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Abstract
Methylated 2-methyl-2-(4,8,12-trimethyltridecyl)chromans are salinity-sensitive biomarkers that

have been detected in immature – early mature petroleum and sediments. In this study, the occur-

rence and distribution patterns of 2-methyl-2-(4,8,12-trimethyltridecyl)chromans were investi-

gated in a set of lacustrine sediments from Nördlinger Ries of southern Germany and marine

sediments from the South China Sea. Among all of the 2-methyl-2-(4,8,12-trimethyltridecyl)chro-

man isomers detected, 8-Me-2-methyl-2-(4,8,12-trimethyltridecyl)chroman presented with high

abundance in sediments deposited in hypersaline environments, while absent in samples from nor-

mal marine environments. In contrast, 5,7,8-triMe-2-methyl-2-(4,8,12-trimethyltridecyl)chroman

was more enriched in sediments from marine environments. This study also showed that the

ratio of 5,7,8-triMe-/5,8-diMe-2-methyl-2-(4,8,12-trimethyltridecyl)chroman can be applied as a

potential salinity indicator on account of a positive correlation with other 2-methyl-2-(4,8,12-tri-

methyltridecyl)chroman salinity indicators. This ratio can be an alternative indicator of paleosali-

nity when 8-Me-2-methyl-2-(4,8,12-trimethyltridecyl)chroman is absent or present in quite low

abundance. The content of 2-methyl-2-(4,8,12-trimethyltridecyl)chroman isomers may be affected

by freshwater supply and lithology. Molecular simulations showed that 5,8-diMe-2-methyl-2-
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(4,8,12-trimethyltridecyl)chroman has a higher thermal dynamic stability than 7,8-diMe-2-methyl-

2-(4,8,12-trimethyltridecyl)chroman. Thus, the ratio of 5,8-diMe-2-methyl-2-(4,8,12-trimethyltridecyl)

chroman/7,8-diMe-2-methyl-2-(4,8,12-trimethyltridecyl)chroman may be a potential maturity

parameter for sediments at a low thermal mature stage.

Keywords
Methylated 2-methyl-2-(4, 8, 12-trimethyltridecyl)chromans, immature sediments, paleosalinity,

thermal stability

Introduction

Identification and occurrence of 2-methyl-2-(4,8,12-trimethyltridecyl)chromans
Mono-, di- and trimethyl-2-methyl-2-(4,8,12-trimethyltridecyl)chromans (2-methyl-2-(4,8,12-
trimethyltridecyl)chromans (MTTCs)) have been widely detected in sediments and crude oils
(Fan et al., 1988; Sheng et al., 1987; Sinninghe Damsté et al., 1987, 1989). Their chemical struc-
tures, origins and potential applications in geology and geochemistry were first studied in detail by
Sinninghe Damsté et al. (1987). MTTCs can be considered structurally as similar to tocopherols
which have suffered elimination of a hydroxyl group (at the C-6 position; Figure 1). These com-
pounds can be detected in the aromatic fractions of source rock extracts and crude oils.

In addition to their occurrence in Carboniferous, Silurian and Ordovician source rocks and crude
oils, MTTCs have also been found in Early Cambrian to Quaternary source rocks (sediments) or
crude oils (Jiang et al., 2019). MTTCs appear to be preserved mainly in organic sediments
related to evaporation environments with high salinity. Due to their low thermal stabilities, they
are possibly enriched in sedimentary organic matters and crude oils with low thermal maturities
and have not yet been discovered in mature to highly mature oils or sediments.

The origin of MTTCs
Tocopherols occur widely in organisms and modern sediments and are similar to chromans in struc-
ture (Figure 1). However, tocopherols have been excluded as precursors of MTTCs because it seems
improbable that only the phenolic hydroxyl group would be lost during diagenesis, without any other
structural modifications (Sheng et al., 1987; Sinninghe Damsté et al., 1987). The origin of MTTCs
thus remains a controversial issue. Some studies have suggested that MTTCs may be derived from
bacterial biogenesis. Sinninghe Damsté et al. (1987) proposed that 8-Me-MTTC is likely to be a bio-
synthetic product of non-photosynthetic bacteria in deep bottom waters. The 8-Me-MTTC%
(8-Me-MTTC/total MTTC× 100) showed a positive relationship with the gammacerane index and
a negative relationship with pristane/phytane (Pr/Ph) ratios, demonstrating that MTTCs may be pro-
duced in the euxinic portions of water columns (Jiang et al., 2018a, 2018b). Van Kaam-Peters and
Sinninghe Damsté (1997) assumed that MTTCs may be derived from photoautotrophs that assimilate
carbon via the Calvin cycle. The carbon isotope values of MTTCs suggested a unified phytoplank-
tonic origin (Grice et al., 1998; Lu et al., 2007; Sinninghe Damsté et al., 1993; Zhang et al., 2012).

Li et al. (1995) synthesized MTTCs in the laboratory from alkylated phenols and phytol. Thus, an
alternative formation pathway of MTTCs was postulated through condensation of alkylated phenols
with phytol during diagenesis. It was also shown that MTTCs can produce pristane under certain con-
ditions (Li et al., 1995). The covariance of triMe-MTTC abundance with perylene indicated that
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MTTCs may also be derived from higher plants (Tulipani et al., 2015). Pyrolysis with gas chromatog-
raphy (GS) isotope-ratio mass spectrometry (MS) was used by Tulipani et al. (2013) to measure the
δ13C of trimethylphenol and pristenes produced by pyrolysis of 5,7,8-trimethyl-MTTC and the
results suggested that the formation of chromans may be related to side chain cracking of phytol.

Therefore, the generation mechanisms of the MTTCs found in sediments and petroleum are still
under discussion.

The application of MTTCs in geochemistry
The MTTCs found in sediments have been widely applied in the study of depositional environ-
ments, even though their origins are still ambiguous. Previous observations showed that the

Figure 1. The chemical relationships between the structures of tocopherols and chromans.

Wang et al. 345



5,7,8-trimethyl-MTTC dominates and 8-methyl-MTTC is completely absent in non-hypersaline
sediments, while 8-methyl-MTTC is enriched in sediments from hypersaline environments
(Schwark et al., 1998; Sinninghe Damsté et al., 1987, 1993; Wang et al., 2011; Zhu et al.,
2005). Some MTTC ratios, such as 5,7,8-triMe-/8-Me-MTTC, 5,7,8-triMe/total MTTC (MTTCI)
and 5,7,8-triMe-/7,8-diMe-MTTC, have been applied as indicators of palaeohypersalinity
(Sinninghe Damsté et al., 1987, 1993; Wang et al., 2011).

The diMe-MTTCs isomers could also have potential for assessing thermal maturity due to the
differences in thermal dynamic stabilities among different isomers. Bao et al. (2009) found that
the 5,8-/7,8-diMe-MTTC ratio displays a regular increase with increasing maturity when Ro is
<0.65%. This indicates that MTTCs may be useful maturity indicators for oils and sedimentary
organic matter with low maturities (Bao et al., 2009; Chen et al., 1997; Huang, 2006). However,
Jiang et al. (2018a, 2018b) suggested that the 5,8-/7,8-diMe-MTTC ratio is not an effective maturity
parameter because the change of this ratio with thermal maturity is not obvious in immature and low
mature source rocks. Less work has been done on the thermal stability assessment of those MTTC
isomers in the previous literature.

In this study, we identified MTTCs in a set of immature lacustrine sediments from the Nördlinger
Ries of southern Germany and marine sediments from the South China Sea. The distribution patterns
are then discussed. A new MTTC-based salinity parameter is proposed. Moreover, the thermal
dynamic stability of two diMe-MTTCs was derived based on molecular simulations, the vitrinite
reflectance of both lacustrine and marine sediments was derived and discussed.

Geological settings and samples
A sum of 27 immature samples were collected from two regions, including 11 lacustrine sediments
from the Nördlinger Ries of southern Germany and 14 marine sediments from the South China Sea.

The Nördlinger Ries, a circular sedimentary basin with a diameter of 20 km, is located about
100 km to the northwest of Munich in southern Germany (Figure 2(a)), which was taken as a
lake formed by volcanic eruption but later proved to be an impact crater due to the presence of
the coquartz created by meteorite strikes (Rullkötter et al., 1990; Stöffler, 1966). Rainfall was
the main freshwater input because the extended material that formed around the crater prevented
other freshwater supplies (Rullkötter et al., 1990). The basement of the crater consists of suevite
(meteorite impact brecciae) containing high-pressure modifications of quartz, which were formed
by meteorite impact into the late Jurassic carbonate sediments of the Schwàbische Alb mountain
range about 15 Ma ago. Overlying the suevite, the Miocene sediments include a 140 m thick lami-
nite series, 60 m of marl and a clay layer at the top. A total of 11 samples were collected from three
Miocene lithological intervals in well NR-1973 (Figure 2(b)). All samples are immature with vitri-
nite reflectances (Ro, %) <0.5% (Rullkötter et al., 1990).

Marine sediments samples were collected from the Shenhu area in the South China Sea, which
belongs to the Baiyun Sag of the Pearl River Mouth Basin. A total of 14 samples were selected from
SC2 and SC3 wells in the Shenhu GMGS4 gas hydrate drilling area (Figure 3). The lithology of
marine samples, silty clay or clayey silt, vary slightly with depth (Zhang et al., 2020).

Methods

GC–MS analysis
All rock samples were ground into powder in a crusher to <80 mesh. A Soxhlet apparatus was used
for extracting soluble organic matter with 400 mL of dichloromethane:methanol as a solvent (93:7,
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v:v). Then 50 mL of n-hexane were used to precipitate asphaltenes from the soluble bitumen. The
remaining were fractionated into saturated, aromatic and NSO fractions, by liquid chromatography
(alumina/silica gel columns, 2:3) with 30 mL n-hexane, 25 mL dichloromethane:n-hexane (2:1, v:v)
and 25 mL dichloromethane:methanol (93:7, v:v) as eluents, respectively.

The saturated fractions were analysed by an Agilent 6890 GC–Agilent 5975i MS system, using
an HP-5MS fused silica capillary column (30 m× 0.25 mm× 0.25 μm). The oven temperature of
the GC system was maintained at 50 °C for 1 min, increased at 20 °C/min to 120 °C, and then

Figure 2. The location of Nördlinger Ries south Germany (a) and lithological column of Miocene and the

depths of samples for this study (b).

Figure 3. Geologic setting and locations of the gas hydrate drilling and coring sites in the Shenhu area, South

China Sea (Zhang et al., 2020).
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increased at 3 °C/min to 310 °C, before being finally held at 310 °C for 25 min. The aromatic frac-
tions were analysed using an Agilent 7890B GC–Agilent 5977AMS system with an HP-5MS fused
silica capillary column (60 m× 0.25 mm× 0.25 μm). The initial GC oven temperature was set at
80 °C for 1 min, increased to 310 °C at a rate of 3 °C/min and was then held at the final temperature
for 20 min.

Helium was utilized as the carrier gas with a speed of 1.0 mL/min for the GC of saturated and
aromatic fractions. Under electron ionization mode, the ionization energy of MS was 70 eV with the
scanning range of m/z 50–600.

Computational details of molecular simulation
The molecular structures were constructed by GaussView 6 software, saved in GIF format initially.
Then the original documents were converted to executable files for Gaussian 09 code. All calcula-
tions were in Gauss 09 code and performed by Sichuan University of Science and Engineering
High Performance Computing Center (Xiao et al., 2019; Yang et al., 2019). Through density func-
tional theory, the B3LYP method was used to calculate zero-point energy correction, frequency
and geometric optimization at the 6-311++G (d, p) level. According to the equation,
△G=△H–T·△S, the Gibbs-free energies of the two MTTCs can be obtained, in which △H
means the enthalpy, T is the normal temperature (298.15 K) and △S means the entropy.

Results and discussion

Bulk geochemical characteristics of samples
The total organic carbon (TOC) content of the Nördlinger Ries lacustrine sediments was in the
range of 1.19% to 13.50% with an average value of 5.65%. The total sulphur (TS) content
varied from 0.68% to 8.85% with an average value of 2.48% (Table 1), indicating the strong het-
erogeneity of these samples. The hydrogen index (HI) ranged from 264 to 791 mg HC/g rock, aver-
aging 616 mg HC/g rock. According to the HI (mg HC/g TOC) versus Tmax (°C) plot, the lacustrine
samples from Nördlinger Ries contain type I and II kerogens (Figure 4(a)). Additionally, an average
Tmax of 428 °C, with a range of 379 °C–440 °C, indicates that the Nördlinger Ries lacustrine sedi-
ments are still at the immature stage.

The TOC and TS values of marine sediments collected from the South China Sea was very low,
with an average value of 0.24% and 0.21%, respectively (Table 2). The S1+ S2 (mg HC/g rock)
versus TOC (wt%) plot suggests that the marine samples are poor source rocks with low hydrocar-
bon potential (Figure 4(b)). The burial depth of these samples ranges from ∼80 to 200 m. They are
all immature sediments with no significant change in maturity.

The identification and occurrence of MTTCs in lacustrine and marine sediments
The identification of MTTC isomers was made by comparison of their elution orders in mass chro-
matograms and mass spectra with those reported in the literature (Sheng et al., 1987; Sinninghe
Damsté et al., 1987). Figure 5 shows the mass chromatograms (m/z 121, 135 and 149) of aromatic
fractions of selected sample extracts in this study.

Four MTTCs isomers were detected in the Nördlinger Ries samples. 8-Me-MTTC or
di-Me-MTTCs were absent in several samples. With depth increasing, the MTTCI ratio () of the
Nördlinger Ries samples increased slightly from the surface to a depth of 50 m, then decreased
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drastically, reaching nearly 0.1 at ∼200 m, followed by a narrow fluctuation and the ratio kept
increasing within depths (Figure 6(b) and Table 1).

However, only three MTTCs compounds were detected in the aromatic fractions of the South
China Sea samples. 8-Me-MTTC was absent from all samples from the South China Sea and
5,7,8-triMe-MTTC dominated in all MTTC isomers. As the depth increased, the MTTCI ratio of
South China Sea remained roughly constant around 0.5, with an average of 0.55 (Figure 6(c) and
Table 2). The maximum and minimum of MTTCI were 0.70 and 0.42, respectively. Compared with
Nördlinger Ries sediments, the variations of MTTCI in the South China Sea samples were negligible.

Table 1. Geochemical parameters based on MTTCs for sediments from Nördlinger Ries.

Sample Depth (m) TOC (%) TS (%) HI (mg/g) OI (mg/g) Tmax (°C) Pr/Ph MTTCI TCCM (%)a

NR-1 9.60 1.19 0.68 453 138 430 0.21 0.81 0b

NR-2 47.20 13.50 8.85 264 37 379 0.51 0.92 63.6

NR-3 95.50 1.73 2.34 569 101 433 0.82 1.00 73.4

NR-4 140.60 7.07 3.46 568 38 430 0.12 0.44 74.7

NR-5 196.20 4.86 0.82 654 77 427 0.01 0.13 49.3

NR-6 200.10 10.62 3.19 735 47 441 0.24 0.51 47.0

NR-7 214.20 3.08 1.74 748 148 436 0.04 0.32 58.7

NR-8 218.50 3.37 1.51 719 114 440 0.04 0.18 32.1

NR-9 230.10 6.66 1.43 788 96 437 0.01 0.54 31.7

NR-10 244.70 6.16 1.34 773 83 435 0.23 0.65 21.8

NR-11 256.10 3.96 1.93 791 71 433 0.23 0.76 28.4

MTTCs: 2-methyl-2-(4,8,12-trimethyltridecyl)chromans; TOC: total organic carbon; TS: total sulphur; HI; hydrogen index;

OI: oxygen index; Pr/Ph: pristane/phytane; MTTCI; 5,7,8-triMe/total MTTC.
aTCCM (%): the total content of clay minerals.
bThe NR-1 sample is composed of dolomite (90.2%) and pyrite (9.8%).

Figure 4. The cross-plots between (a) HI and Tmax for lacustrine sediments from the Nördlinger Ries and

(b) between (S1+ S2) and TOC content (wt%) for marine sediments from South China Sea.

HI: hydrogen index; TOC: total organic carbon.
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The assessment of paleosalinity by MTTCs
The relative abundance of MTTC isomers appears to be related to paleosalinity (Sinninghe Damsté
et al., 1987). The dominance of 8-Me-MTTC generally indicates good preservation conditions, with
a strong reducing, hypersaline (>120‰) and stratified water depositional environment. Otherwise,
the occurrence of significantly abundant trimethyl-MTTC indicated a non-hypersaline depositional
environment (Schwark et al., 1998; Sinninghe Damsté et al., 1987, 1993; Wang et al., 2011; Zhu
et al., 2005).

Due to the trace presence of 8-Me-MTTC in non-hypersaline environments, the ratio of
5,7,8-triMe-MTTC/8-Me-MTTC proposed by Sinninghe Damsté et al. (1987) has been widely
applied to determine paleosalinity. A high 5,7,8-triMe-MTTC/8-Me-MTTC ratio (>100) was
thought to represent a non-hypersaline environment, whereas a low ratio (<2) indicated a hypersa-
line environment during deposition. Sinninghe Damsté et al. (1989, 1993) proposed a new MTTCI
ratio for a more elaborate characterization of paleosalinities, based on many experimental data.
However, the reason why the distribution of MTTC compounds is indicative of paleosalinity is
still under investigation.

Both 5,7,8-triMe-MTTC and 8-Me-MTTC occurred in most samples from the Nördlinger
Ries. The ratio of 5,7,8-triMe-/8-Me-MTTC was below 2.0, except for samples in the upper
and lower part (8.6 and 5.0, respectively), suggesting that most of the rocks were deposited in
a hypersaline environment. However, 8-methyl-MTTC was absent in samples from the South
China Sea. This confirms the marine origin and relatively low salinity within the deposition of
these rocks. The low abundance of gammacerane in the South China Sea samples with the gam-
macerane index generally <0.1 also indicates the sedimentary environment with low salinity and
unobvious water stratification (Table 2). Based on the positive correlation between the
5,7,8-triMe-/8-Me-MTTC ratio and the 5,7,8-triMe-/7,8-diMe-MTTC ratio, the latter was also
proposed to indicate salinity (Tong et al., 2018; Wang et al., 2011). Wang et al. (2011) also pro-
posed a proxy for non-hypersaline environment assessment, which was divided into mesosaline

Table 2. Geochemical parameters based on MTTCs for sediments from South China Sea.

Sample

Depth

(m)

TOC

(%)

TS

(%) MTTCI

5,7,8-tri/

5,8-diMe

5,7,8-tri/

7,8-diMe-

5,8-/

7,8-diMe-

Pr/

Ph

Ga/

C30H

SCS-1 84.63 0.48 0.08 0.58 4.24 2.02 0.48 1.00 0.03

SCS-2 95.26 0.53 0.26 0.45 2.60 1.18 0.46 0.95 0.03

SCS-3 112.82 0.24 0.42 0.75 8.64 4.47 0.52 1.36 0.06

SCS-4 151.06 0.17 0.46 0.67 5.57 3.10 0.56 1.06 0.06

SCS-5 160.78 0.15 0.53 0.59 4.28 2.16 0.50 0.66 0.07

SCS-6 169.57 0.17 0.37 0.50 3.16 1.44 0.46 0.89 0.08

SCS-7 172.06 0.22 0.04 0.56 4.88 1.72 0.35 0.69 0.07

SCS-8 180.03 0.18 0.17 0.50 2.56 1.68 0.65 0.98 0.06

SCS-9 189.87 0.20 0.29 0.47 2.88 1.26 0.44 0.79 0.06

SCS-10 209.90 0.25 0.04 0.60 5.93 1.97 0.33 0.48 0.04

SCS-11 – 0.22 0.06 0.42 3.25 0.93 0.29 0.83 0.04

SCS-12 – 0.21 0.07 0.54 3.90 1.70 0.43 0.81 0.03

SCS-13 – 0.17 0.06 0.51 3.81 1.42 0.37 0.72 0.05

SCS-14 – 0.18 0.07 0.54 4.39 1.62 0.37 0.76 0.05

MTTC: 2-methyl-2-(4,8,12-trimethyltridecyl)chroman; TOC: total organic carbon; TS: total sulphur; MTTCI: 5,7,8-triMe/

total MTTC; Pr/Ph: pristane/phytane.
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Figure 5. Mass chromatograms of m/z 121, 135 and 149 indicating the identification of the

2-methyl-2-(4,8,12-trimethyltridecyl)chromans (MTTCs).
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environments (40‰–120‰ salinity), normal marine environments (30‰–40‰ salinity) and
semi-saline to freshwater lacustrine environments (1‰–30‰ salinity), in terms of the boundary
values of 5,7,8-triMe-/7,8-diMe-MTTC as 2 and 15, respectively.

In this study, the 5,7,8-triMe-MTTC/7,8-diMe-MTTC ratio of the majority of samples from the
South China Sea was <2, which indicated the samples were deposited in a mesosaline environment
with a salinity value of 40‰–120‰. In the middle part, the ratio was >3, indicating that the salinity
here may be relatively low. Therefore, the whole depositional environment is assessed as a
mesosaline-normal marine environment. The excellent positive linear relationship between
5,7,8-triMe-/5,8-diMe-MTTC and MTTCI suggests that the ratio of 5,7,8-triMe-/5,8-Me-MTTC
can also be a potential paleosalinity indicator (Figure 7(a)). Moreover, referred to the paleosalinity
values raised by the MTTCI and 5,7,8-triMe-MTTC/7,8-diMe-MTTC ratio (Schwark et al., 1998;
Wang et al., 2011), a new classification on paleosalinity was raised in this study, a mesosaline envir-
onment is divided when 5,7,8-triMe-/5,8-Me-MTTC is <5. The ratio of 5,7,8-triMe-/5,8-Me-MTTC
>13, corresponds to a freshwater to semi-saline environment, and the value of 5,7,8-triMe-/
5,8-Me-MTTC in the range of 5–13 can divide into ‘normal marine salinity’ zone.

The distribution of MTTCI and 5,7,8-triMe-/7,8-diMe-MTTC has a positive correlation with
Pr/Ph, but not an evident linear relationship (Wang et al., 2011). Therefore, the relative content
of trimethyl and dimethyl MTTC may be related to reducing conditions during diagenesis,
whereas there was no significant effect on the total content of MTTC isomers. Figure 8 illustrates
the cross plot of MTTCI value against the Pr/Ph ratio, which was established to distinguish a
‘normal’ marine from a hypersaline environment (Schwark et al., 1998; Wang et al., 2011).
Among which, four salinity zones were defined as hypersaline (with salinity>120‰), mesosaline
(40‰–120‰ salinity), normal marine saline (30‰–40‰ salinity) and brackish to freshwater
(1‰–30‰ salinity). All samples of the South China Sea plot in the region of a ‘normal’ marine
environment, which was in agreement with interpretations from both the 5,7,8-triMe-/
7,8-diMe-MTTC ratio and the 5,7,8-triMe-/5,8-diMe-MTTC ratio.

Figure 6. Lithological column of the Nördlinger Ries (a) and variations of MTTCI with depth for sediments

from the Nördlinger Ries (b), South China Sea (c).

MTTC: 2-methyl-2-(4,8,12-trimethyltridecyl)chroman; MTTCI; 5,7,8-triMe/total MTTC.
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The irregular distribution of MTTCs in the Nördlinger Ries
The distribution patterns of MTTCs from sediments of Nördlinger Ries differed distinctly
(Figure 6(a), Figure 8). The cross-plot of MTTCI versus Pr/Ph in the sediments of the
Nördlinger Ries showed substantial variations (Figure 8). All samples were divided into two
parts. Sample Nos. 4 to 9, which all belong to the laminate series, were divided together with
MTTCI <0.6 and Pr/Ph <0.24, representing a relatively high salinity (>40‰) in the laminite depos-
ition, meanwhile, the general lithology remained homogeneous (Figure 2). Other samples (the
upper and bottom of samples, those are, No.1 to No. 3, No. 10 and No. 11) were deposited in a
low salinity environment with MTTCI >0.6 and Pr/Ph >0.23. The research showed that the
upper and bottom rocks are mainly composed of clay and carbonates. Therefore, we assumed
that the evenly distribution of MTTCI can be related to the lithology.

The distribution of MTTCs is related to paleosalinity. Thus, the supply of freshwater, such as
rainfall and riverine incursions, could affect the paleosalinity and further impact the distribution

Figure 7. Cross plot of 5,7,8-triMe-/5,8-diMe-MTTC (a) and 5,7,8-triMe-/7,8-diMe-MTTC (b) versus MTTCI.

MTTC: 2-methyl-2-(4,8,12-trimethyltridecyl)chroman; MTTCI; 5,7,8-triMe/total MTTC.
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of MTTCs (Sinninghe Damsté et al., 1993; Tulipani et al., 2014, 2015). In the Nördlinger Ries, rain-
fall was the main freshwater input and the paleoclimate was semi-arid (Rullkötter et al., 1990).
During the early Miocene, the water column was a mesosaline environment (sample nos. 10 and
11) and the salinity gradually increased (sample nos. 4–9), which may be representative of the eva-
poritic period. The small-scale variations resulting from occasional rainfall were also visible from
kerogen analyses performed under a microscope (Rullkötter et al., 1990). However, during the late
Miocene, the salinity of the water column decreased (sample nos. 1–3) and gradually reached the
normal marine salinity range (30‰–40‰), may indicate that the overall rainfall increase at this
time. Furthermore, Barakat et al. (2012, 2013) proposed that contributions of higher plants could
not be negligible. Due to the bimodal distribution pattern of normal alkanes (Figure 9) and the exist-
ence of some biomarkers originating from higher plants (e.g. phyllocladane) in the upper sediments,
we speculate that riverine incursions were another supply of freshwater during the late Miocene,
which may have also led to the rapid decrease in paleosalinity.

In addition, the clay mineral content varies greatly in samples of Nördlinger Ries, which have
strong vertical heterogeneity (Table 1). Clay minerals play a catalytic role in the diagenetic conver-
sion of organic compounds in sediments. MTTCs may be formed by the condensation reaction of
alkylated phenols with phytol during early diagenesis (Li et al., 1995; Tulipani et al., 2013). Thus,
the clay mineral content may affect the generation of MTTCs. This can be roughly inferred from the
high MTTCI of clay stone samples (nos. 1 and 2). Since the formation mechanism of MTTC com-
pounds is not clear, the impact of clay mineral content on their distribution is still a conjecture.

Figure 8. Cross plot of MTTCI versus pristane/phytane ratio with indications of data for normal marine and

hypersaline environments (modified from Wang et al., 2011).

MTTC: 2-methyl-2-(4,8,12-trimethyltridecyl)chroman; MTTCI; 5,7,8-triMe/total MTTC.
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Above all, the supply of freshwater and lithology may play major roles in the distribution of
MTTCs. The effect of clay minerals should also be taken into account.

The stability of MTTCs based on molecular simulations
A molecular simulation is an effective approach for measuring molecular microstructures and calcu-
lating the macro nature of a given system. Quantum chemical calculations were performed to deter-
mine the electron energy, internal energy, enthalpy and Gibbs-free energy, of the MTTCs. The results
reveal that 5,8-diMe-MTTC has a relatively low energy than 7,8-diMe-MTTC (Table 3). Therefore
5,8-diMe-MTTC is more stable than 7,8-diMe-MTTC, which is consistent with the previous study
based on the analysis of structures (Bao et al., 2009; Chen et al., 1997; Huang, 2006). Thus, it is the-
oretically feasible to use the 5,8-diMe-/7,8-diMe-MTTC ratio as a maturity indicator at stages of low
maturity. Bao et al. (2009) suggested that 5,8/7,8-diMe-MTTC has an excellent exponential relation-
ship with Ro in immature and low mature samples. Compared with the hopanes, steranes and MPI1
related maturity parameters, the diMe-MTTC maturity parameter may be more suitable at the low
mature stage (Ro < 0.65%) In this study, the shallow depositions in Nördlinger Ries and South
China Sea could not contribute to sufficient maturity variations, in consequence, the 5,8/
7,8-diMe-MTTC ratio varied slightly in all samples (Tables 1 and 2).

Within a narrow range of depths in Well NR-1973, all samples from Nördlinger Ries were imma-
ture with vitrinite reflectances (Ro, %) <0.5% (Rullkötter et al., 1990) and Tmax < 450 °C (Table 1).
The distributions of n-alkanes show an obvious odd carbon preference with an average carbon pre-
ference index (CPI) value of 3.95 (Figure 9 and Table 1). Based on the formula between 5,8-/

Figure 9. Total ion current chromatograms of saturated hydrocarbon fractions from the upper and lower

samples of sediments from the Nördlinger Ries.
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7.8-diMe-MTTC and Ro (%) raised by Bao et al. (2009), the calculated vitrinite reflectance (Rc, %) in
sediments from the Nördlinger Ries was from 0.37 to 0.42, correlated well with the results above. And
Rc in samples from the South China Sea ranged from 0.41 to 0.45 (Table 2), indicating they are imma-
ture sediments.

Conclusions
Four methylated MTTC isomers were identified in a set of lacustrine sediments from Nördlinger
Ries and in marine sediments from the South China Sea.

Among these MTTCs, 8-Me-MTTC was more abundant in hypersaline environments. Whereas
in mesosaline and normal marine environments, 5,7,8-triMe-MTTC dominated and 8-Me-MTTC
was occasionally absent. The 5,7,8-triMe-/5,8-diMe-MTTC ratio displayed a good linear relation-
ship with MTTCI, suggesting that 5,7,8-triMe-/5,8-diMe-MTTC could be a potential molecular
salinity indicator. Values of 5,7,8-triMe-/5,8-Me-MTTC <5, 5 to 13, and >13, respectively, were
inferred as mesosalinity, normal marine salinity and semi-saline to freshwater environments,
respectively. Because of the relatively higher content of 5,8-diMe-MTTC, 5,7,8-triMe-/
5,8-diMe-MTTC was more suitable for paleosalinity determination when 8-Me-MTTC was absent.

The MTTC parameters suggested that the paleosalinity of Nördlinger Ries varied significantly
during the Miocene deposition period. The variation of MTTCs may mainly be related to lithology
and freshwater supply, including rainfall supply and riverine incursions. All data showed that
samples of the South China Sea were deposited in normal marine environments.

The thermal dynamic stability of MTTCs was calculated by molecular simulations and the rela-
tive stability order of the dimethyl MTTC compounds was determined to be 5,8-diMe >
7,8-diMe-MTTC. Therefore, the ratio of 5,8-diMe-MTTC/7,8-diMe-MTTC could be applied the-
oretically as a maturity indicator for oils and sediments at relatively low maturity stages.
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Table 3. The result of thermal stability calculation.

5,8-diMe-MTTC 7,8-diMe-MTTC

ΔE (kcal/mol) 4.63 5.67
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ΔH (kcal/mol) 5.96 7.07

ΔG (kcal/mol) 9.13 9.90

MTTC: 2-methyl-2-(4,8,12-trimethyltridecyl)chroman.

356 Energy Exploration & Exploitation 40(1)



Declaration of conflicting interests
The authors declared no potential conflicts of interest with respect to the research, authorship, and/or publication
of this article.

Funding
The authors disclosed receipt of the following financial support for the research, authorship, and/or pub-
lication of this article: This research was financially supported by Oil and Gas Survey, China Geological
Survey (Project No. DD20201114) and the Guangzhou Science and Technology Project (Grant Number
201909010002).

ORCID iD
Meijun Li https://orcid.org/0000-0002-7141-6068

References
Bao JP, Zhu CS and Ma AL (2009) The relationship between methylated chromans and maturity of organic

matter in the source rocks from Jianghan hypersaline basin. Science in China Series D-Earth Sciences
52(1): 34–41.

Barakat AO, Scholz-Bottcher BM and Rullkotter J (2012) Ruthenium tetroxide oxidation of immature sulfur-
rich kerogens from the Nordlinger Ries (southern Germany). Fuel 96(1): 176–184.

Barakat AO, Scholz-Bottcher BM and Rullkotter J (2013) Lipids in a sulfur-rich lacustrine sediment from the
Nordlinger Ries (southern Germany) with a focus on free and bound sterols. Geochemical Journal 47(4):
397–407.

Chen ZL, Li SJ and Wang Z (1997) A study on maturity indicators of some aromatics in low-midmature
thermal evolution zones. Acta Sedimentologica Sinica 15(2): 192–197.

Fan SF, Fu JM and Brassell SC (1988) The occurrence and geochemistry of di- and trimethyl-2-(4,8,12-
trimethyltridecyl) chromans and benzohopanes in Fushen cannel coal. Geochimica 4: 351–356.

Grice K, Schouten S, Peters K, et al. (1998) Molecular isotopic characterisation of hydrocarbon biomarkers in
Palaeocene-Eocene evaporitic, lacustrine source rocks from the Jianghan Basin, China. Organic
Geochemistry 29: 1745–1764.

Huang LW (2006) Maturity of crude oil in west slope of Dongpu depression. Acta Petrolei Sinica 27(5): 51–55.
Jiang KX, Lin CM, Li H, et al. (2018a) Effect of paleosalinity and maturity on the distribution of

dimethyl-MTTCs. Petroleum Science and Technology 36(23): 2037–2042.
Jiang KX, Lin CM, Li P, et al. (2019) Methyltrimethyltridecylchromans (MTTCs) in lacustrine sediments in

the northern Bohai Bay Basin, China. Organic Geochemistry 133: 1–9.
Jiang KX, Lin CM, Zhang X, et al. (2018b) Variations in abundance and distribution of methyltrimethyltride-

cylchromans (MTTCs) in sediments from saline lacustrine settings in Cenozoic lacustrine basins, China.
Organic Geochemistry 121: 58–67.

Li MW, Larter S, Taylor P, et al. (1995) Biomarkers or not biomarkers? A new hypothesis for the origin of
pristane involving derivation from methyltrimethyltridecylchromans (MTTCs) formed during diagenesis
from chlorophyll and alkylphenols. Organic Geochemistry 23: 159–167.

Lu H, Hou LH, Chen TS, et al. (2007) Stable carbon isotopic compositions of methylated-MTTC in crude
oils from saline lacustrine depositional environment: source implications. Acta Geologica Sinica 81(6):
1041–1048.

Rullkötter J, Littke R and Schaefer R (1990) Characterization of organic matter in sulfur-rich lacustrine sedi-
ments of Miocene Age (Noerdlinger Ries, southern Germany). American Chemical Society 429: 149–169.

Schwark L, Vliex M and Schaeffer P (1998) Geochemical characterization of Malm Zeta laminated carbonates
from the Franconian Alb, SW-Germany (II). Organic Geochemistry 29: 1921–1952.

Sheng GY, Fu JM, Jiang JG, et al. (1987) The discovery and significance of MTTCs in crude oil and source
rocks. Scientia Sinica (Chimica) (4): 423–428.

Wang et al. 357

https://orcid.org/0000-0002-7141-6068
https://orcid.org/0000-0002-7141-6068


Sinninghe Damsté JS, Keely B, Betts S, et al. (1993) Variations in abundances and distributions of isoprenoid
chromans and long-chain alkylbenzenes in sediments of the Mulhouse Basin: A molecular sedimentary
record of paleosalinity. Organic Geochemistry 20: 1201–1215.

Sinninghe Damsté JS, Kock-Van D, de Leeuw JW, et al. (1987) The identification of mono-, di- and trimethyl
2-methyl-2-(4,8,12-trimethyltridecyl) chromans and their occurrence in the geosphere. Geochimica et
Cosmochimica Acta 51: 2393–2400.

Sinninghe Damsté JS, Rijpstra W, de Leeuw J, et al. (1989) The occurrence and identification of the series of
organic sulphur compounds in oils and sediment extracts: II. Their presence in samples from hypersaline
and nonhypersaline palaeoenvironmental and maturity indicators. Geochimica et Cosmochimica Acta 53:
1323–1341.

Stöffler D (1966) Zones of impact metamorphism in the crystalline rocks of the Nördlinger Ries crater.
Contributions to Mineralogy & Petrology 12: 15–24.

Tong XN, Hu JF, Xi DP, et al. (2018) Depositional environment of the Late Santonian lacustrine source rocks
in the Songliao Basin (NE China): Implications from organic geochemical analyses. Organic Geochemistry
124: 215–227.

Tulipani S, Grice K, Greenwood P, et al. (2013) A pyrolysis and stable isotopic approach to investigate the
origin of methyltrimethyltridecylchromans (MTTCs). Organic Geochemistry 61: 1–5.

Tulipani S, Grice K, Greenwood P, et al. (2014) Changes of palaeoenvironmental conditions recorded in Late
Devonian reef systems from the Canning Basin, Western Australia: A biomarker and stable isotope
approach. Gondwana Research 28(4): 1500–1515.

Tulipani S, Grice K, Greenwood P, et al. (2015) Molecular proxies as indicators of freshwater incursion-driven
salinity stratification. Chemical Geology 409: 61–68.

Van Kaam-Peters HME and Sinninghe Damsté JS (1997) Characterisation of an extremely organic sulphur-
rich, 150 Ma old carbonaceous rock: Palaeoenvironmental implications. Organic Geochemistry 37, 371–
397.

Wang L, Song ZG, Yin Q, et al. (2011) Paleosalinity significance of occurrence and distribution of methyltri-
methyltridecyl chromans in the upper cretaceous Nenjiang formation, Songliao Basin, China. Organic
Geochemistry 42: 1411–1419.

Xiao H, Li MJ, Wang WQ, et al. (2019) Identification, distribution and geochemical significance of four rear-
ranged hopane series in crude oil. Organic Geochemistry 138: 1–11.

Yang SB, Li MJ, Liu XQ, et al. (2019) Thermodynamic stability of methyldibenzothiophenes in sedimentary
rock extracts: Based on molecular simulation and geochemical data. Organic Geochemistry 129: 24–41.

Zhang W, Liang JQ, Wei JG, et al. (2020) Geological and geophysical features of and controls on occurrence
and accumulation of gas hydrates in the first offshore gas-hydrate production test region in the Shenhu area,
Northern South China Sea. Marine and Petroleum Geology 114: 1–27.

Zhang YD, Jiang AZ, Sun YG, et al. (2012) Stable carbon isotope compositions of isoprenoid chromans in
cenozoic saline lacustrine source rocks from the Western Qaidam Basin, NW China: Source implications.
Chinese Science Bulletin 57(7): 560–570.

Zhu YM, Weng HX, Su AG, et al. (2005) Geochemical characteristics of tertiary saline lacustrine oils in the
Western Qaidam Basin, northwest China. Applied Geochemistry 20(10): 1875–1889.

358 Energy Exploration & Exploitation 40(1)


	 Introduction
	 Identification and occurrence of 2-methyl-2-(4,8,12-trimethyltridecyl)chromans
	 The origin of MTTCs
	 The application of MTTCs in geochemistry

	 Geological settings and samples
	 Methods
	 GC–MS analysis
	 Computational details of molecular simulation

	 Results and discussion
	 Bulk geochemical characteristics of samples
	 The identification and occurrence of MTTCs in lacustrine and marine sediments
	 The assessment of paleosalinity by MTTCs
	 The irregular distribution of MTTCs in the Nördlinger Ries
	 The stability of MTTCs based on molecular simulations

	 Conclusions
	 Acknowledgement
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


