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ABSTRACT

Silicate reaction kinetics provide a complementary means to other
established paleothermal indicators such as organic maturation
for evaluating thermal reconstructions. In this study we combine
the use of an organic maturation model with kinetic models for
quartz and illite cementation to evaluate burial history scenarios
for five subsalt wells in lithologically and structurally complex
Rotliegendes reservoirs. Models for organic maturation are most
sensitive to maximum temperature and provide no direct evi-
dence for the time of peak temperature or the overall duration of
high temperatures. By contrast, the kinetics of quartz cementation
are much more strongly influenced by the duration of exposure
to high temperatures compared with organic indicators. Kinetic
models for fibrous illite formation similarly are sensitive to time
and temperature and provide predictions for the time of illite
formation that can be compared with radiometric dates. Used
collectively, these organic and inorganic paleothermal indicators
provide improved constraints on thermal evolution compared
with conventional approaches. In this study we use these in-
dicators to evaluate two alternative burial history scenarios.
Scenario 1 incorporates a hypothesized Jurassic heat flow peak
together with significant Late Jurassic deposition and subsequent
erosion. Scenario 2 omits the Jurassic heat flow peak and omits
the deposition and erosion of the Upper Jurassic. Although both
of these scenarios are consistent with organic maturation data,

scenario 2 leads to a far better match with quartz cement volumes
and fibrous illite K-Ar dates.
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INTRODUCTION

Diagenetic studies are used to establish reservoir quality from core
material (Schoner and Gaupp, 2005; Gier et al., 2008). Although
such studies are essential for understanding the controls on dia-
genesis and reservoir quality, they are not in a strict sense pre-
dictive. Consequently, forward modeling of diagenetic processes,
in concert with rock characterization, has become a focus in
hydrocarbon exploration and production as a means to make
quantitative reservoir quality predictions for undrilled loca-
tions (e.g., Lander and Walderhaug, 1999; Walderhaug, 2000;
Walderhaug et al., 2000; Taylor et al., 2004, 2010, 2015;
Makowitz et al., 2006; Lander et al., 2008; Ajdukiewicz and
Lander, 2010). Such reservoir quality prediction modeling relies
on the available knowledge of physical and chemical properties of
rocks, kinetics of mineral growth, and reconstructed burial histories.

The burial history reconstruction is commonly based on
lithologic and stratigraphic information including rock properties,
thickness, distribution, and erosion maps as well as on the maturity
of organic material (i.e., vitrinite reflectance) and has successfully
been applied to many fields (e.g., Littke et al., 2008; Uffmann and
Littke, 2011). However, as shown experimentally by Le Bayon
et al. (2012), when exposed to high temperatures and pressures,
vitrinite reflectance values plateau within minutes to hours,
whereas increasingly higher pressures retard organic maturation.
Once this plateau is reached, vitrinite reflectance shows little
change with increased time at constant temperature and pressure
(Le Bayon et al., 2012). Quartz cement growth, however, is
shown to follow kinetic relations that are much more sensitive
to the duration of exposure to high temperatures (Walderhaug,
1994, 1996, 2000; Lander et al., 2008). Although a recent study
suggests reduced quartz precipitation rates in overpressured
sandstones (Meng et al., 2013), it omits critical data needed to
evaluate this hypothesis such as sandstone modal compositions,
grain size distributions, grain coatings, and fluid overpressure
and temperature histories. Other studies show no discernable
difference in quartz growth rates derived from hydrostatic and
highly overpressured areas within a given stratigraphic unit
(Walderhaug, 1994, 1996, 2000; Oelkers et al., 1996; Taylor
et al., 2004; Lander et al., 2008). Additionally, quartz cementation
models show a remarkable ability to reproduce observed cement
abundances in highly overpressured sandstones using kinetic pa-
rameters that are similar to those obtained from other hydrostatic
reservoirs (Taylor et al., 2010, 2015).

If exposed to a constant temperature over a long period of
time, the volume of quartz cement increases nearly linearly with
time for sandstones that have significant remaining porosity
(Makowitz et al., 2006). In contrast, vitrinite reflectance at con-
stant temperature shows little time dependence after an initial
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rapid period of change for temperature T (tem-
perature at the end of heat up) greater than 270°C
(518°F) (Le Bayon et al., 2012). Thus, short high-
temperature pulses such as those associated with
transient fluid flow events (e.g., Sindern et al., 2007)
generally may be expected to have a larger influence
on vitrinite reflectance (provided the temperature is
the maximum historical value) compared with quartz
cement volume.

The rate of quartz overgrowth cementation is pri-
marily controlled by the area available for overgrowth
nucleation, temperature, and the precipitation kinetics
(Walderhaug, 1994, 1996, 2000; Oelkers et al., 1996).
The nucleation surface area for quartz overgrowths is
a function of the quartz grain abundance and size dis-
tribution and generally diminishes in response to the
occurrence of grain coatings (Heald and Larese,
1974; Lander and Walderhaug, 1999; Walderhaug,
2000; Ajdukiewicz and Larese, 2012; French et al.,
2012). Nucleation surface area also decreases as
contact areas between grains increase in association
with compaction and as quartz and other cement
types fill intergranular pores (Lander et al., 2008).

Two empirical approaches have been used for
deriving parameters describing the precipitation ki-
netics: (1) laboratory experiments (e.g., Rimstidt and
Barnes, 1980) and (2) analysis of geological con-
straints (e.g., Walderhaug, 1994, 1996, 2000; Lander
and Walderhaug, 1999; Walderhaug et al., 2000;
Lander et al., 2008). Of these approaches the latter
has proven to be a far more accurate basis for predrill
prediction of quartz cement abundances (Ajdukiewicz
and Lander, 2010). An additional factor of significance
for the kinetics of quartz growth is the reduction in
growth rate that occurs with the progressive devel-
opment of euhedral crystal faces (Lander et al., 2008).
This euhedral effect results in reductions of the surface
area normalized rate with diminishing crystal domain
size. Thus, the growth rate tends to slow as grain size
becomes finer for monocrystalline grains and to be
lower for polycrystalline grains compared with mono-
crystalline grains of comparable size (Waugh, 1970;
Lander et al., 2008).

Although previous studies have considered the
application of quartz cement abundance as a thermal
indicator (Awwiller and Summa, 1997; Lander et al.,
1997a, b; Perez et al., 1999; Matthews et al., 2002), in
this study we employ an additional inorganic thermal
indicator associated with the reaction of kaolinite and

a potassium source (assumed to be K-feldspar grains in
this study) to form fibrous illite in sandstones (Lander
and Bonnell, 2010). The fibrous illitization kinetic
model, like the quartz cementation kinetic model, is
sensitive to both time and temperature. A difference
between these models, however, is that whereas quartz
cementation appears to be a continuous process so long
as nucleation area is available, the illitization reaction
stops once the kaolinite or potassium source is con-
sumed (kaolinite is fully consumed in this study).
Additionally, this model has the unique ability to
provide predictions for the timing of illite formation
that may be compared with K-Ar radiometric dates.

In this study we use diagenetic models to evaluate
burial and thermal exposure models of a Rotliegendes
reservoir. The burial and thermal models are used to
define the pressure and temperature conditions con-
trolling the diagenetic development. By using a well-
calibrated diagenetic model based on mineral kinetics
and physical and chemical properties of the rocks we
test if a given thermal and burial model can reproduce
the measured values in quartz cement volumes and
illite ages. Additionally, we model the intergranular
volume (IGV), porosity, and permeability evolution
over time and compare these with core data. These
models may improve burial reconstructions that affect
organic matter maturation and migration scenarios as
well as provide insights into reservoir quality controls,
improving play analysis.

GEOLOGICAL SETTING

Samples are taken from five wells penetrating Rot-
liegendes strata (Bahnsen Sandstone Member,
Figure 1) in the North German Basin north of
Hannover (Figure 2). Sediments were deposited in
fluvioeolian settings within a Permian graben struc-
ture and display a wide range of porosities, perme-
abilities, and cement types. The sampled depositional
environments include dunes (N = 11), dry interdunes
or sand flats (N = 34), damp interdunes or sand flats
(N = 4), and one lacustrine sample (N = 1). The
Rotliegende is overlain by Zechstein salt layers, and
one of the five wells penetrates the Rotliegende strata
underneath a salt pillow. All five wells are within
a radius of 5 km (3.1 mi) from well C (Figure 2). The
reservoirs are currently at depths ranging from 4264

to 4570 m (13,990 to 14,993 ft) true vertical depth.



Authigenic illite samples from Rotliegendes strata of
the North German Basin dated using the K-Ar method
yield ages of 190-155 Ma (Zwingmann et al., 1998)
and approximately 190 Ma (Platt, 1993). Samples
originate from core material of wells in a nearby graben
setting with present burial depths of Permian and
Carboniferous rocks between 4580 and 5280 m
(15,026 and 17,323 ft) (Zwingmann et al., 1998, 1999).
Detailed information on the unit where samples orig-
inate from is not available (Zwingmann et al.,
1999). Burial reconstructions for the referenced area
are very similar to the studied area (cf. figure 9 in
Zwingmann et al., 1999).

BURIAL MODELS

A one-dimensional (1-D) paleothermal history (sce-
nario 1) taken from the work of Peisker (2013) was
constrained by only vitrinite reflectance data and
present-day temperatures (Figure 3A, B). Vitrinite
reflectance calibration was performed by applying
EASY%R, (Burnham and Sweeney, 1989) kinetic
models. This model matches the continuous changes
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Figure 1. Stratigraphic subdivision of the Rotliegende in north
Germany (after Schoner, 2006; stratigraphic ages from Menning,
1995). The Bahnsen Sandstone Member, which is the focus of this
study, is part of the Hannover Formation. Deth. = Dethlingen.

in chemical composition of vitrinite, as a response to
increasing temperatures during burial, with the optical
reflectance of this maceral (Burnham and Sweeney,
1989). This scenario matches vitrinite reflectance data
by including a large temperature spike during the Ju-
rassic, reaching maximum temperatures of approxi-
mately 220°C (428°F) in the Rotliegende strata of
well A and 196°C (345°F) in well B, as well as a sec-
ond period of high temperatures during the Paleogene
(Figure 3B). In scenario 1, temperatures for well C are
lower compared with the other study wells because of
the expected thermal effect of the overlying salt pillow.

Scenario 1 considers heat flow pulses associated
with four extensional phases during the (1) Lower
Triassic, (2) Upper Triassic, (3) Middle Jurassic, and
(4) Upper Jurassic based on general reconstructions
for the Southern Permian Basin (Figure 4, heat flow
scenario 1) (Pharaoh et al., 2010). The heat flow
values for this reconstruction are based on general
values from Allen and Allen (2005). The values used
for the beginning of the Permian are associated with
basin formation and early Permian volcanism (Peisker,
2013). The heat flow increase during the Jurassic
(~190 Ma) is associated with deposition following
North Sea rifting and is interpreted to be additionally
controlled by North Sea doming (cf. Pharaoh et al.,
2010). Between rifting events the heat flow decreases
to approximately 60 mW/m? to attain typical conti-
nental heat flow values (Peisker, 2013). The decline in
heat flow from the Eocene onward is assumed to match
present-day temperatures and heat flow of approx-
imately 55 mW/m? (Peisker, 2013).

Based on assumptions regarding vitrinite re-
flectance development, 700 m (2296 ft) of Late Ju-
rassic deposition and erosion were presumed to have
occurred in the study area on the Pompeckj Block to
account for the measured vitrinite reflectance data
(Peisker, 2013). The thickness of eroded sediments is
based on correlations of deposition within the adja-
cent Lower Saxony Basin (Peisker, 2013), which was
not affected by Late Jurassic uplift. A similar thickness
of approximately 650 m (2133 ft) of Lower and
Middle Jurassic strata was inserted and eroded in
models for a nearby region (cf. Schwarzer and Littke,
2007). Sediment deposition resumed in the study area
during a marine transgression in the Albian. A period
of erosion during the Upper Cretaceous and early
Paleogene inversion is represented by the incomplete
development of Upper Cretaceous strata.
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Figure 2. Locations of the five studied wells, including the
locations of salt pillows and faults. The dashed lines indicate
inferred normal faults.

A second set of 1-D burial history thermal models
(scenario 2) was prepared for this study (Figures 3, 4).
These lower-temperature models feature a heat
flow scenario derived from 1-D, two-dimensional,
and three-dimensional burial models published in
Schwarzer and Littke (2007) and Uffmann and Littke
(2011).

The reconstruction is characterized by a decrease
in heat flow following Permian rifting and volcanism
to attain a typical continental heat flow of approxi-
mately 60 mW/m?, which is further reduced to
55 mW/m?, to match present-day values and
temperatures on the Pompeckj Block (Figure 4)
(Schwarzer and Littke, 2007; Uffmann and Littke,
2011; Bruns et al., 2013). The heat flow reconstruc-
tions in the region following Permian rifting feature
a decrease to a typical continental heat flow in the Mid-
Jurassic, assuming gradual cooling from theoretical
stretching models (McKenzie, 1978; Schwarzer
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and Littke, 2007). The effect of North Sea doming
and rifting on the heat flow was neglected because of
the distance from the studied area and absence in other
models of the region (Schwarzer and Littke, 2007;
Uffmann and Littke, 2011). The temperature increase
is thus not as large as that modeled in scenario 1. The
maximum temperature reached in scenario 2 is 172°C
(342°F) and was attained during the phase of deepest
burial during the Paleogene. By contrast, in scenario 1
the maximum temperature occurred during the Ju-
rassic. The vitrinite reflectance data and present-day
temperature results from scenario 2 provide a match to
measured values comparable to that of scenario 1
(Figure 3A, B). The higher temperatures in scenario 1
resulting from the heat flow peak during the Jurassic
are not necessary to match the maturity of organic
matter (Figure 3A). Scenario 2 does not include the
deposition and subsequent erosion of a large sedi-
mentary section during the Upper Jurassic as assumed
in scenario 1. Instead, scenario 2 assumes an extended
depositional hiatus until the Albian transgression
where Lower and Middle Jurassic strata are still
present. A localized erosive event during the Upper
Jurassic as presented in Schwarzer and Littke (2007)
was added to match the presence or absence of
Lower and Middle Jurassic strata in each well (cf.
Baldschuhn et al., 2001; Bombien et al., 2012).

METHODS

Modal compositions were established from point
counting (300 counts) petrographic thin sections and
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are used to constrain the amount of reactants and
products of diagenetic reactions and the compaction
history. The proportion of grain coat coverage of
quartz grains was measured for 50 grains per sample.
In total, 50 thin sections and associated plug samples
were used as a basis for this study. Grain size mea-
surements were performed on the long axis of at
least 100 grains per sample on a grid adjusted to the
maximum observed grain size to gain area-weighted
results. Trask sorting was calculated from these
measurements.

The modeling suite Touchstone™ developed by
Geocosm LLC, encompasses algorithms to model the
kinetics of quartz cement and fibrous illite growth
(Lander et al., 2008; Lander and Bonnell, 2010) as
well as compaction and the occurrence of various
other cement types. Analog data from core material
are used for this diagenetic forward modeling ap-
proach for reservoir quality modeling and prediction
in sandstones. The kinetic parameters for each re-
action are based on geologic constraints instead of
experimental data. In the case of quartz cementation
the primary kinetic parameter of interest is an acti-
vation energy (E,4) for crystal growth including
changes in crystal growth rate depending on grain size
and crystal domain size (Lander et al., 2008). The
adjustable kinetic parameter for the fibrous illite
model is an activation energy for the reaction of
kaolinite and a potassium source (K-feldspar in this
study) to form illite (Lander and Bonnell, 2010).

Additional model parameters constrain physical
properties of detrital and authigenic phases related to
their compaction behavior, as well as porosity and

permeability. Compaction and the intergranular vol-
ume are modeled by using a proprietary algorithm
(Makowitz et al., 2006; Lander et al., 2008) that
builds on the concepts of Lander and Walderhaug
(1999). The timing of the formation of authigenic
phases in the paragenetic sequence can be constrained
by thermal, temporal, or burial parameters and affects
the compaction behavior and the development of the
IGV over time. The IGV is typically measured by
point counting from petrographic thin sections and is
the sum of intergranular porosity, cements, and de-
positional matrix (Houseknecht, 1987; Paxton et al.,
2002). The IGV simulation results reflect volumes
and rigidities of authigenic and detrital mineral
phases and effective stress through time (Lander and
Walderhaug, 1999).

Additionally, the kinetic model of the alteration
of kaolinite and feldspars to illite (Lander and Bonnell,
2010) has been used for simulations with Touch-
stone. Measured K-Ar ages of authigenic illite are
used to evaluate the modeled time of formation as
given by the diagenetic model (Zwingmann et al.,
1999). The global error for K-Ar determinations was
evaluated to be less than 2% (Zwingmann et al.,
1999). Data of four size fractions (<0.2, 0.2-0.6,
0.6-1, and 1-2 um) were analyzed and yielded ages
from approximately 190 to 155 Ma (Zwingmann
etal., 1998, 1999). Only samples from eolian deposits
were chosen to avoid a contamination with detrital
muscovite (Zwingmann et al., 1999). A deviation of
the modeled illite ages from measured data would
require an improved thermal reconstruction of the
subsidence model or an adjustment of diagenetic



model parameters. The measured illite ages have
not been used as an internal calibration within
Touchstone.

Parameter optimization simulations have been
carried out with respect to the activation energies
described above as well as for compaction charac-
teristics for the rock’s solid components. This pro-
cess is performed by iteratively changing parameters
using a genetic algorithm and using a fitness function
of the mean square difference between measured
and simulated quartz cement volumes, illite cement
volumes, and the IGV (Lander et al., 2008). The op-
timization simulation produces a parameter suite that
yields an optimal match with measured values.

We used the quality of the optimization results
as a means to evaluate the geological veracity of the
two heat flow scenarios (Figures 3, 4). The heat flow
scenarios were used to create two sets of 1-D burial
models for each of the five wells. The paleosurface
temperatures in both scenarios are based on re-
constructions by Wygrala (1989) and are calculated
by PetroMod™ depending on the present-day lati-
tude. The lithotypes as defined by Peisker (2013)
were not modified. The paleobathymetry is derived
from facies maps from Ziegler (1990) and estimated
from well logs (Peisker, 2013). The performance of
both burial models with the same kinetic parameters
for vitrinite maturation (EASY%R,; Burnham and
Sweeney, 1989) is comparable (Figure 3), although
the thermal exposure in scenario 1 is much higher
(Figure 4). The thermal exposure encompasses the
time exposed to temperatures above which significant
quartz cementation occurs.

RESULTS
Petrography

The sandstone samples (n = 50) contain between
48% and 69% detrital quartz grains including poly-
crystalline quartz grains, approximately 3%-15%
feldspar grains (including plagioclase), and up to
approximately 8% rock fragments (Figure 5, Table 1).
Authigenic phases varying in content in different
samples comprise approximately 2%-23% quartz
cement, up to approximately 3% K-feldspar cement,
up to 14% illite, up to 9% chlorite, up to 16% calcite
cement (Figure 5B, D), and up to 20% sulfate cements

Figure 5. Photomicrographs of some representative Rotlie-
gendes samples of dry sand flat deposits from the studied wells
illustrate the different reservoir cementation types. Subsalt sample
containing quartz and feldspar grains in (A) plane-polarized light
(ppl) and (B) cross-polarized light (xpl). Significant intergranu-
lar porosity is retained by the presence of thin, faint greenish
chlorite-smectite coatings, with white birefringence (well C). The
coating phase, however, does not inhibit the growth of carbonate
cement phases (arrow, top left). (C) A ppl image and (D) an xpl
image. Large volumes of quartz cement occur in samples with
poorly developed hematite or illite coatings (well E). (E) Pervasive
quartz cementation also occurs in the absence of grain coating
phases (ppl image, well B). (F) Authigenic cement phases such as
anhydrite and carbonates occlude parts of the pore space in
samples from every well (xpl image, well C).

including anhydrite (Figure 5F), gypsum, and bar-
ite (Table 1). Grain coating materials only present
a small volumetric fraction of the samples (mean of
0.3%) and the main coating phases are chlorite and
smectite-chlorite mixtures. The surface area of
grains coated by either clay or hematite ranges from
5% to 97%. Samples with high grain coat coverages
show substantially lower quartz cement abundances
(Figure 5A, B), compared with samples with poorly
developed coatings (Figure SC-E). No apparent cor-
relation exists between depositional environments and
detrital composition, authigenic minerals, or grain
coating coverage. The IGV of the sample set ranges
from 16% to 39%. Higher values are associated with



Table 1. Data for 50 Samples Including the Depositional Environments, Modal Volumes, Intergranular Volumes, Coat Coverages, Grain
Sizes and Sorting, and Petrophysical Data Measured on Associated Plug Samples

Sample Depositional K- Rock Iron Quartz Feldspar Carbonate
ID Well Environment Quartz Feldspar Plagioclase Fragments Accessories Oxides Matrix ~ Cement Cement Cement
Al A Dry sand flat 55.3 113 0.7 3.0 0.0 0.0 3.0 11.0 13 6.0
A2 A Dune 61.7 9.7 03 1.7 0.0 0.3 50 3.7 0.0 13
A3 A Damp sand flat 53.0 10.3 0.7 33 0.0 0.0 2.7 19.3 1.7 1.0
A4 A Dry sand flat 56.3 113 0.3 1.7 0.0 0.0 17 9.0 27 2.0
A5 A Dry sand flat 60.7 73 13 1.0 0.3 0.3 1.7 6.7 1.0 9.7
A6 A Dry sand flat 60.7 8.7 0.3 47 0.3 0.0 1.7 5.0 1.0 3.7
A7 A Dry sand flat 63.0 12.0 0.3 2.0 0.0 0.0 13 4.0 1.0 47
A8 A Dry sand flat 613 6.3 0.7 2.7 0.3 0.0 1.0 9.3 1.0 9.3
A9 A Dry sand flat 69.3 8.7 1.0 0.7 0.0 0.0 0.7 1.7 0.7 1.0
B1 B Dune 51.0 17 2.0 5.7 03 1.3 23 12.7 0.7 7.0
B2 B Dry sand flat 64.0 40 0.3 1.7 0.0 0.3 20 10.7 13 1.7
B3 B Dune 553 5.0 1.0 1.3 0.0 1.3 13 133 1.0 103
B4 B Dune 56.0 4.0 23 1.0 0.0 1.0 17 13.7 1.0 10.3
B5 B Dry sand flat 57.3 6.7 23 33 0.0 1.0 13 1.7 0.7 17
B6 B Dry sand flat 53.7 7.0 1.0 5.7 0.7 0.3 17 13.0 0.7 1.7
B7 B Dry sand flat 63.3 5.0 13 2.7 0.0 0.3 0.7 17 2.7 0.3
B8 B Dry sand flat 67.7 40 2.0 3.7 0.3 0.0 03 120 13 0.7
B9 B Damp sand flat 60.0 3.3 1.0 2.7 1.0 0.7 5.7 5.0 0.3 1.0
B10 B Dry sand flat 61.7 57 0.7 5.7 0.0 0.7 1.7 123 23 47
(@ C Dune 65.3 6.7 13 5.7 0.7 0.0 13 4.0 0.3 3.0
(&) C Dry sand flat 67.3 57 1.0 3.7 0.0 0.0 1.0 8.7 0.0 17
(o] C Dry sand flat 64.0 6.7 13 2.0 0.0 0.0 0.0 11.0 0.0 5.0
c4 C Dune 56.3 6.7 2.0 1.7 0.0 0.3 0.3 6.3 1.7 4.0
c5 C Dune 62.3 9.0 0.7 2.0 0.3 0.0 1.0 5.0 13 23
Cé C Dune 54.7 8.0 2.0 4.0 0.0 0.0 03 83 1.0 1.7
7 C  Dry sand flat 583 10.7 13 47 0.0 0.0 0.7 57 0.7 23
(«] C  Damp sand flat 59.0 6.3 03 3.7 03 0.0 0.0 4.0 0.7 1.7
D1 D Dune 60.0 10.3 0.0 23 13 0.3 03 113 13 4.0
D2 D Dune 49.0 10.0 13 40 0.7 0.3 0.3 12.7 0.3 8.0
D3 D Dune 58.0 10.3 0.7 1.7 03 0.0 03 9.7 1.7 2.7
D4 D Dry sand flat 61.7 8.3 0.7 1.0 0.0 0.3 0.0 17.7 1.0 6.0
D5 D Dry sand flat 58.0 8.7 0.3 33 0.3 0.3 03 73 0.7 16.3
D6 D Damp sand flat 59.0 11.0 13 1.0 0.7 2.7 0.7 16.3 0.7 13
D7 D Dry sand flat 56.7 10.0 0.0 5.0 0.0 3.7 0.0 18.3 03 1.7
D8 D Dry sand flat 57.7 14.0 1.0 2.0 0.0 1.0 03 17 0.3 1.7
D9 D Dry sand flat 50.7 9.0 0.3 1.7 03 0.7 03 113 2.0 9.0
D10 D Dry sand flat 55.7 7.0 0.7 1.7 0.0 0.3 0.7 6.7 0.0 6.3
E1 E Lake margin 48.0 7.7 13 2.0 0.3 0.3 20 8.0 03 12.0
E2 E Dry sand flat 63.0 73 13 3.7 0.0 0.0 0.0 9.0 20 3.7
E3 E Dry sand flat 64.3 6.0 1.0 13 0.0 0.0 1.0 12.0 23 8.3
E4 E Dry sand flat 63.7 9.3 1.7 3.0 0.0 0.0 1.0 5.7 13 1.0
E5 E Dry sand flat 62.0 8.3 2.0 2.0 0.7 0.0 03 53 1.0 6.7
E6 E Dry sand flat 57.3 7.0 1.0 1.0 03 0.0 1.0 227 1.7 43
E7 E Dry sand flat 55.7 6.0 1.7 1.0 0.3 0.3 0.7 9.3 2.0 10.0
E8 E Dry sand flat 54.7 43 0.7 1.7 0.0 0.0 0.0 8.0 2.0 133
E9 E Dry sand flat 59.7 6.7 1.0 13 03 0.0 1.0 3.7 1.0 13.7
E10 E Dry sand flat 573 11.0 1.0 1.7 0.0 0.0 0.7 3.7 1.0 13
E11 E Dry sand flat 58.0 7.0 0.7 3.7 0.0 0.0 0.7 10.0 0.7 33
E12 E Dry sand flat 61.0 1.7 0.7 0.0 03 0.0 0.0 57 0.7 147
E13 E Dry sand flat 53.7 6.0 0.3 23 0.0 0.0 0.7 113 0.3 9.7

Abbreviation: ms = moderately sorted.



Table 1. Continued

Mean

Coat Grain Plug Plug

Sulfate lllite Illite Chlorite  Chlorite  Intergranular ~Secondary Intergranular Coverage  Size Porosity  Permeability
Cement Cement Replacement Cement Replacement  Porosity Porosity ~ Volume (%) (%) (mm) Sorting (%) (md)
0.0 0.0 20 0.0 0.0 53 1.0 23.7 705 0.212 ms 8.2 8.70
12.0 0.0 23 1.7 03 0.0 0.0 18.7 80.5 0.186 ms 2.0 0.07
0.3 0.0 2.7 0.3 0.0 2.7 2.0 253 799 0.186 ms 6.7 1.06
0.3 0.0 1.0 2.7 0.0 9.7 1.3 263 88.8 0.167 ms 12.8 43.50
1.7 0.7 2.0 3.7 0.0 1.7 0.3 25.0 86.2 0.181 ms 5.9 0.17
0.0 0.0 1.7 47 0.0 7.0 0.7 213 92.7 0.240 ms 11.8 43.50
1.0 0.0 2.7 4.0 0.0 3.7 0.3 183 87.2 0.164 ms 8.7 420
1.0 0.0 2.0 2.7 0.3 1.3 0.7 247 68.1 0.166 ms 5.2 0.10
0.3 0.0 1.7 6.0 0.0 7.0 13 16.7 97.2 0.248 ms 20.6 na.
17 0.0 1.0 0.0 0.0 0.7 0.0 28.7 485 0.221 ms 2.1 0.06
3.0 0.0 1.0 0.0 0.0 0.0 0.0 26.7 35.1 0.197 ms 1.7 0.03
9.7 0.0 0.3 0.0 0.0 0.0 0.0 343 20.2 0.147 ms 23 0.04
8.0 0.0 0.3 0.0 0.0 0.3 0.3 333 13.8 0.155 ms 23 0.05
23 0.0 0.7 0.0 0.3 43 0.3 26.7 9.3 0.164 ms 8.6 0.66
4.0 0.0 1.0 0.0 0.0 9.0 0.0 283 13.7 0.200 ms 10.8 11.70
53 0.0 1.0 0.0 0.0 9.3 0.3 253 11.8 0.175 ms 11.1 26.50
1.7 0.0 13 0.0 0.0 4.0 0.0 19.7 10.6 0.167 ms 103 11.10
14.7 3.7 1.0 0.0 0.0 0.0 0.0 246 229 0.143 ms 20 0.02
23 03 0.3 0.0 0.0 1.7 0.0 23.7 18.6 0.184 ms 5.2 0.09
03 1.0 23 6.3 0.0 0.7 1.0 15.7 924 0.183 ms 45 0.04
23 03 1.0 03 03 0.3 0.3 19.7 83.4 0.180 ms 35 0.04
1.0 23 13 33 0.0 1.7 0.0 243 85.4 0.177 ms 42 0.03
43 0.0 1.0 43 03 4.0 03 24.7 97.3 0.248 ms 5.8 0.09
5.7 0.3 2.0 23 0.3 5.0 03 220 89.4 0.172 ms 8.9 1.46
123 0.3 0.7 23 1.0 2.7 0.7 28.7 79.1 0.187 ms 5.9 0.25
53 0.0 0.7 47 0.0 0.7 03 193 894 0.188 ms 8.2 2.63
0.0 13.0 1.0 17 1.0 0.0 1.7 27.0 87.8 0.174 ms 0.9 0.01
5.7 03 0.3 0.0 0.0 23 0.0 25.0 324 0.216 ms 47 0.34
7.0 0.0 13 0.0 03 4.0 0.7 320 412 0218 ms 6.4 237
6.7 0.0 1.0 0.0 0.3 43 23 25.0 429 0.229 ms 8.0 13.40
1.0 0.0 13 0.0 0.0 0.3 0.7 26.0 8.8 0.226 ms 43 0.23
2.7 0.0 0.7 0.0 0.7 0.0 03 27.0 54 0313 ms 3.8 0.07
2.0 0.0 0.7 0.0 0.0 2.0 0.7 223 68.8 0.199 ms 6.5 0.29
0.7 0.0 0.7 0.0 0.7 0.3 1.7 213 28.6 0.290 ms 6.1 0.15
2.7 0.0 1.0 0.0 03 0.0 03 223 133 0.285 ms 3.0 0.06
14.7 0.0 0.0 0.0 0.0 0.0 0.0 37.0 19.9 0.203 ms 1.9 na.
20.0 0.0 0.7 0.0 03 0.0 0.0 33.0 153 0.216 ms 1.1 0.03
17.0 0.0 1.0 0.0 0.0 0.0 0.0 373 65.1 0.177 ms 09 35.00
1.7 0.0 0.0 0.0 0.0 7.0 1.3 233 30.2 0.200 ms 9.3 5.10
1.3 0.0 0.7 0.0 0.3 0.7 0.3 24.7 66.2 0.186 ms na. na.
13 0.0 0.3 0.0 03 93 20 18.7 813 0.168 ms 11.7 2230
1.0 0.3 0.0 0.0 0.3 8.3 1.7 22.7 849 0.155 ms 13.9 41.80
0.0 0.0 0.7 0.0 0.0 23 0.7 31.0 70.5 0.162 ms 5.8 0.13
3.7 0.7 1.0 0.0 0.0 73 03 33.0 90.3 0.160 ms 6.9 0.53
153 0.0 0.0 0.0 0.0 0.0 0.0 38.7 83 0.178 ms 1.8 0.05
2.0 3.0 2.7 0.0 0.0 4.0 0.0 273 412 0.187 ms 53 0.26
4.7 0.0 1.7 0.0 03 12.7 1.0 233 913 0.178 ms 159 122.00
2.0 1.0 1.0 1.3 0.0 8.7 1.3 27.0 875 0.179 ms 10.6 15.00
3.0 03 0.7 0.0 0.3 0.0 1.0 243 48.6 0.164 ms 42 0.05

11.0 1.0 13 0.0 0.0 1.3 1.0 34.7 34.6 0.168 ms 28 0.08




early carbonate and sulfate cements. The petro-
physically derived porosity ranges from 0.9% to
20.6%, and permeability ranges from 0.01 to 122 md.
The petrophysical measurements of associated plug
samples are given in Table 1.

Quartz Kinetics Calibration

The Touchstone model-generated volumes of quartz
cement derived using thermal histories from the two
thermal models are compared with the volume of
quartz cement present in the samples as determined
by petrographic point count analyses. The results are
then used as a test of the veracity of the two fun-
damentally different thermal models. The quartz
cementation kinetic parameters include an activation
energy (E4) for crystal growth along the ¢ axis on
noneuhedral surfaces and a pre-exponential param-
eter (Ap) (Lander et al., 2008). This growth model is
based on the Prism2D algorithm for surface area
normalized crystal growth (Lander et al., 2008;
Lander and Laubach, 2014). During parameter op-
timization we allowed the E4 value to range be-
tween 55 and 65 kJ/mol and fixed the Ay value at
9 x 10 '? mol/cm?/s. These values are consistent with
ranges reported by Lander et al. (2008) for quartz ce-
mentation in sandstones from four geologically diverse
data sets. All samples within a given scenario are subject
to the same set of kinetic parameters.

We obtained an optimized E,4 value of
58.2 kJ/mol in the higher-temperature heat flow
model (scenario 1). The calculated quartz cement
values deviate from measured values by a maximum
of 12 vol. %. The quartz cement values tend to be
overpredicted for wells B, D, and E but under-
predicted for subsalt well C (Figure 6A). The only
good fit for this model scenario is for samples from
well A. To create a reasonable fit of measured versus
calculated data for the other wells, we conducted
parameter optimization for each well individually,
disregarding samples from other wells. The quartz
activation energies obtained by this method ranged
from values exceeding 65 kJ/mol for wells B and D,
to less than 55 kJ/mol for well C. We deem this
thermal scenario to be inconsistent with the quartz
cement abundances in these wells because of the
combination of (1) poor model performance for the
case where the same kinetic parameters are used for
all wells, (2) optimized E, values derived from in-
dividual wells that are widely divergent despite close
proximities, and (3) E4 values from individual wells
that are outside of the ranges reported elsewhere
(i.e., Makowitz et al., 2006; Lander et al., 2008).

By contrast, the lower-temperature scenario 2
results in modeled quartz cement values that closely
correspond to measured values from thin section
analysis (Figure 6B). The derived E4 for quartz ce-
mentation of 58.2 kJ/mol is used for samples from all
wells and is well within the range of values reported
from other data sets. The quartz cement volumes are

Figure 6. Comparison of the (A)
performance of the quartz cement 25
model for the two thermal history
scenarios. (A) The high-temperature
scenario 1 results in a systematic
overprediction of quartz cements
for wells B, D, and E. The deviation
from measured amounts of quartz
cement is up to 12%, well outside
of the likely measurement un-
certainty of approximately 4%
(dotted lines). However, simula-
tions using scenario 1 for subsalt
samples from well C underpredict 44,7
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well reproduced in samples from all represented
depositional environments.

Illite Kinetics Calibration

As an additional evaluation of the two alternative
thermal scenarios we also evaluate the performance
of a kinetic model for illite formation. In this case we
use the kinetic constraints from Lander and Bonnell
(2010).

For the high-temperature scenario 1 the forma-
tion of illite is predicted to be in a range between 245

and 195 Ma (Figure 7A), which predates the measured
values (Figure 7B) of Zwingmann et al. (1998). By
contrast, the start of illite formation in scenario 2
(Figure 7C) is modeled to be at 210 Ma and to have
ceased at 155 Ma, which is consistent with measured
K-Ar ages of illite (Platt, 1993; Zwingmann et al.,
1999) in the North German Basin on the Pompecki
Block. Peak formation rates match the measured
K-Ar ages of illite in a nearby Rotliegendes graben
of 190-155 Ma (Figure 7B) (Zwingmann et al.,
1998). The maximum illite formation rate in scenario
1 is nearly twice as high as in scenario 2 (Figure 7A,
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C). However, this rate difference is restricted to few
samples with larger measured illite contents. Sim-
ulated illite cement volumes match measured data
equally well for both scenarios given that in both
cases, kaolinite reactants have been fully consumed
in the geologic past (Figure 8).

Porosity, Permeability, and Intergranular
Volume

Given that thermal scenario 2 is far more consistent
with observed quartz and illite cement volumes and
characteristics, we used this scenario as a basis for
developing a general reservoir quality prediction
model. This model provides very good performance
for total porosity, permeability, and intergranular
volume (Figure 9). The calculated porosities are
within 4 vol. % of the measured values that range
from 1 to 16 vol. % (Figure 9A), apart from one
porosity measurement from well A. The perme-
ability values, which range from 0.1 to 100 md
(Figure 9B), are similarly well matched with only two
lower permeability predictions being in error by more
than a factor of 10. The measured IGV values, which
range from 16% to 37%, are generally matched within
4 vol. % by the simulations (Figure 9C).

DISCUSSION AND CONCLUSIONS

Although thermal scenario 1 provides an acceptable
match to measured present-day bottomhole tem-
perature and vitrinite reflectance data, it leads to

Figure 8. Comparison of the

lllite Calibration (Cement and Replacement)

overprediction of quartz cement abundance for wells
B, D, and E and underprediction of quartz cement
from well C when a single set of kinetic parameters is
used for samples from all wells. These results suggest
that the scenario 1 thermal exposure is greater than
indicated by quartz cement abundances for scenario
1 for wells A, B, D, and E and lower for well C.
Additionally, this thermal scenario leads to predicted
timing of illite formation that predates K-Ar dates of
illite from the region. Considering the uncertainty in
ages (given as 20 of the age determination), which is
between 4 and 6 Ma, illite formation in scenario 1 is
still too early (cf. Zwingmann et al., 1998, 1999).
In light of the poor match with quartz cement and
illite data we adapted heat flow scenario 2 from heat
flow reconstructions from Schwarzer and Littke
(2007) and Uffmann and Littke (2011), which con-
trasts with scenario 1 in that the heat flow increase
during the Jurassic is omitted. Typical continental heat
flow values of approximately 55-60 mW/m? since the
Jurassic sufficiently model the maturation of organic
matter in this part of the North German Basin. The
additional rifting phases in the North German Basin
do not lead to an increase in heat flow in the basin
models from which the heat flow was derived. Ther-
mal histories from this scenario have an equivalent
quality of fit to present-day temperature and vit-
rinite reflectance data as heat flow scenario 1
(Figure 3) while also providing far superior per-
formance for reconstructing quartz cement abun-
dances (Figure 6) and the timing of illite formation
(Figure 7). The times of the peak rates of illite
formation modeled in scenario 2 are consistent with
the range in K-Ar dates from samples originating
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Figure 9. Calibration plots based on burial scenario 2 showing measured values on the x axis and the model predicted values for the
present day on the y axis. (A) Total porosities. (B) Permeabilities. (C) Intergranular volumes (IGV).

from a Rotliegendes graben (190-155 Ma; Zwingmann
et al., 1998)

Our results illustrate the utility of using dia-
genetic models for constraining thermal histories.
Although quartz cementation rates are strongly
affected by temperature, the overall abundance of
quartz is far more sensitive to elapsed time com-
pared with organic paleothermal indicators such as
vitrinite reflectance (Awwiller and Summa, 1997;
Lander et al., 1997a, b; Perez et al., 1999). Recent
publications highlight the accuracy of both quartz
cementation kinetic models (Harwood et al., 2013)
and vitrinite reflectance kinetic models (Le Bayon
et al, 2012).

The kinetic model for fibrous illite formation is
comparable to that of quartz with respect to the
effect of both time and temperature. However, al-
though quartz overgrowth cementation is a process
that appears to continue so long as nucleation surface
area is available, the illitization reaction stops once the
reactants are consumed (in this case, kaolinite was
fully consumed, leaving residual K-feldspar). Con-
sequently, this reaction has the potential to provide
useful information about absolute time that may be
tested by comparison with radiometric dates (Lander
and Bonnell, 2010). In this study a simulation using
the scenario 2 burial history model matched illite
K-Ar dates that correspond to 190-155 Ma. It is no-
table that temperatures at this time were significantly
below maximum values that were reached later in the
thermal history.

The implications of improving constraints on
thermal histories are of enormous importance not only
in the study area but in many, if not most, hydrocarbon
provinces. Thermal history is a primary control on
the timing of hydrocarbon generation and oil-to-gas
cracking, which in turn affects hydrocarbon migration
and the likely fluid types in undrilled reservoirs.
Thermal history also clearly is a direct control on dia-
genetic processes of fundamental importance for reser-
voir quality. Quartz cementation and fibrous illite crystal
growth kinetics provide uniquely powerful means for
constraining thermal reconstructions when used in
concert with well-established organic paleother-
mometers and petroleum systems modeling methods.
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