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Investigation about a technique for
the thermal history of geological environment

(Outsourcing report of the Japan Nuclear Cycle Development Institute)

Shingo Tomiyama *, Shigeaki Matsuo *,
Kinuko Matsunaga *, Mihoko Suzuki *

ABSTRACT

In order to evaluate the long-term stability of geological environment, the
investigation technique systematized for grasping the thermal history of the
geological environment from the past to the present with sufficient accuracy is
needed.

In this investigation, the research examples about the geologic thermometer
used at the present were collected as underlying data for building the
above-mentioned technique, and an objective mineral and rock, the application field
of research, the strengths and weaknesses on measurement, an application age and
the temperature range, applicability and accuracy, a future subject, etc. were
adjusted by card formation.

Moreover, the underlying data was collected also about the latest research
example and the presentation examples for main research with being quoted by
other reference besides the status of progress and possibilities for research were also
entered up this repdrt.

This work was performed by Mitsubishi Materials Natural Resources
Development Corporation under contract with Japan Nuclear Cycle Development
Institute.

JNC liaison: Neothechtonics Research Group, Tono Geoscience Center
* Mitsubishi Materials Natural Resources Development Corporation
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Tectonic interpretation of an inverse gradient of zircon fission—track ages with respect to
altitude: alpine thermal histry of the Gran Paradiso basement
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po: MEANS VO R E

T: 7= 5B (K) ?/po—.eXp[ a(T)t} (1a)
t:7:—'):/7‘ﬂ3frsﬂ in which _
k: RV E (T) =agexp(~Eo/kT) (1b)
Eo: SEMIETRIILF—
o '
*Bertel and Mark (1983) n

p(t) =j§1p,- exp (—ayt) (2)

*Dakowski et al. (1974) In(t) —In(ty) =

*=p/Po 71— Ty=1) (ar® +Br+7) (3
B 7 e ( o Mar?+frty )
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p(t)/py=a—bIn(t) (4)
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. Fig. 1. Laboratory annealing data of Green et al. (1986}, in
( 7 ) the form of the convantional fission-track Arrhenius plot

~1
g(r)=f{ln(¢), T~} the o o he on
logarithm of time in seconds against inverse absolute tem-
perature). Data are coded according to reduction in mean
confined track length, as indicated in the key, and contours
of equal track length reduction have been fitted using the
method of Leplacian smoothing splines.
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tionin mean track length. Data taken from table I of Green
etal (10886). ’
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Fig. 4. Isochronal laboratory annesling data of Green et al.
(1988), together with fitted curves, corresponding to the
five annealing times indicated. In (), the fitted curves are
predicted from the parallel Arthenius model {eq. 14), while
in (b), the curves are fitted using the fanning model (eq.
27).Major differences between the two models appear below
values of » ~0.65.
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Fig. 5, Full laboratory annealing data set of Green et al.
{1986), presented in Arrhenius plot form. In (a), contours
of equal length reduction are predicted from the parallel
Arrhenius model (eq. 14), while in (b), the contours are
fitted using the fanning model (eq. 27). The parallel model -
gives a useful approximation to the fanning model.
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Durang07l\94l~¢0>FT’&ﬂ%( LEER7=—Y T ERFAERDIRES (Green et
. 1986),
7= Y DO R Fﬁeﬁ'&m%ﬁu\%—rwmﬁgu (Laslett et al, 1987),
-Ziémfl;t,Partzfﬁu:'tme RICkY . BE-BEZLEHETTOFT7=—)>
THEMERET S,

E BRI/ T EFT7=—) 7 DBRFREIZHTHREL)
. ‘E'J'@F B ZIL IR BREETOFT7=—) 07 DEREIE+ 2 TIEAL,
-LBTORETIX, 72— 0 2R T v T =)0 ERIT TRV Y I &
E#RICIEHEICRET HEVSRETITo .

(P=——UL5 DEBEZTL) g(r)=—4.87 +0.000168T[In (t)+28.12] (12)
@ EFRIE e =[{(1-rP7)/27%_1]/035  (13)
—EBREICBITAT7=—1)2Y Dconfineb >y oD
FoyvORICATAERRET—21EHK12,13TR
nd, In (t,,)=—28. 12+i{g(r,_1+4 87}/0.000168 T;)
-BER(TOICHLTCEEEZERBETES TS : (19)
EABERDESYIDEMIER19, 201TERATRIE | ma S

—Ggéo ri={1—{1+0.35[ ~4.87+0.000168 T; (It
+4t;) +28.12}] ) VO3e} /27 (20)

‘Tog {tag* A 1Y
—~~ :
& £
.3 = log {4)
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b
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Fig. 1. Dmgmm 1o illusirete the applmanon of the concept of equivalent time. Consider the simple thermal }ustory shown in
{a), ing of two isoth i intervals of duration 4¢ {where Jt=1t,=1,—2,), linked by a step increase in temperature

from T, to Ty During the first isothermal interval 4-B, the progress of annealing can bs simply caleulated from the isoth-

ermal description of annealing developed by Laslett ot al. {1987). At the end of the interval, the length reduction, r,, of
tracks subjected to this treatment can thus be located at the posltlon (1/7‘, Jog {2, }} in the An-hemus plot, as shown in {b)
(point B). The perat is then inst d o Ty ding to the 4 of equivalent time, tracks
located at B in the Arrhenius plot {the values 0.8 to 0 85 refer to vontours of egual length reductwn) subsequently behave
as if they had achieved their existing length reduction, ry, at temperature 7%, in an equivalent timae, ., such that the point
{1/Taog{¢,)} also Kes on the r, contonr. Thus the tracks “evolve” to the new position € in the Arrhenius plot. Subsequent
behaviour of tracks through the second interval {2) can then be calculated vsing the isothermal description, by adding £, to
the time spent at T5. At the end of interval 2 the tracks thus evolve 10 the new position D in the Arrhenius plot, defined by
the coordinates {1/7%,Jog{tw) }, where L=t + 4t is the effective time spent al Ts. The degree of length reduction at D van
then be calculated from the isothermal description. By reducing a thermal history to a series of \solhermal intervals, the
evolution of track lengih through that listory can thus be ealcuiated by ted application of these principles. Note that

the first point on the evolution trend in the Arrhenius plot, represented b; an open circle, is that characterising anneasling
at the end of the first interval. A similar syinbol is used in later figures.
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TABLEI
tOhs;ewed t:nd predicted mean confined track lengths in Durango apatite subjected to variable-temperature annealing
reatmen
‘Thermal treatment Predicied mean Observed mean Thermal treatment Predicted mean Observed mean
length lengih length length
{um) {um) {pm) (7em)}
Step heating: Linear cooling {cont.}:
258°C, 1 hr. 11.87 10.81£0.13 330-290°C, 2 hr.*® 12.25 12.30+0.08
338°C, 1 hr. 11.92% 11.70+0.11%
330-250°C, 4 hr*® 12.25 12.28:£0.09
Step cooling: . , 11.92%* 11.6810.10%
. 330-170-°C,Bhr** . 12.25 12.2240.09
+
g:ﬁsgpg, i 1}:- 11.43 10.64+0.30 1Teoe - 15083 0.11%
’ i Linear heating:
Linear cooling: 170-190°C, 1 hr*? 186.07 15.70+0.08
orge ] y 4640, 15.64% 15.29 £0.09%!
Soe aomeCi 20 min,  15.69 13895018 170-280°C,3br** 1583 1518010
370-250°C, 1 hr. 11.01 11552018 . . 15.11 14.6920.10
5552380 1 b, 12.60 12851012 170-270°C, 5 hr. 14.66 14.360.09
ity B ' - - 14.26% 13.97+0,14%
§70-333°C, 1 br. 9.99 2.7710.23 . 2 97L9,
370-530°C. 1 ht, 1108 1056 £0.14 170-310°C, 7 hr.* 18.19 13.310.08
310-230°C, 1 hr. 1408 ° - 1432%0.10 . . 12.84 12.6430.11%
950-170°C- 1 hr. 15,44 15881010 170-330°C, 8 hr.*® 1212 12.313008
310-170°C, 1 hr. 14.30 14.11£0.11 1180 12.12+0.10%
210-170°C, 1 hr. 1584 15.85£0.10 Comph .
340-200°C, 1 hr. 13.25 13.33%0.10 omplex treatments:
340-300°C, 1 hr. 12.28 12.450.13 250-330°C, 1 br.
310-270°C, 1 hr. 13.87 13.61£0.12 330-285°C, 20 min.
370-210°C, 1 br. 11.84 10.86:£0,14 285°C, 20 min.
346-210°C, 50 min.  13.14 12.91+0.14 285-318°C, 20 min.
315-210°C, 40 min.  14.15 14.25+0.12 318°C, 1 hr. : 12.02 11.59+0.12
200-210°C, 30 min.  14.87 14.85+0.10 250-330°
290-210°C,1hr. . 1461 14.75£0.18 b
250-210°C, 30 min. 1545 15.03%0.10 300 o8s oo 20 min,
70-290° ' 11. 2010, s -
. 10 10204016 285-318°C, 20 min. 1273 13.18:£0,12
340-290°C, 40 min.  12.80 12.72+0.12 250-330°C, 30 min. :
830-200°C, 30 min.  13.33 13.05+0.14 380-285°C, 20 min..
370-210°C, 2 hr. 11.00 10.16+0.17 286°C, 20 min.
340-210°C, 100 rain.  12.80 1276 20,12 285-318°C, 20 min.
3156-210°C, 80 min.  13.85 13.79£0.13 318°C, 1 hr. 12.05 12.42+0.12
370-165°C, 1 hr. 11.82 12.1510.12% . .
370-216°C, 30 min.  12.07 12221012+ 330-285°C, 20 min,
370-237°C, 45 min.  11.42 11.65+0.14% 286°C, 20 min.
370-290°C, 16 min.  12.24 11.90+0.12*! 285-318°C, 20 min.
290-165°C, 45 min,  14.53 14.63%0.10% 318°C, 1 br. 12.28 12.7220.11
231-164°C, 30 min.  15.41 16.4310.13% 330-285°C, 20 min.
193-158°C, 15 min.  15.73 15.67:£0.11% 285°C, 20 min. .
262-210°C, 40 min. 15.23 15.08+0.10 285-318°C, 20 min. 13.27 18.45+0.13
240-210°C, 20 min.  15.63 15.551£0.10 R . -
320-290°C, 20 min.  13.83° 13.46+0.13 285°C, 10 min.
305-200°C, 10 min.  14.46 1402021 285-318°C, 20 min.
263-210°C, 20 min.  15.39 15.18 % 0:07 318°C, 1 br. 12.45 13.4410.14 -
235-210°C, 10 min.  15.79 14.88+0.11
330-320°C, 30 min.** 12.86 12.92£0.09
12.52% 12.44 £0.10%
330-310°C,1hr.*? 1250 12,35%0.08
12.07% 12.08+0.13*!

Measuremsnts have been made by LR.D., except where denoted *!, which were messured by P.F.G. Eygs. 19 and 20 were used
to predict values of r (= /1) for each run, which were then converted to predicied values of mean track length using the
appropriate voa]ue of 1, for each observer {Green et al., 1986). Those linear heating and cooling runs used to construct Fig. 2

are denoted 2,
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Fig. 4. The bold “zig-zag” hne in the Arrhenius plot on the nght {given by egs. 12 and 13) shows the trajectory, in f.erms of

and time i taken by a track subjected to the linear heating treatment shown on the Jeft (equivalent

to the total d ion of the heati used in Fig. 3), approximated to a series of 1-br. steps. The trajectory is

calculated by repeated applieation of eqs. 19 and 20, and is based on the principle of “equivalent time”, as deseribed in the

text and Fxg 1. As temnperature increases with sach new mterval the squivalent txmc at the new tempera.ture is always small

ed to the d ion of the interval, 42, and shorteni gh the int 1 is ble. This leads to a progressive
decrease of length with time, as shown in Fig. 3. The values 0 to 0. 95 refer to contours of equal length raduction.
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Fig. 5. As for Fig. 4, for the case of linear cooling, equivalent to the tota jon of the usedin st
F)g. 3. In this case, the equwalent time at the start of each interval scon becomes so largz that addition of the interval

jon makes no and no further annealing takes place. This accounts for the “saturation” of the
length reduction for the cooling cass in F‘zg 8. The vahues 0 to 0.95 refer to contours of equal length reduction. -
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fission tracks in apatite, 2.A quantitative analysis. Chem, Geol. (Isot, Geosci. Sect.),
65, 1-13




%ﬁgg*ﬁ e 5L

\DFFELE ILE2L—R

K?:iﬁEEE* 74J/Eﬁ FSVIRERFE——MERDBREBERI~AOHLLNZTO—F ——
BEEGES  (HhER

HREFE 19895

g":ﬁ’.ﬂ%iﬁ -

AR |FTi& :

BIRFiE  |FTLEZRA-EAERER

AE @ A (Thermochronology)

%1 HAHERMROFIE & G113 5 ERBE (242 Harrie
SLMEE OEISLEE ({ 3?1 ) %ﬁibgiﬁig 2o and McDongel (1960) & Frorford (1958) by 1.
BREITO. RI—OBEKIZTONT D PR | MOUBR(C) MM (C/my)
- ANOEAEDUERANTERAET S| —— o T
CEizkY, FOERIBRRLTE-EER K—Ar Microcline 15030 -

R/ SRAZIGLVEEMEIBIZE-DTEITLT AL | K—Ar  Plagodass  200~250 ~10

s - FT Zircon 240% 50 10—-100
b\HjEEé (Wagner et al, 1977) ° FT Sphene 29040 ~10
K—Ar Biotite 280—345 ~1-100
Rb—Sr Biotite 32040 ~10
K—Ar  Muscovite ~850 -
Rb~—Sr Muscovite 500450 —-
K—Ar  Hornblende 480—580 51000
U-Pb Monazite ~530 -
U—-Pb Zireon 650—750 -

Rb—8r Whole-rock  Crystallization

./mJ#EW‘ﬂHﬁ&L'CG)FT&@EFﬁ

®FT®,éJﬁEDB£Ht1Ea)'Jt YMMIBED AT J:’J'Ci\_Za(D'C(FIeischer et al,, 1965),
FTERITEICERDEERRZ RRT S, ‘ . .
OFTEDEAH B EEILFI300°CLL FEHEFBICEVLD T RMEEE ERGEDRAN
UrERBREIGRETES, i . _
RERETHHEFTOEKLUNMFTORIZ/NSGA—F2ELTEICHERTRERREDAE
WETASo

OFTEZEHW - BEREEREN 120 -
FTOERRBIZIZHIOoOumBED—EDR
SEF-OTWAAN(EN), SABICREmMZ 5L
FTOEHBNEIS(K2), COLEEDFTERIE 80}
nl"'f:??la)/mﬁ:tﬁﬁiﬁlﬁ‘lﬁﬁb ﬁ%ka):”»lﬁ
BT B FTROSTAHDLHHMMNEDIEED
BREZIT=-HHETES.
RMEEEFROSRSEESIVERAS
BENATSICEHNEEREICEEES A
BUOAEHERENBITHIEEREIX) Y
SNBEIRS, FAEERELRBHOERELRDIE
ELAREEDIEES, £ {ElLapatite track .
annealig zone [ZREMEAHH1-HIZ, £HK 30
EIFER D RYIC ﬁé:&!ztéoFTEﬁﬁﬁf
[EINHAEARIEETH S (K3)  COFTRS I

/30— EBA T HCLICLYRERED *
HENARETHD, v

FTEDBIEREF0.1 4 mETE1 %I2E LS o , .
EALLY, 0 5 10 15 20

TRACK LENGTH (pm}

B1 hnﬁLTv AN A S L LR RN S XY 4
0)&5 (borizontel confined track length) DSAES 4. (a)
FSUMRTFRCOMPETRINC L Y& L5589 v 2,
B)RRAT™UMLELZBR (LtA) +ov2Tha. BE
RS PAEBHERL, #1516 #mOFHHEHS (Gleadow
et al.(1986b) X ).

(a) Induced tracks

40

o

T T T 1

[ () Spontaneous
tracks

NUMBER OF TRAGKS
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B3 T—BERDBLRFNBRIINT 2, 2o0EBM 2R

2 BRI BV TVLWAZBET IBEMBLAEZDT EREONAS— (B) &, TRLERETEM5v 2 £08
NELERDTIL vy Moy JORSOBESH. BE EA# (T). EB® (a) slow cooling i3t 2 S HIx TR0
BERT R, Vv 20REPEL L) (EoFs 1o ATHY, LED (b) partial overprinting X FRE® B ok
TEAPHEORLFRTRLTDS), EASHMPBEL L3 157 % (Gleadow et al. (1988, 1986D) & 1)..

CEdthha, (QRMF—AF5YPO0twayEHBOT
FAMDEREYS v 2, (b)idDurango7 H5 4 FOBERIS o
7 DERTHE (Gleadow et al.(1986b) & h).

P

OFTEAERZ DS AEE
SELE ERARTOR=9X (Wagner et al, 1977, Zeitler, 1985, Tagami et al., 1988)
) IRHEDETIR= X(Moore et al., 1986)

- HERER 0D IR TR FEARAT S ERBRRELT A OREEEA— BT HCLICEBE

HIZE BRIO =5 FE(Gleadow et al.(1983)42 &),

HLRIFECEASHR O E .

PEROEEIL—2—DELRBEE (Pellas and Storzer(1981), Miller and Wagner(1979)7%
E)s

FEDH B MYIRTRICEICEEBRRENTORELTEZIEH GleadowsGreenZ Rl &ELT-
IN—TIZ&YBHMITHARSN TET=,
ISR EYBEORESDD LAY, RTI—VDFT7=—) U EEFRREER
EI{RETIHELNHD,
A ERBERLGED LR OMEICEIKTE S,
g% Fleischer, R.L., Price, P.B.and Walker, RM.1965, J. Geophys, Res., 70, 1497-1502

Gleadow, A.J.W., Duddy, LR., Green, P.F.and Hegarty, K.A., 1986(b), Earth Planet. Sci.

Gleadow, A.J.W., Duddy, LR., Green, P.F.and Lovering, J, F., 1983,

Harrison, T.M. and McDougall, 1., 1980, Geochim. Cosmochim. Acta, 44, 1985- 2003

Hurford, A.J., 1986, Contrib. Mineral. Petrol., 92, 413-427

Miller, D.S. and Wagner, G.A., 1979, Earth Planet. Sci. Lett., 43, 351-358

Moore, M.E., Gleadow, A.J.W. and Lovering, J.F., 1986, Earth Planet. Sci. Lett., 78, 255—

Pellas, P. and Storzer, D., 1981, Proc. R. Soc. Lond., A374, 253-270.

Tagami, T., Lal, N., Sorkhabi, RB.and Nishimura, S., 1988, J. Geophys. Res., 93, 13705~
13715

Wagner, G.A., Reimer, G.M., and Jager, E., 1977, Mem. Inst. Geol. Mineral. Univ. Padva, 30,
1-27

Zeitler, P.K. 1985, Tectonics, 4, 127-151
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Figure 2  Examples of thermoluminescence glow curves.

Figure 4 Thermoluminescence growth curves,
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Fig. 3. Plots of reciprocal ESR intensity versus time

showing the resylts of isothermal annealing ex-

Fig. 1. Representative ESR signals of E’, Al, and Ti
centers observed in quartz from the Mannari granite.
The peak to peak height of g=2.001 at room tempera-

ture with a microwave power of 0.01 mW, and that of
g=2.018 at liquid nitrogen temperature with a
microwave power of 5 mW were taken as the inten-
sities of E' and Al centers, respectively. The peak to
base height of g=1.91 at liquid nitrogen temperature
was taken as the intensity of Ti centers.
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Fig. 2. Plot of ESR intensity versus temperature
showing the results of isochronal annealing ex-
periments. The ESR intensities of Al and Ti centers
decrease at 220°C and at 170°C, respectively, while
the intensity of E’ centers increases between 170°C
and 280°C, and then decreases above 300°C. The
heating duration is 15 min. for each temperature step.

periments for E’, Al, and Ti centers. The data points
Jor E', Al, and Ti centers lie on straight lines in-
dicating that they are defined by second order decay
kinetics.
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Fig. 4. Plot of ESR intensity versus the y ray dose
showing the intensity of E’ centers increasing with y
ray dose. The intensity was measured after y ray ir-
radiation followed by heating at 300°C. After y ray
re-irradiation and heating, the intensities of E’
centers, as the sum of two doses, lie on the same
curve. The intensity of E’ centers records y ray dose as
long as the gquartz samples are not heated above
300°C. The saturation value corresponds to the
amount of oxygen vacancies.
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Fig. 5. Plot of ESR intensity versus temperature
showing the decrease of E’ intensity by heating corre-
sponding to the decrease of oxygen vacancies. The
amount of oxygen vacancies decreases above 400°C.
The heating duration for this experiment is 30 min.
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Fig. 6. Arrhenius plots of the decay factors of E',
Al, and Ti centers and of oxygen vacancies in quartz.
The decay factors of oxygen vacancies were calculated
assuming a second order reaction. The activation
energies and pre-exp ial factors ob d from
the linear regression fits to the data are shown in Table
1.

o
Q‘gbfe .~ Closure temperatures of quartz calculated
by eq. (7) for two cases of cooling
CASE 1: The reciprocal of absolute temperature is linear
as indicated by Dodson (1973).

2 4 {Myrs}
TIME

Fig. 7. Plot of ESR intensity versus lime showing
the calculated intensity of Al (solid line) and Ti

" (broken line) centers in quartz after infrusion of a dike
500 m wide at 1200°C. The differential eq. {7) was in-

tegrated numerically by the Runge-Kutta method us-
ing constant production rates up to 100 Gy and an an-
nual dose rute of 3 mGy[y. The temperature decrease
was calculated ing 73 it ! heat flow
and a heat diffusion coefficient of 1.5% 107% n1’fs. The
closure temperature is obtained by exirapolating the

b Cooling Closure temperature (°C)
Rate
de
‘}f,y:f (deg/ E Al T
Myr) centers centers centers
107¢ (= 10) 91 78 31
1072 ~100 123 110 55
107 ~1000 162 149 82

*This parameter is defined in eq. (8).

@E i) A dike jntrusion at 1200°C. It is assumed that the
. ESR dating procedure is made at the time when
the rock cools down to 27°C.

Width of dike
(m)

Closure temperature (°C)

linear increase of the defect concentration 1o the zero E’ center Al center Ti center
ordinate. The signal intensity of Al cenlers increases @ 365 351 157
linearly, while that of Ti centers shows a saturation I 261 241 48*
effect. 300 183 140 28*
700 111 58* 27*

*The accumulation of centers in quariz shows saturation like
the accumulation of Ti centers in Fig. 7.
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FRAE A

‘K-ArERIT. ZHHEAOREERBYINDRERRENS SN -RERBLANETD
FEARBERUTIDRAREDILLBSH-BRAREABICOVVTRESNT,
5§'J§li§iti$&l¥l BB KZD2ODMEZETITHONz. ThODERERIC
N9 o -

MEDERRHEMNODERERLZERUVBEARNE O FERIX0-100MaDEFIZ
HY. IFXRCEREE RS, ) . _
ANAOK-ArERARERBDOEFAIYDLTMMIHVDIZ. ThENDOARIER
B (RERL300°C., HEIRIL550°C ; Jager, 1979) DIE S HEHSEHIEBDOEZ ,
LIEHEIRTHD,

KB R AP ARIEIX0-100Ma B (Z300-500°CETAHAHRL TV =2 &%
B, TOBMITI=ZRNERED LR AHOBEAELEAS (Itaya and Takasugi, 1988)

K-Ar ages of diolite and hornblende

nueber of | aminerals Potassive  Rad,argon 40 Non Red, K—Ar age

apecisen ‘ (91%) (10"%ccSTP/8) Ar (%) {Na}
1, 131 green hb 0,.50640,015 197,2+2.3 16,6 87,7+3.1
2, 3 brosn hb 1,01740,020 381.844.1 85 841421
3, 18-3 biotite. 3,887:0,078 1407415 1.2 80.842.0

¥ 96,1x
4, 18-4 biotite 4,526+0.081 1722418 7.5 85,5%2.1
¥ 95,0, 93.3x

#Daia were determined in Univ, of Tohoku, Other data were in Hiruzen Resesre h
Institute, 1 { asphibolite, 2 : gernet smphibolile, 3 ! cumeingtonite—besring
Staiger and Jiger{1877), 4, =0,581X10"1%/yr, 3}=4.982X10"‘/yr and 40/K
={,0001187, -

ER

SHBELFEERENERST. EBES(RARBOISGGEARET. A
VUM RAREBRRDOHAEHLERHY., BREERIT/IO—THSIZBEAETIL
TUTAVNEBRICHEETAEN S, PEROARSHICHEYTIEEZLND
(Miyashiro, 1973)

- RENORERYI/OARHKELH/OEAASIL. SRINEDCHEREOERE
CIFERY, BHNFOLERES. REOCFEADERS . RIRILOTRUEIZE L
R :
SEAELEREOELERENDERTNDRER AT OK-ArERETELI
90-100MalZiRZEY . Bi#)IIH D E LM A 0 350-400Ma (Yoshikura et al., 1981) &lE
WBOHTRELOTEENR TN,
MREERVFEADERBLIEYOBEER(L170MakY HFHED, 1961 ; BFiR,
1968). KEDLDLIIFRMICEEARBDHLN D, )
CHIMLDOER AL, BROBHTIMa Ll EOMFERTHANELTHRIEBED
(+T@HELW, 1989). KBDERBLRRTHAUEMEIIEETEELA., SO
EELRTZEITHELL,

-EEIFSO/\EEICEH, FBRESICHENTHERERBICETIEEDNEE
ARHBEETIH. FBEDHBP LRG> ERERDIS, :

FEH-RE

CIAEPAMICHEONTIE., PRIEERLUEICITZEEHEAZ L\ (Murata, 1982), &
EREL-SRNEREREZHTVVAVETHEOTRE AL, = HINERE
BAEZT-E2RDOLIZHLELEEDEEZ LN, AR THRESATULAELSIC
SR DREAFITHTTHYREESFZELCINE -/, 1986), i &Rk
YILDERA S RINEORRBIZEH EL-T 5L H ZH0NEF, 1985), HWEDF
AXBEDEMBFEAEDHEFERLEDTHIMEIDH DALY,

FEL5I A

Itaya, T. and Takasugi, H., 1988, Muscovite K-Ar ages of the Sanbagawa schists,
Japan and argon depletion during cooling and deformation. Contrib. Mineral. Petrol,
100, 281-290

Jager, E., 1979, Introduction to geochronology. In Lectures in isotope: geology.
(Jager, . And Hunziker, J. C. Eds.) Springer, Berlin, Heidelberg, New York, 1-12




EESEE-SRATHE 1972, WBETHRAAEEOME S E S BIEXRE
B BEAES (#hE), VI, 45-56

Miyashiro, A., 1973, Metamorphism and metamorphic belts. Pp. 492, George Allen
and Unwin Limitted, London.

Murata, A., 1982, Large decke structures and their formative process in the
Sambagawa—Chichibu, Kurosegawa and Sambosan terranes, Southwest Japan. J.
Fac. Sci. Univ. Tokyo, Sec. I, 20, 383-424

FPIRIR, 1968, O ERBDRGITRES, 1968FEIZHITARIFEBLVEZ AE.
BMEE 74, 447-450

NEFSE, 1985, BRSSO ARE AN E KRB EK-AE R, B2
£t 91, 19-25

INEEEPKRIK, 1986, ERILMERODPHEROBFLNERE EEXHE
KEMRLLE, 6, 103-139

BREBR-EEEIE KRE 1961, H)DOL-FILIAVEIZEIEROFERRE. i
HeEPpMEE 67, 425-426

thRsEL, 1977, MEICEITAEH)IEEHEBRF. FHE (SRS, 153-164

RIL—E, 1989, B P REERICHESFEN AT ER. BAMERSEEZMK
REEEEE, p. 98.

Yoshikura, S., Shibata, K. and Murayama, S., 1981, Garnet—clinopyroxene amphibolite
from the Kurosegawa Tectonic zone, near Kochi city—Petrography and K-Ar age. J.
Japan. Assoc. Min. Petr. Econ. Geol., 76, 102-109 '
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RzF 19934
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HMERE | HiroEERGERS
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. h&u%ﬁﬁi&wrﬁﬁ%ﬁzkmw%m, YD EBEF DK- Arfﬁﬁ,ﬂum’&ﬁof_o
fioo ‘ ',a,o ;0 Arlége;;'lal 20 A. 0
"';':n~ - HDR-1
o HDR—-2. * A-A‘
1+ .. _ e H'DR-S.‘: o
m._q e o _ Outerop -
-2EFJ97. 1+1Ma hl)EEgs 8+4.7Ma
HDR-1-- - RE2033mDIAT7 A5 R ER84.7+4.2Mak90.1+4.5Ma, 1 KF76.6£3.8Ma
HDR-2: - W74 AL EFENBI)FH A D) RRZEDHLETAEL .
* ) AMNIRKEBEDOEZEFHEIERETH-HTHS.
HDR-3- ,*F17202mt19062ma>13')EEl;t HBOSATAVDIZIERL, BOKEE%
ZTTVWSHADEHBTHD,
-BIEEE Ew'itﬂ?b\b,%*ﬂw 1Ma, ) RR9I3BMaDIEZFRL. EEBOANHIER
ICHEREBFHULERERL,
* REBOAHERREIX300£50°CIZH L., B RAIT150+£30°CEL{ELY (Dodson and
McClelland,1985)1=8 . A ERIZBHED AN EALE RO LY ENEREZRT,
FeH-RE | OBREO/NMEEREPZEEICOVWTIZEERTI7.1Ma, B KA TI3.8MaD EREET-,
hiZBEROFARRFTOERIZ—HT S,
(QHDR-1(2033m) TIXBERAT0.1Ma, B KA T716.6MaDERERL. BEDLDIZ
HRTHYRADERYAKRZNI &L, FAEEEDEVTHETES,
QHIERNDERIT. ZEORENRLLLIE. a7 EhTAUTREELLEIFIFRLE
RERLTULVD,
@BKEEICE>TERLEEYHAMIISMal FOBEWERERT, =ELIOERE
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FE7% 5| |Dodson,M.H. and McClelland—Brown, 1985, Geol .Soc. Mem., 10, 315
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The thermal history of the miarolitic granite at Xincun, Fujian Province, China
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Chinese Science Bulletin
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HEFSE U]
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thE{E2 & Xincun

EFIE

S7AYFVOTERE D BERE

MRF ik

U-Pb, Rb-Sr, K-ArfE{X8IE

o

PAERBRBOI7)F VIR BIZ DT, U-Pb, Rb-Sr. K—Arﬁﬁ;‘ﬁﬂﬁ’&ﬁb\ D5
HBIZONWTHREE T2 1=,

FRIEBFEICAVZERBIEDILOY  U-Poik, 25 Rb-Srik. BER-EER-HJER .
K-AriZTHY . ERIEEZFNEFN103Ma£1.1Ma ()L ;U-Pb) . 97.1+£2.3Ma (25
Rb-Sr) . 63.1+1.4Ma (B ER ;K-Ar) ., 57.5+1.2Ma(RER ;K-Ar) . 54.7+1.4Ma(HY E
£ ;K-Ar) Th-o1-,

MEAEDREDT=6 ., ZMPDOEASEEEZT )L ;700+£50°C (Zeng et al, 1997). Rb- .
Sr2 % ;600°C(Zhou et al,, 1994)), BZEH;350+50°C (Zeng et al., 1997). BEFF:300+
50°C (Zeng et al., 1997). A1) &R/ ;150+30°C (Zeng et al., 1997 DREEXFIBLT-,

AHERFOFER. XEOEBEKRIE. SV BRIE~EEBOEREN YR
NAETOHRBITSEERE:11°C/Ma, LR 007mm/a. CORTF—DEE~H)E
ADFREN) LY BDETOHMIZAINERE 45°C/Ma, LR H:0.36/mmTH-T-

CERHALM LT,
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Fig. 1. Geological sketch map of Zhangzhou composite granite body. 1, Gabbro-norite; 2, quartz monzodiorite; 3,
diorite; 4, rapakivi ite; 5, fine-graincd granile; 7, alkali-feldspar granoporphyry; 8, early Yanshanian granite;
9, Quaternary System and Nanyuan Fonmation volcanic rocks of Upper Jurassic series; 10, Wenbinshan Formation of
Upper Triassic series and Lishan Formation of Lower Jurassic series; 11, Dalong Formation of Permian series and Xikou
Formation of Lower Triassic series; 12, Homfelsed zone; 13, greisenization zone; 14, occurrence of intrusive contact of the
granite; 15, facics boundary; 16, stratigraphic uncomformity boundary; 17, fault; 18, schistosity; 19, sampling location.
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Fig. 2. Cocling rate curve for the Xincun granite. Age/iMa

Fig. 3. Ascending rate curve of the Xincun granite.




Table }  Singie zircon U-Pb dating results of Xincun granite

No. Weighting Content/ug * g% Unradi ic Pb in granite/ng
U Pb
i 20 6 809 I 420 0.500
2 10 2440 565 0.170
Isotope ratios
No. 05 pp/2iph TP AP 18Py W ppAHY 0 ppRUsPY
T 300 13.55 0.016 19222 0107 4 =41 0.048 132166
2 165 15,16 0.016 00=28 0.106 1 £36 0.048 09 =129
Apparent ages/Ma
No. ph2NY WipLAEY 27ppAYPY
I 103.5 103.6 105.7
2 102.3 102.4 103.7

Sample No. 1: Yellow brown long crystal of zircon; sumple No. 2: light yellow short crystal of zircon.

Table 2 K-Ar isotopic ages for mineral separates from Xincun granite

Mineral Weight/g K(%) YA (x10")/mok gt AL (%) WAL 9K Apparent age/Ma
Muscovite 0.0414 8.16 9.086 12.5 . 0.003731 63.1%).4
Biotite 0.0435 7.63 7.736 10.8 0.003397 57.541.2
K-feldspar 0.1394 5.68 5.375 232 0.003171 53.8+1.3
K-feldspar 0.1279 5.67 5.567 23.6 0.003289 55.7x1.5

FEH-FBE REREBRHIE. HHBRADHICILSIREIEL BHITITR A2 EZEBRL, ChiZ
fREAMBRICH T AR REAPAEREZBICITERITEL BELDBIZITH LS

EITEET BLEZLND, :

FEZEIA [Zeng, Y., Wei, C., Cao, Q., et al. (1997): An isotope study of the cooling history of the

Sk Dalongshan granitic massif and its bearing on mineralizing process. Scientia Geologica
Sinica (in Chinese), 32, p465.

Zhou, X. and Wu, K.(1994): Zhangzhou composite I-A type granite (in Chinese), Beijing:
Science Press.
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kR B Crystarization history of rhyolites at Long Valley, California, inferred from combined U~
series and Rb-Sr isotopes systematics.

BEEEA Geochim.Cosmochim.Act

FHRE 2002

g%‘%%%tﬂ; AT IL =T P ER. Long Valley

MEWNE FEAEEBROW TSRS EATEICE T S5

Wi FEE A-AERRIE. U-seriesd K URb-SrEIM R LL

NE Long ValleylZ# LV T150~100kal ZIEH L= R ATV TI2DWVT, B F— LB LB

BASIEE L= H S5 28 L U BI & D87Rb/86Sr. 230Th/238UMD LALLM DTS 7%0)

FHFER(CDONTHEELT=,

Ar-ArEECEITE DEEER . 101 ~151KaD EREA B SN, UATIRE ShIK-ArFER B LR
2 0EET—8LT-, F£1-. Ro-SrEIRI{KELIZEIL TIZRb/Srkk: 2.8~28.7, U-series| 2B
LTIZTh/ULL:0.97~1.03AF 5N 1=, ,

Ar-ArERIEZRAL=Th-U. Ro-Sr7 A Vo0V ERBEEH QKSR AEEH 0 150kakl
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~z ik filter-pressing, and igneous differentiation. J.Geol., 92, p55-72.

Bailyey, R.A. (1989): Geologic map of the Long Valley caldera, Mono~Inyo—Craters
volcanic chain, and vicinity, eastern California. Map 1-1933, U.S.Geological Survey.
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postcalderarhyolitic system at Long Valley, California. J.Petrol., 38, p1661-1678.
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Sission, TW. and Bacon, C.R. (1999): Gas—driven filter pressing in magmas. Geology, 27,
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Flg. 5. Step scan chemical analyscs of spincl grains (from rim to
rim) in selected peridotites from the Miyamori complex ([3zb-2
and Lhz-1). 7*: calculated temperature by Fabriés® geothermome-
ter using the average core composition of olivine (see text), All
fims are in contact with olivine except for the left side of grain
D of Hzb-2 which is in contact with orthopyroxene
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Fig. 8. Step scan chemical analyses of spinel grains in
the Therzolite FIK 66031502 from the Ichinomegata
crater. All rims are in contact with olivine,
Abbreviations are the same as those in Fig. 5. T was
i} ding to Fabriés’ geoth (see

text)
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o gealesting®®
Laeaxsey ""g“ Wsnavalt m»::m-u =
. . ¢}
Basxecn area -
e tives 506 & 99 » 155 ()
1206 & 20 - 21718
1701 ca §9 - 15 14)
1750 Ca 83 - 93 (A
AT ca 51 - 180 {
“Kitashirasuey 0z Q 105 ~ 225(49)
i1 ¢ 107 - 236 15)
1602 & 95 - 20021}
Hiamishoressve 202 ¢ 14 - 185 (8)
1407 & 20B(14)
34 ¢ 00 - 175012
Sentral agsa
Xokkonda rlver 503 @ 3 - 3864170
Hareuamed - 01 @ BL-E Y
402 Qz . 119 - 254 {8
Heotorra 1302 Q 108 - 272018}
Sesters ara
Kakkonda viver 301 Q 27 - 20203
w3 Q 128 - 282020
3 Q 100 ~ 223 (9)
0% Q 138 - 168 (8
02 Q 105 - 185(13)
Rarakasenatauzaus 1303 Q 22 - WD)
1304 Q 97 - 230121
Twrotakivam 601 Q 106 - 290(2))
02 o 121 - B408)
503 Q 165 ~ 2200
. 71 4 03 - 262(10)
. 97 P! 163 - 29808
Hoguriseu PO ! 103 - 163 (1
1302 g 39 - 718 (8
1308 @ 107 - 139821)

* Anbrsvistions Ca » ealcite, Q8 = guares.
* In psveathesss, e of nemyremnte.
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