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Insoluble organic matter in recent sediments:
characterization, formation and thermal alteration
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It is one of the central problems in organic geochemistry to elucidate chemical structure,
origins and geochemical reactions of insoluble organic matter (humic substances or kerogen) in
sediments on molecular level. In this paper, studies of insoluble organic matter in recent lake
and marine sediments conducted by the present author during the past 40 years are reviewed.
Humic acid and kerogen from sediments shows relatively high H/C and N/C ratios. These fea-
tures are associated with their relatively high contents of aliphatic and proteinaceous compo-
nents and carbohydrates. Chemical and oxidative degradations of sedimentary kerogens pro-
duce a series of aliphatic carboxylic acids with lesser amounts of benzenecarboxylic acids and
lignin-derived phenolic acids. These results indicate that insoluble organic matter in sediments
is essentially derived from aquatic organisms (i.e. phytoplankton).

The author presented a hypothesis that Maillard-type reaction of carbohydrates with pro-
tein and lipids is responsible for production of humic substances in aquatic sediments, and a
laboratory experiment was performed as a step to prove the hypothesis. A laboratory matura-
tion experiment demonstrated that the chemical reactions associated with generation of
petroleum-type alkanes from humic substances closely resembles those from fossil kerogen. An
additional heating experiment of young sedimentary lipids indicated that polymethylene chains
in fossil kerogen can come from condensation of young lipids.

Key words: Insoluble organic matter, humic substance, kerogen, lake sediment, marine sedi-
ment, characterization, pyrolysis, thermal alteration

1. U & IC

Wk o BBk F131.25x10%g L REEb o b
(Sundquist and Visser, 2005). Z® K&/ 3R
HBPICAEEL, REBSIEREZDAMIIE>TH 25
N7zt Ez2 oMb, BB oG RKFE
(TOC) DiE (WIRRIIHN T 2 ERE%) 1%, BEM
T0.7%, KEERMA T1.3%, =¥HEFKY T120.3%LL

* UL K S4B B IR
T168-0071 HFEHAASIEIX EH A 7E3-16-11

TTd» 5 (Romankevich, 1984), #EkEfg i34ty
DHRKID OEERWE L CO.F THHT AP, i
HTIE0.1X10%gly DERIK KD %2 T sy
ftazomo Ay E L TREMBREIhTYw

(Romankevich, 1984) .

HeRay - HeRRCE Th O O KA 13l O AR
WIZEW L v [ABUAREY] & LCRBIMIZH:
WHEAET H7%, FhbidTea—3I v en[ruva
v (kerogen) ] & XN TWZEINTE7, rudx
NI FRARIR O MIRR AL O FlER L C
W3 EEZLN, FAMORRMEE LTHiERS



32 A R &

NTWwb, MERER I3 EHWE (Rak) | 1388
BNCAHEAET Bo BT, REWHBRPLWHEIGER~D D
WO YIZOVTIHERBI b Tw5b, Z1IZHH
S uY o yosTREE, IR, Rk, ZbEfic
DWTIE TSN TE S THBEMLFO R E %
WMERED—D LR oTWVD, KEETIX, FEEPEE
PR A2 RSl CE YT ORRmE - yudx
YWZoWTE LY, SHOBEIIOVT W,

2. HERYMPORNBERRYOLZEERK

B DWIE %2 1hD 7219604EM, KBRBEOHHWH
e ALEONV Y GRS 5 Z LI E CERE
Hiz) OF—<D—DOTHo7z. MatOK, HEEHD
RAAEITETH B [EHWE] % bk % 2 M2 S IF
KT HI LI, FEHE Y E ORI ]
(RS R B O 2B 2 & THIRAC 8 5 AL 2 5 S 110 | 2 4
T5) ZRMMICHIZET 52 L2 L7z, BitHEREYh
DER Y 12D W Tix, Waksman (1933), Kato
(1956) 1 EFHDW5EIEDH - 72745, WFFeIZ LA 7
VIR TH o720 F 72 HIEBHEME & OENIZOWT
IR IZ RSN TV R VIR TH - 720
[REEARY] L) iiEE, dFniRBT
»BH, BHMERY CIBHEWED Tea—3 ]
GHRZHIHY T2, [raycy]) idld» o
HPORNBEEAED I L TlibhTw A D, REET
FHMHER O Tea—3I v ] Wi LTy [Foa
Jrv] Lo MEEEMET A, [ka—3I ] [
Vv, HEWILT VA VBERICE T I
M, 7IVARMRZHM L725R0 oA (FREE,

Wb T VA VIS ANERAREY) 283,

BUHE AR T O S REY E OB L [HRE [5 >~ %
87 I W] TR bl sE2MEL, 2FEY
BRLINOLDEEELFIVWTKRD S, HEHWVIE, HE
o [RE] 2MlRE LB ohi (73
Bl (7 VKR [Fuy=y] 258L, 20RO
 [EHWE] &35, ChIEITomAE2TEDD
&, BRIl TREI T2 o828 - 73
W) ThAib) L LCTHllEShavwaERY (EREY
) A EYD40~90%% HoTwb (Fig. 1)o
T [BHWE] o0 [reyx ] 3
U OEEY O EE LS 2 HDTWDEIZE hhb
5¥, FOIEK, HEEPLHERK ETORENIZOWTOM®
HIZWEZA+5THh 5,

RSB E O AN A 72012, R
o7 I YBRENY WAL G352 805
B, WHEWhO7 I VBOHC KX, 0%
NIVEFEL, NCizttEOZNIVENWI &
Boirote (TRBR). W - #Fo 7 I VB H/IC
W E o, HRHE SRRSO EICE L 2 L
ZRL, NCHIFEWwWDIF, BEEE (TI B
FURTEBRE) CELILERET S,

C%: e 13 (55.1) >ilE#: (53.6)
> (51.8)

H/C (JEF-H): #iE (1.83) =i (1.32)
>kE F i (1.10)

N/C (EFIb): 38 (0.094) >iiE#: (0.085)
>Pe i (0.054)

- humic substences |r_ ] profeing + aming accds :-'i‘: carbobydraes |||:|||;|E

Lake Haruna (TOE = 51,5 magigds) ////’//J
{0-B &m from sedimant suface) i;.'/ ‘.

Lake Biwa (TOC =10.1 mgigds)
(11 m Trcens seclimant Sursce )

%

Lake Biwa {TOC = 4.4 mgigds) l
(8% mi from sediment surfaoe) _..-"j ]

Lake Biwa (TOC = 4.8 mgigds)
{1B7 m from sadimenl susfaca)

0

40 G i 10

relative composition (% of tolal organic carbon)

Fig.1 Organic matter compositions in Recent lake sediments. Data of lipids, carbohydrates
and proteins + amino acids are from Ishiwatari (1985) and Handa (1972, 1973).
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Fig. 2 Organic compounds released by degradation of humic substances in Recent sediments.
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Fig.3 Gas chromatograms of KMnO, deg-
radation products (TMS-esters) of
kerogens from Recent marine and
lake sediments.
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sented by Hedges (1988).
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EER, TI/BOSTIIBVWTd /LN (Fig. 7
b; Yamamoto and Ishiwatari, 1992)

DI, ¥ URIE, RAKEWB X OCIREDORE R
DAL T — FRIBTIEED & 9 Ll AESDEDEHIEK
Trudc MR E D0 EHBT2OIL, ¥ U0 E
(ALY, BE (LyFv) LKk (Fva—
A) AL T FRILSELENEREIT- 72
(Ishiwatari and Yamamoto, 2003)., JEF¥l%0.2M
NaHCO B ME B s Lztk, ERFMAT T100
°C, 168IEMIINEL L 720 FUSH T HIERORAL &R
BUWE NLruyzy) OARIEES X 0Mbssl
B & ORRE TRz, ZoER, IREMRL, ¥ o8
JH, R OFEGFHHMICHwEZI AT O
T Y OEEEPENE W) DB DL E V) T EH
bholze FUN7E. V- JjEIE3:1:1 (&
wmH) TR HWIE (~60%) Truy x>
BERT L ENbhroz (Fig. 8. 2D X)) sk
GREYLY R A A N e Sy Rl B st iSRS )
HERY CHIT 2R D 5.
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Fig.7 Relationship between ratios of [lysine + arginine] to proline
and amino acid N% in the total N in the both artificial and
natural systems. Allow indicates the direction of Maillard
reaction.
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Fig.8 Triangular diagram of the formation of artificial kerogen
from lipid (lecithin), protein (casein) and glucose. Percent-
ages in the triangle indicate yields of kerogen (weight %).

4.2 HEVEEDEPOLFERBEOER (7
JVEER)

HERE ISR L O — TG B E;FIET 5 2 &
i, fEFMBILsmAeERYE LTV EVE/-RY
ANVKVEBIBHENLZ ELPELNTH-72 (&
73 av1iER), TNLDOXRYEYHIVEVBII,
TIJMERKLY (FVaA—R, T —R) D
BB THELIZAT )4 T v BIWCRKIEI DAY 5 A
U7-EAYW (pseudomelanoidin) @ KMnO.# 1t 43
RCHEKT 52 MR SN (Ishiwatari et al.,
1986), L727255 T, N ¥ UBEkEofbsmksidh
W75 v s AEIO—MHPELLDDTHD L
e SNz A OESWH IR EE LTH
THHD, 5T, FHELRRVEUEOBEICT 2
JBHKRDRFDBEGTIEINE I D REID LD
12, 5C CEEBREINT7TI/ BETNVI—-A %Mo T
AT 4DV EAR L% KMnOMRILG % 17\,

HR LRV H VR VBT OBC O 540 % i~
720 ZOFER, 7 I/ HHE Dk 3 2% benzene-1,4-
VHNKUBBERYEY1,24-1) B R VEBEOEHKIC
B5LTwaZ EE2RBT L8251 (Fig. 2
S K - AU, 1998).

4.3 BEOERICELZ /O > 0%l (BED

PR#AEER)

W75 > 27 b v ONFE G HER Y TR A 72
MBSEETTESG Ly oY 2 Y22 LT 5, 20k
WHE 7T 27 b OIRE» S L L7y 2 v
HERR G R EB ek S AR LK R 2 LS 0 —
FEZOND, TDNV— N OFELEDT RN Z MDD
572010 EDETFINVEE%IT -7 (Shioya and
Ishiwatari, 1983), TFIVEETIZ, # L WHEREY
PO ML 2IRE % NS T T125~3870°C C1
~THOMEFERREIT > 720 ZOREFR, FREIZ17T5°C,
1HOM# TIRE D50% A B W E (rud )
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Fig.9 Conversion of sedimentary lipids
to kerogen on heating at various
temperatures for 1 day.

WL L7 (Fig.9)e SO 1Y x ¥ %HU350°C,
THMET 2 L L ®OAMRICKREDIER L7z, 0
FEER, HARR TR Y T o Pa Z 3 HER
BBEEOLBWEM 2 &4 TT—/Mroy o o~ %
bF52LZRBLTVS, BEO vy 2 U MLOK
JEHEEIZ0~30°C DIEES M T10'~10%F L HEE &
725

5. F&H: NEMFERYMAROREE

JE R B e ASVE A BRI L2 b B ISR 2 FFAT
HELEREZRYEL, EROBH~NEDLLOD®R
S&22H% (Hedges et al., 2000), LA L%5T L
NNV TOHRIINEZNEEBETHLEEDLI D2
e T TR E AL IS L 72 A s B
L ORBILDERERYOESGHRTH S| LFEZTH
ESBEDNH D EEZTND, IR ORI
ISE RS T & —EBAEAL L 72680 T & A E 3 5 7%
TiE, ThEh LD T &2 r BRI L T g%
AL LTWL ZEPDHLBETNRETHAI. 2D
L9 MR EMAERNRS LT, 5T LRV TORE
WHEEGTOME % ED D ULENDH 5,

CHICHE LT, ®C NMR I & % #EEib Bk T8
X O HERR W vh O A BRI AR UREAT DA FE AT BLERER
(Hedges et al., 2001; Nelson and Baldock, 2005;
Dickens et al., 2006). %535V 7 AW D*C
NMR > 7 F VOB RENRD T T > 7 b ¥ DPC
NMR Y7 F VP TnwBTENDL, “CNMR Y7

FNORIEE [5 v 87 BFiE-Cl TK{LWE-C)

MEE-Cl BB BT V8], oKLy,
MEOBRSIEFH L2 3 BAHAZOHETIEST
LNV TORGEEOBALIZIERTE 2 \vwas, NE
PEA B O 5T B KO ARIZ L TV S B TIIEEE
filiTE %o FRHBIHER b OAEEA D 25, FeAR
PNZIZERCH B MR W77 > 27 ) OB
ST DR EMERE L T A WHREMEA S 5 MICiEH Lz
Vo LLAEDS, INOARBERAERYOST LIV
TOLFMEERR, HRBEOILFISOMFIH &) JT
KR E U TREATO G TH 5,

AW AR D & HERE D h O ASEEEA B 12 R A AL RO
BEDEIBRDOTHAHIH? HEBOPTED L
I BRERGTRED L) LGMTTRET 200,
VI ED LD RAbFEAE T D Oh, ELEEILE
DEIH, LFBIC2 b LR TIE R ? RN
A B E OB RELE), AW E(boiiEE
ELTEDX) ez b 0T onR Y, PR
T ETH IR FEORMZ AL v, /28
IRIE IR B — AR, SRR — A B A AR
A3, Kk, REHEREY CTEHERISES T,
JE R E D FEAROIFIN, W E S SEOWE O
B R AL DIEHT DREFACITIZ L DI TR\

6. b

WERILAIT BT, BB (BRREETTERS) %
HLE T AERSTIZOWTIE, RN LosR
WREAFIEMROMB RO AL R T HIFT
W FEFIIHER YA B OW%E & 44T L T1970
ER L Y EBEIGEIEE (1971, 19804F) &ML,
BRI, n-7 Vv, SBREFHRRILKE, R’
KA, Vr=r, rana7 4 vaEIZOWTEREN
ZALR AR T2 X B BREEA BB RO M 72 120D
# A T&7: (Ishiwatari et al., 2009), 19924EH 5 1%
NA VMR I TRIRCSL, RERY 7=
7z ) =K B BRBEEBRNT % 4T - 72 (Brincat
et al., 2000; Ishiwatari et al., 2006) . i Tl% H A
R a 7, KPEEBIOAY) 74 V=7 ik
7 DA IO I & 4T 5 720 INRBAORERA
B O MAB AR OB 7EIX AN RGBS X 250 R
REEBFEN 21T ECEETH L, NSO
FO (1979~1986), KABE & HulMIAT - 720

AfgTid, BHHERY b ORI E OO BUK &
MEICOWT, EFOMR LR ETLIILTE L
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ENTIEVEHRNF L L OWEHE M ST 55T
RO Tul v, BEEZIRYES &, FEHITR
ITERABRVBRL AP OWMYMATE R TH -
720 A, —WREBEORFHFE L THERLTBEWER
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