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ABSTRACT,

Some or all of the elements Li, Na, K, Rb, Cs,
Mg, Ca, Sr, Cr, Mo, Mn, Fe, Co, Ni, Cu, Ag, Au, Z4n, Pb
and T1 are determined by Atomic Absorption Spectroscopy
in soluble organic and total organic separates from
thirty-six samples of South African carboniferous shales,
The whole rock values for most of these elements in the
samples are known and can be compared with the corresponding
values of the organic fraction. A colloidal technique
is develéﬁedcyo extract fairly pure kerogen from the shales.

Rb, Cs, Ca, Cr2°Co, Ni, Cu, Zn and Pb are concentrated

in the organic fraction. The results for Rb, Cs and
Ca are unexpected.  The elements are apparently associated
with a sub-fraction of the organic fraction. Several

new organic geochemical parameters are developed to
interpret the results. Interelement correlations in

the various fractions of the shales, the relationship
between metal content and organic content, the relationship
between concentration of metals by organic matter and
residence time, and the use of the metal content of the

organic fraction as a paleosalinity test are discussed.
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1. INTRODUCTION,




1,1 GENERAL,

Danchin /1/ and Hofmeyr /2/ have recently been
engaged in the analysis of South African shales. They
suspected that there might be a correlation between the
percentage loss of weight on ignition (PLOW) and the
concentration in the whole rock of certain heavy metals,
i.e., the greater the PLOW, the higher the whole rock
concentration of e.g., Ni, Co and Mo in the shale, The
inference was that the loss on ignition was due to com-
bustible organic matter, and that the heavy metals were
more concentrated in the organic fraction of the shale
than in the inorganic. In all cases they destroyed
o}ganic material in the shale by ignition at 950°C and
analysed the whole rock ash by x-ray fluorescence and/or

optical spectrography.

The object of this project was to develope a
method of physically separating the organic and inorganic
fractions of the shale by some method which would not
disrupt the elemental COncehtration in either fraction,

" to analyse the organic fraction for several metals, and

to compare the results with the whole rock values, In

this way, it was hoped, we could learn more about this
suspected organic-heavy metal correlation. Coirelations
of this sort are important because of the enormous in-
‘fluence that organic compounds have on the geochemical
distribution and movement of many elements in seas, streams,

soils etc. /3, 31,32/

The organic separates are dealt with in two
sections: '
1) Benzene/methanol soluble fraction.

2) Total organic separates.

Twenty metals were determined in 2), and. =

nine in 1), by Atomic Absorption Spéctrdséopy. (A;A.)



1,2 NOTES ON ORGANIC GEOCHEMICAL NOMENCLATURE .

The nomenélature ofvorganic geochemistry is
confused and ambiguous. /5/- For example, a very wide
range of material has been labelled Ykerogen'" in the
literature. Usually kerogen refers to insoluble causto=-
biolithic material. I have not studied the organic
chemistry of my samples and cannot therefore define
their organic content in terms of the nomenclature of
other writers., For this work I define Uhumié" organic
material or kerogen as that material typical of mature
coal. i,e, it is sparingly soluble in any solvent, contains
few simple compounds, is poor in free hydrocarbons, con-

- sisting instead of high polymers of C, H, O, N and other
minor elements, and yields bituminous substances, (para-
ffins, aromatics and other minor compounds) by destructive

distillation.

Similarly, bituminous caustobiolithic material
is qefined as those tarry'substances similar to the organic
material of petroleum or oil shale, which consist mainly
of free long-chain (usually Cj0) hydrocarbons, and are
largely soluble in simple organic solvents. Amongst others,
Forsman /16/ and Breger /5/ discuss organic geochemical

nomenclature.

Organic remains in rocks can‘be divided into
two major classes:
1) Acaustobiolithic (noncombustible) material, for example
.CaCO3 and SiO, from shells and diatoms respectively. The
non-organic elements associated with acaustobioliths are

Ca, Mg, Sr, P and I /29/.

2) Caustobiolithic (combustible) material, e.g. kerogen,

humic acids, petroleum and coal.

. In my samples acaustobiolithic material is absent
or all but absent. When I refer to organic matter, I
mean caustobiolithic organic matter, ' This convention is

general in the literature.,




1,3 SOME GENERAL NOTES ON CAUSTOBIOLITHS AND ORGANO-
METALLJICS IN OLD SEDIMENTS.

In section (1.2) I mentioned the two broad groups
(humic and bituminous) into which most of the caustobioli-
thic material of old sediments can be divided. I exclude
from this discussion fresh organic material which has hot
yet decomposed or stabilized. Over geological time, un-
stable and water-soluble substances are destroyed, altered
or removed, The bituminous group is unimportant in the
shales I studied, and is present only in very minor amounts,
compared to the humic. (See section on Results for the

soluble fraction).

The humic materials are usually very cgmplex in
structure and have large, sometimes enormousAﬁoleéular
weights. According to Francis /4/ the molecular weights
of approximately 80% of coal molecules averages about
3000 and much of the remaining 20% lies in the range

100,000 to 5,000,000,

Humic acids are remarkably stable, and are not
decomposed chemically or biologically under non-oxidizing
conditions. /3/ Because they are formed by a somewhat
haphazard condensation of various organic (and sometimes
inorganic) compounds released by the decay of different
biological materials under various cohditions, the element=~
al composition of humic materials shows wide variation,

/4, 7/ According to Manskaya and Drozdova /6/ the
structure consists largely of six-membered heterocyclic
rings with various side chains, some fivé-mémbéréd rings,
and various other functional groups and compounds which

may be combined, complexed or absorbed to the humic molecule,
Fig. R1,showing a theoretical chemical structure of coal is
reproduced from their book. Fig. R2, from Francis /4/
shows a hypothetical structure for the vitrinite fraction
of coal, Metal ions and even minerals can be strongly V
-attached to tﬁis network., - Thus metal chelates,‘organo-
clay comple#es and elemental_éarbon 9t9“pay find a niche

in this rambling, cross=linked amorphous molecule.
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Forsman /7/ and Swain /8/ give a detailed account

of the chemistry and geochemistry of humus and kerogen for
the interested reader, The related topic of coal geo-=
chemistry is adequately covered by Francis /4/ and Van
Krevelen /9/.

Unfortunately, it is beyond the scope of this
project to go deeply into the organic chemistry of kerogen,
or the physical chemistry of the organo-metal-mineral
association. Studies of this sort require sophisticated
modern instruments. Hood et al /31/ gives an excellent
account of the use of techniques such as Electron Spin |
Resonance and laser Raman spectroscopy in the analysis of

organo-metallic compounds,

It must suffice to say that this organic‘matter
can be expected to be, and is,‘a powerful metal complexing
agent. /3, 4/ Fig. R3, from Manékéya and Drozdova shows
the relationship between the metal and humus contents
of soil, The importance of this complexing ability is
stressed when one notes that the mass of carbon held in
living organic (-C-C-) bonds in the biosphere is estimafed
at 7 x 10! tons /3/ and that in dead humic material even
greater, 60 x loll_tons /3/ The main source of humic
materials is lignin,/B/ from which it derives its poly-

cyclic skeleton,

My object was to see to what extent this com-

plexing activity has influenced the distribution of various

metals in the organic and inorganic fractions of the

sediments I studied.
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Fi1G, 41, Relationship Between humus content of soil and trace
elements.



1,4 SAMPLE ORIGIN AND DESCRIPTION,

The samples are all fresh shaies from boreholes
or coal mines in the Karroo and elsewhere. The LDW/WB
samples are from the White Band of the Dwyka Series of
the Karroo System. The JP sample is from the JeppeStown
" Seories of the Witwatersrand System. The rest are from
the Northern Facies of the Ecca Series ( i.e. Permian

Coal Measures ) of the Karroo System.

The mineralogy of the samples is broadly similar.
The inorganic fraction consists of from 50 to 95% of the
whole rock. Kaolinite (50-80% of inorganic substances)
predominates, followed by Quartz, 5-15%, Illite, some-
times calcite, iron compounds and minor minerals. These

samples are described in great detail by Danchin /1/

The organic material is invariably black and .
colours the ‘whole rock powder black or dark grey in mést
samples. When separated, it looks like'pdwdered coal,
and is similar to kerogen from many other localities

described in the literature. /4,6,7,16/

When heated, it glows and burns like coal, smells
like burning coal and leaves a yellow or red ash like coal.

Only a small percentage (appﬁoximafeiy”i%) of the total

organics is soluble in simple organic solvents. The best
. e .
solvent found was benzene/methaqol. It is pyrobituminous,

‘i.e. when heated in a closed tube, it yields tarry sub-
stances. Under the microscope, it is black, amorphous,
opaque and uninteresting, When nearly free of mineral

matter, it gives no meaningful X-ray diffraction trace.

By these criteria, I classify this organic matter
humic or coal=like, and non-bituminous. I believe it
can be broadly regarded as a comminutated coal, diluted by
mineral matter. Many of the samples were collected near

workable coal seams. /1/

e A



2. INVESTIGATION OF THE TRACE ELEMENTS

IN THE SOLUBLE ORGANIC FRACTION,




I

2.1 GENERAL DESCRIPTION OF THE METHOD.,

The soluble organic compounds are removed by
prolonged ultrasonic extraction of the finely crushed rock

with 9:1 v/v benzene/methanol to which is added some NH40OH,

This method is unconventional. Usually the material is
refluxed, Hunt /15/ describes conventional extraction
methods. The extract is filtered, oxidised, taken up

in solution and analysed by A.A. Tests showed the -op-
timum extraction time to be 48 hours, Ten samples were

analysed for nine metals.



2,2 PREVIOUS WORK IN THIS FIELD. -

The extraction of soluble organic compounds
from rocks or natural waters is widely described in the
literature. /4, 12, 13, 31, 32/ However, few of these
authors are interested in the metal content, and most

of the work is on petroleum, not kerogen.

Manskaya and Drozdova /6/ summarize most of the
available literature, much of which is in Russian,
Ciuffolotti et al /10/ analysed'oils and asphalts for trace
elements by Neutron Activatioﬁ”tééﬁniques. Hanya and
Ogura /11/ used ultraviolet spectroscopy to examine dissolved

organic material in water.

Relevant papers will be mentioned as I go. to At



2,3 EXPERIMENTAL DETAILS.

Separation and Analysis,

1) All materials were Analar or equivalent.

2) About 10gm of finely powdered (120 mesh) shale was -
accurately weighed into a 250ml conical flask.

3) 200ml 9:1 v/v benzene/methanol and 2ml NH40H were
added.

4) The flask was placed in an ultrasonic tank for 48
hours, and benzene/methanol was added, when necessary,
to compensate for evaporation, The flask was reguiarly

shaken because the material slowly settles out, After

\

r Pf'
a few hours the temperature of the water in the tank Eﬁ;//

stabilizes at about 65°C.

5) The suspension was filtered under vaccuum,

‘6) The filtrate was evaporated to dryness or to a tarry
residue., _

7) 25ml of concentrated nitric acid was added, and the
mixture évaporated to dryness.. This destroys most of
the organic matter. |

8) When the flask had cooled, 25ml of perchloric acid

was added and the temperature gradually raised to drive

off all HC1Og4. This destroys resistant organic compounds.

9) The residue was taken up in 10% HC1.,
10) This solution was analysed. The proceedure for A.A.
is described in the section on Total Organics.

11) A blank of 30% Quartz, 30% Illite, 30% Kaolinite,

5% Calcite and 5% FepO3 was run,

-




2,4 RESULTS.,

Solubility.

I found the soluble fraction to be about
0.5 to 2% of the whole rock by weight. Hunt /15/ found
that in shales he .studied this figure is lower, viz O.1
to .0, 5%. He states that many authors have found that the
percentage of the total caustobiolithic carbon of shales
in soluble compounds is commonly from 3-7, Forsman and
Hunt /16/ give the soluble fraction in a group of sedimen-
tary rocks of marine origin as 5=15% of the total organics.,

Generally this material resembles petroleum.

Trace Elements.

The results for ten samples and nine elements
are recorded in Table A, which has an accompanying ex-=
planation, The results are recorded in terms of the
percentage of the organically bonded element which is
extractable with 9:1 v/v benzene/methanol under the con-
ditions described in section 2,3, For example, take the
Fe value for GB48/65/12, which is 10.0. This means that
of every 100 Fe atoms in that sample which are organically
bound, (apparently) 10 of those atoms can be removed by
the benzene/methanol solvent. I say apparently“because
the benzene/methanol extracts Fe from the inorganic fraction
too. (See Discussion of Results.) In theory, this
percentage is totally independent of the inorganically held
iron, In practice, some of those ten atoms are extracted'

from the minerals.,




TABLE A % OF ORGANICALLY BOUND ELEMENT THAT IS SOLUBLE,

Zn. Fe. Cu. Mn. Mq. Ca. Li. T1. Rb.

SEC26 Cont BDT Cont BDL Neg BDL  BDL BDL BDL
__SEC25 9.2 Neg BDL BDL Neg BDL BDL BDL BDL
A78/4 Cont BDL BDL Neg Neg 80.2 BDL BDL BDL
A78/9 14.7 Neg 39,6 BDL Neg 90.3 BDL BDL BDL
A62/5 10.6 7.7 25.4  Neg Neg Neg BDL BDL BDL
EC.11 Cont 11.9 Cont 8.1 Neg 17,1 BDL BDL BDL
EC.16 Cont 5.3 Cont - Neg Neg' Neg BDL BDL BDL
GB45/65/10 Cont Neg Cont Neg Neg  Neg  BDL BDL BDL
GB48/65/12 Cont 10.0 Cont Neg Neg Neg ; 8.4 BDL BDL

WC5B NDet - Neg NDet 4.8 35.4 50.7 °  BDL BDL BDL

Explanation of Table A.

Cont - = Insoluble organic fraction contaminated by'Cu,iZn, Pb.

NDet = Value cannot be calculated because whole rock value has not been determined.
BDL = Value is below the detection limit. |

Neg - = The theoretical concentration of thé element iﬁ the organic matter is neg-

ative. .= See section on results for the total 6rganic fraction.

‘S|
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2,5 DISCUSSION QF RESULTS.

The results for the soluble fraction are few
in number. Only a few elements and samples were selected;
at random; mainly as a pilot study. The number of
results has been reduced even further because of:-
1) contamination (referred to in section 3.5),
~ 2) the fact that the theoretically calculated value of
'"PER', which is needed to calculate Table A, is often neg-
ative. (See section 3.5)
3) In many~caseé, the metals were not detectably concen-

trated in the benzene/methanol fraction.

It appears, however, that the proportion of
extractable organically bonded metal varies between
elements. The approximate values are:-
zn|10%, Li 8%, Fe 8%, Cu 30%, Mn 5%, Mg 35% (one sample
only) Ca 17-90%.

The elements Tl and Rb were not detectable in any extract
and so I cannot comment further on these elements, | Let
us define this parameter as the "PEOB" of the metal (from

‘Proportion obextraCtable Organically Bonded metal)

In the following discussion, I use Zn only as
an example. The theoretically determined PEOB values
given in Table A and summarized above, are calculated
from:-
1) The A.A. analysis of the soluble extract which, in the
absence of upsetting factors, gives the amount of 'soluble
Zn" (i.e. Zn held by soluble organic matter) as a percen-
tage of the total Zn in the whole rock,
2) TU"PER" from the section on'the total organics, which
is a measure of the "total organic Zn'" (i.e. the total Zn
held by soluble and insoluble organic matter).,
The PEOB values of Table A are then a measure of the ratio
of "soluble Zn" to '"total organic Zn' expressed as a % of

"total organic Zn"




17.

This calculation is only valid if:
1)‘ No -Zn is extracted from the minerals. I think the
blank eliminates this possibility. The blank is not
representative of the samples, but it does give all the
minerals preseht a chance to contaminate the benzene/meth-
anol with trace metals.

2) No 2n is extracted from the insoluble organic matter.

'Let us assume that the average sample has 30%
total organic matter by Weight and 1% soluble organic
matter by”weight; " Then the soluble matter is 3.3% of
the total organic matter, on average. Let us assume
(as we may reasonably do from the results of section 2,.4)
that the range is about 2-7%. If we ignore the inter-
ferences mentioned above, then the PEOB of Zn, Li, Fe and
Mn (all low) indicate thét‘the proportion of these metals
in the soluble fraction is equel to or slightly higher,
than the proportion in the total organics., For the
elements with high PEOB (Cu, Mg and Ca) the concentration
of these metals in the soluble fraction is anything from
4rto 45 times the concentration in the total organic
fraction, and one begins to wonder if this increase is
real, or whether the previously mentioned loss of ions
from the insoluble organic fraction is masking the true

values,.

At present I can only speculate as follows:
Cu is apparently firmly held by humic material, and Mg
-and Ca less firmly, (See section 4) All three are
probably firmly held in the organic fraction, since they
are not significantly extracted from the blank, It seems
to me then, that the high Cu PEOB may be real, but that
the high values for Mg and Ca are due to extraction of
these metals from the insoluble organic fraction by the

solvent,



s,

2.6 CONCLUSIONS.

Although these results are too few in number

to be statistically meaningful as an estimate of the
proportion of soluble organometallics in the samples, I
feel that they do demonstrate the important point that,
for the elements studied, the maximum extraction of in-
organically held metal by the organic solvents themselves
is quite low. Naturally, I cannot extend this coﬁ-
clusion to the other elements determined in the section

" on the insoluble organic fraction., I have assumed that

fhgy behave similarly.



3. INVESTIGATION OF THE TRACE ELEMENTS

IN THE TOTAL ORGANIC FRACTION,
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Summary of Alkalji Metals.

Li, Na, K are poorly concentrated. Rb, and probably

Cs, are considerably concentrated with respect to the

" lighter alkali metals. If may be significant that

this trend is in line with the residence times of this
group. i.e. Rb and Cs are known to be removed from

sea water faster than the other alkali metals, and it

may be that organic matter plays a principal role in

this removal. These times, from Riley and Skirrow, /25/

are given as:-~

Li 2,0 x 107 i.e. 20,000,000 years
Na x 108 i.e, 260,000,000 "
K 1.1 x 107 i.e. 11,000,000 1
Rb 2,7 x 107 i.e. 270,000 "
Cs 4.0 x 10* i.e.  40,000. .

Mg. See Table 6, 26, 26A, 39,
Mg is not concentrated in the organic fraction. =~ The
Black and White groups are separated and PER lies be=-

tween -10 and +20,

Ca., See Table 7, 27, 27A, 40, ,

Ca is significantly concentrated When compared tb Mg.
The proportion .of grey .is high, although Black lies to
the left of White. PER lies mainly from =10 to +40,

Sr. See Tables 8, 28, 28A, 40,

The Black-White distribution indicates that Sr, like
Mg, is less concentrated than Ca. But the Sr PER
values (-10 to +30) are more like thosequ Ca. It
would.have been very interesting to see the results

for Barium, but no spectral lamp was available.
According to Katchenkov /24/, Ba plays little part in
the biochemistry of organisms, but is precipitated from
solution by sulphur compounds, which aré often related
to decaying organic matter. Hence, indirectly, a

relationship may exist between Ba and organic matter,



So.

Summary of Alkaline Earths,

Residence times /25/ are:-

Mg 4.5 x 107  i.e. 45,000,000 years
ca 8.0 x 10° i.e. 8,000,000 . " -
Sr 1.9 x 107 i,e. 19,000,000 0

(AR B B A A I B R I B A A IR R K B I A I I 2R N N BT R B IR BRI 2R BRI B )

Ba 8.4 x 104 i.,e. 84,000 g

The results are in line with these times.
One might predict high concentrations of Ba from its

‘residence time.

Cr. See Tables 9, 29, 29A, 40,

Chromium is concentrated in the organic fraction, but

not to a high degree., Black and White have considerable
-overlap, but moét of the Cr is inorganic. PER lies

between =10 and +30, Residence time is 350 years /25/.

Mo. See Table 10, ,
Mo was undetectable in all samples, mainly due to an

ageing spectral lamp.

Mn. See Tables 11, 30, 304, 41.

Mn is not significantly concentrated, PER lies be-
tween -10 to +20, Residence time is 1,400 years, but
the removal oftthis metal is mainly in the form of Mn
nodules,/25/

Fe. See Tables 12, 31, 31A, 41,

Fe is not Concentrated in the organic fraction. PER
lies between =10 and +20, Residence time is short
(140 'years /25/) probably because of the formation of

Mn~Fe or Fe nddqleso'

Co. See Tables 13, 32, 324, 41,
Cobalt is noticeably concentrated in the organic fraction,
which usually has an equal or greater concentration of

the metal than the‘inorganic‘fraction,



S,

PER is variable, lying mainly between +10 and +80,
Residence time is 18,000 years. /25/

Ni. See Tables-14, 33, 33A, 42.

Ni is concentrated. The organic fraction generally
has similar or higher Ni values cdmpared with the in-
organic fraction. PER varies from about O to +70,

Residence time is 18,000 years. /25/

Cu. See Tables 15, 34, 34A, 42,

The number of copper samples is low, because many
were contaminated as described previously. It is
clear, however, that Cu is considerably concentrated.
PER is apparently very variable,. Residence time is

50,000 years. /25/

Ag. See Table 16,
Ag was detectable in only one sample, No whole rock.

values were available,

Au., See Table 17. }

Gold was detected in many samples; usually in .amounts
less than 30 p.p.m. No whole rock values were a=
vailable and since these samples were not representative
of average shales /1/, I decline to speculate further.,

Residence time is 560,000 years. /25/.

Zn. See Tables 18, 35, 35A, 42,

The number of Zn samples has been reduced by contamination,
‘Even so, it appears to be concentrated but not to the
extent that copper is.  PER is widely variable. Resi-
dence time is 180,000 years. /25/

Al. See Tables 19, 36, 306A, 43,

Of the twenty elements studied, Aluminium shows the
weakest correlation with organic matter. Black and

White are'strongly,separated'and PER is restricted to

the range -10 to +10, Residehéé time is only 100 years,
/46/ . butithis low value is misleading because most of the
Al enters the oceans in solid mineral phases and rapidly

settles out,



sz

Pb. See Tables 20, 37, 37A, 43,

Like Cu and 2Zn, some Pb samples were disregarded because’
of contamination. Pb shows one of the strongest con-
centrations in the orgahic'fraction° Black values lie
well to the right of White and PER lies in the range

. +30 to +90,. Residence time is 2,000 years. /25/. .

In the above discussion of the relative con-
centration of the individual elements in the organic
fraction, I have included the residence times, in the
ocean, of these elements, I showed that, for the
alkali and alkaline earth metals, a rough inverse
relationship exists between the concentration in the
organic fraction and‘the residence time of the element.
(I realize that residence times apply to.the ocean and
that most of my samples are almost certainly lacustrian
/1/. However, I would like to persue this line of
thought further, because the results are interesting.

The conclusions I draw from them must not be regarded

as more than speculation.,)

In Fig. 36, I have plotted the residence time
of each element against the Mean PER (from Tables 1=20)
for the element. I’regard PER as the best meaégre of
the organophilic tendency of the eleménts, The results
indicate a good inverse relationshipo"i,e° as the res-
idence time aecreases, the tendency to concentrate in
organic matter increases, as might be expected if it is
assumed that organic matter is one of the major removers

of trace elements from water.

Four elements plot discordantly: Cr, Mn, Fe
and Al. They are apparently removed from sea watér
faster than might be expected from their affinity for
organic matter, indicating that some non=organic process
is at work., I have already mentioned that for Mn, Fe and
Al, these non*organic'processes are well known.,- (Hence
these elements are marked with squares in Fig. 36, since
they do not represént real deviations from the straight

line trend.,)
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Cr presents a real anomaly, though. Since
Cr is not appreciably concentrated in Fe-Mn nodules /25/

some other inorganic process of removal is indicated,
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c) Element Correlation.

A summary of the results of the Pearson's andv
Kendall rank correlations is given in Table F, The
following points are of note: |
1) Even at the 1% level, the number of correlations
is remarkably.high.
2) Agreement between Péarson's and Kendall rank is
poor .
3) Good negative.correlations are few. _
4) Cu=Zn~Pb correlations show only when the results
from contaminated samples are included. v Therefore
I have selected only those correlations which are con-
sistent in each of the four groups - Cw, Cf, Co and
Ci (See Tables 1-20 for explanation) and given them
relative weight of 1 for vexry high consistehcy and 2 for
g$od consistency. The numerical value of the corre-
lation coefficient is not taken into consideration
because of the variations mentioned above. _
5) Agreement between overlapping groups (e.g. CI com-

pared with CIS) is fair to poor,

From Table F, the following can be deduced:
1) No consistent pattern emerges.
2) K and Rb are related iﬁ the whole rock and in the
inorganic fraction as expected, but not in the organic
fraction, indicating odd behaviour of Rb in the organic
matter compared to K,
3) 1In fact nothing is consisteﬁtly related in the or-
ganic fraction,
4) Only two good negative correlations appear: K=Al
and Mg-Al,
5) Five relationéhips seem to hold in all of Cw, Ci. and
Cf: Mg-Fe, Mn-Fe, Co-Ni, Na-K, K-Rb. There does not

seem to be anything startling about these correlations,




TABLE F

SUMMARY OF CONSISTENT CORRELATIONS.

cw CI CF
1) 2) 1) 2) 1) - 2)
K«~Rb K~Rb K-Rb
K-Mg
Rb~Cs )
‘Mg=Mn Mg=Mn
Mg~Fe ‘ Mg~Fe Mg~Fe
‘ Cr-Ni «
Mn-Fe = Mn-Fe | Mn-Fe
Co=-Ni Co-Ni Co=-Ni
Co=-Zn ‘ T
Ni-Al
Cu=-Pb
Na~-K . Na-K  Na-K
Na-Rb |
Na=Al
Mg-Zn
-
Cr-Al
Fe-Zn

1) Stronger Consistency
2) Weaker Consistency.

Negative correlations are marked with a block.



'd) Metal Content versus PLOW,

Cw_vs, Whole Rock PLOW. Figs 2-18

In the introduction, I said that it had been
suggested that a direct relationship might exist be-
tween the concentration of some heavy metals and the PLOW
on ignition of many samples. It came as a surprise, -
when I plottéd these values for the elements I studied,
to find that the only one which had a positive slope
was Li, which should, in any case, have had a negative

slope if this relationship held,

The results, which are my subjective inter-
pretation of the graphs, are as follows. They are

compared with results which Tables 1=20. led me to

expect., The agreement is poor,
Actual Expected
Strongly definevaositive slope - None Rb, Cs, Co,
Ni, Pb, Zn, Cu
Weakly defined Positive slope | Li, Ca, Cr.
Indeterminate Cr, Mn, Ni, o Sr.
' -Cu, al, Pb. |
Weakly defined‘Negative slope Cs, Fe, Co Mn, Fe.
Strongly defined Negative slopé Na, K, Rb, Mg . Li, Na, K

Ca, Sr, Zn Mg,

This is peculiar, yet the analytical results
show that some of the elements are concentrated by the
organic fraction. The only explanations I can think of
are the followings: '

1) Thére are not enough points to demonstrate the true
trend.
2) As the proportion of metal rich organic méterial in

the rock increases, the metal content of the inorganic

fraction decreases.

Al.
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Suppose, for example, that you have a marine environment
(or even a lagoon or lacustrian enQirdnﬁeﬁt) in which
organic matter and clay minerals are forming or settling
through a dilute solution of trace elements to collect

as a shale., The bottom is stagnant and most of the
organometallic absorption takes placé from interstitialbwater
which does not circulate readily. The clays and organic
matter would compete for the absorption of trace elements
and the organic matter would probably be more efficient,
so that as the proportion of organic matter increases,

the amount of Cu, Zn, Pb etc left for incorpération in

the clay decreases, )

3) The PLOW is not a reliable indicator of the peréentage
organic matter in the samples. AThéy have been corrected
for CO, loss, and since HpO loss is negligible, it is
difficult to imagine what else could be lost at 720°C A
that could cause seriocus error. Accordihg to Francis /4/
inorganic matter associated with kerogen or coal~under~
goes the following changes on ignition:

1) HpO loss, mainly from clays.

2) CO, loss, mainly from carbonates.

3) FeS—— FeO + SO,,

4) Sulphur oxides + CaO — CaSOy.

5) Loss of volatile chlorides., ,

It seems, then, that PLOW is probably a fairly accurate

measure of organic content.

4) The metals are associated with some particular
spbfraction of the organic fraction, which in turn is
unrelated to the total orgahic fraction, I regard
this as the most likely explanation, but have no idea
"of the nature of the substance or substances in this

subfraction.

Cf vs. Fraction PLOW, Figs 19-35,

.In these figures, the PLOW for the fraction is
plotted against Cf, the element concentration in the

fraction,
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If we group the graphs as in the section above,

we find the following:

Strongly defined Positive slope

Weakly defined Positive slope

Indeterminate

Weakly defined Negative slope

Strongly defined Negative slope

Actual Expected.
None Pb, Cu, Zn, Ri
Cs, Co, Ni,
None Ca, Cr, Au?
Cs, Ca, Sr, Sr.

Cr, Ni, Zn, Pb

Li, Rb, Co Mn, Fe
Na, K, Mg, Mn Li, Na, K
Fe, Cu, Au, Al Mg, Al

Again, the agreement between "Actual'" and HEx -

pected" is very poor, expecially for positive slopes.

The agreement between Cw~PLOW and Cf-PLOW is not good.

It seems that the elements concentrated by the organic

fraction (Rb, Cs, Ca, Cr, Co, Ni, Cu, Zn, Pb) have a

tendency to give indeterminate plots (four out of eight

for Cw, six out of eight for Cf).
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3.7 A DISCUSSION OF THE GEOLOGICAL ROLE OF

CAUSTOBIOLITHS .

Before drawing any conclusions from my results,
I would like to spend some time discussing the role

played by organic matter in the geochemical cycle.

The inter~action of organic matter and the
elements in the sedimentary Cycles which produce causto=-
bioliths is insufficiently understood. - The elements
_entering any basin of deposition (marine, terrestrial,
peat bog etc.) may be derived from the weathering of
igneous, metamorphic or older sedimentary rocks, or from
organic sources. /24/, These elements may be:

1) in solution

2) associated with terrigenous material. The importance
of the composition of the mineral detritﬁs; in relation

to the organic matter, is not to be underrated, it can
seriously influence the trace element content of the
organic fraction by various chemical reactions e.g. ion
~exchange or acid attack. For exaﬁple, Wedepohl /26/
demonstrates that a 1argé mass of trace elements (Cu,

Zn, V, Pb) enters the sedimentary environment absorbed

to ferric oxide, which in turn coats larger mineral grains
such as quartz. Organic matter reduces the oxide, and
releases the trace metals, which may be promptly secured
'by‘H2S or organic compounds present in the reducing en-
vironment. Furthermore, é highvconcentration of a par~-
ticular element in the mineral fraction may swamp the con-
centration in the organic fraction when an attempt is

made to correlate the whole rock value for that element
and the amount of organic matter. /26/.

3) Present in organisms. /24/

/ According to. Katchenkov /24/, certain elements
(e.g. Ba, V, Cr, Mn, Ni, Co, Cu, Zr, Be) are either
dominantly in the terrigenous minerals, or are rapidly’
 precipitated by‘one means or another because they are
inherently "insoluble', Other elements like Sr, Na and
K are "soluble" and have large residence times /25/ and
~stay in solution until removed by an unusual and specific
mechanism., ‘e.g. Sr is chemically precipitated in A
lagoons /24/ or removed biogenetically, associated with
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Ca in calcereous tests. /24/ (It should be noted that
there is evidence /28/ for the association of Sr with
soft tissue also) On the other hand, Na is removed-

mainly in salt deposits.

Although most of the discussion in tﬁis work
concerns the immobilization of ions by érganic matter,
it should not be forgotten that organic matter affects
geochemical distributiéns in the reverse manner, too. '
For example, organic molecules are important mobilizers
~ (especially during weathering) of metals like Fe, Al,

Ti, V, U and other heavy metals /6/, which would other=-

wise be very insoluble.

What becomes of these '"insocluble!" elements mentioned
by Katchenkov? /24/. Below is a list of elements,

given by Wedepohl /26/, whose concentration in a
sediment is sénsitive to the Eh in the sediment at the
time of formation. These elements tend to be fixed

by the reducing environment: V, Cr, Mn, Co, Ni, Cu, Zn,
As, Se, Mo, Ag, Sb, Pb, U and Tl.‘ A comparison of
this list with that of Katchenkov shows that the heavy

metals predominate in both groups.

I (and others /3, 4, 7, 8, 9, 24, 26, 28, 41/)
think that it can be accepted that the distribution of
many of these elements is strongly influenced by the
presence or absence of organic matter., Fig R4, fxom
Wedepohl /26/, shows the relationship between the elements
Ct and Ni and the carbon content of samples from the

K&pferschiéfer.

- It seems, then, that we can divide most metals
into two broad groups according to their affinity to
organic matter. We have the heavy‘metals which are
"organophilic'" and the lighter élements which are “organo=-
phobic" or '"organo=-apathetic™, This classification is
useful but must not be taken too fai,'as can be seen from
Fig R7 (reproduced from Szalay /3/) which shows that '
practically all metals have some affinity for humic sub=-

stances.
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In a laboratory experiment, Ganguly /41/
showed that Zn, Mn and Co were absorbed by samples of
marine coastal sediments 3 to 30 times better than if
the organic matter of these sediments was first’rempved
by H,0,. The alkalis and alkaline earths, Cs, K, Ca
and Sr were absorbed almost equally by both treated and
uhtreated samples. There is, however, little doubt
that the lighter metals are capable of forming organic
complexes (Fig R7). Ganguly infers from this that the
alkalis and alkaline earths are held in exchangeable
cationic forms and that metals like Zn, Mn, Cu and Co
are held in lesé‘exchangeable cationic; or noncationic

forms.

The foregoing discussion does not mean that
the distribution of these elements is not influenced
by othexr factors. ‘It has been shown, for example,
that illite absorbs Cu ions strongly under certain.
conditions /26/. Also, the presence of organic matter
does not guarentee a concentration of all heavy metals.
For example, Wedepohl /26/ found that in 30% of his
Kupferschiefer samples, the Zn content was below the
value for an average shale (100 p.p.m.). - Furthermore,
in the same study, a direct relationship was found between
Mn and the carbonate conternt of the samples rather than the

- more ubiquitous organic content.

How does the oxganic matter actually affect or interact

with these metals? For purposes of discussion, assume

that a sediment is accumulating slowly under quiet, re-
ducing conditions, The detrital and organic matter can

be supplemented by:

1) Precipitation, which is influenced by pH, Eh, the
availability of gases like HpS and the concentration

of metal ions in solution. /29, 34/. Neglia et al /44, 45/
found a fair to good correlation between organic matter

and pyrite in the black shales of the basins they studied.
In addition, they found /45/ that the reducing environment
favours the formation of mixed layer clays and, since clays
are also important sorbtion agents /26/, the organic matter
has a further indirect control over trace element fix= |

ation,
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FIGURE 4, Arrangement of clements in the periodic system indicating concentration by humic acids.
Elements in squares are sorbed, those in circles are not. while the remaining clenents were not investigated.

TABLE TII

ErrecTivE Ioxic Rapir AXD RELATIVE SurFACE PoTeNTIAL oF Ioxs oF
’ VaArIous ELEMENTS IN DILUTE AQUEOUS SOLUTION

é lons ' Lffective radius ™ Rﬂ‘r‘:g:};‘f;:‘mcc

o
Rb+, Cs+, Ag+ 1-25 A 0-64
K+ . 15A 0-44
Na+ 204 0-25
Ph++ . 2-25 A 0-395
Sp++, Bat+ . e e 254 0-32
Ca++, Zn++, Sn+ " . Ce e e

| Mn++, Le++ Ni++, Cot+ . . . . . } 304 0-22
Mg++ e 4-0 A 0-125
Li+ ., 30A 0-11
)




2) Sorbtion of ions, complexes or organic compounds from
the water onto the sedimentary particles. The main
sorbtion agents are clays, hydroxides (notably of Al,

Fe and Mn) and organic.matter. /29, 34/, The factors
governing the sorbtion process are not well known /29/
but are undoubtedly complicated. Nicholls /29/ points
out the difficulties of trying to usevtheoretically de-
termined atomic properties like ionic size to expose
trends in the distribution of elements in organic mattero.
For example, the small ion Li* more than doubles its volume
in water by surrounding itself with a sheath of electri-
cally attracted H,O dipoles. Fig. R8, frqm‘Nicholls'\
paper /29/, shows the effective radius of several catiéns
in dilute solution together with their relative surface
potentials (RSP = charge/area). According to him,
elements with RSP's greater than 0.3 or 1eés than 0.2

are strongly sorbed by clays, while those in the range

0.2 to 0.25 are sorbed strongly by organic matter.

This observation is empirical and the reasons

can only be guessed at.

Despite the shortcomings of a theoretical
approach, it is possible to find relationships between
the ionic or atomic properties of elements which behave
similarly towards organic matter.  Fig. R9, from Mason /30/

-shows a clear relationship between the ionic radius,’

- ionic charge and the concentration ratio in plants

(relative to the average rock) of the elements plotted.
Elements of low iénic potential (giving soluble cations)
and high ionic potential (giving soluble .anions) are
readily assimilated. The intermediate elements, forming

insoluble hydrolystates are not concentrated.

Meanwhile, back in our sediment, the transfer
of metals is being complicated by the release, through
decay, of metals held by organic matter already in the
sediment. The fate of trace elements releaséd by the
decay of the soft parts of organisms is poorly known /29/.
However, since the metals are released into an environ-
ment of low Eh, restricted circulation, high concentration

of HyS and where many new organic molecules are forming,
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it is probable that much of this trace metal is retained

within the sediment in some new combination.

In general, then, free trace element ions or
complexes from both internal and external sources are
subject to the following modes of fixation bonrganic
material. /26/

1) Decrease in solubility and precipitation after
reduction eg V5¥ v3+, yb+  uyd+, .

2) Precipitation of sulphides e.g. Cu, Ag, Pb, Zn and Cd.
3) Sorbtion by orxganic debris (e.g., Ag, Cu, Zn and Pb),
Of course, all these reactions are subject to the

availability of the element in the water. /29/.

While I have emphasized those processes which
eventually fix the metals in the sediment, the imﬁortant
drganometallic reactions which take place in the free
water above the:sediment must not be overlooked, Many
organometallic compounds have been identified in sea
water /19/ and it may well be that these Qfganometallic
molecules are more readily absorbed by the sediment than
free ions would be. Fukai /40/ has demonstrated that
the rate of metal exchange between freé floating organi-=-

cally bound and ionic forms 1is slow.

i - Curtis /28/ gives the following rather. satis-
fying model of thé incorporation of trace elements into
the sediments, The organic matter of sediments is either
present in detrital grains, of is more commonly absorbed
onto the surface of clay particles. I have included
elsewhere in this thesis Curtis' evidence for the exist-
ence .of this film, with a reproduction of his micfographs.
(Plate 1). Experiments have shown that clays quickly ‘
and irreversibly‘absorb organic molecules from solution
to form thick films, For example, alanine is absorbed
onto montmorillonite in a 1aye£ 65 molecules thick,
demonstratihg that a given amount of clay can fix 3 or 4
times its own mass of organic matter. Furthermore,
factors like pH, salinity and temperature have little

effect on this process. /28, 29/.
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Since the surface area of the clays is vastly
in excess of that of the detrital fraction, the organic
coated clays tend to dominate the absorption characteristics
of the sedimént; To an approaching ion or molecule,
’which must react with the surface of a sedimentary par-
ticle and not its interior, the sediment must appear to
be largely organic., Now these approaching particles
may be:

a) Organic molecules in solution.
b) Organométallic complexes and complex organic ions,
mainly of the tfansition metals.

c) Simple or aqueous inorganic ions.

As we have seen, the clay will attract particles
of type a). The "clay - a'' combination (i.e. organic
coatedvclay) will attract b) molecules i.e. organo-
métallicso Hence the concentration of elements like
Cu; Mo, Co and Ni which form stable organometallic

complexes,

The ions of grouphc) do not like organic
matter.. They can be divided into two types, ci and
cii. Ions of type ci do not like inorganic matter
either and are not attracted to the inorganic part of the
sediment e.g. quartz or uncoated clay. ‘Therefore, if
an element of this type (e.g. Na) is concentrated in
the sediment, some other mechanism must be sought. Ions
of type cii are attracted to the inorganic fraction, and
will absorb onto those mineral surfaces which are not
. totally blocked off by organic films, This explains
the inverse relationship between certain‘glements (notably
boron) and organic matter in sediments. Boron has a
strong affinity for illite /28/ but when organic matter
’>is present with the illite, its concentration is usually

low,

Since type b) complexes are generally less
sensitive to factors like Eh and pH than complexes of
type ¢); it follows that the 'clay - a - b'" association
occurs more regularly than ''clay = a - c'" association.
For ekample, we are almost sure to find Cu concentrated
in a caustobiolith, but an alkali like Rb may only be
concentrated in a narrow pH or Eh range and is therefore
rarely concentrated in caustobioliths. This regular
occurence in caustobioliths of the transition metals,
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and the irregularVoccurence of most of the other metals

is frequently noticed.:

Curtis lists the. following elements as.being
of type b), i.e. are directly related to the organic
fraction: VvV, Cr, Mn, Ni, Co, Cu, Mo and U, Boron has
been shown to be inversely related, while metals like

Sr and Ba seem to be indifferent.

Curtis points out that this argument does not
hold in sediments with a high proportion of detrital

matter.

In general, then, and especially in the presence
of HQS, the reducing sapropelic environment becomes a
"sink" for most of the heavy metals like Cu, Co, Ni etc.
However, the chemistry of the situation is complex and
in some environments /26/ which are not well studied,
some metals - (notably Fe and Mn) may be actively lost to
the water and cgrried away despite the reducing con-

ditions.

What proportion of the Trace Metals in the organic fraction
of a shale was present in the organism before death?

This is an unresolved problem, and at present
the best that the experts can say is that it is highly
variable and dependant on little known factors /3, 4, 37/.

Fo:Aexample, in the Kupferschiefer /26/,'the
concentration of some trace metals is so high that it
becomes obvious that enrichment from the solution must
have occured. Of course, it is debatable whether the
metal in solution came from an ihorganic or organic
source, Also, the nature of the original organisms
seldom determines the final distribution and concentration
of trace elements. in caustobioliths /29/, indicating the
important role of posthumous sorbtion processés, On
the other hand, biochemically selective absoxpfiqn,by
coal-forming land plants /30/ of various elements is the
best way of explaining the following features of most.
coal ashes /30/.

1) The elements present differ widely in geochemical
behaviour. S S
2) Both chalcophile and lithophile elements are present.
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3) Ionic or atomic radii seem to be unimportant.,

A very recent study by Calvert and Price /37/
has shown that in young unconsolidated shelf sediments,
off South West Africa, concentrations of the metalé Cu,
Ni, Pb and Zn are strongly related to the organic con-=
tent, and that this concentration is due principally to
the accumulation of these metals by plankton during their
life cycle, (This is a region of upwelling and high
plankton activity). Figs. R10 and R11l are reproduced
from their paper. They show clearly the correlation
" between the distribution on the shelf of organic rich

sediment and the distribution of Cu, 2Zn, Ni and Pb.

They found the following values in the sedi-
ments: ' | '
Cu  18-129 p.p.m.
Ni  35-455 "
- Pb 3- 32 n
Zn 18-337 "
In addition, Cu and Ni Were strongly correlated to each
other, They noted too, that the Cu and Pb values bf
the S.W,., African sediment were much like those of similar
sediments elsewhere, but that the Ni and Zn were some-

what higher in the former.

They found that plankton are powerfull metal
extracters. The most abundant diatom in the Benguella
current, CHAETOCERAS CURVISETUS was found to have the
following amounts of metal (dry weight, in p.p.m.) .

Cu 300 = 6000 '

Ni 60 - 90

Pb1200 - 1800

Zn 6000 - 9000
Chaetoceras is rapidly decomposed and its trace elements
would be‘released into an environment of low pH and high -
H»S content, and would'probably be largely immobilized
in the sediment..  The authors belleve that these metals
"are intimately associated w1th the organic fraction of
the sediment" but they emphasize that in most deposits
~we know little about the relative contributors from bio-

genetic, terrigenous and authigenic sources.
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A wide literature exists, /6, 23, 37, 38/ on
the role and content of metals in many organisms. In
many cases the relative concentration is dramatic. /37, 38/
Two types of bio-metal‘are distinguished:~- ' ' '
1) Those used in the life processes.. For example, Mg
occurs in chlorophyl and Fe in Haemin, while V and Cu
are essential in the '"blood'" of some organisms /30/.,
2) Those which are not used in the life processes, and.just
happen to be in the organism because they are present'in
the surroundings. Forvéxample, the locoweed in the U,S.A,
concentrates Selenium in rough proportion to the content
of this metal in the soil, and is used in geochemical |

prospecting for this element /30/.

‘Organisms take up elements of equal crustal
abundance in very unequal amounts /30/, these amounts
being dictated méiﬁiy by the needs of the life process.,
In a study of the metal content of various species, it
should be remembered that micro-organisms are quantitatively
more important than macro-organisms in trace element
organic geochemistry, because of their vast numbers. The
concentration of trace elements in plankton has already
been mentioned. As a further example, Day /38/ states ‘
that Spirogyra growing in water which contained a total
of 16 p.p.m of heavy metals had in them (dry weight)

2900 p.p.m Zn | |

6600 " Pb

920 " . Cu.

Most of the Cu of terrestrial lakes is locked up in
plankton /38/.

. Projects are at present in progress /41/ to
follow the path of elements in the biogeochemical cycles
by means of radiotraces, and much useful information from

this source should be available soon.

A summary of the main bioclogical features of
the individual elements is given elsewhere in this work,
However, the reader may find Figs R12, R13, R14 and R15
(from Mason /30/) useful as an indication of the magni-
tude of the concentration of some elements in a few or=

ganisms,
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Fig Riz.

Tuble 9.1, Distribution of Elements as Percentage Body Weight of Organismis*
Invariable Variable
Micro-
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* \Vebb and FFearon,

1937, with additions. Webb and Fearon remark that for some

of the elements the number of organisms analyzed by reliable methods is insufficient
to cnable to one to decide whether an clement is strictly variable or invariable, and,
furthermore, that the quantirative classification, though convenient, is necessarily

arbitrary.

Fig, R13

Table 9:2. The Relative Amounts of Different Elements in Tancous Rocks
and i Organismis

Percentage in
Igncous Rocks

(N

After Hutchinson, 1943,

Q01§

Percentage in Living
Terrestrial Planes

2y

Ratio (2):(1)

i 0.0063 0.00001 0.0013
Na 2.83 0.02 0.007
K 2.59 -0.3 0.12
~Rb 0.031 0.0002 0.0066
~ Mg 2.09 0.07 0.034
Ca 3.63 0.5 0.14
Sr 0.013 0.002 0.13
“Ba - 0.025§ 0,003 0.12
Rare carths 0.0148 000004 0.0027
Al 8.13 0.002 0.00025
Ti 0.6+ “0.0002 (.00032
Si 27.72 0.15 0.0055
B 0.0003 0.005 1.7
p 0.08 0.07 0.88
S 0.052 0.05 0.96
\Y 0.015 0.00002 0.0013
Mo 0. 0.00005 0.033
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Fig R14
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Figure 9.1 Elemenes classified according to their distribution as percentage body weight of organisms. (After Webb and Fearon, 1937,
with somc more recent data) ’



Tible 9.3, Elewentary Composition (Weight Per Cent) of Different Organismns
. Hheig I 8

Fig, Ris

Calanus finmarchicus

Ca
Mg

e

Si

Br

Cu

\V4
Mo
Ti

Co

§ Mcan figurc for mammals.
Il Normally in plants, 3.1075, -

te o

ad

09
21
10
52

4
9

(a copepod)*
79.
10,

G,

I.
.08

n.

10°

1ot

. 1072

L1073

1074

. 1076

O
H
N

P
Ca

Mg

Cl

Si

Al

B
Rb

Mn-

/n
Cu
I
Mol

Ti
N1
Bre
Ti
v

hd

~N

=~
ot

~ %

N

—— R W W e N

- B O

90

™
+

.06
.80
.70
037

o

Alfalfa (lucerne) t
77.
11,3
n

10°

L1071

. 10-2

.03

10~

. 1076

1078

As, Sn, Pb, Sr, Ba n. 10—

* Vernadsky, Z. Krist. Mineral. Petrog., Abt. B, Mineral Petrog. Mint, 44, 191, 1933,
t Water, 75.1%; org., 22.45%; ash, 2.45%,; from Bertrand, 1950, p. 442.
t Wirer, 60%; org., 35.7%; ash, 4.3%;

B

Fe
Si
7Zn

Rb§
Cu
Sr
Br
Sn
Mn
|

Al
Pb

~Ba

Mo§

As

Co. -

Li§
V3§
Ni

from Bertrand, 1950, p. 442.

Mant

62,
19.

9.
14
.38

5
I

- NN R RO

NN W

T 4

- -3 1

N 4w

81
37
3

)

9 N W oW

76

. 10?

L 1ot

L1072

Lo

L1074

. 1078

. 1078



77

No one seems to know much about the influence
of percolating ground waters on the metal content of the
.organic matter./3, 4/ Wedepohl /26/ has a convincing
argument against the large scale enrichment of heavy
metals in the Kupferschiefer by ground water. On the . ..
other hand, U and other metals are known to be intro- |
duced into peat deposits by ground water./3/ Degens
et al /17/ also stress the influence of circulating-

ground waters on the metal content of caustobioliths.

What are the similarities and differences between the

trace element content of petroleum, coal, kerogen ang .

other caustobioliths? Many similarities and differences

do exist, but no one has adequately explained them,
Petroleum is é better concentrator of trace elements
t?an is coal /30/ or kerogen. The reason may lie in
the mobile, bituminous nature of petroleum as opposed

to the humic nature of coal, but this is unproved.

According to Zul'fugarly /33/, petroleum micro-
elements differ from those of most humic caustobioliths,
They have more regularities and are more pfteh related
to the country rock, - This indicates that petroleum,
because of its fluid ﬁature, picks up'trace elements
~from the country rock more readily thanikerogen.

Howevef, the metal content of the parent orgahisms of
petroleum is also important in determining the final
trace element distribution. /33/. He gives, as an example
of the trace elements found in petroleum, analyses of the
ashes of many petroleum samples from the U.S.S.R./33/
The elements invariably present are: Na, Cu, Mg, Ca, Sr,
Ba, Zn, Al, Ti, V, Cr, Mn, Fe, Co, Ni. - Those frequently
present are: K, Ag, Sn, Pb, Mo and the following occur
sporadically: Li, Be, Cd and Ga. V and Ni and to some
extent Cu are ubiquitous in the world's petroleums/33/.
In many cases V205’+ NiO + CuO comprises more than 75%

of the petroleum ash which can be used as ore /33/.

V and Ni are believed to aid the genesis of petroleum“““

/33/.

On average, humic materials are much poorer than

'petroleum in V and Ni,
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According to Francis /4/ 95% of the ash.of
the average coal conéists of Al, Si, Fe and Ca, (Much
of this is adventitious, i.e., present in minerals rather
than inherent, i.e. present in the plant matter)/4/.
The other 5% is mainly Mg, Na, K, Ti, Cl, Cs and P,
while the most common trace metals are V, Sc, Ga and Ge.
The elements which have been found to be associated with
the organic structure of various coals are B, Sn, Ni, Cu
Zn, Ti, V, Cr, Ge and Ga. /4/. Some of these may be
present as porphyrins, since it has been established
thatlporphyrins of V and other heaQy metals" exist in coal
/4/. Fig. R16 from Francis /4/ lists the amounts of
several elements in average coal ash and the earth's
crﬁst and also the relative enrichment of these metals
in the coal ash. Fig. R17 from Mason /30/ shows similar

parameters for coal ashes from New South Wales.,

The main factors affecting the concentration
of trace metals in coal seem to be:
1) The solubility of the metal, which determines how
much the plant can take in.

2) Ground water absorption /4/.

There is a wide literature on the organometallics
~found in soils. /42/. These have many features in common °
with the organometallics of hard rock and the study of

soil organometallics can undoubtedly advance the subject.

Manskaya and Drozdova /6/ summarize the factors
which they regard as important in the control of the trace
element concentration in various caustobioliths. These
are: ‘

1) The chemical composition‘of the organic material.,
2) the properties of the element.

'3) The conditions of reaction.

I would add to this the availability of the element,

Wﬁat is the chemical nature of the naturally occuring

organometallic compounds? Our present state of know-
ledge of this subject is fragmentary /30, 40/, especially

in the case of the humic-metallic bonds which are diffi=-

cult to characterize /6/.

Undoubtedly chelates are an important group/6/.
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. TABLE X.VI.

RARE LELEMENTS TN THE ASHES OF COAL (GRAM. PER TON)
after Goldsehmidt.

Elélnﬂlt . \m\ . “\‘\1;":\‘-'51‘:"- I J'(lrlltl:"” —E—“—NE—M—L'—]“-CET—":—
l Ashes ) Max Aver.
Boron 3,000 600 3 1,000 200
Germanium 11,000 500 7 1,600 70
Arsenic ... . 8,000 l 300 b 1,600 100
Bismuth 200 20 0-2 1,000 100
Beryllium 1,000 i 300 b3 180 30
Cobalt 1,500 300 10 35 b
Nickel _ 8,000 700 100 80 7
Zinc 10,0007 200 | 40 250 3
Cadmium (] D 0-5 100 10
Lead 1,000 100 16 t 60 9
Silver 5-—10 2 0-1 30—100 20
Gold 0-2—0-5 e 0-005 | 40—100 —_—
Platinum 07 - D003 120 —
Lithium ... 500 e [ a5 8 —
Scandium 400 60 A 80 3--12
CGallium ... T 400 100 15 27 7
Yttrinm SO0 100 131 26 3
Zirconium 5,000 - 90 26
Molybdenum H00 200 15 33 15
Indiam ... -2 - : 01 13 _—
Tin 500 200 40 13 I
Thallium b 1 0-3 17 3
' 1 | - | i
— ~ -
Fig R
Table 9.5. Rare Elements in Coal Ash
Average Content  Average Content
in Coal Ash in Farth's Crusc .Factor of
Element (g/ton) (g/ron) Enrichment
B 600 10 60
Ge 500 1.5 330
As 500 2 250
Bi 20 0.2 100
Je 45 2.8 16
Co 300 23 12
Ni 700 75 9
Cd 5 0.2 25
Pb 100 13 - 8
Ag 2 0.1 20
Sc 60 22 3
Ga 100 15 7
Mo 50 1.5 30
U 400 2.7 150

72
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These consist of a central atom or ion- (generally--a metal)
surrounded by a radicle which is an organic molecule which
is an electron donor. (a ligand).  .An example is chloro-

phyl (See Fig. R18).

Some of the compounds which form chelates are
/6/ primary amines, secondary and tertiary amines, oximes,
imines, thioesters, keto groups, thioketo groups, hydroxyl
groups and carboxyl groups. (the latter is very impor-
tant in the case of humic substances which have acidic
properties). Of course, not all of these substances

are stable under natural conditions.

_ Porphyrin chelates are well kﬁown in petroleum
-and solid bitumen. /33, 34, 35, 36/ Petroleum contains
particularly stable Ni and V porphyrins, /34/ which are
often giVen all the credit for the presence of these ele-
ments. However, the amount of trace elements in petroleum
is usually greater than the amount which the porphyrins |
present can accommodate. /33/ Therefore some other
combination must also exist. Mason /30/ suggests that
napthenic and sulphur containing compounds are responsible

for holding Ni, V and perhaps other metals.

Porphyrins are éésily detected, but only with
sophisticated equipment. /35/. Fig. R19 from Dunning
and Moore /35/ shows the structure of two typical por-
phyrins and their orientation at oil-water interfaces.
These authors have written an excellent article on por-
phyrin research /35/ for the interested reader. They
note that V porphyriﬁs are found in the respiratory systems
of some marine organisms, but that the bulk of V and Ni
in.petfoleum porphyrins has displaced Mg and Fe from
the original biogenic compounds such as chlorophyll. Fig
R18, from Manskaya and Drozdova /6/ shows the possible
path of transformation of chlorophyll into petroleum

porphyrins,

Porphyrins are not common in coals and kerogen
shales. Here humic acids (carboxylic groups attached
to the humic skeleton) are the important complexing agents.
Various metal humates exist in a regular form with a
mineral name, Doplerite is a Ca~Mg=Fe humate /3/.

Thucolite is a rare earth humate. /3/.
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There have been many experimental studies on

the nature of the absorption of elements by humic material,

/3/. (See Fig., R3) It is known that anions are not
appreciably absorbed., /3/.  Several sorbtion sequences
have been established and found to be only slightly de-
pendent on concentration of the metal and pH, “.nge

of these are:~ /3/. '

Fe2+ cu??t Fe3t ; ‘Li Na K Rb Cs (compare this
with my findingé for the alkali metals) Sr Ba.

- The humic=metal bond is often very strong.
For example, Mn, Fe and Cu are so firmly held by the
humus of peat that plants growing on these deposits are

severely deficient in these metals /39/.

What_can we learn from the trace element content of

organic matter? Undoubtedly these studies will, in
time, shed light on the genesis and history of both the
organic matter and the host rocks, but geochemistry has
not made much progress in this direction as yet. Accord-
ing to Nicholls /29/, it is possible that the trace metal
content of the organic fraction can be used as a paleo-
salinity indicator. He has found, empirically, that
high concentrations of Cu, Pb and Sn in the organic
matter of shales usually indicates a fresh-water origin,
while high Ni and V in the organic matter indicates
marinerrigin° He is careful to point out that experi-
ments have shown that marine and terrestrial organic
matter have very similar sorbtion characteristics for
trace metals and so this observed difference in metal
content is only a reflection of the availability of

these elements in fresh and sea water respectively.

Fig. R20, from Keith and Degens /34/ compares

the concentrations of several elements in organic matter

from some marine and fresh water shales. Degens et al /17/

give the following list of elements enriched in fresh
water and marine shales. Asterisks indicate very high

concentration. -
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Rao

KELITIHL AND DEGENS

TABLE 2. Trace Elements Concentrated in the Organic Fraction of Marine

and Fresh-Water Shales

(Data of Degens et al., 1957)

Lower

Fresh-Wader Shales, Marine Shales, Limit. of

Idement Phm ppm Detection

sample No. 110 114 135 201 207 299 8022

Ph 400 150 100 10 a0 40 150 (10)
Ni 20 25 20 150 100 70 80 (5)
Sn 30 40 20 7 5 5 10 (2)
Cu - 500 1500 1000 150 100 150 800 (1)
in Ao 600 1500 400 300 500 1000 (200)
Ag 2 5 2- 2 8 e 2 H
Co 40 10 20 20 20 e 40 (1m
Ao 4 |1 3 6 2 e 5 (2)
Ay 100 100 80 150 150 100 - 200 (10)

Other trace elements found (B, Ba, Be, Cr, Ga, Mn, b, and Sr) are not concen-
trated in the organie fraction relative to the raw shale.

Zer
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Fresh Water . Marine
Pb | -
} Ni
Sn* : Sn
Cu* Cu
Zn* . Zn
A9 Ag
Co Co
Mo Mo
v v

The reasons given for the variation between the two-

are:- /17/

1) Variation in availability of the metals in the sea

and fresh wafer.

2) Variations in the absorption characteristics of different
types of organism,. For example, the Pb, Cu and Zn con=-
tents of peat moss are greater than the corresponding
contents of marine plankton. /17/; (This view is not
shared by Nicholls /29/)

3) Variation of post depositional:absorption effects.

i.e. the influence of ground water.

Degens et al warn that these paleosalinity
indicators may be considerably upset by reworking of

sediment or leaching of metals during diogenesis. /17/

Manskaya and Drozdova /6/ find that near
sﬁore oozes have higher Cu and Mn than those of the open
sea, and that terrigenous ooze has more P, As, I, V, Cu

and Mn than marine ooze,

- ==000 - - -

To conclude this discussion on the role
of organic matter in the geochemistry of the elements,
I include some notes on the biogeochemistry of the elements

which I determined in the organic separates.
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Li.

There.is a dearth of literature on organic lithium, but

it is certainly rare in caustobioliths. Lithium has no
known biological function /38/, but occurs in minute amounts
in plant and animal tissue. Some plant ash is enriched

in Li. e.g. tobacco up to 0.44% /38/.

Na.

Sodium is common in>p1ants, but has no known essential -
function. /38/. Sodium is important in animals, but
animals are unimportant in caustobioliths. - Most of
this animal Na is released as NaCl and réturned to the
ocean./38/. Na occurs in many caustobioliths, but is

never enriched.

K.

Potassium is.anvessential element in both plants énd
animals /38/. The,preferénfiai éﬁébfpfion of K against
Na in plants is very marked. Most of the K in plant
ash can be extracted as the carbonate. /38/. Most of
the K is released on decay /38/. K behaves similarly

to Na in caustobiolithso

Rb and Cs.

Both are reported /38/ in traces in biological material,
probably accompanying K. Rb seems to be concentrafed

in some plants, but is toxic to animals; Cs is apparent-
ly toxic to all life forms./38/ The content of Rb and

Cs in caustobioliths is seldom reported and to my know-
ledge has never been reported to be concentrated. Neither
is mentioned by Manskaya and Drozaova'/6/ in the list

they give of the elements concentrated by organic matter.

‘Mg.

Magnesium is essential to all life on earth because of
its occurence in chlorophyl./38/ Mg is important in
acaustobioliths. Dunning and Moore /35/ claim that
heavy metals tend to replace Mg as the chlorophyll of the
decaying plant is degraded to simpler porphyrins. Mg is
often reported in caustobioliths, but is never generally

concentrated.,
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Ca.

Calcium is a very important biological element /38/ but

its occurrence is mainly acaustobiolithic. It is re-
ported in small amounts in caustobioliths generally, and
ofted in substantial amounts in younger materials like peat.
It is fixed by humus, especially as Calcium Pectate, which
is stable. /4/ It occurs in the humate 'mineral®
Doplerite, which may contain over 30% CaO. This explains

why Ca is often present in coal in fair concentration. /4/

Sr., :

Strontium follows Ca closely in general biochemistry,

but on a smaller scale. Little is known about it in
caustobioliths, but it is not reported to be concentrated.
The Sr content of shales is greater than that of sand-

stones‘/24/, but this seems to be due to acaustobioliths,

Cr.

Chromium is not abundant in any organisms /4, 26/ and is
toxic to plants. /38/ According to the literature, Cr
is not heavily enriched in the reducing environment or in
most of the carbonaceous rocks of the world, /26/ It is,
however, strongly concentrated in the Kupferschiefer /26/
and its presence in caustobiéliths seems to be related to
post-humous absorption by humic substances, /26, 33/
According to Katchenkov, the level of Cr in the average
shale (0.01%) is slightly greater than that in the average
sandstone. He accounts for this as follows: A
1) Shales have a higher proportion of mafic minerals.

2) Chemical absorption by thé organic métter occurs in

the sediment.

Mo, , :

Molybdenum is a dispersed element /6/ and although often
reported in caustobioliths, the chemistry of this asso-
ciation is poorly known. /6/ Its concentration in
sediments is related to thé organic content, and it is
also concéntrated in bauxites. /6/ On average, a series
of Russian coals /6/ had 20-30 p.p.m. Mo, with some spec=
imins up to 1% MoO3. Some Russian lignites have up to

0.5% Mo,
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Limestones and samdstones very seldom concentrate Mo,
Mo is most often enrichedAin the bituminous caustobioliths

like petroleum /6/ and, on average,Vcoals have a con=

siderably lower concentration of the metal. /6/ Mo is an

essential element in plants and animals /6/, especially
legumes., It functions in coenzymes /38/. Studies of
density fractionated carbonaceous shales of the U.S.S.R.
/6/ showed that 16% of the total Mo was organically held.
Most authors /6/ agree that the Mo is concentrated in

the sediment at the time of formation, but the mechanism
is obscure, ‘ It occurs frequently as the sulphide, /38/
indicating that, like Cr its presence is due mainly to

chemical absorption by humlc substances,

Mn.

Manganese is a geochemically widespread element /33/ and
its presence in caustobiolithic déposits is variable.

It is an essential minor‘elemeht in plants. Organic
compounds are important mobilizers of the Mn ion, but

most of the Mn transported this way ends up as MnOz. /6/
Under acid conditions, Mn is usually leached out of sedi-
ments even if the Eh is low. /38/ Under alkaline
conditions, it may concentrate in organic matter, but on
the other hand, it may. concentrate in the complete absence

of organic matter. /38/

 In most of the world's biruminous shales,
it is depleted /26/, but in the Kupferschiefer it is
relatively enriched, and appears to be related to the
carbonate fraction., Thé évérage Mn content of shales .
(0.044 to 0.,067%) is slightly more than that of sand-
stones. /24/ o

Fe,

Iron is necessary for plants and animals. /38/ It is
needed in the synthesis of chlorophyll, It occurs in
the porphyrin haemln, in animal blood. The element 1is

essential to the Iron Bacteria, an important group of
mlcro-organlsms which sheathe themselves with iron hydro=

xide, They run on the energy of the reaction /38/:



| 4FeCO; + O, + GH,0 = 4Fe(OH), + 4CO, ( H = -81 k cal)
and are therefore only important under oxidizing conditions.
It has been demonstrated that humic acids can fix Fe, /3/
but in general Fe is depletedviﬁ caustobioliths /26/,

Co.

Cobalt is an essential trace element e.g. in Vitamin B12
/38/, which is a cordination complex of the metal, A
naturally occuring organic compound of cobalt is reported
from the Congoj NaZCO(CNS); 48H20, /38/"‘Thejre1ation-
ship of Co to the organic content of caustobioliths is
poorly known, but apparently variable. /26/"‘It is seldom
greatly enriched., Manskaya and Drozdova /6/ give the

following figures for Co in g/ton:

Earth's crust ‘Shales Sandstones Limestones.
23 " 10-50 1-10 0.,2-2

Ni .

Very little Nickel reaches the sea from rivers, /38/

but meteorite dust probably contributes. a fair amount

of Ni to the ocean. /6/ Ni is widely reported in high
concentration in caustobioliths /26, 33/, According

to Zul'fugarly /33/ the Ni content of the caustobiolith

is related to the type of organism forming the deposit.

Ni is more concentrated in shales than in sandstones. /24/
It occurs widely in organisms, but according to Day /38/
there is little evidence that Ni has any biological,fuﬁction.
The Ni porphyrins of petroleum are.mentioned elsewhere in

this work.

Cu.

Copper is probably an essential trace element for plants,
but is seldom strongly concentrated in living organisms,
There are exceptions. For example, the concentration of
Cu in some species of plankton and in Spirdgyra was men-
tioned earliey' in this work, Certain other marine animals,
plants and algae concentrate Cu. Generally the Cu content
of land plants is low, but trees often concentrate Cu if it

is present in large amounts in the soil, /6/
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There are some species (mostly fungi and algae) which

are poisoned by Cu, /38/

Soluble Cu salts are rapidly immobilized
by humic matter, mainly as complex co=-ordination compounds.
For example, very high concentrations of Cu occur in Some
peat bogs in Rhodesia, which are fed by streams with above
average Cu content. /6/ As one might expect, Cu is known
as .an element which readily forms a wide range of co- |
ordinated organometallic complexes. /6/ Copper is strongiy
concentrated in marine muds and in caustobioliths generally,
usually in co-ordinated compoundé. /26/  Some of the
organically held copper may be converted to the sulphide
by bécteria.*/BB/ ‘ e

The reported concentrations of Cu in
caustobioliths has a wide range, usually from a few p.p.m
»to 10,000 p.p.m or more; for example the Kupferschiefer
often has more than 1% Cu. /26/

Petroleum ash usually contains more Cu ‘
than coal ash, but generally the enrichment of Cu in

petroleum is less marked than the enrichment of V or Ni, /24/

It appears that in most cases the concen-
tration of Cu in kerogen and petroleum is related to the
amount which was available at the time of formation,
because humic materials very rapidly immobilize Cu ions.
This was demonstrated in an experiment in the Bay of
Naples /6/ where it was shown that humic matter rapidly

removes practically all Cu from sea water.

Ad. ‘

Silver apparently serves no biochemical function, but

is concentrated by some plants and many marine animals. /38/
It is often found to be enriched in caustobioliths, /6/

especially black muds.

&‘.

Gold is not normally sought in caustobioliths and little

is known of its biochemical function,
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It is coﬁcentrated by organic matter, however, and
apparently /6/ Goldschmidt found appreciable ~quantities
of Au related to éarbon in marine basins, the Mansfeld
bituminous shales and elsewhere. Huhic acids form
stable complexes with Au /6/ which are similar to the

well known gold4thiocyanate complex,

Zn.

Zinc is an essential trace element in plants and many
animals /38/ (e.g. in insulin), It is frequently

reported in high concentrations in caustobioliths /6/.

In the Permiam Phosphoria of the U.S.A. /26/ it reaches

1%, but in most carbonaceous sediments it seldom exceeds
250=300 p.p.m. /26/ In Wedepohl's study /26/, 30% of

the samples of every organic rich Kupferséhiefer had a

Zn content lower than that of the average shale (100 p.p.m),
An interesting feature of Zn distribution is its occurrence
in similar amounts in petroleum and coal (unlike V, Ni and

Cu).

Al,

Aluminium is apparently not dsually an essential element
for plénts, but it does accumulate in certain species,
although its function in them is unknown. /38/ The ash
of species of plant such as Symplocus, Orites and Lyco-
'podium often has up to 33% Al,05./26/ A13* ions are
not very mobile /26/ and Al is readily fixed by humic
acids. /3/ Al is present in most caustobioliths, but
is never concentrated., The mineral mellite in brown
coal is a hydrated aluminium salt of mellitic acid, a

benzene hexacarboxylic acid.

Pb.

Lead in most carbonaceous sediments seldom exceeds 50 p.p.m
/26/,.but it is widely present in caustobioliths /26/ and
can be concentrated to high levels, Although Pb is highly
' concentrated by some species (e.g. Spirogyra and some - ‘
plankton) it is toxic to most animals and plants and its
presence in organic deposits seems to be due to chemical

rather than biochemical accumulation.
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3.8 CONCLUSIONS.

1) A reliable method for separating and analysing the
organic fraction of shales has been developéd, but cén

be refined and expanded.

2) This study confirms the concentration, by organic
matter, of certain metals in these predominantly Ecca
sediments. ‘ ' V

3) The Atomic.Abébfptidn Spectroscopy méthod of analysis
is good, but bigger samples should have been used to
reduce the dilution effect, in order to obtain more re-
liable results., \ A
4) The loss of weight on ignitioﬁ is nét an indicator

of the metal content of the shale. |

5) The metals that are being concentrated are present

in some sub-fraction of the organic fraction, which is
not necessarily related to the total organic content.

6) Inter-element correlations within the organic fraction
are not very instructive,

7) The well known geochemical correlations, like K=Rb,
do not hold in the orxrganic fraction,

8) The theoretically computed values, like "Co" and '"PER"Y
and the graphical methods used in this work, are a useful
aid in the study bf the element distribution in the organic
fraction. A ,

9)‘ The resulfs of the analysis for several samples are
uhusual. These would be of considerable interest if
they could be shown to be accurate. Further work is
needed, |

10) Generally, the elements studied in this work behaved’
predictably, with the exception of Rb, Cs and Ca, which
are all higher in my samples than might be expectéd from
the literature on similar materials, These high concen=
trations may have been the result of some unusual set of
circumstances existing during or after the deposition of
these sediments.

11) The organic fraction apparently concentrates gold.

This should be checked,



9=

12) The high Cu and Pb values indicate a fresh water
origin for these shales, but the high Ni values indicate
a marine origin. Further work is needed to establish
whether the trace element content of the organic fraction

of Ecca shales can be used as a paleosalinity test.
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