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ABSTRACT

Diamondoids have been extensively used in petroleum geo-
chemistry for thermal maturity assessment of hydrocarbon fluids
and the source rocks from which they are derived. Both dia-
mondoid concentrations and diamondoid indices have been pro-
posed as maturity indicators, but no relationships have been
shown to be universally applicable across multiple petroleum
systems and source rock types. Here, we present a new quantita-
tive maturity calibration for fluids from marine source rocks,
based on diamondoids data from oils and gas condensates pro-
duced across a well-constrained maturity gradient of 0.5% to
1.5% vitrinite reflectance equivalent (VRE) in a combination of
conventional and unconventional plays.

We systematically examine the relationships between dia-
mondoid compositions and VRE as estimated from source rock
measurements and basin models and observe distinct maturity
ranges for generation and destruction of diamondoids of increas-
ing carbon numbers. Notably, the absolute concentrations of
ethyl-substituted adamantane isomers display the strongest and
most consistent maturity relationships across all petroleum sys-
tems included in our data set.

Four new diamondoid maturity models are proposed, of
which the most promising is based on the relative abundances of
adamantane and its suspected precursor, perhydrotriquinacene.
We call this parameter the adamantane index and find that it dis-
plays an excellent relationship to VRE in our data set (adjusted
coefficient of determination of 0.87) that is superior to the per-
formance of all previously established diamondoid indices.

Collectively, our work represents a major advance in under-
standing the evolution of diamondoid distributions in naturally
occurring hydrocarbon fluids and enables better quantitative
maturity estimation using an integrated diamondoid workflow
for exploration and production geochemistry applications.
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INTRODUCTION

Diamondoids are caged hydrocarbons that occur naturally in petro-
leum fluids and were first discovered in Czechoslovakian crude oil
(Landa and Machécek, 1933). Because of their resistance to both
thermal degradation and biodegradation, diamondoids are present
in petroleum fluids of virtually all thermal maturity levels and
under a wide range of geological conditions (Peters et al., 2005).
Hence, diamondoids have been extensively used in petroleum
systems analysis. Key areas of investigation include the thermal
maturity assessment of hydrocarbon fluids or their source rocks
(Chen et al., 1996; Zhang et al., 2005; Wei et al., 2006, 2007b;
Mankiewicz et al., 2009; Fang et al., 2013; Jiang et al., 2021), esti-
mation of the extent of fluid cracking (Dahl et al., 1999; Fang et al.,
2012), distinguishing source rock facies (Schulz et al., 2001), estab-
lishing fluid—fluid and fluid-source rock correlations (Moldowan
et al., 2015; Esegbue et al., 2020; Spaak et al., 2020; Botterell et al.,
2021; Forkner et al., 2021), determining the degree of fluid bio-
degradation (Williams et al., 1986; Grice et al., 2000, Wei et al.,
2007a; Cheng et al., 2018), and deconvolving fluid mixtures of
low-mature and high-mature components (Atwah et al., 2021).
Collectively, diamondoids record relevant geological information in
their absolute concentrations, concentration indices, and carbon
isotopic compositions (8'>C), but as with many other geochemical
parameters, we know of no relationships that are universally appli-
cable across multiple petroleum systems and source rock types.
Recent studies have focused on refining the compounding
effects of thermal maturity and organic matter type on diamond-
oid distributions through laboratory-based pyrolysis experiments
of kerogen (Jiang et al., 2018) and multivariate statistical analyses
to develop predictive models for naturally occurring petroleum
fluids (Jiang et al., 2021). Here, we further advance this effort by
presenting a new diamondoid-based quantitative maturity cali-
bration for naturally occurring petroleum fluids derived from
marine source rocks. This has been uniquely developed using pro-
duced oils and gas condensates that are obtained across well-
constrained maturity gradients in a combination of conventional
and unconventional plays. As such, our calibration is expected to
be more directly representative of the natural variability within
and between petroleum systems and may thus be able to perform
better in absolute thermal maturity prediction than models pre-
sented in previous studies based on kerogen heating experiments.

METHODS
Samples

A total of 91 hydrocarbon fluid samples were chosen for this
study from a selection of petroleum systems across the world
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Figure 1. Fluid sample distribution against thermal maturity and split per region of origin (cf. Table 1). EU = Europe; ME = Middle
East; NA = North America; SA = South America; VRE = vitrinite reflectance equivalent.

(Figure 1; Table 1). Good source rock type and ther-
mal maturity control is key and therefore our sample
set was predominantly focused on fluids from un-
conventional systems where paired rock and fluid
data types were available and integrated in a basin-
modeling framework. Specifically, the following cri-
teria were used to evaluate whether fluid samples
were suitable for inclusion in our study: (1) the cor-
responding source rock has been confidently identi-
fied; (2) the fluid represents a single charge; (3)
reservoir alteration processes such as biodegradation
have not been observed; and (4) a quantitative ther-
mal maturity estimate is available, either in the form
of source rock vitrinite reflectance (VR) measure-
ments or as VR equivalent (VRE) inferred from a
basin model or other geochemical fluid parameters,

with uncertainty less than 0.1% VRE. The full sample

Table 1. Hydrocarbon Fluids Included in This Study

set spans a thermal maturity range of 0.45% to 1.55%
VRE and thus encompasses the full maturity spec-
trum of liquid petroleum fluids, from early oil genera-
tion to gas condensate formation.

Analyses

All petroleum fluid samples were prepared and ana-
lyzed at Energy Transition Campus Amsterdam, the
Netherlands. In summary, an aliquot of ~50 ml crude
oil or condensate was weighed in a glass vial, after
which a known amount of internal standard solution
(perdeuteroadamantane dissolved in cyclohexane) was
added for quantification. The perdeuteroadamantane
standard was acquired from CDN Isotopes (product
no. D1165). Subsequently, samples were dissolved in
cyclohexane, and the saturated hydrocarbon fraction

Region Group  Petroleum System Type  Sample Count  Source Rock Age  Kerogen Type  VRE Range, %
South America SA-1 Unconventional 29 Jurassic Type Il 0.9-1.6
North America NA-1 Unconventional 20 Devonian Type |l 1.2-15
North America NA-2 Conventional 26 Jurassic Type |l 0.9-1.2
Middle East ME-1 Unconventional 1 Silurian Type |l 1.0
Middle East ME-2 Unconventional 1 Cenozoic Type IIS 0.4-0.5
Europe EU-1 Conventional 14 Jurassic Type Il 0.6-1.5
Abbreviation: VRE = vitrinite reflectance equivalent.
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containing diamondoids was isolated through solid
phase extraction using activated silver nitrate silica gel
as sorbent (silver nitrate acquired from Acros [product
no. 19768] and silica gel from Agilent [40 um particle
size, product no. 12213001]) and cyclohexane as elu-
ent. These saturated hydrocarbon fractions were fur-
ther purified into branched/cyclic fractions by adding
molecular sieves (Merck, 1.05705 A) to selectively
remove n-alkanes (>12 hr reaction time).
Diamondoids were measured on the branched/
cyclic fractions using two-dimensional gas chroma-
tography (Agilent 7890A GC gas chromatograph
[GC]) coupled to a mass selective detector (Agilent
5975C MSD mass selective detector [MSD]). The
two-dimensional gas chromatography (GCxGC)-
MSD instrument was operated in a reverse column
setup (first column: polar, 20 m Agilent DB-17ms
column with 0.25-mm internal diameter [ID] and
0.25 pm film thickness [Df]; second column: apolar,
3.7 m Agilent DB-1ms column with 0.1-mm ID and
0.1 pum Df), with the mass selective detector set to
selective ion monitoring. Modulation was performed
using a ZOEXII thermal modulator, with modulation
time set to 10-s intervals. Electron voltage was main-
tained at 70 eV, the source temperature of the mass
selective detector at 230°C, the interface temperature
at 280°C, and the quadrupole temperature at 150°C.
Sample injection into the GCx GC system was per-
formed using 1 pl aliquots (splitless) at 250°C and the

gas chromatograph oven temperature was set to
increase from 60°C to 300°C using a linear oven tem-
perature ramp of 2°C/min. Helium was used as the
carrier gas with a flow rate of 0.7 ml/min. Total analy-
sis time per sample was 131 min.

Analysis with GCx GC-MSD allowed for excel-
lent separation and identification of individual dia-
mondoid compounds (Figures S1, S2; Tables S1, S2;
supplementary material available as AAPG Data-
share 169 at www.aapg.org/datashare). Quantifica-
tion of diamondoids was performed on a peak area
basis, by comparing the peak areas for individual
compounds and compound groups to the peak area
of the internal standard (perdeuteroadamantane).
Perhydrotriquinacene (PTQ) was identified based on
a combination of both its elution order relative to
adamantane and its mass spectrum (Figure S2, sup-
plementary material available as AAPG Datashare
169 at www.aapg.org/datashare), which has distinc-
tive mass-to-charge ratio (m/z) 80 and 108 fragments
related to the consecutive loss of two ethene frag-
ments from the PTQ molecular ion (m/z 136).

Long-term monitoring of in-house standard oils
was employed to assure data quality and assess the
external reproducibility of all diamondoid parameters
for the samples investigated (Figure 2). Based on a
total of 76 replicate analyses of three different stan-
dard oils over the study period, the analytical uncer-
tainty was found to be typically <10% of the absolute
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Figure 2. Analytical reproducibility for quantification of adamantane, diamantane, and triamantane over the course of the study period,
tracked using three different standard oils. Apr = April; ID = identifier; Oct = October.
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concentration of a given diamondoid compound
(1 standard deviation). Statistical evaluation of the
data set was performed in R, a language and environ-
ment for statistical computing (R Core Team, 2022)
and figures were produced using the ggplot2 package
(Wickham, 2009). All data reported in this study are
included in Supplementary Data 1 (supplementary
material available as AAPG Datashare 169 at www.
aapg.org/datashare).

RESULTS

Diamondoid Distributions

Diamondoids were successfully detected and quanti-
fied in the adamantane to tetramantane range across
all samples (Figure 3). Generally, we find that total
adamantane and diamantane concentrations show a
progressive increase in abundance over the full matu-
rity range investigated. By contrast, total triamantane
and tetramantane concentrations show an initial in-
crease up to a maximum abundance at a VRE matu-
rity of ~1.0% (corresponding to peak oil window),
after which concentrations start to decline. Absolute
diamondoid concentrations are thus strongly corre-
lated with thermal maturity in our data set, and these
relationships appear to be largely shared between
the fluids from the different petroleum systems.
This suggests that the diamondoid distributions in

these fluids indeed share a common thermal maturity
control, with limited effects from inter- and intra-
basinal source-rock type variations. However, we
note that a single fluid from the Middle East-2 group
appears to be a relative outlier, potentially because it
is derived from a type IIS source rock that is virtually
immature (VR ~0.45%).

Similarly, the diamondoid parameters developed
in previous studies (Chen et al., 1996; Schulz
et al., 2001; Zhang et al., 2005; Mankiewicz et al.,
2009) appear to increase with thermal maturity in
our data set, but differences are observed between
the adamantane-based and diamantane-based indices
(Figures 4, 5; see Tables S1, S2 for parameter defini-
tions, supplementary material available as AAPG
Datashare 169 at www.aapg.org/datashare). Most
adamantane-based indices increase linearly over the
investigated maturity range and behave relatively
consistently across the different petroleum systems,
except for the fluids from the North America-2
group (Figure 4). Strikingly, the diamantane-based
indices show little variability, which prevents estab-
lishing any real relationships over the maturity range
covered by our data set. The integrated bridgehead-
to-secondary (BTS) carbon isomerization parameters
BTS-1 and BTS-2 (Mankiewicz et al., 2009) also
show similar outcomes (Figure 5), including a dimin-
ished response in the diamantane-based BTS-2 ratio
compared to the adamantane-based BTS-1 ratio.
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Figure 3. Overview of absolute diamondoid concentrations versus thermal maturity for all fluids. Solid black lines represent second-degree
polynomial fits to all data to highlight the main trends (excluding the outlier sample from the Middle East [ME]-2 group in green), with 95% con-
fidence intervals of the fits in gray shading. EU = Europe; NA = North America; SA = South America; VRE = vitrinite reflectance equivalent.
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Figure 4. Overview of methyladamantane index (MAI), ethyladamantane index (EAI), dimethyladamantane index 1 (DMAI-1), dimethy-
ladamantane index 2 (DMAI-2), trimethyladamantane index 1 (TMAI-1), trimethyladamantane index 2 (TMAI-2), methyldiamantane index
(MDI), dimethyldiamantane index 1 (DMDI-1), and dimethyldiamantane index 2 (DMDI-2) parameter results versus thermal maturity for
all fluids. The y axes are identical in all panels. Solid lines represent linear fits to the data for each regional group, with 95% confidence
intervals of the fits in gray shading. EU = Europe; ME = Middle East; NA = North America; R2,. = adjusted coefficient of determination;
SA = South America; VRE = vitrinite reflectance equivalent.

our calibration sample set to exclude biodegraded

fluids.

We even find that the methyladamantane/adaman-
tane (MA/A) and methyldiamantane/diamantane
(MD/D) parameters, which were previously found to
increase with fluid biodegradation rank (Grice et al.,
2000), are related to thermal maturity (Figure 6).

Novel Maturity Parameters

However, a potential compounding effect of both
maturity and biodegradation on these parameters
cannot be precluded since we specifically selected

1804

The relationships we observe in our data set lead us to
propose a set of new diamondoid maturity para-
meters. Here, we explicitly exclude the one fluid
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Figure 5. Bridgehead-to-secondary (BTS) carbon isomerization parameters BTS-1 and BTS-2 versus thermal maturity for all fluids. The y
axes are identical in all panels. Solid lines represent linear fits to the data for each regional group, with 95% confidence intervals of the fits
in gray shading. EU = Europe; ME = Middle East; NA = North America; k2, = adjusted coefficient of determination; SA = South Amer-
ica; VRE = vitrinite reflectance equivalent.

from group ME-2 in the calibration of these new para- isomers and methyladamantane isomers of C2-, C3-
meters because of its generally anomalous diamond- and C4-adamantanes. This relies on the notion that
oid compositions compared to the rest of the data set. all adamantanes eventually rearrange to their most

Three new indices are proposed based on the rel- stable methyladamantane isomer via the ethylada-
ative stability differences between ethyladamantane mantane isomer with the same number of carbon
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Figure 6. Methyladamantane/adamantane (MA/A) and methyldiamantane/diamantane (MD/D) parameter results versus thermal matu-
rity for all fluids. Solid lines represent linear fits to the data for each regional group, with 95% confidence intervals of the fits in gray shad-
ing. EU = Europe; ME = Middle East; NA = North America; Rf,dl- = adjusted coefficient of determination; SA = South America; VRE =
vitrinite reflectance equivalent.
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Figure 7. The newly proposed ethyl-dimethyladamantane index (E-DMAI), ethyl-trimethyladamantane index (E-TMAI), and ethyl-tetra-
methyladamantane index (E-TeMAI) parameters versus thermal maturity for all fluids. Solid lines represent linear fits to the data for each
regional group, with 95% confidence intervals of the fits in gray shading. EU = Europe; ME = Middle East; NA = North America; R2, =
adjusted coefficient of determination; SA = South America; VRE = vitrinite reflectance equivalent.

atoms (Schneider et al., 1964). For instance, the
reactions that lead to the formation of 1,3-dimethy-
ladamantane (1,3-DMA), 1,3,5-trimethyladaman-
tane (1,3,5-TMA), and 1,3,5,7-tetramethyladaman-
tane (1,3,5,7-TetraMA) have been suggested to
occur via l-ethyladamantane (1-EA), 1-ethyl-3-
methyladamantane (1-E-3-MA), and 1-ethyl-3,5-
dimethyladamantane (1-E-3,5-DMA), respectively
(Schneider et al., 1964). Here, we employ this con-
cept to design the following three indices, which we
call ethyl-dimethyladamantane index (E-DMAI),
ethyl-trimethyladamantane index (E-TMAI), and
ethyl-tetramethyladamantane index (E-TeMAI),
respectively:

E-DMAI =1,3-DMA/(1,3-DMA + 1-EA) (1)

E-TMAI=1,3,5-TMA/(1,3,5-TMA + 1-E-3-MA)
2)
E-TeMAI=1,3,5,7-TetraMA/
(1,3,5,7-TetraMA + 1-E-3,5-DMA)
)

The E-DMAI and E-TMAI parameters both have
relatively strong correlations with maturity, whereas
E-TeMAI performs less well given its reduced param-
eter space (Figure 7). However, this new set of

ethyladamantane maturity parameters appears to not
be fully representative across all petroleum systems in
our data set, similar to the established diamondoid
maturity parameters (Figures 4-6). Furthermore, a
progressive decrease in the absolute concentrations of
the respective ethyladamantane isomers with fluid
maturity is not observed, as might be suspected from
the aforementioned theory (Schneider et al., 1964).
Remarkably, we find that 1-EA, 1-E-3-MA, and 1-E-
3,5-DMA as well as 1-E-3,5,7-TMA concentrations
all increase exponentially with maturity and even
display globally consistent maturity relationships
across our full data set (Figure 8). This suggests that
individual ethyladamantane isomer abundances may
potentially be used directly for quantitative maturity
prediction.

In addition, we propose a new maturity parame-
ter based on the relative abundances of adamantane
and one of its suspected precursor molecules, PTQ.
The PTQ has a structure consisting of three fused
cyclopentane rings in the shape of a shallow bowl
and has been described previously as a precursor in a
series of transformation reactions of tricyclodecane
isomers to adamantane (Whitlock and Siefken, 1968;
Paquette et al., 1969; Engler et al., 1973; Clark et al.,
1979). To the best of our knowledge, PTQ has not
been reported or quantified in any subsequent

1806 Novel Diamondoid Maturity Models Using Naturally Occurring Petroleum Fluids



EU-1
ME-1

Group

1e+03 1

1e+02 4

1e+01 1

1-EA (ppm)

=
@
+
o
o

1e-01 1

1e-02 1

06 08 10 12 14 16

Thermal Maturity (VRE, %)

0.4

1e+03 4

RZ,=0.86

1e+02 1

ppm)

~ 1e+01 4

5-DMA

> 1e+004

1-E-3

1e-014

1e-02 1

06 08 10 12 14 18

Thermal Maturity (VRE, %)

0.4

e ME2 o NA2
o NA- SA-1
1e+03 1
&
RZ2,=0.84
1e+02 4
€
@ 1e+01 1
<
=
E 16+00 1
1e-01{ e
1e-02 1
04 06 08 10 12 14 16
Thermal Maturity (VRE, %)
1e+03 4
2 _
RZ,=0.83
1e+021
£
o
2
< 1e+01 4
=
=
M~
D 1e+00 1
“
i
il
16011 o
1e-02 1
04 06 08 10 12 14 16

Thermal Maturity (VRE, %)

Figure 8. Concentrations of ethyladamantane isomers 1-ethyladamantane (1-EA), 1-ethyl-3-methyladamantane (1-E-3-MA), 1-ethyl-3,5-
dimethyladamantane (1-E-3,5-DMA), and 1-ethyl-3,5,7-trimethyladamantane (1-E-3,5,7-TMA) shown versus thermal maturity for all fluids.
Solid black lines represent linear fits to all data (excluding the outlier sample from the Middle East [ME]-2 group in green), with 95% confi-
dence intervals of the fits in gray shading. EU = Europe; NA = North America; Rf,dj = adjusted coefficient of determination; SA = South

America; VRE = vitrinite reflectance equivalent.

petroleum geochemistry studies, but we observe it in
all studied samples regardless of fluid maturity. The
concentration of adamantane increases exponentially
with maturity in our data set, whereas PTQ remains
virtually invariant (Figure 9), potentially because of
its inferred endothermic reaction pathway (Engler
et al., 1973). These differences between adamantane
and PTQ result in a particularly strong maturity

relationship in their relative proportions. We there-
fore define a new parameter that we call the adaman-
tane index (Al), expressed as

Al=A/(A +PTQ) 4)

where A is adamantane.
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Figure 9. Concentrations of adamantane (A) and perhydrotriquinacene (PTQ) are shown together with the newly proposed adaman-
tane index (Al) parameter versus thermal maturity for all fluids. Solid black lines represent linear fits to all data (excluding the outlier sam-
ple from the Middle East [ME]-2 group in green), with 95% confidence intervals of the fits in gray shading. EU = Europe; NA = North

America; R?

Crucially, our newly proposed Al parameter has
a high linear correlation with thermal maturity across
our full data set (adjusted coefficient of determination
= 0.87), resulting in a better performance than the
other diamondoid maturity indices that were previ-
ously established in the literature (Chen et al., 1996;
Zhang et al., 2005; Mankiewicz et al., 2009). This
enhanced sensitivity to maturity and its potentially
global applicability make the Al parameter especially
promising for predictive purposes. The corresponding
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i = adjusted coefficient of determination; SA = South America; VRE = vitrinite reflectance equivalent.

equation for fluid maturity prediction using the Al
parameter is

AL-VRE (%) = 1.84 x Al — 0.28 (5)

Although the confidence interval of the linear
regression model for the Al parameter is relatively
tight, we recommend to apply an uncertainty of at
least £0.1% VRE to all fluid maturities predicted
using this AI-VRE relationship.
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DISCUSSION AND OUTLOOK

Based on our new calibration data set, the response of
diamondoid concentrations to increasing thermal
maturity is generally dependent on the size of the rel-
evant compounds (Figure 2). Smaller diamondoids
are consistently being generated across the oil win-
dow, whereas larger diamondoids are first generated
and then destroyed beyond their optimal maturity
regime. Previous studies using pyrolysis experiments
had established similar patterns for adamantanes and
diamantanes (Wei et al., 2006; Fang et al., 2012,
2013; Jiang et al, 2018), but to the best of our
knowledge, this is the first time that this relationship
is recorded in a series of naturally occurring fluids
across the full adamantane to tetramantane spectrum.
Our observations are in line with both theory and
observations for other compound classes in petro-
leum fluids such as n-alkanes and biomarkers (Peters
et al., 2005) but provide no further insights into the
origins of diamondoids themselves. Hence, we rec-
ommend investigation of diamondoid formation
pathways as a dedicated subject of future studies.

Our results show that most diamondoid indices
work well as relative maturity indicators for fluids
within a given basin, but not necessarily in all marine
petroleum systems. Furthermore, our observation
that adamantane-based indices perform better than
diamantane-based indices over the studied fluid matu-
rity range appears to be in accordance with previous
work in which the methyldiamantane index parame-
ter was shown to be a sensitive maturity parameter
only beyond a VRE of ~2.0% (Fang et al., 2012). We
expect that our newly proposed Al parameter will
represent a major step forward in diamondoid-based
quantitative maturity prediction across petroleum sys-
tems globally. A paired evaluation using the absolute
abundances of adamantane and the various ethylada-
mantane isomers may prove especially useful. How-
ever, future validation of these parameters against
other independent fluid data sets with good maturity
control will be key. In addition, the applicability of
the diamondoid maturity models presented here to
fluids derived from type I and/or type III source rocks
remains to be evaluated, albeit that access to suffi-
ciently large and well-calibrated nonmarine data sets is
very limited.

We acknowledge that many other maturity para-
meters are well-established with respect to petroleum

systems analysis. Existing maturity parameters com-
monly work well, but typically only for a relatively
small maturity window or a specific set of geological
conditions. For example, sterane-based biomarker in-
dices commonly reach parameter saturation at a VRE
of ~0.8%, whereas most aromatic biomarker indices
are only applicable at a VRE of ~1.0% and above
(Peters et al., 2005). Thus, the main advantage of the
diamondoid-based maturity models presented here is
that they can be applied to crude oil and gas conden-
sate fluids of all maturity levels. Moreover, our calibra-
tion data set is directly representative of naturally
occurring petroleum fluids and not reliant on infer-
ences from kerogen pyrolysis experiments.

To further develop the next generation of thermal
maturity models for petroleum fluids, future studies
could expand on our methods by including fluids
from other source-rock types and depositional envir-
onments. Ideally, diamondoid data should be gener-
ated in conjunction with other established whole oil,
saturate and aromatic biomarker, and gas fraction data
types, so that these integrated data sets can be jointly
inverted using statistical approaches for a potentially
superior performance.
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