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INTRODUCTION

Nine core samples from Holes 397 and 397A, rang-
ing in age from Pleistocene to Early Cretaceous and 90
to 1440 meters depth of burial, were analyzed for te-
trapyrrole pigment content by UV-visible spectropho-
tometry and mass spectrometry.

Our interest was directed toward characterizing the
tetrapyrrole geochemistry of lower Miocene strata in
these holes drilled on the continental margin off Cape
Bojador on the west coast of Africa. Most of these
strata were described by the shipboard party as con-
taining abundant allochthonous material which was
originally deposited in a low oxygen environment far-
ther up-slope and as having a high organic content.
Thus, we expected to find evidence of stratigraphic re-
working, such as combinations of geochemically young
(chlorins) and old (vanadyl porphyrins) tetrapyrroles
in the same sediment sample or large differences in
band widths or mass spectral envelopes of metallopor-
phyrins.

However, the electronic and mass spectrometric data
indicated that the diagenesis of chlorophyll from these
samples was not unlike that for other suites of samples
from Legs 41 and 42B (Baker et al., 1978b, c). In these
earlier studies and in this study, chlorins gave way to
free-base and nickel porphyrins with increasing depth
of burial, as is the usual case in the absence of rework-
ing. The geochemical explanation for these changes in
the chlorophyll molecule is well documented in marine
sediments.

Of particular interest was the observation of odd
molecular weight series of metalloporphyrins in the
Miocene samples. Nickel porphyrins of odd molecular
weights preclude normal structures containing carbon,
hydrogen, oxygen, and even numbers of nitrogens, thus
suggesting either odd-number nitrogen compounds or
electron impact fragmentation in the mass spectrome-
ter. Previously, porphyrins of this series have been ob-
served, and mass spectrometrically characterized, ac-
companying chlorins and free-base porphyrins in Pleis-
tocene and Cretaceous samples (Baker et al., 1978c, d;
Palmer et al., in press). However, the initial observation
of these porphyrins, based on their unique electronic
spectrum, was in Miocene samples from the Norwe-
gian Sea where they typically occur with chlorins and
free-base porphyrins (Baker et al., 1976). The signifi-
cance of these materials as diagenetic indicators is still
not understood.

EXPERIMENTAL
Samples examined here were stored at 2 to 4°C for

3 weeks while in transit from the Glomar Challenger to

DSDP, Scripps Institution of Oceanography, where the
cores were then frozen until the time of analysis. De-
pending on per cent organic carbon, 100 or 200 grams
of sediment were extracted with acetone: methanol
(90:10) in a ballmill until the extract was devoid of
pigment. The type of pigment was determined by spec-
trophotometry using a Beckman Acta CIII scanning
spectrophotometer. In samples containing only chlor-
ins, the extracts were partitioned between 19 per cent
(by weight) HC1 and ethyl ether for purification. Simi-
larly, samples containing chlorins or free-base porphy-
rins and nickel porphyrins were partitioned between 10
per cent HC1 and ethyl ether. Repeated HC1-ether
partitioning and chromatography over Sephadex LH-
20 with THF as eluent further purified the free-base
porphyrin fractions. Nickel porphyrin fractions were
chromatographed over alumina grade III with cyclo-
hexane followed by cyclohexane: benzene (1:1) which
eluted the metalloporphyrins.

Mass spectrometric analyses of the free-base and
nickel porphyrin fractions were made using a Dupont
491-BR mass spectrometer equipped with a direct
probe inlet system. Temperatures used for the analyses
of free-base porphyrins were 260° to 305°C (source)
and 270° to 300°C (probe); slightly higher tempera-
tures were used for analyses of nickel porphyrins, 285°
to 325 °C (source) and 325° to 360°C (probe).

RESULTS

Distribution of Tetrapyrrole Pigments With Depth
of Burial

Pigment UV-visible spectrophotometric data, pig-
ment concentrations, and geologic data are given in
Table 1. The table shows that the tetrapyrrole pig-
ments can be divided into two types: chlorins occurring
in the younger and shallower samples, and porphyrins
occurring in the older and deeper samples.

The pattern displayed by the chlorin spectrophoto-
metric data with increasing age/depth of burial has
been discussed in detail by Baker et al. (1978c, d) and
only needs to be mentioned here. With increasing age/
depth, the far red band shifts from 667 nm to lower
wavelengths (664 to 657 nm). Similarly, the Soret
band shifts from 411 nm to lower wavelengths. The dia-
genetic changes responsible for these changes are prob-
ably related to reduction and loss of oxygen and car-
boxyl groups.

The spectra of the free-base porphyrins (Cores
397A-12 through 397A-23 at 1035 to 1160 meters) are
typical of DPEP. Their concentrations tend to decrease
relative to nickel porphyrins with increasing depth of
burial.
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TABLE 1
Pigment Data From Leg 47A Core Samples

Section
No.

397-10-6

397-18-5

397-32-2

397-68-2

397A-12-2

397A-16-4

397A-21-2

397A-23-4

397A-51-4

Geologica

Age

Pleistocene

Late Pliocene

Early Pliocene

Late or middle
Miocene

Early Miocene

Early Miocene

Early Miocene

Early Miocene

Early
Cretaceous

Lithologic
Description

Blue-gray lime mud

Green-gray lime mud

Gray lime mud

Blue and gray-green
lime mud

Calc. dark green
mud

Calc. dark gray mud
with gray calc.
clasts, petrol, odor

Calc. sandy dark
green mud with
calc. blue-gray
clasts

Calc. brown
green mud (forams
present)

Calc. dark
gray mud

Dsptha

85-94.5

161-170.5

294-303.5

645.5-655

1030-1039.5

1068-1077.5

1115.5-1134.5

1153.5-1172.5

1438.5-1448

Organica

Carbon
(% by wt.)

0.6

0.4

0.3

0.1

0.6

1.7

0.4

0.6

0.6

Pigment
Concentration"

(µg/g)

0.06

0.07

0.01

0.004
0.009

0.23
0.17

0.46
0.08

0.09
0.06

0.13
0.26

0.02

411

400

397

402
396

403
396

402
396

402
396

396

Electronic Spectrum
(nm)

500

500

500

500

500

(530)

521

533
515

533
515

533
515

533
515

515

557

565
552

565
552

565
552

565
552

552

(607)

(600)

(595)

618

618

618

618

667

664

661

657

Pigment Type

Chlorin

Chlorin

Chlorin

Chlorin
Nickel porphyrin (?)

Free-base porphyrin
Nickel porphyrin

Free-base porphyrin
Nickel porphyrin

Free-base porphyrin
Nickel porphyrin

Free-base porphyrin
Nickel porphyrin

Nickel porphyrin

Data obtained from Leg 47A Hole Summary.

Individual Pigment yields calculated by using the following molar extinction coefficients: pheophytin "a" = 63700 at 660 nm, free-base porphyrin = 6540 at 618 nm,
and nickel porphyrin = 34820 at 550 nm.

Nickel porphyrins occur with chlorins in Core 397-
68, with free-base porphyrins in 397A cores of early
Miocene age, and occur alone in the Lower Cretaceous
Core 397A-51 at 1440 meters. The electronic spectra of
the nickel porphyrin fractions from the lower Miocene
to Lower Cretaceous samples are remarkably similar
with an a absorbance band at 552 nm and a ß band at
515 nm (see Table 1); however, the a/ß peak ratios
increase from 2.1 in Core 397A-12 to 2.9 in Core 397-
51. An increase in this ratio with increasing depth of
burial is indicative of an increase in the relative abun-
dance of nickel etioporphyrins with respect to nickel
DPEP. (Nickel etioporphyrin has an a/ß ratio of about
3.0, while nickel DPEP has an a/ß ratio of about 2.0.)
The increasing amount of etioporphyrins relative to
DPEP with depth is in accord with earlier observations.
In fact, the DPEP/etio ratio may be taken as a reason-
able measure of organic maturity.

However, the metalloporphyrin fraction isolated
from Core 397-68 had an a/ß peak ratio of 1.5 which
falls outside the normal range for a nickel porphyrin
and the visible bands were shifted towards longer
wavelengths (Table 1). Both of these spectral features
suggest substantially modified molecular structures or a
different chelating metal, perhaps copper. Metallopor-
phyrins with this type of spectrum have been observed
previously occurring with chlorins and free-base por-
phyrins in Miocene sediments from the Norwegian-
Greenland Sea (Baker et al., 1976).

Mass Spectrometric Data of Free-Base and Nickel
Porphyrins

The mass spectrometric data for the porphyrins iso-
lated from Holes 397 and 3 97A are given in Table 2;
parameters generated from these data are given in Ta-
bles 3 and 4.

Mass spectrometric data of free-base porphyrins ob-
tained from organic extracts of lower Miocene Cores
397A-12 to 397A-23 were quite similar. Only porphy-
rins of the DPEP series were observed, with five mem-
bers of the series present. Generally, the C32 or C31
porphyrin was more abundant as determined by nor-
malizing the peak intensities (Table 2). Similar data
have been obtained for free-base porphyrins isolated
from other deep-sea sediments of Pleistocene to Creta-
ceous age (Baker et al., 1978a-c; Palmer et al., in press).
Mass spectrometric parameters such as weighted aver-
age mean and band width also indicated that the por-
phyrin mixtures were similar (Table 3).

As has been the case in the past, mass spectrometric
analyses of nickel porphyrins result in more complex
data than free-base porphyrins isolated from the same
sediment samples. For this reason, the nickel porphyrin
mass spectrometric data have been studied in such a
way that several characteristics can be observed with
increasing age/depth. First, the peak intensities of each
series were normalized to determine the shape of the
individual mass spectral envelopes and the relative
abundances of each series (Table 2). Then, the DPEP/
etio ratio and the per cent abundance of the odd mo-
lecular weight series were determined along with band
width and average weighted mass (Table 4).

The nickel porphyrins from lower Miocene Cores
12, 16, 21, 23 from Hole 397A have similarly shaped
mass spectral envelopes with the mode at either the C31
or the C30 DPEP series member and, typically, a mode
one to three carbons less for the etio series (Table 2).
Both the DPEP and etio series are composed of five to
seven members. The DPEP/etio ratio tends to decrease
with increasing depth of burial, with the sample from
Core 397A-21 being a modest exception. This trend
was also reflected in the change in the a/ß ratios of the

548



CHLOROPHYLL DIAGENESIS

TABLE 2
Mass Spectral Data of Free-Base and Nickel Porphyrinsa From Holes 397, 397A

(peak intensities normalized to 100 for the most intense peak)

Section No.
Sample Type

Carbon No.

32 31 30 29 28 27 26 25 24 23

397-68-2
Nickel porphyrin

397A-12-2
Nickel porphyrin

397A-12-2
Free-base porphyrin'

397-16-4
Nickel porphyrin

397-16-4
Free-base porphyrin'

397A-21-2
Nickel porphyrin

397A-21-2
Free-base porphyrin

397A-23-4
Nickel porphyrin

397A-23-4
Free-base porphyrin

397A-51-4
Nickel porphyrin

532

56

534

476

63

534

15

476

54

534

7

476

65

534

4

476
86

532

100

534
20

511 497 483 469 455 441 427 413 M/e odd MW series1

~~28 89" 69 78 I00 94 64 53 T~

478 464 450 436 etio series

525 511
28

497 483

28 39 42

469 odd MW seriesb

16

518

23

504

28 40

490 476

30

462 DPEP series

69

520

100

506

78 67

492 478

44

464 etio series
17

462

22

448

29 33

434 420

38

DPEP series

100 69 63

511

44 31

497 483 odd MW series

532 518

42

504

42 49

490 476 DPEP series

91

520

100

506

95 61

492 478 etio series
23

462

33

448

46 39

434 420 DPEP series

83 87 100
511

73 47

497 483 469 455 odd MW series0

532 518
17

504

19 28

490 476

26

462

22

DPEP series

100

520

68

506

65 40

492 478

42

464 etio series

462

17

448

22 33

434 420

14

DPEP series

100 97 83

511

57 57

497 483 469 455 odd MW seriesc

532 518
15

504

16 27

490 476

24

462

24

448 DPEP series

85

520

100

506

88 63

492 478

31

464

31

450 etio series

5

462 448
12 18

434 420

16 13

DPEP series
100

518

79

504

64 50

DPEP series

42

520

39

506 etio series
11 20

aThe peak heights (I) for nickel porphyrins of the etio series have been corrected for
, from the corresponding DPEP series.
These metalloporphyrins have molecular weights coincident with copper etioporphyrins.

contribution

visible bands in the electronic spectra as mentioned
earlier.

The band width for the DPEP series ranges from 18
to 31, while the values range from 20 to 31 for the etio

series. In contrast with nickel porphyrin samples from
Legs 40 and 44 (Baker et al., 1978a, d), there is little
difference between the band widths for the two series
within the same sample. Large differences in band
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TABLE 3
Mass Spectrometric Parameters of

Free-Base Porphyrins, Leg 47A

TABLE 4
Mass Spectrometric Parameters
of Nickel Porphyrins, Leg 47A

Section
No.

Weighteda

Av. Mean
Banda

Width

397A-12-2
397A-16-4
397A-21-2
397A-23-4

452
452
455
451

19
19
18
18

See Table 4 for calculation of
weighted average mean and band
width.

widths and bimodal molecular weight distributions
would suggest stratigraphic reworking. Evidence for
reworking is not present in the data for these particular
samples.

In addition to these two series, the odd molecular
weight series occur seven mass units distant from the
corresponding nickel DPEP value. This series is com-
posed of three to five members with a mode corre-
sponding to a C28 porphyrin and is present in amounts
ranging from 13 to 10 per cent.

Upper Miocene Section 397-68-2 contained a nickel
porphyrin fraction with a noticeably different electronic
spectrum than those of the lower Miocene discussed ear-
lier. The mass spectrometric data show that the mixture
had a very high content (81%) of the as yet unidenti-
fied odd molecular weight series and a lesser amount
of a highly dealkylated nickel etioporphyrin series. In
Section 397-68-2, the unidentified series is composed of
eight members with a mode corresponding to a C26

porphyrin and has a band width of 31 (Tables 2 and
4). The relative abundance of this series tends to de-
crease in abundance with increasing depth of burial in
samples from the lower Miocene and is absent in
Lower Cretaceous section 397A-51-4. Band widths
tend to decrease, while the average molecular weight
abruptly increases in the lower Miocene samples (Ta-
ble 4).

The metalloporphyrins that are mass spectrometri-
cally observed as an odd molecular weight series
(455 + 14n) have not been structurally characterized. If
these unidentified porphyrins are indeed nickel chelates,
their odd molecular weights preclude normal structures
containing carbon, hydrogen, oxygen, and even num-
bers of nitrogens suggesting either molecular ions of
odd-number nitrogen compounds or electron impact
fragments created in the mass spectrometer. These por-
phyrins have been mass spectrometrically observed
previously and occur with chlorins and free-base por-
phyrins in Pleistocene to Miocene sediments of the
Black Sea, and in Cretaceous sediments from Blake-
Bahama Basin and Bermuda Rise (Baker et al., 1978c,
d; Palmer et al., in press). The electronic and mass spec-
tra for the metalloporphyrin extract from Section 397-
68-2 are the best data set thus far available for charac-
terization of the 455 + 14n series. Previously, only the
electronic spectrum was recorded (Baker et al., 1976)
or the series, being a smaller component in the mix-
ture, was observed only in the mass spectrum. This ap-

Section
No.

397-68-2

397A-12-2

397A-16-4

397A-21-2

397A-23-4

397A-51-4

OddMW

Series (%)

81

18

20

19

13

0

DPEPZl/a

etioZl

0

3.0

2.6

3.7

2.1

1.6

Weightedb

Av. Mean

460
454

492
498
489

496
504
500

481
502
491

480
497
481

523
520

Bandc

Width

31
15

27
31
31

20
18
20

19
22
20

19
24
23

11
12

Porphyrin Series

Odd MW series
etio series

OddMW
DPEP ser
etio serie

OddMW
DPEP ser
etio series

Odd MW
DPEP ser
etio serie<

OddMW
DPEP ser
etio serie

series
es

series
es

series
es

series
es

DPEP series
etio series

^Obtained from Table 2; I is mass spectral peak intensity.
Corresponds to the weighted average mass, obtained by Σ I M / Σ I from Table 2.

cThe band width is given as the standard deviation (σ) in mass units, computed

according to the formula σ = V Σ ( 1 M 2 ) / Σ I - ( Σ I M / Σ I ) 2 where I is the intensity
and M the mass, both taken from Table 2.

pears to be the case for samples from Cores 12 through
23 from Hole 397A, where the more typical DPEP and
etio series porphyrins predominate (Table 4).

Only three members of the DPEP and etio series
were observed in the mass spectrum of the nickel por-
phyrin fraction from Section 397A-51-4. No odd mo-
lecular weight porphyrins were present. The signifi-
cance of the data for this sample cannot be clearly
stated because of the small amount of pigment being
analyzed (approximately 1 µg) and the amount of im-
purities still remaining after chromatography over alu-
mina. If lesser amounts of either members of the odd
molecular weight series or the DPEP and etio series
were present in the mixture, their presence was not de-
tectable because of sample quality. Sample size may
also account for the narrow band widths of 11 and 12
for the two series (Table 4).

DISCUSSION

The diagenetic pathway of chlorophyll in marine
settings is fairly well exemplified by the Pleistocene to
Lower Cretaceous cores from Site 397, located on the
continental margin off Cape Bojador on the west coast
of Africa. One major gap in the sample collection, be-
tween 650 to 1035 meters, causes the pathway to be in-
complete.

In the Pleistocene to upper Miocene samples, at 90
to 650 meters, early chlorophyll diagenetic products
(chlorins) progressively changed, probably through re-
duction, loss of oxygen, and decarboxylation, from a
pheophytin or pheophorbide-type pigment to perhaps
a deoxomesopyropheophorbide type. (These structural
types have been discussed and more thoroughly de-
scribed by Baker et al., 1978c, d. No absolute struc-
tures can be assigned to these geochlorins until more
complete mass spectrometric analyses are made.) The
concentration of the chlorins follows that of the organic
carbon, i.e., decreasing with increasing depth of burial.

550



CHLOROPHYLL DIAGENESIS

Following these observable initial changes in the
chloropohyll molecule, free-base deoxophylloerylth.ro-
αioporphyrin (DPEP) type pigments appear in older/
deeper early Miocene samples. Chlorins, absent
from these particular samples, have been found in
samples of equivalent age and older, but at shallower
depths. This fact suggests that depth of burial (greater
than 1000 m) plays a more important role in diagene-
sis than geologic age.

Nickel porphyrins are also present in the lower Mio-
cene samples as well as in the Cretaceous sample at
approximately 1440 meters. Comparison of the a/ß
visible bands and DPEP and etio mass spectral peak
intensities shows that the etioporphyrins increase with
depth relative to the DPEP types; however, the DPEP
series predominates throughout. Some conversion to
the etio series by isocyclic ring opening has occurred;
however, thermal stresses have not been great enough
to cause a significant shift in the DPEP/etio ratio. In
addition, no vanadyl porphyrins were found, which
may also suggest mild geothermal conditions (Baker et
al., 1978b).

Perhaps samples from 700 to 900 meters would
have contained a mixture of chlorins and free-base
porphyrins, which has been referred to as the chlorin-
porphyrin transition (Baker et al., 1978c). This gap in
the sample collection makes the similarity of the te-
trapyrrole mixtures in lower Miocene samples more ap-
parent. In turn, the pigment distribution in these four
samples contrasts with the chlorin and odd molecular
weight nickel porphyrin in the upper Miocene sample
above and the nickel porphyrins below in Section
397A-51-4. These four samples would all be assigned
to the F-3 and 4A2 lithotypes which consist of rapidly
deposited organic-rich sediments (O. Weser, personal
communication). The similarities among the pigment
content are explained by the uniformly high amount of
allochthonous material associated with these litho-
types. Although the particular samples used for this
study were poorly sorted and two (Cores 16 and 21,
Hole 397A) contained observable carbonate clasts, no
geochemical evidence of stratigraphic reworking was
found. This suggests that the major contribution came
from the same or a similar source, most probably the
organic-rich sediments originally deposited up-slope in
an oxygen-poor environment. Contributions of pig-
ments by hemipelagic mud, here seen as clasts, would
be expected to be small. This suggestion is based on
the low concentrations of pigments associated with
lime muds in general (see Baker et al., 1978b; Palmer
etal , 1978).

Although the study of Leg 47A core samples did not
lead to expansion of the application of the tetrapyrrole

pigments as indicators of stratigraphic reworking, it did
provide an opportunity to better characterize the odd
molecular metalloporphyrin series. Further study will
be needed to clarify the geochemical significance of
these pigments and to propose a probable chemical
structure. Their presence may be indicative of an inter-
mediate diagenetic stage since, when observed, they
occur with chlorins and free-base porphyrins; or their
presence may indicate an input of organic matter from
a source different from that of the chlorins and free-
base porphyrins.
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