity is commonly recognized if filled with blue epoxy, and 

calcite can be distinguished from dolomite because it stains red with alizarin red-S. In 

this study, PIA was used to quantify porosity, calcite cements and dolomites (Fig. 4-4). 

The software used was JMicroVision, (http://www.jmicrovision.com). Previous studies 

reported in the literature suggested 10 to 30 fields of view from one thin section could 

yield consistent and reliable data (Ruzyla, 1986; Ehrlich et al., 1991; Mowers and Budd, 

1996). In this study, PIA data from 8 to 12 fields of view produced strong correlations 

between PIA porosity and core-plug porosity (Fig. 4-5). Outliers were microporous 

lithologies where area percent blue epoxy was not useful for determining porosity. 
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Figure 4-4. Photomicrographs showing porosity from blue-epoxy impregnation (A) and 

capture of porosity highlighted in red using PIA (B); calcite stained red with alizarin 

red-S (C) and recognition of calcite cement highlighted in green by PIA (D). Scale bars 

are 100 µm.  
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Figure 4-5. Cross plot of core plug porosity vs. petrographic image analysis (PIA) 

porosity. PIA porosity correlates well to core-plug porosity where microporosity is not 

abundant. Dashed line represents one-to-one correlation (y=x).  

C & O STABLE ISOTOPES 

Carbon and oxygen isotopes were analyzed to help constrain diagenetic 

environment of calcite precipitation. Selection of stable isotope samples is based on 

detailed petrographic study of thin sections. Sample powders were micro-drilled from 

polished slabs, stained with alizarin red-S to further aid in sampling, using a 

microscope-mounted dental drill with tungsten carbide burs to produce 40 to 120 µg of 

calcite powder. Powders were analyzed at the Environmental Stable Isotope Lab at the 

University of Kansas, first vacuum roasted at 200°C for one hour to remove volatile 

contaminants, and then reacted using phosphoric acid (H3PO4) digestion at 75°C on a 

ThermoFinnigan Kiel III single sample acid-dosing system connected to a dual-inlet 
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system ThermoFinnigan MAT 253 isotope ratio mass spectrometer. Carbon and oxygen 

isotope values are reported as per mil relative to VPDB. Precision for both carbon and 

oxygen is better than 0.1‰, as monitored by analysis of NBS-18 and NBS-19. 

FLUID INCLUSIONS 

Primary fluid inclusions trap ancient fluid samples during mineral precipitation. 

This study measured final melting temperature of ice (Tm ice) of primary fluid inclusions 

within calcite to further study the composition of fluids from which calcite precipitated. 

Doubly polished thick sections (about 100 µm in thickness) were produced using a 

low-speed diamond saw to avoid damage to the fluid inclusions. Fluid inclusion 

petrography was conducted to identify and select relevant fluid inclusions for further Tm 

ice measurement. After detailed petrography, samples of small chips containing all-liquid 

one-phase fluid inclusions were heated in an oven to 120 - 150 °C overnight to stretch 

all-liquid aqueous fluid inclusions. Samples were then put in a freezer for several hours to 

generate vapor bubbles. The stretching process can also be done in a typical heating and 

freezing stage in a shorter amount of time, though less effective. The reason for 

artificially stretching fluid inclusions is that interpretation of low-temperature phase 

changes (final melting event of ice) requires the presence of a vapor bubble phase 

(Goldstein and Reynolds, 1994). Microthermometric measurements of Tm ice were 

conducted using a Linkam T95-PE heating and freezing stage mounted on an Olympus 

BX53 microscope. The precision for Tm ice measurement is ±0.1 °C, and the heating and 

freezing stage is calibrated periodically to ensure the temperature reading is accurate. 
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OVERALL PARAGENESIS 

The overall paragenetic sequence consists of 23 events (Fig. 4-6). The timing of 

each event is illustrated in Figure 4-6, constrained on the basis of superpositional and 

cross-cutting relationships. The absolute age is constrained from the known history of 

relative sea level (Franseen et al., 1998). Deposition of DS1a, DS2, DS3, TCC-1, TCC-2 

and TCC-3 is interrupted by short-lived subaerial exposure events. During these 

short-lived exposure events only minor diagenetic alteration was detected. Both 

dissolution and cementation were less than a few percent, and these diagenetic processes 

only penetrated less than half a meter downward from subaerial exposure surfaces. It 

appears that these subaerial exposure surfaces have had minor controls on porosity and 

permeability because of their short duration and the general arid climatic conditions that 

existed. Thus, the effect of these surfaces will not be discussed further in this paper. At 

the end of Miocene deposition, mostly primary interparticle porosity had formed. 

Abundant dolomite (typically greater than 70%) is found throughout the Miocene 

succession, but not in the Pliocene that was deposited in areas adjacent to the study area. 

This indicates that dolomitization (event 15) took place after deposition of TCC-4 but 

before Pliocene deposition. The major event of moldic porosity was approximately 

synchronous with dolomitization (Li et al., in press). The most common types of 

secondary pores are molds of aragonitic fossils (ooid, bivalve, gastropod, Halimeda, 

corals) and intercrystalline porosity (classification of Choquette and Pray, 1970). After 

dolomitization, calcite cements reduced much of the porosity (Fig. 4-7). These calcite 
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cements had a profound effect on porosity and permeability, and are the focus of this 

paper.  As outlined below, there were likely two major events of calcite cementation 

(event 17 and event 20), each of which affected a different part of the Miocene 

succession. Following this calcite cementation, there was another event of dissolution 

(event 21) that may have been synchronous with or occurred just before a minor 

asymmetric calcite cement was precipitated (event 22). Partial or complete leaching of 

skeletal grains created moldic pores that are not filled with the calcite cements of events 

17 and 20 (Fig. 4-8A; B). Some of the calcite cements from these two events are 

truncated by dissolution (Fig. 4-8C). Therefore, this latest event of dissolution can be 

constrained to have occurred after the major calcite cementation. It is possible that such 

dissolution occurred in the vadose zone environment, which formed after the dropping of 

a water table, as many of these pores contain minor asymmetrical calcite cement that 

shows pendant and meniscus fabrics, and fabric consisting of thin, and randomly 

orientated needle fiber or whisker calcite (Fig. 4-8B; Fig. 4-9). The asymmetrical calcite 

cements are consistent with being precipitated from the vadose zone (Purser, 1969; 

Dunham, 1971; Grover and Read, 1978). 
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Figure 4-6. Paragenesis for the La Molata carbonate succession. Length of boxes is 

approximately representative of absolute duration. Dashed lines indicate relative timing is 

ambiguous. 
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Figure 4-7. Field photos of two Halimeda grainstones - uncemented (A) vs. cemented by 

sparry calcite (B) - illustrating the effects calcite cementation has had on porosity 

macroscopically. 

 

Figure 4-8. Photomicrographs (A and B) showing open molds (white arrows) that are not 

filled by calcite cements, indicating the moldic pores were formed after calcite 
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cementation. Scale bars are 2 mm. (C) Truncation of calcite cement by later dissolution 

(white arrow). Scale bar is 0.5 mm. 

 

Figure 4-9. Vadose zone cement, scale bars are 0.5 mm. (A) Pendant or micro-stalactitic 

cements grow downward within a gastropod mold (white arrow). (B) Needle fiber or 

whisker crystal cements (white arrow). (C) Pendant or micro-stalactitic cement in a 

bivalve mold stains red with alizarin red-S (white arrow). (D) Meniscus cements that 

concentrate at grain contact stain red with alizarin red-S (White arrow) 

PETROGRAPHY OF CALCITE CEMENT 

TRANSMITTED LIGHT PETROGRAPHY 

Observations 
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Two zones of calcite cement have been recognized, an upper cemented zone and a 

lower cemented zone, where calcite cements commonly reduce more than 50% of the 

pore space. There is a middle poorly cemented zone between the two and a lower poorly 

cemented zone below the lower cemented zone (Fig. 4-10). The distribution of cements 

and morphology of these zones are discussed below under Distribution of Calcite 

Cement. Within both zones, calcite cements are present in primary as well as secondary 

pores. Calcite cements are nonferroan, as indicated by the use of combined staining with 

alizarin red-S and potassium ferricyanide. 

Calcite cements within the upper cemented zone are commonly coarsely 

crystalline. Crystal size ranges from 0.1 mm to centimeters in diameter, and typically is 

0.2 to 0.3 mm. This cement consists mainly of equant crystals, with minor proportion of 

bladed crystals (classification of Folk, 1965). Bladed morphologies typically represent 

the earliest phase of cementation and are followed by crystals that increase in size and 

blockiness into the pores.  The bladed-to-equant calcite cements are symmetric and coat 

ooid grains, and skeletal grains, or line moldic porosity created during earlier diagenesis. 

In some cases, the cement occludes the entire pore. Poikilotopic calcite cement is also 

very common. Poikilotopic calcite cements are commonly found in microbialites, 

including both stromatolite and thrombolite, and less commonly in skeletal packstone and 

grainstone (Fig. 4-11).  

The calcite cement of the lower cemented zone consists of smaller crystals 

compared to the upper cemented zone. Lower cemented zone calcite consists mainly of 
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equant shapes, with sizes ranging from 0.05 mm to 2 mm in diameter but commonly 

0.07-0.1 mm. It precipitated symmetrically around skeletal grains or in moldic porosity, 

or occurs as pore-occluding blocky cement, though that form is rare (Fig. 4-12).  

Interpretations 

Sparry calcite is passively precipitated as cement rather than having a neomorphic 

origin. Evidence supporting this includes: 1) Incomplete filling of some moldic pores by 

sparry calcite. If calcite were neomorphic in origin, it is expected that calcite would fill 

the pore space completely. 2) Grains composed of micrite are not altered to sparry calcite, 

which is inconsistent with a neomorphic in origin for calcite. 3) Micritic envelopes 

around particles are not altered to sparry calcite, whereas interiors of particles have sparry 

calcite. 4) Relic structures of original particles implying neomorphism have not been 

observed. 5) The size of calcite crystal in moldic porosity increases toward the center of 

pore space, which is a general characteristic of cement, but not with neomorphic sparry 

calcite. 6) Contacts between particles and cements are sharp, suggesting passive 

precipitation as cement (Bathurst, 1975).  

The dominant calcite cement fabrics from both the upper cemented zone and the 

lower cemented zone are consistent with precipitation in a phreatic environment (e.g., 

Land, 1970; Steinen, 1974; Budd, 1988; Goldstein, 1988; Saller et al., 1991).  

CATHODOLUMINESCENCE PETROGRAPHY 

Observations 

Calcite cements from both the upper cemented zone and the lower cemented zone 
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can be distinguished from each other based on their unique cathodoluminescent (CL) 

properties. The calcite cement from the upper cemented zone is nonluminescent and lacks 

CL subzones (Fig. 4-11B). The calcite cement from the lower cemented zone has CL 

features of alternating non-luminescent and bright CL subzones (Fig. 4-12C; D). 

Although calcite cement in the lower cemented zone is characterized by alternating bright 

and dark CL subzones, calcite cements at the bottom of this zone show more bright CL 

subzones compared to the top portions. In general, however, there is a unique succession 

of seven CL subzones. Zones 1, 3, 5 and 7 are nonluminescent. Zones 2, 4, and 6 are 

bright luminescent. Nonluminescent subzones are generally thicker than luminescent 

subzones, with zone 5 being the thickest nonluminescent zone. This unique CL 

succession can be correlated throughout the lower cemented zone (Fig. 4-12), even in the 

lower parts, where there are extra bright subzones. In the upper cemented zone, the lack 

of CL banding prevents such correlations.  Because of the existence of a middle 

uncemented zone, there is no place where cements from the upper cemented zone and 

lower cemented zone can be found superposed on one another. 

Interpretations 

The calcite cements within the upper cemented zone are nonluminescent and 

nonferroan, indicating they were precipitated from well-oxidized fluids low in reduced 

Mn. The calcite cements from the lower cemented zone show an increased number of 

bright CL subzones in the lowermost parts of the lower cemented zone. This trend is 

consistent with a general geochemical pattern found in aquifers: fluids are more oxidized 
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closer to the water table, and become less oxidized and more reducing with increasing 

depth below from the water table (Grover and Read, 1983; Niemann and Read, 1988; 

Barker et al., 1991; Machel and Burton, 1991). 

 

Figure 4-10. Calcite cement abundance and distribution keyed to stratigraphic sections 

with depositional sequences.  Cement abundance is represented in cross-sectional form 

and hung on present-day elevation, which reflects paleotopography. Two zones with 

calcite cements, the upper cemented zone and the lower cemented zone are separated by a 

middle poorly cemented zone. In addition, another lower poorly cemented zone lies 

above the pre-carbonate volcanic basement and below the lower cemented zone.  
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Figure 4-11. Characteristics of calcite cement from the upper cemented zone. (A & B) 

Paired transmitted light and CL photomicrographs show poikilotopic nonluminescent 

calcite cement, scale bars are 100 µm. (C) Poikilotopic calcite cements in microbialite, 

scale is 1 mm. (D) Calcite cements precipitate in both primary intergranular pores and 

secondary moldic pores (arrows), scale is 1 mm. (E) Equant calcite cements grow 

symmetrically around ooids and take alizarin red-S stain. Scale is 0.5 mm. (F) 

Precipitation of poikilotopic calcite cement in Porities boundstone. Calcite is pink and 
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takes alizarin red-S stain.Scale is 1 mm. 

 

Figure 4-12. Photomicrographs of calcite cement in the lower cemented zone. (A) 

Symmetrical precipitation within intraparticle porosity of bryozoan fragment 

(terminology of Choquette & Pray, 1970) (white arrow), scale is 0.5 mm. (B) Calcite 

cement coats the wall of a solution-enlarged pore (white arrow), with approximately 

equal thickness. Calcite is red and takes alizarin red-S stain. Scale is 0.5 mm. (C & D) In 

the lower cemented zone, the CL succession of calcite cement consists of seven 

alternating dark with bright luminescent subzones with a unique sequence of thicknesses. 

Moreover, this unique CL succession can be correlated between downslope (C) and 
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upslope (D) areas. Scale bars are 200 µm for both (C) and (D).  

DISTRIBUTION OF CALCITE CEMENT 

CL characteristics are helpful in mapping the vertical and lateral distribution of 

cements with similar characteristics. The distribution of these calcite cements is mapped 

and illustrated in Figures 10 and 13. Calcite cement in the upper cemented zone occurs at, 

and is limited to, upper portions of DS3 and throughout the TCC sequences. Calcite 

cement in the lower cemented zone is present in DS1a, DS1b, DS2 and lower portions of 

DS3 (Fig. 4-11). As each of the two cemented zones have been physically traced in the 

field, these observations confirm that there are two laterally continuous zones - an upper 

cemented zone and a lower cemented zone - separated by a middle zone mostly lacking 

calcite cement, although minor vadose zone calcite cement exists.  

Modern erosion has led to removal of much of the upper poorly cemented zone. 

Due to that erosion, the contact of the poorly cemented zone with the upper cemented 

zone is only preserved and mapped in the area of section 4. Overall, the rocks of the 

upper cemented zone contain 35% calcite cement by total rock volume. The base of the 

upper cemented zone can be mapped on the basis of macroscopic field observation and 

microscopic examination of thin sections. Overall, the rocks of the middle poorly 

cemented zone contain less than 1% calcite cement by total rock volume. The contact 

between the two zones clearly cuts across stratigraphic surfaces. It has a strike of 

approximately N18°E. In updip areas (180-160m) it has a slope of 3.5°, and steepens 

downslope (150-70m) to 5.9° (Fig. 4-13A).  
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The middle poorly cemented zone overlies the lower cemented zone. Overall, the 

rocks of the lower cemented zone contain less than 1% calcite cement by total rock 

volume. The top of the lower cemented zone can be mapped on the basis of macroscopic 

field observation and microscopic examination of thin sections. The contact between the 

middle poorly cemented zone and lower cement zone clearly cuts across stratigraphic 

surfaces. It has a strike of approximately N23°E. In updip areas (150-140) it has a slope 

of 1.5°, and steepens downslope (130-40m) to 7.8° (Fig. 4-13B).  

The lower cemented zone is underlain by a lower poorly cemented zone (Fig. 

4-12). Overall, the rocks of the lower poorly cemented zone contain 21% calcite cement 

by total rock volume. The contact between the lower cemented and the lower poorly 

cemented zones can be mapped on the basis of macroscopic field observation and 

microscopic examination of thin sections. The contact clearly cuts across stratigraphic 

surfaces. It has a strike of approximately N17°E. In updip areas (140-130) it has a slope 

of 1.8°, and steepens downslope (120-10m) to 7.7° (Fig. 4-13C).  
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Figure 4-13. Contour maps represent the basal surface of the upper cemented zone (A), 

top surface of lower cemented zone (B), and basal surface of the lower cemented zone 

(C). 

CARBON AND OXYGEN ISOTOPES 

RESULT 

The relationship between δ13C and δ18O for calcite cements is useful in 

determining the fluids responsible for cement precipitation and the timing of the two 

cemented zones (Fig. 4-14). Calcite cement from the upper cemented zone ranges from 

+2.0 to -9.8 ‰ for δ13C (mean of -5.1 ‰) and -1.1 to -6.0 ‰ for δ18O (mean of -5.0 ‰). 
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Calcite cement from the lower cemented zone ranges from -2.1 to -6.0 ‰ for δ13C (mean 

of -4.2 ‰) and -5.0 to -6.9 ‰ for δ18O (mean of -6.3 ‰). The upper cemented zone 

consists of three groups of carbon and oxygen isotope values (Fig. 4-14). Group 1 covers 

a wide range of δ18O values, has negative δ13C values, and shows positive covariation 

with a low slope. Group 2 has a narrow range of δ18O (mean of -5.1 ‰) but a wide range 

of δ13C. Group 3 is characterized by almost no variation in δ18O (mean of -5.8 ‰) but 3 ‰ 

variation in δ13C, ranging from positive to negative values. Samples in Group 3 all came 

from Sequence 4 of the TCC, along the top of La Molata. The lower cemented zone 

values show two groupings, consisting of Group 4, which lies at negative values but 

shows positive covariation, and Group 5, which is characterized by consistent negative 

δ18O (mean of -6.7 ‰), and 2 ‰ variation in δ13C also with negative values. 
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Figure 4-14. Cross plot of carbon vs. oxygen isotopic data of calcite cements from upper 

and lower cemented zones. Negative carbon and oxygen isotopic values suggest 

precipitation from meteoric water for calcite cements in both the upper cemented zone 

and the lower cemented zone. Groups 2, 3 and 5 have oxygen isotopic values distributed 

along three possible meteoric calcite lines. The positive δ13C in Group 3 suggest carbon 

is rock-dominated. The covariation in Groups 1 and 4 can be attributed to evaporation 

and CO2 degassing.  

INTERPRETATIONS 

The carbon and oxygen isotopic values in this study have similar ranges to calcite 

precipitated in Pleistocene and Holocene freshwater diagenetic environments (Land and 
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Epstein, 1970; Allan and Matthews, 1977; Saller, 1984; Budd and Land, 1990). In 

addition, the narrow ranges of δ18O and wide ranges of δ13C in Groups 2, 3, and 5 are 

distinctive features of subaerial diagenesis in freshwater settings with access to soil-gas 

CO2. Carbon isotopic composition can be variable depending on ratio of its source 

(carbonate-derived:soil-gas CO2) but the δ18O is characterized by minor variation due to 

relatively constant δ18O of mean local rainfall (Allan and Matthews, 1977; 1982; 

Lohmann, 1988). These data define three meteoric calcite lines, two in the upper 

cemented zone and one in the lower cemented zone. As the variable of high temperature 

associated with burial processes is eliminated, because the rocks have never been buried, 

carbon and oxygen isotopes indicate that calcite cements from both the upper cemented 

zone and the lower cemented zone were precipitated from meteoric water. 

Calcite cements in the upper cemented zone show useful groupings that help in 

interpretation of the conditions for meteoric calcite cementation.  The common negative 

values of δ13C (mean of -5.14‰) suggest calcite precipitated from fluids rich in soil-gas 

CO2 (Allan and Matthews, 1982; Goldstein, 1990). The positive δ13C values in Group 3 

from the upper cemented zone can be interpreted as having a rock-derived origin 

(Hudson, 1977; Moore, 2001). 

The two meteoric calcite lines, Groups 2 and 3 reflect either different 

compositions of meteoric water or different temperature. If meteoric fluid composition 

remained constant, the different δ18O would require a temperature change of 3°C.  If 

temperature remained constant, the different values would require change in composition 
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of meteoric water of 0.7‰ (calculation based on equation of O’Neil et al., 1969).  Given 

a constant temperature of 20°C, meteoric water would have varied from -3.6‰ to -4.3‰ 

SMOW. 

The Group 1 upper cemented zone calcite deviates from the Group 2 meteoric 

calcite line toward less negative δ18O and slightly less negative δ13C. The Group 1 

samples are located within TCC-4, the uppermost Miocene sequence. As there is no 

stratigraphy overlying it, TCC-4 was likely at or just below the subaerial surface during 

cementation of the upper cemented zone. Therefore, fluids within TCC-4 could easily be 

influenced by evaporation, which resulted in enrichment of δ18O in Group 1. Covariation 

between carbon and oxygen isotopes can be attributed to CO2 degassing concurrent with 

evaporation.   

The data from the lower cemented zone are useful in comparison to those of the 

upper cemented zone. The overall negative δ13C values (mean of -4.2 ‰) suggest calcite 

precipitated from fluids rich in soil-gas CO2 (Allan and Matthews, 1982; Goldstein, 

1990). The δ18O values of Group 5 lie along a meteoric calcite line at -6.7‰ (Lohmann, 

1988) and this differs somewhat from the meteoric calcite lines from the upper cemented 

zone (-5.1 ‰ and -5.8‰). Given a constant composition of meteoric water, the difference 

in δ18O between the calcite cements in the upper cemented zone versus the lower 

cemented zone indicates variation in temperature of 7°C. Given a constant temperature of 

20 °C, the meteoric water that precipitated the calcite in Group 5 would have had δ18O 

values of -4.6‰ SMOW (calculation based on equation of O’Neil et al., 1969). In 



	   151	  

contrast, Group 2 and 3 calcites from the upper cemented zone would have precipitated 

from water at -3.6 ‰ SMOW and -4.3 ‰ SMOW respectively. 

The carbon and oxygen isotope values in Group 4 have positive covariation, away 

from the meteoric calcite line of Group 5 and toward more enriched values. This 

covariation can also be attributed to evaporation and concurrent CO2 degassing. 

FLUID INCLUSIONS 

FLUID INCLUSION PETROGRAPHY 

Calcite cements contain aqueous fluid inclusions. One-phase all-liquid fluid 

inclusions are dominant and two-phase vapor-liquid fluid inclusions are rare. Within 

these two-phase vapor-liquid fluid inclusions, vapor-to-liquid ratio varies from one fluid 

inclusion to another, ranging from fluid-dominated to vapor-dominated. One-phase 

all-liquid fluid inclusions examined in this study are either isolated and relatively large in 

relation to the host crystals (5-10 µm for fluid inclusions and 30-150 µm for calcite 

crystals), or confined petrographically to a certain calcite growth zone. Most of these 

fluid inclusions are elongate in the crystal-growth direction, and some have a flat base 

and pointed end (Fig. 4-15). On the basis of these relationships, they are interpreted as 

primary (Roedder, 1984; Goldstein and Reynolds, 1994). All-liquid secondary fluid 

inclusions have been observed, but they are rare, and are not relevant to this study. 
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Figure 4-15. Photomicrographs of primary fluid inclusions within calcite cements. (A) 

One-phase all-liquid fluid inclusions concentrates along one certain growth zone 

(highlighted by white dotted line), indicating they were entrapped during crystal growth. 

White arrows highlight some of the fluid inclusions. Scale bar is 10 µm. (B) Some fluid 

inclusions are elongate in shape, and aligned with crystal-growth direction (upward), 

implying that they are primary in origin. Notice that one has a bubble from artificial 

stretching (rightmost white arrow). Scale bar is 10 µm. (C) One isolated fluid inclusion 

(white arrow) that is relatively large in relation to its host calcite crystal, suggesting that it 

is of primary origin. Scale bar is 20 µm. (D) This fluid inclusion (white arrow) has a flat 

base, pointed end and stepped walls, indicative of its primary origin. Scale bar is 20 µm. 
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TM ICE  

Low-temperature microthermometric measurements of primary fluid inclusions in 

calcite yield Tm ice with mode at 0.0 °C for both the upper cemented zone and lower 

cemented zone. Only a few fluid inclusions show Tm ice with slight depression below 

0.0 °C. (Fig. 4-16). 

 

Figure 4-16. Frequency histogram of final melting temperature of ice (Tm ice) measured 

for primary fluid inclusions within calcite cements. Predominance of Tm ice at 0.0 

indicates freshwater origin. Slight depression implies minor concentration of salt, up to 

1.1 wt. % seawater-salt equivalent (model of Goldstein and Reynolds, 1994). 

INTERPRETATIONS 

Fluid inclusion petrography indicates that one-phase all-liquid primary fluid 



	   154	  

inclusions dominate the population of fluid inclusions entrapped during calcite cement 

precipitation, implying a low temperature diagenetic environment, i.e., less than 40-50 °C, 

in a phreatic environment (Goldstein, 1990; Goldstein and Reynolds, 1994). The final 

melting temperature of ice reflects the amount of salt in the fluid inclusions (Potter et al., 

1978; Goldstein and Reynolds, 1994). Tm ice of 0.0 °C indicates zero salt content in fluid 

inclusions, which confirms calcite precipitation from meteoric water.  A few fluid 

inclusions show slight depression of Tm ice below 0.0 °C, indicating a minor salt content. 

The most negative Tm ice value of -0.6 °C indicates salinity of 11 ppt, using the 

seawater-salt model of Goldstein and Reynolds (1994). This suggests minor presence of 

salts from unknown sources. 

ORIGIN OF CALCITE 

Petrographic study of calcite cements in the upper and lower cemented zones 

indicate precipitation in phreatic environments. Stable carbon and oxygen isotopes show 

that calcite cements precipitated from meteoric water. Fluid inclusions confirm the 

meteoric phreatic setting.  

EFFECTS OF CALCITE CEMENT ON POROSITY & PERMEABILITY 

The freshwater phreatic calcite cements had significant impact on both porosity 

and permeability. Porosity and permeability versus calcite cement content are plotted in 

Figure 4-17 for each lithofacies. All show a negative slope with significant scatter and a 

relatively poor correlation.  As expected, porosity and permeability decrease as amount 

of calcite cement increases. In samples with no calcite cementation, porosity is high, with 
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a mean of about 30% for all lithofacies. After extensive calcite cementation, less than ~10 

percent porosity remained for some samples. In oolitic lithofacies, porosity remains high 

despite abundant calcite cement.  

Each lithofacies shows a different relationship between calcite cement, porosity 

and permeability. The average slope among lithofacies for % calcite versus porosity is 

-0.3. The amount of porosity reduction is not equal to the amount of calcite cement, and 

thus the slope is not 1:1. Simple reduction of open porosity with cement would produce a 

1:1 slope (Fig. 4-18A). The deviation toward a lower slope indicates dissolution coeval 

with calcite cementation or after calcite cementation (Fig. 4-18B). Petrographic 

observations indicate dissolution after cementation. The deviation of the slope away from 

1:1 indicates how significant that later dissolution was. 

In uncemented lithofacies, permeability values range from 40 to 7000 md with a 

median of 1000 md. Where calcite cementation was extensive, permeability decrease to 

less than 0.01 md. The average slope among lithofacies for % calcite versus Log 

permeability is -0.1.  

Although, in general, porosity and permeability decrease as amount of calcite 

cement increases in all lithofacies, there are different relationships for each lithofacies. 

Therefore, lithofacies-dependent relationships are the most appropriate for incorporation 

into subsurface geomodels. 
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Figure 4-17. Plots of calcite cement content vs. porosity and permeability measured from 

core plugs (A and B, respectively). Plot of calcite cement content vs. PIA porosity (C). 

Increasing percent of calcite cement leads to predictable decrease in porosity and 

permeability. The relationships are lithofacies dependent.  
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Figure 4-18. Plots illustrate two hypothetical relationships between the decrease in 

porosity vs. the increase in calcite cement: (A) simple one-to-one relationship, the 

amount of porosity decrease equals the amount of calcite cement increase; (B) less than 

45 degree correlations, dissolution after or coeval with calcite cementation. 

DISCUSSION 

ORIGIN OF THE TWO CEMENTED ZONES 

Calcite cementation postdated dolomitization and dissolution, as shown by the 

superpositional relationship between calcite, dolomite and moldic pores. Dolomitization 

and dissolution occurred after TCC deposition but before Pliocene deposition, because: (1) 

all TCC sequences have been dolomitized, whereas overlying Pliocene carbonates in 

areas adjacent to the study area are not dolomitized; (2) Pliocene rocks contain clasts of 

dolomitized Miocene facies; the dolomite is truncated at clast margins; and (3) there is no 

aquitard or aquiclude at the Miocene/Pliocene boundary that would keep dolomitizing 

fluids below this boundary and prevent cross-formational flow. Therefore, calcite 
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cementation must have occurred after latest Miocene TCC deposition, dolomitization, 

and dissolution. 

Petrographic study and geochemical analysis indicate that calcite cements 

precipitated in meteoric water in phreatic environments. Cement stratigraphy shows that 

calcite cements are concentrated in two zones.  The upper cemented zone is overlain by 

a poorly cemented zone; a middle poorly cemented zone lies between the upper and 

lower cemented zones; and there is a lower poorly cemented zone below the lower 

cemented zone. Poorly cemented zones mostly lack phreatic calcite cement, although 

minor vadose zone calcite cements are present. 

Meteoric phreatic calcite cementation associated with subaerial exposure is well 

known (e.g., Meyers, 1974; 1976; Goldstein, 1988; Wagner et al., 1995; Hajikazemi et al., 

2010). What controls its distribution and abundance, however, is not well known 

(Schneidermann and Harris, 1985; Budd et al., 1995; Vincent et al., 2007).  Several 

different hypotheses can be proposed to explain the distribution of calcite cements in the 

two cemented zones. One unlikely hypothesis is that each of the two zones is associated 

with a particular Miocene sequence boundary.  The top of the lower cemented zone, 

however, cuts across stratigraphic surfaces and bears no spatial relationship to subaerial 

exposure surfaces on DS1a, DS2, DS3, or in TCC. This relationship, and a post-Miocene 

position in the paragenesis, indicates the calcite cement in the lower zone could not have 

formed during subaerial exposure of DS1a, DS2, DS3, or TCC 1, 2, or 3.  The top of the 

upper cemented zone is preserved only in areas that have not been truncated by modern 
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erosion. The zone extends into the youngest TCC sequence and postdates dolomitization 

and dissolution. Similar to the lower cemented zone, it is constrained to having formed 

after TCC deposition and during the post-Miocene subaerial exposure.  

A second unlikely hypothesis is cementation in both zones occurred at the same 

time in two different confined aquifers separated by an aquitard that prevented 

cross-formational flow. Hydrogeological studies have shown that meteoric waters can be 

confined to certain aquifers and transported significant distance (Kohout, 1966; Fetter, 

1980; Chafetz et al., 1988; Budd et al., 1993). For example, Chafetz et al. (1988) showed 

that a recent extensive layer reaching 9 km or more seaward, under the marine waters of 

the Arabian Gulf, has been altered by meteoric diagenesis and contains low-magnesium 

calcite cements of freshwater phreatic origin. Overlying rocks, however, have not 

undergone meteoric diagenesis and have remained dominantly aragonitic in composition. 

In addition, numerous other workers have interpreted calcite cements in various ancient 

carbonate rocks to have formed in confined freshwater aquifers (e.g., Grover and Read, 

1983; Dorobek, 1987; Emery et al., 1988; Niemann and Read, 1988; Walkden and 

Williams, 1991; Muchez et al., 1991; Buschaert et al., 2004). What’s more, the idea of 

calcite cementation in confined aquifers is supported by many hydrochemical studies of 

modern regional carbonate aquifers (e.g., Sprinkle, 1989; Plummer et al., 1990). 

Therefore, this scenario of two confined aquifers is clearly worth considering. In 

examining the distribution of the base and top of the lower cemented zone, and the base 

of the upper cemented zone, it is clear that these surfaces bear no relationship to the 
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stratigraphy and do not represent contacts between aquifers and aquitards. Thus, this 

scenario can be discredited. 

A third hypothesis can also be disproven; that is that the calcite cements in each 

of the two zones are the same age, but that the upper cemented zone formed at or near the 

water table and the lower zone well below the water table by discharge of freshwater 

from volcanic rocks below. If freshwater entered into the carbonate rocks from below, the 

carbonate rocks immediately overlying volcanic rocks would be expected to be cemented 

by the calcite precipitation. Since there is a lower poorly cemented zone separating the 

lower cemented zone from the volcanic rocks, this hypothesis is ruled out as well. 

A fourth hypothesis cannot be ruled out and is considered the most likely scenario; 

that is that the two cemented zones represent two different paleo-water tables of different 

ages (Fig. 4-19). Calcite cementation at the two cemented zones has shown to be formed 

in fresh water phreatic environments. The existence of vadose zone cement immediately 

above the tops of each of the cemented zone indicates calcite cement precipitation at or 

near water tables. In addition, degassing of CO2 at the water table commonly results in 

extensive calcite cementation (Longman, 1980), supporting the idea of calcite 

cementation at or near water tables. In the upper cemented zone, a lack of CL subzones 

does not permit correlation of calcite cement subzones. If the upper cemented zone had 

formed over a long period of time, from diachronously falling or rising paleo-water tables, 

updip and downdip areas would be expected to record consistent spatial differences in 

isotopic composition. Downdip and updip areas, however, show similar ranges of oxygen 
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& carbon isotopic values, indicating cementation principally occurred at the same time. 

Likewise, in the lower cemented zone, both updip and downdip areas have similar 

isotopic values, suggesting a single paleo-water table instead of multiple diachronous 

paleo-water tables causing the lower cemented zone. In addition, the unique CL 

succession is observed in both updip and downdip areas. This observation further 

supports the idea that the lower cemented zone formed in a single paleo-water table of 

approximately the same age.  

One hypothesis is that the upper cemented zone represents the older water table, 

and the lower cemented zone the younger one (Fig. 4-19). Pliocene-Pleistocene history 

represents regional uplift and incision of the landscape, indicated from regional 

stratigraphic records (Esteban, 1979; Rouchy and Martin, 1992; Franseen et al., 1998; 

Bourillot et al., 2010). The modern-day valleys cut down to present-day sea level and the 

current water table is below the valleys. During a Pliocene relative rise in sea level to 140 

meter elevation (3.6 - 3.2 Ma), the landscape was too high to accommodate Pliocene 

carbonate sediments and valley incision had not yet occurred. During the Pleistocene 130 

Ka highstand, marine shoreline sediments were deposited in the mouths of modern 

valleys, indicating that incision and valley formation predated 130 Ka. Thus, deep 

incision of the landscape occurred between 3.6 - 3.2 Ma and 130 Ka. With this context of 

regional incision and likely concomitant regional drop in water tables, both cemented 

zones would have to predate 130Ka, as they are currently subaerially exposed and 

erosionally truncated along valley walls. Neither the upper cemented zone nor the lower 
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cemented zone could have formed between 3.6 and 3.2 Ma, as much of the region would 

have been below Pliocene seawater. As the water table was high during formation of the 

upper cemented zone, it makes sense that this zone formed before regional erosional 

incision of the landscape. Thus, the upper cemented zone is considered to likely have 

formed between 5.3 and 3.6 Ma. The lower cemented zone lies at a lower elevation, but 

well above the present day position of sea level. Thus, it is likely to have formed during 

regional incision, after 3.2 Ma and before 130 Ka.  

Oxygen isotope data from the meteoric calcite in the two cemented zones support 

the idea for the ages of upper and lower cemented zones. Western Mediterranean late 

Miocene and early Pliocene meteoric water had more enriched oxygen isotopic 

composition than late Pliocene and early Pleistocene (Zachos et al., 2001; van Dam and 

Reichart, 2009; Matson and Fox, 2010). As the upper cemented zone has more enriched 

oxygen isotopic composition than the lower cemented zone, the decrease in δ18O is 

consistent with the lower cemented zone being younger. 
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Figure 4-19. Hydrogeological model for calcite cement precipitation at two cemented 

zones. (A) Precipitation of calcite in the upper cemented zone along a paleo-water table 

(B) After formation of the upper cemented zone, water table dropped from the combined 

effect of eustatic sea-level fall, tectonic uplift and landscape incision. After the water 

table fell, the locus of cementation shifted downward, and formed the lower cemented 

zone. 
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INCORPORATION OF DIAGENESIS INTO GEOMODELS 

This study illustrates how calcite cementation from meteoric water can have 

profound impacts on distribution of porosity and permeability. Typically, subsurface 

geomodels used for reservoir simulation do not adequately incorporate such diagenetic 

information, and concentrate on facies distribution and sequence stratigraphy. In our 

outcrop analog, it is clear that the distribution of calcite cements imposes heterogeneity 

that is at least as important as the facies distribution, and is represented as two cemented 

zones that cut across facies and sequence boundaries. Zones with extensive meteoric 

calcite cementation may form intraformational barriers or baffles that affect fluid flow, or 

compartmentalize a hydrocarbon reservoir (e.g., Wagner et al., 1995; Taghavi et al., 

2006).  

This study shows that cemented zones form at the position of paleo-water tables, 

under a long-lived (millions of years) surface of subaerial exposure that experienced 

significant rainfall.  In building a geomodel for a carbonate reservoir system, the results 

indicate that such a model should incorporate cemented zones that are modeled to lie 

along one or more ancient water tables.  Cemented zones would be tied to the elevation 

of sea level in a downdip direction. In an updip direction, the morphology of the 

cemented zone would be controlled by the paleo-aquifer, recharge, discharge, source of 

CaCO3, and dynamic geochemical characteristics.  Thus, configuration and extent of the 

cemented zone might be complicated to predict, but its existence should not be. This 

study has also shown that during times of long-term relative fall in sea level and erosional 
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downcutting of the landscape, the fall in water table would yield multiple cemented zones. 

Given a scenario where such a history is known from seismic data or known relative 

sea-level history, multiple cemented zones can be incorporated into geomodels for 

carbonate reservoirs. Their number, distribution, and configuration may be unknown, but 

their existence should be expected, and therefore incorporated into models in some way 

that makes geologic sense for the particular system being modeled.   

In the studied rocks, the calcite cements are concentrated in two separate zones. If one 

wanted to incorporate such cemented zones into a subsurface geomodel, the workflow for 

doing so could be purely deterministic. The bases and tops of each cemented zone could 

be defined as surfaces in a 3D grid.  Within each of the two cemented zones between the 

defined surfaces, a linear trend of decreasing cementation or increasing cementation, or a 

uniform trend of cementation with increasing depth from the water table could be 

assigned.  Such simple trends, however, are not supported by the data from our study 

(Fig. 4-10). A preferred approach would be to statistically sample distribution of 

cementation in multiple examples of cemented zones from various geologic settings. The 

data presented in Figure 4-10 would represent two such examples, but many others are 

extractable from the literature. Once distribution of cements is predicted, the 

lithofacies-dependent relationships between cementation and porosity/permeability can 

be applied to the associated lithofacies within each cell.  

This workflow, of either using simple algorithms or statistical models for 

modeling cemented zones, allows for building geomodels that honor the findings of many 
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diagenetic studies. Where there has been progressive relative sea-level fall, long-lived 

subaerial exposure, and sufficient rainfall, cemented zones that cut across stratigraphic 

surfaces should be represented in models. Ultimately, geomodels that incorporate such 

diagenesis will improve understanding of reservoir heterogeneity.  

CONCLUSIONS 

Two zones of phreatic calcite cements occur in a Miocene carbonate platform, SE 

Spain, forming an upper cemented zone and a lower cemented zone. The upper cemented 

zone calcite cement is characterized by lack of CL luminescence, whereas the lower 

cemented zone calcite cement is characterized by alternating dark and bright luminescent 

sub-zonations. The upper cemented zone and the lower cemented zone each show 

different oxygen & carbon isotopic values and groupings. The upper cemented zone 

displays two meteoric calcite lines at -5.1 ‰ and -5.8 ‰; in contrast, the lower cemented 

zone shows a meteoric calcite line at -6.7 ‰. Carbon isotopic data from both the upper 

cemented zone and the lower cemented zone are characterized by a wide range but are 

mostly negative values.  Fluid inclusion measurements yield mode of Tm ice at 0.0 °C 

for both the upper cemented zone and the lower cemented zone, indicating precipitation 

from meteoric water. Combined petrography, carbon and oxygen isotopes and fluid 

inclusions indicate a freshwater phreatic origin for calcite cement precipitation in both the 

upper cemented zone and the lower cemented zone. 

Distribution of calcite cement at two zones implies precipitation associated with 

two different paleo-water tables. The upper cemented zone pre-dated the lower cemented 
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zone because: (1) Timing of regional incision of topography, from combined effects of 

sea-level fall and tectonic uplift, is constrained to the Pliocene-Pleistocene; and (2) the 

oxygen isotopes of more enriched δ18O in the upper cemented zone compared to the less 

enriched δ18O in the lower cemented zone is consistent with a general δ18O decrease of 

meteoric water precipitation through Late Miocene to Pleistocene.  

Calcite cements had profound effect on porosity and permeability. Both porosity 

and permeability decrease as the calcite cement increases. However, porosity and 

permeability reduction with increasing calcite cements appears to be lithofacies 

dependent. 

Precipitation of calcite cement in two zones represents diagenetic response to 

relative sea-level fall. Similar distribution of multiple cemented zones, forming during 

long-lived subaerial exposure, is predictable on the basis of known sea-level and tectonic 

history. The diagenetic response to relative sea-level fall, and the lithofacies dependent 

relationship are the most appropriate information for incorporation into subsurface 

geomodels. These observations form a model, useful in defining tops and bases of 

cemented zones and lithofacies-dependent relationships among porosity, permeability 

and cementation. This is applicable to subsurface geomodels constructed for reservoirs 

that have experienced prolonged subaerial exposure during time intervals of adequate 

recharge. 
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CHAPTER 5. FRACTURE CONTROL ON DISTRIBUTION OF 

LATE DISSOLUTION, LA MOLATA, SPAIN 

INTRODUCTION 

This chapter represents a contribution to a paper that concentrates on porosity 

enhancement of Miocene carbonates on La Molata, after a period of extensive calcite 

cementation. The full paper, is a more extensive work that incorporates ground 

penetrating radar data of Knoph (2011) illustrating fracture-controlled porosity 

enhancement in the TCC of La Molata. Lead author on the paper will be George Tsoflias, 

which will include the following contribution by Zhaoqi Li, Robert Goldstein, and Evan 

Franseen, and other contributions by, and Katharine Knoph. 

The vadose zone (unsaturated zone) of infiltration within a carbonate platform is a 

realm of complex water-rock interaction (James and Choquette, 1984). Vadose 

environments form when relative sea-level fall results in normal or abnormal subaerial 

exposure of carbonate platforms (Lehrmann and Goldhammer, 1999). Diagenetic 

processes in the vadose zone include dissolution, precipitation, and collapse (James and 

Choquette, 1984; Esteban and Wilson, 1993; Mylroie et al., 1995). When carbonate 

platforms are subaerially exposed, meteoric precipitation falls directly onto the land 

surface and enters the vadose zone as autogenic recharge (Mylroie, 1984). Meteoric 

waters can trickle through the carbonate rocks under conditions of vadose seepage, or 

move rapidly downward under conditions of vadose flow via joints, large fissures and 

sinkholes (Thrailkill, 1968; James and Choquette, 1984). Meteoric waters are typically 
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acidic from incorporation of atmospheric CO2. Additional soil CO2 makes the waters 

become more acidic. Thus, meteoric waters are commonly undersaturated with respect to 

carbonate minerals, and autogenic recharge produces irregularly pitted and etched karst 

surfaces, tubes, vugs, caves, and enlarged joints. The karst surface is commonly covered 

fully or partially by soil and weathered rock fragments, which may be transported into the 

underlying dissolutional network (Mylroie and Carew, 1995).  

This paper combines field data, Ground Penetrating Radar (GPR), petrography 

and petrographic image analysis (PIA) to study the porosity enhancement from vadose 

diagenesis on La Molata platform. It is shown that a later dissolution event, after 

ascending freshwater-mesohaline mixing dolomitization (Li et al. in press, Chapter 2, 3) 

and extensive meteoric phreatic calcite cementation (Chapter 4), has enhanced porosity in 

the vadose zone. This event of dissolution created moldic and vuggy pores, and caused 

solution-enlargement of fractures. The distribution of porosity enhancement is 

heterogeneous and controlled by the distribution of preexisting fractures. The paper 

shows in three dimensions, how fractures control distribution of vadose dissolution in a 

well-cemented interval of a carbonate platform. In this paper, field observations, 

petrographic study and PIA are used to calibrate GPR images, which show 

fracture-controlled porosity enhancement cutting across a cemented zone in Miocene 

carbonates of La Molata, Spain. 



	   187	  

OBSERVATIONS 

FIELD OBSERVATIONS 

Vuggy porosity, solution-enlarged fractures and other dissolutional features were 

observed in the field. Vuggy pores are not evenly distributed within the carbonate rocks. 

Subvertical boundaries separate the rocks with open vuggy pores from adjacent similar 

rocks without open vuggy pores (Fig. 5-1). For these areas with vuggy pores, the vertical 

extent ranges from a few meters to 15-20 meters, and the lateral extent ranges from tens 

of centimeters to 8-10 meters. Typically, these areas pass laterally into areas of 

well-cemented rock, extend vertically upward to the top of the outcrop, and die out 

vertically downward and pass into well-cemented rock. The areas with abundant vuggy 

porosity have similar or identical depositional facies to those in the adjacent cemented 

rocks. Therefore, it appears that this uneven distribution of porosity is not due to 

depositional processes. Dissolutional pits/holes are also recognized from the infilling of 

weathered rocks and paleosols (Fig. 5-2). These pits/holes range from tens of centimeters 

up to a meter, and are sparsely distributed within the rocks. Solution-enlarged fractures 

were observed, with uneven aperture (Fig. 5-3). The width of these fractures ranges from 

millimeters to several tens of centimeters. These fractures are near vertical, and can be 

traced upward to the modern surface of subaerial exposure. They can be traced vertically 

up to ~20 meters. Most of the solution-enlarged fractures are still open, but some of them 

have infillings of weathered rock fragments, carbonate precipitates, and paleosol. The 

rocks that are adjacent to these fractures commonly have higher amounts of vuggy 
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porosity compared to rocks that have no association with fractures. 

 

Fig. 5-1. Photo of a single thrombolite buildup. A near vertical boundary (black dotted 

line; red arrow) separates a zone of vuggy porosity within the thrombolite (left side) and 

a zone that is well cemented and tight (right side). Scale bar is 30 cm. 
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Fig. 5-2. Field photo showing vertical expression of a dissolutional void filled with 

weathered clasts and paleosol material. The weathered clasts are lithologically similar to 

the rocks surrounding this pit. White arrow indicates up direction. Note upper portion of 

hammer on the bottom left for scale (approximately 30 cm long). 
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Fig. 5-3. Field photo showing solution-enlarged fractures (arrows) in an otherwise 

well-cemented massive oolite Scale bar is 30 cm. 

PETROGRAPHY 

The La Molata Miocene carbonate sequences are extensively dolomitized and 

abundant moldic pores are associated with dolomitization (Li et al. in press; Chapters 2 

and 3). Pliocene deposits in surrounding areas, however, only contain dolomite as 

reworked Miocene clasts exhibiting dolomite crystals truncated at their margins.  

Freshwater phreatic calcite cements postdate dolomitization, and are found in 

both primary and secondary pores (Chapter 4). Two zones with extensive calcite cements 

are recognized; an upper cemented zone and a lower cemented zone. In these cemented 

zones, calcite cements make up about 70% of the rock and reduce primary as well as 
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secondary moldic porosity. The lower cemented zone has a relatively flat and sharp upper 

surface. The upper cemented zone has a relatively flat upper surface, but there are areas 

of higher porosity that appear to cut across it. The pores in those areas of higher porosity 

lack the freshwater phreatic calcite cements present in the rest of the upper cemented 

zone. 

Some of the dolomite cores have been dissolved (Fig. 5-4A); some are filled with 

calcite cement, whereas others remain as open molds. Additionally, some dolomites have 

been dissolved to form solution-enlarged vuggy porosity. Moreover, dissolutional 

truncation of both phreatic calcite cement and vadose calcite cement is observed (Fig. 

5-4B, C, D). Where calcite cement was dissolved, pores are generally open or reduced by 

sediment (paleosol) or asymmetric calcite cements. In addition to dissolution of dolomite 

and calcite cement, complete or partial dissolution of originally high-Mg calcite skeletal 

components created molds with no calcite cement (Fig. 5-4E, F).  

Although no phreatic cement has been found in pores created after phreatic calcite 

cement dissolution, asymmetrical calcite cement occurs in some of these pores. These 

asymmetrical calcite cements include fibrous cement, meniscus cement and pendant 

cement. These cements are commonly less than 1-to-2 percent of total rock volume, and 

are of little significance in reducing porosity and permeability. Later dissolution of the 

asymmetrical calcite cement is also observed (Fig. 5-4C).  
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Fig. 5-4. Photomicrographs showing dissolution after calcite cementation. (A) 

Dissolution of dolomite preserved as open molds (white arrows). Scale bar is 0.15 mm. 

(B) Dissolution of calcite cement and grains to form vuggy porosity (white arrow). Scale 

bar is 0.4 mm. (C) Pendant cement (white arrow), interpreted as forming in the vadose 

zone, that has been truncated by later dissolution. Scale bar is 0.5 mm. (D) Dissolutional 
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truncation of phreatic calcite cement (white arrows). Scale bar is 0.1 mm. (E, F) 

Complete or partial dissolution of skeletal grains (white arrows). Notice lack of calcite 

cement within the molds, indicating dissolution was after calcite cementation. Scale bars 

are 0.5 mm. 

PETROGRAPHIC IMAGE ANALYSIS  

Petrographic image analysis of thin sections was used to quantify the various rock 

components such as dolomite, calcite cement, and porosity. Generally, porosity decreases 

as the percentage of calcite cement increases (Fig. 5-5). The relationships between calcite 

cement and porosity for each lithofacies, however, vary from one to another. Generally, 

there are poor correlations between porosity and calcite cement content for these 

lithofacies.  
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Fig. 5-5. (A) - Plot of core-plug porosity vs. calcite cement content for oolite, thrombolite 

and stromatolite. (B) - PIA porosity vs. calcite cement content for boundstone, grainstone, 

packstone and wackestone. 

INTERPRETATIONS 

Depositional processes cannot explain the distribution of areas with vuggy 

porosity and areas without such porosity. Near-vertical boundaries separate them, which 

suggests a later fracture-controlled dissolution that has modified the distribution of 
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porosity. Complete or partial dissolution of dolomite and phreatic calcite cement 

indicates a later fluid that was undersaturated with respect to dolomite and calcite. The 

stratigraphic record in the field area and elsewhere in the western Mediterranean indicates 

that sea level never rose up above the uppermost Miocene sequence (TCC; Terminal 

Carbonate Complex) after the Miocene (Esteban, 1979; Rouchy and Saint-Martin, 1992; 

Franseen et al., 1998; Bourillot et al., 2010). This indicates that the rocks on La Molata 

have been exposed subaerially since the end of the Miocene.  

Geochemical and petrographic study of calcite cements in the two calcite 

cemented zones indicate precipitation of calcite in meteoric phreatic settings during fall 

of the water table. Each cemented zone would have had a relatively smooth top that 

reflected the position of one or a series of falling water tables. The relationship of vuggy 

porosity enhancement that cuts across the calcite cements indicates later dissolution of an 

originally continuously cemented horizon. The system is currently in the vadose zone so 

it makes sense that the porosity enhancement that cuts across the upper cemented zone 

took place in the vadose zone. Asymmetric calcite cement and soil fillings in these pores 

confirm this interpretation. Both precipitation of asymmetrical calcite cement in molds 

and dissolution of such asymmetric calcite cement suggest the processes of vadose 

precipitation and dissolution overlapped. 

These observations and interpretations are consistent with GPR data that images 

the porosity distribution of the upper 12 meters of outcrop at La Molata (Fig.5-6; Knoph, 

2011). The imaging captures the top of the upper cemented zone, and shows higher 
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porosity areas with near-vertical boundaries that cut across it. Knoph (2011) suspected 

that these zones showed a fracture control on distribution of high and low-porosity areas 

in the TCC. 

The observations made in this study show that there was late dissolution in the 

vadose zone that post dated extensive calcite cementation. Field observations of 

solution-enlarged fractures, and vertical boundaries separating vuggy areas from 

cemented areas show that fractures played a part in controlling fluid flow for late 

dissolution. This resulted in heterogeneous distribution of late porosity (Fig. 5-7).  

 

Fig. 5-6. 50 MHz GPR profile (A- A’; location shown in inset map) that shows a relative 

smooth sloping surface on the upper cemented zone. The upper cemented zone has been 

altered by later vadose zone dissolution that led to relief on its upper surface. Three 3-8 m 

wide porous zones (green arrows; GPR facies C of Knoph, 2011) cut across the upper 

cemented zone and have near vertical boundaries inferred to represent a fracture control 

on porosity enhancement. The middle of the three shows a possible fault (after Knoph, 

2011). 
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Fig. 5-7. Schematic illustration of diagenetic processes that affected La Molata 

carbonates. (A) Precipitation of calcite cement in the upper cemented zone. (B) 

Precipitation of calcite cement in the lower cemented zone after water table fall. (C) 

Fracture controlled later dissolution in the vadose zone created areas with higher porosity 

cutting across the upper cemented zone. 
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The late dissolution that postdates calcite cementation is not always readily 

apparent in thin section, and thus, estimating the amount of this dissolution must be 

evaluated by other means. Petrographic image analysis of thin sections shows that for 

most of the lithofacies, correlation between porosity and amount of calcite cement is less 

than 1 (Fig. 5-5A, B). If porosity simply decreased as calcite cement increased, a 

correlation of 1 would be expected (Fig. 5-8A). If dissolution occurred at the same time 

as, or after, calcite cementation, then lower slopes than 1 would be derived (Fig. 5-8B). 

Petrographic observations show clear evidence of vadose-zone dissolution after extensive 

calcite cementation, so it is clear that at least some of this low slope is due to late-stage 

dissolution. The amount that is due to dissolution during the time of calcite cementation, 

however, is unclear, so petrographic quantification is difficult.  

GPR data are useful in providing quantitative constraints on the volume of the 

TCC in which porosity has been enhanced by late vadose dissolution. 
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Fig. 5-8. Plots illustrating the hypothetical relationships between changes in porosity and 

calcite cementation: (A) Assuming a lithofacies with relatively consistent starting 

porosity and porosity simply decreases as the amount of calcite cement increases, 

correlation would be high and the slope would be 1; the amount of porosity decrease 

equals the amount of calcite cement increase; (B) If there is dissolution after calcite 

cementation, porosity would increase and amount of calcite could decrease 

proportionally. 

CONCLUSIONS 

Two post-dolomitization calcite cement zones in the La Molata carbonate system 

represent precipitation of calcite cement in two water table positions during water table 

fall caused by relative sea-level fall and erosional downcutting of the landscape. The 

lower cemented zone has a relative flat and sharp upper boundary. The upper cemented 

zone has a relatively flat upper surface, but areas of vuggy porosity and solution enlarged 
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fractures cut across it and extend down into the cemented zone. Near-vertical boundaries 

separate these higher porosity areas from cemented areas. GPR data confirm the 

near-vertical boundaries between low-porosity GPR facies and high-porosity GPR facies. 

Because boundaries cut across depositional facies, the near vertical boundaries are 

interpreted as fracture controlled. Petrographic study and petrographic image analysis 

show this dissolution occurred in the vadose zone, was late in the paragenesis, and 

enhanced porosity on La Molata. The dissolution results in heterogeneous porosity 

distribution in the upper cemented zone, and the higher porosity areas that cut across the 

cemented areas could allow fluid flow across this diagenetic zone in the subsurface. 
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CHAPTER 6. CLIMATE, DURATION AND MINERALOGY 

CONTROLS ON METEORIC DIAGENESIS 

INTRODUCTION 

Because carbonate sediments are susceptible to diagenetic alteration during 

subaerial exposure, porosity in carbonates can be modified by diagenesis to an extent that 

depositional facies no longer control distribution of porosity. It is well acknowledged that 

carbonates undergo extensive alteration in the meteoric diagenetic environment when 

subaerially exposed (e.g., Bathurst, 1975; James and Choquette, 1984; Budd, 1988; 

Goldstein, 1988; Esteban and Wilson, 1993; Csoma et al., 2004; Whitaker and Smart, 

2007a; b). For meteoric diagenesis, some research groups have shown a complex record 

of low-Mg calcite cementation, the distribution of which is related to aquifer 

configuration, climate, and duration of subaerial exposure (e.g., Meyers, 1978; Meyers 

and Lohmann, 1985; Goldstein, 1988; Saller et al., 1994a; Carlson et al., 2003; Buijs and 

Goldstein, 2006; Buijs and Goldstein, in press); others have concentrated on dissolution 

based on observations in some modern aquifers (Whitaker and Smart, 2007a; b). In 

addition, subaerial exposure has been invoked to explain the creation of secondary 

porosity in many oil fields, for example, Arun field in Indonesia (Jordan and Abdullah, 

1988), Horseshoe Atoll fields at west Texas (Vest, 1970; Schatzinger, 1983), Casablanca 

field in Spain (Esteban, 1991; Lomando et al., 1993), and multiple Cretaceous fields of 

the Middle East (Harris and Frost, 1985). It is well known that meteoric diagenesis 

associated with subaerial exposure may enhance or reduce porosity. The controls on both 
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processes during events of subaerial exposure are not simple and must be explored before 

successful geologic predictions of porosity in carbonates can be made.  

It has become clear that climate and duration control style and intensity of 

alteration during meteoric diagenesis (Ward, 1973; 1978; Sibley, 1980; White, 1984; 

Hird and Tucker, 1988; Wright, 1988; Sun and Esteban, 1994; Goldstein et al., 2011; 

Buijs and Goldstein, in press). Commonly, the climatic parameter represents meteoric 

precipitation. The amount of fluid flux, which equals rainfall less evapotranspiration, is 

one of the most important factors in controlling rates of dissolution and/or cementation 

below subaerial exposure surfaces. Higher rainfall/recharge will result in much faster 

diagenetic alteration of carbonates. Therefore, under humid, high-rainfall climatic 

conditions, meteoric diagenesis is most effective in transforming carbonate sediments 

into limestones, dissolving sediment or rock, or reducing porosity from calcite 

cementation. On the contrary, meteoric diagenesis is less effective under arid climatic 

conditions, with relatively limited rainfall or recharge of freshwater (Sun and Esteban, 

1994).  

Meteoric diagenetic alteration generally increases with duration of subaerial 

exposure. The parameter of duration is similar to the factor of climate. Longer duration at 

a given climatic condition means more fluid flux, and thus, more diagenetic alteration. 

Shorter duration equals less fluid flux and less diagenetic alteration.  

In addition to climate and duration, carbonate mineralogy affects the amount of 

meteoric alteration. Numerous researchers have shown that differences of diagenetic 
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alteration of porosity exist between heterozoan carbonates composed predominantly of 

calcitic mineralogy and photozoan carbonates composed primarily of mixed mineralogies 

(Bathurst, 1975; James and Choquette, 1984; Nelson et al., 1988; Smart and Whitaker, 

1991; James, 1997; James et al., 2005; Knoerich and Mutti, 2006).  

For subsurface prediction of porosity distribution in carbonate systems that have 

undergone subaerial exposure, it is critical to start to quantify the diagenetic effect of the 

following factors: rainfall/recharge, duration of subaerial exposure and original 

mineralogy. To evaluate the effects of rainfall, duration, and mineralogy, research is 

necessary on well-constrained ancient carbonate systems. The Miocene (Tortonian to 

Messinian) La Molata carbonate succession in Cabo de Gata area in southeastern Spain 

provides such a system. For this carbonate platform, the sequence stratigraphic 

framework, the history of sea level, the duration of subaerial exposure and the climate 

conditions have been well constrained. Moreover, there has been no burial diagenesis to 

complicate the interpretation (Franseen et al., 1998; Fig. 6-1).  

This project examines the diagenetic alteration associated with seven subaerial 

exposure surfaces in La Molata to evaluate the controls that duration, climate and 

mineralogy have on meteoric diagenesis. The results show that only minor dissolution 

and/or cementation occurred when subaerial exposure was short-lived (<533 kyrs) and in 

an arid climate, or when carbonate sediments were composed primarily of calcite. After 

deposition of TCC4, sea level dropped more than 200 m (Franseen et al., 1993; 1998). 

For the reasons outlined in chapters 2 and 3, dolomitization occurred during initial stages 
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of sea-level fall. This indicates that even just incipient subaerial exposure can lead to 

major porosity enhancement during times of high freshwater recharge and hydrogeology 

that promotes mixing. During long-lived periods of subaerial exposure (greater than 5.3 

myrs) associated with wet climate, major amounts of cementation reduce porosity in the 

phreatic zone and some porosity is enhanced in the vadose zone. 
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Figure 6-1. Interpretive relative sea-level curve constructed with pinning points for the 

Miocene depositional sequences at La Molata, and calibrated to the GPTS of Cande and 
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Kent (1995). Pinning points are shown in solid dots with numbers. Each dot represents a 

known position of relative sea level identified from the outcrop. Solid dots and numbers 

on the relative sea-level curve are the pinning points, known positions of relative sea level 

identified from outcrops. This sea-level curve is used to constrain duration of subaerial 

exposure on each sequence boundary (after Franseen et al., 1998). 

GEOLOGIC SETTING 

Location, stratigraphy and mineralogy 

The study area is located in the Cabo de Gata region on the southern margin of the 

Almeria basin and east of the Nijar-Carboneras basin (Sanz de Galdeano and Vera, 1992; 

Franseen et al., 1998). During the Neogene, active volcanism associated with transtension 

between the African and Iberian plates generated volcanic highs in this area, and Upper 

Miocene carbonates were deposited on the flanks of these volcanic highs (Rehault et al., 

1985).  

The Miocene carbonates consist of a lower succession of heterozoan bioclastic 

and hemipelagic carbonates (sequences DS1A and DS1B), a middle succession of reef 

and fore-reef slope carbonates (sequences DS2 and DS3) and an upper succession of 

oolite and microbialite (sequences TCC1, 2, 3, 4). There are 7 subaerial exposure 

surfaces, one each on DS1A, DS2, DS3, TCC1, 2, 3 and 4 (Fig. 6-2; Franseen et al., 1998; 

Franseen and Goldstein, 2008).  
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Figure 6-2. Generalized stratigraphy of the La Molata study area, southeast Spain. 

Modified from Franseen et al. (1998). 

Climate 

Late Tortonian (8.3 Ma to 7.3 Ma) was characterized by arid climate (van Dam 

and Weltje, 1999; Fig. 6-3). This time period overlaps the short-lived subaerial exposure 

of DS1A. Thus, surface 1 was exposed in an arid climate. During the end of Tortonian 

and at the beginning of Messinian (7.3 to 6.8 Ma), there was a significant increase in 

humidity (van Dam and Weltje, 1999; García-Alix et al., 2008; Fig. 6-3). This time 
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period correlates to subaerial exposure of DS2, i.e., surface 2. Therefore, surface 2 

experienced a more humid climate compared to surface 1. 

Following the brief humid period at the beginning of the Messinian, an arid 

condition predominated during much of late Messinian. During this time, the 

Mediterranean became increasingly isolated and restricted due to less communication 

with the Atlantic. As a result, thick evaporites intercalated with marine carbonates were 

deposited over extensive areas of the Mediterranean. This evaporative drawdown of the 

Mediterranean is known as Messinian salinity crisis (Hsü et al., 1973; 1977), and can be 

related to surface 3 on top of DS3. Thus, surface 3 was subaerially exposed in an arid 

climate.  

TCC sequences were developed under near normal marine conditions, and 

recorded changes from the final stages of evaporite deposition to deposition of 

Lago-Mare freshwater to brackish water sediments (Cita, 1978; Rouchy and Martin, 1992; 

Rouchy et al., 2001; Bourillot et al., 2010). This transition from evaporite to Lago-Mare 

facies implies an increase in humidity and a decrease in aridity. Therefore, from surface 4 

to the initiation of surface 7, a transition from arid to increasingly humid climate is 

implied. This increased humidity would have resulted in more freshwater input into the 

carbonate system. As outlined in chapters 2 and 3, this led to freshwater recharge into the 

La Molata carbonate complex while it was still beneath evaporated seawater. The ensuing 

ascending meteoric-mesohaline mixing led to extensive dolomitization and dissolution 

after deposition of TCC-4 and before Pliocene deposition. 
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High rainfall conditions (humid) persisted into the Pliocene and became 

progressively less humid through time (Fig. 6-3). During the Pleistocene to Holocene, 

conditions were highly variable (Hernández Fernádez et al., 2007). Surface 7 has been 

subject to long periods of humidity and aridity during its exposure since the end of the 

Miocene. 

 

Figure 6-3. Plot showing climatic evolution in Spain relative to age. (A) Curves of 

humidity and aridity (solid line) from rodent data of van Dam and Weltje (1999). Dotted 

line of increasing rainfall is suggested by transition from evaporites to Lago-Mare 

freshwater-to-brackish water sediment (Bourillot et al., 2010). (B) Annual total meteoric 



	   212	  

precipitation curves from rodent data of Hernández Fernádez et al. (2007) implying 

variations of arid and humid climate in which Pliocene starts off with high rainfall. 

Rainfall deceases through time and then becomes highly variable during the Pleistocene. 

Duration of subaerial exposure surfaces 

A high-resolution chronostratigraphy has been developed for the sequences 

developed on La Molata integrating paleomagnetic data, biostratigraphy, and radiometric 

dating (Franseen et al., 1998; Montgomeray et al., 2001), which allows duration of 

subaerial exposure on surfaces to be constrained (Table 6-1). Given a cycle of sea-level 

rise and fall, updip areas are expected to have longer duration of subaerial exposure than 

downdip areas. Surface 1 represents 120 to 130 kyrs of subaerial exposure. Surface 2 

represents approximately 250 kyrs of subaerial exposure (Franseen et al., 1998; 

Montgomery et al., 2001). Surface 3 represents 233 to 533 kyrs of subaerial exposure 

(Table 1). For surfaces 1 to 3, the shorter durations reported here represent the minimum 

duration for subaerial exposure and are associated with downdip areas; whereas the 

longer durations refer to maximum possible duration and are associated with updip areas. 

The range of values also incorporates uncertainties discussed by Franseen et al. (1998) 

and Montgomery et al. (2001). Surfaces 4 to 6 within TCC are estimated to have 

durations of less than 25 to 100 kyrs, because estimates of dates for possible equivalent 

strata in the Mediterranean basin suggest between 100 kyrs and 400 kyrs for all of TCC 

deposition (Franseen et al., 1998; Bourillot et al., 2010). After deposition of TCC4, the 

stratigraphic record suggests that sea level never again rose above the latest Messinian 
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TCC deposits on La Molata (Esteban, 1979; Rouchy and Martin, 1992; Franseen et al., 

1998; Bourillot et al., 2010). Therefore, surface 7 has been exposed from the beginning of 

the Pliocene to the present, representing greater than 5.3 million years of subaerial 

exposure. 
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METEORIC DIAGENESIS ASSOCIATED WITH SUBAERIAL 

EXPOSURE 

Surface 1 – DS1A 

Centimeter-scale fissures penetrate downward into DS1A from the top of surface 

1, and are filled with sediment from the overlying stratigraphic unit (Franseen and 

Goldstein, 1992; Franseen et al., 1993). Fossil fragments along surface 1 have been 

truncated erosionally, and have a hematite stain. Whitesell (1995) reported that there is 

no phreatic calcite cement that is unique to this depositional sequence. Asymmetrical 

cements appear to have a close association with proximity to the surface 1. Such cements 

include meniscus micrite M-1 (Fig. 6-4) and pendant cement P-1. M-1 and P-1, which are 

concentrated in the upper 1 meter of DS1A, and cannot be traced above surface 1. They 

vary from less than 1% to 15%, averaging 2%. No major creation of moldic porosity was 

observed, with only less than 1% porosity enhancement in the upper 1.5 m (Table 6-1).  
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Figure 6-4. Photomicrograph showing meniscus cement M-1 (arrow). Scale is 100 µm. 

Photo by Whitesell (1995). 

Surface 1 – Interpretation 

No phreatic calcite cements, unique to DS1A, were observed. Superpositional 

relationship suggests fissuring and asymmetrical cements, M-1 and P-1, were formed 

before deposition of DS1B and were closely associated with surface 1. Cement textures 

are consistent with M-1 and P-1 being vadose zone cements (e.g. James and Choquette, 

1984). Although extensive fissuring occurred, only minor cementation or dissolution was 

associated with surface 1. 

Surface 2 – DS2 

In DS2, some megabreccia reef clasts have abundant isopachous, fibrous cements 

(F2) with blunt (square) terminations and symmetrical texture that grow in primary 

porosity (Franseen, 1989). F2 is found only in megabreccia clasts in DS2 (Franseen, 1989) 
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and where present, it is commonly abundant, averaging 21% (Fig. 6-5). According to 

Franseen (1989) and Whitesell (1995) cement F-2 is followed by dolomite cement, which 

predates later calcite cement. Mold, vuggy and fracture pores were created during 

subaerial exposure of DS2. Such secondary porosity has abundance of up to 20%, 

averaging ~5%, and concentrated in the upper 2 meters in DS2. Also in the upper 2 m of 

DS2, asymmetrical cements, including pendant (P-2) and meniscus cements (M-2), were 

observed in trace amounts (less than 1%) (Table 6-1). These cements are in both primary 

as well as secondary porosity, and they cannot be traced above surface 2. No detectable 

difference has been observed between downdip and updip areas. 

 

Figure 6-5. Cements reduce a boring within a red algal fragment. The isopachous and 

fibrous cement F-2 (1) encrusts a peloid (2), and is followed by dolomite cement (3). 

Calcite cement (4) occludes the center of the pore space. Scale is 100 µm. Photo by 

Whitesell (1995). 
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Surface 2 – Interpretation 

According to Franseen (1989), F2 cement textures suggest a marine origin and an 

original aragonitic mineralogy (James and Choquette, 1983). Franseen (1989) also 

documented marine sediment in primary pores that postdate F2 cement, supporting a 

marine origin for F2 cements.  Because this cement was found only in reef megabreccia 

clasts, it is likely that such cements were precipitated before reworking and transporting 

of reef blocks. This cement is not attributable to subaerial exposure of DS2 because of its 

marine origin. Superpositional relationships suggest M-2 and P-2 predated deposition of 

DS3, and these cements were formed during exposure along surface 2. The cement 

textures are consistent with precipitation in the vadose zone (e.g., James and Choquette, 

1984). The presence of M-2 and P-2 in secondary porosity indicates such porosity was 

created before their precipitation, and likely resulted from meteoric dissolution associated 

with surface 2. Such dissolution might be due to a more humid climate during exposure 

and increased rainfall, or original aragonitic mineralogy. No detectable difference has 

been observed between downdip and updip areas, which may be because of overall minor 

diagenetic alteration. 

Surface 3 – DS3 

Subaerial exposure along Surface 3 is supported by rounded vugs with linear 

arrangements, suggestive of rhizoliths, (Fig. 6-6), alveolar texture, circumgranular cracks, 

and auto breccia.  In addition, a chalky alteration that decreases downward in intensity is 

preserved in the outcrop. In the updip areas, dissolution of aragonitic reef components 
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and other skeletal grains composed of aragonitic mineralogy is found (Whitesell, 1995).  

This dissolution created approximately 4 to 6% moldic porosity in the upper 1.2 m. Also, 

in the upper 1.2 m of updip areas, cement C-3 (2%) has a patchy distribution is observed 

in both primary and secondary pores (Table 6-1). This cement cannot be traced above 

surface 3. 

 

Figure 6-6. Transmitted light photomicrographs showing autoclastic breccia and 

rhizoliths (left), and shrinkage cracks (right). Scale is 1 mm. 

Surface 3 – Interpretation 

Dissolution was minor, only affecting updip areas and creating small volumes of 

secondary pores. Cement C-3 does not extend into facies that overlie surface 3, 

suggesting it was formed during subaerial exposure of DS3. This cement is interpreted as 

being precipitated in the vadose zone because of its pendant fabric, patchy distribution, 

and presence in secondary pores. Because C-3 is restricted to the upper 1.2 m only in 

updip areas, and it is minor in amount, this cement is of little significance in reducing 

porosity. Therefore, no major diagenetic alteration, dissolution or cementation, has 

1"mm" 1"mm"
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occurred during subaerial exposure of DS3. 

Surface 4 – TCC1 

Pendant and meniscus cement is minor, less than 3%, and is restricted to the top 

0.5 meter of TCC1 (Whitesell, 1995). Lower TCC1 has minor amounts (less than 1%) of 

isopachous, radiaxial fibrous, cloudy cement A-TCC1 in primary pores. Other 

symmetrical cements associated with surface 4 are not found. Localized patches in the 

upper 1 m of this sequence show minor dissolutional features of ooids and other 

aragonitic skeletal fragments, including gastropods and bivalves, creating approximately 

2% moldic porosity (Table 6-1). Rocks in TCC2 that overlie the patches with secondary 

porosity in TCC1 show no evidence of dissolution. 

Surface 4 – Interpretation 

Because cement A-TCC 1 is isopachous, fibrous, cloudy, and reduces primary 

pores, it is interpreted to be marine in origin (James and Choquette, 1984). The pendant 

cement texture is consistent with vadose zone diagenesis (e.g., James and Choquette, 

1984).  Cement fabrics that would indicate a meteoric phreatic calcite cementation 

unique surface 4 are absent (Table 1).  

Relationships between areas of dissolution in TCC1 and overlying areas in TCC2 

without dissolution suggest the dissolution to be related to subaerial exposure of surface 4. 

This dissolution, however, appears to have enhanced porosity by a minor amount. Thus, 

vadose diagenesis associated with surface 4 appears to have exerted only a minor control 

on redistribution of porosity through minor cementation and dissolution.  
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Surface 5 – TCC2 

In the updip areas of TCC 2, meniscus cement M-5 in interparticle pores and vugs 

is encrusted by dolomite cement (Fig. 6-7). This meniscus cement is concentrated in the 

top 2 meters of updip TCC 2, and does not extend into the overlying sequence TCC 3. It 

is estimated that such meniscus cement averages 3% where it is found. Secondary 

porosity formed before the deposition of TCC 3 includes fractures, molds, and vugs, and 

is most abundant on the top 1 meter of TCC 2. The amount of secondary porosity, 

however, appears to be minor, and is less than 3% (Table 6-1).  
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Figure 6-7. Paired photomicrographs of transmitted light and CL illustrating meniscus 

cement M-5 (arrows) in an oolite. Scale bars in both photos are 200 µm. Photo by 

Whitesell (1995). 

Surface 5 – Interpretation 
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Meniscus calcite cements are suggestive of precipitation in the vadose zone 

(James and Choquette, 1984). Fabrics indicating phreatic calcite cementation, unique to 

TCC 2, are absent (Table 6-1).  The vadose cement was only found in the upper 2 m of 

TCC2 in updip areas, with an estimated amount of 3%.  Thus, this cementation had only 

a minor impact in reducing porosity. Dissolution is minor; it is restricted to the upper 1 m 

and its amount is less than 3%. Therefore, only minor diagenetic alteration has occurred 

from subaerial exposure of TCC2. This subaerial exposure surface, however, appears to 

have slightly more diagenetic alteration than surface 4. 

Surface 6 – TCC3 

TCC 3 contains calcite cements that cannot be traced upward in TCC 4 (Whitesell, 

1995). Downdip areas along the paleotopography of TCC 3 have minor amounts of 

calcite cement that range from 1 to 5% (average of 2%) in the uppermost 1 m. In contrast, 

updip areas have greater amounts of calcite cement that range from 1 to 15% (average of 

5%) in the uppermost 1 m. Such cement has either pendant or meniscus fabrics (M-6) 

(Fig. 6-8). Along the high areas of the paleotopography, the top 2 meters of TCC3 have 

secondary porosity (approximately 7%), including vugs, solution-enlarged fractures, and 

molds of ooids (Table 6-1). Some ooids show collapse features, as the micritic envelops 

around ooids are broken.  
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Figure 6-8. Photomicrograph of meniscus cement M-6 (arrows) in an oolitic grainstone. 

Scale bar equals 100 µm. Photo by Whitesell (1995). 

Surface 6 – Interpretation 

The meniscus and pendant calcite cements are consistent with precipitation in 

vadose zone environments (James and Choquette, 1984). Fabrics indicating phreatic 

calcite cementation associated with this surface are absent. Surface 6 on top of TCC3 has 

more diagenetic alteration, both dissolution and cementation, than previous subaerial 

exposure surfaces. The greater diagenetic alteration is most likely due to the increased 

humidity, because this subaerial exposure surface is assumed to have similar duration to 

the previous two subaerial exposure surfaces. More diagenetic alteration in updip areas as 

compared to downdip areas is most likely because updip areas have longer duration of 

subaerial exposure than downdip areas.  

Surface 7 – Summarized from Chapters 2-5 
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Surface 7 represents greater than 5.3 myrs of subaerial exposure. Towards the end 

of the Miocene, regional evidence supports increased rainfall. This change in 

hydrogeology allowed for freshwater input into the carbonate platform while it was 

saturated with slightly evaporated seawater. Fluid mixing of ascending freshwater and 

evaporated seawater led to extensive dolomitization of the carbonates, with 83% of the 

carbonate platform having greater than 90% dolomite. The diagenetic system that 

precipitated dolomite also was responsible for creating large amounts of secondary 

porosity. This includes moldic, vuggy porosity and intercrystalline porosity (refer to 

Chapters 2 and 3 for details). Overall, this process is responsible for creating 10-20% 

porosity throughout most of the carbonate succession.  The dolomitization, and porosity 

enhancement that went with it, was short lived (single sea-level stand at the end of the 

Miocene only) and was the event that just predated subaerial exposure of TCC4 to create 

surface 7. 

After dolomitization, two zones with abundant calcite cements, were formed and 

separated by a middle zone of very little calcite cement. Primary fluid inclusions in 

calcite cement yield Tm ice values at 0.0 °C, indicating calcite precipitated from 

freshwater. Negative oxygen and carbon isotopic compositions are consistent with 

interpretations from fluid inclusions. Calcite cements are found in both primary and 

secondary pores, and have reduced much porosity, varying from less than 10% to more 

than 60%, averaging 25% in the two zones (Chapter 4; Table 6-1). It is likely that some 

moldic porosity was coincident with calcite cementation, but the amount is not possible 
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to discriminate petrographically. The formation of two cemented zones represents a 

diagenetic response to water table fall, which is consistent with relative sea-level fall and 

erosional downcutting of the landscape. 

Later dissolution after calcite cementation has enhanced porosity in the vadose 

zone by an unknown, but significant amount (Chapter 5). Some of this dissolution 

appears to be fracture controlled. For example, the upper cemented zone originally had a 

smooth and sharp upper surface separating the cemented zone from an overlying poorly 

cemented zone. The dissolutional event enhanced porosity in areas that cut across the 

upper cemented zone and its distribution can be mapped in three dimensions (Chapter 5). 

Petrographic evidence for this late-stage dissolution can be found throughout the 

stratigraphic succession.  

The total amount of dissolution is unknown, because it cannot be discriminated 

from dissolution during calcite cementation. The total combined porosity formed during 

calcite cementation and after, however, can be estimated from petrographic quantification 

of porosity and the amount of calcite cement. This can be calculated comparing 

lithofacies-specific linear regressions of porosity vs. % calcite cement to ideal 1:1 lines of 

correlation.  The ideal lines of correlation calculate the mean porosity at 0-2% calcite 

cement as the Y-axis intercept and have a slope of 1. This ideal line would be what one 

would expect if all porosity predated calcite cementation and none formed during or after 

calcite cementation. The difference between the actual regression and ideal line 

represents the minimum amount of porosity produced during and after calcite 
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cementation. It is estimated that approximately 2 to 27% (average of 8%) of porosity was 

created during and after calcite cementation (Fig. 6-9; Table 6-1; -2).  All of this 

porosity was generated during meteoric diagenesis and subaerial exposure of surface 7.  

Some was generated in the phreatic zone and some was generated in the vadose zone. 
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Figure 6-9. Plots showing how to quantify minimum porosity enhancement from 
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dissolution that took place during and after calcite cementation. Black solid lines 

represent actual regression lines between porosity and the amount of calcite cement for 

each lithofacies. Dotted lines represent ideal lines with slope of 1 and y intercept at mean 

value for low or no calcite cement. Ten estimates of the difference are made at even 

spacing, and the average is used to represent the minimum amount of dissolution during 

and after cementation. Stromatolite values were undersampled, and thus are likely poor 

estimates. 

Table 6-2. Summaries of the minimum amount of dissolution during and after calcite 

cementation for each lithofacies. Percent values are as porosity of the total rock volume. 

 

DISCUSSION 

Only minor diagenetic alteration was associated with subaerial exposure surfaces 

1 to 3. The lack of extensive diagenetic alteration is either from short duration, arid 

climate, the originally calcitic mineralogy of the heterozoan system of DS1A, or some 

combination. These variables cannot be fully discriminated. In comparing the alteration 

Lithofacies Regression (y-porosity, x-
amount of calcite cement)

Ideal porosity without 
calcite cement

Amount of dissolution

Oolite y = -0.2127x + 36.064 40% 5 to 27%, averaging 19%

Thrombolite y = -0.3825x + 28.606 30% 3 to 17%, averaging 10%

Stromatolite y = -0.9214x + 21.2 21% less than 1%

Grainstone y = -0.3942x + 26.245 28% 3 to 14%, averaging 9%

Packstone y = -0.5331x + 25.586 28% 2 to 10%, averaging 6%

Wackestone y = -0.4224x + 20.918 22% 2 to 11%, averaging 7%

Boundstone y = -0.2475x + 15.524 16% 2 to 12%, averaging 6%
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of the three surfaces to one another, each of the three can be viewed as exposed 

subaerially for durations of similar orders of magnitude, so duration can be eliminated as 

a variable.  Each of the three had similarly small amounts of cementation during 

subaerial exposure, yet one surface in particular, surface 2, showed enhanced dissolution. 

As this was the one surface exposed during a time of more humid climate, it is interpreted 

that the enhanced dissolution was likely due to a more humid climate. One cannot 

remove the variable of original mineralogy, however, leaving the possibility open that 

there was little dissolution on surface 1 because of a paucity of aragonite (e.g. Bathurst, 

1975; James and Choquette, 1984; Nelson et al., 1988; Smart and Whitaker, 1991; James, 

1997; James et al., 2005; Knoerich and Mutti, 2006).  Surface 3, however, developed on 

a photozoan association system composed of abundant aragonitic components.  The 

similar small amounts of dissolution associated with surface 1 and 3, both developed 

under arid conditions, supports climate, and not mineralogy, as the dominant control.  

It is also useful to compare the diagenetic alteration associated with surfaces 4-6, 

as these surfaces likely all were exposed for approximately the same amount of time. 

Each TCC sequence had the same facies and original mineralogy, thus, comparison 

among the three allow for isolation of the variable of climate.  It is clear that meteoric 

calcite cementation and dissolution associated with subaerial exposure increases 

progressively from surfaces 4 to 6.  This correlates to a time of decreasing aridity, and 

thus, the increase in alteration is likely due to the change in climate (e.g. Ward, 1973; 

1978; James and Choquette, 1984; Smart and Whitaker, 1991). 
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Comparisons between updip areas and downdip areas are useful in evaluating the 

effect of duration of subaerial exposure. One might predict that with increased duration of 

exposure updip there would be increased diagenetic alteration associated with exposure 

surfaces.  For surfaces 1, 2, 4, and 5, there is no detectable diagenetic difference 

between updip and downdip areas.  For surfaces 3 and 6, however, there is both 

increased dissolution and cementation in updip areas. This provides weak support for the 

idea of duration as a control on the extent of meteoric diagenesis (e.g. Esteban and 

Wilson, 1993; Saller et al., 1994b; Budd and Gaswirth, 2002).  

The alteration associated with meteoric diagenesis during formation of exposure 

surfaces 1-6 is minor compared to that of surface 7. Subaerial exposure of surfaces 1-6 

resulted in minor diagenetic alteration. Both cementation and dissolution, only affected 

the uppermost 2 m of section below the exposure surfaces.  Moreover, amount of 

cementation and dissolution in those two meters is small, with typically less than 3% for 

cementation, and typically less than 5% for dissolution (Table 1).  In contrast, meteoric 

alteration associated with subaerial exposure surface 7, which overlies the entire section, 

was extensive. This meteoric diagenesis led to reduction of the porosity in cemented 

zones by 25%, and these zones covered 53% of the cross sectional area of the 

stratigraphy. Dissolution also enhanced the porosity during and after cementation by an 

estimated amount of 8% throughout the entire carbonate system. The extensive meteoric 

diagenesis associated with surface 7 in comparison to surfaces 1-6 is most likely because 

of its longer duration (greater than 5.3 myrs compared to 25 – 533 kyrs) during times of 
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humid climate and significant meteoric recharge.  This observation confirms that 

long-duration surfaces of subaerial exposure are likely to have major impacts on porosity 

distribution. 

It is useful to point out that, in contrast to diagenesis associated with meteoric 

alteration, the process of ascending freshwater-mesohaline mixing led to extensive 

dolomitization and porosity formation. In a way, this process is associated with subaerial 

exposure surface 7, yet it forms at its very inception, during a short time when there was 

freshwater recharge from the adjacent paleotopographic high and the carbonate 

succession was still flooded with evaporated marine water. This short-lived event created 

10-20% porosity. It shows that mixing processes may be far more effective in modifying 

porosity during short intervals of time than meteoric diagenesis alone.  

CONCLUSIONS AND IMPLICATIONS 

For short-lived and/or arid events of subaerial exposure, and subaerial exposure of 

sediment with calcitic mineralogy (surfaces 1-6), diagenetic alteration took place in the 

uppermost 0.5 to 2 m but not noticeably below it. Over this thin stratigraphic interval 

there was minor dissolution (2-5%) and cementation (typically less than 3%). At the end 

of the Miocene, climate conditions led to increased freshwater recharge. During the 

inception of end-Miocene subaerial exposure (surface 7), freshwater from an updip 

recharge area mixed with the evaporated seawater in this carbonate system. This led to 

dolomitization (greater than 90%) and dissolution (approximately 10-20%) over 83% of 

the carbonate system. Although the duration of this was short lived, this had the greatest 
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impact on formation of secondary porosity in the system. This surprising result suggests 

that a climate that allows for significant freshwater recharge and a hydrogeology that 

promotes mixing can have a profound impact on the creation of porosity, despite only 

incipient, short-lived, or updip subaerial exposure.  During long-lived subaerial 

exposure after the Miocene, that included times of wet climate, calcite cement (25%) 

precipitated from fresh water in two different zones. This affected the 53% of the overall 

carbonate system . Later dissolution in the vadose zone enhanced porosity as well. The 

amount of dissolution during and after calcite cementation is estimated to be 8% 

throughout the entire carbonate system. 

Although subaerial exposure has been thought to result in extensive alteration of 

carbonate sediments, this study shows that some events of exposure have little affect and 

others have great affect. Short-lived subaerial exposure in an arid climatic setting is not 

likely to have great impact on porosity. Decreasing aridity and increased rainfall correlate 

to an increase in diagenetic alteration by meteoric waters. Carbonates composed of 

calcitic mineralogy are more resistant to alteration from meteoric diagenesis. During 

times of wet climate and high recharge, a hydrogeology promoting mixing between 

seawater and freshwater can promote great porosity enhancement, despite short duration. 

Given a long period of subaerial exposure during wet climate, volumetrically major 

amounts of cementation and dissolution are predicted. 
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CHAPTER 7. CONCLUSIONS 

This dissertation consists of five chapters concerning diagenesis of Miocene 

carbonate rocks of southeast Spain. During late Miocene (Tortonian – Messinian), 

carbonates were deposited on the flanks of Neogene volcanic highs. Heterozoan and 

photozoan association carbonates, deposited under both dry and wet climates, and 

multiple unconformities characterize the succession at the study site of La Molata. Given 

these constraints, the established sequence stratigraphy, known climate, a lack of deep 

burial allow for examination of duration, mineralogy, hydrogeology and climate controls 

on carbonate diagenesis. This is used to develop conceptual diagenetic models and relate 

them to porosity and permeability to formulate new ideas for reservoir prediction in 

carbonate platforms. 

The overall paragenetic sequence began with deposition of each stratigraphic 

sequence, and meteoric diagenesis associated with subaerial exposure along six sequence 

boundaries. After deposition of the uppermost sequence (TCC-4), there was an event or 

series of events of dolomitization and dissolution that predated Pliocene deposition. After 

this, calcite cemented two laterally continuous zones, with boundaries that cut across the 

stratigraphy. Later dissolution is associated with processes in the vadose zone. 

In general, only minor dissolution and cementation was associated with subaerial 

exposure surfaces 1 to 6 due to their short duration, arid conditions, or calcite mineralogy. 

Despite short duration at the initial onset of exposure surface 7, dissolution and 

dolomitization was extensive because of a hydrogeology that promoted fluid mixing. 
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Later, extensive calcite cements precipitated from fresh water in two different zones over 

a long period of subaerial exposure during wet climate. Later, unsaturated conditions led 

to porosity enhancement.  Most of the diagenetic alteration in the succession can be 

related to the final surface (surface 7) of subaerial exposure. Although subaerial exposure 

and meteoric diagenesis typically is thought to result in extensive alteration of carbonate 

sediment, this study shows that this is not necessarily so. The extent of alteration of 

porosity and permeability from subaerial exposure is largely controlled by the climate, 

duration and mineralogy. Short-lived subaerial exposure in a dry climate is not likely to 

have great effects on porosity and permeability unless the hydrogeology promotes mixing. 

Carbonates composed of calcitic mineralogy are more resistant to alteration from 

meteoric diagenesis. Long-lived exposure during wet climate can lead to extensive 

cementation and well as dissolution. 

Dolomitization occurred during latest Miocene but before Pliocene deposition, 

because dolomitization extends to the uppermost Miocene but not into Pliocene rocks, 

and Pliocene deposits only contain clasts of Miocene dolomites. The abundance of 

dolomite increases basinward and down section, although a few anomalies exist. These 

anomalies show less dolomitization because of early marine cementation, or early 

meteoric stabilization and cementation. Downslope areas and upslope area show similar 

complex CL patterns, indicating both areas have experienced the same event or series of 

events of dolomitization. Only the latest CL subzones of dolomites were found in the 

moldic pores, indicating dissolution during dolomitization; these two processes are 
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closely associated. 

Primary fluid inclusions within dolomite crystals yielded Tm ice ranging from 

-0.2 to -2.3 °C, indicating the salinities of dolomitizing fluids range from 4 ppt to 43 ppt. 

Stable carbon and oxygen isotopic values show positive covariation, with δ18O ranging 

from +0.9‰ to +6.0‰ VPDB and δ13C -4.5‰ to +3.0‰ VPDB. The most depleted δ18O 

and δ13C values are consistent with freshwater; whereas the most enriched δ18O and δ13C 

values are consistent with evaporation. Isotopic evaporation modeling suggests 43 ppt for 

the most saline end-member, a remarkable similarity to the fluid inclusion data. Positive 

covariation of carbon and oxygen isotopic values is suggestive of fluid mixing, a physical 

mixture of two different dolomites, or recrystallization. Fluid inclusion data and 

well-preserved CL subzones confirm fluid mixing, and rule out physical mixture and 

recrystallization. The 87Sr/86Sr ratios show a wide scatter (0.70866 to 0.70904), with 

some consistent with Late Miocene seawater values, and some both higher and lower 

than late Miocene seawater.  Dolomites with low Sr concentration and with δ18O and 

δ13C suggestive of freshwater have 87Sr/86Sr that show deviations from Late Miocene 

seawater, including both higher and lower values. Therefore, Sr analyses imply it was the 

freshwater endmember that had interacted chemically with the volcanic basement, rather 

than the mesohaline brine. 

Geochemistry of dolomites indicates ascending freshwater-mesohaline mixing 

was responsible for dolomitization. This mechanism can create more active fluid mixing 

than traditional mixing zones. Freshwater tends to flow upward when entering the 
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carbonate system from below, because (1) it is more buoyant than evaporated seawater; 

(2) hydraulic heads from the hinterland would also drive fluid injection.  In addition to 

fluid mixing, this upward flow of freshwater also leads to loss of pressure and degassing 

of CO2. Therefore, the extensive dolomitization may have been due to the combined 

effects of fluid mixing of freshwater and evaporated seawater and degassing of CO2.  

Ascending freshwater-mesohaline mixing may have been responsible for much of 

the extensive Miocene dolomitization around the western Mediterranean, although other 

mechanisms have been proposed. Ascending freshwater-mesohaline mixing 

dolomitization may have broad applicability to carbonate systems that form on the flanks 

of paleotopographic high areas, where there is sufficient freshwater recharge, evaporation 

of seawater, and a hydrogeology that allows for injection of freshwater from below the 

carbonate system. 

After dolomitization, two zones of calcite cement, an upper cemented zone and a 

lower cemented zone, precipitated from phreatic conditions. Calcite cement reduces both 

primary and secondary porosity. Tm ice of primary fluid inclusions within calcite has 

modal values of 0.0 °C for both the upper cemented zone and the lower cemented zone, 

indicating freshwater as precipitating fluids. Carbon and oxygen isotopic compositions 

are consistent with precipitation from freshwater. They, however, show different oxygen 

& carbon isotopic values and groupings for these two cemented zones. For the upper 

cemented zone, oxygen isotopic values display two meteoric calcite lines at -5.1 ‰ and 

-5.8 ‰. For the lower cemented zone, oxygen isotopic values are along a meteoric calcite 
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line at -6.7 ‰. Carbon isotopic values from both the upper cemented zone and the lower 

cemented zone are mostly negative and characterized by a wide range. Combined 

petrography, fluid inclusions, and carbon and oxygen isotopes indicate calcite cements 

from both the upper cemented zone and the lower cemented zone were precipitated from 

freshwater phreatic environments. 

Precipitation of calcite cement at two zones implies precipitation associated with 

two different paleo-water tables. The upper cemented zone formed before the lower 

cemented zone. This is because: (1) the oxygen isotopic compositions of δ18O are less 

enriched for the lower cemented zone compared to the upper cemented zone, which is 

consistent with a general δ18O decrease of meteoric water precipitation through Late 

Miocene to Pleistocene; and (2) through Pliocene to Pleistocene, the regional geology 

represents incision and erosional downcutting of the landscape, from combined effects of 

sea-level fall and tectonic uplift, implying water table fall. 

Calcite cements reduced porosity and permeability profoundly. The relationships 

between calcite cementation, porosity and permeability are lithofacies dependent. The 

formation of two cemented zones likely represents diagenetic response to relative 

sea-level fall and erosional downcutting. Similar distribution of multiple cemented zones, 

forming during long-lived subaerial exposure, should be predicted on the basis of known 

sea-level and tectonic history, and can be incorporated in subsurface geomodels. 

Lithofacies dependent relationships may be the most appropriate information for 

incorporation into subsurface geomodels for modeling distribution of porosity and 
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permeability.  

Field observations show near vertical boundaries between well-cemented areas 

and areas with enhanced porosity. These vertical boundaries cut across facies, inferring a 

fracture control on late porosity enhancement. Dissolution pits and solution-enlarged 

fractures are consistent with this. Petrography and petrographic image analysis confirms 

that later dissolution was in the unsaturated zone and it enhanced porosity and 

permeability heterogeneously. It is evident that in correlations between calcite 

cementation and porosity, a slope below 1 indicates dissolution coeval with calcite 

cementation as well as later dissolution in the unsaturated zone. The interpretation of later 

dissolution is consistent with data from a ground penetrating radar survey. 

Fracture-controlled dissolution could enhance fluid flow across cemented zones, 

producing heterogeneity that would yield important results for the subsurface. 
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APPENDIX A. DIGITAL IMAGE ANALYSIS OF THIN SECTIONS 

INTRODUCTION 

Since the 1980’s, petrographic image analysis (PIA) has been widely applied to 

quantify porosity or certain mineral content, to objectively classify reservoir porosity, to 

analyze pore properties and permeability, and it becomes more and more popular along 

with the development of high-speed computers and high-resolution digital cameras (e.g., 

Ehrlich et al., 1984; Ruzyla, 1986; Dorobek et al., 1987; Ruzyla and Jezek, 1987; 

Habesch, 1990, 1995; Mowers, 1993; Mowers and Budd, 1996; Anselmetti et al., 1998; 

Layman, 2002). Although many programs exist, commercial or free, the fundamental 

principle is analyzing different components based on color contrast. In this study, PIA 

was used to evaluate quantitatively porosity and late-stage calcite cements. The program 

we used for PIA of porosity and calcite content is called JMicroVision, which is freely 

available to the public (refer to the website http://www.jmicrovision.com for more 

information). The following sections outline the general procedure of PIA, and compares 

PIA data to core-plug data. 

DIGITAL IMAGE ACQUISITION 

Digital images were acquired from high resolution digital camera QICAM 

mounted on a petrographic microscope with Linksys 32 System Control and Image 

Capture Software. Standard transmitted-light photomicrographs, 1392 x 1038 pixels 24 

bit, were acquired for further analysis, instead of cathodoluminescence, scanning-electron 

or fluorescence images as used in other studies (e.g., Ruzyla, 1986; Dorobek et al., 1987; 



	   250	  

Ruzyla and Jezek, 1987; Habesch, 1990, 1995; Anselmetti et al., 1998). This has its 

advantages in: 1) porosity seen in blue can easily be detected from blue-epoxy 

impregnation, and calcite seen in red can be discerned from staining with alizarin red-S; 2) 

standard examination of rock thin sections can be carried through during image 

acquisition; 3) it is more time efficient than other approaches. 

Choosing the right magnification depends on pore sizes. The higher the 

magnification, the smaller pores can be detected, but the smaller area will be examined 

(Enrlich, 1991). The magnification used in this study includes 40X and 100X. 40X was 

used when no or minor micropores present. 100X was used when samples had abundant 

micropores or lower range mesopores. 

Previous studies from the literature suggest 10 to 30 field-of-views (FOVs) from 

each rock thin section should be collected for consistent and reliable data (Ruzyla, 1986; 

Ehrlich et al., 1991; Mowers and Budd, 1996). The number of FOVs chosen depends on 

heterogeneity of porosity distribution and the magnification chosen. The more 

heterogeneous and the higher magnification, the more FOVs should be collected. In 

extreme cases, only 1 field of view would be enough to yield reliable data, or thousands 

of FOVs would not be enough. In this study, 8 to 12 FOVs were collected. Comparison 

between PIA porosity and core-plug porosity suggests 8 to 12 FOVs are capable of 

yielding constant and reliable data. 

IMAGE ANALYSIS 

The program offers several methods for quantifying different components of 
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digital images. Two of them were used and briefly introduced below: background 

extraction tool and point counting tool. 

Background Extraction 

The background extraction tool from the program is one method used to calculate 

porosity and calcite content. Three variables, intensity, hue and saturation (IHS), 

characterize individual components of digital images, and identical objects share similar 

characteristics based on if they can be discriminated into groups. For example, pore 

spaces filled with blue epoxy and calcite stained red with Alizarin red-S can be captured 

individually by adjusting these three variables. No fixed values for IHS are assigned to 

porosity or calcite, because these values may differ from image to image. Thus, instead of 

automation (Layman, 2002), IHS has been manually adjusted on individual digital 

images in order to accurately capture each component (Fig. 1, 2). 

 

Fig. 1. Photomicrographs showing (A) porosity in blue from dyed blue-epoxy 

impregnation; and (B) capture of porosity in red under PIA. Scale bars are 100 µm. 

Notice that microporosity is minor and PIA captures almost every single pore. 

(A) (B)
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Fig. 2. Photomicrographs illustrating (A) calcite in red stained with alizarin red-S, and (B) 

capture of calcite in green by PIA. Scale bars are 100 µm. Notice that nearly all calcite 

have been detected by PIA.  

Point Counting 

Point counting is an alternative way used in this study. Though time-consuming, it 

is very helpful when there is not enough contrast between objects of interest, or digital 

images are too complex. Point counting quantifies multiple components based on 

statistics.  Therefore in theory, the more points counted, the more reliable the data are. 

To get reliable and reproducible result, 300 points or more were counted on each digital 

image. The evolution plot, seen in the PIA program, also can be referred as to when to 

stop counting. When the plot gives relatively stable percentage values and displays 

bench-like lines, the counting can be stopped (Fig. 3).  

(A) (B)
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 Figure 3. (A) Photomicrographs showing point counting grid, green dots for porosity 

and red dots for rock minerals. Scale bar is 100 µm. (B) evolution plot of point counting, 

X axis showing numbers of points been counted, and Y axis represent relative percentage 

of each component, green for porosity and red for rock minerals. Notice that the 

photomicrograph shown in (A) is identical to the two images in Figure 1. Also note that 

background extraction and pointing counting yield close percentages, 23.8 and 25.6 

respectively. 

Background Extraction Data vs. Point Counting Data 

Figures 4 and 5 illustrate and compare porosity and calcite content derived from 

background extraction and point counting methods. As shown in the figures, a one-to-one 

correlation exists, and one could substitute one for the other. The high correlation 

coefficients (R2≥0.97) also indicate a high degree agreement between these two data sets. 

Therefore, porosity and calcite content data derived from background extraction or point 

counting are not differentiated in this paper, and they are collectively termed PIA 

porosity and PIA calcite content. 

(B)

(A)
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Fig. 4. Crossplot of background extraction porosity vs. point counting porosity. Dashed 

line represents one-to-one correlation (y=x). Notice background extraction porosity 

correlates well with point counting porosity.  

 

Fig. 5. Crossplot of background extraction calcite content vs. point counting calcite 
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content. Dashed line represents one-to-one correlation (y=x). It is noticed again that high 

degree correspondence exists between background extraction and point counting. 

COMPARISON OF PIA DATA WITH CORE-PLUG DATA 

It is common that PIA porosity may not be in agreement with and usually less than 

core-plug porosity (e.g., Ehrlich et al., 1991a; Mowers and Budd, 1996). Three reasons 

can explain this. Firstly, there is incomplete impregnation of pore spaces with blue epoxy. 

Blue-dyed epoxy is not a wetting phase to rock minerals, which usually results in 

incomplete impregnation, and air bubbles may occupy some of the pore space. Once 

present, air bubbles will not be detected by PIA analysis (Mowers and Budd, 1996). 

Secondly, micropores, less than 1 to 3 um in size, will not be detected by PIA, because of 

not enough resolution.  However, micropores are usually present and may constitute a 

large portion of total porosity (Anselmetti et al., 1998). Thirdly, discrepancy can arise 

from the fact that 2D thin sections are not the same as 3D core-plugs. As illustrated in 

Figure 6, there is good correlation between PIA porosity and core-plug porosity for 22 

out of 24 samples when micropores are absent or minor. A large discrepancy exists for 2 

stromatolite samples because they have abundant microporosity. For samples like these 

two, an artificial correction can be made to better estimate total porosity. This can be 

done by assuming microporosity constitutes a certain portion of total porosity, 47% 

calculated from the two samples, and then dividing PIA porosity by 53% (100%-47%) 

which will yield total porosity. In summary, PIA and core-plug measurements correlate 

well with one another, and PIA is valid for capturing porosity. 
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Because PIA porosity from measurements of 2D images is capable of 

representing actual 3D porosity from core-plug analysis, as demonstrated above, it is 

reasonable to believe that calcite content from measurements of 2D images are the same 

as actual calcite content in 3D rocks. 

 

Fig. 6. Crossplot of core plug porosity vs. petrographic image analysis (PIA) porosity. 

Dashed line represents one-to-one correlation (y=x). PIA porosity correlates well to core 

plug porosity when microporosity is absent or minor. 
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APPENDIX B. MODELING OF END-MEMBER FLUID IN MIXING 

ZONE 

During evaporation, water molecules composed of lighter isotopes are preferentially 

enriched in the vapor phase. In addition to equilibrium fractionation, kinetic effects give 

rise to further enrichment of lighter isotopes during molecular diffusion within a layer 

between the liquid-air interface and the fully turbulent region (in which no further 

isotopic fractionation occurs during transport) (Craig and Gordon, 1965). The magnitude 

of depletion is a function of: (1) the relative humidity of the atmosphere; (2) temperature; 

(3) salt type and concentration (ion hydration effects); and (4) the initial isotopic 

composition of water being evaporated (Craig and Gordon, 1965; Lloyd, 1966; Majoube, 

1971; Sofer and Gat, 1972, 1975; Kakiuchi and Matsuo, 1979; Nadlar and Margaritz, 

1980; Gonfiantini, 1986; Swart et al., 1989). During evaporation of saline water at 

constant conditions (i.e., ℎ, 𝛿!, 𝛼, ∆𝝐 and T remain constant), O isotopic composition 

can be predicted by the following equations (Gonfiantini, 1986; Swart et al., 1989): 

𝛿 = 𝛿! −
𝐴
𝐵 𝑓! +

𝐴
𝐵 

𝐴 =

ℎ
𝛼!

𝛿! + ∆𝜖 +
𝛼 − 𝜏
𝜏

1− ℎ
𝛼!

+ ∆𝜖
 

𝐵 =

ℎ
𝛼!

− ∆𝜖 − 𝛼 − 𝜏𝜏

1− ℎ
𝛼!

+ ∆𝜖
 

Where 𝛿  is O isotopic composition of the remaining water; 𝛿!  is the O isotopic 

composition of the initial water; 𝛿!  is the oxygen isotopic composition of the 
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atmospheric vapor; 𝑓  is the fraction of remaining water; ℎ  is relative humidity 

presented as a fraction (i.e. 0.7 means 70% relative humidity); 𝛼! is water activity 

coefficient; ∆𝜖 is the kinetic enrichment factor; 𝛼 is the equilibrium fractionation factor; 

𝜏 is the ratio of the activity coefficient for 18O/16O. A/B can be seen as the isotopic 

composition when a water body reaches its final evaporation stage (i.e., 𝑓 approaches 

zero). 

The Equilibrium Fractionation Factor (𝛼) 

The variation of the equilibrium fractionation factors (𝛼) of oxygen upon temperature can 

be determined by using one of the most commonly used equations (Kakiuchi and Matsuo, 

1979): 

𝑙𝑛𝛼 = 5970.2𝑇!! − 32.801𝑇!! + 0.05233 

where T  is the absolute temperature in Kelvin.  

Water activity coefficients (𝜶𝒘) 

The water activity coefficients (𝛼!) of some of the most common salts at different salt 

concentration are tabulated by Robinson and Stokes (1959). For example, for a sodium 

chloride solution having an initial activity of 0.98 (very similar to that of seawater), 𝛼! 

is given by: 

𝛼! = −0.000543𝑓!! − 0.018521𝑓!! + 0.99931 

which is valid approximately up to 𝑓 =0.1. 

The effects from hydration of ions on evaporation 

The effect of ion hydration on isotopic fractionation of evaporating waters has been fully 



	   261	  

discussed by Sofer and Gat (1975), and is intimately linked with 𝜏. For seawater of 

multiple components, 𝜏 is given by: 

(𝜏  -1-1) x 103 = 0.47 MCaCl2 + 1.107 MMgCl2 -0.16 MKCL 

where M refers to molality of involved salt. For normal seawater (salinity = 35‰), molar 

composition of MCaCl2 = 0.0103 mol/kg, MMgCl2 = 0.0528 mol/kg, MKCL = 0.0102 mol/kg. 

The salinity of Mediterranean seawater is usually higher than mean global seawater 

salinity, due to its nearly landlocked geography. We assume the salinity of Mediterranean 

prior to extensive evaporation was 36‰. 

Kinetic enrichment factor (∆𝝐) 

The kinetic enrichment factor (∆𝜖) is a function of relative humidity. For oxygen, the 

relationship between ∆𝜖 and relative humidity is described in the following equation 

(Gonfiantini, 1986): 

∆𝜖 = 14.2 x 10-3 x (1 – h/𝛼!). 

Sea-surface paleotemperature (T) 

Garcia-Alix et al. (2008) studied climatic evolution in southern Spain from late Miocene 

to very early Pliocene (during which dolomitization occurred in the study area), and 

found the area was characterized by tropical to warm-temperature conditions. From that 

onward, there is a general temperature decrease throughout the rest of early Pliocene, 

during which temperatures averaged 20 ºC (Hernandez Fernandez et al., 2007). On the 

basis of their study, we assume the paleotemperatures average 25 ºC from late Miocene to 

very early Pliocene.  
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Atmospheric relative humidity (𝒇) 

Relative humidity in the geological past is difficul to define clearly. Present-day SE Spain 

is relatively dry, and has a relative humidity of 72% (from weather statistic report). Late 

Miocene to very early Pliocene, however, was predominantly humid (Garcia-Alix et al., 

2008). This humid condition can also be interpreted from the brackish to freshwater 

sediments well-known as Lago Mare facies during that period (e.g., Cita et al., 1978; Cita 

and Colombo, 1980; Robertson et al., 1990). Therefore, the relative humidity is assumed 

to be 75% or even higher than that. 

Oxygen isotopic composition of the initial water (𝛿!) 

Throughout the geological past, there is significant change in the oxygen isotopic ratio in 

seawater (Veizer et al., 1999; Zachos et al., 2001). Thus, the oxygen isotopic composition 

of Mediterranean might differ from that of present-day Mediterranean, which ranges from 

0.7‰ (VSMOW) to 1.6‰ (VSMOW) from western to eastern Mediterranean. Early 

Pliocene, however, could be an approximation to Late Miocene/very early Pliocene. The 

most common method to evaluate past 𝛿18O of seawater is by analysis of 𝛿18O of fossil 

carbonate. 𝛿 18O of planktonic foraminifera during early Pliocene averaged -0.7‰ 

(VPDB), reported by western Mediterranean ODP data (Spezzaferri et al., 1998). The 

temperature during this period is estimated to be of 20 ºC (Hernandez Fernandez et al., 

2007). This allows us to calculate the 𝛿18O of western Mediterranean seawater by using 

the equation of the equilibrium fractionation factor between calcite and water (O’Neil et 

al. 1969): 
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1000𝑙𝑛𝛼!"#!$%&!!"#$% = 2.78×10!𝑇!! − 3.39 

The estimated 𝛿18O is 0.8‰ (VSMOW), by applying the approach mentioned above. 

Oxygen isotopic composition of the remaining water (𝛿) 

Dolomitizing fluid is a mixture between freshwater and modified seawater (evaporative 

brine), as suggested by the geochemical study of dolomite. Therefore, the most enriched 

oxygen isotopic composition is closely associated with that of the evaporative brine. The 

most enriched 𝛿18O composition of dolomite is 6.0‰ (VPDB). Given temperature at 25 

ºC, the isotopic composition of evaporative brine can be calculated based on the most 

common equation describing the relationship between dolomite-water fractionation and 

temperature proposed by Land (1983): 

1000𝑙𝑛𝛼!"#"$%&'!!"#$% = 3.2×10!𝑇!! − 3.3 

𝛼!"#"$%&'!!"#$% =
1000+ 𝛿!"#"$%&'
1000+ 𝛿!"#$%

 

At 25 ºC, the calculation yields a value of -26.4‰ (VPDB), corresponding to 3.7‰ 

(VSMOW), for 𝛿18O composition of evaporative brine.  

Modeling and Discussion 

With all the parameters determined, it is now possible to model the oxygen isotopic 

evolution paths of Mediterranean seawater during evaporation. Therefore, the fraction of 

seawater evaporated could be quantitatively determined. Modeled results of the 

evaporation vs. 𝛿18O composition of the western Mediterranean during late Miocene to 

early Pliocene, with initial 𝛿18O of 0.8‰ (VSMOW) and temperature at 25 ºC under 

various humidity conditions, are shown in Fig. 3. It is noticed that with increasing 
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evaporation (when evaporation exceeds a certain point), 𝛿18O composition of seawater 

decreases. This phenomenon is observed in present-day natural environments by many 

workers (Lloyd 1966; Nadlar and Margaritz, 1980). The modeling suggests either 16% or 

87% of the seawater had to be evaporated to give residual water  𝛿18O composition of 3.7‰ 

(VSMOW). No evaporite precipitation, however, has been observed in association the 

dolomitization. Thus, it is highly unlikely that 87% of seawater was evaporated. 

Therefore, 16% of the seawater must have been evaporated to produce seawater with 

𝛿18O composition of 3.7‰ (VSMOW). 

When 16% of the seawater was evaporated, the salinity could get as high as 43% (salinity 

of original waterbody = 36%/(1- 0.16)). 

Sensitivity testing 

Sensitivity testing of this evaporation model indicates that relative humidity and initial 

𝛿18O composition of seawater significantly affect the estimation of evaporation fraction. 

Relative humidity becomes more and more important on interpretation when dealing with 

large amount of evaporation. However, when there is only a small amount of evaporation, 

possible range of interpretation associated with various relative humidites is relatively 

narrow (Fig. 3). A 1 per mil change of initial 𝛿18O composition of seawater correlates to 

around +5% evaporation fraction (Fig. 4). Temperature, when compared to relative 

humidity and initial 𝛿 18O composition of seawater, has minimal effects on this 

evaporation model (Fig. 5).  
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Fig. 3 Diagram showing the different evaporation pathways with variable atmospheric 

relativity humidity, at 25 ºC and with an initial 𝛿18O composition 0.8‰ of seawater. 

Notice the non-linear evaporation pathways. In general, the more humid conditions, the 

less enrichment of oxygen isotopes. And with increasing evaporation, it is more crucial to 

determine relative humidity to calculate evaporation fraction.  
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Fig. 4 Sensitivity testing results showing the different evaporation pathways at 25 ºC and 

relative humidity of 75%, but with variable initial δ18O composition. The difference of 

evaporation fraction due to different initial δ 18O composition during evaporation 

increases gradually at first, and decreases afterward. 1 per mil difference in initial δ18O 

composition correlates to 5-7% of uncertainty of absolute evaporation fraction at small 

evaporation. 

 

Fig. 5 Sensitivity testing results showing the different evaporation pathways at different 

temperatures, with relative humidity of 75% and initial 𝛿18O composition of 0.8‰. It is 

noted that temperature has the minimum effects on this evaporation model compared to 

humidity and initial 𝛿18O composition of seawater. 
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APPENDIX C. LAB DATA AND SAMPLES (C & O, FLUID 

INCLUSIONS, XRD, SR, PIA) 
 

 

Figure C-1. Location map of stratigraphic sections LMW, SEK-N2, SEK-N4 and LMN. 
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Figure C-2. Paleotopographic map illustrating sub-TCC surface with locations of stratigraphic 

sections (after Lipinski, 2009) 
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Table C-1. List of samples (mostly TCC sequences) 

  W2 W1 N2 N1 N3 N6 N4 SEK-N1 

TCC 4 
      L09 77     L09 89 L10 200 
      L09 76     L09 88 L10 199 
      L09 75         

TCC3 

    L09 55 L09 74   L09 95 L09 87 L10 198 
    L09 54 L09 73   L09 94 L09 86 L10 197 
    L09 53 L09 72   L09 93 L09 85 L10 196 
    L09 52 L09 71         

TCC2 

L09 25 L09 41 L09 51 L09 70 L09 64 L09 92 L09 84 L10 195 
L09 24 L09 40 L09 50 L09 69 L09 63   L09 83   
L09 23 L09 39 L09 49 L09 68 L09 62   L09 82   
L09 22 L09 38 L09 48   L09 61       
L09 21 L09 37             
L09 20 L09 36             
L09 19 L09 35             
L09 18               

TCC1 

L09 17 L09 34 L09 47 L09 67 L09 60 L09 91 L09 81 L10 194 
L09 16 L09 33 L09 46 L09 66 L09 59   L09 80 L10 193 
L09 15 L09 32 L09 45 L09 65 L09 58       
L09 14 L09 31 L09 44           
L09 13 L09 30             
L09 12               
L09 11               
L09 10               
L09 9               
L09 8               

DS3 
L09 26 L09 29 L09 43   L09 57 L09 90 L09 79   
L09 27 L09 28 L09 42       L09 78   
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Table C-2. List of samples (DS1B through DS3) 

 

LMW-1 SERF-1 LMN-1 BH1 SEK-N4 SEK-N3 SEK-N2 NL3
L09 177 L09 247 L09 208 L10 30 L10 97 L10 65 L09 137
L09 176 L09 246 L09 207 L10 29 L10 96 L10 64 L09 136
L09 175 L09 245 L09 206 L10 28 L10 95 L10 63 L09 135
L09 174 L09 244 L09 205 L10 27 L10 94 L10 62 L09 134
L09 173 L09 243 L09 204 L10 26 L10 93 L10 61
L09 172 L09 242 L09 203 L10 25 L10 60
L09 171 L09 241 L09 202 L10 24 L10 59

L09 240 L09 201 L10 23 L10 58
L09 239 L09 200 L10 22 L10 57
L09 238 L09 199 L10 21 L10 56
L09 237 L09 198 L10 20 L10 55
L09 236 L09 197 L10 19 L10 54
L09 235 L09 196 L10 18 L10 53
L09 234 L09 195 L10 17 L10 52

L09 194 L10 16 L10 51
L09 193 L10 15 L10 50
L09 192 L10 14 L10 49
L09 191 L10 13 L10 48
L09 190 L10 12 L10 47

L10 11 L10 46
L10 10 L10 45
L10 9 L10 44

L10 43
L09 170 L09 233 L09 189 L09 138 L10 8 L10 92 L10 42 L09 133
L09 169 L09 232 L09 188 L09 139 L10 7 L10 91 L10 41 L09 132
L09 168 L09 231 L09 140 L10 6 L10 90 L10 40 L09 131
L09 167 L09 230 L09 141 L10 89 L10 39 L09 130
L09 166 L09 229 L09 142 L10 38 L09 129
L09 165 L09 228 L09 143 L10 37
L09 164 L09 227
L09 163 L09 226
L09 162 L09 225
L09 161 L09 224
L09 160
L09 159
L09 158
L09 157
L09 156
L09 155
L09 154
L09 153
L09 152
L09 151
L09 150
L09 149
L09 148 L09 223 L09 187 L10 5 L10 36 L09 128
L09 147 L09 222 L09 186 L10 4 L10 35 L09 127
L09 146 L09 185 L10 3 L10 34 L09 126
L09 145 L09 184 L10 2 L10 33
L09 144 L09 183 L10 1 L10 32

L09 182 L10 31
L09 181
L09 180
L09 179
L09 178

DS3

DS1B

DS2
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Table C-4. δ13C and δ18O of La Molata dolomite 

Sample Dolomite Types δ13C VPDB δ18O VPDB 
L09-145-01 cement 0.9 4.0 
L09-145-02 cement 0.6 3.6 
L09-145-03 cement 0.9 4.2 
L09-145-04 cement 1.0 4.2 
L09-145-05 cement 1.1 4.1 
L09-147-01 mixture 1.0 4.3 
L09-147-02 mixture 1.1 4.5 
L09-147-03 mixture 1.2 4.4 
L09-147-04 mixture 0.7 4.1 
L09-148-02 mixture 0.0 3.8 
L09-148-03 mixture -0.1 3.7 
L09-148-04 mixture -0.2 3.6 
L09-148-01 mixture 0.3 4.2 
L09-153-02 replacive -1.1 4.2 
L09-153-03 replacive -1.2 3.9 
L09-153-04 replacive -1.1 4.0 
L09-153-01 replacive -1.0 4.6 
L09-159-01 replacive -2.6 0.9 
L09-164-01 mixture -0.2 4.8 
L09-164-02 replacive -0.4 4.0 
L09-164-03 replacive -0.4 4.1 
L09-17-01 mixture 0.7 3.7 
L09-17-02 mixture 0.8 3.7 
L09-17-03 mixture 1.3 3.9 

L09-170-01 cement -1.2 3.4 
L09-170-02 cement -1.4 2.9 
L09-170-05 mixture -1.2 3.8 
L09-170-03 mixture -1.3 3.3 
L09-170-04 mixture -0.9 3.7 
L09-172-01 mixture -0.7 4.0 
L09-174-01 mixture -1.7 4.4 
L09-177-01 replacive -4.5 4.1 
L09-178-01 replacive 1.1 3.5 
L09-179-01 mixture -0.3 4.3 
L09-180-01 replacive -0.2 4.0 
L09-187-01 Cement -0.6 3.2 
L09-187-02 Cement -0.5 2.9 
L09-187-03 Cement -0.5 3.0 
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L09-19-01 replacive 1.2 4.1 
L09-19-02 replacive 1.7 4.5 
L09-19-03 replacive 1.2 4.2 

L09-192-01 Cement 0.6 4.8 
L09-193-01 mixture -1.1 3.6 
L09-193-02 mixture -1.7 2.9 
L09-193-03 mixture -0.6 4.1 
L09-193-04 mixture -1.5 3.3 
L09-194-01 Cement -2.0 4.8 
L09-195-01 Cement -0.8 4.4 
L09-196-01 Cement -0.1 3.7 
L09-197-01 mixture -0.2 4.3 
L09-203-01 mixture 0.3 4.4 
L09-205-01 Cement 1.5 5.4 
L09-207-01 replacive 1.8 5.9 
L09-71-01 replacive 1.7 5.0 
L09-71-02 replacive 1.8 5.4 
L09-71-03 mixture 2.7 5.7 
L09-72-01 Cement 2.2 3.6 
L09-85-01 replacive 2.4 5.6 
L09-85-02 replacive 1.5 4.0 
L09-85-03 replacive 1.8 4.5 
L09-90-01 replacive -3.4 4.1 
L09-90-02 replacive -3.0 4.4 
L09-93-01 replacive 2.3 5.8 
L09-93-02 cement 2.3 5.5 
L09-93-03 replacive 2.9 5.8 

Mol E1 06-1 Cement 0.1 3.1 
Mol E1 06-2 Cement 0.4 3.0 
Mol E1 06-3 Cement 0.3 3.3 
Mol E1 09-1 mixture 1.0 4.4 
Mol E1 09-2 mixture 2.3 5.6 
Mol E1 09-3 mixture 0.3 3.5 
Mol E1 09-4 mixture -0.9 2.6 
Mol E1 09-5 mixture 0.6 3.4 
Mol E1 09-6 mixture 0.8 3.6 
Mol N1 11-1 mixture 0.0 4.3 
Mol N1 11-2 mixture 0.0 4.0 
Mol N1 11-3 cement -0.9 2.2 
Mol N1 11-4 replacive -1.2 1.9 
Mol N1 11-5 mixture 0.6 4.7 
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Mol N1 11-6 cement -1.7 1.3 
Mol S1 09-1 Replacive 0.9 4.6 
Mol S1 09-2 Replacive 0.7 4.3 
Mol S1 09-3 Replacive 1.5 4.9 
Mol S1 09-4 Replacive 1.4 5.1 

Mol-N1-01-1D replacive -1.8 2.1 
Mol-N1-01-2D mixture -0.2 3.7 
Mol-N1-01-3D mixture 0.0 4.1 
Mol-N1-01-4D replacive -0.5 3.3 
Mol-N1-01-5D mixture -0.8 3.1 
Mol-N1-01-6D mixture -0.8 3.1 
Mol-N1-01-7D mixture -0.9 2.8 
Mol-N1-01-8D replacive -0.8 3.0 

thromb-10 mixture 2.1 5.6 
thromb-15 replacive 1.7 5.4 
thromb-16 replacive 1.8 5.4 
thromb-17 cement 2.7 5.7 
thromb-18 replacive 3.0 6.0 
thromb-19 replacive 0.9 4.9 
thromb-2 replacive 1.4 5.1 

thromb-20 replacive 0.9 5.1 
thromb-3 replacive 1.7 5.4 
thromb-4 replacive 1.9 5.4 
thromb-5 mixture 1.5 5.4 
thromb-6 mixture 2.3 5.7 
thromb-7 replacive 1.9 5.7 
thromb-8 cement 2.1 5.7 
thromb-9 mixture 1.7 5.6 
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Table C-5. δ13C and δ18O of calcite cements studied in La Molata area 

Sample ID Idenfiter Location δ13C VPDB δ18O VPDB 
1 L10-26-01 upper cemented zone -8.12 -5.59 
2 L10-26-02 upper cemented zone -6.80 -4.34 
3 L10-26-03 upper cemented zone -8.16 -5.49 
4 L10-26-04 upper cemented zone -7.73 -5.45 
5 L10-22-01 upper cemented zone -5.14 -5.65 
6 L10-22-02 upper cemented zone -3.94 -5.58 
7 L10-22-03 upper cemented zone -5.04 -5.63 
8 L10-22-04 upper cemented zone -5.14 -5.35 
9 L10-22-05 upper cemented zone -4.93 -5.33 

10 L10-22-06 upper cemented zone -5.54 -5.39 
11 L09-207-01 upper cemented zone -9.36 -5.30 
12 L09-207-02 upper cemented zone -9.44 -5.07 
13 L09-207-03 upper cemented zone -9.38 -5.22 
14 L09-207-04 upper cemented zone -9.78 -5.41 
15 L09-207-05 upper cemented zone -9.66 -5.44 
16 L09-207-06 upper cemented zone -9.24 -5.15 
17 L09-207-07 upper cemented zone -9.13 -5.10 
18 L09-207-08 upper cemented zone -9.40 -5.20 
19 Mol-N1-01-9C upper cemented zone -5.06 -3.65 
20 Mol-N1-01-10C upper cemented zone -5.18 -4.18 
21 Mol-N1-01-11C upper cemented zone -4.13 -3.56 
22 Mol-N1-01-13C upper cemented zone -4.44 -4.23 
23 Mol-N1-01-14C upper cemented zone -4.34 -1.64 
24 Mol-N1-01-15C upper cemented zone -4.51 -1.11 
25 Mol-N1-01-17C upper cemented zone -5.19 -5.61 
26 Mol-N1-01-18C upper cemented zone -5.02 -5.52 
27 E3 01-1 upper cemented zone 1.22 -5.95 
28 E3 01-2 upper cemented zone 2.03 -5.82 
29 E3 01-3 upper cemented zone -1.14 -5.93 
30 S1 14-1 upper cemented zone -1.61 -5.09 
31 S1 14-2 upper cemented zone -0.55 -4.96 
32 18-1 upper cemented zone -7.21 -4.52 
33 18-2 upper cemented zone -7.06 -5.35 
34 50-1 upper cemented zone -2.25 -4.54 
35 50-2 upper cemented zone -5.00 -4.84 
36 33-1 upper cemented zone -4.90 -5.39 
37 33-2 upper cemented zone -4.62 -5.16 
38 44-1 upper cemented zone -4.51 -4.59 
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39 44-2 upper cemented zone -3.44 -5.04 
40 55-1 upper cemented zone -4.09 -4.62 
41 55-2 upper cemented zone -3.17 -4.52 
42 51-1 upper cemented zone -3.36 -5.08 
43 51-2 upper cemented zone -4.04 -5.26 
44 49-1 upper cemented zone -4.06 -5.44 
45 49-2 upper cemented zone -4.14 -5.27 
46 41-1 upper cemented zone -5.39 -4.71 
47 41-2 upper cemented zone -5.48 -4.75 
48 17-1 upper cemented zone -7.38 -4.96 
49 17-2 upper cemented zone -7.90 -5.02 
50 N1 02 upper cemented zone 1.17 -5.84 
51 40-1 upper cemented zone -4.70 -4.79 
52 S1-04 upper cemented zone -4.00 -5.06 
53 45-1 upper cemented zone -2.29 -5.26 
54 29-1 upper cemented zone -6.07 -4.77 
55 L09-188-01 lower cemented zone -4.53 -6.79 
56 L09-188-02 lower cemented zone -4.04 -6.68 
57 L09-188-03 lower cemented zone -4.45 -6.87 
58 L09-188-04 lower cemented zone -4.28 -6.49 
59 L09-186-01 lower cemented zone -3.89 -6.46 
60 L09-186-02 lower cemented zone -4.12 -6.28 
61 L09-186-03 lower cemented zone -3.68 -6.26 
62 L09-186-04 lower cemented zone -4.52 -6.56 
63 L09-189-01 lower cemented zone -5.96 -6.87 
64 L09-189-02 lower cemented zone -5.25 -6.68 
65 L09-189-03 lower cemented zone -5.25 -6.92 
66 L09-191-01 lower cemented zone -4.25 -5.71 
67 L09-191-02 lower cemented zone -3.85 -5.90 
68 L09-191-03 lower cemented zone -4.24 -6.15 
69 L10-05-01 lower cemented zone -2.10 -5.49 
70 L10-05-02 lower cemented zone -2.53 -4.96 
71 L10-190-01 lower cemented zone -3.98 -6.61 
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Fig. C-3. Powder X-ray diffractogram for dolomite sample L09-71. 

 

Fig. C-4. Powder X-ray diffractogram for dolomite sample L09-72. 
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Fig. C-5. Powder X-ray diffractogram for dolomite sample L09-90. 

Fig. C-6. Powder X-ray diffractogram for dolomite sample L09-153. 
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Fig. C-7. Powder X-ray diffractogram for dolomite sample L10-06. 
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Table C-6. XRD analytical results of La Molata dolomite 

Sample ID d104 I {015} I {110} %Ca R = I(d015)/I(d110) 
L09-71 2.89440 10995 12099 52.8 0.9 
L09-72 2.89443 10621 11828 52.8 0.9 
L09-90 2.89066 9863 10374 51.6 1.0 

L09-153 2.89714 14417 13948 53.7 1.0 
L10-06 2.89583 15212 14366 53.3 1.1 

Average 52.8 1.0 
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Table C-7. Tm ice data of primary fluid inclusions within dolomite 

 

 

  

Sample Host mineral Tm ice Salinity ppt (seawater 
salt equivalent)

E1#09 dolomite -1.8 33
E1#09 dolomite -1.3 24
E1#09 dolomite -0.6 11
E1#09 dolomite -0.3 6
E1#09 dolomite -2.2 41
E1#09 dolomite -1.2 22
E1#09 dolomite -0.7 13
E1#09 dolomite -0.9 17
E1#09 dolomite -2.3 43
E1#11 dolomite -2.1 39
E1#11 dolomite -0.5 9
E1#11 dolomite -0.7 13
E1#11 dolomite -0.5 9
E1#11 dolomite -1.7 31
E1#11 dolomite -1 18

Mol#S1#09 dolomite -1.2 22
Mol#S1#09 dolomite -0.5 9
Mol#S1#09 dolomite -2.2 41
Mol#S1#09 dolomite -0.8 15
Mol#S1#09 dolomite -0.7 13
Mol#S1#09 dolomite -0.6 11
Mol N1 01 dolomite -0.5 9
Mol N1 01 dolomite -1.1 20
Mol N1 01 dolomite -0.3 6
Mol N1 01 dolomite -0.2 4
Mol N1 01 dolomite -0.8 15
Mol N1 01 dolomite -0.7 13
Mol N1 01 dolomite -0.7 13
Mol N1 01 dolomite -0.3 6
L09#124 dolomite -0.8 15
L09#124 dolomite -0.7 13
L09#85 dolomite -0.9 17
L09#85 dolomite -0.5 9
L09#17 dolomite -0.8 15
L09#17 dolomite -0.7 13
L09#17 dolomite -0.6 11
L09#17 dolomite -0.8 15



	   285	  

Table C-8. Tm ice data of primary fluid inclusions within calcite cements 

Sample Location Host mineral Tm ice 
L09 207 Upper cemented zone caicite 0 
L09 207 Upper cemented zone calcite 0 
L09 207 Upper cemented zone calcite -0.1 
L09 207 Upper cemented zone calcite 0 
L09 207 Upper cemented zone calcite 0 
L09 207 Upper cemented zone calcite -0.1 
L09 207 Upper cemented zone calcite -0.1 
L09 207 Upper cemented zone calcite 0 
L10 28 Upper cemented zone calcite 0 
L10 28 Upper cemented zone calcite 0 
L10 28 Upper cemented zone calcite 0.2 
L10 28 Upper cemented zone calcite 0 
L10 55 Upper cemented zone calcite 0 
L10 55 Upper cemented zone calcite 0 
L10 55 Upper cemented zone calcite 0.1 
L10 55 Upper cemented zone calcite 0 
L10 55 Upper cemented zone calcite 0 
L10 55 Upper cemented zone calcite 0 
L10 55 Upper cemented zone calcite -0.1 
L10 55 Upper cemented zone calcite -0.5 
L10 55 Upper cemented zone calcite -0.2 
L10 55 Upper cemented zone calcite -0.4 
L09 17 Upper cemented zone calcite 0 
L09 17 Upper cemented zone calcite 0 
L09 17 Upper cemented zone calcite -0.1 
L09 17 Upper cemented zone calcite 0 
L09 17 Upper cemented zone calcite 0 
L09 9 Upper cemented zone calcite 0.2 
L09 9 Upper cemented zone calcite 0 
L09 9 Upper cemented zone calcite 0 
L09 9 Upper cemented zone calcite 0.2 
L09 9 Upper cemented zone calcite 0 

L09 83 Upper cemented zone calcite 0 
L09 83 Upper cemented zone calcite -0.6 
L09 83 Upper cemented zone calcite -0.3 
L09 83 Upper cemented zone calcite -0.1 
L09 83 Upper cemented zone calcite 0 

Mol N5 11 Upper cemented zone calcite 0 
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Mol N5 11 Upper cemented zone calcite 0 
Mol N5 11 Upper cemented zone calcite -0.1 
Mol N5 11 Upper cemented zone calcite 0 

L09 186 Lower cemented zone calcite 0 
L09 186 Lower cemented zone calcite 0 
L09 186 Lower cemented zone calcite 0 
L09 186 Lower cemented zone calcite 0 
L09 186 Lower cemented zone calcite 0 
L09 186 Lower cemented zone calcite -0.1 
L09 188 Lower cemented zone calcite -0.2 
L09 188 Lower cemented zone calcite -0.2 
L09 188 Lower cemented zone calcite 0 
L09 188 Lower cemented zone calcite -0.1 
L09 189 Lower cemented zone calcite 0 
L09 189 Lower cemented zone calcite 0.1 
L09 189 Lower cemented zone calcite 0 
L09 189 Lower cemented zone calcite 0.1 
L09 191 Lower cemented zone calcite 0 
L09 191 Lower cemented zone calcite 0 
L09 191 Lower cemented zone calcite -0.1 
L09 191 Lower cemented zone calcite 0 
L09 191 Lower cemented zone calcite 0 
L10 190 Lower cemented zone calcite 0 
L10 190 Lower cemented zone calcite 0 
L10 190 Lower cemented zone calcite 0 
L10 190 Lower cemented zone calcite 0 
L10 190 Lower cemented zone calcite 0 
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Table C-9. Sr data of La Molata dolomite 

 
  

Location Sample ID 87Sr/86Sr Uncertainty (+/-) Sr ppm Sample Wt. (g) Total Sr(mg) Sample/Blank δ18O δ13C
W2a TCC3 L09-19 0.70892 0.00001 345 0.0096 3.311 3202 4.4 1.5
N1 TCC2 N1 0.70894 0.00001 271 0.0078 2.117 2047 1.7 -1.3

N6a TCC3 L09-93-1 0.70894 0.00001 392 0.0075 2.940 2843 5.9 2.9
N6a TCC3 L09-93-2 0.70896 0.00001 409 0.0058 2.369 2291 5.8 2.8
LMN DS1 L09-178 0.70893 0.00001 77 0.0058 0.447 432 3.5 1.1
LMN DS1 L09-179 0.70901 0.00001 199 0.0088 1.752 1694 4.3 0.1
LMN DS1 L09-180 0.70890 0.00001 205 0.0083 1.705 1648 3.5 0.1
LMN DS1 L09-187 0.70897 0.00001 238 0.0291 6.920 6691 3.0 -0.5
LMN DS3 L09-192 0.70898 0.00001 223 0.0335 7.460 7213 4.5 0.6
LMN DS3 L09-194 0.70899 0.00001 274 0.0132 3.617 3497 4.7 -2.0
LMN DS3 L09-197 0.70881 0.00001 206 0.0122 2.517 2434 4.2 -0.3
LMN DS3 L09-203-1 0.70894 0.00001 245 0.0103 2.523 2440 5.3 1.0
LMN DS3 L09-203-2 0.70895 0.00001 245 0.1871 45.832 1527 5.3 1.0
LMW DS1 L09-145 0.70899 0.00001 155 0.0186 2.881 2786 4.2 1.0
LMW DS1 L09-148 0.70904 0.00001 116 0.0177 2.049 1981 3.8 0.0
LMW DS1 L09-153 0.70902 0.00001 139 0.0276 3.823 3697 4.3 -1.0

Mol N1 Mol N1 11 0.70893 0.00001 166 0.0071 1.179 1140 1.3 -1.7
LMW DS2 L09-170 0.70876 0.00001 124 0.0177 2.190 2118 3.2 -1.3
LMW DS3 L09-172 0.70904 0.00001 125 0.1211 15.139 14638 4.0 -0.7
LMW DS2 L09-159 0.70867 0.00001 94 0.0194 1.829 1768 0.9 -2.6
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Table C-10. Dolomite abundance keyed to stratigraphic sections 

 
  

Elevation 
(m)

Dolomite/(dolo
mite + calcite)

Elevation 
(m)

Dolomite/(dolo
mite + calcite)

Elevation 
(m)

Dolomite/(dolom
ite + calcite)

125 100 215 10 217 17
122 100 214 0 213 42
120 100 212 0 211 16
120 100 211 11 210 87
119 100 210 0 209 14
118 100 209 0 207 16
117 100 209 16 206 62
116 100 207 11 205 61
112 100 205 46 205 18
97 100 205 47 204 20
92 100 203 56 202 9
80 100 202 53 201 0
73 100 193 31 200 0
67 100 190 96 198 58
65 100 185 73 197 70
65 100 177 100 196 100
64 100 170 100 195 100
62 100 166 100 194 100
58 100 164 100 193 100
56 92 162 100 185 100
49 79 156 100 182 100
44 53 153 100 180 100
40 79 143 94 179 100
39 79 140 95 178 100
39 73 135 100 178 100
38 100 176 95
29 100 176 100
28 100 176 100

173 100
170 100
168 100
166 100
159 100
156 100
153 100
149 100
147 100
146 48
142 79
133 100
128 100

SEK-N4LMWLMN
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Figure C-8. Topographic map of the erosional surface at the base of the Terminal Carbonate 

Complex (TCC), La Molata, SE Spain. Superimposed contours show volume percent dolomite 

increases from less than 10% at the topographic high (west) to 70% at the topographic low (east).  
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Table C-11. Porosity/permeability vs. the amount of calcite cement 

Sample Porosity % Permeability md lithofacies % calcite 
Mol N4/N5 11 33.2 68.3 Oolite 0 
Mol WN1 02 21.3 0.005 Oolite 52 

Mol S1 12 37 2252 Oolite 13 
Mol N1 03 31.7 0.666 Oolite 47 
Mol W2 05 40.7 0.478 Oolite 41 
Mol W1 04 46.2 169 Oolite 19 
Mol S2 04 28.8 0.3 Oolite 63 

Mol W1/W2 02 27.1 334 Oolite 15 
Mol S1/S2 21 18.8 1.26 Oolite 61 

Mol W1/W2 01 17.4 0.36 Oolite 11 
Mol W1 05 47.1 1443 Oolite 0 
Mol S4 02 17.4 0.032 Oolite 32 

L10 21 46   oolite 39 
L10 20 27   oolite 54 
L10 19 39   oolite 43 
L10 18 15   oolite 42 
L10 17 13   oolite 47 
L10 16 11   oolite 39 

Mol S1 09 21.2 47.1 Stromatolite 0 
Mol N5 11 8.3 0.002 Stromatolite 14 
Mol N2 04 24.3 13.2 Thrombolite 32 
Mol E1 09 26.2 223 Thrombolite 1 
Mol E1 19 21.9 42.2 Thrombolite 37 

Mol WS2 03 34.2 38.1 Thrombolite 0 
Mol N1 01 14.4 31.3 Thrombolite 11 
Mol E1 02 16.1 9.29 Thrombolite 35 
Mol E3 01 13.1 5.45 Thrombolite 27 
Mol E1 20 8.37 0.0037 Thrombolite 30 

Mol WN1 01 10.7 5.64 Thrombolite 37 
Mol WS2 02 21 0.49 Thrombolite 22 

Mol N2/NE Sad 01 26.8 2028 Thrombolite 12 
Mol S1/E3 02 11.12 7482 Thrombolite 6 

Mol N1 08 34.9 6567 Thrombolite 0 
Mol E2 09 31.8 3866 Thrombolite 2 
Mol N4 12 27.1 2701 Thrombolite 1 

Mol S1/E3 03 28.4 1750 Thrombolite 13 
Mol E1 15 23.6 1136.691 Thrombolite 0 
Mol E1 06 36 1045 Thrombolite 0 
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Mol W1 08 27.8 786 Thrombolite 14 
Mol W1 06 29.2 617 Thrombolite 0 
Mol E1 11 29.8 585 Thrombolite 1 
Mol N1 11 25.1 426 Thrombolite 0 
L09-177 2   boundstone 23 
L09-174 15   boundstone 10 
L10 30 2   boundstone 2 
L10 29 4   boundstone 55 
L10 27 7   boundstone 0 
L10 26 2   boundstone 42 
L10 25 5   boundstone 51 

L09-207 6   boundstone 24 
L09-205 20   boundstone 12 
L09-203 39   boundstone 7 
L09-202 5   boundstone 37 
L09-188 8   boundstone 25 
L09-172 24   grainstone 0 
L09-164 20   grainstone 0 
L09-159 27   grainstone 0 
L10 24 19   grainstone 44 
L10 23 38   grainstone 17 
L10 22 11   grainstone 67 
L10 15 14   grainstone 17 
L10 14 17.9   grainstone 12.3 
L10 13 32.5   grainstone 0 
L10 12 35.1   grainstone 0 
L10 11 31.6   grainstone 1 
L10 10 20.6   grainstone 3 
L10 3 19.5   grainstone 0 
L10 2 23   grainstone 1 

L09-201 3   grainstone 38 
L09-200 12   grainstone 20 
L09-199 3   grainstone 37 
L09-198 5   grainstone 35 
L09-197 34   grainstone 1 
L09-196 37   grainstone 1 
L09-195 36   grainstone 0 
L09-194 20   grainstone 0 
L09-193 23   grainstone 0 
L09-190 5   grainstone 16 
L09-186 10   grainstone 32 



	   292	  

L09-175 4   packstone 55 
L09-173 23   packstone 15 
L09-171 49   packstone 0 
L09-148 35   packstone 0 
L09-147 35   packstone 0 
L09-146 12   packstone 4 
L09-145 22   packstone 0 

L10 9 21.6   packstone 1 
L10 8 40   packstone 0 
L10 5 4   packstone 32 

L09-191 7   packstone 27 
L09-189 6   packstone 14 
L09-184 13   packstone 15 
L09-183 7   packstone 20 
L09-182 10   packstone 22 
L09-181 15   packstone 35 
L09-180 14   packstone 0 
L09-179 15   packstone 0 
L09-170 8   wackestone 0 
L09-153 18   wackestone 0 

L10 7 3   wackestone 30 
L09-192 25   wackestone 0 
L09-187 30   wackestone 0 
L09-185 24   wackestone 16 
L09-178 19   wackestone 0 
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APPENDIX D. LOCATION OF SAMPLES KEYED TO 

STRATIGRAPHIC SECTIONS 
 
Stratigraphic sections measured by Evan Franseen (1989): 
BH1 
LMN-1 
LMW-1 
NL-3 
SERF-1 
 
Stratigraphic sections measured by Chris Lipinski (2009): 
N2a 
N1a 
W2a 
N4a 
N6 
N3a 
W1a 
 
Stratigraphic sections measured by Steve Kaczmarek, Zhaoqi Li, Kate Knoph and Matt 
Baker (2010): 
SEK-N1 
SEK-N2 
SEK-N3 
SEK-N4 
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