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ABSTRACT

A fundamental challenge in carbonate reservoir characterization is

predicting the spatial distribution of diagenesis. We used a reactive

transport model to investigate the viability of geothermal convec-

tion and associated patterns of diagenetic porosity modification in

the Tengiz isolated carbonate platform reservoir.

Before burial, forced convection generates significant calcite dis-

solution (locally up to 45%) toward the platform center, minor cal-

cite cementation (up to 0.4%) in the slope, and moderate calcite

dissolution and cementation (up to 1.6%) in Serpukhovian bound-

stone convective cells. The patterns and rates of diagenesis proved

critically sensitive to specified vertical permeability.

After burial with 200 m (660 ft) of salt, modeled subsurface

temperature contrasts drive platform-scale free convection. Flow

is hydraulically closed, but significant dissolution, up to 7.3% after

20m.y., occurred in the Serpukhovian andVisean platform interior,

and minor cementation up to 0.7% occurred toward the margin. A

shale-filled salt-withdrawal basin, 500 m (1640 ft) deep, signifi-

cantly modifies the subsurface temperature distribution and free

convective flow. Ascending groundwaters beneath the withdrawal

basin created a zone of calcite dissolution (up to 24.5% in 20 m.y.),

with a mushroom geometry and minor cementation (up to 2.3%

in 20 m.y.) in the distal platform interior and margin. Rates of dia-

genesis are dramatically reduced with increasing overburden as com-

paction retards convective flow. From a generic perspective, free

convection persists if the salt overburden is substituted with shale,

although flow is reversed, resulting in a different distribution of

diagenesis.
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Simulations of geothermal convection provide a

physically viable model for the integration of direct dia-

genetic observations to augment predictions of reservoir

quality inTengiz andother carbonate platform reservoirs.

INTRODUCTION

Carbonate platforms host a significant proportion of

the world’s remaining hydrocarbon resources. A fun-

damental challenge in carbonate reservoir characteri-

zation is predicting the distribution of diagenesis, which

is commonly a critical control on porosity and perme-

ability heterogeneity. Accurate spatial predictions of

diagenesis would improve reservoir management and

ultimate hydrocarbon recovery.

Groundwater flow is commonly required to ex-

plain the distribution of diagenetic products in addition

to any externally sourced carbonate mass (Heydari,

2000;Moore, 2001). From initial growth to demise and

burial, carbonate platforms can experience a wide vari-

ety of groundwater-flow systems and fluids (Heydari,

1997;Machel, 1999;Whitaker et al., 2004). This study

focused on investigating pre- and postburial diagenesis

in response to geothermally driven groundwater circu-

lation in the Tengiz carbonate platform, Kazakhstan.

Concepts developed from our results are applicable to

similar carbonate platforms in the North Caspian and

elsewhere.

Geothermal convection of groundwater is driven

by temperature-controlled variations in fluid density.

The style of convection can be classified as ‘‘forced’’ or

‘‘free’’ (sensu Sanford et al., 1998). Forced convection,

the occurrence of which in carbonate platforms is also

widely known as ‘‘Kohout convection,’’ arises from tem-

perature differences between warm platform ground-

waters and cold ocean water (Kohout et al., 1977;

Sanford et al., 1998). In contrast, free convection is

characterized by counterrotating groundwater-flow cells

as described previously by many authors (Wood and

Hewett, 1982; Phillips, 1991; Mullis, 1995). Free con-

vection occurs in response to fluid-density variations in

the platform instead of an external hydraulic forcing

(Sanford et al., 1998). Both styles of convection are

further described as being either hydraulically open or

closed, depending on the replenishment of reactants to

the flow system, which is critically important for min-

eral mass-transport–controlled diagenetic reactions.

Mineral mass transport by geothermal convection

is commonly invoked to explain styles and patterns of

carbonate diagenesis. In Enewetak atoll, dissolution of

aragonite, precipitation of calcite, and minor dolomiti-

zation has been attributed to forced convection of sea-

water that, as temperature profiles in drill holes in-

dicate, is active today (Saller, 1984). Free convection

has been invoked to explain the redistribution of calcite

sourced from burial pressure solution in the Jurassic

Smackover Formation, Black Creek field, Mississippi

(Heydari, 2000). Dolomitization by open, free convec-

tion cells has been proposed for the Devonian Nisku

Formation, western Canada (Machel and Anderson,

1989) andpossibly other carbonate platforms (Morrow,

1998; Wendte et al., 1998).

The understanding and development of conceptual

groundwater circulation mechanisms, including geo-

thermal convection, has been enhanced by numerical

groundwater-flow simulations (see review byWhitaker

et al., 2004). Geothermal convection in carbonate plat-

forms has been simulated in simplified, nonspecific

platforms to investigate the hierarchy and sensitivity

of controlling parameters (Sanford et al., 1998; Jones

et al., 2004). In addition, case studies of Enewetak atoll

(Jones, 2000; Jones et al., 2000) and the Cambrian car-

bonate platform in the southern RockyMountains (Yao

and Demicco, 1997) provide further insights.

Reactive transport models couple mineral reac-

tions with groundwater flow and track mineral precip-

itation and dissolution and porosity-permeability evo-

lution (Steefel and Lasaga, 1994; Xu and Pruess, 2001;

Steefel et al., 2005). Previous applications of reactive

transport models to predict carbonate diagenesis have

focused on simulating dolomitization in response to

geothermal circulation (Wilson et al., 2001) and brine

reflux (Jones and Xiao, 2005). To date, few studies, for

example, Sanford and Konikow (1989), who investi-

gated calcite dissolution in a coastal mixing zone, have

used reactive transport models to investigate calcite

precipitation and dissolution and porosity evolution.

Furthermore, previous modeling studies focus on early

diagenesis; however, burial diagenesis can also be a sig-

nificant, but generally underappreciated, control on car-

bonate reservoir quality that will require different pre-

dictive strategies (Esteban and Sun, 2002; Esteban and

Taberner, 2003; Heydari, 2003).

In this study, we investigated geothermal convec-

tion in the Tengiz platform and the distribution of asso-

ciated diagenetic porosity modification. Specifically, we

addressed four questions:

1. How does the hydrostratigraphy control the distri-

bution and magnitude of geothermal convection in

the Tengiz platform prior to burial?
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2. To what extent can geothermal convection account

for cementation in the platform margin, particular-

ly in the Serpukhovian boundstones?

3. Can geothermal convection be established in the

Tengiz platform after burial? If so, what is the mag-

nitude and distribution of associated calcite dissolu-

tion and precipitation?

4. Does the increase in overburden, combined with the

development of shale-filled salt-withdrawal basins

above the platform, affect geothermal convection and

associated pattern of diagenesis?

STUDY AREA AND METHODS

Tengiz Geologic Setting

Tengiz is a world-class supergiant oil field located in

Kazakhstan, near the northeastern shore of the Caspian

Sea (Lisovsky et al., 1992). The reservoir is an isolated

carbonate platform (areal extent of 580 km2 [223mi2])

Devonian to early Pennsylvanian in age buried to depths

in excess of 4 km (2.5 mi) (Figure 1).

Stratigraphy and Facies

A supersequence-scale stratigraphy, lithofacies, and

reservoir description of Tengiz has been published by

Weber et al. (2003). The study by Weber et al. (2003)

includes Tengiz seismic profiles, well-log correlations,

paleogeographic maps, core photographs, thin-section

photomicrographs, and petrophysical data (porosity and

permeability). Tengiz evolved from a predominantly

aggradational broad Late Devonian (Frasnian to Famen-

nian) platform that progressively backstepped during

the early to middle Mississippian Carboniferous (Tour-

naisian andVisean). The uppermostMississippian (Ser-

pukhovian) is characterized by several kilometers of

platform progradation before a final aggradational phase

during the deposition of the overlying Bashkirian carbon-

ates (Figure 1). Prior to drowning and platform demise,

the Tengiz platform had shelf-to-basin paleobathymetry

of approximately 1500 m (4900 ft). The Tengiz plat-

form was capped by the Artinskian shale and the

Kungurian evaporite,which is predominantly halite and

has a variable thickness of up to several kilometers that

has been modified by salt tectonics (Figure 1) (Weber

et al., 2003). Corresponding thins in the evaporite seal

represent deep (several-hundred-meter) salt-withdrawal

basins that are filled with Triassic shale.

Carboniferous platform interior sediments are pre-

dominantly grainstones and packstones with occasional

rudstones. Platform interior peritidal wackestones are

locally present, but they appear to be volumetrically

insignificant based on the paleogeographic maps of

Weber et al. (2003). The upper Visean to Serpukho-

vian margin is composed of pervasively fractured mi-

crobial boundstones and associated breccias (Weber

et al., 2003; Collins et al., 2006). Themiddle and lower

slope environments are predominantly lime mudstone

to wackestone sediments. Interbedded are occasional

skeletal to lithoclastic platform-sourced grainstones and

rudstones transported by debris flows and turbidity

currents (Weber et al., 2003; Collins et al., 2006). Less

is known about the distribution of platform facies in

theDevonian section, but these sediments aremuddier

than their grain-dominatedCarboniferous counterparts

(Weber et al., 2003).

Diagenesis

To date, little has been published on the diagenetic over-

print at Tengiz, including some general comments ap-

pended to the depositional facies summary of reservoir

quality by Weber et al. (2003). A study in progress at

ExxonMobil to develop a paragenetic sequence and to

investigate the spatial distribution of diagenesis in Tengiz

indicates that reservoir quality modification by diagen-

esis is more important than previous studies suggest

(Collins et al., 2006). Preliminary observations indicate

that the diagenesis at Tengiz is relatively complex, with

pervasive cementation and dissolution interpreted to oc-

cur in both near-surface and deep-burial environments

Figure 1. Cross section of the Tengiz platform with principal stratigraphic units. No vertical exaggeration. Modified from Weber
et al. (2003).
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(>2 km; >1.2 mi) involving a wide range of fluids,

including freshwater, seawater, and basinal brines. Dif-

ferent phases of fracture generation that range from

early syndepositional to postburial, bitumen plugging,

and authigenic mineralization (dolomite, barite, fluo-

rite, quartz, feldspar, and apatite) further complicate

the diagenetic history (Carpenter et al., 2006; Collins

et al., 2006).

Our investigative reactive transport study predicts

spatial patterns of diagenesis by geothermal convection.

In combination with concepts of other groundwater-

flow systems, this study provides a physically con-

strained framework for the integration of diagenetic

observations in Tengiz and other isolated carbonate

platforms to augment predictions of reservoir quality.

Reactive Transport Model

To analyze the potential for geothermal convection and

associated diagenetic porosity modification in Tengiz,

we used Basin2, a two-dimensional (2-D) numerical

model with the utility to investigate groundwater flow,

heat and solute transport, and mineral reactions (Lee

and Bethke, 1994; Lee, 1997) (see Appendix 1). Basin2

predicts cumulative volume changes of minerals and

incorporates the feedback effect of reactions on ground-

water flow in response to changes in porosity and

permeability (Lee, 1997). Mineral reaction calculations

assume that minerals maintain local equilibrium with

groundwaters as they migrate along pressure and tem-

perature gradients, an approach described in detail by

Lee (1997). Reaction kinetics are not accounted for in

Basin2, and this approach cannot be used to investigate

kinetically limited reactions, for example, dolomitiza-

tion (Morse andArvidson, 2002; Jones andXiao, 2005).

In addition, the mixing of fluids of different composi-

tions that may control mineral precipitation or dissolu-

tion (Morse et al., 1997; Esteban and Taberner, 2003) is

not accounted for in Basin2 (Lee, 1997).

Model Grid and Boundary Conditions

The node spacing is uniformly specified as 360 m

(1180 ft) in the horizontal direction and is variable

because of proportional grid layering in the vertical di-

rection up to a maximum of 50 m (164 ft). The Tengiz

platform has a radial geometry (sensu Vacher, 1988).

We simulated the east half of Tengiz using radial co-

ordinates that assume a symmetry no-flow boundary

at the platform center (Jones et al., 2000) (Figure 2).

We also tested the effect of Cartesian coordinates by

simulating the full cross section in Figure 1. The ocean

and platform top is a specified pressure, temperature,

and salinity boundary that is open to flow (Figure 2).

Pressures were assumed to be hydrostatic, with a uni-

form seawater salinity of 36 ppt. Prior to platform buri-

al, we specified temperatures along the sediment-ocean

boundary as a function of depth using the relationship

in Sanford et al. (1998), which approximates the tem-

perature gradient in modern oceans. This resulted in

water temperatures on the shallow (5-m; 16-ft) flooded

platform top and deeper (750-m; 2460-ft) basin at the

right boundary of 25 and 12jC, respectively. We spec-

ified a uniform basal heat flux of 44 mW m2 based on

regionally constrained basin analysis (Paul Hicks, 2004,

personal communication).

Figure 2. Hydrostratigraphic
units and model boundary
conditions prior to platform
burial based on Figure 1. Dashed
lines show location of two
stratigraphic transects used in
this study for illustrating dia-
genetic patterns. Note that al-
though decompaction was not
performed in this study, ge-
ometries generally reflect pre-
compaction profiles.
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Rock and Fluid Properties

We specified a hydrostratigraphy in our platform-scale

numerical model based on the stratigraphic framework

and general distribution of facies summarized byWeber

et al. (2003). The Tengiz platform was subdivided into

four hydrostratigraphic units: (1) basement, (2) Devo-

nian, (3) Tournaisian andVisean, and (4) Serpukhovian

and Bashkirian (Figure 2). This stratigraphic frame-

work and the bathymetry-constrained environments of

deposition described by Weber et al. (2003) were used

to populate the model with four carbonate sediment

types: (1) grainstones, (2) packstones, (3) mudstones,

and (4) microbial boundstones (Figure 3). Model grid

cells can be composed of different sediment types. For

example, the platform interior sediments for the Tour-

naisian andVisean unit are a mixture of grainstones and

packstones (Figure 3). Effective rock properties in each

model cell are calculated based on the relative abun-

dance of sediment types described below. Average rock

properties are calculated using an arithmetic mean and

harmonic mean for horizontal and vertical directions, re-

spectively (Bethke et al., 1999). This workflow described

above was also used to define the hydrostratigraphy of

the burial overburden scenarios discussed below.

Porosity

Porosity is calculated as a function of depth using the

relationship

f ¼ P0 e�bZ þ P1 ð1Þ

where f is porosity, P0 is the reducible porosity

present at deposition, b is the compaction coefficient

(km�1), Z is depth (km), and P1 is the irreducible po-

rosity (Bethke et al., 1999). In studies of geothermal

convection, porosity is a key parameter because inBasin2,

it is used to assign permeability and thermal conduc-

tivity, as discussed below. Parameters used to calculate

porosity in this study are documented in Table 1, and

the relationship between porosity and depth for the

different rock types is shown in Figure 4. For grain-

stones and packstones, we use the relationship de-

veloped by Schmoker and Halley (1982) for Tertiary

carbonates of south Florida. We based our mudstone

porosity curve on the relationships developed in a re-

view by Goldhammer (1997). In the absence of data,

we assumed that, relative to mudstones, microbial

boundstones have a lower initial porosity and compact

at a slower rate because of abundant early cement. Shale

Figure 3. Distribution of sediment types. (A) Grainstones, (B) packstones, (C) mudstones, and (D) microbial boundstones. See
Figure 2 for hydrostratigraphy nomenclature.
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was specified using the relationship presented in

Harrison and Summa (1991) for the Niger Delta. We

specified halite, present in the overburden, to have a

low porosity of 0.01 (fraction) that was independent

of depth (Table 1). The distribution of porosity in the

Tengiz platform prior to burial is shown in Figure 5A.

Permeability

Previous studies have demonstrated the critical control

of porosity-permeability relationships on groundwater-

flow rate and associated heat and solute transport,

groundwater residence times, and the balance between

different styles of circulation (Sanford et al., 1998; Jones

et al., 2004; Whitaker et al., 2004). Permeability is cal-

culated as a function of porosity using the relationship

log Kx ¼ A fþ B ð2Þ

where Kx is the horizontal permeability (darcy), A is

the slope of permeability correlation with porosity, f
is porosity (fraction), and B is the intercept of perme-

ability correlation with porosity (Bethke et al., 1999).

Parameters used to calculate permeability in this study

are documented in Table 1, and the relationship be-

tween porosity and permeability for different sediment

types is shown in Figure 6. Grainstones, packstones, and

mudstones are specified using porosity-permeability

relationships based on the petrophysical curves of Lucia

(1995). No permeability data have been published on

the fractured microbial boundstones at Tengiz or

elsewhere. In the absence of data, we specified a rela-

tionship that has a slightly higher initial permeability

than mudstones, but significantly lower than grain-

stones and declined at a relatively steep rate with po-

rosity (Figure 6). Shale was specified using a porosity-

permeability relationship developed for theNigerDelta

(Harrison and Summa, 1991). Halite is effectively im-

permeable, and we specified a constant permeability

of 10�7 d. The porosity-permeability relationships in

Figure 6 are for horizontal permeability. To avoid un-

characteristically high values of permeability that can

promote numerical instability, a maximum horizontal

permeability, Permmax (darcy) was specified for the

different sediments simulated (Table 1).

Table 1. Grain Density and Constants Specified to Calculate Porosity, Permeability, and Thermal Conductivity for Different Rock Types*

Porosity Permeability Thermal Conductivity

Facies Grain Density P 0 b P1 A B Kx/Kz Permmax A B

Grainstone 2.71 0.40 0.55 0.01 14 �2.5 100 20 �6.5 � 10� 3 7.9 � 10� 3

Packstone 2.71 0.40 0.55 0.01 8 �2.5 100 10 �6.5 � 10� 3 7.9 � 10� 3

Boundstone 2.71 0.50 0.60 0.01 9 �3.8 0.5 10 �6.5 � 10� 3 7.9 � 10� 3

Mudstone 2.71 0.60 0.60 0.01 6.5 �3.8 100 1 �6.5 � 10� 3 7.9 � 10� 3

Shale 2.69 0.60 0.85 0.01 8 �7 10 1 �5.1 � 10� 3 5.4 � 10� 3

Halite 2.16 0.01 0.00 0.01 0.01 �7 1 N/A 0.0 1.2 � 10� 3

*See text for explanation.

Figure 4. Porosity-depth rela-
tionships for the different sed-
iment types simulated.
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Vertical permeability, which is one of the critical

controls on the development of free convection cells

(Bjorlykke et al., 1988), was calculated with a specified

permeability anisotropy, which describes the ratio of

horizontal to vertical permeability (Table 1). Grain-

stones, packstones, and mudstones were specified to

have a permeability anisotropy of 100 based on flow

simulations designed to quantify regional-scale perme-

ability anisotropy in sequences of carbonate rocks (Ap-

pendix 2) (Jones, 2000; Thawer et al., 2000). To sim-

ulate the effect of abundant vertical fractures in the

microbial boundstones (Weber et al., 2003; Carpenter

et al., 2006; Collins et al., 2006), a permeability anisot-

ropy of 0.5 was specified to promote vertical flow.

Shale was specified to have a permeability anisotropy

of 100 (Harrison and Summa, 1991), and halite was

assumed to be isotropic with respect to permeability

(Table 1). The distribution of horizontal and vertical

permeability in the Tengiz platform prior to burial is

shown in Figure 5A and B. We performed sensitivity

analyses to address the uncertainty in permeability.

Thermal Conductivity

Thermal conductivity is an important parameter when

studying geothermal-driven groundwater flow because

combined with the heat flux and convection, it controls

the subsurface temperature distribution (Bethke, 1989).

Thermal conductivity is calculated as a function of po-

rosity using the relationship

T ¼ At fþ Bt ð3Þ

where T is the isotropic thermal conductivity (cal/cm

s jC),A t is the slope of thermal conductivity correlation

Figure 5. Distribution of porosity and permeability prior to
platform burial. (A) Porosity, (B) horizontal permeability, and
(C) vertical permeability.

Figure 6. Porosity-versus-
permeability relationships for
the different sediment types
simulated.
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with porosity, f is porosity (fraction), and B t is the

intercept of thermal conductivity correlation with po-

rosity (Bethke et al., 1999). The variation in thermal

conductivity with porosity for different rock types was

relatively well defined (Bethke, 1989) and is specified

for three rock types: carbonate, shale, andhalite (Table 1;

Figure 7). Thermal conductivity decreases with an in-

crease in porosity becauseminerals aremore conductive

than pore fluids.

Present-day Tengiz reservoir formation fluids,

which are the product of evolved water-rock interac-

tions, range from seawater to mesohaline brines with

salinities less than 120 ppt (Tom Anderson, 2004, per-

sonal communication). For the purpose of this study,

we assumed seawater as the pore fluid and discuss the

implications of this assumption below. We focused on

themineral calcite and calculated changes in solubility as

a function of temperature using theGeochemistsWork-

bench software (Bethke, 1998). Calcite has a retrograde

solubility, which decreases as temperatures increase.

RESULTS

First, we discuss the results of geothermal circulation

at the time of platform demise and then for a series of

burial conditions.

Forced Geothermal Convection Prior to Tengiz
Platform Burial

Results demonstrate that prior to burial, temperature

contrasts between the cool Ural ocean waters and the

warm platform groundwaters drive geothermal convec-

tion in the Tengiz platform (Figure 8). Oceanwaters are

drawn into the platform through the slope and discharge

through the submerged platform top (Figure 8A, B).

The hydrostratigraphy is a critical control on the style

andmagnitude of groundwater flow (Figure 8A, B). Flow

is focused in the Visean- to Bashkirian-age grainstone-

and packstone-dominated platform interior sediments,

where maximum horizontal velocities reach 2.6 m/yr

(8.5 ft/yr) (Figure 8B). In the muddier, more com-

pacted, and less permeableDevonian platform interior

sediments, the maximum flow velocity is 0.4 m/yr

(1.3 ft/yr), which reduceswith depth and distance from

the active platform margin to 0.01 m/yr (0.03 ft/yr)

(Figure 8B). In the platform slope and basinmudstones,

with relatively low permeability, the flow velocity is on

the order of 0.1 m/yr (0.3 ft/yr).

Three convection cells in the Serpukhovian bound-

stones modify the general flow pattern (Figure 8C).

The boundstone convection cells, which exhibit aspects

of both forced and free convection, can be described as

mixed (sensu Raffensperger and Vlassopoulos, 1999).

These margin convection cells extend vertically from

the ocean-sediment surface down to the top of the

Tournaisian andVisean stratigraphic unit (158–370m;

518–1213 ft) and have widths on the order of 500 m

(1640 ft) (Figure 8C). The cells are thus elliptical in

nature, with their long axes oriented in the horizontal

direction approximately parallel to bedding. These con-

vective cells are hydraulically open, with recharge and

discharge from and to the ocean allowing the replen-

ishment of reactants, which is important for mass

transport and diagenesis. Sensitivity simulations proved

the flow cell dimensions to be independent of numer-

ical grid-size refinements. The relatively high vertical

permeability of the microbial boundstones, specified to

characterize early syndepositional vertical fractures, is

Figure 7. Specified thermal conductivity-
versus-porosity relationships for halite,
limestone, and shale.
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the principal control on convection cell development in

the platform margin (Figure 8C). Sensitivity analyses

demonstrated that increasing the permeability anisot-

ropy of the microbial boundstones from 0.5 to 10,

reducing the vertical permeability, prevented convec-

tion cells from developing in the margin.

Convection dominates heat transport with geo-

thermally driven seawater, cooling the margin and

progressively warming along the flow path to elevate

temperatures in the platform interior (Figure 8A). Per-

meability, which is a critical control on flow rate and

the balance between conductive and convective heat

transport, can significantly modify the temperature dis-

tribution (Sanford et al., 1998). This is evident frommi-

nor temperature perturbations (<2jC) associated with

the convection cells developed in the Serpukhovian

Figure 8. Geothermal convection in the Tengiz platform prior to platform burial. (A) Temperature (contour interval of 2.5jC) and fluid
velocity vectors, which are not shown for every grid cell; (B) vertical Z fluid velocity vectors and temperature contours; (C) enlargement
of free convection cell system in Serpukhovian boundstones. Fluid velocity arrows show only the direction, and the temperature
contour interval is 0.5jC. Dashed yellow lines show the location of convection cells in the margin. (D) Calcite cement and dissolution
at 2 m.y. Note that to enhance visualization of diagenetic patterns, the color bar scale does not reflect the full range of the data, which
is discussed in the text. (E) Calcite cementation and dissolution along a Serpukhovian transect (see Figure 2) and (F) along a Visean
transect (see Figure 2).
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microbial boundstones (Figure 8C). Cell rising limbs,

whichhave a positive vertical fluid velocity, have slightly

elevated temperatures relative to cooler falling limbs

that have a negative vertical fluid velocity (Figure 8C).

We simulated calcite diagenesis in a 2-m.y. period.

No additional sedimentary layers were added, but the

flow system evolved in response to calcite cementation

and dissolution and the feedback between porosity and

permeability. The spatial distribution of calcite diagen-

esis is shown after 2 m.y. in addition to transects in the

Serpukhovian and Visean (Figures 2, 8D–F).

The distribution and magnitude of the flow ve-

locity and associated temperature variations described

above control the pattern and magnitude of calcite dia-

genesis (Figure 8D–F). Because calcite has retrograde

solubility, dissolution occurs in the platform interior

in the Serpukhovian and Tournaisian to Visean units,

where groundwater ascends and cools (Figure 8D). Sim-

ulated calcite dissolution is very rapid in the Serpu-

khovian distal platform interior, locally up to 45% af-

ter 2 m.y., because of the relatively steep geothermal

gradient and focused vertical flow toward the platform

center (Figure 8C, E, F). Corresponding rates of dis-

solution in the Tournaisian and Visean unit are signif-

icantly lower, up to a maximum of 2.1% after 2 m.y.

Minor calcite dissolution, up to 1.6% after 2 m.y., oc-

curs in the descending limbs of convective cells in the

Serpukhovian boundstones (Figure 8C, D). Calcite

cementation occurs in the slope, up to 0.4% at 2 m.y.,

at the base of the Tournaisian and Visean unit, up to

0.41% at 2 m.y., and the falling limbs of Serpukhovian

boundstone convection cells, up to 0.7% at 2 m.y.,

where fluids warm along flow paths (Figure 8D–F).

Simulated rates of carbonate diagenesis are nonlinear

(Figure 8E, F). The feedback between mineral reac-

tions, porosity and permeability modification, and the

resultant flow velocity and temperature regime is the

principal control on differences in modeled diagenetic

rates. Calcite precipitation and dissolution also occur

in the underlying Devonian section, but generally, the

rates are low (<0.1% in 2 m.y.) because groundwater

velocities are slow, and flow paths tend to parallel iso-

therms. An exception is the shallow Devonian sec-

tion close to the platform center, where the maximum

amount of dissolution is 0.17% in 2 m.y. (Figure 8D).

Effect of Reducing Vertical Permeability

Vertical permeability has previously been recognized

as a critical control on geothermal convection (Bjor-

lykke et al., 1988; Sanford et al., 1998; Jones, 2000).We

investigated the sensitivity of geothermal convection

and diagenesis to laterally extensive low-permeability

flow barriers, for example, transgressive mudstones, by

reducing the vertical permeability of grainstones, pack-

stones, and mudstones by one order of magnitude. This

was achieved by increasing permeability anisotropy

from 100 to 1000 (Appendix 2) (Jones, 2000).

The specified reduction in vertical permeability

retards groundwater flow in the platform interior and

convective heat transport (Figure 9A). This results in

a lower geothermal gradient in the platform interior

(Figure 9A). Vertical permeability-derived changes in

the flow and temperature regime had a critical effect

on diagenetic rates (Figure 9A–C). This effect is most

pronounced on rates of dissolution toward the plat-

form center, which are more than an order of a mag-

nitude lower than those depicted in Figure 8 (compare

Figures 8D–F to 9). Alternating patterns of calcite ce-

mentation in the falling limbs, and dissolution in the

rising limbs, of Serpukhovian boundstone convective

cells are well illustrated in Figure 9B, C. This sensi-

tivity analysis further demonstrated the importance of

initial permeability characterization in the application

of reactive transport models to accurately predict

reservoir quality.

Free Geothermal Convection: Tengiz Platform Burial

Following platform demise, we simulated geothermal

convection under different burial conditions. First, we

investigated burial of the Tengiz platform by Artins-

kian shales and Kungurian evaporites (halite) in the

adjacent basin and above the platform top to a mini-

mum depth of 200 m (660 ft) (Figure 10A, B). The

upper boundary condition at the top of the salt is spec-

ified to be hydrostatic with a uniform temperature of

25jC.

Results demonstrated that geothermally driven

platform-scale free convection is feasible in the Tengiz

platform under these burial conditions. Variations in

fluid density created by lateral contrast in temperature

of up to 1.5jCbetween the salt andplatform carbonates

provided the driving force for groundwater circulation

(Figure 10C). The difference in thermal conductivity

between halite and calcite is the principal control on

these lateral temperature contrasts (Figure 7). Tem-

peratures in the platform interior are elevated relative

to the platform margin, but this effect is considerably

less pronounced than prior to platform burial, when

heat transport by convectionwasmore dominant (com-

pare Figures 8B, 10C).
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Groundwater circulation is dominated by a large

elliptical cell that drives flow in a clockwise direction

and extends laterally some 6 km (3.7 mi) from the

Tengiz platform interior to the Serpukhovian margin

boundstones, where it intersects a smaller convective

cell system described below (Figure 10C). The warm-

ing rising limb and cooling falling limb of this large

convection cell are extensive, being approximately 2 km

(1.2 mi) in width (Figure 10C). Most of the flow is

focused in the Visean- to Bashkirian-age grainstone-

and packstone-dominated platform interior sediments,

where maximum horizontal velocities are 0.65 m/yr

(2.13 ft/yr) (Figure 10C). Free convection is capable

of driving flow in the underlying platform interior

Devonian carbonates, although the velocity, 0.01–

0.1 m/yr (0.03–0.3 ft/yr), is considerably lower in

these less permeable sediments. The two convection

cells that developed in the Serpukhovian boundstone at

the platform margin are attributed to differences in

rock properties, particularly the vertical permeability

specified to characterize syndepositional fractures, dis-

cussed above (Figure 10C). This free convection re-

gime is effectively hydraulically closed, and no external

carbonate mass is added to the system. However, re-

sults illustrate how free convection-driven diagenesis

in a closed system can locally enhance and degrade

reservoir quality by reorganizing existing carbonate

mass.

The estimated residence time available for geo-

thermal convection prior to hydrocarbon charge after

platform burial is 100 m.y. We simulated burial calcite

diagenesis in a 20-m.y. period for computational effi-

ciency because at longer times, the decrease in per-

meability in response to compaction severely reduced

diagenetic rates. No additional sedimentary layers were

added in the model, but the flow system could evolve

in response to calcite diagenesis as described above.

The spatial distribution of calcite diagenesis is shown

at 5, 10, and 20 m.y., in addition to the two strati-

graphic transects defined above (Figures 10D–F, 11).

Calcite dissolution of up to 7.3% in the Serpukho-

vian and 4.7% in the Visean after 20 m.y. occurs in the

cooling platform interior cell rising limb (Figures 10D–F;

11A, B). Calcite cements precipitate in response to

warming in the cell falling limb, but the maximum

rates, 0.65 and 0.63% at 20 m.y in the Serpukhovian

and Visean, are an order of magnitude lower than dis-

solution (Figures 10D–F; 11A, B). As described above,

alternating calcite dissolution,with amaximumof up to

3.5%, and precipitation, with a maximum of 1.5% in

20 m.y., occurs in rising and falling limbs of Ser-

pukhovian boundstone convection cells (Figures 10F,

11A). Results predicted minimal diagenesis in re-

sponse to geothermal convection in the Devonian

section (Figure 10D–F).

Sensitivity analyses proved that burial-free con-

vection diagenesis was critically dependent on the

specified vertical permeability in a similar manner to

Figure 9. Effect of reducing carbonate vertical permeability
(compare to Figure 8). (A) Calcite cement and dissolution
at 2 m.y., temperature (contour interval of 2.5jC), and fluid
velocity vectors. (B) Calcite cementation and dissolution along
the Serpukhovian transect (see text) and (C) along the Visean
transect. Note the reduction in dissolution in the distal platform
interior.
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the unburied case (Figure 12). Reducing the vertical

permeability of grainstones, packstones, andmudstones

by one order of magnitude resulted in slower flow ve-

locities, less convection, and rates of calcite diagenesis

in the platform interior that were an order of magni-

tude or more lower than the higher vertical permeabil-

ity case (compare Figures 10, 12).

We tested the sensitivity of our results to the spec-

ified coordinate system by simulating geothermal con-

vection in a northeast-southwest transect of Tengiz

using Cartesian coordinates (Figures 1, 13). The salt

overburden was identical to that in Figure 10, and the

hydrostratigraphy is depicted in Figure 13A. Results

demonstrate that two large free convection cells that

were set up in the platform interior dominate flow.

Convective heat transport results in elevated tempera-

tures at the platform center, showing that this temper-

ature pattern, although accentuated with radial coordi-

nates, is not an artifact of the platform center no-flow

boundary condition (Figure 13B). Variations in the

magnitude and pattern of free convective flow in the

Serpukhovian boundstones is caused by differences in

their geometry, being better developed on the eastern

margin (Figure 13).

Figure 10. Geothermal convection after platform burial by shale and salt. (A) Artinskian shale; (B) Kungurian halite; (C) vertical Z
fluid velocity and temperature (contour interval of 2.5jC); (D–F) calcite cementation and dissolution at 5, 10, and 20 m.y. Note that to
enhance visualization of diagenetic patterns, the color bar scale does not reflect the full range of the data, which is discussed in the text.
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Free Geothermal Convection: Shale-Filled
Salt-Withdrawal Basin

Several seismically resolvable deep (up to several-

hundred-meter) salt-withdrawal basins filled with shale

are present in the Kungurian-age Tengiz overburden

(Weber et al., 2003). We investigated the effect of a

single salt-withdrawal basin that was 5.1 km (3.1 mi)

wide and located above the margin and proximal plat-

form interior (Figure 14A,B).Twooverburden scenarios

with salt-withdrawal basin depths of 500 and 1800 m

(1640 and 5900 ft) were tested. The upper boundary

condition at the top of the overburden is specified to be

hydrostatic with a uniform temperature of 25jC.

Results demonstrated that the presence of a salt-

withdrawal basin has a significant effect on the pattern

and magnitude of geothermal convection (Figure 14).

The steep geothermal gradient associated with the with-

drawal basin is the principal control because, for a given

porosity, shale is less conductive than salt (halite) or

carbonate (Figure 7). The resulting temperature anoma-

lies associated with the withdrawal basin are signifi-

cant, elevating temperatures by up to 18jC at a given

depth (Figure 14C). Temperature-induced differences

in fluid density drive two large-scale free convection cells

in a similar manner to the salt-only overburden case;

however, the direction of flow in each cell is reversed,

and the location and dimensions of the rising and falling

limbs have changed (compare Figures 10C, 14D). The

rising limbs of these cells are located beneath the with-

drawal basin, whereas the respective falling limbs are

located in the more distal platform interior and the

margin (Figure 14D). Flow velocities in the platform

interior and margin are relatively fast, ranging from

0.13 to 2.36m/yr (0.42 to 7.74 ft/yr) in the Tournaisian

and younger units, whereas circulation is considerably

weaker in theDevonian platform interior, where veloci-

ties range from 0.014 to 0.13 m/yr (0.045 to 0.42 ft/yr)

(Figure 14C).

Calcite diagenesis was simulated for a period of

20 m.y., in which no additional sedimentary layers

were added as described above. For simplicity, the com-

plex transient development of a withdrawal basin was

notmodeled. Calcite diagenesis is shown at 20m.y. and

along transects in the two stratigraphic layers used in

previous figures (Figures 14F, 15).

Figure 11. Calcite cementation and dissolution along (A) Ser-
pukhovian transect and (B) Visean transect (see Figure 2).

Figure 12. Effect of reducing carbonate vertical permeability
(compare to Figure 11). (A) Vertical Z fluid velocity and tem-
perature (contour interval of 2.5jC). (B) Calcite cement and
dissolution at 10 m.y. Note that to enhance visualization of
diagenetic patterns, the color bar scale does not reflect the full
range of the data, which is discussed in the text.
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Reversal of flow in the convective cells and elevated

temperature beneath the withdrawal basin had a crit-

ical effect on the spatial distribution of diagenesis and

reservoir quality evolution (Figures 14F, 15). Dissolu-

tion of up to 24.5% in 20 m.y. occurred in a cooling

zone that exhibited a mushroom geometry, with a

wide (1.7-km; 1.05-mi) vertical shaft extending from

the top of the Devonian to the Visean, before expand-

ing laterally in the Serpukhovian by more than 1 km

(0.6 mi) toward both the margin and platform interior

(Figures 14F, 15). In contrast to previous scenarios, ce-

mentation of up to 2.3% in 20 m.y. occurred inmost

of the Visean platform interior because of convective

warming. A second, weaker zone of cementation of up

to 0.6% in 20 m.y. occurred in the ascending limb of

the platform margin convective cell (Figures 14F, 15).

Increasing the depth of the overburden and shale-

filled withdrawal basin to 1800 m (5900 ft) resulted in

a similar pattern of convective flow. However, flow

velocities were significantly lower because of the de-

crease in sediment permeability in response to poros-

ity reduction by the additional overburden (Figure 16).

In the platform interior and margin, flow velocities

ranged from 0.03 to 0.16 m/yr in the Tournaisian and

younger units and from 10�4 to 0.03m/yr (3.3� 10�4

to 0.098 ft/yr) in the Devonian platform interior

(Figure 16C). Correspondingly, rates of dissolution

and cementation are severely reduced to a maximum

of 0.2% in 20 m.y., and significant changes in reser-

voir quality would require a long residence time under

these burial conditions (Figure 16D).

Free Geothermal Circulation: Shale Burial

Shale is also a common top seal for carbonate reser-

voirs (Greenlee and Lehmann, 1993). The contrast

between the thermal conductivity of carbonates and

shale is less than that of salt, but it may be sufficient to

drive geothermal convection in the burial environment

(Figure 7). We tested this hypothesis using the Tengiz

Figure 13. Geothermal convection for com-
plete Tengiz cross section shown in Figure 1
using Cartesian coordinates. (A) Hydrostratig-
raphy; see Figures 3 and 10 for color legends.
(B) Calcite cement and dissolution at 10 m.y.
Note that to enhance visualization of diagenetic
patterns, the color bar scale does not reflect
the full range of the data, which is discussed in
the text, temperature (contour interval of 2.5jC),
and fluid velocity vectors.
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platform by specifying a shale basin fill instead of salt

for an otherwise identical simulation to that depicted

in Figure 10 (Figure 17A).

Results demonstrated that geothermally driven

platform-scale free convection would be feasible in the

Tengiz platformwith a shale burial scenario (Figure 17B).

A large platform-scale convection cell that extends lat-

erally from the platform interior to the Serpukhovian

boundstones, where it intersects a series of smaller con-

vection cells, dominated circulation (Figure 17B). Rela-

tive to the scenario with an all-salt basin fill, the direc-

tion of flow in this large convective cell is reversed,

being counterclockwise, with a 4-km (2.5-mi)-wide,

laterally extensive falling limb in the platform interior

and a narrower 2-km (1.2-mi) rising limb updip of the

Serpukhovian boundstones (Figure 17B). Flow is fo-

cused in the Visean- to Bashkirian-age platform inte-

rior, where velocities range from 0.03 to 2.12 m/yr

(0.098 to 6.95 ft/yr), with lower rates of flow that

range from 0.0014 to 0.57 m/yr (0.0045 to 1.87 ft/yr)

Figure 14. Geothermal circulation after platform burial and development of a 5.1-km (3.1-mi) shale-filled salt-withdrawal basin that
is 500 m (1640 ft) deep. (A) Halite, W = withdrawal basin; (B) shale; (C) horizontal X fluid velocity, velocity vectors, and temperature
(contour interval of 2.5jC); (D) vertical Z fluid velocity, fluid velocity vectors, and temperature; (E) enlargement of vertical fluid
velocity distribution in platform; (F) calcite cementation and dissolution at 20 m.y. Note that to enhance visualization of diagenetic
patterns, the color bar scale does not reflect the full range of the data, which is discussed in the text.
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in the underlying less-permeable Devonian sediments

(Figure 17B).

Compared to the salt case, significant differences

exist in the temperature distribution, and the maxi-

mum temperature is 14jCwarmer (Figures 10C, 17B).

Temperatures are reduced in the platform interior and

elevated toward themargin because of convective cool-

ing and heating associated with the falling and rising

limbs of the dominant convection cell (Figure 17B).

Free convective cells described above generate local

minor temperature perturbations in the Serpukhovian

boundstones.

Although the pattern of diagenesis is distinctly dif-

ferent, the rates are comparable to the salt overburden

case, with the maximum amount of dissolution and ce-

mentation in 20m.y. being 11.5 and 4. 1%, respectively

(compare Figures 10E; 12; 17C, D).

DISCUSSION

The principal objective of this study was to investigate

geothermal convection and associated patterns of dia-

genetic porosity modification in the Tengiz platform.

In addition, our results provide a generic understand-

ing of geothermal convection in other isolated carbon-

ate platforms.

Figure 15. Calcite cement and dissolution along the two tran-
sects in the Serpukhovian and Visean for a salt-withdrawal basin
case (see Figure 14).

Figure 16. Geothermal circulation after development of a 1800-m (5900-ft)-deep salt-withdrawal basin. (A) Halite, W = withdrawal
basin; (B) shale; (C) Vertical Z fluid velocity and temperature; (D) Calcite cementation and dissolution at 20 m.y. (note the change in
color bar scales).
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Forced Geothermal Convection Prior to Burial

Simulations predict that, prior to burial, geothermally

driven forced convection of seawater occurred in the

Tengiz platform. This result is consistent with obser-

vations of active forced convection in many modern

carbonate platforms with shelf margins (Kohout et al.,

1977; Saller, 1984; Sanford et al., 1998). Based on the

rock record, previous studies have attributed cementa-

tion, dolomitization, and subcarbonate-compensation-

depth dissolution to forced convection in platform

margins (Saller, 1984). Results presented in this study

provide new insights on the spatial patterns and rates

of diagenesis by forced geothermal convection. Of par-

ticular interest is our prediction of dissolution in the

platform interior in response to ascending groundwater

along a flow path with an elevated geothermal gradient.

Dissolution is enhanced in isolated platforms with a

radial geometry, like Tengiz, because of flow conver-

gence toward the platform center (Sanford et al., 1998;

Jones et al., 2000). Results predict that in Tengiz, the

interior zone of dissolution can be extensive, forming

an asymmetric wedge that is several hundred meters

thick at the platform center and extends 4 km (2.5 mi)

toward the margin (Figure 8). Simulated dissolution

rates are locally relatively fast, up to 45% at 2m.y. in the

Serpukhovian, butmore typically less than 2% at 2m.y.

in the Visean and Tournaisian (Figure 8). Simulations

demonstrate the critical control of the hydrostratigra-

phy on the pattern and magnitude of flow, heat trans-

port, and associated diagenesis. Decreasing the ver-

tical permeability of platform interior sediments by

an order of magnitude dramatically reduced dissolu-

tion rates (Figure 9). The minimal diagenesis driven

by forced convection predicted in the Devonian sec-

tion at Tengiz further illustrated the control of per-

meability on the rates of transport-dominated diagen-

esis (Figure 8). Results demonstrated the importance of

initial permeability characterization in using reactive

transport models to predict reservoir quality.

In addition to the platform interior, dissolution in

the rising limbs and cementation in the associated fall-

ing limbs are predicted to occur in a mixed convective

cell system in the fractured Serpukhovian boundstones

(Figure 8). Rates of cementation and dissolution in

the boundstones are moderate, up to 1.6% in 2 m.y.,

but could be significant if diagenesis is focused in

fractures because aperture is a critical control on frac-

ture permeability (Anderson and Woessner, 1992).

Results also predict moderate cementation in the Tour-

naisian above the Devonian stratigraphic boundary that

Figure 17. Effect of a shale basin fill on geothermal convection
in Tengiz (compare to Figure 11). (A) Shale; (B) vertical Z fluid
velocity and temperature; (C) calcite cementation and dissolu-
tion at 20 m.y.; and (D) calcite cementation and dissolution
along transects in the Serpukhovian and Visean (at 10 m.y.).
Note that to enhance visualization of diagenetic patterns, the
color bar scale does not reflect the full range of the data, which
is discussed in the text.
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extends from the margin to the distal platform inte-

rior (Figure 8C).

Calcite cementation is predicted in the margin and

slope region, which is consistent with observations above

the carbonate compensation depths inmodern platforms.

However, predicted rates of cementation are relatively

low, up to 0.4% in 2 m.y. Therefore, extensive slope

cementation would require a long residence time in a

forced convective system.Other processes, for example,

tidal pumping, submixing zone circulation, and/ormicro-

bial mediation, provide an alternative explanation for the

often-large volumes of calcite cement observed in car-

bonate margin and upper-slope deposits (Moore, 2001).

We did not investigate dolomitization, which is

uncommonly present in Carboniferous rocks at Tengiz,

becauseBasin2 does not include reaction kinetics (Weber

et al., 2003;Collins et al., 2006).Other studies of forced

convection, with reactive transport models, predict

dolomitization to occur coincident with the 60–70jC
isotherm (Wilson et al., 2001). Extrapolation of this

result to Tengiz may explain the general absence of

dolomitization by geothermal convection because, at

the time of platform demise, we predict temperatures

in the Carboniferous section to be cooler than 60jC
(Figure 8A).

Free Geothermal Convection after Burial

The occurrence of free convection after the burial of

the Tengiz platform is difficult to predict based on con-

flicting conclusions of free convection occurrence in na-

ture (Wood and Hewett, 1982; Hanor, 1987; Bjorlykke

et al., 1988). Variations of the Rayleigh criteria, a di-

mensionless number calculated to determine the onset

of free convection, were used in most of the previ-

ous studies (Lapwood, 1948; Nield, 1968; Wood and

Hewett, 1982). Groundwater-flow simulations pro-

vide a more informative prediction of free convection

because they are subject to less limiting assumptions,

particularly how the permeability heterogeneity and

geometry of the porousmedia are accounted for (Sharp

et al., 2001; Simmons et al., 2001). Furthermore, free

convection (non-Rayleigh) will be induced in sloping

layers where the isotherms are not horizontal, a con-

dition that is satisfied in ramps and rimmed shelf-

carbonate platform margins (Bories and Combarnous,

1973; Mullis, 1995; Heydari, 2000).

This study demonstrated that geothermally driven

free convection in the Tengiz platform is feasible after

burial (Figure 10). Free convective flow is hydrauli-

cally closed, but the redistribution of carbonate mass

can generate zones of enhanced reservoir quality, the so-

called ‘‘sweet spots,’’ which represent preferential dril-

ling targets. The general patterns of flow and diagenesis

are similar to forced convection prior to burial; how-

ever, the flow velocity and corresponding diagenetic

rates are lower, but, in 20 m.y., can still account for up

to 7.3% of calcite dissolution in the Serpukhovian plat-

form interior. The impact of diagenetic porosity modi-

fication by free convection in the burial realm will be

dependent on the timing of hydrocarbon charge and

the nature and rate of overburden loading.

Results presented demonstrated that the develop-

ment of shale-filled salt-withdrawal basins in the over-

burden significantly modifies free convection in the

Tengiz reservoir. Elevated geothermal gradients be-

neath a withdrawal basin focus the ascending limbs of

free convective cells and, thus, porosity development by

dissolution. Clearly, the timing, size, fill type, and the

abundance of salt-withdrawal basins will impart a com-

plex, evolving, free convective flow system and associ-

ated diagenetic porosity modification in underlying plat-

form carbonates. To a much lesser extent, anhydrite

rafts in the Tengiz salt overburden can also focus ascend-

ing geothermal groundwater flow (results not shown).

In addition to salt, our sensitivity analyses showed

that free convection in carbonate platforms with steep

flanks buried beneath shale is feasible. The pattern of

free convective flow is reversed relative to the salt case,

which resulted in cementation in the platform interior

and dissolution toward the margin.

Based on this study,wepropose that free convection-

driven diagenesis after burial could be more widespread

than has been previously recognized, provided that a

platform is sufficiently permeable. Furthermore, our

simulations demonstrate that a basement heat flux

anomaly is not required to induce geothermal convec-

tion, which is a common misconception.

Assumptions and Limitations

The critical evaluation of a reactive transport study re-

quires an understanding of how the conceptual model

is represented numerically, along with underlying as-

sumptions and limitations (Bredehoeft, 2003; Whi-

taker et al., 2004).

We simulated forced geothermal convection prior

to burial in isolation of other groundwater-flowmecha-

nisms. Previous studies have demonstrated that brine

reflux can restrict and even prevent forced convection

in carbonate platforms (Jones et al., 2004). Based on

the absence of evaporites in Tengiz and a dominantly
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high-energy, grainy platform interior, we assumed that

the potential for brine reflux would be relatively low.

During times of platform emergence and the develop-

ment of a freshwater lens that would have occurred

repeatedly during the growth of the Tengiz platform,

the general pattern of convection would be similar, but

discharge of geothermally driven flow would occur be-

neath themixing zone at the coast (Sanford et al., 1998).

Inourpostburial simulations,we ignoredcompaction-

driven flow from adjacent basinal sediments into the

Tengiz platform (Bethke, 1985;Kaufman, 1994).Veloci-

ties of compaction-driven flow are typically less than

geothermal convection, but this generalization is both

permeability and geometry dependent (Whitaker et al.,

2004). Indeed, the generally high production rates from

wells in the Serpukhovian fractured boundstones at

Tengiz have been attributed to the focusing of ag-

gressive fluids by compaction of adjacent basin sedi-

ments (Weber et al., 2003; Carpenter et al., 2006).

Future reactive transport studies will test the viability

of this conceptual model, which may have commonal-

ity with the proposed H2S-related porosity develop-

ment of the Capitan reef margin (Hill, 1995).

Uncertainty in the quantitative description of some

key parameters, particularly permeability, limits the

precision of reservoir quality predictions using reactive

transport models (Jones et al., 1998; Whitaker et al.,

2004). The hydrostratigraphy specified for Tengiz

was designed to approximate general trends in plat-

form rock properties; however, porosity and perme-

ability are considerably more heterogeneous because

of variations in sediment texture, diagenesis, and frac-

tures (Thawer et al., 2000; Weber et al., 2003). Incor-

porating different scales of permeability heterogeneity

can result in predictions of diagenetic geobodies with

a greater resemblance to those observed in nature (Jones

and Xiao, 2005). Thus, improved predictions of dia-

genetic patterns at Tengiz could be achieved by spec-

ifying a more detailed hydrostratigraphy that incorpo-

rates greater permeability heterogeneity. Another key

uncertainty is the specified porosity to permeability

feedback relationships for different mineral reactions in

the variety of carbonate sediment types modeled (Jones

and Xiao, 2005). Scaling up permeability to effective

values for the dimensions of simulation grids is a further

challenge, particularly when the rocks are fractured like

the Serpukhovian boundstones (Ewing, 1997).

In addition to rock properties, pore-fluid composi-

tion is also a significant control on the pattern and mag-

nitude of groundwater flow and associated mineral re-

actions (Heydari, 1997; Lee, 1997; Morse et al., 1997;

Jones andXiao, 2005).We assumed a starting fluid com-

position of seawater, but different pore fluids could

modify our diagenetic predictions. Brines that can be

generated early from reflux of platform waters or after

burial by evaporite dissolution and/or expulsion of ba-

sin fluids will modify the subsurface fluid density dis-

tribution and solubility characteristics of the fluid (Sar-

kar et al., 1995;Heydari, 1997;Morse et al., 1997; Sharp

et al., 2001).

Finally, we used a 2-D model with radial coordi-

nates instead of a three-dimensional (3-D) model for

our investigative simulations of geothermal convec-

tion. Reactive transport models with 3-D capabilities

would allow formore accurate specification of the plat-

form geometry and spatial characterization of the hy-

drostratigraphy, but are computationally significantly

more intensive. Salt-withdrawal basins,which our simu-

lations suggest exert a major impact on geothermal con-

vection, aremore accurately represented in 3-D because

their architecture is independent of the Tengiz plat-

form geometry approximated by radial coordinates.

Summary

Reactive transport simulations support the hypotheses

that geothermal convection can drive groundwater cir-

culation in the Tengiz platform, before and after burial,

and that the associated spatial distribution of calcite

diagenesis that modifies reservoir quality is a derivative

of this evolving flow system. Direct observations of

diagenesis from Tengiz and other carbonate platforms

will test some of the predictive concepts of diagenetic

reservoir-quality modification presented.

CONCLUSIONS

� Prior to burial, temperature contrasts between ocean

and platform groundwaters drive forced geothermal

convection. The hydrostratigraphy (permeability

distribution) was a critical control on the pattern and

magnitude of circulation, which, in our model, was

focused in the Carboniferous section.
� In 2 m.y., forced convection generated significant

calcite dissolution (locally up to 45%) in the distal

platform interior, minor calcite cementation (up to

0.4%) in the slope, and moderate calcite dissolution

and cementation (up to 1.6%) in the Serpukhovian

boundstones.
� The patterns and rates of diagenesis proved critically

sensitive to vertical permeability and demonstrated
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the importance of accurate initial permeability char-

acterization to predict diagenesis.
� After burial with 200 m (660 ft) of salt, temper-

ature contrasts drive platform-scale free convection.

The flow system is hydraulically closed, but convec-

tive flow can reorganize carbonate mass and modify

reservoir quality. Significant calcite dissolution (up

to 7.3% after 20 m.y.) was predicted in the Serpu-

khovian and Visean platform interior.
� Shale-filled salt-withdrawal basins in the overbur-

den significantly changed the modeled subsurface

temperature distribution and reversed the direction

of free convective flow. Ascending platform ground-

waters beneath the withdrawal basin created a zone

of calcite dissolution (up to 24.5% at 20m.y.) with a

mushroom geometry and minor calcite cementation

(up to 2.3% at 20m.y.) in the distal platform interior

and margin.
� As the depth of burial increases, permeability re-

duction caused by compaction dramatically retards

convective flow and associated rates of diagenesis.
� Free convection persisted if a shale overburden was

substituted for salt, although the general direction

of convective flow and diagenetic patterns were

reversed.

APPENDIX 1

Basin2
TM

is a numerical model designed to trace through geo-
logic time the evolution of groundwater-flow regimes in porous
media, developed at the University of Illinois by Craig M. Bethke
et al. The Basin2 user’s guide (Bethke et al., 1999) is available for free
download from the University of Illinois, Hydrogeology Program
Web site (www.geology.uiuc.edu/~bethke/index.htm). The Basin2
user’s guide provides a complete description of the numerical code,
model parameterization, example applications, and key references.

APPENDIX 2: EFFECTIVE PERMEABILITY
ANISOTROPY IN CARBONATE ROCKS

Permeability anisotropy (the ratio of horizontal to vertical per-
meability) is derived from factors such as the alignment of grains,
the interlayering of laminae of different permeability, and the ori-
entation of fractures. Therefore, permeability anisotropy tends to
vary with the scale of observation, becoming more pronounced as
system dimensions increase (Haldorsen, 1986). Many simulations
of groundwater flow, including this study, have demonstrated that
the specified permeability anisotropy exerts a strong influence on
the pattern and magnitude of fluid flow, heat, and solute transport
(Whitaker et al., 2004).

Measurement of core-scale permeability anisotropy in carbon-
ate rocks reveals that horizontal permeability can average 10 to
several hundred times the vertical permeability (McNamara and

Wardlaw, 1991; Thawer et al., 2000). However, the principal cause
of permeability anisotropy in sequences of carbonate rocks is caused
by the layering of different rock types, for example, interbedded
grainstones and mudstones or evaporites, which cannot be measured
at the core-plug scale. An exception is the presence of open frac-
tures, which enhance vertical permeability. Jones (2000) quantified
the effective permeability anisotropy of low-permeability mudstone
beds above and below a grainstone interval with a series of numerical
flow simulations.

Flow was simulated through the domain ABCD (Figure 18).
First, flow was simulated parallel to BC by specifying a pressure
gradient from AB to CD and treating BC and AD as no-flow
boundaries. Flow was subsequently simulated perpendicular to AB
by specifying a pressure gradient fromAD to BC and treatingAB and
CD as no-flow boundaries. The effective permeability anisotropy
of the domain can then be calculated fromDarcy’s law as the ratio of
outflow in directions BC and AB. The effect of mudstone continuity
on permeability anisotropy was investigated by systematically
modifying the hydrostratigraphy of the flow domain. The thick-
nesses of the mudstone layers were held constant and represented
10% of the total flow domain thickness; mudstone permeability
(10� 5 d) was specified as isotropic, and a connectivity index (m:l)
was defined as the ratio of the flow domain length to the mudstone
bed length (Figure 18). The grainstone horizontal permeability (1 d)
was held constant, whereas the grainstone permeability anisotropy

Figure 18. (A) Flow domain and hydrostratigraphy used to
calculate effective permeability anisotropy; (B) effect of mud-
stone connectivity (m:l) and grainstone permeability anisotropy
(kh/k v) on flow-derived effective permeability anisotropy (see
text for discussion) (Jones, 2000).
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(kh/k v) was systematically varied (by keeping the horizontal per-
meability constant and reducing the vertical permeability) to encom-
pass the range of values measured in grainstones and packstones at
the core scale (1, 10, 100, 1000).

Calculated values of effective permeability anisotropy are de-
pendent on both the mudstone connectivity and the specified grain-
stone permeability anisotropy (Figure 18). When the mudstone and
grainstones are specified as isotropic, a reduction in the mudstone
connectivity (m:l) from 1 to 0.95 changed the effective permeability
anisotropy by three orders of magnitude (Figure 18). Increasing the
permeability anisotropy of the grainstone reduces the overall effect
of mudstone connectivity on the effective permeability anisotropy
(Figure 18). However, when the mudstone connectivity is high
(>0.9), the effective permeability anisotropy still increased by orders
of magnitude (Figure 18). Based on these results, we estimate the
most likely range of effective permeability anisotropy in sequences
of carbonate rocks, at the scale of model grid cells used in this study,
at 100–1000. The fractured Serpukhovian boundstones with ver-
tically oriented enhanced permeability are an exception and are spec-
ified to have permeability anisotropy of 0.5 based on rock properties
used in reservoir simulations.
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