
This is a repository copy of Acritarch Palynomorph Darkness Index (PDI) as an indicator of
thermal maturity in Silurian sections from Saudi Arabia.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/219349/

Version: Published Version

Article:

Clayton, G., Vecoli, M., Luo, P. et al. (2 more authors) (2024) Acritarch Palynomorph 
Darkness Index (PDI) as an indicator of thermal maturity in Silurian sections from Saudi 
Arabia. Marine and Petroleum Geology, 169. 107049. ISSN 0264-8172 

https://doi.org/10.1016/j.marpetgeo.2024.107049

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Acritarch Palynomorph Darkness Index (PDI) as an indicator of thermal 
maturity in Silurian sections from Saudi Arabia
Geoff Clayton a,*, Marco Vecoli b, Pan Luo c, Robbie Goodhue d, Charles Wellman a

a School of Biosciences, University of Sheffield, Sheffield, S10 2TN, UK
b Saudi Aramco, Dhahran, Saudi Arabia
c EXPEC Advanced Research Center, Saudi Aramco, Dhahran, Saudi Arabia
d Department of Geology, Trinity College, University of Dublin, Dublin D02 PN40, Ireland

A R T I C L E  I N F O

Keywords:
Acritarchs
PDI
Fluorescence
Qusaiba member
Qalibah formation
Silurian
Hot shales
Thermal maturity

A B S T R A C T

Palynomorph Darkness Index (PDI) measurements on acritarchs from Silurian strata in Saudi Arabia exhibit an 
irregular but potentially useful relationship to other vitrinite reflectance proxies. Four distinct stages in PDI 
evolution can be recognized with thermal maturity. In Stage 1, acritarch PDI is <10% and shows no increase with 
increasing maturity. A very rapid increase in PDI towards the end of the oil window from <10% to ca. 25% 
characterises Stage 2, which is followed by a gradual increase in Stage 3 from ca. 25% to approximately 80%. PDI 
Stage 4 is represented by postmature rocks, with acritarch PDI >82% and showing little change with increasing 
maturity. Acritarch fluorescence is totally extinguished within the oil window.

1. Introduction

1.1. Geological setting

During the early Silurian, widespread deposition of organic-rich 
shales occurred across the northern margin of Gondwana, including 
North Africa and the Arabian Peninsula (Lüning et al., 2000; Loydell 
et al., 2009, 2013). The deposition and stratigraphic development of 
these sediments have been associated with the post-glacial paleoenvir-
onmental conditions during and following the melting of the Late 
Ordovician ice cap, which directly influenced paleotopography, eustatic 
variations, sediment input, and depositional patterns (Lüning et al., 
2000; Hayton et al., 2017; Vecoli et al., 2011). According to Lüning et al. 
(2000), the lower Silurian shales, especially the characteristic basal 
organic-rich (“hot”) shale units, are at the origin of the vast majority of 
the Palaeozoic-sourced hydrocarbons in North Africa and the Middle 
East.

In Saudi Arabia, early Silurian deposits are represented within the 
predominantly shaly Qusaiba Member (abbreviated to QMbr herein), 
which is the basal unit of the Qalibah Formation (Fig. 1; Hayton et al., 
2017). The QMbr rests disconformably on the glaciogenic, 

predominantly sandy Sarah Formation and is in diachronous contact 
with the overlying, predominantly sandy Sharawra Member, repre-
senting the upper unit of the Qalibah Formation (Fig. 1). The Palaeozoic 
palyno- and biostratigraphy Saudi Arabia was reviewed by Wellman 
et al. (2015).

Especially in its lower part, the QMbr contains a series of distinct 
intervals characterized by high-TOC “warm” and “hot shale” facies, 
including the widespread basal Silurian hot shales (Base Qusaiba Hot 
Shale) which have high petroleum generation potential (Cole et al., 
1994; Hayton et al., 2017). Additionally, their unusually high organic 
content makes the Qusaiba shales an important target for unconven-
tional hydrocarbon exploration (Inan et al., 2016). The age of the 
Qusaiba organic-rich intervals has been established as Rhuddanian to 
Telychian, based on an integrated (palynological and graptolite) 
high-resolution biozonation developed for the QMbr (Boukhamsin et al., 
2013; Williams et al., 2016; Hayton et al., 2017).

In contrast to its stratigraphic position, the thermal maturity of the 
QMbr has proved difficult to establish consistently due to the absence of 
vitrinite, with Tmax- and graptolite reflectance-based “Vitrinite 
Reflectance Equivalents” (VREs) amongst the most extensively used 
methods (Cole, 1994; Inan et al., 2016). Multiple methods, including 
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biomarker ratios, organic petrography, and optical spectroscopy were 
attempted recently to assess the thermal maturity of the QMbr (Inan 
et al., 2016; Cheshire et al., 2017; Ertug et al., 2019). However, these 
methods (except Tmax) are time consuming and still demonstrated large 
uncertainties for high maturity samples. Another method that could be 
employed is chitinozoan reflectance, as described by Tricker (1992), 
which increases in a linear manner with increasing maturity through the 
oil window. However, this technique has not been widely employed, 
possibly due to the perception that sample preparation, suitable particle 
identification and reflectance measurement are relatively complex.

The present study utilized existing Tmax and graptolite reflectance 
datasets to calibrate acritarch Palynomorph Darkness Index (PDI) re-
sults, in order to assess the usefulness of PDI as a proxy for thermal 
maturity. The aim of the study is to develop a quick and reliable PDI 
method to estimate thermal maturity and provide a new VRE for an 
integrative maturity assessment on important hydrocarbon source rocks 
and unconventional reservoirs.

1.2. Previous work

1.2.1. Vitrinite reflectance equivalents (VREs)
Vitrinite reflectance (VRo) is the standard oil industry method for 

estimating thermal maturity but plants producing woody tissues (the 
precursors of vitrinite) did not evolve until Early Devonian time 
(Strullu-Derrien et al., 2019), so VRo cannot be determined in rocks 
older than this. Many proxies for VRo, known as Vitrinite Reflectance 
Equivalents (VREs) have been developed for rocks lacking suitable vit-
rinite for VRo measurement, some of the most widely used of which are 
based on Tmax measurements obtained from pyrolysis. It is convenient 
and fast to measure Tmax via temperature programmed pyrolysis on 

source rock samples. The advantages and pitfalls of this simple maturity 
proxy were comprehensively reviewed by Yang and Horsfield (2020). In 
the case of QMBr in Saudi Arabia, there are four challenges in the use of 
Tmax.

(1) dry gas window and overmature samples present an extremely 
low S2 yield or even an undetermined S2 peak in the pyrolysis, 
which results in significant uncertainty for maturity assessment 
of high maturity samples;

(2) the carryover effect of S1 (free hydrocarbon) on the S2 (gen-
eratable hydrocarbon) by the use of oil-based mud while drilling 
in the shale formation may reduce Tmax values and underesti-
mate the maturity.

(3) suppression of Tmax (abnormally low) has been observed for the 
QMBr hot shale (very high TOC).

(4) solid bitumen and pyrobitumen in source rocks may interfere 
with the S2 peak with multi-modal patterns presenting in tem-
perature programmed pyrolysis, thus producing anomalous Tmax 
results.

Numerous Tmax to VRo conversion equations have been established 
but discussion of these is limited here to the three most relevant 
versions.

1. Jarvie et al. (2001). This (VREJ) was one of the first used Tmax 
correlations to VRo for Type II kerogen, which was established based 
on the data of Barnett shale. It is probably still the most extensively 
used.

2. Inan et al. (2016). The correlation presented by these authors (VREI) 
was based on a wide-ranging investigation of the maturity of QMbr 
hot shales from Saudi Arabia. Results from numerous analytical 
methods were utilized, including graptolite reflectance, FTIR spec-
troscopy, Raman spectroscopy and UV fluorescence.

3. Evenick (2021). This author analyzed a very large dataset comprising 
33,732 Tmax and approximately coincident VRo measurements. This 
research documented a positive correlation between Tmax and VRo 
(VREE) but noted considerable scatter in the data, with a trendline 
equation of, VRo = (0.013 x Tmax) - 5.0, and an R2 value of only 
0.22. It is also noteworthy that Tmax-derived thermal maturity es-
timates are most reliable between the values of 430 ◦C and 500 ◦C 
and that Tmax to VRo correlations significantly weaken at the 
beginning of the dry gas window (VRo 1.5%).

1.2.2. Palynomorph colour
The first widely used colour scale, named the ‘Thermal Alteration 

Index (TAI) was published by Staplin (1969). Initially, this was intended 
to be applied to all “organic debris” from samples examined in trans-
mitted light but it was rapidly refined by being restricted to spores and 
pollen. The TAI scheme was soon superseded by the ‘Spore Colour Index’ 

(SCI) published by Collins (1990) and subsequently refined by Collins 
and other authors. Attempts have been made to correlate colour classes 
in the TAI and SCI scales to VRo (e.g., Ertug et al., 2019) but the fact 
remains that the TAI and SCI colour class numbers are simply labels, not 
measurements and that these are not quantitative schemes.

Attempts to fully quantify palynomorph colour include Marshall 
(1991) and Milton (1993). These authors used micro-spectrophotometry 
to characterise spore colour, expressing their results in terms of the 
Commission Internationale de l’Eclairage (CIE) colour system. As noted 
by Hartkopf-Fröder (2015), micro-spectrophotometry equipment is 
expensive and only available in few specialist laboratories but it is the 
method of choice when quantitative and reproducible miospore colour 
data are needed.

Yule et al. (1998) established a method of quantitative spore colour 
measurement using colour image analysis (CIA) which they calibrated 
against VRo from the same, naturally matured Carboniferous samples. 
These authors noted a rapid change in quantitative spore colour in the 

Fig. 1. Stratigraphic setting of the QMbr (Qalibah Formation). * = in part.
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interval VRo 0.6–1.04%, with the greatest range of colour in a single 
sample also recorded within this maturity interval.

1.2.3. Acritarch colour
Williams et al. (1998) published a ‘Thermal Alteration Index of 

Acritarchs’ (Acritarch Alteration Index, AAI) scheme based on visually 
estimated acritarch colours in transmitted light together with fluores-
cence. This scheme was tentatively correlated to VR via graptolite 
reflectance determinations from the Lower Palaeozoic sections and 
(measured) VR determined from overlying Devonian and Carboniferous 
rocks. The assumption of these authors that graptolite reflectance could 
be substituted for VR subsequently proved inaccurate, with Goodarzi 
et al. (1992) suggesting that the relationship of graptolite 
reflectance-based VRE (VREG) to GRo could be expressed by VREG =
0.80 x GRo, and Petersen et al. (2013) concluding that VREG = (0.73 x 
Gro) + 0.16. It also became apparent that graptolites, like vitrinite, are 
anisotropic, leading to strong bireflectance at high levels of maturity and 
consequent errors if mean rather than maximum GRo is used to estimate 
maturity. A comprehensive review of graptolite reflectance is included 
in Hartkopf-Fröder (2015). Despite this later work proving some of their 
interpretations incorrect, Williams et al. (1998) made some important 
observations, notably that acritarch colour and fluorescence (AAI) 
change rapidly through the middle part of the oil window.

Duggan and Clayton (2008) measured red, green and blue (RGB) 
intensities of white light transmitted through acritarchs (Veryhachium 

spp.) and correlated the values obtained to VRo measured from the same 
Silurian – Devonian samples. The relatively poor correlation of RGB 
intensities to VRo in this study are probably explained by very small 
vitrinite-like organic particles in the Silurian samples having the same 
reflectance as vitrinite, and to inadequate stabilisation of the back-
ground light intensity.

1.2.4. Acritarch fluorescence
Spore and pollen fluorescence have been used in several studies to 

characterise thermal maturity and to discriminate between different 
palynomorph types. These have been comprehensively reviewed by 
McPhilemy (1998), Teichmüller and Wolf (1977) and Van Gijzel (1967). 
Fluorescence of Ordovician palynomorphs from Estonia was correlated 
to other maturity indicators, including Acritarch Alteration Index, 
Palynomorph Darkness Index and organoclast reflectance by Sorci et al. 
(2020).

1.2.5. Palynomorph Darkness index (PDI)
Palynomorph Darkness Index (PDI) is a fully quantitative thermal 

maturity indicator established by Goodhue and Clayton (2010) based on 
measurement of the red, green and blue intensities of white light 
transmitted through palynomorphs. Several accounts of correlation of 
spore and pollen PDI to VRo determined from the same samples have 
been published, including Clayton et al. (2017), Spina et al. (2018) and 
Spina et al. (2021). Buratti et al. (2024) presented a correlation of spore 

Fig. 2. Correlation of PDI Spores and Pollen to measured VRo modified from Buratti et al. (2024). The black arrow denotes more data points not included in the figure.

Fig. 3. Well sections of QMbr investigated ranked in order of thermal maturity estimated by VREJ. No scale implied.
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Table 1 
All QMbr data. PDI results determined independently by a second operator are shown in bold italics. Samples 20-24 from the QMBr lower hot shale may have been affected by Tmax suppression.

Well Sample 
Number

Total Organic 
Carbon (TOC) 
(%)

Hydrogen Index 
(HI) (mg HC/g 
TOC)

VREJ 
(%)

VREI 
(%)

VREG 
(%)

Hydrocarbon 
Source Rock 
Intepratation

Veryhachium/Neoveryhachium Group All Acritarchs
PDIV 
(%)

Standard 
Deviation

Number of 
Specimens

Fluorescence PDIA 
(%)

Standard 
Deviation

Number of 
Specimens

Fluorescence

616–5 1 0.6 155 0.60 0.80 Immature/Black Oil 2 2 30 3 3 30 Y
2 6.6 428 0.76 0.93 Black Oil 6 2 30 Y 5 2 30 Y

869–3 3 3.3 432 0.47 0.71 Immature 5 2 30 Y 6 3 30 Y
242–3 4 0.9 93 0.58 0.79 Immature/Black Oil 4 1 30 Y 5 3 30 Y

5 0.5 182 0.58 0.79 Immature/Black Oil 5 3 30 Y 5 2 30 Y
403–3 6 0.6 147 0.67 0.86 Black Oil 5 2 30 Y 5 2 30 Y

7 0.5 136 0.71 0.89 Black Oil 6 3 30 Y 5 2 30 Y
8 0.5 199 0.74 0.91 Black Oil 5 2 30 Y 5 2 30 Y

895–3 9 2.1 352 0.85 0.99 Black Oil 20 7 30 DY 14 9 30 DY
10 0.6 155 0.76 0.93 Black Oil 5 4 30 DY 5 4 30 DY

853–3 11 0.5 142 0.77 0.93 Black Oil 6 4 30 DY 5 4 30 DY
488-31- 

1
12 3.9 378 0.80 0.95 Black Oil 6 3 30 DY 6 2 19 DY
13 2.7 294 0.90 1.03 Black Oil 8 5 30 DY 10 4 30 DY
14 0.4 191 0.85 0.99 Black Oil 8 4 30 DY 10 4 30 DY
15 1.1 245 Black Oil 5 4 30 X 6 4 30 X
16 0.8 219 0.87 1.01 Black Oil 25 13 30 X 18 7 30 X

25 12 30
17 1.6 265 0.85 0.99 0.81 Black Oil 16 10 30 VDY 13 9 30 VDY
18 1.0 228 0.87 1.01 Black Oil 21 7 30 DY 21 6 30 DY
19 2.1 309 0.92 1.05 Black Oil – – – DY 21 10 30 DY
20 5.3 221 0.83 0.98 0.83 Black Oil 23 11 30 X 22 10 30 X

24 11 30
21 5.9 215 0.80 0.95 0.86 Black Oil 25 10 30 X 19 11 30 X
22 5.9 215 0.78 0.94 Black Oil 22 7 30 VDY 20 6 30 VDY
23 3.7 193 0.83 0.98 0.86 Black Oil 26 8 30 X 25 8 30 X

27 9 30
24 4.0 209 0.74 0.91 Black Oil 23 5 30 VDY 22 5 30 VDY

786–3 25 0.6 123 0.83 0.98 Volatile Oil 23 11 30 X 26 12 30 X
25 12 30

26 0.4 133 0.89 1.02 Volatile Oil 25 14 30 X 33 14 30 X
667–165 27 0.8 62 1.39 1.39 Wet Gas 44 – 1 X 58 19 30 X

28 0.5 36 1.32 1.34 Wet Gas 51 8 7 X 54 11 30 X
29 2.7 64 1.46 1.45 Wet Gas – – – – 61 15 30 X

807–3 30 4.9 73 1.12 1.19 Wet Gas 51 7 30 X 54 6 30 X
31 0.4 92 1.34 1.35 1.43 Wet Gas – – – – 75 8 30 X

326–3 32 0.6 66 1.98 1.83 Dry Gas 60 7 9 X 57 10 30 X
33 0.6 60 1.86 1.74 Dry Gas 46 15 16 X 42 13 30 X
34 0.4 72 0.90 1.03 Dry Gas 47 11 30 X 47 15 30 X

667–47 35 4.6 25 1.44 1.43 Wet Gas 59 6 16 X 66 7 30 X
868–3 36 6.3 25 1.52 1.49 1.68 Wet/Dry Gas – – – – 80 9 30 X

37 0.7 55 1.46 1.45 1.63 Wet/Dry Gas 69 16 8 X 82 11 30 X
38 0.7 48 1.44 1.43 1.64 Wet/Dry Gas 61 20 12 X 85 11 30 X

667-53A 39 2.6 21 1.13 1.20 Volatile Oil/ 
Condensate

78 13 4 X 82 8 30 X

40 2.6 17 1.13 1.20 Volatile Oil/ 
Condensate

73 9 30 X 82 7 30 X

854-3-1 41 1.7 13 2.72 2.39 2.00 Dry Gas 84 10 30 X 83 14 30 X
42 1.1 9 2.72 2.39 2.00 Dry Gas 81 15 30 X 73 16 30 X
43 2.2 8 2.72 2.39 2.00 Dry Gas 84 10 11 X 80 13 30 X
44 1.9 7 2.17 1.98 1.93 Dry Gas 69 20 9 X 71 15 30 X
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and pollen PDI to measured VRo based on a large TotalEnergy dataset 
(Fig. 2). Spina et al. (2018) also measured acritarch PDI and correlated 
this to Tmax but observed no clear correlation, a result which they 
attributed to the scarcity of acritarchs in some of their samples.

2. Materials and methods

2.1. Sections investigated

Forty-four productive samples were investigated for Palynomorph 
Darkness Index (PDI) from 15 cored well sections through the QMbr in 
Saudi Arabia. These ranged from immature to dry gas in terms of hy-
drocarbon source rock potential (Fig. 3) classified on the basis of VREJ.

Four additional samples were collected from sections close to the 
Devonian/Mississippian boundary in the USA. Two of these were from 
the basal Mississippian Hannibal Shale Formation from its type section 
just outside Hannibal, Missouri, and two were collected from outcrops of 
the latest Devonian Bedford Shale Formation near Morehead, Kentucky. 

These samples were analyzed for VRo and PDIA. These samples were also 
subjected to pyrolysis but Tmax could not be determined due to the 
absence of S2 peaks.

2.2. Palynomorph darkness index (PDI)

The methodology employed for PDI measurement was that described 
by Clayton et al. (2017). All measurements were made on unoxidized 
post-HF organic residues mounted on glass slides with coverslips 
secured by Elvacite® non-fluorescing mounting medium. After stabil-
ising the background illumination (RGB intensities all within the range 
250–254), acritarch images were captured using a Jenoptic Gryphax® 8 
MPIX digital camera mounted on a Nikon Eclipse E600 microscope with 
a Plan Fluor ×40 objective lens. RGB intensities of representative 25 μm2 

areas of the captured acritarch images were measured using the inte-
grated Digital Colour Meter App on an Apple iMac running OS 13.6.1.

Where possible, 30 measurements of Veryhachium/Neoveryhachium 
group acritarchs (PDIV) were made from each sample, in order to 

Table 2 
American VRo and PDIV/A results. PDI results determined independently by a second operator are shown in bold italics.

Sample Locality Formation Age Av. VRo 
(%)

Standard 
Deviation

Number of 
Measurements

PDIV/A 
(%)

Standard 
Deviation

Number of 
Specimens

GC-6 Bratton Branch, 
KY

Bedford 
Shale

latest Devonian 0.51 0.04 26 6 4 30

GC-14 I-64, Morehead, 
KY

Bedford 
Shale

latest Devonian 0.54 0.04 27 5 3 30

GC-8 Hannibal, MO Hannibal 
Shale

earliest 
Carboniferous

0.49 0.05 25 6 3 30
7 3 30

GC-15 Hannibal, MO Hannibal 
Shale

earliest 
Carboniferous

0.52 0.05 25 5 4 30
7 4 30

Fig. 4. Correlation of PDIV to PDIA from the same samples.
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minimise variation in PDI caused by wall thickness and structure. In 
samples where 30 specimens from this group could not be located, PDI 
based on 30 specimens of any acritarch (PDIA) was determined. The PDIs 
of six samples were independently determined ‘blind’ by a second 
operator to assess the reproducibility of the method.

2.3. Acritarch fluorescence

Qualitative fluorescence observations were made after exposure of 
approximately 1 min using a Leitz Wetzlar Dialux 20 microscope with 
attached incident fluorescent light tube (Ploemopak 2.4), applying 
excitation from a violet and blue H2 Filter Block with a bandwidth of 
390–490 nm. Fluorescence intensity was arbitrarily classified as bright, 
dull, very dull, or none. Representative examples are shown in Fig. 7, q –
t and results are summarized in Tables 1 and 2.

2.4. Vitrinite reflectance

Average Vitrinite Reflectance (VRo) of four samples was measured by 
Dr Cortland Eble (Kentucky Geological Survey, University of Kentucky). 
Rock samples were crushed and mounted in epoxy resin, then ground 
and polished (ASTM D2797/D2797M-21a, 2021). Vitrinite reflectance 
analyses were performed following the analytical protocols outlined in 

ASTM D7708-23 (2023).

3. Results

3.1. Palynomorph darkness index (PDI)

All but one of the 44 QMbr samples that were productive for acri-
tarch PDI had matching Tmax-derived VRE data and 12 also had grap-
tolite reflectance-derived VRE results (VREG). PDIV results were 
obtained from 40 samples and PDIA results were obtained from all 44 
samples. All results obtained are summarized in Table 1. PDI was 
determined ‘blind’ on six samples by a second operator (Tables 1 and 2). 
The mean PDI results obtained were within a ±2% band of those 
determined by the first operator, confirming good reproducibility.

A strong correlation exists between of PDIA and PDIV from the same 
samples (PDIA = 1.0498 PDIV – 0.2263: R2 

= 0.96) (Figs. 4 and 5), 
especially in the less mature sections. Consequently, PDIA is substituted 
for PDIV for PDI to VRE correlation purposes with respect to the four 
samples from which PDIV could not be obtained. The combined PDIV and 
PDIA results are referred to as PDIV/A.

Correlation of acritarch PDIV/A to VREJ reveals an irregular trend 
comprising three distinct stages (Fig. 6a). From VREJ ca. 0.45% to VREJ 
ca. 0.8%, PDIV/A remains very low at <10%. In the second stage from 

Fig. 5. VREJ and VREG versus PDIV and PDIA in Well 488-31-1. The black intervals are ‘hot’ shales. The grey shading, arrow and question mark indicate VREs that 
may have been affected by Tmax suppression. Red circles = VREJ, black squares = VREG, dark blue circles = PDIV, light blue squares = PDIV/A.
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VREJ 0.8–0.9%, PDIV/A increases very rapidly from ca. 10% to ca. 25%. 
This ‘jump’ in PDIV/A, which is not matched by any marked change in 
VREJ is seen in Well 488-31-1 (Fig. 5), as well as in the overall dataset 
(Fig. 6a). However, Tmax and graptolite reflectance may be suppressed 
in hydrogen-rich samples (Yang and Horsfield, 2020, and references 
therein). Tmax may be suppressed in the lowest hot shale in Well 

488-31-1 (Fig. 5, Table 1). For this reason, the VREs for this unit derived 
from Tmax and graptolite reflectance values may underestimate its true 
maturity.

The third stage shows a gradual increase in PDIV/A relative to VREJ, 
though this is very poorly constrained (Fig. 6a). However, there are 
major differences between VREJ and VREG values from the same sample 
horizons and also significant differences in VREJ between strati-
graphically closely spaced samples in the same well sections (Table 1).

A fourth stage of the PDIV/A to VREJ correlation can be postulated 
based on Williams et al. (1998) and on unpublished accounts of acri-
tarch colour from postmature rocks (VRo/VRE >2%). In this section, 
PDIV/A increases very slowly with increasing maturity, from ca. 82% to 
ca. 95%. The QMBr samples investigated only represent the least mature 
part of this stage.

Correlating PDIV/A to VREI or VREE rather than VREJ Fig. 6b and c) 
results in the PDIV/A results in the first segment shifting to the right or 
left respectively in the plot, i.e. suggesting that they represent a higher 
or lower level of maturity. The position of the PDIV/A ‘jump’ also shifts 
from VREJ 0.8–0.9% in terms of the Jarvie conversion equation, to VREJ 
0.9–1.0% when the Inan et al. equation is used and to 07–0.8% using the 
Evenick equation.

The four latest Devonian/earliest Carboniferous samples investi-
gated from the USA range from VRo 0.49 – VRo 0.52%, with PDIV/A 
5–6%. Veryhachium/Neoveryhachium group specimens are rare and most 
measurements were made on specimens of Micrhystridium spp. which are 
very similar in terms of wall thickness and diameter (Table 2).

3.2. Acritarch fluorescence

Acritarchs in the QMbr samples from PDI Stage 1 (PDIV/A < 10%) 
exhibit bright to dull fluorescence (Fig. 7), with no obvious correlation 
between different taxa and fluorescence intensity. Acritarchs from the 
four North American samples investigated (PDIA ca. 0.5%) consistently 
fluoresce more brightly than acritarchs from the Saudi samples.

In PDI Stage 2 (PDIV/A ca. 10–25%) in the QMbr sections, there is 
even more variation in fluorescence intensity with subequal numbers of 
specimens showing bright, dull, very dull or no fluorescence in all 
samples. No fluorescence is seen in acritarchs from Stage 3 (PDIV/A ca. 
25–82%) and Stage 4 (PDIV/A >82%).

4. Discussion

4.1. Palynomorph darkness index (PDI)

The overall trend in acritarch PDI with increasing thermal maturity 
in the QMbr samples is very similar using VREJ, VREI or VREE. (Fig. 6). 
In the immature to main part of the black oil interval (PDI Stage 1), 
PDIV/A is <10% and shows no clear increase with increasing maturity. In 
the more mature part of the Black Oil Window or at its boundary with 
the Volatile Oil Window (depending on whether VREJ, VREI or VREE is 
used), PDIV/A increases very rapidly compared to VRE, from ca. 10% – 

ca. 25% (PDI Stage 2). This PDI ‘jump’ almost certainly corresponds to 
the rapid change of acritarch colour in the middle of the Oil Window 
noted by Williams et al. (1998).

Correlation of miospore PDI to vitrinite reflectance (VRo) by Buratti 
et al. (2024) shows a gradual increase in PDI relative to VRo from 0.2% 
to 0.7%, at which point there is a distinct ‘jump’ in PDI (Fig. 2). PDI then 
returns to a gradual increase from VRo 0.7–2.0%, from which point it 
only increases very slowly to at least VRo 2%. Yule et al. (1998) noted a 
rapid change in quantitative spore colour in the interval VRo 0.6–1.04%, 
with the greatest range of colour in a single sample also recorded within 
this maturity interval. Yule et al. (2000) described an increase in the rate 
of change in colour beginning at ca. VRo 0.8% in naturally matured 
Carboniferous miospores. Based on FTIR investigation of the same 
samples, these authors concluded that this was associated with the loss 
of aliphatic groups to form hydrocarbons. Ujiié (2001) recorded 

Fig. 6. Correlation of acritarch PDI (PDIV/A) to VRE. The horizontal tie lines 
link VREG results to VREJ, VREI and VREE results from the same sample. Fig. 6a. 
PDIV/A v. VREJ. Fig. 6b. PDIV/A v. VREI. Fig. 6c. PDIV/A v. VREE.

G. Clayton et al.                                                                                                                                                                                                                                Marine and Petroleum Geology 169 (2024) 107049 

7 



Fig. 7. A – l. Representative specimens from the Veryhachium/Neoveryhachium group of acritarchs illustrating increasing PDI (shown to the left of each specimen). m 
– p. other acritarchs. q – t. acritarchs exhibiting bright fluorescence (q), dull fluorescence (r, s) and very dull fluorescence (t). Scale bars are 25 μm.

G. Clayton et al.                                                                                                                                                                                                                                Marine and Petroleum Geology 169 (2024) 107049 

8 



accelerated increase of stTAI of Neogene pollen between VRo 0.5% and 
0.6%, corresponding to the, “threshold zone of oil generation.”

Our QMbr results and the independent studies discussed above 
suggest that there is a rapid increase in the rate of palynomorph dark-
ening within the maturity range 0.5–1.04% VRo but this may occur at 
different maturity levels in different palynomorph groups and with 
different kerogen compositions. However, the basal hot shale in Well 
488-31-1 is more organic rich than the section above, with higher TOC 
and HI values (Table 1). In other wells with continuously measured TOC, 
HI and Tmax data, there is clear evidence of Tmax (and derived VRE) 
suppression in this unit but this cannot be conclusively established in 
Well 488-31-1 due to the lack of data from the interval separating the 
two hot shales. Consequently, there is a strong possibility that, in our 
study, suppression of Tmax has modified the position of the PDI ‘jump’ 

on the VRE axis (Fig. 6 a, b, c), by underestimating the level of maturity 
at which it occurs, thereby exaggerating its apparent magnitude. Further 
research is planned on other wells that span this maturity interval in 
order to elucidate this relationship.

Within PDI Stage 3 (PDIV/A ca. 25–82%) of the present investigation, 
PDI clearly increases with VREJ, VREI and VREG but with considerable 
scatter and consequent weak correlation. This is in marked contrast to 
the strong correlation between PDI and VRo recorded by Buratti et al. 
(2024) through the same maturity interval. In contrast with the present 
acritarch-based PDI results, Buratti et al. (2024) published PDI results 
obtained exclusively from pollen and spores. Differences in chemical 
composition of the walls of these palynomorph groups are probably too 
minor to have significantly affected their optical properties. As a 
consequence, the scatter in the acritarch PDI v. VRE data is most likely 
explained by the correlation to pyrolysis-based VREs in the present study 
compared to the correlation to (measured) VRo of Buratti et al. (2024). 
This interpretation is supported by Evenick’s (2021) conclusion that, “Ro 
is a robust thermal maturity indicator, but there is no definitive corre-
lation between pyrolysis-based thermal maturity indicators and Ro” 

(Note, Ro = VRo).
Only two samples in the present study are assigned to PDI Stage 4 

(PDIV/A >82%) within which acritarchs are more-or-less black and there 
is little increase in PDIV/A with increasing VREJ. This maturity interval is 
much better represented in terms of spore and pollen PDI v. VRo (Buratti 
et al., 2024), though it should be noted that Tmax-based VREs are 
inaccurate at this level of maturity and, due to increased bireflectance, 
VRmax is a more appropriate indicator of maturity than VRo.

In discussing acritarchs and prasinophytes from the Lower Cambrian 
Laeså Formation on Bornholm, Denmark, Moczydłowska and Vidal 
(1992) described darker acritarchs from phosphorite bearing units than 
from associated shales and mudstones. They tentatively suggested that 
this could have been caused by natural radioactive decay of radiogenic 
elements including uranium concentrated in the phosphorites. There is 
no evidence of any comparable increase in acritarch PDI in samples from 
the more organic (and presumably uranium) rich units in the QMBr.

4.2. Acritarch fluorescence

Acritarch fluorescence intensity is apparently suppressed in samples 
from the QMbr, with duller fluorescence in PDI Stage 1 than in samples 
of similar maturity from the USA. Total extinction of fluorescence in the 
QMBr occurs within the VRE range 0.8–1.1% (depending on which VRE 
is used). Fluorescence of oil shows and fluid inclusions usually disap-
pears at the boundary between the volatile oil and condensate windows 
(VRE 1.2%). Reviewing previous work, Hartkopf-Fröder et al. (2015)
concluded that visible fluorescence of sporinite is generally extinguished 
at VRo 1.2–1.3%.

In terms of the coal and organic petrology classification of organic 
matter, acritarchs belong to the liptinite (formerly exinite) maceral 
subgroup, together with all other palynomorphs (Pickel et al., 2017). 
Except for Sorchi et al. (2020), very few publications discuss fluores-
cence of acritarchs but there are numerous published accounts of the 

modification of liptinite fluorescence. Of these, the most significant is 
Zheng et al. (2021) who conducted a comprehensive investigation of 
Baltoscandian Paleozoic alum shales. These authors reported a reduc-
tion of up to 95.6% in liptinite fluorescence relative intensity associated 
with an increase in U content from 29 to 401 ppm. They also noted that 
solid bitumen reflectance appeared to be, “significantly elevated in 
micro scale proximity to the U-containing minerals” and that there was a 
heterogenous distribution of U-containing minerals within the samples 
studied. If irradiation from a comparable heterogenous distribution of 
U-containing minerals in the QMBr has affected acritarch fluorescence 
on a similar micro scale, this could have contributed to the wide vari-
ation in fluorescence intensity recorded.

5. Conclusions

The Veryhachium/Neoveryhachium group of acritarchs is the most 
suitable group for Palynomorph Darkness Index (PDI) determination, 
but measurements based on all acritarchs can be substituted, though 
inclusion of large, thick-walled forms in samples (where these are 
common) can skew the mean towards the higher (darker) end of the PDI 
scale.

As thermal maturity increases, acritarch Palynomorph Darkness 
Index (PDI) increases in an irregular manner compared to pyrolysis 
derived Vitrinite Reflectance Equivalents (VREs). With regard to the 
VRE/PDI correlation trendline, four distinct stages can be recognized. In 
the least mature of these (PDI Stage 1) PDI is <10% and acritarchs 
fluoresce. In the second stage from VREJ 0.8–0.9%, PDIV/A increases 
very rapidly from ca. 10% to ca. 25%. The third stage shows a gradual 
increase in PDI relative to VRE, though this is poorly constrained. In the 
fourth stage, PDI increases very slowly with increasing maturity, from 
ca. 82% to ca. 95%. The Qusaiba Member samples investigated represent 
only the least mature part of this stage.

Acritarch fluorescence is less intense and is extinguished at a lower 
level of thermal maturity (VRE ca. 0.95% and PDI ca. 25%) in the 
Qusaiba samples than has been reported from other investigations.
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