Ague and Brandon's reply follows after this discussion, which is included for completeness.
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aluminum-in-hornblende barometry: Implications for northward translation
of Baja British Columbia: Discussion and Reply

Discussion

J. Lawford Anderson*  Department of Earth Sciences, University of Southern California, Los Angeles, California 90089-0740

INTRODUCTION causing uncorrected pressures to be inaccuratelts, depicted in Figure 1, offer another reason
by as much as 1.3 to 1.9 kbar (Anderson angdhy the conclusions of Ague and Brandon
Ague and Brandon (1996) attempted to us8mith, 1995). As reviewed by Anderson (1996)(1996) are fundamentally flawed. Most of the
Al-in-hornblende barometry to assess tilt of thgranitic magmas also need not crystallize on pressure-temperatur®-T) estimates are sub-
Mount Stuart batholith. Although this mightwater-saturated solidus, and actual temperatursslidus. The Al-in-hornblende barometer has
work in principle, there are substantial prob-may be considerably higher, due to fluid undersabeen calibrated for a granitic mineral assemblage
lems with their analysis that negate their condration, mixed volatiles, or crystal accumulationjn equilibrium with melt. If the mineral composi-
clusions. Anderson and Smith (1995) reformuer lower, due to the presence of fluorine or borortions do not reflect solidus or hypersolidus equi-
lated the barometer to take into account the Ague and Brandon (1996) stated that they aliration, then the barometer can not be expected
effects of temperature using the experimentahterested in the relative precision of their presto yield accurate pressures. It has not been cal-
calibrations of Johnson and Rutherford (198%ure determination and not absolute accuradprated for subsolidus mineral assemblages.
and Schmidt (1992). Ague and Brandon (199&)jowever, by not correcting for temperature The hornblende-plagioclase thermometer is
ignored the effects of temperature by obtainingariations, not only are their results inaccuratamore robust than others that can be applied to

emplacement temperature estimates for only kBey are also imprecise. granitic rocks and is not easily reset during
of 46 samples. Temperature estimates for those cooling. Anderson (1996) reported hornblende-
10 samples ranged from 616 to 695 °C. FrolORNBLENDE-PLAGIOCLASE plagioclase temperature estimates for 16 plu-
that, they concluded that their entire sample sSSHERMOBAROMETRY tons, and all of the estimates were at solidus or
represented crystallization conditions with an hypersolidus temperatures. None yielded sub-

average temperature of ~650 °C and then calcu-To estimate temperature for their 10 samplesplidus results as seen here, and the thermo-
lated their pressures using the isothermal caligue and Brandon (1996) used the hornblendeseter calibrated by Holland and Blundy (1994)
bration of Schmidt (1992). Hence, pressure eplagioclase thermometer calibrations of Hollangielded results comparable to those derived
timates for these 10 samples were not correcteshd Blundy (1994). Unfortunately, they havefrom other thermometers. Thus, there is some
for temperature and the remaining 36 of theialso incorrectly applied these calibrations byndication that these low temperatures for the
pressure estimates lack any form of temperatutesing a 13-cation method of hornblende normaMount Stuart batholith are indicative of exten-
control. Thus, all of their pressure (and thereization. Cosca et al. (1991) documented that ttgdve retrogressive event. Ague and Brandon
fore depth) estimates are not reliable. 13-cation method yields reliable estimates ofL996) recognized the occurrence of intragrain
The notion that granitic or tonalitic magmas=e**, Fe?*, and site occupancies. However, Holsubsolidus amphibole compositions and at-
have an isothermal solidus is unreasonable, pdand and Blundy (1994) have used in their caltempted to avoid using such data. Unfortu-
ticularly at pressures less than 4 kbar. Ague afmations a normalization scheme that can yieldately, they did not recognize the full extent of
Brandon’s uncorrected pressures range from Ov@ry different estimates of these parameters. Bstibsolidus reequilibration within the batholith.
to 4.8 kbar. At these pressures, the watecause it is imbedded in their calibrations, it is the
saturated tonalite solidus ranges, with decreasermalization scheme that must be used. UsitgMPHIBOLE COMPOSITIONAL
ing pressure, from 660 to 780 °C (Wyllie, 1988)a different amphibole normalization scheme caWARIATIONS
a temperature range that will have a significariead to serious miscalculation of temperatures
effect on the aluminum content in hornblendsvith this thermometer (Anderson, 1996). Ague and Brandon (1996) further concluded
| have recalculated temperature and pressutfeat compositional variations for amphiboles
- for the 10 samples for which Ague and Brandowithin the Mount Stuart batholith were consis-
*e-mail: anderson@usc.edu provided plagioclase and amphibole data. Réent with the pressure-sensitive Tschermak

The article discussed appeared in th&eological Society of America Bulletjiv. 108, p. 471-488.
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Figure 1. Estimdes of pressue and tempeagtur e for the Mount Stuart batholith using the
data of Ague and Brandon (1996). Intuded are (1) their original determinations, which used
a 13-cdion normalization for amphibole and the Semidt (1992) calibration of the Al-in-hor n-
blende bamometer, and (2) recalculaed estimaes using the Holland and Blung (1994) nor
malization scheme and theAnderson and Smith (1995) eformulation of the same baometer.

don,1996) or els&here in the btholith (Pater-
son et al.1994;Anderson and Smith1995),
coincide with subsolidus temptures. Al-
though Bandon and\gue (1996) ajued tha
they had confmed their igneous pssues with
two metamaphic pessue estimées talen fom
the contact awole they did not obtainigorous
confirmation for obseved lov pressues.

Temperatur es ae based on tw calibrations of the homblende-plagioclase themometer of

Holland and Blundy (1994).

exchang, but they ignored indings ty Ander
son and Smith (1995) thadenite gchang is
also impotant in amphiboles in this taolith.
The edenite xchang is considexd to be
largely tempesture sensitre and this xchang
forms the basis of one of thedvihomblende-
plagioclase themometer -calibations of
Holland and Blung (1994). At low (sub
solidus) tempetures, the edenite xchange
causes aginally magmaic homblendes to lose
bothAlY andAlvi and become actinoliti®res
sures calculted from sud retrograded amphi
boles will be eroneousy low; hencethe lav
pressues thg have detemined br the souther
end of the binolith (0.8-1.5 kbar) @ not eal.
Thus it Dllows thd the shallev depths calcu
lated for the souther half of the btholith and
their estimge of tilt ae also not &lid.

VARIATIONS IN APPARENT PRESSURE

Tha the Mount Studrbaholith exhibits sys
temdic varations in gpaentAl-in-hornblende
pressue is not discounted\gue and Bandon
(1996) obsered a nothwest to southeast de
cline in gopaent pessue. Paterson et al. (1994)
andAnderson and Smith (1995) also obseul
systeméic vairiations. Their expanded dia set
shaved an apaent domal piem of obseved

PROPAGATION OF ERROR
THROUGH THE Al-IN-HORNBLENDE
BAROMETER
baholith. Hovever, Paterson et al. (1994) and
Anderson and Smith (1995) cdnded thathe
pressue pdtem was not eal and lagely an The idea of using igneous banety to assess
artifact of tempeature contol. They questioned batholithic tilt remains posslb, but is extremely
the eliability of obsewred lov pressues P <2  problemdic. At its curent stée of deelopment,
kbar), because tasix of nine localities in the theAl-in-hornblende baometer emains unso
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Figure 2. Estimdes of pressue (Anderson and Smith,1995) and tempeatur e (Holland and

appaent pessues with laver gopaent pes  Blundy, 1994) br the Mount Stuart batholith using the daa of Paterson et al. (1994) anén-
sures were found along the paneter of the derson and Smith (1995).
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phisticaed (see discussion Andeison,1996).
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preseved within the btolith. Ague and Ban

The complete bametic reaction has not been don (1996) did notigorously study the efect of

calibrated anduntil revised ty Anderson and
Smith (1995)Jadked igorous tempeature con

trol. The baometer has sbtng tempeature

dependence a fundamental tiribute of all
baometes. Hencepressues deived from a
bamometer without concerfor tempeature ae

fundamentall suspect.Ague and Bandon
(1996) ignoed the infuence of tempeture and
have deived an estima of tilt based on pssue

differences of onl 1.5 kbar The Al-in-horn-

blende baometer laks this sensttity, paticu-

lay when used beln its range of calibetion (P

< 2.5 kbar)as done in this stydHadAgue and
Brandon (1996) fujl propagated eror through
their calculéions,they would have also obserd

tha their estimége of tilt was questiortae on this
basis aloneAnderson and Smith (1995) shed

tha uncetainties in its gpelimental calibation

coupled witht50 °C uncetainty in tempesture

and 1% anaftical uncetainty contibute to an
overall uncetainty of+1.5 kbar

CONCLUSION

There ae insuficient gounds in théAgue
and Bandon (1996) da set to suppottheir
condusion, based on bametic daa, tha the
baholith is tilted Appaent pessue \aiations
are not eal hut rather iesult fom variable mag-
mdic to post-emplacement theal conditions

Reply

tempeesture on their pessue deteminaions. If
they had ealuaed tempeature, they would have
found thaover half of their d& set yieldeddise
pressues because thecame fom retrograded
samplesThe rtrogression of igneous hor
blende is on aector tavard actinolite a low-Al
end member thacaries no pessue informa
tion. Ignoing this,Ague and Bandon (1996)
have deived contusions fom a d#abase tha
not onl ranges flom mamaic to subsolidus,
but also one thas nonsynbronous.
Barometic reactions a invariably depen
dent on other intenge paametes, paticulaly
tempeegture. To calculde pressue without
knowledge of the effiects of tempeture and
otherariables is an impe#ct eercise tha pre-
dictebly can lead todlse intepretaions.
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INTRODUCTION

We (Ague and Bandon,1996) used the
aluminum-in-honblende (AH) baometer to
estimde the egional tilt of the Mount Stuar
baholith, Washingtonand to corect peviously
puhished paleomgnetic daa for tilting effects.
As we see itAnderson (1997) aised tvo main
issues in his discussion of ourpes: (1) cond
tions of equilibation for the AH barometer
mineral assemlage and (2) popagation of er
rors for estimées of egional tilt. These issues

*e-mail: ague @milnegeolagy.yale edu
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remain contoversial, in pat because theay-
eming reaction(s) ér theAH barometer ae in-

Department of Geolgy and Geopissics,Yale University, P.O. Bax 208109New Haven,
Connecticut 06520-8109

homblende and equilitation pressue (P) for
granitic rocks of gpropriate hulk composition.

completey undestood and also because of &ll calibration studies of the bameter hae

misundestanding perhas widespead of our
stdistical methodsWe went to consideble

suggested thain order for the baometer to be
most efective, homblende should coést with

lengths to adress all of these issues in ourquatz, K-feldspay biotite, plagioclase sphene

paper, but welcome the opptuinity hee to dar-
ify our condusions.

ALUMINUM-IN-HORNBLENDE
BAROMETRY—KEY FACTS

TheAH barometer is based on the enigadly
and epeiimentally obseved positve corelaion
between the total alumimrm (AI™) content of

and Fe-Ti oxides. TheAlT-P relations for all em
pirical and &pelimentalAH barometer calibe-
tions ae illustrated in Rgure 1.This figure
shows tha the stong positve corelaion be
tweenAlT andP is beyond question. Maover,
the maxinum total diference inP between all
of the calibations is ony about 1.5 kbarNone
of Andersons aguments ngete these impaant
facts—thee is a siong and wll-defned core-
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lation betweenAlT andP.

As emphasied by mary workers (eg., Spear
1981; Hammastrom and Zen1986; Samidt,
1992;Anderson and Smith1995),it is also tue
tha theAlT of homblende is a function of equi
libration tempeature (T). For example at a
given pessue and lilk compositiona hon-
blende thaequilibrates & a high tempeature
will be eniched inAlT relaive to a laver tem
perature honblende The highAlT of the higher
tempeeture honblende esults fom tempes-
ture-sensitre substitutions sicas the edenite
substitutionWe gpreciae the impact of vari-
aions onP estimdes (cf Anderson and Smith,
1995),but point out thaithe calibation cuves
of Figure 1 incoporate lage T effects et still
agree to within &out 1.5 kbar of edcother

CONDITIONS OF EQUILIBRA TION

The P-T estimdes of Ague and Bandon
(1996) sugest tha theAH barometer mineal
assemlage equilibeted under subsolidus condi
tions thioughout nuch of the Mount Stuar
baholith. Anderison asseéed thatheAH barom-
eter nust equilibete in the pesence of melgnd
therefore questions ouP estimaes.The solidus
tempestures of lav-pressue (~1-2 kbar) ng
mas ae signifcantly higher than the tempeer
tures of mosfAH bamometer calibations (sub
as the calitation of Sdhmidt, 1992,used ly
Ague and Bandon,1992).Therefore, if the AH
bamometer assentdme equilibetes & the solidus
in a lov-pressue systemone would expect tha
theAlT of the honblendes wuld be aificially
high and poduce spuously high pessue esti
maes. Nonethelesspary studies hee found
that demonstably low-pressue intrusions tha
contain théAH barometer assentédme yield ea
sondle pressue estim#es. r example the
original AH barometer calibation of Ham
maistrom and Zen (1986) contained rygolu-
tons tha intruded & pressues in the 1 kbar
range. Ague and Bimhall (1988) bund tha
shallov-level plutons thaintruded their wn
volcanic cwer in the Ritter Rargof the Siela
Nevada btholith gave reasonble pressue esti
makes on the ater of 1-2 kbarTheAH barom-
eter also mvides easonble pressue estimges
for theYerington baholith (daa of Dilles,1987),
which crystallized in the 1-2 kbaange.

How can this apaent discepangy be -
solved?We ague thathe pessue-sensitre Al
substitutions a piobably contolled by solid-
solid reactions rach like other eactions used
for baometry. One possibility is theeaction
proposed i Hollister et al. (1987):

2 quatz + 2 anathite + biotite =
tschemakite + othodase
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Ague (1997) discusses theaction temolite +
phlogopite + 2 andhite + 2 albite = 2 pgasite +
6 quatz + K-feldspar

Ther is no a pori reason Wlay the composi
tions of phases in these types @dictions mst
equilibrate & the water-saurated solidus of a
magma in the pesence of melt. Li&k most
reactionsdiffusion-contolled compositional
modification may take place wer a ange of
tempeetures dovn to some nomindblocking”
tempeeture. In reality, the fnal tempeature of
equilibration depends on seeral key factos, in-
cluding the coristing mineal assemlage,
grain siz, and cooling ate. Thus,in order to
estimae pressues efectively, it becomes dti-
cal to use samples theontain theAH buffer
assemlage and thaequilibrated near the tem
peratures of baometer calibation. The esults
for samples tharepresent the entér range of
K-feldspar—beang intrusions thoughout the
batholith presented in igure 9 ofAgue and

Brandon (1996) she tha our sample suite

probably equilibrated @ average tempeatures
of aound 650°C. Anderson (1997) ajued tha
these tempeture estimées should bee-
calculaed using a dferent stuctural formula
nomalizaion sdeme but his esults (his .
1) do not difer signifcantly from ous. Our
samples seem to v equilibated d tempee-
tures near those of tidH barometer calibation
of Schmidt (1992) We condude tha the hon-
blendes #ained their compositions underT
conditions just belo the solidus.

Anderson assé¢ed thatheAH barometer has
not been calitated in lav-pressue systemshut
this is untue The empircal calibmation of
Hammastrom and Zen (1986) iheded maw
~1 kbar intusions.Their calibetion is virtually
identical to the gpeiimental one of Semidt
(1992).The gyreement beteen the tw calibe-
tions is stong &idence thaHammastrom and
Zen’s daa were not contaminzd by high-
tempesture Al substitutionsand tha the AH
bammeter can be used successful low-
pressue settings. Indct,the success of theH
barometer under these conditiorgpaas to us
to be an impdant dtribute, not a faw.

Anderson agued thathe lov pressues ob
tained ly Ague and Bandon (1996)dr the
southen pat of the b#holith ae an atifact of
edenite gchang under etrograde conditions.
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Figure 1. Empirical and experimental cal
ibr ations for the aluminum-in-hornblende
barometer HZ86—Hammarstrom and Zen
(1986); H87—Hollister et al. (1987); JR89—
Johnson and Rutherbrd (1989); TE—
Thomas and Enst (1990); S92—Slemidt
(1992). AlT—total aluminum content of
hornblende (aoms per 23 xygens); P—
pressue.

avoid samples theshaved &idence of ery low
tempesture retrograde altegtion and tloritiza-
tion (Ague and Bxndon,1996,Fig. 5).

It is ciitical to emphasiz thd our dda set is
vely different fom Andeisons. Unlike our sam
ple suitethe hulk of Anderson’s dda set is made
up of elaively maic tonalites and quer diotites
tha lack K-feldspar and sphenghus,although
Anderson fiiled to mention it,most of his
samplesdll outside the lk compositionalange
for which theAH barometer vas calibated As a
consequencét is difficult for us to intgpret the
P-Tresults pesented in hisi§ure 2.The samples
yielding hypersolidus tempetures mg retain a
high-tempeature signaure because difisive
equilibration in assemlages la&ing phases li&
K-feldspar mg stop @a diferent time (and tem
perture) than théH assemlage.

PROPAGATION OF ERROR

As discussed in gi¢h by Ague and Bandon
(1996),systeméc errors inP estimdes acoss a
baholith will produce systemi errors in tilt
reconstuctions.Anderson’'s agumentshow-
ever, seem to bedctused onandomyather than
systeméc, erors. In an efort to resole ary
lingering misundestandingswe restae moe
simply the basic stistical rrasoning hex

This agument cannot be sustained because in Anderson asséed tha because theaviability

creases in thal content of honblende in our
data set ae contolled by pressue-sensitie
Tschemak-type substitutions (Ague andaBr
don, 1996,Fig. 8). TheAl systemaics of our

of an indvidual pessue detemination is ~1.5
kbar, we cannot esole regional tilts. An ab-
solutely essential point thave made in our
paper and themust be epeaed hee is tha the

homblendes ag identical to those obtaineg b varability of an indvidual degpth detemination

Schmidt (1992) in his xpetimental calibation
of theAH barometer (seeif. 8 inAgue and
Brandon,1996). Moeover, we were caeful to

cannot be tadén as an indi¢ar of the pecision
of the averall tilt estimae. Our estimee of aver-
age tilt is much moe pecise because it is based

Geolaical Society oAmerica Bulletin,September1997



on all of the dpth deteminations acoss the full
area of the benolith (seeTaylor, 1982).A sim-
ple ekample of the basic pciples irvolved in
our agument is the coidence inteval for the
univariant mean. Consider gpothetical Gauss
ian dda set containing 50 tpoints N = 50)
with a mean of 1 and a sample stadddavia-

DISCUSSIONAND REPLY

tion, namey, detemining regional gadients in
equilibration P across tilted btholiths.

DISCUSSION
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Independent gologic evidence is consistent ReFERENCES CITED

with our estimge of regional tilt. For example

tion (o) of 1. The \ariation among these single five adlitional plessue estimées br the contact

obsevations is commory represented Y +2 o
(=2 for our ékample);+2 o contains ~95% of the
distribution aound the mearThe distibution
can also be used to estitaghe mean. ¢t a
Gaussian disitoution, the peecision of the esti
maed mean isigen by the standat eror (or
more formally by the standat deviation of the
means); the standheror, oy, is defned Ly
Oge = o/VN. The \ariation of estiméed means
has a ~95% comfence inteval estiméed+2o,
which for our ekample is 0.28Thus the 95%
confidence inteval for the mean is tout
2.0/0.28 = 7.1 times smaller than the 958fbav
tion expected ér a single deteninaion (N = 1).
The stdistical rrasoningdr a ft to a planar tilt
surface is similarbut is slighty more compli
caed because it violves the sp#al distiibution
of samples as @ll asN. The citical fegures of
the bootstmp-based stéstical methods usedyb
Ague and Bandon (1996) ar tha (1) no
assumptionstzout Gaussian dishutions ae
required and (2) andom wariations in tempex
ture and otherdctos discussedyAnderson ae
included automtcally in the anajlsis ty means
of bootstep resampling pocedues (cf Efron
andTibshirani, 1993).

Anderson’s stong citicism of our overall
uncetainty estimges br AH pressue detemi-
naions is unbunded Our estimee for the Ela
tive precision of a singl&H barometer pessue
deteminaion (£95% conidence) is bout+1
kbar (dbout+3.2 km in deth; Ague and Ban
don,1996,p. 481) Andeison calculted an wer-
all uncetainty thd is a little lager—aout+1.5
kbar It is impotant to point out thiaalthough
Anderson daracteized theAH barometer as
being“unsophisticéed” overall uncetainties of
+1-1.5 kbar (6r a single pgssue detemina
tion) ale compaable to those obtaineaf other
acceted baometes. It is dear tha uncetainties
associged withAH baromety P estimades e-
main incompletsl undestood andas a esult,
no one including Andeison,is in a position to
make sveeing, unequvocal stéements bhout
the success oailure of AH barometry. On the
basis of gailable evidence we maintain thethe
bamometer is sufciently precise ér our gplica
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in Ague and Bandon,1996) also suppbiour
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consistent with thergwth of andalusite in the
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