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A Natural Analogue' of Illitization of Bentonite: A Contact
Metamorphism by The Nishikubiki Hypabyssal Rock in

Niigata Prefecture, Japan

K.Futakuchi ", S.Hashimoto ", Y.Sakuramoto U, S.Mitsui ? and G.Kamei ?

ABSTRACT

As a natural analogue, the authors investigated a Tertiary argllaceous bed and a
Quarternary hypabyssal rock (porphyrite) which intruded into the argillaceous rock,
distn'but_ed in the Nishikubiki district of Niigata prefecture in Japan. We examined the
variation of clay mineral species in the argillaceous rock surrounding t.he intrusive rock
and carried out thermal anaiyses for the argillaceous rock based on the cooling history of
the intrusive rock.

Thé predominant clay mineral varied from montmorillonite to illite through
illite/montmorillonite interlayers with approaching to the intrusive rock. The thermal
analyses indicated that the temperature descended from 270 to 15°C during the 7.5 X
10° years at a localty of argillaceous rock containing 75% illite in the interlayers. On
the assumption that the alteration from monfmorillonite to illite was regarded as a
first-order reaction, we evaluated the apparent activation eneréy based on the thermal
condition mentioned above; about 103 kJ/mol was obtained for this illitization. This
was within the range of values reported previously by laboratory experiments and/or

examinations of natural illitizations.

- Key words; natural _anélogue, litization, illite, monmorilonite,bentonite,
Nishikubiki
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M FDOBIZH ) EANEE BOONBHIEND, BEFTOHURAOHEREICLD
I hizbnEELS,

62 BAFOWHE

DAEOEEBIVEIIFE L > TEEREA. 751 FENTNOERE
EHEREZEATHOETEASHRORARZHEL 2. K-Ar BICBIT 225 T
DHARIRE 2 500+100 C. (lehlmura and Mogi,1986) . f#EA TOMHIRE % 230C

(Harland et al.,1989) |, FTHRICK 37 /851 N TOENE 120+20°C (42, 1991)

‘abrﬁt@ﬂﬂﬁ@F@m4;m?“JWHa“uwi@ﬂEEM$;%ﬁmt
Ma &12%. BRAIL. TOVAEDEHER (BROHBEOEEREEZS) 1.
K15 km* TH DA, HERIENREORT N I X oA ERE (EHEH 21 km?)
TH 300~400C/Ma @?%ﬁlﬁ%bfﬁﬁ% 5NTWS (Fili, 1994) .

6.3 1 71 MEZEEDOESENT

FROBABOGHBES R/ - BEAODICEE IO LhE2b &, BAS
BUDOEBEENHOBRBRZHEL. 2hEb EICA 51 MEICEL-RE - BFRES4
ZREBTAZ EEHAT,

(LVETET I

Figire 5 ICAMTEFVEERT. TOEFLTREARCET 5 HAIOREHO
BEFIE LT, EERETFILES 2300m & Uk, AR LEER
IR B3 TIRRE N REOMTRERN S ST (f 51 b 100%. BAE DM
BT S 80m) . S2 (T k 75%. R 200m) . S3 (1 F k0%, [l 370m)
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D3RELE, BB, EFINVHTOEMEOEERRT GL-300m IF. QDAEDRE
HAEOTEN SR EZFER L BEE TOREF*ERLTWS, |

OEREHE |
BRETIVOHEFREEIUTDOLEB D TH B,

. LRAEESR o
EFN O LHMEARE BT B DL L, BREHE L TSRS 8 L.
SRR W SRR R B T IR

KSR (22) : h=5.50X10°0Aml yr °C), BERSKIELE T=15C

- QIR EREER |
AR EREEFT LWREEE 15C L L. HBAE 3.7°C/100m T F5E 2300m £
THELZ, ZOMBAROEIRE)ITEREINEZR—1 >F OILEREN
238C (FHE 6005m) THorx Gl - fFEE. 1997) ZEERBBIRELE, i,
FHHRESAEERZEZEAEDORETHRE L.

[OY L7

. Table 16 IAICHER LEANDE—BERT. QS EREIDOWTIE Y H
B o R U 2B OR I BN, Bhicon T A B ES (1986) Z£31H
U7z, | '

BTN, BEATHOBEZANT 2 BENRS B, FEHATELIHNBAN,
HIRATRINA99NE, BER D7 N 7 XA TERIRAE OB OBREZEED
TS 7 < DEBERERICS &I T BICEREL TV S, FBRICBNT,
RICEARORENRTORE TS E LTh, EOBBIARICRAL T 7
DA ERFEREIICHHIL T 2Ok k<hh 5720, Figre 4 IRT LS
I 2HD K-ArEERIZET 5 HSERES 500C & L AHEA O K-Ar R %4 0.7Ma
EThE, i< & D S00CEREICTR - 2BOBHIEBBDhERN TH >0
TIRARWHEZEZBND, FEFTIE. R M OBBITHAETEOBE SN 5,
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TRl (R2=A) ORBRELLT. EATHOREZ 500C & Lz,

@RISR |

Table 17 IZEHTRERZ, Fiz, SFMER TOBHAEZ Figue 6 I2RT, THhick
% & FATRE DREEFT ORER. 1 F1 IS 75%DEM4EE L T.270CH 5 15C
ETRHTBOIH 75 FEBELIEZ ERHEEN &R T,

AN %*"mﬁ\ B|/EDONASDT 4w al Ty EOEREBEIZN 0.66 TH
D, Yamada et al.(1995)I235V) % partial annealing {IZ48249 %, Figure 7 I Yamada et
al(1995) DN, SEHALE 0.66 DESOEE « BEEGENELED DTS, &
TUC EAUSEAFLE 0.6 O annealing D7z ICIE 350C T—EDHE 10% kil &
ARbLENBL00, 300CT—EETSEH 107 BT EERD, LR
BERIL COESBINADT 4 viay Sy s EOERIESRRT B RE -
e & LB L T 5 SRR TR & WAL R M b OB AL
DERNSIRETH (R2f) THDERRTIENTES,
Elﬁ'%i@ﬂﬁ%@?ﬂfﬁﬁﬁ@ﬁ?ﬂ%ﬂﬁ% Figure 8 IZ;x L7,

6.4 A 51 MEDEEREEE LIS TR L2 —
1 54 MEDEME TR E— U FOEECEH L7,
EZEVOFA MDA 54 MEEIS & RSHEEOBRE. UTFORTEER S
na,
InX=%kt¢
= A t exp(E./RT) ' (1)

e Y
LS S (NN

k: BHEEHK

X: BEETOEEY OF 1 FEER
A BEEXK

t: RESEFE

EafE b TR F—

R:SER
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T HE N 1R
BEITHRERS & MESTORARBIICH L TERN TS 3 2 &5,
BEICDWTHKBHRFORREZRRELTHANWS ZE &Lk iz, HE
COEEAR. (1) R&D,
~ A=k/exp(EJ/RT)
TH5HI M5, Eberl and Hower (1976)NEBRIC L > TRLUEZ k(1.2 X
10-3daysl), Ea(82.0358kd/mol) BX T (533.15°K)DBERICH ETNWTEHL
7o ' 7
Kz, FRORCEFRBRTOE Y EY OF 1 MNEEER 25% DR EHY O #k
& (127.5CTT5 AEMET 3) &, LEOFIETRO-HETLK (129906.0)
Z2fRAL, FEFAITBTSEEVOFA MDEA T4 MAORIGIET 2EH
ferxF—2HEH L. TORE, EEEZRNVF—0EE L TH 108kJ/mol

57z,
2B, DTFEBEEICRENZA I MEDEEREIRIVF—DETH 3,
. Eberl and Hower(1976) 82 k J mol(GK & ER) |
+ Roberson and Lahann(1981) 126 k J /mol(ZK#E ER)
- Kamei et al.(1990) 121 k J /mol (REREH1)
ZDX DI, FEFIOEITIERA S NTWZERBITE D < EPRAFHITT
TBEORENICS 5.
7 BT

BUCEBNRY RFA DDA 54 MEDFF 257 FOs/ &L TEHERTE
FERHIRIC BT 2 ESRORE L TNIZBAT B EMEOKRE (VAR #
MHRIT, COBASEROKISNOEE, BARERUVZOEIORBEI
DNTHRE L. TOBE, BEROT M EFIIETEALEI KONT
EVEYOFA kA 51 b/ ESEYOFA FESEEI A 1 N EE
T2z ERNBEEMERD T, FEBEABORARICET BIRE OSEIMR
WMORR., 11 bR 5% DEEEL T, 270CH 5 1ISCETHHIT DI
£ 75 FEBELEZENHASNER Dz, EXEVOFA MEBA T4 FAD
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RigE—RKEiEE L TEDEREIRINF—EKD D &, # 103 kI/mol DIE %
 Bre.

ZOMEIZD ETHE UAEBEICBWTESEM (X2 M R) 28 100CEL
TOREICHBRY ., FEHEZ 100 FEEL TS, 151 MEORET 2T
B E DD TAS N, | '

BN SR OBE CHEHOEBRIC 5720 . SR KFOEFS R
(4B HEFEFHTRR ICREAR THRENERE W, B B 2585
PHEHRBICE L Tk, KTEZR GEF va ¥y b, SRR
KA BECHBE—K FAYI HLs> b)) k0. 27, BEERTT

- ROEREERCELTIILEEZRE FAva Iy &0, 2h
BENERR THHE VR W, |

8 ZEH .
FRPEE, NEE— SHEERHRS O ME M B EREG 90 1 HERKIE):
MBS BAETFT p.89.(1989)

FR—. FEERE. BRt. SAREE: BRILIER - BERICBWT 3 KRE
B, FFIC hypabyssal-extrusive assosiation 2DV T HE #5354 24, pp.31-
44(1984)

HEAERT: HIRE 2RO 2 (1978) |

Eberl,D and Hower,J: Kinetics of illite formation, Geol.Soc.Amer.Bull.87,
pp.1326-1330 (1976) _

Bl FHR—ECEH TV b ORHE—ILT VTR, BRSSO
ERLBHETN —WEZFHE 43,pp.87-97.(1994) '

~ Harland,W.B., Armstrong,R.L., Cox,A.V., Craing;L.E., Smifh,A.G. and Smith,D.G: A

geologic time scale, Cambridge University Press, 263.(1989)
AINEA, SEEEEN, BRETE: RTEREYHE LS IC BT 2BEN O 5 4

MEEEY I 2V -3y, #5184 34, pp.149-156.(1994).
BT A 27 VBSEHEME © DAENC B 5B L UV IRGH BRI HIE L5 DR
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Figure 3 Powder X-ray diffract pattern of each alteration zone.
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Figure 6 Thermal history of selected points.
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Figure 7 Arrhenius plots with fitting lines extrapolated to geological time condition

(after Yamada et al. 1995).
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Figure 8 Results of thermal analysis.
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Figure 8 Results of thermal analysis (continued).
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Figure 8 Results of thermal analysis (continued).
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Table 1 Conditions of powder X-ray diffraction.

Bulk sample Oriented sample
target Cu Cu
filter Ni Ni
tube current 30kV 30kV
tube voltage 10m A 10m A
slit 1° -0.3mm-1° 1° -0.3mm-1°
scanning speed 1° /min. 1° /min.
chart speed 10mm/min. 10mm/min.
full scale 2000cps. 1000cps.
time constant 1 sec. 1 sec.
scanning area 20=2~60° 20=2~20°

L0O0-T00Z GOYEN.L ONI



Table 2 Methods for chemical characterisation.

Component .

Catlon Exchange Capa01ty
Methylene Blue Capacity

Exchageable
cation

pH

- Na:

1 Flame spectrophotometer(JIS K 0102)
~ (Flame spectrophotometer(JIS K 0102)
| Atomic absorption (JIS K 0102)

Analytlcal Method

Sermrmcro Schollenberger mcthod

J apan Bentonite Manufacturers A_ssomatlon Standard (JBAS-106 77) ‘

| Atomic absorption (JIS K 0102) |
Japan Bentonite Manufacturers Assomatlon Standard (JBAS 105 T7)

L00-T00Z 00¥8N.L ONF
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Table 3 Mineral assemblage of argillaceous rock and porphyrite.

__ ___Mudstone

Mineralogy e o Sample number D Porphylite
) 16 17 |21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 29 30 31 is 38

Chlorite - . . . - . - - — - - —_

Montmorillonite/ - R o T "___"“_“' N _

Chlorite mixed mineral B o o N | I R

Iite . . — - - - — . .

Montmorillonite/ - - o i I R

IHlite mixed mineral I I N T B

Montmorillonite - — . - . — — -

K-feldspar

Plagioclase ++ - + - - - - + + + - + + -~ - +

Quartz ++ ++ - e + ++ ++ 4+ ++ ++ + A+ 4 ++ +H ++

marks : -++ abundant , + major, — minor, - trace

L00-T00T 00F8N.L DNTI
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Table 4 Mineral assemblage of each alteration zone.

alteration
zone
Mineral name

I zone

I/'M zone

M zone

illite

illite/montmorillo
nite mixed layer
mineral

montmorillonite

chlorite

chlorite/montmori
{lonite mixed
layer mineral

K-feldspar

plagioclase

quartz

— ,minor




Table 5 Results of fission track dating.

Sample name mineral name | Sponfaneous - Infiuced - ., Posimeter (I\rl;/)stzc:ig r* U-content Age(Ma}
Ns | ps(1/cm2) INi | pi(1/cm2) |nd pd(1/cm2) ) {ppm)
Kanaya Tuff | Zircon | 268]  4.10E+05| 1029 157E+06| 1211|  7.87E+04) 30|  0.549] 160, 7.6:0.6
Porphyrite Apatite 3 1.25E+03 60 2.51E+04; 1283 " 8.33E+04 30 0.119 2|10.6x0.4

* r Is the correlation coefficient between posand o1.

LO0-T00T 00¥8N.L DN



Table 6 Results of fissoin track dating for argillaceous rock.

__Spontaneous  :___ Induced Dosimeter . | wNo.of '
Sample name mineral name c s.tals r¥ U-content Age(Ma)
o N |es(i/em2) (Ni lpi(1/em2) |nd | ed(1/em2) | TR | (ppm)
M zone {Apatite | 37|  2.87E+04; 385,  2.99E+05] 2690 5.60E+05) 30/ 10243 4/8.2*+14
I/M zone Apatite ¢ 19|  2.78E+04, 173]  2.53E+05; 2691  5.61E+05) - 30 "~ -0.068 4/9.4%2.3
I zone Apatite 8 1.OSE+04| 280 3.77E+05] 2691 5.61E+05 - 30 0.274 5|2.4+0.9

* r is the correlation coefficient between o s and pi.

L00-T00Z 00¥8N.L DN




Table 7 Resuits of K-Ar dat‘ing for porphyrite.

Sarnple 7

Whole Rock |

Plagioclase

Hornblende

|Ar-40 (10E-8 ccSTP/g)

- 03440.34

8224057 |

0.6£0.60

Ar-40/Ar-36=293.1

Non Rad Ar(%) RLSCO,

Ar-40/Ar-36=294.3

1.89210.038

0.17£0.03

0.210.03

Age(Ma)

1.1940.08
1.1240.08
0.940.96
0.530.55

L00-T00C 00P8N.L ONI




o—Le-

Table 8 Mechanical Merties Of argillaceous rock.

Mechanical Properties Unit I zone I/M zone M zone
density of soil particles o/cm’ 2.74 2.711 2.697
water content % - 0.95 6.87 6.99
bulk density g/cm’ - 2.404 2.281 2.231
dry density o/cm’ 2.381 2.135 - 2.085|
void ratio — 0.151 0.27 0.294| |
degree of saturation % 17.3 68.9 64.6]

L00-100T 00¥8NJL ONI



Results of chemical characterisation for argillaceous rock.

Table 9
Component I zone I/M zone M zone
_Cation Exchange Capacity (meq/100g) 4.5 11.6 14.3
Methylene Blue Capacity (meg/100g) 10 21 9
Na 0.1 0.1 0.1
Exchageable K 0.2 0.3 0.2
cation .
(meq/100g) Ca 4.1 7.8 12.9
- Mg 0.5 32 4.1
pH 9.1 5.6 7.5
Degree of Swelling(ml/2¢) >0.5 0.5 1.5

L00-T00Z 00¥8NL.L ONI



Table 10 Chemical composition of argilaceous rock.

0.55

0.67

Sample name Porphyrite [ zone I/M zone M zone
SiO, 64.42 56.95 67.76 71.75
TiO, 0.41 0.58 0.7 10.49
ALO, 16.15 12.49 16.53 13.14|
Fe,O, 2.48 0.49 1.58 1.3
MnO 0.12 0.15 0.02 0.03
MgO 1.79 2.1 1.45 1.25
Ca0 458  8.04 0.79 1.44
[Na,0 3.75 2.12 2.29 2.550
K,0 1.62| 2.22 2.98 2.87
PO, 0.18 0.77 0.14 0.18
ignision loss 1.35 7.53 4.07 3.09
total 99.16] . 98.94 100.3 100.01
H,0(-) 5.9

6.18

L00-T00Z 00¥Y8N.L DNI



Table 11 Thermal conductivity data of argillaceous rock and porphyrite. _

Sample | (klm-h-C) o
(No. ) w4 S|average
M zone 0365 0391 0377 0383] 0361 0375
| /Mzonel 0346|0331 0316 0346 0333 0334
| zone |  0490] 0519 0535 0470 0551l 0513
poqs_h_y'r_ité;_f____'f_’_______p_.__zgs_z 0458 0458 0452 0458 0458

error
0.006
0.006|
0015
0001

average

1.042

©0.929

1.425

1.272

error

| (X10E-3 Wem-s- )

0.016
0.016
0.041

0.004

LO0-TO0T 00¥8NL DONTI



Table 12 Specific heat data of argillaceous rock and porphyrite.

Specific heat (J/g * C)

I/M zone(sample No.25) I zone(gg;_r;pl_e_NQJO)__-__ _

_ ... Wwater content

water content

_ natural

0.041 |

Temperature | M zone(sample No.21) |
()  _ water content |
natural dry
- -
. 40 0.058] 0.043
60, - 0070 0045
80|  0.082] 0048
100] 0194 0050
120 0.175 0.052
140|014 0054
160  0.090 0.056
180|  0075| 0057
200 0073  0.059
2200 0072 0.060
2401 0061 0061
260 0.059 0.062
280  0059|  0.063
300 0060| 0063
ignision loss 9.07%

0.056

dry

~ porphyrite
 water content
__matural | dry
0047 0.043
1 0.055 0.045
0.062 0.048 |
0.068 0.049
0.073 - 0.051
0.075 0.053
0.076 0.054
0075 0.055
0.073 0.057
0.070 0.058
© 0.068 0.059
0.065 0.059
0.063 0.060
0.062 0.061
3.07%

L00-T00Z 00FP8N.L DONI
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- Table 13 Calcareous nanno fossils extracted from the argillaceous rock sample (No.18).

Species number
Coccolithus pelagicus (Wallich) Schiller 91
Helicosphaera kamptneri Hay & Mohler 1
Helicosphaera spp. 2
Reticulofenestra minuta Roth 1
Reticulofenestra minutula (Gartner) Hag & Berggren 6
Unknown 2
total 103

L00-T00Z 00F8N.L DNL



Table 14 Diatom fossils extracted from the argillaceous rock sample (No.18).

 Species oo Bnvitopment
... HR | pH | CR _ )
Achnanthes japomca “H izo_ﬁaga_shl ;ﬁiﬁvﬁﬁ_—(.)_g—h;i_n"d—'m'_' a-il | rbi 2
Achnanthesr lanceolata (Breb) Gruhow A 4_6gh1nd  ind | r-ph_m R 1
Cocconeis placentula (Her.) Cleve | Oghind | al-il | ind 1
Cymbella sinuata Gregory - ] C_)éh-ind a_111 ?;'-I_)_l'lm B T |
Navicula vmdula (Kuetz.) Kuetzmg M():gh:iﬂc_i_ " alil rr-phw 1
Rhoicosphema abbreviata (Ag.) Lange-Beralot Ogh—hil a-il | I-phm 3
Marine e S 0
Ma:me-Blakxsh S _ o 0
Blakish ] ) o 0
Freshwater : 9
9

total

H.R. : adaptibility to salinity

Ogh-ind : Oligohalobonous-Indifferent

Ogh-hil : Oligohalobonous-Halophilous
p H : adaptabolity of p H '
al-il ; Alkariphilous

ind : p Hindifferent
C.R. : adaptability of current rate

r-bi : Rheobiontic

r-ph: Rheophilous

ind : Indifferent
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Table 15 Foraminifer fossils extracted from the argillaceous rock sample (No.18).

Species number

| | Globigerina quinqueloba Natland 1
planktonic =~ |Globigerina spp. 2
Globigerinita glutinata (Egger) 1

| Bolivina. robusta Brady 4
benthic Trifarina kokozuraensisi (Asano) | 1
Epistominella pulchella Husezima & Maruhashi 6

15

total

abundance : very rare
preservation : common-bad
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Table 16 Thermal properties of argillaceous rock and porphyrite.

o 1th¢@a1,90;1§9ct_ivitﬂk Jm+y+°C) __ |specificheat(k Jkg*+ C)  |bulk density(kg/m’)
: p_o'l_‘phy;'itq“ - . - ___4010.0 . 0.060 o 2600%*
mudstone 3285.9 0.060 2200

*:assumed
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.Table 17  Time-temperature conditions for the illitization.

No.30 (illite 100%)

No.25 (lllite 75%)

No.2! (Illite 0%)

Temperature . Duration from | Temperature . " | Duration from Temperature . Duration from
at 1.14 Ma. Coojmg rate 386 1015°C at 1.14 Ma. Coojmg rate 270 1015%C at 1.14 Ma. Coojmg rate 170 t15°C
C(C) (*C/Ma) (Ma) C) (.C/Ma) (Ma) c) (°"C/Ma) (Ma)

400 545 0.71 270 339 0.75 180 236 0.700
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