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1  |   INTRODUCTION

Time and temperature have long been understood as funda-
mental controls on the transformation of load‐bearing or-
ganic matter to liquid hydrocarbons, and a variety of visual 
methods have been developed to estimate time–temperature 
effects with information obtained from well cuttings and 
cores. Some of these methods include a Thermal Alteration 
Index on pollen and spores, the use of microfossils to form 
various indices such as ostracod, conodonts, and foraminifera 
alteration indices (Fleisher & Lane, 1999; Rejebian, Harris, 

& Huebner, 1987). Visual analysis of the reflectance of vit-
rinite in core and cutting samples is currently the most com-
monly used method for estimating the effect of increases in 
temperature through time on the thermal maturity of organic 
material. It is generally accepted that vitrinite reflectance im-
proves on earlier developed visual methods (Fleisher & Lane, 
1999; Hackley & Cardott, 2016). Well‐established methods 
are available for measuring vitrinite reflectance of coals (e.g., 
ASTM D7708) and these methods have been adapted for 
measuring the reflectance of vitrinite dispersed in sedimen-
tary rocks (Hackley & Cardott, 2016; Hackley et al., 2015). 
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Abstract
Measurement of dispersed vitrinite reflectance in organic sediments is one of the few 
regional data sets used for placing bounds on the thermal history of a sedimentary 
basin. Reflectance data are important when access to complementary information 
such as high‐quality seismic data is unavailable to place bounds on subsidence his-
tory and in locations where uplift is an important part of the basin history. Attributes 
which make vitrinite reflectance measurements a useful data set are the relative ease 
of making the measurement, and the availability of archived well cores and cuttings 
in state, provincial, and federal facilities. In order to fully utilize vitrinite data for 
estimating the temperature history in a basin, physically based methods are required 
to calibrate an equivalent reflectance from a modelled temperature history with 
measured data. The most common method for calculating a numerical vitrinite re-
flectance from temperature history is the EASY%Ro method which we show system-
atically underestimates measured data. We present a new calculated reflectance 
model and an adjustment to EASY%Ro which makes the correlation between meas-
ured vitrinite values and calculated vitrinite values a physical relationship and more 
useful for constraining thermal models. We then show that calibrating the thermal 
history to vitrinite on a constant age date surface (e.g., top Cretaceous) instead of 
calibrating the thermal history in depth removes the heating rate component from the 
reflectance calculation and makes thermal history calibration easier to understand 
and more directly related to heat flow. Finally, we use bounds on the vitrinite–tem-
perature relationships on a constant age date surface to show that significant uncer-
tainty exists in the vitrinite data reported in most data sets.
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Various groups and associations, including the International 
Committee for Coal and Organic Petrology (ICCP), the 
Society of Organic Petrology (SOP), and the American 
Association of Petroleum Geologists (AAPG), have further 
developed these methods to better apply vitrinite measure-
ments for oil and gas exploration. Even with these efforts 
to introduce standards, round robin results show that a wide 
range of measurements are reported with standard deviations 
typically of 0.1–0.2 for a single set of slides analysed by dif-
ferent operators utilizing different equipment (Hackley et al., 
2015).

Vitrinite is composed of a narrow range of relatively eas-
ily identifiable macerals and has become the standard mea-
sure for organic maturity (Mukhopadhyay, 2014). The narrow 
range of macerals leads to a small range of physical and chem-
ical kinetic properties and a consistent response to increasing 
temperature through time regardless of the geologic setting. 
Well‐established vitrinite reflectance values with relatively 
small ranges have been developed that correspond to the 
various stages of hydrocarbon generation from source rocks 
containing kerogen (e.g., immature, early mature, mature, 
and overmature) by Poole and Claypool (1984); Jarvie, Hill, 
and Pollastro (2005) and they apply to any geologic basin. 
Additionally, samples are easy to obtain and modest levels 
of laboratory equipment are required to prepare and analyse 
these samples. These attributes of vitrinite have resulted in 
large public domain reflectance databases archived at state, 
provincial, and federal facilities.

Multidimensional numerical basin simulation tools (basin 
simulators) were originally developed to forward model the 
temperature history in a basin in order to estimate the po-
tential and timing for hydrocarbon generation from source 
rocks. Because the timing of generation depends on the min-
eral matrix, type of organic matter and kerogen, and the tem-
perature and heating rate, vitrinite reflectance is useful for 
separating the compositional control on generation from the 
thermal control on generation. Two numerical algorithms to 
calculate the vitrinite reflectance from temperature histories 
are VITRIMAT (Burnham & Sweeney, 1989) and a simpler 
version of the same algorithm called EASY%Ro (Sweeney & 
Burnham, 1990). The EASY%Ro algorithm is incorporated 
in most simulators currently available; the VITRIMAT tool 
is no longer generally available and has never been incorpo-
rated in any commercial basin simulator.

The utility of vitrinite reflectance measurements and 
EASY%Ro in the oil and gas exploration industry is clear. 
However, measurement of vitrinite reflectance on dispersed 
organic matter is not without uncertainty. Sources of uncer-
tainty are reviewed in detail by Hackley and Cardott (2016) 
and include caving, and correct identification of macerals. 
Hackley et al. (2015) have shown that different operators 
viewing the same slide may not always choose the same mac-
erals for measurement. Additionally, reflectance may vary 

within a particular vitrinite maceral (Goodarzi & Murchison, 
1973) and reflectance is anisotropic (Malinconico, 2000). 
Local generation or the presence of migrated hydrocarbons 
may suppress the maturity of vitrinite (Fang & Jianyu, 1992; 
Price & Barker, 1985). Complementary methods have been 
developed to address suppression in early mature sediments 
(Thompson‐Rizer & Woods, 1987) including fluorescence 
alteration of multiple macerals (FAMM) which suggests 
that suppression can be up to approximately 20% (Kalkreuth 
et al., 2004; Veld, Wilkins, Xianming, & Buckingham, 1997; 
Wilkins, Sherwood, Faiz, Teerman, & Buckingham, 1997; 
Wilkins et al., 1992). Sample slides previously prepared for 
vitrinite reflectance measurements may require repolishing 
to yield consistent results because of oxidation of the organic 
material on the slide surface. Finally, interpretation and ap-
plication of these data are made more difficult because the 
agencies responsible for the databases require operators to 
report only a single value without any supplementary infor-
mation to help qualify the reported data.

Uplift and the associated erosion and cooling are inter-
preted from changes in the slope of vitrinite data with depth 
(Dow, 1977; Katz, Pheifer, & Schunk, 1988; Wood, 1988). 
Dow’s method, essentially a continuity condition on vitrin-
ite changes with temperature, shows how to estimate erosion 
from discontinuities in vitrinite profiles that are associated 
with reheating after an uplift event during reburial. Dow’s 
continuity condition means that vitrinite must be reheated to 
a temperature greater than the previous maximum tempera-
ture for the reaction to proceed.

Robust calibration of calculated vitrinite reflectance 
to measured data is required to relate vitrinite data to 

Highlights

•	 This paper pertains to the use of measured vitrinite 
reflectance as a tool to constrain the thermal his-
tory of sedimentary basins.

•	 We show that an often used model to calculate re-
flectance systematically underestimates measured 
reflectance of a data set used in the original cali-
bration and we propose two methods to remedy 
this result.

•	 These results indicate that measured and calcu-
lated reflectances need to be compared to avoid 
bias in using these data to constrain thermal his-
tory of basins.

•	 Finally, we show that calibration basin models on 
chronostratigraphic surfaces removes the time 
variable from the reflectance calculation making 
the calibration dependent only on the maximum 
temperature.
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temperature history. Sweeney and Burnham (1990) com-
pared EASY%Ro with measured reflectance data at a max-
imum temperature and noted a favourable relationship. 
However, they did not compare calculated values with mea-
sured data directly to determine the predictive ability of 
their model. We start with a direct comparison of measured 
reflectance data and calculated reflectance values used in 
EASY%Ro (Sweeney & Burnham, 1990), but we limit our 
comparison to the burial diagenesis data set, Table 5.2 in 
Barker (1989), and do not consider applications to geother-
mal systems or contact metamorphism. In addition to a di-
rect comparison of EASY%Ro, we also use the data set to 
propose a new vitrinite reflectance model which we refer to 
as the BDW model after contribution to this technology by 
Barker, Dow, and Wood. Next, in a series of applications, 
we consider the use of vitrinite reflectance measurements 
to constrain the thermal history. These results illustrate the 
difference between adjusting a thermal model to match 
measured vitrinite data and a physically bounded thermal 
model that constrains the thermal history. Finally, we show 
that the wide range of vitrinite data available in basins has 
significant uncertainty suggesting that care must be used 
when vitrinite is employed to constrain thermal models to 
changes in temperature through time.

We use public data sets available from government agen-
cies and refer to reported vitrinite reflectance data as Rm and 
reflectance calculated from temperature and heating rate his-
tories as Rc, with an appropriate superscript. Our definition 
of measured vitrinite reflectance data, Rm, is limited because 
these public data sets contain both individual measurements 
and mean values of distributions, and we do not suppose that 
we can always distinguish between the two. Our definitions 
for calculated vitrinite values from temperature histories may 
be the same as others have reported as vitrinite reflectance 
equivalent (VRE). However, VRE is sometimes used to refer 
to values derived from other measurements (e.g., Tmax) or 
other thermal alteration measures (e.g., TAI of conodonts, 
pollens, and spores).

2  |   CALCULATING VITRINITE 
REFLECTANCE

A comparison of measured and calculated reflectance values 
using thermal histories is a basic part of constraining ther-
mal models to better understand the timing of hydrocarbon 
generation. Of fundamental importance is how well a vitrin-
ite numerical model is calibrated to measured data. Only the 
model results are discussed in this section: the mathemati-
cal development of the models, and methods for calculating 
coefficients from the data are provided in the Appendix A. 
The appendix includes a section on the range of uncertainty 
in vitrinite calculations due uncertainty in temperature. The 

appendix also contains Table 5.2 from Barker (1989) with 
columns appended to show calculated reflectance values and 
ranges in these calculated values due to uncertainties in pre-
sent day or maximum temperature.

A direct comparison of measured and calculated vitrin-
ite reflectance is shown in Figures 1 and 2. Figure 1 shows 
measured reflectance (Rm) values and calculated reflectance 
(Rc) values using coefficients derived from the Barker (1989) 
data set (the BDW model). Figure 2 shows measured reflec-
tance data and calculated EASY%Ro reflectance values. Both 
figures contain error bands that are calculated from the stan-
dard error of the least square fit to the data. In Figure 1, there 
are five data points with open circles outside the error bands 
which are included the standard error of the estimate but not 
in the least squares fit. Error bars on each data point are es-
timates of the uncertainty in Rc due to a 2.5% uncertainty 
in absolute present day or maximum temperature (±9.3°C 
at 100°C). Estimates of uncertainty in the Rm data are not 
available because distributions of individual measurements 
are not reported.

Figures 1 and 2 both show a reasonable linear fit between 
Rm and Rc; however, there are important distinctions between 
models. The range of the models are 0.56% < RBDW

c
 <5.2% 

and 0.20% < EASY%Ro <4.7%. The BDW model has signif-
icant uncertainty at the lower limit of measured reflectance 

F I G U R E  1   Measured vitrinite reflectance and calculated 
vitrinite reflectance using data from Table 5.2 in Barker (1989) and 
reproduced in Table 1. This model, which we refer to as the BDW 
model, is a bulk model with coefficients derived from these data. 
Error bands are derived from the standard error of the estimate which 
is 0.482. Each solid data point is included in the correlation and 
has an error bar which corresponds to the uncertainty in calculated 
reflectance due to a 2.5% uncertainty in absolute maximum or present 
day temperature (±9.3°C at 100°C). Details and calculations of how 
temperature uncertainty affects the vitrinite reflectance calculation 
are presented in the appendix. Open circles are not included in the 
correlation between measured and calculated reflectance and are 
excluded from all calculations of coefficients
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that is not apparent in the EASY%Ro model. However, the 
BDW model matches measured reflectance better than the 
EASY%Ro model when reflectance values are greater than 
0.75%. An important difference in the two models is that the 
BDW model is a bulk model derived from the data in Table 
5.2 Barker (1989), so the uncertainty at low reflectance val-
ues directly affects the correlation. In contrast, the EASY%Ro 
model is a chemical model and it is the result of a series of 
reactions occurring during thermal diagenesis of organic 
matter. Since EASY%Ro pre‐supposes a model for changes 
in vitrinite, it better addresses the uncertainty of the low mea-
sured reflectance. Another important difference between the 
two models is that dRc

dRm

≈1 in the BDW model and is ≈0.56 in 
the EASY%Ro model.

The slope of calculated to measured reflectance curve is 
not 1 in the EASY%Ro model which has significant implica-
tions on thermal history used in the basin simulator to cali-
brate the model. Because Rm changes much faster than Rc in 
the EASY%Ro model, the heat flow must be adjusted higher 
for Rc to match Rm. Furthermore, since a thermal model must 
also match bottom hole temperature (BHT) data, high heat 
flows required to match the measured vitrinite reflectance 
are decreased to match the measured temperature data. These 
heat flow adjustments are not required with the BDW model. 
This aspect of the EASY%Ro model was implied by Sweeney 
and Burnham (1990) when they adjusted temperature gradi-
ents to fit data in their examples, but the physical implication 
of these changes was not addressed.

Errors in maturity estimates have an asymmetric impact 
on estimates of prospectivity. Exploring in a basin when 
the source rock maturity is underestimated leads to an out-
come where the hydrocarbon product may contain more gas 
and less liquid than estimated. Exploring in a basin where 
the source maturity is overestimated and the source rock 
is immature leads to an outcome where no hydrocarbon 
product has been generated and all exploration efforts are 
misdirected. The heat flow adjustments required to match 
Rc to Rm with EASY%Ro generally imply that the calcu-
lated source rock maturity is higher than the actual matu-
rity of the source rock. Such a result passes the geologic 
risk of the opportunity on to the model used to evaluate the 
opportunity.

A post‐processor adjustment to EASY%Ro‐calculated re-
flectance values is possible to improve the relation between 
measured and calculated values. This adjustment is a linear 
transformation of the data and does not affect the statistics of 
the curve fit. It has the form

In summary, two methods are presented for calculating 
vitrinite reflectance from temperature changes through time. 
The EASY%Ro method is based on a chemical model with 
multiple reactions occurring during heating; however, the 
calculated reflectance is significantly less than the measured 
reflectance. The BDW model is a bulk model with coeffi-
cients derived from measured data. The BDW model lacks 
the low range of the EASY%Ro model but matches measure-
ments better. The BDW model lacks the chemical foundation 
of the EASY%Ro model.

3  |   APPLICATION

Several examples are presented to illustrate the differences 
between EASY%Ro and BDW models. First, two examples 
of vitrinite profiles from wells on the coast of the Gulf of 
Mexico illustrate the use of vitrinite to constrain heat flow 
in wells. Next, two examples are shown from the Denver–
Julesburg (DJ) Basin one of which illustrates the utility of 
calibrating vitrinite models on a regional chronostratigraphic 
surface.

Examples of the two vitrinite reflectance models ap-
plied to well data are shown in Figures 3 and 4. These 
data are from Dow (1977) and include a large section of 
Miocene age sediments in onshore wells in the Gulf of 
Mexico area. In these two examples, the objective is to 
fit vitrinite data in a way that provides information on the 
heat flow history. In both examples, the burial rate is taken 
as a constant, temperatures are assumed steady state, and 
the bulk thermal conductivity is 1.5 W m−1 K−1 which is 

(1)Radj
c

(%)=1.7652Rc (%)−0.265

F I G U R E  2   Measured vitrinite reflectance and EASY%Ro using 
Sweeney and Burnham (1990). Measured data are from Table 5.2 
in Barker (1989) as are the functional heating time and temperature. 
The least squares fit to these data shows that the EASY%Ro model 
systematically underestimates the measured reflectance by more 
than 40%. The implications of the underestimate in the calculation is 
discussed in the text. Error bands are derived from the standard error 
of the estimate which is 0.600. Error bars are based on maximum 
or present day temperature uncertainty similar to the BDW model 
(Figure 1)
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the upper limit of a shale sediment (Blackwell & Steele, 
1989). No BHT data is available for these wells. Inset into 
each figure is the heat flow history used to generate the 
vitrinite profile.

Figures 3 and 4 show that the EASY%Ro calculation fits 
the data well over the vertical profile; however, the heat flow 
histories required to match the profile are not constant. High 
heat flows are required early to increase the time deeper sed-
iments are exposed to higher temperatures. The heat flow is 
decreased later in the model in order to match the shallow 
portion of the well. In contrast to the EASY%Ro model, the 
profiles using the BDW model are not useful for the shallow 
portion of the well where the reflectance is small (<0.56%), 
but for the rest of the profile, a simple heat flow model is 
required to match the data. Reflectance values less than 
0.56% are the early phase of vitrinite transformation which is 
near the start of the oil window (Jarvie et al., 2005; Poole & 
Claypool, 1984). The uncertainty of the EASY%Ro model at 
these low vitrinite ranges is large.

The EASY%Ro method requires a time variable heat 
flow to match a vitrinite profile over a significant verti-
cal depth. Although this profile matches the data, the heat 
flow model is misleading since dRc

dRm

=0.56. This heat flow is 
misleading since these data are from the Gulf coast which 
is far from any interpreted location of the Cretaceous rift. 
Such a heat flow model may result in Rc matching Rm, but 
it is non‐physical because it is not based on a heat flow 
history consistent with a geologic model. Structural inter-
pretations, such as rifting events, which affect the heat flow 
are not possible using the EASY%Ro model. In contrast 
to the EASY%Ro model, the BDW model does not fit the 
vitrinite profile over the entire range of data because the 
lower limit of applicability is Rc < 0.56, but the model is 
physical because the heat flow is consistent with structural 
interpretations.

In a second example from the Denver–Julesburg Basin, 
most of the measured vitrinite data are archived in govern-
ment facilities and data from several operators are often 
mixed and do not extend over a significant portion of the 
well. Figure 5 is a plot of vitrinite with depth using public 
data from four closely spaced wells. In Figure 5, a wide range 
of vitrinite data is reported over a short vertical distance. 
Some of the data in Figure 5 appear to be individual measure-
ments, possibly from a single prepared slide, while other data 
appear to be either single measurements or a single value re-
ported from a suite of measured data. The spread of data over 
this short distance and the lack of supplementary information 
to qualify these data lead to maturity interpretations ranging 
from early to late oil maturity. A variety of circumstances can 
lead to this profile and the variation in data cannot necessar-
ily be attributed to measurement error or caving in a well. For 
example, lithological changes or spatial changes in heat flow 
over small distances, such as may occur at a fault, may lead to Te
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temperature changes which affect the measured reflectance. 
Because it is not possible to discern which data to use for 
interpretation and which data to discard all the reported data 
are considered valid.

Instead of calibrating to depth profiles of measured re-
flectance, Figures 3–5, we find it useful to calibrate basin 
models to vitrinite data on a chronostratigraphic surface. 
Equation A5 shows that the variables affecting Rc may 
be reduced to temperature only when the calibrations are 
conducted on a constant age date surface. In an area with 
a simple heat flow model and no uplift (e.g., a continen-
tal margin or abyssal environment), interpolating vitrinite 
measurements to a chronostratigraphic surface transforms 
Rc into a monotonic function of temperature. In areas with 
complex basement structure and heat flow, or in areas with 
uplift, Equation A5 is no longer strictly monotonic; how-
ever, the range of Rc versus maximum temperature values 
is limited.

Applying extractions on a time surface in the Denver–
Julesburg Basin show a comparison between maximum mod-
elled temperature to Rc (in this case EASY%Ro) and Rm, but 
the basin has experienced a significant amount of late uplift 
and erosion. Therefore, the maximum temperature is in part 
determined by the timing and magnitude of uplift. As before, 
the thermal model is calibrated to present day temperature 
with corrected BHT data and a physical model which uses a 
heat flow history determines the temperature through time. 
Figure 6 shows the maximum modelled temperature on the top 
of the Niobrara surface and Rc as well as Rm data. Vitrinite 
reflectance is used in the DJ Basin to constrain the heat flow 
and uplift history.

Figure 6 also shows measured vitrinite data and max-
imum modelled temperature averaged in 10°C windows 
starting at 40°C. For maximum temperatures between 70 
and 130°C, the standard deviation of the vitrinite mea-
surements in each 10°C window ranges from 0.1 to 0.2 
which is similar to ranges reported by Hackley et al. 
(2015) in an extensive interlaboratory study. Even with 
this quality of vitrinite data, enough noise is present to 
support a number of interpretations. Averaging the data 
in temperature windows is an alternative to trying to 
identify a correct suite of individual measurements for 
interpretation.

Averaging the vitrinite data in temperature windows aids 
the interpretation of model results; however, it is not with-
out significant implications. Averaging the data assumes 
each vitrinite measurement is equally as valid as any other 
measurement (Galton, 1907) and operator experience, or 
equipment quality cannot be used to weigh data for analy-
sis. Additionally, data thought to be affected by systematic 
errors such as equipment malfunctions cannot be excluded 
from the analysis. While the averaging approach appears to 

F I G U R E  3   Measured vitrinite profiles from the coast of the Gulf 
of Mexico and calculated reflectance values from the BDW model 
(solid line) and the EASY%Ro model (dashed line). Heat flows through 
time to produce these models are inset. These data are primary vitrinite 
data from Figure 5 in Dow (1977) which identified that the data are 
from the Miocene section

F I G U R E  4   Measured vitrinite profiles from the coast of the Gulf 
of Mexico and calculated reflectance values from the BDW model 
(solid line) and the EASY%Ro model (dashed line). Heat flows through 
time to produce these models are inset. These data are primary vitrinite 
data from Figure 9 in Dow (1977) which identified that the data are 
from the Miocene section
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work in this instance, it cannot be guaranteed to work in every 
application.

4  |   DISCUSSION

Improving the correlation between measured vitrinite reflec-
tance and calculated reflectance is designed to make vitrinite 
a more effective tool for establishing physically constrained 
thermal histories. The EASY%Ro model results in vitrin-
ite reflectance values that are systematically too low. The 
BDW correlation is better than the EASY%Ro method over 
the range in vitrinite encountered during hydrocarbon gen-
eration and cracking but is not applicable for early maturity 
(Rm < 0.56%) investigations. Other correlations are possible, 
and physical and chemical models are encouraged, but in 
order to be useful the change in calculated vitrinite to the 
change measured vitrinite, dRc

dRm

, should be close to 1.
In the appendix, it is made clear that Barker (1989) ended 

their analysis of the reflectance data because the pre‐exponen-
tial and activation energy calculated from the data set is too 
low compared to previously published values. It was thought 
that the low activation energies result in reactions that are too 
fast and would not properly describe the processes leading 
to reflectance changes. One of the principal motivations for 
EASY%Ro is the chemical model on which it is based should 

provide accurate results; however, the model is systemati-
cally too slow and calculated reflectance values are too small. 
Completing the analysis started by Barker (1989) yields the 
BDW model which has faster kinetics than the EASY%Ro 
model and leads to realistic results but over a smaller vitrinite 
range. The success of the BDW model can be interpreted in a 
number of ways. First, it can be viewed as a pragmatic model 
which allows realistic reflectance values to be calculated 
from thermal models. Second, previously published ranges 
of realistic activation energies may be broader than thought. 
Third, a catalytic process affects reflectance that is not suffi-
ciently accounted for in the EASY%Ro model.

An important result of this work is the identification of 
new methods to extract results from models for calibrating 
thermal models to vitrinite data. These methods increase the 
efficiency and understanding associated with calibrating the 
thermal history of the basin model because they remove the 
time variable from the calibration process. Placing the model 
results in the context of a constant age surface shows that 
only a limited range of vitrinite values is possible in a basin 
even when complications from uplift and spatially varying 
heat flows exist.

Determining the portion of a data set to include for cali-
brating a thermal model is difficult because the set of physi-
cally realizable vitrinite values is so limited compared to the 
range in reported values. However, the general model data 
shown in Figure 6 are the same for all basins when data are 
extracted on constant age date surfaces. The range in calcu-
lated reflectance is determined by spatial variations in uplift 
and heat flow. In a margin with constant spatial heat flow and 
no uplift, the model results are single valued. If the Rm data 
set is perfect, then the departures between model and data 
denote variations in uplift or heat flow uncertainty on the 
maximum temperature. Averaging reflectance measurements 
in temperature windows leads to good results when sufficient 
data are present but cannot be guaranteed to be applicable in 
all cases.

A principle objective of a thermal model calibrated with 
vitrinite reflectance is the development of physically based 
estimates for the thermal history of a basin. Physically 
based means that the thermal conductivity, heat capacity, 
the surface temperature, and basal heat flow boundary con-
ditions are within bounded ranges. The heat flow model 
has the form

where Cv is the volumetric heat capacity, T is temperature, t 
is time, λ is the thermal conductivity, xi is the direction, and 

(2)Cv(�)
�T

�t
=�(�)

�
2T

�x2
i

(3)T(x,y,z=0,t)=Tsurface

(4)q(x,y,z=base,t)=qbasal

F I G U R E  5   Reported vitrinite data from the DJ Basin. These 
data are combined from four wells separated by 1 km or less. Each well 
is denoted with a separate symbol and no supplementary information 
exists to qualify the reported data. However, it appears that the suite of 
deeper samples is individual reflectance measurements while the three 
other wells are individual values which may be an interpreted value 
from several measurements on one or more samples. Data in these 
wells are from a very limited depth range, but reported values range 
from early maturity to late maturity over a vertical distance of less than 
200 m. These results may be accounted for by lithological changes or 
changes in heat flow over short distances (e.g., a fault) and may not 
necessarily be measurement error
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ϕ is the porosity. Boundary conditions at the surface (tem-
perature) and base of the model (heat flow) along with side 
boundary conditions lead to a unique solution for tempera-
ture through time. For the temperature model to be physi-
cally bounded then additional requirements are

where subscripts f and s describe the thermal conductivity 
of the fluid and solid. For the heat capacity, a simple series 
model holds

Equations 2‒6 are the basis of a well‐posed thermal model 
from which present day temperatures are obtained on a basin 
scale when the model is populated with regionally consis-
tent lithostratigraphic units for λ and Cv (Blackwell & Steele, 
1989). A thermal history of the basin is developed using 
these same equations with sedimentation rates through time 
and a constitutive relationship, also called a compaction law 
(Hantschel & Kauerauf, 2009). These thermal histories are 
the basis for the vitrinite calculations.

The calculated reflectance, Rc, is impacted strongly by the 
present day or maximum temperature. Methods to correct BHT 

range from robust Horner type methods applied to several tem-
perature measurements (Goutorbe, Lucazeau, & Bonneville, 
2007; Horner 1951), to basin scale correlations (Crowell, 
Ochsner, & Gosnold, 2012) which correct hundreds of BHTs, 
to multi‐basin scale corrections (Blackwell & Richards, 2004; 
Harrison, Luza, Prater, Cheung, & Ruscetta, 1983) which cor-
rect thousands of BHTs. Precision temperature logs (scientific 
quality measurements accurate and precise to at least 0.1°C) 
compared to corrected BHTs may be either greater than BHTs 
(Blackwell & Steele, 1989; McKenna & Blackwell, 2005) or 
less than these corrected values (Blackwell & Richards, 2004) 
and the deviations cannot be generalized. Peters and Nelson 
(2012) suggest that one standard deviation of corrected BHTs 
is ±8°C which, in their application, leads to an uncertainty in 
the depth to the oil window of ≈300 m. Figures 1 and 2 show 
error bars in calculated reflectance due to a 9.3°C uncertainty 
in present day or maximum temperature at 100°C (2.5% of 
present day maximum temperature). Most of the calculated 
reflectance uncertainty is less than 10%. Uncertainty in the 
depth to the oil window of ≈300 m or less than a 10% uncer-
tainty in calculated values is acceptable, especially given the 
range of reported measured values in Figure 6.

A best practice to calculate Rc using temperature his-
tories from a basin simulator is to follow the steps in the 
previous paragraph to calculate the present day thermal 
model and then estimate the heat flow history through 
time. Heat flow history should be consistent with major 
structural events and present day heat flow using data 
and models from either Blackwell and Richards (2004) or 
Gosnold (2011). If the basin model from the previous steps 
accurately captures the sediment type, sedimentation rate, 
and basin architecture, then adjustments to the heat flow 
are likely to be consistent with the structural interpretation 
providing a thermal model that is consistent with the mea-
sured and calculated vitrinite reflectance. The key to this 
consistency is that dRc

dRm

=1.
Uncertainties in measured vitrinite data and calculated re-

flectance can be significant as shown in Figure 5. However, 
choosing to extract results on chronostratigraphic surfaces, 
Figure 6, and base a calibration on average measured values 
over small temperature windows can lead to an acceptable cali-
bration over a large area. The correspondence between average 
measured reflectance and the model improves with the number 
of measurements and increasing maturity. If the average mea-
sured reflectance and model are in agreement, then depth esti-
mates to key vitrinite thresholds (e.g., the oil window) should 
be similar to Peters and Nelson (2012) or ≈300 m.

5  |   CONCLUSION

We identified a systematic bias with the EASY%Ro method 
and developed methods to correct these issues with a 

(5)
𝜙

𝜆f

+
1−𝜙

𝜆s

<𝜆(𝜙)<𝜆f𝜙+𝜆s(1−𝜙)

(6)Cv(�)=Cv
f
�+Cv

s
(1−�)

F I G U R E  6   Modelled maximum temperature and calculated 
vitrinite reflectance are shown on the top of the Niobrara formation 
in the DJ Basin. Calculated reflectance values, Rc, are filled circles 
and measured vitrinite reflectance data, Rm, are open circles. The 
EASY%Ro model is used for the calculated reflectance. Vitrinite 
reflectance measurements between the top of the Pierre‐Sussex and 
top of the Fort Hayes Formations are extrapolated to the top Niobrara 
surface using linear gradients from the basin model. Significant uplift 
is included in this model and the basal heat flow varies across the 
basin, so a range in Rc values exists for a single maximum temperature. 
Measured data exhibit a wide range of values compared to the narrow 
range of physically realizable values possible for the Niobrara surface. 
Large open circles are measured vitrinite data and maximum modelled 
temperatures averaged in 10°C windows starting at 40°C
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transformation of existing EASY%Ro values and a new model 
(BDW model). A limitation of the BDW model is that it ap-
plies over a smaller vitrinite range. Features of the first‐order 
rate equation were identified which make it possible to re-
move the heating rate dependency of vitrinite reflectance by 
extracting reflectance data on chronostratigraphic surfaces. 
This result made clear that data quality in reported vitrinite 
reflectance measurements allows for multiple interpretations 
of the thermal history in a basin. Specifically, we conclude:

•	 EASY%Ro underestimates the measured vitrinite reflec-
tance (Rm) by a factor of nearly 2 in a least squares sense 
for measured vitrinite ranges between 0.2% and 4.7%. 
This means if vitrinite reflectance is used to constrain 
a physical thermal model, then the required heat flow 
to match the data is significantly larger than the actual 
heat flow required to transform the vitrinite. Model re-
sults utilizing vitrinite reflectance as a constraint provide 
a systematically misleading thermal history of the basin. 
Although thermal models may appear calibrated, the pa-
rameters used to calibrate the model are adjusted in ways 
that make the model non‐physical. In effect, the risk of 
the prospect or play is passed on to the risk of the model.

•	 Vitrinite reflectance responds to time and temperature 
changes and calibrating on a constant age date horizon 
(e.g., the top Cretaceous) removes the time component 
of the calibration making it possible to calibrate thermal 
models to solely maximum temperature. In a margin where 
there is no uplift and temperature increases monotonically, 
for each temperature, there is a single physically realizable 
value of vitrinite reflectance. When uplift occurs, a limited 
range in reflectance values is possible. Reported measure-
ments outside this range reflect values that are not physi-
cally bounded by the chemical kinetic interpretation of the 
response of vitrinite to temperature changes.

•	 A large degree of uncertainty exists with vitrinite reflectance 
measurements reported by different operators in the same 
basin. We show that extracting these reflectance calculations 
on chronostratigraphic surfaces and averaging the measured 
data in small temperature windows (Figure 6) provide ac-
ceptable results. The difficulty with this method is every 
measurement is assumed to have equal validity regardless of 
sample quality, operator experience, or equipment quality. 
This result suggests to us that different sampling strategies 
are required to produce data sets to constrain the thermal 
history in a basin. One such method may be to focus on mea-
suring a regional marker (e.g., a coal) with a narrow range of 
stratigraphic ages that is below a common casing point.
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APPENDIX 
VITRINITE REFLECTANCE CALCULATED 
FROM TIME–TEMPERATURE MODELS

Increasing temperature through time leads to the trans-
formation of source rock kerogens to fluid hydrocarbons, 
reflectance changes of vitrinite, and a host of other reac-
tions. These reactions are modelled as first‐order kinetic 
processes between products and reactants. This appendix 
develops the mathematical equations used to model a suite 
of parallel reactions and applies these methods to vitrinite 
reflectance models. The intent of this section is to present 
all the material required to duplicate the results presented 
in the text and estimate the uncertainty of the calculated 
reflectance.

A general first‐order reaction where a reactant is consumed 
has the form

where Wi is the mass of the ith vitrinite maceral (the reactant), t 
is time, and Ki is the reaction rate. Depending on the type of 
model being constructed, the number of components, i, ranges 
from 1, for a bulk or a single component reaction, to n for a 
complicated model with multiple reactions. The rate terms for 
first‐order reactions are only a function of temperature and a 
plot of ln(K) versus 1

T
 is linear. Equation A1 is then modified to 

the well‐known Arrhenius rate equation

(A1)
d

dt
ln (Wi)=−Ki

(A2)
dWi

dt
=

dWi

dT

dT

dt
=−WiAi exp

(

−
Ei

RT

)
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where A is the pre‐exponential coefficient, E is the activation 
energy, and R is the gas constant. Setting the heating rate, 
H(t)=

dT

dt
 gives

Finally, let Hj =
dT

dt
 describe a piecewise linear heating rate 

between temperture j and temperture j − 1 and then integrat-
ing Equation A3 over temperature leads to

Solving Equation A4 in this same piecewise fashion over 
the temperature history determines the time history of the 
mass of the reactant.

An interesting and useful result from Equation A4 is that 
the reaction on a constant age date surface is only a function 
of temperature and not time. To show this, assume a constant 
sedimentation rate through time which implies that the heat-
ing rate becomes H(x,y)=

T(x,y)−T0

Δt
 where x and y are spatial 

directions and T(x, y) is the temperature on the time surface. 
This simplification leads to

The right hand side of Equation A5 is only a function of 
temperature, T(x, y), because Δt is constant. This transforms 
the general relation in Equation A4, from one which depends 
on time and temperature to a reaction dependent only on tem-
perature. For a chronostratigraphic surface (e.g., the top of 
Cretaceous) with constant dip and increasing temperature 
with burial, plotting reflectance versus temperature is a single 
monotonic curve.

In the general case of several parallel reactions, summing 
each reaction in Equation A4 leads to an expression for the 
extent of the reaction, F (also called the transformation ratio 
in source rock kinetics). The reaction extent has the form

where �i is the stoichiometric coefficient of each reaction. 
The extent of reaction is bounded by 0 < F(t) < 1 and 
F(t = 0) = 0.

Barker (1989) ended the analysis of the data with Figure 
A1 and Table 1 citing a large number of studies that sug-
gest the activation energy derived from these data is too 
small by a factor of 4–10. Barker (1989) suggested that the 
source of this discrepancy is the functional heating time 

which is in error, although other sources of error could also 
be present. An alternative view is that the multiple sources 
from which this data set was compiled could not all con-
veniently be controlled by the same systematic error. 
Furthermore, these data are exactly the same type of data 
sets used to estimate maturity in hydrocarbon exploration 
settings. If these data are fundamentally flawed, then the 
entire methodology to estimate reflectance from tempera-
ture histories is in error.

Calculating a numerical reflectance with Equations A4 and 
A6 requires values for the pre‐exponential and activation en-
ergy. Figure A1 (Table 1) is rate data from Barker (1989) 
plotted with the inverse of absolute temperature. The slope of 
this curve is the ratio of the activation energy to the gas con-
stant which implies an activation energy of 9.0989 kcal∕mol 
and the intercept corresponds to a pre‐exponential value of 
5111.1 Ma−1.

An additional relationship is required to calculate the re-
flectance from the extent of the reaction. Figure A2 shows 
a correlative model of reaction extent with measured re-
flectance (Barker, 1989). This relationship was presented 
by Tissot and Espitalie (1975). In practice, geohistories are 
used to calculate the extent of the reaction, F, using 
Equation A4 (or Equation A5 on a surface of a known age). 
Calculated reflectance values are then obtained with the 
correlation in Figure A2

In contrast to bulk analysis of the Barker (1989) data set, 
the EASY%Ro algorithm (Sweeney & Burnham, 1990) is 
based on a chemical model which describes the change in 
reflectance with temperature and time. EASY%Ro utilizes 
20 parallel reactions each with different activation ener-
gies; however, there is only a single pre‐exponential for 
these reactions. Similar to the correlations used in the 
Barker (1989) data to calculate vitrinite reflectance, the 
EASY%Ro model also uses correlations; however, these 
correlations are between elemental composition and vitrin-
ite reflectance (Sweeney & Burnham, 1990). Calculating 
reflectance from time–temperature history also uses 
Equations A4 and A6. Results of the EASY%Ro algorithm 
applied to the maximum temperature, and functional heat-
ing data in Table 1 are shown in the last column in Table 1 
and in Figure 2.

UNCERTAINTY ESTIMATES OF VITRINITE 
CALCULATIONS

Estimates of the bulk activation energy and pre‐exponential 
terms (Equation A4) from the Barker (1989) data set consists of 
the uncertainty of the least squares method and the uncertainty 

(A3)
dWi

dT
=
−WiAi

H(t)
exp

(

−
Ei

RT

)

(A4)ln

(

W
j

i

W
j−1

i

)

=−
Ai

Hj ∫
Tj

Tj−1

exp

(

−
Ei

RT

)

dT

(A5)ln

(

W(T)i

W(0)i

)

=−
AiΔt

T(x,y)−T0
∫

Tj

Tj−1

exp

(

−
Ei

RT

)

dT

(A6)F(t)=1−�i

W(T)i

W(0)i

(A7)Rc =0.5572 exp (2.2297F)= exp (−0.5848+2.2297F)
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in present day or maximum temperature. In this section, we ad-
dress these two uncertainties on the overall quality of the nu-
merical vitrinite calculation.

Figure 1 shows the least squares fit of calculated reflec-
tance values to measured values. The two bounding curves 
are the standard error of the estimate which is 0.482. Based 
on the error bands, five data points in Table 1 are excluded 
from the analysis. These excluded data are shown as open 
circles in Figures 1, A1, and A2.

Figure 2 shows a least squares fit to measured reflectance values 
using the EASY%Ro method. The standard error of the estimate is 
0.600. Only one data point extends slightly beyond the standard 
error curve and it is included in the analysis.

The objective of forward modelling vitrinite values is to 
estimate the time–temperature history as it pertains to the 
maturity history of source rocks. The time–temperature 
history is affected by thermal boundary conditions, basin 
architecture, sediment type, and sedimentation rate all of 
which can be investigated with an integrated basin simula-
tor. In these models, a particular temperature history is a 
scenario, based on the geologic model, that should be con-
strained by the Equations 2‒6 so that the thermal model-
ling is developed using specific heat and thermal 
conductivity values that are bounded. Multiple geologic 
scenarios become important to obtain ranges of possible 
physically bounded temperature histories, but scenarios do 
not provide estimates of uncertainty of the calculations.

The Barker (1989) data set consists of present day tem-
perature and heating duration which are used to calculate vit-
rinite reflectance assuming a linear heating rate. Time is 
usually well constrained with biostratigrahic data but can 
also be a source of uncertainty. Present day temperature un-
certainty, however, is well known and even a corrected bot-
tom hole temperature may have significant uncertainty. We 
estimate the impact of time–temperature uncertainty on the 
vitrinite calculations by propagating temperature uncertain-
ties into the vitrinite calculation.

Assume that the uncertainty on the vitrinite calculation is 
both a function of temperature and time, then the uncertainty 
in the calculated reflectance is

where �T , �t and �Rc are estimates of the temperature, time, 
and calculated reflectance uncertainties. Substituting 
Equation A7 into the right hand side of Equation A8 leads 
to an expression for the change in calculated reflectance in 
terms of the reaction extent. This new equation is rewritten 
as

Equation A6 substituted into Equation A9 leads to an ex-
pression for the fractional change in calculated reflectance in 

(A8)�Rc =
�Rc

�T
�T +

�Rc

�t
�t

(A9)
�Rc

Rc

=b
(

�F

�T
�T +

�F

�t
�t
)

F I G U R E  A 1   Natural logarithm of reaction rate and inverse 
absolute temperature for the reflectance data in Table 5.2 (Barker, 
1989) and Table 1 of this text. Rate parameters are determined from 
the slope and intercept of the least squares approximation. We refer 
to reflectance values calculated with a model based on these data as 
the BDW model which is a bulk model. The narrow error bands (thin 
solid line) are the from the standard error of the least squares model 
(1.48) while the dashed lines are for two times the standard error of 
the model. Error bars on the data assume a 2.5% uncertainty in the 
absolute temperature. Open circles denote data that were beyond 
the error bands in Figure 1 and are not used in the least squares 
approximation. These data are shown in bold at the bottom of Table 1

F I G U R E  A 2   Reaction extent and measured vitrinite data using 
the Barker (1989) data set. These data show significant uncertainty 
early in the reaction (small F) and show that the applicability is limited 
to measured values of reflectance that are >0.56%. Error bands are 
from the standard error of the model which is 0.637. Open circles 
denote data from Figure 1 that extend beyond the error bands. These 
data are not used in the least squares approximation. These data are 
shown in bold at the bottom of Table 1
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terms of component masses. Arranging the right hand side to 
obtain the same form as the integral equation for component 
masses gives

Equation A10 is the calculated reflectance uncertainty due 
to uncertainties in temperature and time. Each parallel reac-
tion, i, is summed to determine the overall effect on the 

vitrinite calculation. Unfortunately, we have little insight into 
the time uncertainty in the Barker (1989) data, so we limit 
ourselves to the temperature part of the uncertainty calcula-
tion where ranges in temperature have been quantified. We 
assume that the corrected temperature uncertainty is 2.5% of 
the reported temperature or ±9.3°C at 100°C. Peters and 
Nelson (2012) suggest that one standard deviation of cor-
rected BHTs is ±8°C.

Results of propagating the temperature uncertainty into the 
vitrinite reflectance calculation using Equation A10 are shown 
in Table 1 and Figure A3. At low calculated reflectance values 
(<1%), the temperature uncertainty leads to a <5% uncertainty 
in calculated reflectance. At these low calculated reflectance 
values, the EASY%Ro model has more uncertainty than the 
BDW model. At calculated reflectance values near 2%, both 
models have a calculated reflectance uncertainty which ranges 
from 10 to 15%. For calculated reflectance values between 2% 
and 4%, the calculated uncertainty in reflectance decreases with 
increasing reflectance and is generally less than 10%. In these 
cases, the BDW model exhibits more uncertainty than the 
EASY%Ro model.

In the body of the paper, it was concluded that the main 
source of interpretation uncertainty in Figure 6 is the large 
range of reported measured vitrinite values which are ap-
proximately 2–5 times the range of uncertainty in calculated 
reflectance values. This conclusion still holds: the main 
source of interpretation uncertainty is the vitrinite measure-
ment. Supporting this interpretation is the observation that 
the range in reported measured reflectance in Figure 6 is not 
significantly different from the range in measurements re-
ported in round robin tests amongst different operators 
(Hackley et al., 2015).

(A10)

�Rc

Rc

=−b�i
W(T)i

W(0)i

[

�

�T
ln
(

W(T)i

W(0)i

)

�T

+
�

�t
ln
(

W(T)i

W(0)i

)

�t
]

F I G U R E  A 3   The fractional error in the calculated reflectance 
plotted against calculated reflectance. The fractional reflectance, �R

c

R
c

, is based on a 2.5% present day temperature uncertainty (±9.3°C at 
100°C) and is calculated using Equation A10. In most oil and gas 
situations, uncertainty of the calculated reflectance is less than 10%


