
CHAPTER IV
GEOTHERMOBAROMETRY

4.1 Introduction
The aim s of th is chap ter are  (1) to d eterm ine  geo therm obarom etric  

conditions of the  h ost basaltic m elts before erup ting  to  the  surface and (2) to 
estim ate  the  last equilibrium  P-T conditions of the deep-seated  xenoliths. Therefore, 
som e su itab le  sam ples w ere  selected  for therm ob aro m etric  study. M ost of the 
selected  xenoliths a re  app aren tly  h igh-grade m etam orphic varie ties form ed under 
severe  p lastic  deform ation, as indicated  by recrystallized  plagioclase m atrix 
w rapp ing  around  partially  recrystallized , augen-shaped p orph yrob last aggregates 
as w ell as curved cleavage traces of clinopyroxene. These deform ations w ere 
seem ingly g en era ted  u nd er a low er c ru st - u pper m antle condition.

For the  h ost basalts, a few geotherm obarom etric  models, based on 
clinopyroxene- and olivine-basalt equilibria, a re  suitable for this study. The 
phenocrysts observed  in basalts a re  m ostly  olivine, w ith  su bord ina ted  clinopyroxe, 
w hereas o rthopyroxene and plagioclase phenocrysts a re  e ith e r ra re  o r absent. 
C linonopyroxene-liquid equilibria of Putirka et al. (1996 and 2003) and olivine- 
liquid equilibria  of Putirka et al. (2007) w ere  selected  because they  have yielded the 
b es t fit constra in ts  com pared to o th e r available m odels, e.g. Helz and  T hornber 
(1987), Sisson and Grove (1992), Beattie (1993), Nimis (1995), Nimis and Ulmer
(1999), Nimis and  Taylor (2000). P ressu re  (P) and tem p era tu re  (T) estim ation  of 
th ese  geo therm ob arom etric  m odels has been  done using MS Excel sp read sh ee ts  th a t 
a re  available on Putirka 's hom epage fw w w .csufresno .edu /ees/Faculty& S taff/ 
P u tirka/K eith  Putirka-htm ll.

For the  xenoliths, several equilibrium  reactions am ong end-m em ber 
com ponen ts of crucial coexisting phases have been therm odynam ically  calibrated  
and  utilized as therm obaro m eters . The calculations w ere  perfo rm ed  through  PET 
and  PeRpLeX. Both packages provide a w ide range of therm odynam ic database.

http://www.csufresno.edu/ees/Faculty&Staff/
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PET is a se t of free p rogram s developed as a M athem atica® -based package by 
com bining fea tu res of several petrological program s, for instance, MINTAB (Rock 
and Caroll, 1990) TWQ (B erm an 1991), THERMOCALC (Holland and Powell, 1991), 
PTMAFIC (Soto and Soto, 1995), PTOXY (Nashir, 1994), THERMOBAROMETRY 
(Spear et al., 1991), etc., into the  package (Dachs, 1998; 2004). This package is 
available on w w w .un i-sa lzb urg .a t/p o rta l/p age?  pageid=805.259394& dad=portal&  
schema=PORTAL. M athematica® program , up to version 7.0, is needed  to  be installed 
p rio r to  run  PET. In this study, th is p rogram  package w as used to perform  
g eo therm obaro m etric  estim ation  based  on various single equilib ria  re la ted  to 
m ineral chem istry  data  as inpu t and then  illustra tion  is g en era ted  as graphical P-T 
diagram .

PeRpLeX is a collection of p rogram  packages developed for calculating phase 
d iagram s and equilibria w hich can be run  on W indows, Mac, Os, X and Linux. It 
provides simple estimation o f rock and mineral properties as a function o f pressure, 
temperature and/or composition (Connolly and Kerrick, 1987; Connolly, 1990). This 
p rogram  package is a freew are  and  ready  to use; it can be dow nloaded  from 
w w w .perp lex .ethz.ch /perp lex .h tm l. In this study, PeRpLeX w as engaged to create  
pseudosection  of all possible equilib rium  fields am ong m ineral phases based on 
w hole-rock  chem ical com position of the  xenoliths. The obtained  resu lts from 
PeRpLeX are  also used as a recheck tool for validation  of P-T conditions derived 
from  PET calculation w h e th e r they  a re  consisten t w ith  the  m ineral assem blages 
petrog raph ically  observed.

4.2 Geothermobarometry of Basalts
As aforem entioned, geo therm om eters, based on clinopyroxene-basalt and 

o liv ine-basalt equilibria, w ere  applied  for estim ating  P-T conditions of the basalt 
specim ens collected from  th ree  d ifferent basaltic units of the  study  area. The 
clinopyroxene-basalt equilibrium  m ay provide P-T constra in ts  of the basaltic 
m agm as. Various com positions of clinopyroxene phenocrysts have been  obtained

http://www.uni-salzburg.at/portal/page?_pageid=805.259394&dad=portal&
http://www.perplex.ethz.ch/perplex.html
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from  EPMA; they  a re  assum ed to  have been  crystallized continuously  during the 
p rocesses of basaltic m elting and  rising to the  surface. Therefore, basaltic magma, 
ex trem ely  enorm ous, has relatively  unchanged in com parison  w ith  tiny 
clinopyroxene phenocrysts. M oreover, o liv ine-basalt th e rm o m etry  could be carried 
out by applying p ressu res  w hich m ay be estim ated  from the previous equilibria.

Clinopyroxene-Basalt Thermobarometryi Putirka e t al. (1996] p roposed  a 
th e rm o b aro m ete r for mafic igneous rocks based on clinopyroxene-liquid equilibria. 
They inco rporated  th e ir experim ental resu lts w ith the existing published data to 
calibrate such a geotherm obarom eter. Using various mafic bulk com positions, the 
experim ents w ere  se t from 8 -3 0  kb and 1 1 0 0 -1 4 7 5 ° c .  The calibrations for a 
g eo therm o m ete r w ere  based on partition ing  of the jadeite  (Jd; NaAlSi206) and 
d iopside-hedenberg ite  (DiHd; Ca(Mg,Fe]Si2Û6] com ponents betw een  clinopyroxene 
and liquid, which is tem pera tu re  sensitive. The equilibrium  constan t for jadeite  
com ponen t w as used on a basis of geobarometer due to its more sensitivity toward 
pressure. The proposed geothermobarometer expressions are:

104 = 6.73 -0 .2 6 ๒  JdcPx Cali£i Fmli£i -  0.86 In Mg'iq + 0.52 In Cali£i 
T[°K) DiHdcPx Na1"! Al'm Mg'iq + Feli£i

and

P(kbar) = -54.3 + 299 T{°K) + 36.4 7(°K] เท JdcPx 367 Na'^Al'iq
10* 1Ü4 (Silic0 2 Nali£i Al'iq

On the  sam e basis of clinopyroxene-liquid equilibria, P utirka e t al. (2003) 
im proved and  expanded th e ir p rio r m odel to  be su itab le for w ider com positions 
from  mafic m elts to  SiÛ2-rich liquids (up to 71.3 w t % SiÛ2). These revised 
g eo therm ob aro m ete r expressions are:
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104 = 4.6 -  0.437 In )dcPx Ca^q Fm^q -  0.654 In Mg' liq -  0.326 In Na“q 
T{° K) DiHdcPx Na'iq AIHq

-  6.32x10-3 P(kbar) -  0.92 In Si'iq + 0 .274 In JdPx

and

P(kbar) = -  88.3 + 2.82x10-3 T(°K) In Jdcpx + 2.19x10-3 T(oK)
(S iMq)2 N a ljq A l'iq

-  25.1 In Ca'iq Siljq + 7.03 Mg' “q + 12.4 In Caljq

Here, JdcPx is the m ole fraction of jadeite  and DiHdcPx is the m ole fraction  of diposide 
+ h ed enb erg ite  in clinopyroxene, w h ere  pyroxene cations a re  calculated  on the basis 
of 6 oxygen atom s. The Jd com ponent is the lesser Na o r Alvi and the  rem aining A1 is 
used to form  CaTs. The DiHd com ponent is calculated as the fraction of Ca rem aining 
a fte r form ing C a-tscherm ak (CaAl2Si206; CaTs = Alvi -  Jd), CaTiAhOô (= (Aliv - 
C aT s)/2) and CaCr2SiÛ6 (= C r/2). SiHq, AlHq, CaHq, Na‘‘q, Mguq and Fe'iq a re  cation 
fractions in the  liquid recalcu lated  to a 6 oxygen form ula unit. FmHq is the sum  of 
MgO’iq and FeOHq and Mg' >'q is the  cation fraction ratio  of M g01‘q/(M g01'q + FeO'iq). 
The s tand ard  e rro rs  of estim ates a re  abou t 0.3 kb and 30°K for the  1996 m odel and 
abou t 1.7 kb and 33°K for the  2003 m odel. For this study, the  liquid com positions 
a re  from  w hole-rock analyses of basalts (see Table 2.1) and the clinopyroxene 
com positions a re  core com positions of individual clinopyroxene phenocrysts 
ob tained  from  EPMA analyses (see Table 2.4). The valid tem p e ra tu re s  and p ressu res 
given by the  clinopyroxene-basalt therm o b aro m etry  from  9 sam ples (70 
phenocrysts), including KNg02 (10 grains), KKYÜ02 (5 grains), KKYd04 (9 grains), 
KKMb02 (7 grains), KKNW2 (14 grains), KKNW4 (11 grains), KOkOl (1 grain), KKbOl 
(12 grains) and  KKb03 (1 grain), a re  displayed in Tables 4.1 and 4.2.

Results: The overall tem p era tu re  and  p ressu re  ranges of the  stud ied  basalts 
a re  qu ite  consisten t for all specim ens (Figure 4.1). The Ngulai basalts yield the 
w id est ranges of tem p era tu res  and  p ressu res  from ~1,200-1,4 5 0 ° c  and 6-27 kb



Table 4.1 Estimated P-T o f basaltic magmas using the clinopyroxene-melt thermobarometer o f Putirka e t a l. (1996).

*Moho depth: ~ 40-44 km Nguu Basalts N gula i Basalts

♦Low er Crust ะ ~' 20 km -th ick K N g02:10 Cpx phenocrysts KKYd02: 5 Cpx phenocrysts

T (°c  ) 1453 1391 1378 1378 1370 1351 1347 1311 1259 1191 1446 1349 1330 1323 1314

P fkb ) 29 23 22 22 21 19 19 15 9 2 25 18 16 15 14

D epth  (k m )* * 94 76 72 72 69 63 62 50 31 7 84 59 52 51 47

N gula i Basalts

KKYd04: 9 Cpx phenocrysts KKMb02: 7 Cpx phenocrysts

T (°c  ) 1372 1377 1366 1355 1346 1345 1331 1329 1305 1384 1258 1252 1247 1229 1209 1196

P (kb) 20 20 19 18 18 18 16 16 13 22 9 9 8 6 4 3

D epth  (k m )* * 66 65 64 61 58 58 53 52 44 72 31 29 26 20 13 9

KOkOl: 1 Cpx phenocryst KKNt02: 14 Cpx phenocrysts

T (°c  ) 1200 1326 1315 1307 1307 1284 1281 1269 1260 1254 1247 1241 1238 1206 1187

P (kb) 9 17 16 15 15 13 12 11 10 10 9 8 8 5 2

D epth  (k m )** 28 57 52 50 50 42 41 37 34 32 30 27 26 15 8

K K N t0 4 :11 Cpx phenocrysts

T (°c  ) 1246 1239 1237 1231 1228 1227 1218 1205 1203 1186 1175

P (kb) 12 12 11 11 10 10 9 8 8 6 5

D epth  (k m )** 41 38 37 35 34 34 31 26 25 19 15

K ib o k o  (C hyu lu ) Basalts

KKb03: 1 Cpx phenocryst KKbOl: 12 Cpx phenocrysts

T (°c  ) 1218 1404 1403 1402 1334 1307 1298 1266 1254 1235 1229 1183 1179

P (kb) 8 24 24 24 18 15 14 11 10 8 7 2 2

D epth  (k m )** 27 81 80 80 60 50 47 37 32 25 24 7 6
* According to seismic tomography studies by Novak et al. (1997) and Ritter and Kaspar (1997); **assuming 3.3 km/kb.

บ̂



Table 4.2 Estimated P-T of basaltic magmas using the clinopyroxene-melt thermobarometer o f Putirka e t a l. (2003).

*Moho depth: ~ 40-44 km Nguu Basalts N gu la i Basalts

♦Low er Crust ะ ~ 20 km -th ick KNg02: Cpx phenocryst KKYd02: Cpx phenocryst

T(°c ) 
P (kb )

1425

28

1378

24

1364

23

1368

23

1369

22
1346

21
1347

21
1319

18

1295

14

1244

8
1453

27

1334

21
1329

19

1314

19

1312

18

D epth  (k m )* * 93 79 77 7 6 7 4 70 6 9 60 4 5 27 87 6 9 63 62 6 0

N gula i Basalts

KKYd04: Cpx phenocryst KKMb02: Cpx phenocryst

T (°c  ) 1360 1387 1356 1346 1336 1335 1328 1332 1312 1382 1291 1289 1286 1271 1256 1243

P (kb) 22 22 22 21 20 20 19 19 17 23 13 13 12 11 9 8
D epth  (k m )* * 7 3 72 72 69 6 7 67 63 62 56 76 4 4 4 2 41 36 31 2 8

KOkOl: Cpx phenocryst KKNt02: Cpx phenocryst

T (°c  ) 1193 1321 1320 1309 1313 1294 1292 1285 1278 1272 1267 1261 1261 1238 1224

P (kb) 9 17 16 16 16 14 14 13 12 12 11 11 10 8 6
D epth  (k m )* * 31 57 54 52 52 4 6 4 5 4 2 4 0 38 37 35 34 25 20

KKNt04: Cpx phenocryst

T(°c ) 1244 1242 1240 1235 1233 1231 1226 1216 1215 1202 1195

P (kb) 11 11 11 10 10 10 9 8 8 6 5

D epth  (k m )** 38 36 35 34 33 33 30 27 26 21 18

K ib o k o  (C hyu lu ) Basalts

KKb03: Cpx phenocryst KKbOl: Cpx phenocryst

T (°c  ) 1201 1362 1362 1361 1306 1289 1282 1256 1255 1245 1233 1201 1198

P (kb) 11 24 24 24 19 17 16 14 13 11 11 7 7

D epth  (k m )** 35 79 79 7 9 63 56 54 4 6 4 2 37 36 23 22
* According to seismic tomography studies by Novak et al. (1997) and Ritter and Kaspar (1997); **assuming 3.3 km/kb.
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Figure 4.1 P-T diagram s o f the  stud ied  basa it specimens estim ated using c linopyroxe ne-m e lt 

th e rm o b a ro m e te rs  o f P u tirk a  e ta l.  (1996: to p ) and (2003: b o tto m ).

covering  those o f the  Nguu (1,240-1,425°c and 8-28 kb) and K iboko (1,200-1,360 and 

7-24 kb) basalts. A m ong all, som e c linopyroxene  phenocrysts in  sam ples KNg02 from  

the  Nguu H ills  and KKYd02 fro m  K yandu in i cone o f the N gulai H ills  area w e re  

e q u ilib ra te d  a t the  h ighest P-T co n d itio n  range o f s lig h tly  exceeding l,400°c and at
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a lm o st 30 kb (-80-90 km ) fo llo w in g  by sam ples KKbOl fro m  K ib o k o  v ic in i ty  s o u th o f 

th e  N guu H ills , KKMb02 fro m  Kwa K M b iti cone, KKYd04 fro m  K yandu in i cone and 

KKNW2 fro m  Kw a N thuku  cone o f the  Ngulai H ills  area y ie ld ed  above 1,300 up to 

abo u t l,400°c in  the range o f 17-22 kb (-60-70 km ). In KKNW4 fro m  Kwa N thuku 

cone and KOkOl fro m  01 Doinyo O rkaria  cone o f the N gulai area and KKb03 from  

M w a ilo  cone near K iboko A g ric u ltu ra l Research In s titu te , phenocrysts appear to 

e q u ilib ra te  w ith  m e lt a t T be lo w  1250°c under a pressure range o f 8-12 kb 

(e q u iva len t to  dep th  -3 0 -4 0  km ). Th is can sequen tia lly  arrange fro m  deeper to  

sh a llo w e r: KNg02 -  KKYÜ02 > KKbOl ~KMb02~KKYd02> KKNW2 > KKNW4 > KKb03 -  

KOkOl.

Olivine-Basalt Thermometry: In com parison to  the m ine ra l chem is try  o f 

c lino pyroxene, o liv in e  is m ore  su itab le  fo r  th e rm o m e try  because its  com pos ition  has 

been s lig h tly  changed d u rin g  the  fra c tio n a tio n  process, w h ich  is tem p era tu re  

dependent. P u tirka  et al, (2005; 2007) proposed a th e rm o m e te r ca lib ra ted  fro m  

o liv in e -liq u id  eq u ilib ria . They also app lied  th is  th e rm o m e te r fo r  es tim a tin g  the 

m an tle  p o te n tia l tem pera tu res  a t H aw aii, Iceland, and the m id-ocean ridge loca lities. 

For th is  study, th is  th e rm o m e te r was used as a recheck to o l fo r  e s tim a tio n  o f 

tem p e ra tu res  o f  the basa ltic  magmas resu lted  fro m  the  c lin o p yro xe n e -liq u id  

th e rm o b a ro m e te r. The proposed geo the rm om ete r expression is:

T(°C) = 15294.6 + 1318.8 Pest(GPa) + 2.4834 Pest(GPa)2/

(8 .048+2.8352 In Kd(Mg) + 2.097 In [1.5 (M gliq + Feliq + M n1̂  + Caliq)]

+ 2.575 In [3 Siliq]-1.41 [3.5 In (1 - A lliq) + 7 In (1 - พ ) ]  + 0.222 H20 Uq(%)

+ 0.5 Pest(GPa)}

Here, Pest is a given value as assumed pressure in  GPa un it. Kd(Mg) is the  cation 

fra c tio n  ra tio  o f  (XMg)ol/(X M g )liq. Siliq, A lliq, Caliq, Mgliq, Feliq and M n liq are ca tion  fractions 

in  the  liq u id  reca lcu la ted to  a 6 oxygen fo rm u la  un it. H 20 Uti is w t  % LOI o f  liqu id . For 

th is  study, the  liq u id  com positions are fro m  w h o le -ro ck  analyses o f basalts (see Table

2.1) and the selected o liv in e  com positions are core com positions o f  in d iv id u a l o liv ine
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phenocrysts ob ta ined fro m  EPMA analyses (see Table 2.4). A fte r  being calculated, all 

T values ob ta ined fro m  in d iv id u a l o liv in e  phenocrysts in  each sam ple are averaged to 

give a m ean e q u ilib r iu m  T, a t a g iven pressure, fo r th a t specim en. The m axim um , 

m in im u m  and average values o f estim ated tem pera tu res  accord ing  to  the o liv ine - 

basa lt th e rm o m e try  fro m  6 sam ples (110 phenocrysts), inc lu d in g  KNg02 (18 grains), 

KNg05 (34 gra ins), KNglO (8 gra ins), KNgll (30 gra ins), KOkOl (2 gra ins) and 

KKYd02 (18  gra ins), are d isp layed in  Table 4.3.

Tab le  4 .3  Ranges o f  tem p e ra tu re s  a t g iven pressures (Pest) estim ated  using  the  o liv ine -b asa lt 

th e rm o m e te r o f  P u tirk a  et al. (2007).

Pest(kb) 5 10 IS 20 25 30 5 10 IS 20 25 30

N g u u  b a s a lts
T (‘>๑ KNg05 (34 grains) KNglO (8 grains)

Average 1275 1302 1327 1352 1377 1400 1382 1409 1435 1446 1484 1493

Max
M in

1354
1247

1381
1274

1406
1300

1431
1325

1455
1349

1479
1373

1506
1356

1533
1383

1558
1409

1582
1325

1605
1458

1628
1373

SD 29.7 29.7 29.7 29.7 29.6 29.6 51.9 51.7 51.5 70.1 51.0 69.5

N g u u  b a s a lts
T (°C) KNgll (30 grains) KNg02 (18 grains)

Average 1315 1339 1365 1390 1381 1404 1391 1423 1449 1474 1498 1521

Max
M in

1855
1247

1877
1274

1898
1300

1919
1325

1448
1349

1471
1372

1426
1277

1453
1393

1479
1419

1503
1444

1527
1468

1550
1491

SD 134.9 134.4 133.4 132.3 20.8 20.8 33.3 20.4 20.3 20.2 20.1 20.0

N g u la i B a s a lts
T (°C) KKYd02 (18 grains) KOkOl (2 grains)

Average 1376 1402 1428 1453 1477 1500 1175 1202 1228 1253 1277 1300

Max
M in

1439
1349

1465
1376

1491
1402

1515
1427

1539
1451

1562
1474

1182
1169

1208
1196

1234
1221

1259
1246

1283
1270

1307
1294

SD 21.1 21.0 20.9 20.9 20.8 20.7 8.9 8.9 8.9 8.9 9.0 9.0
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Results: The overall averaged tem p era tu re  ranges obtained  from this 
th e rm o m etry  a re  equivalen t to  those obtained  from the clinopyroxene-basalt 
therm ob aro m ete rs . At given range of p ressu res  from 5-30 kb, the Nguu and Ngulai 
basalts considerab ly  yield the sam e range of average tem p era tu res , ~1,300-1 ,500°c 
(Figure 4.2). However, each sam ple individually exhibits its ow n estim ated  
tem p e ra tu re  a t the sam e levels of p ressu re . At given 30 kb, KNg02 from  the  Nguu Hills 
gives the  h ighest average tem p era tu re  of ~ l,500°c, w hereas. KOkOl from  the  Ngulai 
Hills has the  low est average tem p era tu re  of ~ l,200°c. The tem p e ra tu re  d iscrepancy 
observed  a t equ ivalen t p re ssu re  level m ay reversely  im ply th a t specim ens w ere  e ither 
equ ilib ra ted  a t various dep ths o r derived from  sources a t d ifferent depth, e.g. from 
d eep e r to shallow er: KNg02 > KKYd02 ~ KNglO > KNgll > KNg05 > KOkOl. This 
sequence also corresponds to  the  o u tp u t yielded from the clinopyroxene-basalt 
the rm obarom eters .
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Figure  4.2 Average tem pera tu res  o f  each ร ณ d ied  basa lt specim en es tim ated  using o liv in e - 

l iq u id  th e rm o m e te r o f  P u tirk a  et al. (2007). B lue b a r ins ide  the  legend box represents 

a p p ro x im a te  SD o f T  ca lcu la tion .
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As applying PET for P-T estim ation  based on single equilib rium  calculations, 
the  resu lts  a re  sum m arized  in Table 4.4 and P-T constra in ts  in a graphical form at of 
each rep resen ta tiv e  specim en a re  also show n [Figures 4.3-4.Ô). An in tersection  
b etw een  tw o or m ore g eo th erm ob aro m eters rep resen ts  each P-T con stra in t point. A 
best-fit P-T con stra in t of individual sam ples is assum ed from  a poin t w here  a m ost 
geo therm o b aro m ete rs  in te rsec t o r w h ere  the  tigh test spaced P-T lines betw een  tw o 
geo therm ob aro m ete rs  cut across each other.

Results: The m ineral assem blages observed  in the  g ranu lite  sam ples, both 
corundum -bearing  and b arren  type, seem  to  provide b e tte r  P-T constain ts in relative 
to  tho se  of th e  p erid o tite  and pyroxenite  sam ples.

4 .3  G e o th e rm o b a ro m e try  o f  X e n o lith s

Tab le  4.4 S um m ary o f P-T e q u ilib r iu m  ranges o f each xe n o lith s  g ro u p  fro m  the  Nguu and 

N gula i H ills  d e riv e d  fro m  in te rse c tio n s  be tw een th e rm o m e te r and b a ro m e te r o f rep resen ta tive  

sam ples.

X e n o lith  g ro u p P e rid o tite P yroxen ite

X e n o lith  type

[Representative sample no.)
Spl lherzotite (Ng07) W ehrlite (N g l8 ) W ebsterite (Ng34]

T h e rm o m e te r/B a ro m e te r T (°C )/P (kb ) T (°C )/P (kb ) T (°C )/P (kb )

C px-O px/G rt-O px 825-1,010 

/ 9-18

750-1,000 

/ 7-15.5

1,000-1,200 

/ 9-22.5

O l-S p l/G rt-O px 875-900 

/ I 1-17

950-1,000

/10-15.5
-

O l-C px/G rt-O px 1,100-1,125

/18.5-21

1,075-1,100

/14-18.5
-

G rt-S p l/G rt-O px 1,350-1,500/

26-33.5
- -

G rt-C px/G rt-O px 775-960 

/ 8.5-18.5
- -

B e s t-fit P-T c o n s tra in t
1,100/18.5 

(~61 km ]*

1,100/17.5 

(~ 58  km ]*

1,075/14.5 

(~ 48  km ]*

* assuming 3.3 km /kb
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Table  4.4 (c o n t) .

X e n o lith  g roup G ranu lite

X e n o lith  type

[Representative sample no.)

Corundum (Crn)-bearing Crn-free

Foliated {KNtOl) Banded (Ng21)
Non-foliated 

cKMbOl)
T h e rm o m e te r/B a ro m e te r T [°C )/P (k b ) T (°C )/P (kb ) T (»C )/P (kb)

C px-O px/G rt-O px
850-975 

/ 9.5-14.5

850-950

/10-13

750-850 

/ 5.5-12.5

C px-O px/G rt-C px-P l-Q tz
875-975

/16.5-19.5

850-950

/16-19

825-875

/14-16.5

C px-O px/G rt-O px-P l-Q tz
875-975

/13.5-16.5

850-975

/14.5-16.5

800-850

/10.5-11.5

G rt-O px/G rt-C px-P l-Q tz
1,125-1,300

/19.5-23

1,125-1,300

/19.5-23

925-1,275

/14.8-20.5

G rt-O px/G rt-O px-P l-Q tz
950-1,125

/14-17.5

975-1,125

/14-17.5

800-990

/10.5-12

G rt-C px/G rt-O px
800-925 

/ 8.7-16
- -

G rt-C px/G rt-C px-P l-Q tz
875-975

/18.5-21
- -

G rt-C px/G rt-O px-P l-Q tz
840-925

/14.5-18.5
- -

B e s t-fit P-T c o n s tra in t

(C px-O px /G rt-O px /

G rt-O px-P l-Q tz)

1,025/16 

(~53 km )*

975/14  

(— 46 km )*

850/11 

(~36  km )*

* assuming 3.3 km/kb

Peridotite Xenoliths: The P-T constra in ts  of th is xenolith  group  w ere  obtained 
from  2 rep resen ta tiv e  sam ples, N g07  and N g l8 , using 6 d ifferent geo therm ob aro ­
m eters, w hich a re  (1] Grt-Cpx (B erm an e t a i, 1995), (2)Cpx-0px (Brey and Kohler,
1990) , (3) Ol-Spl (Ballhaus e t a i, 1991), (4) 01-Cpx (Ai, 1994), (5) Grt-Spl (Perchuk,
1991) therm om eters, and (6) Grt-Opx th e rm o b aro m ete r (Aranovich and Berman, 
1997) (Figure 4.3a and b).
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For th e  spinel herzo lite  xenolith  [Ng07], the  Grt-Cpx and Grt-Opx in te rsec t 
gives the  low est con stra in t a t abo u t 775°c and 8.5 kb (~ 2 8  km a t 3.3 km /kb), w hile 
the  Grt-Spl and Grt-Opx in te rsec t suggests the  h ighest co n stra in t up to abou t l,5 0 0°c  
and 33.5 kb (~ 11 0  km). The 01-Cpx and Grt-Opx in te rsec t provides the  in term ed ia te  
range of co n stra in t abou t 1 ,100-1,125°c and 18.5-21 kb (~ 50 -5 6  km) and  the best-fit 
co n stra in t value of l,1 0 0 °c  and 18.5 kb.

Figure  4.3 a) P-T constra in ts  o f sp ine l lh e rz o lite , Ng07, accord ing  to  5 d iffe re n t the rm o- 

b a ro m e te rs  in c lu d in g  (1 ) Cpx-Opx (B re y  and K o h le r, 1990), (2 ) O l-Spl (B a llhau s  et a l., 1991), 

(3 ) Ol-Cpx (A i, 1994) and (4 ) Grt-Spl (P erchuk, 1991) the rm o m e te rs , and (5 ) G rt-O px 

th e rm o b a ro m e te r (A ranovich  and Berm an, 1997). S tar sym bol m a rk in g  the  b e s t-fit P-T 

c o n d itio n  w ith in  the  co n s tra in t area.

b)  P-T constra in ts  o f sp ine l w e h rlite , N g l8 ,  accord ing  to  4  d iffe re n t th e rm o ­

b a ro m e te rs  in c lu d in g  (1 ) Cpx-Opx (B re y  and K o h le r, 1990 ), (2 ) O l-Spl (B a llhau s  et al., 1991) 

and  (3 ) Ol-Cpx (Ai, 1994) therm om eters , and (4 ) Grt-Opx the rm o b a ro m e te r (A ranov ich  and 

Berm an, 1997). S tar sym bol m a rk in g  the  b e s t-fit P-T co n d itio n  w ith in  the  c o n s tra in t area.

For th e  spinel w eh rlite  xenolith  (Ngl8), the  low est co n stra in t given by the Cpx- 
Opx and  Grt-Opx in te rsec t is a t abou t 750°c and 7 kb (~ 23  km). The Ol-Spl and Grt- 
Opx in te rsec t provides the  in te rm ed ia te  range of constra in t abo u t 950-1 ,000°c and 
10-15.5 kb (~ 33-50  km). The h ighest con stra in t given by the  Ol-Cpx and  Grt-Opx 
in te rsec t suggests up to  abou t l,1 0 0 °c  and  18.5 kb (~ 60  km), w hich also rep resen t
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the  best-fit co n stra in t for th is sam ple. In th is sam ple, the  Grt-01 th e rm o m ete r does not 
provide reasonab le  calculation resu lts.

Pyroxenite Xenolithsะ The P-T constra in ts  of th is xenolith  group w ere 
ob tained  from  one rep resen ta tiv e  sam ple, N g34 (w ebterite ; Figure 4.4). Because of 
only 3 m ineral phases observed, e.g. o rthopyroxene, clinopyroxene and kelyphitic 
garnet, tw o g eo therm obarom eters , w hich a re  (1) Cpx-Opx th e rm o m ete r (Brey and 
Kohler, 1990) and  (2) Grt-Opx th e rm o b aro m ete r (Aranovich and Berm an, 1997), 
w ere  applied  to  con stra in t a PT condition. From the  in tersecting  area  betw een  the 
Cpx-Opx and  Grt-Opx, the low est lim it is a t abou t 1,000°C and 9 kb (~ 30  km a t 3.3 
k m /kb ) and  the  h ighest is up to abo u t l,2 0 0 °c  and 22.5 kb (~ 7 4  km). The 
in te rm ed ia te  range of con stra in t is abo u t 1,075-1,090°c and 10.5-17 kb (~ 35 -5 6  km).

Figure 4.4 P-T constraints o f sp inel-free websterite, Ng34, according to 2 d iffe re n t therm o- 

barom eters inc lud ing  (1) Cpx-Opx the rm om ete r (Brey and Kohler, 1990) and (2) Grt-Opx 

the rm obarom e te r (A ranov ich  and Berm an, 1997). S tar sym bol m a rk in g  the  b e s t-fit P-T 

c o n d itio n  w ith in  the  co n s tra in t area.

Mafic granulite Xenoliths: The P-T constra in ts of th is xenolith  group w ere 
ob tained  from  3 rep resen ta tiv e  sam ples. K N tO l sam ple, w hich contains the  m ost 
com plete m ineral assem blage available for P-T calculation, is a rep resen ta tiv e  for the
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foliated corundum -bearing  mafic g ranu lite  variety  (Figure 4.5a). Ng21 sam ple 
rep re sen ts  the  com posite banded  v arie ty  (Figure 4.5b). KMbOl sam ple, w hich is the 
m ost felsic (anorthositic) com position  in this study, rep re sen ts  the  non-foliated 
corundum -free varie ty  (Figure 4.6).
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Ng21: Cpx-Opx-Grt-PI-Qtz Thermobarometers
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Figure  4.5 a) P-T constra in ts  o f fo lia te d  m ade g ra n u lite , K N tO l, accord ing  to  5 d iffe re n t 

th e rm o b a ro m e te rs  in c lu d in g  (1 ) Cpx-Opx (B rey and K oh le r, 1990), (2 ) G rt-Cpx (A i, 1994) and 

(3 ) G rt-O px (A ranov ich  and Berm an, 1997) the rm om ete rs , and (4 ) G rt-Cpx-Pl-Q tz (E cke rt et al.,
1991) and (5 ) G rt-O px-P l-Q tz (Lai, 1993) barom ete rs . S tar sym bol m a rk in g  the  b e s t-fit P-T 

c o n d itio n  w ith in  the  c o n s tra in t area.

b) P-T constra in ts  o f  banded m afic  g ra n u lite , Ng21, accord ing  to  4  d iffe re n t 

th e rm o b a ro m e te rs  in c lu d in g  (1 ) Cpx-Opx (B rey  and K oh le r, 1990) and  (2 ) G rt-O px (A ranovich  

and Berm an, 1997) the rm om ete rs , and (3 ) G rt-Cpx-Pl-Q tz (E cke rt et al., 1991) and (4 ) Grt-Opx- 

P l-Q tz (Lai, 1993) barom eters . S tar sym bo l m a rk in g  the  b e s t-fit P-T c o n d itio n  w ith in  the 

c o n s tra in t area.

For the  corundum -bearing  mafic granulite  xenoliths (KNtOl and Ng21), the  
Grt-Cpx and Grt-Opx in te rsec t gives the  low est constra in t a t abo u t 800°c and 8.7 kb 
(~ 2 9  km a t 3.3 km /kb), w hile the  Grt-Opx and Grt-Cpx-Pl-Qtz in te rsec t yields the 
h ighest con stra in t up to abou t 1300°c and  23 kb (~ 7 6  km). The Cpx-Opx, Grt-Opx-Pl- 
Qtz and  Grt-Cpx-Pl-Qtz in te rsec ts  confine the  in te rm ed ia te  range of constra in t abou t 
875-975°C and 13.5-19.5 kb (~ 45-65  km). The Cpx-Opx, Grt-Opx and Grt-Opx-Pl-Qtz



86

in te rsec t provides the best-fit P-T con stra in t a t abou t 1,000°C and 16 kb (~ 53  km) for 
the foliated mafic g ranulite  and 950°c and 14 kb (~ 46  km) for the  com posite  banded 
one.

For th e  corundum -free g ranu lite  xenolith  (KMbOl), the  low est co n stra in t given 
by the  Cpx-Opx and Grt-Opx in te rsec t is a t abou t 750°c and  5.5 kb (~ 1 8  km) w hile the 
h ighest con stra in t by the Grt-Spl and  Grt-Opx in te rsec t suggests up to  abou t 1275°c 
and 20.5 kb (~ 6 8  km). The Cpx-Opx, Grt-Opx and Grt-Opx-Pl-Qtz in te rsec t provides 
the  best-fit P-T con stra in t a t abo u t 850°c and 11 kb (~ 3 6  km) th a t fall w ith in  the 
in te rm ed ia te  range of con stra in t (900-950oC and 11-19 kb).

30000 

25000 

20000

1CL
15000

10000

Figure  4.6 P-T constra in ts  o f  fe ls ic  g ra n u lite , KM bO l, accord ing  to  4  d iffe re n t the rm o- 

ba ro m e te rs  in c lu d in g  (1 ) Cpx-Opx (B rey  and K oh le r, 1990) and (2 ) G rt-O px (A ranov ich  and 

Berm an, 1997) the rm om ete rs , and (3 ) G rt-Cpx-Pl-Q tz (E ckert et a l ,  1991) and (4 ) G rt-O px-Pl- 

Qtz (Lai, 1993) barom ete rs . S tar sym bol m a rk in g  the  b e s t-fit P-T co n d itio n  w ith in  the  co n s tra in t 

area.

Kmb01 : Cpx-Opx_Grt_PI-Qtz Thermobarometers

In conclusion, the  xenoliths of the  p erido tite  group have an equilibrium  P-T 
range of 750-1500°C and 7-33.5 kb (~23-110 km). The best P-T constra in t of this 
g roup  is likely ~  1100°c and 18.5 kb, abo u t 61 km depth  equivalent. The w eb sterite  
w as equ ilib ra ted  w ith in  the  range of ~1000-1200°c and 9-22.5 kb (30-74 km). The 
b est estim ated  P-T con stra in t of th is group is ~1075°c and 12.5 kb equivalen t to
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dep th  abo u t 40 km. The P-T range of the  corundum -bearing  xenoliths is abou t 800- 

1300°c and  8.7-23 kb and 750-1275°C and 5.5-24 kb (18-68 km). Seemingly, the best 
re ta ined  equilibrium  for corundum -bearing  g ranulite  sub-group is a t dep th  abou t 50 

km in range of 950-1000°C and 14-16 kb (~40-50 km) and for the corundum -free 
g ranu lite  recorded  the  equ ilib ration  con stra in t a t 850°c and  11 kb o r a t dep th  less 
than  40 km.

T herefore, the resu lts  of therm ob aro m etric  estim ation  im ply th a t all the  
xeno liths w ere  achieved th e ir closure equilibria P-T constra in ts  u nder a range of 
low er c ru st-up p er m antle condition. The p erido tite  xenoliths w ere  form ed a t deepest 
dep th  in the  u p p er m antle region. The corundum -bearing  xenoliths w ere  also created  
w ith in  the  u pp er m antle, bu t a t a shallow er level closer to the Moho. The pyroxenite 
(e.g. sp inel-free w eb sterite ) xenoliths w ere  form ed n ear the  Moho zone, w hereas the 
corundum -free g ranulite  xenolith w as form ed a t shallow est level above the  Moho.

Psuedosections of X enoliths: Based on bulk-rock analyses of the  xenoliths, the 
expected  m ineral stability  of each sam ple is calculated and graphically  illu stra ted  in a 
form  of pseudosection  diagram  by using the PerPlex program  set. The pseudosections 
of seven selected  xenolith sam ples overlain  by estim ated  P-T constra ins from PET are  
show n in Figures 47-4 .9 .

Results: M ineral assem blages given by pseudosections generally  agree well to 
those  petrograph ically  observed  in the sam ples. In addition  to m ain phases, e.g. 
clinopyroxene, o rthopyroxene, plagioclase and garnet, kyanite is alw ays show n as 
an o th e r stab le  phase in high P-T range in m ost sam ples. The appearance  of the 
kyanite  phase from the calculation suggests th a t the m ineral assem blages of the 
xenoliths have been  form ed w ith in  the  kyanite stability  field and fu rth er ensu res the 
RAMAN resu lts  on tiny AhSiOs rods w ith in  the  plagioclase hosts to be kyanite ra th e r 
than  sillim anite. However, corundum  phase, an essential m inor phase in all crn- 
bearing  sam ples, does not ap p ea r in m ost of calculated psuedosections, except in tha t 
of K N t02-l, of w hich the  w hole-rock chem ical is obtained  from  a plagioclase 
dom inated  layer. This im plies th a t corundum  is ra th e r not s tab le  in such bulk
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com positions. On the contrary , quartz, w hich norm ally  observed  in the  m ost crn- 
bearing  sam ples, is usually  show n as a stab le  phase.

F igure  4.7 Pseudosection d iagram s o f  the  p e r id it ite  xe n o lith s  rep resen te d  by  Spl Ih e rzo lite  

(Ng07: le ft)  and the  Spl w e h r lite  (N g l8 : r ig h t) .
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Pyroxenites: Nfl34 (Websterite) 
{Opx-Cpx + Gt(kalyphitic)-Q]

800 900 1000 1100T(oC)

Mafic Granules: KNt02-2 (Cm-bearinfl_Px-rich band) [Opx + cpx + Gft (ketyphitic)l

N C h ltfJP H fV O p. wp*t!<y.Qt7. 
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F igure  4.8 Pseudosection d iagram s o f  the  p y ro xe n ite  xe n o lith s  rep resen te d  b y  Spl-free 

w e b s te rite  (Ng34: le ft)  com pared to  the  p y ro xe n e -rich  band o f the  c m -b e a rin g  g ra n u lite  

[KNt02_2: r ig h t) .
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Mafic granules: Nfl21 (Cm-t>earing_composite banded) 
[Cpx-R-Grt + Cm-Sp) + Ky-Qtz]

800 900 1000 1100T(oC)

Kmb01: Meta-anorthosite(non-foliated) [Pl-Cpx + Ky -*QMGt(kalyphitic)

Figure  4.9 Pseudosection d iagram s o f the  g ra n u lite  xe n o lith s  rep resen te d  b y  fo lia ted , Crn- 

bea ing m a fic  g ra n u lite  (Ng21ะ le ft)  com pared  to  the  c m -b a rre n  fe ls ic  g ra n u lite  (KM bO l : r ig h t) .
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