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GBOCHRONOLOGY AND Pm"llOGBNBSIS OF ADntONDACK IGNBOUS 
AND MBTAMORPBIC llOCD 

James M. Mcl..elland. Department of Geol~. Colpte University. Hamilton. NY 13346 

IN'l'llODUCDON AND GBOCHllONOLOOY 

The Adirondacks form a southwestern a.tension of the Gtmville Province (fipre 1) and are 
physiographically divided into the Adirondack Hiplands (panulite facies) and Lowlands (amphibolite faciea) by 
a broad mne of hip strain referred to as the Cartbqe-O>lton Myloaite Zone (fip. 2.3) which is oontinuous 
with the Chiboupmau-Gatineau line. or Labelle shear zone. in Canada (AB on fipre 1). Together these two 
mnes separate the Gtmville Province into two mgor blocks with the Central Granulite Terrane (CGT) lying 
east of AB and the Central Metasedimentary Belt (CMB) and Central Gneiss Belt (COB) lyinJ to the west. 
Within the southwestem portion of the Gtmville Province further subdivisions exist and are shown in fi,ure 3. 

Pipre 1. Generalil.ed ffllP of anoftboutic massifs within the Gtmville Province and adjacent Labrador. The 
dashed line. AB, scpara1a lernlleS with morthosite massifs on the east from ones lackinJ them on the west 
and corresponds to die C'arttaap-C'olton-Oatineau-Chiboup.mau Line. 1~ Mt. and Oreaon domes (ca. 
1130 Ma); 2-Marcy m&.'-Mf ca I US Ma); 3-Moria anorthosite and Lac Croche complex (1160±7 Ma); 4-
St. Urbain anorthosatc ta 1010 Ma). S-Lac St. Jean COD1plex (1148±4 Ma)~ 6--Sept Isles (1646±2 Ma); 7-
8-Havre St. Pierre compn c 1126 :t 7 Ma) includin& the Pentecote (1365 ± 7 Ma) anorthosite; 9--Sbabapmo 
intrusives; 10-Mealy Mt, anotlltolldtc (1646±2 Ma); 11-12-ffarp Lake anorthosite (ca. 1450 Ma); 13-
Plowers River comrle1 t.;a l:tJO Ma): 14-Nain complex (1295 Ma) includin& Kialapait intrusive (1305±5 
Ma). From McldlanJ • l'<IIQJ 

As demonstrated by n,cc:nt t -Pti D"-t1ft and Sm-Nd pocbronoloff summariz.ed (table 1) by McLelland and 
Chiaren211i (1990) and M ... LcUand d al (1993), the Adirom:fact-CMB sector of the Gtmville Province contains 
Iar,e volumes of metai~ fl1'.b dial represent recent (i.e., ca. 1400-1200 Ma) additions of juvenile 
continental crust. Tbesc ~•-. rf1J11tt •> mdicate that the Adirom:fact-CMB region experienced wide-spread 
calcalk.aline ma,matism ca I ll'lJ.1 :20 Ma. Associated mp atade metamorphism bas been fixed at 1226± 10 
Ma by Aleinikoff (pers. comm , •ho dated dust air abraded from metamorphic rims on 1300 Ma zircons. 
Identical rocks, with identl\:.tl ap. han been described from the Green Mts. of Vermont by Ratcliffe et al. 
(1991). in northern Ireland ti, Mfflu,e and Daly (1991), in the Llano uplift of Texas (Walker, 1993) and in the 
Texas-Mexico belt of Orem·dk ru,.:b by Patchett and Ruiz (1990). It appears. therefore, that a major 
collisional•magmatic belt W8!i operative alona the present southern flank of the Grenville Province duriaa the 
interval 1300-1220 Ma and may have been related to the assembly of a supercontinent. More locally, tills 
ma,matism and associated metamorphism. represents the Elmvirian Orogeny of the Grenville Orogenic Cycle. 
as defined by Moore and Thompson (1980). Within the Adirondacks, Elzevirian rocks are represented by 1300-
1220 Ma tonalites and alaskites whose distribution is shown in fi,ure 5. The apparent absence of this suite from 
the central Highlands is believed to be the combined result of later DVlpV!tic intrusion and recent domina along 
a NNE axis. Within the Frontenac-Adirondack reJion, the Elzevirian Oro,eny was followed by 40-SO Ma of 
quiescence terminated at 1170-1130 Ma by voluminous anoro,enic (fi,ure 4) ma,matism referred to as the 
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Figln 2. GelHnlized aeok>F map of the Adirondack Hipltnds (H) and Lowlands (L). The CartbapO>ltoa 
Myloaite Zone (CCMZ) is showll with sawteelh incticatinc duections of dip. Nmp1m m te pmpJes listed 
iaTables I apd 2. Map symbols: lm,=Lyon ML Gneiss, hbg=homblmde-biotit granitic peiss. p-oJivine 
ml!llapbbro. max-manpritewithandesine xenocrysts. a=metaoortbosite, m.+qs-mallFritic-syenitic~
symitic piss. ms-metasedimeots, bqpa=biotite-quartz-plasioclaso peiss, hs1=Hyde School Gneiss, 
mt=metat.oMlitic peiss. Locality symbols: A=Arab Mt. anticline, C=Cadhago anorthosite. D=Diana 
complex, O=Qreson dome, S=Saowy Mt. dome, ST=Stark complex, SR-Stillwater lleaem>ir, 
T-Tahawus, To-Tomantown p1utoa. From McI..elland and Chianmelli (1990) and Daly and McLelJand 
(1991). 
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Colton Mylonite Zone. M•Mamy masif. 
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Fi.-, 4. Cbronoloa of magor po1ogical events in the ID1lthwestem Gnnville Province. z•zm:on. t=titanite, 
m=monazite, r-rutile, ar-Ar/Ar. Diagonal ruJina-quiacence. Prom Mcl.ellwt and <lliarmrelli (1991). 
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Pi.-, 5. Cluonological designation of Adimadact units. L-Acliroadack Lowlands, H=Adirondack Higblands, 
CCMZ-Cartbap Colton Mylonite Zone. Prom ChiareazeJli and Mcl.ellwt (1991). 
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anortilos1te-mangente-crutr .. oe\ te grarute (ALO : J 8:.Ae. T:.i.1 rde: ag. 11· 1 chui te:lsti of :'\lf.O 
,;..;.1gi.;;..at m iii fuo 01 .. 111;1 T1. muie ·:1:c di11. f'.10 f:,wi:1D1') ~- di H::hl~ria" "'-'mw"nl: e1;hi.bit age.-. of 
l SO U.O r•a rfig;.:70 !). Tu1 1&~ ·e ~{a! 1 y P'\ort'.osite ma.-:.c:if lfiiure 2) and its associated granitoid envelope 

re ew~lare'1 at ca 1135 Ma (McLelland and Cbiarenz.eili, 1990). Tne.c;e ag~ arc swuLu· to those 1iete,mu..!d 
(Emslie and Hunt, 1~) for the M.orw, Ltc A. iat., ftllJ! s.;, .. «.J 0 1 •• :e, m:c:e L.U~ifs tt111i,f I art •• iii 1th 
Grenville Proviu~ (figure 1). R<J.ks ,,f miLlf • e tel .hi r 1111y r:.e S, •rD 1 Kb1 11117'te) 'la: · b~'."lA 
d ac be \'II! ,m: 1 tb Hids l:gt1l11td f 'I'&• .. b "rid \ifl'W"•'ff. 19Q')). The extu:-me.ly .large dimensions of the 
/.'vii G :li&,_.,.1 · te'D~ e"'ilphli&i?'.e .1ts global-scale nature corresponding, perhaps, lo supercootinent rifting 
with the rifting axis located farther to the east. Valley et al. (1':1:XJJ m,1 McLc.i im,: et. al. (l'..')l'; l.la· , pr(W 1 ,ec. 
evidence that cont&;t, iwd p.mutps alSo tt.giou.d, uW~rpL1 m cc mt Di. I np •Cl "a:i 1 of hol (- i lCJ"• --1, 

h.:,fX.JOidJl! .\liO? 1 m11·,n:111. Nx< !'al. ·Di' ind 1i, DD ice I lite u 1. nca.~ n-11,te--:I &o •ac-'.'1Di1 pl!l'ief from >MCG 
ir .ff 101 o ~' iD r ro: ,m11y , , I "KG ir-tn1 .. :on" {Valle et al JQ90) In the Lowlands and the Canadian 
i~kr of \he Front.e.n.ac Terrane. monazite (table L, no. 28), titanite, and garnet ages (cvfezger er al., 199!) .. 1 
indicate high temperatures ( -t>00-800 CJ at'-'· 1151 Ma. uti.e g~ .m,i R'f Sr b e ..e:. ••~.Inv a as 
doeuu.teUt temr,..,,at. •• 'e!> ror ex~.;eci, ,,g -4.U0 O C• l 11 0 0C· I~ .• 

U wir:1 ,prxiMflt ly 30 Ma of quies('~.ll('.P. (ti,;,ure 4) the Adirondacks, along with the entire Grenville 
Provi~ exnerienced the onset of the Ottawan Orogeny of the Grenville Orogeafc Cycle. Iru ialiy U.e fata-" an 
Orogeny was represented by 1 v%- !' 100 Ma horn ,leu, ,e gl'!l1l..itt ID JO ,10fl.l"wLt 1glim.l.1. l'hl • r th 
~p,ff'.,.;.;. g • .m1ws · ere.. fo:ia, cd ~1y 1,,for m•.OD. bLh 1a{1 111 taJ 111XJ,l:5s!i .• Fd ri·e ••mr,'.ao~1110, oi tro,,Jh'oniitic 
t al ,,!kl: r :c n 81 iet: r .-11 , h , .1cb1. (I. .10: M G1 ei .of \Vhitn y e.r-,d Olaic;ten I 988) in. the northe.m and east em 

dir, DQf"(,,k, T'..e zircon ace.c: of the.11e rocks fall into an interval of 1050-1080 Ma (table 1) which corresponds 
to the peak of granulite fac1es metamorphtsrn when crust, currently at 11 )e ~ ... rfaa, ·,as at -2;:; kw. 
Accordingly, tt1eai..sk.1ic ,ot.vfflJl;je~ti. roc..ks 1.re.LJt,.pr.1,!d a ,11101.nic o 11te m:1 1111 11,1ruive T!HJ 

>ft ibll •W1•i t . e,,. ice:nelli of mi lt 1.di. 10 fa\alii. ,,ilm. (,,. I )5: M:1) a W 1mM'f"QII "\lid Anc;a.ble 
•rk!! (f ~! 2~ 

TIME ~Ga) 

,/TONALITE 

• -'i:.EuCOGPANITE 

1.4 
) 

t5 1.6 

Fii · 11e J,. Ep '.Jo, N i di grl'Bi for· 1rt1,, veis~.s of the Adi.rondack Highlands (A) and Lowlands (B). Symbols 
fix"'ii by zircon ages. 

S: !! ·N a1.ly is fr )al. m V 11. ;i.,, :,, 99 ) d mi ,st ·••£er t.h: 1t th Ol"'pla!"tm1.ent l.\84'"' of the i;a !JO() Ma 
oci lif . rr-:.k of the Hi, h.l..ai>ds corri•-spnnd closeJy to their neodymium model ages (table ! and figure 6} 
indicating that these represent juvenile crustaT additions. As seen in figure 6, eNd evolur.1on cu1 .es or At.O 
and younger granite suite:. p..,,-s witfan 101 of . ,e , on iti ro .. ks ~ u • tb1 t' t I al 1 ·•• 08 tb w · ,b 
ov al gn .. dt I ds, .;ececl :is ,u . e ck fo 111 ee tin n 1 , p, 111i pul III R lDf kal, 1.y, 10 , of thr"o i ~ 
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suites pea evidence for any pie-1600 Ma Cl'lllt in the Adirondack ft11KJ11 and the mtile tenaiD appears to have 
come into existence in the Middle to Late Proteromic. Sipi&amtly, Sm--Nd mlysis for the ca. 123()..1300 Ma 
tonalitic to alastitic Hyde School Gneiss at the Lowlands (table 1, fipre 6) claaM181es that it bas model 
neodymium .-wl 8Nd values similar to Highland tomJites (Mculland fl( al., 1993). Tbeae ftllUlts are 
interpreted to ieflect the campity of the RipJancls and LowJaads at ca. 1300 Ma. Given this. the Carthap
Coltoa Mylonite b>ne is interpreted u a west-dippina extmsioaa1 aonna1 fault that formed du.rins the 0ttawan 
Ompny in n,aponse to crustal tb.ickeaing by tluust staclcing (McLellwl et al., 1993). But clippull mmsiona1 
faults of rhis sort and ap have been described by van der Pluijm and Car1soa (1989) in the Ceatral 
Metasedimentuy BelL Motion of rhis sort aloag the Cartbap,Coltoa M,1loaite b>ne would help to explain the 
juxtaposition of amphibolite and lf&DUlite facies asaemhlaps rm the w. A downwanl displrmt of 3-4 
km would satisfactorily explain the som,wbat lower ..... of the Lowlands terraa. 

PlmlOLOGIC <HAllACTBRJS'l1 OP 111B PIUNaPAL 11.0CK. 
TYPBS IN 111B ADlllONDACD 

1be following dilCUlli.on is divided into ipeous and meta-ctimenbny aectioas. Whole rock mlyw for 
panitoida are pven in table 2 while those for anorthoaitic and pbbmic: rock appear in tables 3 ad 4. 

lpenus&xb 

Tflllalitm ..a nuted jiaaitoids Typical whole rock chemistries for these rocks are shown in fiprea 7.IJ. 
Fipre 8 shows ~ normative anortbite (An)-albite (A.b)-orthocluo (Or) data for these rocks and compares them 
to similar rocks in the Lowlands. AFM plots are pven in fipn, 8 and calc-albli index versus silica plots in 
fi,we 9; both fiaw- illustrate the sllonpy calea1bline nature of the Highland tonalite to panitoid suite. 11le 
toaalitic rocks, which will be visited at Stop 1, outcrop in IIMR1 belts witbia the IOUfhem and eutem 
Adirondaeb. la the field they ca be distinpialaecl from. othmwiae similar, chamockitic rocks by the white 
attention of their we ntheffll surfaces and the bluish py OD fnllh surfaces. A distiacti:ve chuacteristic is the 
almost ubiquitous pn=aence of discontinuoua ma&c sheets. lheao have hem interpreted u &mpted mafic dikes 
eoeval with empJrmt of the tonalites. Alsociated with the tonalitic rocks are ,ranodioritic to panitic rocks 
con.faining variable CODCeDtlationa of orthopyroxene. 

AMCXJ Suite. Within the A.dil'oadack lli;tlaads WCG rocks me widely developed w1 abundantly 
rep1neated in the Marcy mauif u well u the <>rep and Snowy ML Domes. 11le chemistry of ,raaitoid 
(nrmpritic to cbamockitic) facies of these rocks is pven in Table 2 wl fiprea 9 and 10, both for the older u 
well a the younpr anoropnic plutonic rocks. Al shown in fipn, 9, the A.MCG rocks have cablkali4lica 
trends that are distiDcdy differmt than those shown by the tona1itic suites. McLolland ad Whitney (1991) have 
shown dlat the A.MCG rocks exhibit mompaic pochemical cbanicteriatica and COD.ltitute bimodal DJlllD!RM 
complexes in wbida anorthositic to pbbroic cores are coeval wi1b. but not related via fnctional crystallization 
to, the nrmpritic<hamock:itic envelopes of the AMCG muai& (i.e., Marcy muaif, fipre 2). Bimodality is 
beat demonstmted by the diver,ent differentiation trends (fipn, 11) of the panitoid momben OD the one band 
llld the morthositic-pbbroic rocks OD the other (Buddingtoa, 1m). Biler llld Valley (pen. comm.)~ dlat 
I 18<> values for A.MCG panitoida me magmatic in oripn llld demomtn.te dlat these rocks are Rlated by 
fnctioaal crystallization and were ~ under vapoNbsent conditioaa. Anorthositic mmnbers of the 
AMCG suite have distinctly different I 180 values. The extreme low-Si02, hip-iron end mmnbers of the 
morthosite,.pbbro family will be wn at Stop 10 llld are believed to represent late liquids developed by 
plaaioclase factionatiOD under conditioaa of low oxygen fupcites (i.e., dry, Penner-type treads). Associated 
with these are hup mapetite-ilmenite deposits which will be visited at Sanford Lake. 

YCJIIIIIIIII' llomhhtde a-tic Jtocb. The distribution of these rocks is shown in fi,we Sa, ad their apa 
are pvm in table 1. An example of those rocks will be visited at Stop 14. ID the field these rocks COD.list of 
medium pained, pink, streaky panitic rocks contaioina hombleade md minor biotite. They are difficult to 
diatinpiah from the panitic facies of the AMCG suite. Al pointed out by Chiarenrdli llld McLollllld (1991), 
their restriction to the northwestem Hiplaads is intriguing but not yet understood. 
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PiJ&n 7. Plots of aormmve albite (Ab)-lllOltbite (Aaro,daoclw (Or) for (a) Hyde School Gneiss. (b) lfishJands 

A: 

B: 

C: 

tonalites, wt (c) TOIIIIDlOWll plut.oa. Open triaq1es pve avenp values for toDalitic aamples. Definition 
of fields cluo to Barker (1979). 

Anoropic Complexes 
a) IC1okba Complex 
b) Anoropic panitoids, Labrador 
c) hypenolws aaoropnic granitoids 

Colorado, Ni,oria. Scandinavia 
d) PukleaComplex 
AMCGSuite 
Filled ciJdes • panitoids 
Filled triaq1es - jotunites 
Tomlites 
Pilled ciJdes - tonalite 
Stan - pbbms 
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• 

Pi,ure 8. AFM variation dia,,_. for A) wxogeaic complow. B) AMCG suite, C) Highl.ands tonalites wt 
associated pbbro (see Mc:Lclland 1991 for aoumes). 
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PiJ&n 9. Ca1caJbli ratio va. weight pen:eat for AMCG panitoids (triangles), tonalites (closed cirdes) and 
Tomantown pluton gnmitoids (open cirele&J. 
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TABLE2 

IWlLX g.ALOAliJALDfl BOOKS gmn41ggoamug PLUTOmg llOOKS 
AM-87-13 1tlE CL-I AM-11-17 AM-18-1 Al)ll.1 MH8-f AM-11-15 AeaS-2 

ll02 11.00 ••• T4.81 ... Tl.II n.n 19.H r/1.4.T '11.1T 
Ti02 • 'II 1.18 .lfl .II .. M .. .'II .lO 
Alp3 11.10 H.tT 14.D 1UO 1,.a 11.14 11.TI 11.U U.81 
r.o ad ad ad J.18 1.JT II J.U I.M 1.11 
Fez03 ·- 8.79 LU 1.1 Jl8 .11 1.a 1.19 1.07' 
MnO .10 .GI M .m - .01 .oc .10 .m 
M,o •• 1.11 .u .14 .a .lO .41 .11 .19 
OaO J.71 J.11 LR J.S 111 .. J.JI J.IT .II 
MazO ,.10 J.IO I.II 1.08 1.91 1.n I.OT 1.,1 J.99 
¥ 1.11 4.IJ , .. 4.11 I.ti ,.a 4.91 1.11 ••• 
Pz05 .10 . .11 .10 .J4 .. .01 .JS .19 .oc 
LOI .Al ..B -- _. .zL ..It ..Jl _a ..It 
E NII 100.118 99.G .... 99.81 99.11 100.19 99.91 .... 
= 1JIO no 110 - 880 1100 ,. 810 442 

100 9'1 170 180 JOO - 11 1JI no 
Sr (ppm) JIii no JIii - 1IO JI 211 Jll -y (ppm) TO '10 rt • 110 n1 to n .,., 
Nb (ppm) JO 19 17 18 18 11 19 Jl 11 
Zr (ppm) 790 Ml lto J70 870 111 UI 141 2M 

xom1ga AIISl&12SIIIB'2 PLUTOlUg R.OCKS 
AC-atMI AeaS-10 AM-18-7 WPG SU:: AM-V-1 AM-11&8 AM-87-10 

ll02 8J.ll 14.M 18.IO ... I.IN 11.GI 8.M 8J.H 

~3 

... 1.u .II .11 1.14 .'18 l.st .se 
11.40 1411 J.U 1I.IO 11.J'I 11.11 11.91 lJ.11 

r.o IJl8 l.JI J.11 1.1 I.JI 4.fO 8.11 1.U 
r-,o3 1.49 J.IO .o 1.M 1.'l'l J.10 1.0J 1.7 
Mn() .. .J4 .01 - .19 - .14 .01 
M,o 1.GI •• UT .IJ ·" 1.M 1.70 .II 
OaO I.J'I I.IJ 8.11 J.OS I.ff 1.81 4.11 I.II 

:;c 4.11 1.41 ·- IJIJ SM I.Al s.u 8.05 
1.11 I.II I.II 1.41 1.70 4.7'8 I.II 1.18 

P2')5 .18 •• .u .ll .Sl .a •• .09 
LOI ..d1 ..17. ... .Al ..Al ..a ..a ... 
E 99.tl 99.41 99.IO 99.81 100.48 11.81 100.18 99.K 

Ba{ppm) IIO - ad UTt m ad 1100 ad 
Rb (ppm) 181 " ad 1M tl'I ad .. n 
Sr (ppm) Ill .., ad 18' 211 ad 410 180 
y (ppm) to u ad " 111 ad 110 81 
Nb(ppm) Jl H ad H • ad JI 79 
Zr (ppm) .. 411 ad - 147' ad uoo -I2m!IIB gRAMITlg &OOKS L6'Di LBUOOGRAMITIC BOOKS 

AM-18-3 AM-11&8 NO-Fo1 AM-11-13 AM-87-6 GHA AM-11-11 AM-87•7 AM-16-4 AM-el-10 AM-18-14 
Sl02 ta.a -- TL'II 78.18 19.00 '11.J ••• 17.IO 7.01 89.111 'II.st 
Ti02 .. .u .41 .18 us - •• .a .. .17 .18 
AlzO3 14.rt 14.17 11.49 11.M 11.U 11.1 11.lfl 11.TI u.a 11.DI U.ISI 
r.o 1.01 1.11 I.st 1.11 4.M .14 1.11 u 4.JS I.IO 1.8 
rep3 .. 1.18 1.U .81 1.18 J.1 1.11 J.I 1.1 1.a 4.11 
MnO .oa J1I .OI .01 - - • H •• •• .01 .GI 
M,o •• .41 .ll .01 .ff/ .a .. . .. .01 .1'1 .J9 
OaO 1.91 1.11 1.41 .41 .'II 1.U 1.JI J.11 M - 1.07' :;c a.n 1.11 J.91 I.U J.79 4.18 a.ta l.'11 1.U 1JJ8 I.ISi 

1.17 1.81 1.79 I.JI 8.IO 4.01 ,.11 ,.11 8.M 9.84 .IJ 
PzOs .11 .u J1I .u .17 .., M .11 .1'1 .1J .70 
LOI _. _a ..A. ..a ...a _a ...n .ill ...a ..d1 _,a 
E 99.18 100.41 100.00 99.IO 99.IO 100.S 99.17 99.91 100.IO 99.18 100.4'1 

Ba(ppmJ Nl '111 - ad 1014 11'9 lto ad NO no .. 
Bb(ppm) 111 HI 1U 111 114 17'1 190 ad 111 - 18 
Sr (ppm) - uo 111 m 181 211 JO ad fl 80 a 
y (ppm) • 8J 'II 117 II - 1JO ad .. 71 117 
Nbo,pm) JO JO fi n 17 19 so ad 11 JI ff 
Zr (ppm) 1M kJ IIJ - IOT - USO ad 414 800 .,. 
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T':in:rw:. ir~ieft~ r~•!y feld"r'&'" t'Uls) in the an:a suggest that the dominant displacement in the region 
involved motion in which the east side movoo up and to the Wc.i,t (.i.JlcL,Da..J, :94}. mu:J Ltm:.:.:• u:Js 
unr,: :es ~in1. JIKH.::JD, bo ev1. di :J>II·•.•·• 11' tll.1 0J1I1":Jlfo. se: ile T • 11.ilO \.11111 "ioc I a.11illd Th,, · u;gc:'"ta 
"·tat 1,•:vo :sr 1ccF,lllll W: hr:e ,~~- ;·:r in l-ioth .ief'llse.i durini formation of the indicators. 

Fi~ 12 shows the well known pattern of paleoisotherms reported. by DOhleo et al. ('1985). 
pa1tiufefutJetaU!f\..; hf. eLM ~;.Tsl.J l:p 1 ; a: la • o ,.,. ·ill:Jpil, ,- NJ IOf, .Jr.., TJ111 ]le. Ti> :1i:!J 
.C Helt :.... al: 1 b: :o · ed at. loc'iiy W'.'f'lOt'~ ~•.;cti "e I!'; ..... \ .t""'ea'bta,es h-ve hieeD employed 

rv alley et al. 1990). The bull's eye pattern of paleoootherms, centered on the Marcy massif, is beheveu to 
reswt from ,ate domiug olt!..., ~f. P,IJO\,.Mt;.Jel ;,;he., a :ccDL:.tl:1 II' .ye :m 1·1p·.tk w J) ·• el f 
; ... . !ba - : - i ::a : / 1lt¥ 1Hd 6 t: ... :a &o: at: DF""ad -ad ,ac~ia 5..6 kbr• in the L'.>Wl'!DQ!' (,B(\hlen et 

al., 1985). The P.T pattern of fi~re 12 is interpreted as reflecting peak metamorpluc conditions, although 
microtexrures suggest fruit sowe i11a't"Ojl'CS.ilffll exi~ ..... en".any. thi;. P, ot: .... dbuDI fLtl Adinld•< •• tbt, 8 

'"~r111Di)l1te :d, .•. ,1111·:c1qib;sm ID5 md(;;IIIJ Illy cc,1.:=-1:11111 acmbl:nd'.'.·cliTT'.lp/::&Mo-al!'Dar-~ 
.: h&l;i:. of the hijD ; ~ w,ge of the i-fBD.ulite facies. These conditions must have been imposed dunng 
the Ottawan Orogeny since they affect rocl,:s as y(}ultg as GSO ,.fa. Tu., iti...Jti1i.;at1..,.i1 ca. 1~D-1i0::.i0 11a 

.L:lllL.Illoc.:lai. m" - . 1y i/1.cl JJa:1,d a· .: ( 11ia 1/UII ii f :'.)SICJ\ ft lh1J 1i111e pt1/t I:/ lian'. :nphi.c c.:""llll'i iO(T': •" 

'"'otr:V~lili wall with ji'r!'l.et •n.d tiLa.'lite U-Ph 8ies of c;a. 1050-1000 Ma in the Hi.di}ands (Mezger et al., 
1992). Rb-Sr whole rock isochron ages of ca. 1100-1000 Ma also reflect O,m..n ~."'fttw.!8 ....xi 1lui;J:. 
J...)ap;te tl)e l 1!h·~flaii.1, ·,1gic1, aJ. '1m1;::te· i)f :e eta. ,. (l'O,!J:llJ fbe n:,.rvr1ig, c1f ).iibl 1 .,J tat'.; st11:mr'.fe 
1m ,iiUF in :111 47 4 Ma -nw(abb (Mel e.Uarid et al. 1987), uid tl\e report of several 1150 Ma U-Pb 
garnet ages (Mezger et al., 1992), reveals that earlier assemblages uom the El7.1;vfruw a.uJ AMCD ~c 
pul~ n_.nag;;id !ll.l riv . kKaU1 1"ti Hi, hyid Iii.I 1J ef I IICi 1 of lCIIJ lli;l'Jt te ripe 1'11 • er I a. u 11 ell 
.18\ iJIOEi II iur1 of ;he tM G re:-~ tJwTT:".iiel • t>ff thol.• :.ht to b- ~11ible for cte1tiug a w•ter-noor 
terrane throughout the Adirondack Highlands prior to the Otta.wan Orogeny which appean; to have proca::ued 
under gbuet'.l:y v.rpor--tt"'°""'ftt ;;;onwtki~ (Valle;· et al., 91.;..:,. 

1"'b.e nreseut depth to the Moho beneath the Adirondack Highlands is ~35 km (Katz, 1955; Hughes and 
Luetgert, 1~2). Since mdaworp1,k pres...m.. of 1-8 be. ..'Oli~Jd -20-.;J 6 cl:.:6 1U:.itial, it 1. 1llo s 
Ill dur1L·•1 c·1":ta'i'11D ,11etk111m,rlw.1.·:1 tll. A.iiro·, lac: nt :Oil 1D11.•1•~ of dr,,11,l. thi:1~:ne-,.::: o, ,~,i'lllllr~ll ,:ru.ot 

~,nd t'w; rortiQQ of the Gl'f'.llville orogeu Jn-1\y have corresponded to a Himalayan-type collisional margin at 1050-
l 0SU Ma. Bohlen et al. (19"85) propo!ied a OOW'tterclo..;l..-w,se P- :.t .,alb for Jte 0Hr. 0 an ;.)ft;g~y. inJ~g u 
,mi.:st i:i.1.iba 1 1c t 1o111.g L,,sto,·;. ti! is or, ct, dlle 1ec • · m,; a;:c c:,mr,\ne11, ot ·•t ,m:. are f 'lll 

1ori •10 f-or1 1130-11$0 Ma 11abbroic "Ila~<: that were pnrided at the bgse of the lithosphere during the AMCG 
magmatism. Upward transfer of this he.at by conduction womd re.<.iuire ~W Ma to ,acr. th., Bffl.i~ ,Et'il..lie 
...ml ,ffllt, L''.JO) ;md wo,ilcl, .JB.1,,:0,, ha.1e l .m rN1t1 .,Jt tli 1 au.:l d1 rill). ID bei;"lll th Q, tWf:; 0· etr y. 

n1,tic ~oc:b-;;o tbe r:a. iOS; M Ly".":ll Mt. Gneiss m•y h!'ve he,!P"'4 to tDni;port this theanal ener-gy. 
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STOP A-1: THE GLEN 
Description modified from Isachsen ( 1965) 

I cal.cit,. , ,}eand :; 1licate , . .;re are 11 -deform. Laving •; oclinalt 
folded and refolded. The refatively competent amphibolite ayers have en stretche i, ai.lenuated, 
and dismembered well beyond the boudinage stage so that they occur as disconnected lenses, 
hc)Oks and c.lots. Such floating fragments have sometimes been picturesquely tagged "tectonic 
"fish I nerals ti I be re ound an ntified · marble I e cal.cl phite, 
diop. i, 1 ::rsterit. titanite -silicat .c. tion za 1 1 be ob · I betwe. 1 marble 
and many of the mafic units. Local pockets of very course calcite occur with obvious twm 
lamellae. 

STO r ; GO[<' 'OUN'. 
Description modified from Kelly and Peterson (1993). 

1 1 Barto ; · res Co · ,n open :ne isl at an e 1.: ,n of ab, t 1. ,00 fee 
onth, hside11 ,,eMou11 1 Forl0i this ; 1.1esite world's,11 
continuously operatmg garnet 11 and the , ry's sec ., dest co 11 ,us ope I g mine 
under one management. The community at the mine site is the highest self-sufficient community 
in New York State. It is 10 miles from North Creek and 5 miles from State Route 28 over a 
Com built ro ,. I . 1t rises Ii 1 :et per his ro,;, I other ; vicini urface 1 

with mine .1 I 1 .s. Ab , ; ven fam1 1 <an liv, , e prope1 1.be cm1 1 11 ty has 11 
own water, power, and fire protection systems. On the property are the onginaf mine bUlfdings 
and the Highwinds Inn, built by Mr. C.R. Barton in 1933 as a family residence. The Inn is now 
privaL 1, lea,1;,ed .from the corporation and QI rates 10 months pc.r year It offe.r.s <1 four-bedroom 
lodg,. 1 ,ur star ; 1 roomi I country :,g and 1 : ; de view , he Siam. ::ildem1 
Area 

The garnet is used in coated abrasives, glass grinding, metal and glass polishing, and even 
to re11 the red from p . . Paint 1 !!facture, garnet I ate no, 1 ·, surfac, 
andt onm'<. · 11seitto 1 .:1etheg: 1 color 11 :1etubes. i 11onsell I een 
10,0!1)1, 12,000 1 ofgam 1,1asive 111lly,Ab•11 i::%ofth, 1,pany's I 1rentsar 
to foreign countries. All current U.S. production of technical grade garnet is limited to the Barton 
mines from where it is shipped world wide for use in coated abrasives and powder applications 
(Aus 1 93a, b 

Gamet has been designated as the official New York State gemstone. Barton produces no 
gem material but collectors arc still able to find gem rough. Stones cut from Gore Mountain rough 
.material generally fall into a one to five carat range. Garnets from this locality arc a dark red color. 
"" iai CUt£h ii ;:~nemes '-i;r'"' 'ocen UC:"'.7-:'-~ .i.U£ I.WIS M~t""r'tti w ..r"~r .. ,.. ailuw ,:,p~f'"ic;;,111, h5h .. ~rt~ 

tone. 

History 
The 1 .O year e histo1 1f he ,Bart net mi his been ,i.led by M 

•6) and aphras · ow. M, ry Hud arton c I Bosto , Engl 1 

I' and w as an 1 1 tice to , , oojew. While ngther ii e 1850 r1:on 
learned of a large supply of garnet located in the Adirondack Mountains. Subsequently, he moved 
to Philadelphia and married the daughter of a sandpaper manufacturer. Combining his knowledge 
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of gem minerals and abrasives, he concluded that gamet would produce better quality sandpaper 
than that currently available. He was able to locate the source of the Adirondack: gamet stones 
displayed at the Boston jewelry store years before. Barton procured samples of this gamet which 
he pulverized and graded. He then produced his first garnet- coated abrasive by hand. The 
sandpaper was tested in several woodworking shops near Philadelphia. It proved to be a superior 
product and Barton soon sold all he could produce. 

H.H. Barton began mining at Gore Mountain in 1878 and in 1887, bought the entire 
mountain from New York State. Early mining operations were entirely manual. The garnet was 
hand cobbed i.e. separated from the waste rock by small picking hammers and chisels. Due to the 
obstacles in moving the ore, the garnet was mined during the summer and stored on the mountain 
until winter. It was then taken by sleds down to the railroad siding at North Creek whence it was 
shipped to the Barton Sandpaper plant in Philadelphia for processing. The "modem" plant at Oore 
Mountain was constructed in 1924. Crushing, milling, and coarse grading was done at the mine 
site. In 1983, the Gore Mountain operation was closed down and mining was relocated to the 
Ruby Mountain site, approximately four miles northeast, where it continues at present 

Mining .and Milling 
The mine at Gore .Mountain is approximately one mile in length in an ENE-WSW 

direction. The ore body varies from 50 to 400 feet and is roughly vertical. Mining was conducted 
in benches of 30 feet using standard drilling and blasting techniques. Oversized material was 
reduced with a two and one-half ton drop ball. The ore was processed through jaw and gyratory 
crushers to liberate the gamet and then concentrated in the mill on Gore Mountain. Gamet 
concentrate was further processed in a separate mill in North River at the base of the mountain. 
Separation of garnet is accomplished by a combination of concentrating methods including heavy 
media, magnetic, flotation, screening, tabling, and air and water separation. Processes are 
interconnected and continuous or semi-continuous until a concentrate of 98% minimum gamet for 
all grades is achieved (Hight, 1983). Finished product ranged from 1/4 inch to 1/4 micron in size. 

Characteristics of Gore Mountain Gamet 
The gamet mined at Oore Mountain is a very high quality abrasive. The garnets display a 

well developed tectonic parting that, in band specimen, looks like a very good cleavage. This 
parting is present at the micron scale. Consequently, the gamets fracture with chisel-like edges 
yielding superior cutting qualities. The garnet crystals are commonly 12 inches in diameter and 
rarely up to thirty-six inches with an average diameter of 4 inches (Hight, 1983). The composition 
of the gamet is approximately 37-43% pyrope, 40-49% almandine, 13-16% grossular and 1 % 
spessartine (Levin, 1950; Harben and Bates, 1990). Chemical zoning in garnet, where present, is 
very weak and variable (Luther, 1976). Typical chemical analyses of the gamet and associated 
tscbermakitic hornblende (Leake, 1978), andesine and hypersthene are given in Table A-1. The 
gamet has a hardness between eight and nine and an average density of 3.95 gm/cm-3. 

GeoloaY 
The garnet mine is entirely hosted by a hornblende-rich gamet amplnl>olite unit sandwiched 

between a small olivine meta-gabbro body which contacts meta-anorthosite to the north and is in 
fault contact with meta-syenite to the south (Fig. A-l,A-2). Preserved in the olivine meta-gabbro 
are igneous textures and faint igneous layering, and a xenolith of anorthosite has been reported in 
the gabbro (Luther, 1976). Prior to metamorphism, the rock was composed of plagioclase, 
olivine, clinopyroxene, and ilmenite. During metamorphism, coronas of orthopyroxene, 
clinopyroxene, and garnet formed between the olivine and the plagioclase and coronas of biotite, 
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Table A-1. Microprobe Analyses of Gore Mt. Gamet, Homblende, Ortho~yroxene and Feldspar 

GARNET GARNET HBL HBL OPX PLAG PLAG 
#29 #41 #30 #31 #37 #33 #34 

Oxide Weight Percent 
SiO2 39.43 39.58 44.13 44.26 25.41 27.16 27.29 

Al2O3 21.40 21.20 12.36 12.53 1.22 13.56 13.67 
Ti(½ 0.05 0.10 1.28 1.45 0.04 0.00 0.00 
pe0• 22.80 24.45 3.49 3.03 14.82 0.05 0.05 
Fe203• 1.44 0.72 8.12 8.93 0.00 0.00 

MgO 10.65 9.60 14.51 14.50 14.87 0.00 0.00 
MnO 0.48 0.74 0.06 0.08 0.11 0.00 0.00 
CaO 3.85 3.97 10.56 18.48 0.32 6.38 6.47 
Na2O 0.00 0.00 2.48 2.43 0.02 4.65 4.70 

K2O 0.00 0.00 0.57 0.55 o.oo 0.17 0.18 
Cl 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
F 0.00 0.00 0.03 0.00 0.00 0.00 0.00 
H2O (OHt 2.06 2.10 

O=Cl 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 
O=F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.09 100.36 99.66 100.33 101.08 99.20 99.87 

Atoms 
Si 2.997 3.020 6.348 6.320 0.984 2.633 2.627 
AfiV 1.652 1.680 0.016 1.368 1.370 
AfVi 1.918 1.907 0.444 0.429 0.013 
Ti 0.003 0.006 0.139 0.156 0.002 0.000 0.000 
Fe2+ 1.449 1.561 0.420 0.362 0.289 0.002 0.003 
Fe3+ 0.082 0.041 0.878 0.959 0.000 0.000 0.000 
Mg 1.206 1.092 3.111 3.085 0.666 0.000 0.000 
Mn 0.031 0.048 0.008 0.009 0.002 0.000 0.000 
Ca 0.313 0.325 1.628 1.604 0.009 0.433 0.436 
Na 0.000 0.000 0.692 0.672 0.001 0.551 0.553 
I< 0.000 0.000 0.104 0.101 0.000 0.012 0.012 
Cl 0.000 0.000 0.005 0.000 0.000 0.000 0.000 
F 0.000 0.000 0.014 0.000 0.000 0.000 0.000 
0 12.000 12.000 22.000 22.000 3.009 8.036 8.029 
OH 1.981 2.000 

And 4.1 And 2.1 NaB0.372 NaB0.396 Bn69.1 A 0.996 A 1.001 
Alm.48.3 AlmS2.0 NaA0.320 NaA0.27S Fs30.0 T 4.002 T 3.997 
Pyp 40.2 Pyp 36.4 KA 0.104 KA 0.101 Di 0.6 Ab SS.3 Ab SS.2 
Sps 1.0 Sps 1.6 Hd 0.3 An 43.5 An 43.6 
Grs 6.3 Ors 7.9 Or 1.2 Or 1.2 

I?'! IO/J 
M-M OPX (hypersthene) normalized to 2 cations 

PLAG (andesine) normalized to 5 cations 
HBL (tschermakitic homblende) normalized to 13 Ml+M2+M3+ T cations 
GARNET (almandine-pyrope) normalized to 8 cations and 12 anions 
• Calculated by charge balance 
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Table A-2. Whole-rock Chemical 

Oxide 

FeO 
MnO 
Mg() 

eao 
N820 

KzO 
PzOs 

HiO 
Total 

Analyses 
Olivine 

Meta-gabbro 

47.14 
0.81 

16.98 
0.69 

11.13 
0.16 

11.04 
8.05 
2.54 
0.56 
0.10 
0.44 

99.64 

Gamet 
Ore 

45.68 
0.78 

17.32 
1.30 
9.67 
0.15 

10.97 
8.58 
2.85 
0.59 
0.10 
1.16 

99.15 

hornblende and ilmenite formed between plagioclase and 
ilmenite (Whitney and McLelland, 1973, 1983). The 
contact between the olivine meta-gabbro and the garnet 
amplnoolite is gradational through a transition zone 2-3 
meters wide. Gamet size increases dramatically across 
the transition zone from <1 mm in the olivine meta
gabbro, to 3 mm in the transition zone to SO to 350 mm 
in the amphibolite (Goldblum and Hill, 1992). Crossing 
the transition zone the increase in garnet size is paralleled 
by a ten-fold increase in the size of hornblende and 
biotite, olivine disappears, modal clinopyroxene decreases 
as it is replaced by hornblende and spinet-included 
plagioclase grades to inclusion-free plagioclase. The 
modal percent garnet varies from 5 to 20 percent but 
averages 13 percent in both the olivine meta-gabbro and 
the amphibolite (Luther, 1976; Hight, 1983; Goldblum, 
1988). At the west end of the mine, a garnet homblendite 
with little or no feldspar is locally present This rock: 
probably represents original ultramafic layers in the 
gabbro (Whitney et al., 1989). In the more mafic 
portions of the ore body, the garnets are rimmed by 
hornblende up to several inches thick. Elsewhere, the ore 

is less mafic, and the rims contain plagioclase and orthopyroxene. The amphibolite is thought to 
represent a retrograded zone of granulite facies rocks (approximately 750 C and 7 .5 kilobars). 

A strong, consistent lineation and a weak: planar fabric coincides with the zone of large 
garnets and is an important char.acleristic of the ore zone (Goldblum and Hill, 1992). The lineation 
is defined by parallel alignment or prismatic hornblende grains, elongate segregations of felsic and 
mafic minerals, plagioclase Pf'C'"'~ shadows and occasional elongate garnet The foliation is 
defined by a slight flattening of the fclsic and mafic aggregates. 

Chemical analyses of the ob,·ine meta-gabbro and garnet amphibolite show that the garnet 
ore was derived by retrograde N1ehemical metamorphism, except for an increase in H2O and fOi, 
of the olivine meta-gabbro cT.ahk A-2; Luther, 1976). 

Origin of Gamet 
The formation of the i.arnct, 1, not completely understood. Whereas the Gore Mountain 

deposit is the largest known. u " nul unique in the Adirondacks. Elsewhere, there are occurrences 
of garnet ampln'bolite that .arc 1e~1ur.ally and mineralogically similar. These are usually located on 
the margins of gabbroic rod. hodu:,. Although the garnets at Gore Mountain are atypical in size, 
the modal amount of garnet •~ nor unusually high for Adirondack garnet amphibolites. The ore at 
the currently operating Barton Corporation mine at Ruby Mountain, for example, is of the same 
tenor but the garnets rarely are larger than one or two inches. Petrologic studies (Buddington, 
1939. 1952; Bartholome, 1956. 1960; Luther, 1976; Sharga, 1986; Goldblum, 1988; Goldblum 
and Hill, 1992) have agreed that the growth of the large garnets is related to a localized influx of 
water at the margin of a competent meta-gabbro body during amphibolite facies metamorphism. 
Southward across the transition zone increased ductile deformation resulted in grain size reduction 
of plagioclase and clinopyroxene. The presence of deformation lamellae, undulose extinction, 
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deformation twins, bent twins, and subgrain boundaries in plagioclase are evidence for plastic 
deformation and high strain, and abundant hornblende is a testament to the large amount of fluid 
that has permeated the rocks. Recognition that the orebody, retrograde metammphism and L-S 
deformation fabric all coincide with the southem margin of the olivine meta-gabbm led Goldblum 
and Hill (1992) to hypothesize that the high fluid flow required for growth of large garnets was the 
result of high-temperature shear zone that crossed the contact of lithologies with contrasting 
rheologies and propose that ductility contrasts at this lithologic contact was responsible for 
localizing garnet growth, retrograde metamorphism and fabric development Grain si7.e reduction 
by cataclasis was replaced by recry1¢a0i7'.fttion as the hydrated ore body replaced the olivine meta
gabbro during ductile deformation. 

The Gore Mountain garnets are chemically homogeneous indicating that (a) the garnets 
grew under conditions in which all chemical components were continuously available and (b) that 
temperature and pressure conditions must have been uniform during the period of garnet 
formation. Hthe garnet amplnoolite zone within the the original gabbro represents a zone wherein 
fH20 was higher than elsewhere during the granulite facies metamorphism, this may have 
facilitated diffusion and favored growth of very large garnets and thick homblende rims at the 
expense of plagioclase and pyroxene. The presence of volatile components, particularly H2O, 
promotes the growth of large crystals. The physical and chemical conditions necessary for the 
nucleation of a mineral may be different from the conditions necessary for the growth of that 
mineral. It has been speculated (Luther, 1976) that the physico-chemical environment was poor 
for the nucleation of garnet but that the environment was conducive to the growth of garnet 
Therefore, the garnet crystals that did nucleate grew to large si7.e. Growth might have been abetted 
by aqueous transport of components due to elevated fH2O in this portion of the ore body. 

STOP A-3; MAGNETITE-11,JMENITE DEPOSIT AT SANFORD LAKE ITAHAWAS} 
Description modified from McLelland, Kelly, and Peterson (1993). 

Introduction 
According to Stephenson (1945) the Sanford Lake magnetite-ilmenite ores were 

discovered in 1826 when a party, entering from Indian Pass, encountered the now mined-out "Iron 
Dam" of ore which extended across the Hudson River at the present site of the Tahawus Cub. 
Mining began in the 1830's and by the 1840's was supplying ore for the first cast-steel plant in 
America (Adirondack Iron and Steel Company, Jersey City, NJ.). In 1851 steel from this plant 
was awarded a gold medal at the World's Fair in London. Production halted in 1858; was 
reorganized as the MacIntyre Iron Co. in 1894; and resumed production in 1906. Despite 
extensive planning, little ore was produced or shipped. In 1908 a French metallurgist, A. Rossi, 
employed by the MacIntyre Iron Co., discovered the suitability of titanium as a white paint 
pigment. Continued transportation difficulties plagued mining operations until 1941 when NL. 
Industries, Titanium Division, acquired the Sanford Hill-South Extension ore body. By 1942 
ilmenite concentrates were being shipped. The mine was extensively developed during, and after, 
World War Il where it was exploited for titanium, and a railroad was built to North Creek. Since 
1980, mining activity has slowed, and at present a skeleton crew works the deposits for a variety 
of purposes. The Sanford Hill-South Extension pit is flooded. Thirty-three and one-half million 
tons of ore was shipped to the crusher between 1942 and 1968 (Gross, 1968). 
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Geology 
Gross (1968) has descn'bed the geology of the Sanford Lake district and the following is a 

brief summary. 

Rock types 
The rocks of the Sanford Lake district are generally regarded as members of a genetically 

related Adirondack anorthosite series (Marcy-type and Whiteface-type). Locally anorthosite 
grades into gabbro by an increase in mafic minerals. Buddington (1939) divided the anorthosite
to-gabbro sequence into four rock types on the basis of the mafic mineral content: anorthosite (0-
10% ), gabbroic anorthosite (10-22.5%), anorthositic gabbro (22.5-35%) and gabbro (>35%). 
However, in local mapping the term anorthositic gabbro was not used. 

Marcy-type anorthosite predominates in the mine area. It is a coarse-grained, somewhat 
porphyritic, dark, blue-gray to greenish rock composed mainly of labradorite feldspar (An37-6S, 

Stephenson, 194S; Anso.53 , Avenius, 1948). The dark color is attributed to an abundance of very 
fine inclusions of mafic minerals within the crystals of labradorite. Pyroxene ( clinopyroxene and 
orthopyroxene) and hornblende are the major accessory minerals and biotite, grossularite, 
magnetite, ilmenite and sulfides are present in minor amounts in the anorthosite. Marcy-type 
anorthosite shows very weak foliation. 

Whiteface-type anorthosite, which is generally considered a border phase, occurs in 
variable amounts. It is of a medium gray color, and is considerably finer-grained than Marcy-type 
anorthosite. In addition, it is more equigranular and phenocrysts ate less abundant Andesine 
plagioclase is the major phase and pyroxene and amplnoole the most abundant accessory phases. 
Trace amounts of garnet and biotite are present 

Anorthosite grades into gabbroic anorthosite with an increase in fine- to medium-grained 
intergranular plagioclase (An«,.50) and mafic minerals. Up to 50 percent of plagioclase 
phenocrysts show a preferred orientation paralleling that of the orebodies. The phenocrysts are 
dark green in color, contrasting with the light greenish-gray color of the finer-grained plagioclase 
matrix. Plagioclase tend to be free of inclusions compared to plagioclase in anorthosite. 

Gabbro occurs as a fine- to medium-grained rock having a uniform texture and a distinct 
foliation. The color ranges from gray to brownish-gray to black, depending on the amount and 
composition of the ferromagnesian and ore minerals present Gabbro consists of plagioclase 
(An30-40) and 35 to 60 modal percent mafic minerals. Fine-grained garnet and hornblende increase 
as the fraction of ore minerals decrease. Pyroxene commonly rims magnetite and ilmenite and is 
in tum rimmed by fine-grained garnet or homblende or both. The gabbroic units parallel the ore 
lenses. 

Faulting in the district conforms to fault patterns present throughout the region as a whole. 
Prominent faults strike NE-SW with steep dips to the NW. A less prominent fault set is 
developed at almost right angles to the prominent one. Three major joint sets are exposed in the 
pits; two sets have vertical dips and the third set is horizontal. Joint sets generally parallel regional 
structures. 



Orebodies 
Although there are four important mineral bodies in the district - Sanford Hill-South 

Extension (Sanford Hill), Cheny Pond. Mount Adams {Iron Mountain or Ore Mountain) and 
Upper Works (Calamity-Mill Pond) - all ore production has come from Sanford Hill-South 
Extension (Fig. A-3) except for a few thousand tons mined from Upper Works prior to 1900. For 
practical purposes mine mapping was done strictly on the basis of sample assays (percent Ti<>i) 
for which the following classification evolved: anorthosite (0-5.4%), gabbro (5.5-9.4% ), low 
grade protore (9.5-13.4%), medium grade ore (13.5-17.5%) and high grade ore (>17.5%). The 
ore in the Sanford Lake district occurs in two major modes: 1) as lean or disseminated ore in 
gabbro f'gabbroic ore"), and 2) as massive, rich ore generally in anorthosite but locally within 
gabbro ("anorthositic ore"). The lean ore within gabbro is gradational into the host rock with 
which it is commonly layered (Ashwal, 1978, p. 106), but in anorthosite the ore exhibits sharp 
contacts relative to the host rock. Gabbroic ores are fine-grained and have a well defined foliation 
similar to that in gabbro. Ore-bearing gabbro may sharply crosscut anorthosite. The anorthositic 
ores are coarse-grained, show no flow structures, have irregular dimensions and exhibit sharp 
contacts with host anorthosite and with disseminated ore in anorthosite. 

Both types of ores occur in the Sanford Hill-SOuth Extension zone. Anorthositic ore 
forms a footwall orebody and gabbroic type forms a hanging-wall orebody (Fig A-4.). These 
orebodies are separated by various widths of anorthosite and/or gabbro rock. The Mt Adams 
orebody averages 21.3 min width over a length of 530 m and the portion that hosts ore grade 
mineralization is nearly all of the anorthositic type. Both types of ore are present in the Upper 
Works orebody. At Cheney Pond only gabbroic ore is present, and it has sharp contacts between 
anorthosite and gabbro at both the upper and lower limits. 

Ore Mineralogy 
The ore·in the Sanford Lake district consists of titaniferous magnetite and hemo-ilmenite in 

subequal amounts with ilmenite generally being slightly more abundant. Lamellae of ilmenite in 
magnetite originated via subsolidus oxidation-exsolution (Haggerty. 1976). Green spinel (spinel
herqrnite solid-solution) commonly forms as an exsolution product in magnetite. Iron sulfides 
occur as accessory phases. Both titanomagnetite and hemo-ilmenite form abundant small, rod-like 
inclusions in associated plagioclase sometimes rendering them black and opaque. Gangue 
minerals include feldspar (10-20%), gamet (grossular-almandine-andradite solid solution; 3-8%), 
pyroxene (ortho- and clinopyroxene; 4-7%), hornblende (1-3%), sulfides (=1.5%), iron-rich biotite 
( = 1 % ) (Hayburn, 1960). The sulfides include chalcopyrite, sphalerite, molybdenite, pyrrhotite and 
pyrite. Other phases present in minor amounts include apatite, prehnite, barite, orthoclase, 
leucoxene, scapolite, epidote and quartz (Gross, 1968). 

Table A-3. Compositions of ilmeno-magnetite in rocks of anorthosite series. 
llmeno-magnetite Ilmenite Estimated Values 
Wt % Wt. % Mole % Mole % Wt. % 'fOC log f'½, 

Sr-153 
Sr-289 
Sr-181 

Ti'½, MnO FeiTi04 Fe203 MnO ±50 ±LO 

11.2 
8.7 
4.1 

0.30 
0.20 
0.02 

31.9 
24.0 
11.0 

9.4 
8.1 

12.9 

0.57 
0.45 
0.20 

810 
730 
635 

-13.6 
-13.8 
-17.1 

Sr-153 Feldspathic oxide mineral-rich pyroxenite with sparse garnet One-half mile west of Derrick, St Regis 
quadrangle. 

Sr-289 Feldspatbic oxide mineral-rich pyroxinite with considerable garnet. South center of St. Regis quad. 
Sr-181 Gametiferous gabbroic anorthosite gneiss. One-half mile south of Wabeek. Saranac quadransle. 
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Figure A-3. Geologic map of the Sanford Hill-South Extension orebody (modified from Gross, 
1968). 
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Figure A-4. Representative geologic cross section of the Sanford Hill pit (modified from Gross, 
1968) 



The average composition of titanomagnetite and hemo-ilmenite in the principal ore deposits 
is Mts1 Usp18 and Ilm94lfm6, respectively (Kelly, 1979). Table A-3 shows that this composition 
yields a crystallization temperature of 6500C and an oxygen fugacity of l 0-19 atm, both indicative 
of metamorphic conditions. Clinopyroxene compositions yield temperatures of 550° to 850°C 
when plotted on a temperature determinative curves of Ross and Huebner (1975). 

Chemistry of Ores 
With the exception of apatite-rich, and possibly nelsonitic rocks near Cheney Pond 

(Kolker, 1980), the concentrations of P205 in the ore deposits are strikingly low (Table A-4). 

Table A-4. Chemical Analises of Sanford Lake District Rocks 
Tabawus Sanford Lake Lincoln Pond Westport Woolen Mill Sanford Lake 

Olivine Oabbro1 Gabbro2 Mafic Gabbro2 Orel 
Metagabbro Gabbro2 

Si02 47.62 39.04 44.70 47.88 47.16 4.59 
no:i 0.82 6.78 5.26 1.20 3.37 18.58 

Al203 18.69 13.09 12,46 18.90 14.45 5.48 
Fe203 11.40 19.09 4.63 1.39 1.61 nd 
FeO nd nd 12.99 10.45 13.81 66.37 
MnO 0.14 0.24 0.17 0.16 0.57 0.28 
MgO 8.85 5.31 10.20 7.10 5.24 3.39 
CaO 8.29 9.77 5.34 8.36 8.13 0.31 
N&2O 2.76 2.02 2.47 2.75 3.09 0.22 
K20 0.41 0.66 0.95 0.81 1.20 0.09 
P2O55 0.12 0.23 0.28 0.20 nd 0.01 
V2O5 nd nd nd nd nd 0.45 
H20 0.03 0.64 0.61 0.60 0.10 
Total 99.10 96.26 100.09 99.81 99.23 99.87 

1) Kelly, 1979; 2) Kemp and Ruedemann, 1910; nd, not detennined 

Ore Genesis 
Diamond drilling and open-pit mining show that the ore tends to be concentrated in lenses 

measuring 600-700 min length and 150-300 min width (Fig. A-4). It is not known whether this 
conformable configuration is the result of crystal settling, intrusion, or the accumulation of 
immiscible oxide-rich liquids. This uncertainty extends to the petrologic details of the origin of the 
deposits, although the evolution of these rocks is understood in the broad perspective. The late 
differentiates of the anorthosite move toward pronounced enrichment in Fe-Ti-oxides thus yielding 
liquids of increasingly ferrogabbroic composition together with associated ultramafic cumulates. 
The gabbro at Sanford Lake, and other occurrences of magnetite-ilmenite ore, is not unlike the 
Woolen Mill gabbro, which is representative of late anorthositic differentiates (Table A-4). Except 
for P205 the Sanford Lake gabbro is also similar to Buddington's (1939) mafic gabbro from 
McCauley Mt Comparisons of this sort suggest that the ores at Sanford Lake are the result of 
progressive differentiation of magmas residual from gabbroic anorthosite and that, at some point, 
these magmas became so enriched in iron and titanium that they either crystallize magnetite
ilmenite cumulates (Ashwal, 1978) or immiscibility of Fe-Ti oxide and silicate melts occurs (cf. 
Stephenson 1945; Kelly 1979). In the former case the conformable layers represent cumulate beds 
and in cross-cutting ore horizons represent mobilized cumulates. In the latter case. both layered 
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and cross-cutting configurations can be explained on the basis of an immiscible Fe-Ti oxide liquid. 
A third possibility exists which is a combination of the foregoing alternatives, i.e., magnetite
ilmenite could begin to precipitate .relatively early in the history of the complex but continued 
fractionation might still iesult in liquid immiscibility at a later stage. 

Arguments against liquid immiscibility at Sanford Lake have commonly focussed on the 
low concentrations of apatite in these rocks. Lindsley (1991), however, points out that P:z()s and 
apatite do not necessarily partition into the immiscible oxide melt. Moreover, P20s may not be a 
direct cause of liquid immiscibility but, rather, may play an indirect role in keeping the magma 
molten until Fe-Ti-0 networks in the melt can no longer coexist with the silicate networks and 
immiscibility occurs. Because of this late magmatic association, apatite and immiscioility would 
appear to be more directly connected than may actually be the case. 

Field Stop 
The stop at Sanford Lake takes advantage of excellent relationships exhibited in boulders 

on either side of the Calamity Brook Road at the gated entrance to the Cheney Pond Road. Over 
three dozen large, fresh boulders from the mines provide outstanding exposure of anorthosite, 
gabbro, ore-bearing gabbro, and massive ore crosscutting anorthosite. Several boulders containing 
both anorthosite and ore exhibit what appear to be coeval and pillowing relationships between the 
two phases. In other instances massive ore and ore-bearing gabbro cross-cut anorthosite. A 
number of boulders show irregular oxide-rich veins, some of which clearly contain separated 
fractions of oxide and silicate minerals. Many of the ore boulders contain xenoliths and enclaves 
of anorthosite and xenocrysts of andesine some of which are black due to oxide inclusions. 
Several boulders of Marcy-type anorthosite are present as are some sheared, hornblende-bearing 
gabbroic anorthosite. 

Relationships seen in these boulders demonstrate that the iron-titanium-oxide ore derives 
from the gabbros and bears intrusive relationships to the anorthosite. Polished slabs show the 
oxide phases to intimately penetrate and disrupt the anorthosite on a scale smaller than the grain 
size of magnetite and ilmenite in adjoining ore. This suggests that the oxide melt intruded as a 
liquid and this observation, together with evidence of liquid immiscibility in similar rocks, lead 
McLelland et al. (1993) to suggest that most, if not all, of the Sanford Lake ores were emplaced as 
immiscible liquids. 

STOP A-4; OLIVINE METAGABBRO IN ROADCUTS ON BLUE RIDGE 
WGHWAY 
Description modified from Bohlen, McLelland, Valley, and Chiarenzelli (1992). 

Steep roadcuts on either side of the highway expose good examples of Adirondack olivine 
metagabbro. The rock consists of round, -.25 cm coronas of red biotite and brown hornblende 
coronas on oxides set in a gametiferous matrix of green, spinel-clouded plagioclase and subophitic 
pyroxenes. Olivine is not abundant in this outcrop although it is widespread throughout most of 
this relatively large body. 

A large variety of olivine metagabbros in the Adirondacks, ranging from Mg-rich to Fe
rich, are exposed throughout the region but are especially abundant in proximity to bodies of 
anorthosite. The southern and eastern margins of the Marcy massif are especially rich in olivine 
metagabbro. McLelland (1986) has suggested that these bodies are representative of the magmas 
ponded at the crust-mantle interface that gave rise to the parental magmas of the anorthosite. The 



bodies not exposed at the surface are interpreted to be late plutons that ascended, without ponding, 
after the major mass of Anorhosite-Mangerite-Chamoldte-Granite (AMCG) suite had risen and 
provided crustal pathways. This suggestion is consistent with geochronological data indicating that 
the gabbros are contemporaneous with the AMCG suite .. 

Coronas developed in olivine metagabbros have been of petrologic interest for over 100 
years. McLelland and P.R. Whitney investigated these features in the 1970s and 1980s. 

STOP A-5; SARANAC LAKE • METANQRTHQSJTE 
Description modified from Bohlen, McLelland, Valley, and Chiarenzelli (1992) and from Abruzzi 
(1978). 

The coarse grained andesine rock here is typical, in both composition and igneous texture, 
of the most voluminous member of the anorthosite series. This exposure contrast with the 
gabbroic (noritic in part) metanorthosite of the "border facies" in having ,10 percent mafic 
minerals and in being coarser-grained. Buddington (1939) interpreted the fmer-grained border 
facies to be a relatively chilled sample of the parent magma. 

The primary minerals are andesine (An«,-An50 and locally antiperthitic ), augite, 
hypersthene, ilmenite, magnetite. and apatite. Amounts and relative proportions of the mafic 
minerals vary considerably. Quartz is a normative mineral (up to 5%) but is uncommon in thin 
section. The andesine occurs in two forms, as bluish-gray megacrysts dusted with extremely fine 
iron-titanium oxides, and as a clear. finer grained recrystallized groundmass. Metamorphic 
minerals include garnet, secondary clinopyroxene, amphibole, and less commonly biotite, 
clinozoisite, and scapolite. 

Zircons extracted from anorthosite near this location are small and clear, and yield ages of 
10S0 Ma (McLelland et al .• 1990). Silver (1969) originally interpreted these low-uranium, 
.. soccer-ball" type of zircon a, metamorphic, and McLelland and Chiarenzelli (1990) have 
corroborated this by demon!i.trating an emplacement age of 1130-113S Ma for the anorthosite. In 
additio~ the cores of air abraded zircons yield minimum ages> 1113 Ma and baddelyite in these 
rocks give minimum age~ or> IOK7 Ma. It is common to fmd 1050 Ma zircon growing on 
baddelyite grains. All or lhe"-C' oh..cn·a1ions converge upon the conclusion that the 10S0 Ma zircon 
ages date granulite facies mcwnorph1!llll. 

The oxygen isotopic nlltlpNtaon of the Marcy anorthosite is 2.5 permil heavier than other 
.. normal" anorthosites. Thi, anom.dJ \\'as ascribed by Taylor (1969) to exchange with pervasive 
180-enriched C-O-H fluid, dunn~ regional metamorphism. However, Morrison and Valley 
(1988a) have shown that the '•o mnchmcnt is a magmatic feature that was acquired before the 
anorthosite intruded the cru" at .Jwlluw levels. Values of 6180 in the metanorthocite in the NW 
lobe of the Marcy Massif .ire t'l.lrcmcly homogenous (6180 = 9.3±0.2), which in conjunction with 
the preservation of magmata, feJlu~, c Davis. 1969), indicates that the oxygen isotopic 
composition reflect magmau, , .uuc, r.ather than exchange with metamorphic fluids. 

In anorthosites of the S.ari.ill.M: Lake area coronas have developed around pyroxenes and Fe, 
Ti-oxides. The necessary rcoctanb tt!i.ponsible for the development of the coronas seem to be 
orthopyroxene, plagioclase. and Fe. Ti-oxides (ilmenite and magnetite). Depending on the 
compositions of the ferromagne!i.ian phases. quartz can be either a reactant or a product (McLelland 
and Whitney, 1977). Abruzzi ( 1978) described three types of corona. 

Type 1: The cores of these coronas are generally composed of orthopyroxene, but in a few 
cases the cores consist mainly of clinopyroxene grains, suggesting that the primary orthopyroxene 
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has bee1 l.;austed 1e ofth 1n1pyrox, ains co• 1 .xsolut1 • 1;:;ellae i 
ortho • ne. Th,. · :nsofo: ,,roxene 1 .main 11,.:hly alt • 1dbareh 
distinguishable. Thus, the cotes of the coronas are composed of an aggregate of orlho- and 
clinopyroxenes. This core is generally surrounded by a shell of clinopyroxene, which in turn is 
surrounded by a narrow rim of garnet. The rims of products, clinopyroxene and garnet, separate 
the re 1 1 ··• ortho: •; 1\ene an,' · 1oclase. · 

I ype 2: In some of the frm sections stu lie. the pyroxenes arc surrounded hy a nm. of 
variable thickness, of an amphibole which is pleochroic from green to brown. In these rocks the 
occurrence of garnet is, to a large extent, limited to coronas around Fe, Ti-oxides. There is, in 
some•·· asmal .. ,,ntof g.11 1• adjacer 11 e amp: but in . :al thed •·ment 1 

the a;,;; I • le ism, 1 1 onoun ,ere the , , . trims , 1develo1 

Type 3: Coronas arc also well formed around the Fe, Ti-oxides, lending credibility to the 
theory (McLelland and Whitney, 1977) that the oxides are necessary reactants in the garnet-
produ• i eaction 1 • 1 cost ca ery wer I • loped, I 1 :h narrv · r of gJ rrround 
theox , ase. 

Recent studies of corona textures in similar rocks by Johnson and Carlson (1990), Carlson and 
Johnson (1991 ). and Joesten ( 1986) suggest that a simple interpretation of the history of these 
textur• 1r1 1y be un · • 

STOP A-6: CASCADE SLIDE, MARBLE XENOLITH IN ANORTHOSITE 
Description from Bohlen, McLelland, Valley, and Chiarenzelli (1992) . 

.i. k south • : r us sl0)1 emains •. r 1am at tl e of a all. Fr, , 1 ii is point 
climb I Ji. eep gull •, he east,• 1 falls. · · ,. ,treme •n' Thi ery ste p mb for 
about 60 m, and there are many loose rocks. When you have attained enough elevation to be 
above the cliff, traverse to the west to the stream that supplies the waterfall. In the stream bed 
above I ills ther• .everal iths and · i ren of , ie ± cal · · re, surr1 11 d by 
anortL• r Thel,1 , ofthes,. esmea t pprox: .1 ly30x I inexr• is 
comp 1 ,11ally zo I! , ndcon1 everal 111 .1 .. 1al mine ii . Most n ·, the xe ,. · contair 
sanidinite facies index minerals wollastonite, monticcllite (Mo92_89 ), and akermanite as well as 
cuspodine, harkerite, and wilkeite (Kemp 1920; Baillieul 1976; Tracy et al. 1978; Valley and 
Essen. , i.b ). 0: inerals <nt inclu 1, net (G1 , Ands pinel ( 1 , calcit 
forster 1 092), m r • rte, clin , · ,xene sc.1 • • 11 (Me-, , uartz, 1 I i anite. 

Field relations, deformation and geochronology make it clear that these marble bodies were 
entrained within the anorthositic magma before the peak of granulite facies metamorphism. The 
exact1· 1· ofint11 .·, vs.reg: . . 1.I metam, •1i missti I ,atterof · · t:e. We 11 1dyfav•1 
pre-m• 1 · , iphic r 1, han de• 1:--metam, · · c intru I origin ,ropose:i alley 
and O 111 (1982). · 1 either, · it is cert at both 1., I osite 1 .ble ex ced the 
pressures and temperatures of granu1ite facies metamorphism (Valley and Essene 1980b ). Thus, 
the mineralogy of these bodies may be used to study the P-T fluid conditions of granulite facies 
mt morphi I The origi .f these mi , als, which believe .1 · 1tlow J) 1 I iigh T, : 

I vant in , gard be .1 · of the ive nar I the gr,1 1 1 overp1 1 

Solid-solid mineral reactions at Cascade Slide indicate that P and T attained at least 7.4 kbar 
and 750 'C. respectively (Valley and Essene, 1980b; Bohlen et al., 1985). Valley and Essene 
( 1980b) describe assernbla es of ake.r:manite + .rnonticellite, + \Vollastoni.te with e ilibriu:, 

moiphi 1 1 :res as symp 1ntergr of woll te and I ellite. • . se 
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temperatures and pressures, the presence of wollastonite, monticellite or akermanite requires that 
log fco2 be S 4.35, S 3.32, or S 2.5 respectively. 

Further evidence that granulite facies fluid infiltration has not been important at Cascade 
Slide comes from oxygen isotopes (Valley and O'Neil, 1984; Valley 1985). Any fluids (H20 or 
~) passing through the xenolith would first have passed through the surrounding anorthosite 
(31 O = 9.7). Subsequent exchange with the calcsilicates (6180 = 17.6 to 26.1) would tend to 
homogenize this large premetam9!l)hic difference with the result that 8180 in the xenolith would be 
~uced. The highest values of 3180 (26.1) in monticellite marble are thus very restrictive to 
theories of fluid infiltration and reque fluid/rock < 0.1. 

Three lines of evidence argue against the ~nee of fluid during the granulite facies 
metamorphism at Cascade Slide: 1) Assemblages of monticellite + forsterite + diopside + calcite + 
spinel plot in the fluid-absent field, including that if a fluid had existed, Pff2() + Pco2 S 0.4 kbar. 
2) The large gradients in buffe~ values of fco2 across the body and the fragile nature of the 
buffering assemblages would have been erased bi CO2 infiltration. even by quantities as low as 
C<¾frock = 0.001. 3) The ~rvation of high 3 80 in the core of the xenolith and the sharp 
gradients of up to 18 pennil/15 m would all have been homogenized if either H20 or C~ had 
infiltrated the xenolith in quantities greater that fluid/rock= 0.1. These results are all consistent 
with the polymetamorphic history proposed by Valley (1985). 

Monticellite has also been found at Westin Mines (5 km to the E of Cascade Slide) where 
magnetite skam replaces marble at the contact of the anorthosite massif (Valley and Graham, 
1991). This locality is on private property and will not be visited. Magnetites from marble at this 
deposit were the first to be analyzed for oxygen isotope ratio by ion microprobe with accuracy of 
±1%o (la). This analysis yield. .. spatial resolution as small as 2 JUil and has ~uced sample size 
by 11 orders of magnitude relative to conventional techniques, permitting new studies of oxygen 
diffusion, fluid exchange, and Adirondack cooling rate. 

STOP A-7: TOP OF WHITEFACE MOUNTAIN 
Description modified from Bohlen. Mcl..elland, Valley, and Chiarenzelli (1992). 

The rocks at the sunmut of Whiteface Mountain represent the type locality for the 
Whiteface type, or facies. of anorthll!loite. This is typically finer-grained, gametiferous, and 
somewhat more gabbroic than the M.u-cy facies. In general the Whiteface facies exhibits a chalky
white color and commonly c,mwn, Mgnificant quantities of black hornblende. 

As originally defined. the Wh11cface facies was conside~ to be the border facies of the 
anorthosite massif with the \'tt.&N:. b!t gabbroic Marcy facies restricted to the core. As previously 
noted, the actual distribuli<m 1, nuc nearly so regular and examples of Whiteface facies are found 
throughout the massif and ranic m composition from gabbroic anorthosite to anorthosite. The 
important thing to retain fmm the nomenclature is that the Whiteface type is a clearly intrusive , 
rock, and its more gabbroic , arK't~ represent a good starting material for other rock types in the 
anorthosite massif. As di~u,'ICd prc,,iously, Whiteface anorthositic gabbro was probably 
emplaced as a plagioclase•rkh CJ)!ttal mush that had evolved from gabbroic precursors 
fractionated at the crust-mantle boundary. 

STOP A-8; EXPOSURES US THE EAST BRANCH Of THE AUSABLE RIYEB BY 
THE CQYEBED BRIDGE ns .JAY 
Description modified from Bohlen. Mcl..elland, Valley~ and Cbiarenzelli (1992). 

Upon parking in southernmost area on the southeast side of the river, walk a few tens of 
feet farther south along. the paved road. At the sharp bend in road there is a low, polished outcrop 



that exposes two exceptional examples of rafts of coarse, blue-gray andesine anorthosite of the 
Marcy facies. The more southerly of these is enveloped in medium-grained gabbro similar to the 
xenolith-bearing, gabbroic facies on Giant Mountain. The gabbro is, in turn, surrounded by a fine
grained anorthosite. The northem raft of Marcy anorthosite lacks the rim of gabbro and is directly 
surrounded by the white, fine-grained anorthosite. The nortbem raft also contains a giant pyroxene 
whose edges show subophitic relationships with plagioclase. 

Within the river there occw:s a wide area of water-swept exposures of white, fine-~ 
and highly layered anorthosite containing a few remnant blue-gray andesines as well as a few 
blocks of subophitic gabbro. The exposures are disrupted by two types of dikes: 1) late 
unmetamorphosed (Phanerozoic?) diabase paralleling the river, and 2) irregular, pyroxene-rich 
dikes and veins that trend mainly N-S and B-W but show other orientations and right angle tums 
as well. Some of the dikes are 15-20 cm wide but most fall into the 2-5 cm range. Both sharp and 
gradational contacts exist. Several of the dikes intrude along zones of mafic mylonite that may be 
of the same composition as the dikes themselves. 

Mineralogically the dikes consist of coarse, emerald-green clinopyroxene and Fe, Ti-oxide. 
Some dikes also contain small quantities of plagioclase, garnet, and apatite. The apatite-free dikes 
contain very Mg-rich clinopyroxene (X~ -80) while the apatite-bearing ones are less magnesium 
CXMg -65). The key to understanding these dikes is to note that some exhibit comb structure 
defined by pyroxene and plagioclase ciystals growing perpendicular to dike walls. Thus texture is 
diagnostic of growth from a fluid and provides compelling evidence that the dikes were intruded as 
liquid-rich magma Pre1iminary experimental work by D. Lindsley (personal communication) 
indicates that representative dike material reaches its liquidus at 1200 °C (max). 

It is suggested that these pyroxene-rich, and sometimes apatite-bearing, dikes represent 
immiscible silicate fractions complementary to magnetite-ilmenite deposits. Emplacement may 
have occurred when jostling about of essentially congealed plagioclase cumulates resulted in 
fracturing and the development of large blocks whose shifting provided passageways along which 
pyroxene-oxide magmas could be filter pressed. Depending on the batch of magma tapped. the 
intruding material would vary from Mg-rich to Fe-rich with apatite. Some dikes may have been 
cumulate-rich. 

Dilces of the sort exposed in the river at Jay are common throughout the Marcy anorthosite 
massif, and their presence indicates a substantial, but small, amount of mafic material - and 
possibly mafic cumulate - in the massif. Invariably these dikes consist of green clinopyroxene and 
Fe, Ti-oxide, and it is common to find the silicate and oxide phases physically separated within the 
same vein. It is possible that, where this occurs, it reflects liquid immiscibility operating on late
stage interstitial fractions which are filter-pressed into veins. 

STOP A-9; WILLSBORO WQLLASTQNITE MINE 
Description modified from Bohlen, McLelland, Valley, and Chiarenzelli ( 1992). 

The Willsboro mine (now abandoned) is situated near the eastern end of a belt of 
metasedimentary rocks that can be traced west and then southwest for almost 15 km, close to or at 
the contact of the Westport anorthosite dome, to the Lewis mine at its western end. 

The lowermost rock unit at the Willsboro mine is anorthositic gneiss of the Westport 
Dome. It contains over 90% plagioclase (Anso), with large (>5 cm) dark bluish plagioclase 
megacrysts in a 1ighter bluish-gray matrix. At the mine, the anorthosite is overlain locally by a 
mafic gneiss a few tens of meters thick; this unit is absent further west. Above the mafic gneiss is 
the wollastonite ore, a coarse-grained (1-5 cm) rock. In spite of tight isoclinal folding, the foliation 
is subdued and is defined by oriented wollastonite grains and layers and streaks of dark minerals. 
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Sc:ale t llm 
COIIIOUf lnlenal 25 m 

Intrusive lgneoua Rocks 

~ Westoort Dome anottl'losite 

- Gabbroie anorthositie gneiss 

• •: ! :+. Midsection anortttosite 

- Upper anorthositic gneiss 

4 
Yap locallon 

Mixed Gneisses 
I PYX • GT - WO rock 

._ __ _.I Cale • silicate, mafic gneiss 

I PYX • PLAG gneiss 

[ .. :/: . ./j Quartzite, marble, mixed gneiss 

r~: ~f~:Y: :J Syenitic gneiss 

Figure A-5. Geologic map of the vicinity of the Willsboro wollastonite mine. Modified from 
Olmsted and Ollila (1988). 
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High Aspect Ratio 
GRADES 

NYADG' 
NYAD G' SPEcw. 
NYADG'MAR 
G-40 WOLLASTOl{(Jpt 
G-40 WOLLASTOCOA'r 

NYAD9FP 
N~R 

G .. RRIM"' WQLLAS'fOl{(Jpt 
G..RRIM"' WOLLASTOCOA'r 

The high aspect ratio grades are produced by special attrition milling and 
air classifying. These products are produced to maintain the integrity of their 
particle size and aspect ratios. They typically have an aspect ratio nmging 
from 20:1 to 10:1. These grades are used in the following applications: 

~ CoNsmucnoN 
♦ molded plastic castinp 

♦ air conditioner covers 

♦ car distributor caps 

♦ pot bandies 

+commutators 
♦ auromodve coil tDpll 

♦ toaster end plates 

♦ auromodve fascias&. bumpers 

♦ auromotive door panels&. fenders 

♦ automotive grills 

♦ auromodve side claddings 

♦ rocker panels 

+airdams 
♦adhesives 

♦ sealants 

♦ hot water heater tempetature contmls 

♦ circuit boards 

♦ switch bobs 

♦Orinp 

♦ electric terminal blocks 

♦ square D circuit brakers 

♦ electrical plugs 

♦ electric:al connectOtS 

♦ electrical switch boxes 

♦ fan shroud assemblies 

CoATINGS 

♦ roof coatings 

♦ block fillen 

♦ lloor patching 

♦ latex ceding paints 

♦ asphaltic emulsion coatings 

♦ textured & stuccO coatings 

♦ swimming pool coatings 

♦ muct.uml tile bodies 

♦ texlllffli glazes 

♦ calcium silicate boani 

+ me mmnt boani 

♦ ceiling tiles 

♦ roofslates 

♦ corrugated roofs 

♦ joint compounds 

FlucnoN 
♦ brake pads and linings 

♦ clutch facinas 
♦ clutch plates 

♦aw}iancemctiondisks 

♦ brake blocks 

♦warstrips 

Mtscl!IJ.ANEous 

♦ welding rod tluxes 

♦ pultrusion ban 

♦tdractories 

♦ molten meml mnports 



Milled 
GRADES 
NYAD9200 
NYAD932S 
NYAD9400 
32S WOLLASTOKl]pt 
32S WOUASTOCOAT-

400 WOUASTOl{Upt 
400 WOLLASTOCOAT' 

The milled grades are produced on ball or pebble mills and ground 
to mesh size spedncations. These grades consist of a 200 mesh, 325 
mesh and a 400 mesh. Their aspect ratios typically range from 7:1 to 
3:1. The milled grades find broad use in the following applications: 

~ CElwllcs 
♦elastomers ♦ bodies 

♦mbber~ttaf&cmarkers ·--
• bmb pisloDs 

• potting compounds 

♦Orlnp 

♦ gaskets 

• tluoroelasromer seals 

• microwave cookware 

• walking grids 

♦ manholegmtes 

♦ cog behpulleys 

• commutator pulleys 

♦ccuntmops 

CoATINGS 
• oil&. water based paints 

• b1oc:k fillen 

• ceiling tile paints 

♦powdermatings 

• and-skid coatillp 

• an:hitecttmd coatillp 

♦(ms 

♦enamels 

♦a:,bm 

• ceramic tiles 
♦anware 

♦dinnerware 

♦tum 

♦amitarywllle 

♦ low-loss elecmcal insulating 
matmals 

CoNmUCTlON 
♦wallboatd 

• ceiling tiles 

FllJcnoN 
• emuder grinding wheel lininp 

Mlscm.IANDJs 
• metal1urgical 

♦mntinuous castingpowdem 

♦ mild ab:asives 

♦ adhesives 

♦ bowling ball com 

NYC0•---1nrc. 
Willsboro. New YOik. USA 129llfM)368 
Talaphone: 518-96.'Ml!62 Telalax: 518-1163-4187 Telex: 957014 =:~~-rai-
DK-2920Cl'lllrlolf8mln Denmalk 
Tellptlone: 31643370 Telefax: 31643710 

Fine Particle Size 
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GRADES 
~47S NYAD912SO 
10 WOLLAS'I'OKIJr 10 WOLLASTOCOAT-

The fine particle size grades are produced by milling and air classifying to a 
top and medium size specmcation. These grades are available as a 475 mesh 
and a 1250 mesh product. The aspect ratios are typically 3:1. They are used 
in the following applications: 

PIAma Mnau.ANl!ous 
• paintablc &.plmablewheel COfflS • dmml impraslori$ 

• automotive hubcaps • sealers 

• automotive door handles 

• reCrigaap ice water handles 

• vehicle window cranb 

♦showerbandlea 

♦ car door latches 

♦ wheelchair hubcaps 

♦chainsaw housings 

♦ lampboosings 

• mnrorhousinas 

CoATINGS 

♦indusbialandmarinecoatinas 

• latex &.oill,'lrimesl 

♦ powdercoatinp 

• pipe coatinp 

♦ coil coatinp 

• intumesc:ent coadnp 

NYCO', NYAD", NYADG", NYCOR.-111111 
WOLLAS'IOCOA'r'-...... tnde,. 

-"sofNYOOMincnls,iac.JO-UIM."'lia 
tndeamlt of NYOO Mlncnls, lac.J 

WOlLASTOKUP"lla llc:emcd ft1llnmd 
1nllanalk -~ MfNrals Company. 

IN-201-92-1 
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The ore consists of only three minerals: wollastonite. grandite garnet (Ors10 .. 90r and Di-Hd 
clinopyroxene. Thick, skam-like masses of grossular and pyroxene are found along the edges or 
occasionally within the unit The mineralogy and geologic setting favor an origin by contact 
metamorphism of siliceous carbonate rocks at the time of anorthosite intrusion. The fact that 
calcite and quartz are ordinarily absent in this high-variance assemblage suggests that 
metasomatism played a major role in the ore forming process (Buddington, 1939; DeRudder, 
1962). Prior to 1982 it was widely accepted that the anorthosite intruded at depths of .20-25 km 
during Grenville regional metamorphism. 

Above the wollastonite are thin units of anorthositic, granitic, mafic and calcsilicate 
gneisses, and amphibolites. In some of these exposures we find masses of nearly pure garnet rock 
suggesting repetition of the ore unit. Observe that wollastonite weathers rapidly and is rarely seen 
at the surface, locally leaving gametite or diopsidite "skams" as the sole evidence of its presence. 

The uppermost unit is a thick, sill-like body of gabbroic anorthosite gneiss . This extends 
the entire length of the metasedimentary belt and differs from the anorthosite of the Westport 
.Dome both in composition and texture. The contacts of this unit with metasedimentary .rocks are 
not well exposed here, but elsewhere they are marked by pyroxene-rich sk:arns. As we return to 
the mine we will examine a metagabbro unit and its contacts with enclosing metasedimentary 
rocks. 

Valley and O'Neil (1982, 1984) and-Valley (1985) have reported anomalously low 6180 (-
1.3 to 3.1; up to 20 permil lower than typical Adirondack: marbles) in the wollastonite ore within 
125 m of the anorthosite contacts, as well as extremely s.harp 6180 gradients between the 
wollastonite and the surrounding rocks. The low 6180 values cannot be explained solely by 
devolatilization reactions (Valley, 1986) and result from deep circulation of heated meteoric waters 
along fractures at the time of anorthosite intrusion. Because such fluids would be at hydrostatic 
pressure, they should not penetrate a ductile metamorphk environment where fluids are at 
lithostatic pressure. This suggests that skam formation occurred at shallow depths ( <10 km) 
relative to granulite facies metamorphism. These stable isotope data were the first quantitative 
evidence for shallow intrusion of anorthosite within the Grenville Province. The origin of the 
sharp gradients is enigmatic; they may represent pre-granulite facies faults or shears, but their 
preservation through granulite facies metamorphism indicates that there was no significant fluid 
movement across strike during the .regional metamorphism. 

STOP A-10; WOOLEN MJI.L GABBRQ 
Description modified from Bohlen, McLelland, Valley, and Chiarenzelli (1992). 

Parle on the right side of the road opposite high roadcut on left. The cut shows 
metanorthosite intruded by a dad, fine-grained rock, first described by Kemp and Ruedemann 
(1910) as the "Woolen Mill Gabbro". It is aclinopyroxene-gamet-oligoclase granulite with 
considerable opaque oxides and apatite, and minor K feldspar and quartz. It contains a few large, 
uncrushed andesine xenocrysts, probably derived from the host anorthosite. The texture is that of 
a granulite, but the xenocrysts have apparently escaped recrystallization or grain-size reduction, 
even along their margins. This peculiar situation may be explained by static recrystaUimtion of an 
initially fine-grained intrusive rock. The composition of rock is that of a somewhat K2O rich 
(1.20 wt%) ferrogabbro of the type common in the Adirondack Highlands, especially near 
magnetite-ilmenite concentrations. It also is found associated with anorthosite at Split Rock Falls 
and near Elizabethtown, and is commonly present as disrupting material in block structure. 
Woolen Mill gabbro may represent gabbroic anorthosite magma enriched in mafic components by 
separation of cumulus plagioclase as suggested by mixing calculations (Ashwal 1978). 
This is the type locality for deW aard's (1965) clinopyroxene-almandine subfacies of the granulite 
facies. 
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Cross the road and examine the outcrops in the stream bed. At the west end of the stream 
exposures, Woolen Mill gabbro clearly crosscuts anorthosite, and veins and dikes of the gabbro 
extend into the anorthosite. Within the anorthosite there is well-developed "block structme" where 
several types of anorthosite have undergone brittle fracture before being intruded by thin dikes or 
veins of mafic as well as felsic material. Some of these veins are identical to the mafic granulite in 
the roadcut (and at the west end of the stream exposure) and are part of the anorthosite suite. 
Some of the disrupting material is anorthositic gabbro more commonly associated with the 
anorthosite as on Giant Mountain or Lake aear. In addition, a variable amount of granitic material 
is present in many of the veins as revealed by straining. The relationships here suggest formation 
of a plagioclase-rich cumulate, which was then fractured and intruded by a later mafic differentiate. 
This apparently brittle behavior supports a relatively shallow depth. of intrusion. Notice also the 
very large (up to 10 cm) giant orthopyroxenes that occur in the anorthosite, especially near the 
contact with Woolen Mill gabbro. 

The anorthosite in the stream bed contains the characteristic post-metamorphic alteration 
assemblages of calcite± chlorite ± sericite that are commonly seen as late-stage, hairline vein 
fillings or as alteration products of Fe-Mg silicates throughoot the Adirondacks (Buddington,1939; 
Morrison and Valley, 1988b). Average values of 6~10 and 618C for calcite are +12.6 and ..;2.2 
permil, respectively, which suggests that the alteration fluids were deep seated in origin and 
exchanged with igneous as well as metasedimentary rocks. These veins are related to the 
formation of at least some high-density, C(¾-rich fluid inclusions and the temperatures of 
alteration are estimated at 300 °-500 ·c (Morrison and Valley, 1991. 1988b). 

The retrograde fluids that have infiltrated the anorthosite to precipitate calcite have not 
significantly altered its oxygen isotopic composition. Values of ~calcite-plagioclase) range from 
0.96 to 6.6, indicating that the isotopic composition of the alteration minerals was controlled 
primarily by the hydrothermal fluid and that the 6110 of the host rock remained largely unchanged 
due to low fluid/rock ratios. 

Values of 6110 (plag) for the "blocks" and their host anorthosite at this outcrop range from 
+8.5 to +9.3. In general, the metanorthosites in the NE part of the massif are somewhat more 
isotopically heterogeneous than those in the northwestern part of the massif, but they show the 
same roughly 2.S permil enrichment in 6110 relative to "normal" anorthosites worldwide 
(Morrison and Valley, 1988a). 
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Introduction 

GEOLOGY OF THE CONNECTICUT RIVER VALLEY 
In the vidnlty of Amherst and Smith Colleges 

E.S.Bel4 J.T.Cheney, T.A.Harms 
Department of Geology 

Amherst College 
Amherst, MA 01002 

The geology of the Connecticut Valley involves formations from three distinct periods of 
geologic time. Each is represented by degree of lithification and metamorphism. (1) Precambrian 
and Early and Middle Paleozoic rocks are highly metamorphosed and intruded by igneous rock. 
(2) Triassic and Jurassic rocks are weakly to strongly lithified sedimentary rocks, although some 
basalt dikes and lava flows are also present (3) Late Pleistocene (Wisconsinian) and Holocene 
aged strata are unconsolidated. 

The generalized bedrock geology of the Connecticut Valley is illustrated in Figure 1, which is 
based on mapping by Jahns (1951) and Willard (1951) amd recently up-dated by Zen (1983). In 
the center of Figure 1, Mesozoic sedimentary and volcanic rocks are found beneath a cover of 
Pleistocene and Holocene unconsolidated sediments. To the east of the Mesozoic lowlands lie the 
Precambrian-cored Pelham Dome. south of which lies the Belchertown Pluton (Devonian age) and 
east of which lies the Monson gneiss (Ordovician age). To the west of the Mesozoic lowlands lie 
metamorphosed pelites and quartzites generally of Devonian age, although cores of anticlines 
show Ordovician rocks of higher grades of metamorphism. The Mesozoic, Pleistocene and 
Recent geology form the focus of this field trip. 

The Mesozoic events recorded in the area begin in the Late Triassic when a half-graben formed. 
The major controlling fault lay on the east side of the basin, and was active until early Jurassic 
time. Similar grabens formed a ,tnng of basins that extended from Maritime Canada and the Bay 
of Fundy, through central southrm Sew England, New Jersey, southeastern Pennsylvania, central 
Maryland, Virginia, Nonh Carolan.a. South Carolina, and eastern Georgia. All of these listric-fault 
bounded basins resulted from c~tcn,aonal tectonics that accompanied the opening of the Atlantic 
Ocean basin. Similar ba.'tin, or 1h1, age have been discovered beneath the Continental Shelf off 
Nova Scotia and New England a., "ell a., in northwestern Africa (for a recent summary, see 
Lorenz, 1988). We shall cianune the facies and discuss the sedimentary events of the Mesozoic 
basin in our area. 

Conglomerates of Late Tna,M(' to Early Jurassic age are found adjacent to the Border Fault 
(Figure 1). The pebbles in tbr-.c cunilomerates can be correlated to units in the present-day 
Pelham Hills even though thr) "ere eroded from mountains in that area 200 million years ago. 
Border conglomerates pass \\~t" ard into pebbly sandstones and shales; this lateral facies change 
from margin to center of the dc(U'llmnaJ basin can be found within all the sedimentary sequences 
in the depositional basin. M~t of the Triassic/Jurassic strata resulted from alluvial fan and tluvial 
depositional processes, although wme resulted from lacustrine sedimentation. The tluvial 
sediment became oxidized to a charc1Cteristic red color after burial. Periodically, large lakes 
occupied the valley, and left behind organic-rich dark gray shales that are interbedded with the red 
river and fan deposits. The dark-gray lake deposits also interfinger laterally with the red alluvial 
deposits. Dinosaur footprints are best preserved in the lake-margin deposits because the sediment 
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Figure 1. Bedrock geologic map in the vicinity of Amherst and Smith Colleges. Areas screen gray are Precambrian 
and Paleozoic metamorphic rocks that form basement for the Mesozoic cycle of sediments. The symbols in 
that area include: Ops, Partridge Fm.; Oz, Monson gneiss; DI, Littleton Fm; Dw, Waits River Fm; Dbs. 
Belchertown complex. In the area of Mesozoic rock: TR-s is Sugarloaf Attose; TR-n is New Haven Attose; 
J-p is Portland Formation; J-mc and J•pc are conglomerate facies of the Mt. Toby Fm. and Portland Fm., 
respectively. J-v are volcanics belonging to the Holyoke, Deerfield. Hampden basalts as well as the Hitchcock 
volcanics and the Granby tuff. J-e (East Berlin Fm.) and J•t (Turner's Falls Fm.) are but two of the 
sedimentary rock units interbedded with these volcanics. Stop numbers are shown in circles. 
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Figure 2. Generalized geologic section of rocks and sediments in the area shown in Figure 1. 
Total thickness of Mesozoic strata is highly variable, being very thin, less than 100 ft 
preserved above basement in the region of Amherst; it is thicker, in excess of 2000 ft., 
just south of the Holyoke Range. In the Hartford area, nearly 20,000 ft. of Mesozoic 
sediment has been extrapolated from surface outcrops. 
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there consisted of fine sand, silt and clay and the footprints could become quickly covered by fresh 
sediments; preservation in some cases is excellent 

STOP B-t; Mt. Tom {Smith's fem> 

Dinosaur footprint locality is along :U.S. Route 5, 1 mile north of the city of Holyoke, Mass., and 
about 1 mile south of the Old Smith's ferry; a state sign on the east side of Route 5 indicates the 
parking area for the site. The strata bearing the footprints crop out between the highway and the 
railroad tracks below, dipping tow~d the river. · · 

. . -
The Lower Jurassic Longmeadow Sandstone exposed here consists of fine-grained sandstone, 

siltstone, and claystone, mainly brown and gray. The footprints, all badly weathered, numbered 
about 134 in 1970. Ostrom (1972)described three different types of tracks; all are three-toed 
tracks made by bipedal dinosaurs; most were walking westward. The sediments were deposited 
along the margin of a flood-plain lake (Hubert and others, 1976). Fossils in the underlying dark
gray lacustrine shales include fish and bivalved cmstacea (McDonald, 1982; that article describes 
other dinosaur-track localities in the Connecticut Valley). 

Edward Hitchcock (1793-1864, third president of Amherst College. 1845-1854), was the first 
to recognize dinosaur tracks in North America. His collection of trackways from 35 miles along 
the Connecticut River is housed in the Pratt Museum at Amherst College. It is the largest collection 
of dinosaur tracks in the world. Hitchcock was first shown such tracks by a farmer in 1835, and 
he compared them with plaster-of-paris casts he made of the foot marks of living birds. From 
these comparisons he concluded that the dinosaur tracks were made by very large birds. Not a bad 
decision considering modem thinking on the subject of dinosaurs! 

STOP B-2; Snmmit of Mt, Holyoke 

From this point can be seen: to the east the Pelham Hills, underlain by Paleozoic and 
Precambrian metamorphic and igneous rocks; to the north Mesozoic strata found beneath the 
Connecticut Valley with its river (the stronger basaltic and conglomeratic rock forming the higher 
hills); and to the west the Berkshire Hills, underlain by Paleozoic and in the distance Precambrian 
metamorphic and igneous rocks (see Fig. 1). The purpose of this stop is to discuss the Mesozoic 
and more recent geology of the area. 

Pre-Pleistocene erosion produced the overall relief of the area; the Pleistocene glaciation 
modified the landscape slightly, rounding the topography and depositing drumlins and ground 
moraine. During the waning phases of the ice, about 15,000 b.p., Lake Hitchcock formed in the 
Connecticut Valley (Figure 4), behind a morainal dam that had formed in central Connecticut. near 
Rocky Hill. Coarse sediment deposited by streams entering the lake and formed deltas; the three 
deltas found in Massachusetts are of considerable size. Counting varves in the lake-bottom 
sediments from Hartford northwards. shows that the lake lasted for approximately 4,000 years 
(Ashley, 1972); when it drained, about 10,650 years b.p., the present-day stream network began to 
develop. 

When the lake drained and the Connecticut River flowed again, the huge Montague delta 
blocked it from flowing south through the town of Millers Falls (about 25 miles north of stop #2). 
Instead the river turned west. it carved a deep gorge through the Mesozoic sediments and lava near 
the present town of Turners F~, producing the best natural exposure of the Mesozoic in the entire 



Figure 3. Map showing Connecticut River channel and flood plain relationships to the Holyoke 
Range. Ned's Ditch is the earliest oxbow still visible in the flood plain. Oxbow Lake 
was produced by the 1840 cut-off of a large gooseneck bend in the river. IDustrations of 
this bend prior to the cut-off can be studied (Belt. 1989; also Thomas Cole's 1836 
painting of the Oxbow). The gooseneck was called an oxbow even before the cut-off. 
After the cutoff, this feature becomes the type Oxbow Lake. 
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Connecticut Valley basin. The river then flowed southward and on through the water gap in the 
Holyoke Range visible belov,; just southwest of this stop. 

N it' ,,fthew:1 I p,the \ i onstnlC t wide fl ,in,butr I sou.th, ii l. nfined ii 
its o, ge. Thi . 1 water 1 1 oduced . .I basel I I hat was -glacia. , n. The 
river may have been superposed from an old erosion surface or "peneplain". Hovever, previously 
existing faults, formed by the folding of the Mesozoic strata where the massive lava flow "hinges" 
and si' r, abrupt m west 1 , , :. thwest 1, have a · ,. the riv 1. r i 1 .utting 1 1 rter ga.r 
As a , 1 quence I r local b r vel uprr 1 1 om the gap, th. r has a I · 1 gradi,. 1 

north I an south o 1 1 e mountam, upriver the onneetreut I was fr:.. ·, wande1 1 illy. Am 
wander it did. producing many generations of meander bends and cut-offs of which two are 
shown in Figure 3. The present Oxbow resulted from the cut off ( 1840 flood) of the gooseneck 
mean: 1 I ,~net of ti 1 \ er; Hite and hi watch I goosen eached 
flood\ · s. Ora ! I I oock ill r. .d this · 1 s she I: , many o I a.tters , liogic 
importance in her husband's Final Report on the Geolc>gy of Massachusetts (Hitchcock, 184 l). 

The basalt around the .Prospect House (also known as the Holyoke House or the Summit 
Hom . 1 , ws col1 • jointin. . locally 1 amyg, r , 1 .il textur, I ,th of w r r were 
ampL , nbed b I :ard Hi .k (183 11). Ba · limenta k occu r .ath bu 
not above the basalt. Hence the rock was of extrusive origin. Hitchcock also noted the grooves 
and scratches on top of the basalt. We now ascribe these grooves to Pleistocene glacial effects, 
altho, I itchcoc 3) argu , 1 t they d from i, gs that ,. d in a ke tha 
hep, ii. 'edhad dthrou, 11 New Er 1,111d. Erra1' ,ulders 1 : on top I Holyok 
Rang,, 1. i11gges1i,., .re also htther 1 d>ergc. know .suited "r 

Pleistocene glaciers - 150 m.y. younger than the strata of the Holyoke Range. 

H 1:s hav ,d that , ock. a , , . 11t Congr,. nalist as geo let 
religi luence I ologic ing. Th,. 1e that I I I ock be 1 • , that al I I tfects 
now know to be of glactaI orifm "ere simply the result of Noah's Flood. It can be pomte out 
however, that Hitchcock had J n.·a',,(mahle geological point, given \vhat was known at the time 
about glaciers and their cllc~·i-- Aga~,11 had proposed in 1840 that a vast ice sheet covered all of 
New I : i.tnd at s,. nknow in the hut that ly moi idence I by 
Agas me fro 1 1 Alpine q glac I f Switz, · I. Hitch. disagre v 11h 

Agassiz' hypothesis becau,c I! "J' not necessary to postulate a huge ice sheet. larger than any 
known Alpine glacier when Li~"· !.kfll,,th were well known from the Connecticut Valley (named 
Lake H7 hcock~ F -l. h} U K I ,en.on) C tinen.tal · heets .had • t been rqorted by 
Agas . , ir were 1 • ·.no~ n chcock ittime. 

Beneath the river and f:Lkul "-·J1m\."nts, the Connecticut Valley was carved through relatively 
easily eroded sedimentar:- n "'- ~ 11! \k,p101c age. These sediments were deposited during Late 
Trias i I d Early i 1 .sic tlrrk n a hat _ i I ien who I in oper,, · _ 1 ault la. I east, r 

I ,,ase of I I lham H Th1!o & ault ru ,. m Venn, o Long ii I Soun 
I a i a thrmv o a1 least 5 mn ... and ht it was 1, all du/ 1g imenta1 1, :he you. 1g. 1 

beds tilt eastward more gentl} th.rn the older beds. The fluviaL alluvial fan and lacustrine 
sediments that accumulated in the h..1,in indicate a fluctuation of climate from semi-arid to sub-

, 11 id. Th,. that p , . 1 ally fo ave be.1 rrelated 11 , 11 iust so.11 here to 
r , :n, CT. 1 n 1e of the . i es wer , fficien:1 · to ace ·, , date tu < 1 curren 

deposits. Most lake deposits indicate playa and shallow water cond1t1ons. however. These have 
mud cracked units and in some cases micrite layers. Volcanic eruptions vvere not uncommon 



during Late Triassic to Early Jurassic time. Most of the lavas were extruded on land, although in 
one case, pillow structures indicating sub-aqueous extrusion, have been found. Note the basalt 
beneath the Prospect House. 

STOP B-3: Border Faqlt of the Mesozoic BeBiJJ at Mt, Toby 

This stop is 8.5 miles north of the center of Amherst Town, on Route 63 east of Sunderland. 
Outcrops of metamorphic rock are found along the east side of the road. To the west of the 
railroad track, Roaring Brook has formed a gorge and waterfall. The base of Mt Toby is a fault 
scarp: the Mesozoic Basin Border Fault. Outcrops of Mt Toby conglomerate and depositional 
breccia are found in the gorge. The maximum throw on the Border Fault has been estimated in 
Connecticut to be approximately S miles. The dip of the fault there also flattens at depth 
(D.U.Wise, pers. communic. 1986) towards the west, a feature common in the listric style of 
faults. In the Mt Toby area, and south to the Holyoke Range, fault steps are found which bring 
the basement up close to the ground level (Chandler, 1979). 

STOP B-4; Yvved clays of Lake Hitchcock 

This stop is in a ravine on the east flank of Pocumtuck Range (North Sugarloaf Mountain), 
Town of Deerfield. En route to the stop, which is 1. 7 miles north of the west abutment of the 
Connecticut River bridge at the village of Sunderland, one may note the river terraces south of 
Sunderland and the Upper Triassic conglomeratic sandstone just west of the bridge at the foot of 
the South Sugarloaf Mountain. 

Pleistocene Lake Hitchcock clays are exposed here in a narrow gorge cut by a stream flowing 
eastward from the Pocumtuck Range into the Connecticut River. Note the varves, and the 
distorted beds with pebbles in them. The one distorted bed here includes 12 varves. Its origin is 
obscure: it may be a result of floating ice that dropped the pebbles, but then why the distorted 
varves? The distorted varves may have resulted from earthquakes (similar distorted varves are 
ascribed to earthquakes in Quebec), but then why the pebbles? The proximity to the Pocumtuck 
"range" may offer a clue. These distorted beds likely resulted from subaqueous slumping, 
wherein nearshore pebbles and sand were entrained by the slump. 

The varved deposits in this part of the Connecticut Valley are nearly 200 feet thick. The 4,000 
varves in the lake deposit have been precisely correlated as far as central Connecticut (Schafer and 
Hartshorn, 1965). This is much like the science of dendrochronology: varve thickness is 
proportional to length of time of ice-free water each summer with the winter's accumulation 
simply from suspended clays, just as tree-ring thickness is proportional to length of summer 
growing season plus a tiny bit of growth during the winter. Indian legends relating to the lake 
imply a cataclysmic event had occurred wherein all the water drained from the area within a short 
period of time. One possible cataclysm would have been the topping of the morainal dam at Rock 
Hill, CT by an unusually high rainfall event. Ice floes may have clogged the natural spillway in 
bedrock. Similar ice jams caused extra flooding during the 1936 flood event, the worst flooding 
ever recorded on the Connecticut River. 
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Yigure 4. Reconstruction of Lake Hitchcock shortly before its catastropic draining from an 
illustration prepared by George W. Bain of Amherst College over 50 years ago. 
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The Acadian Metamorphic High, South Central Massachusetts 
Modified from Thomson, Peterson, Berry, and Barrlero (1992). . 

Introduction 

The Acadian metamorphic high of southern .New England contains the most intense Acadian 
metamorphism in the Appalachian orogen. Regional metamorphic zones for central 
Massachusetts, based on assemblages within pelitic schists, are shown in Figure 1 (Tracy, 1975, 
1978; Tracy et al., 1976; Robinson et al., 1978, 1982, 1986a). A broad area in the middle of the 
metamorphic high is in Zone VI, characterized by the assemblage smimanite + K-feldspar + 
garnet+ cordierlte. Metamorphosed igneous rocks in Zone VI include assemblages of 
orthopyroxene +augite+ plagioclase and ortbopyroxene + K-feldspar, indicative of the lower 
granulite facies (Hollocher, 1985). Cale-silicate rocks in this zone include the assemblages 
plagioclase +quartz+ calcic scapolite (A.B. Thompson in Goldsmith and .Newton, 1977) and 
wollastonite + anorthite (Berry, 1989, 1991; Robinson, 1991). Leucocratic layers in migmatitic 
gneisses represent a diverse suite of fluid-absent partial melts that formed over a range of P-T 
conditions (Robinson et al., 1982; Tracy and Dietsch, 1982; Thomson, 1992; Thomson et al., 
1992). 

Recent field guides for this area give a more regional perspective of the high grade region 
(Robinson et al., 1982, 1986a. 1989). This field trip will examine two localities in Zone VI of 
regional metamorphism exhibiting high-grade pelitic rocks and their partial melts (Fig. 1). 

Reatonal Setting 

The rocks visited on this trip lie within the Merrimack synclinorium (Fig. 1), one of two major 
tectonostratigraphic features of the New England Appalachians, regionally deformed and 
metamorphosed during the De\·onian Acadian orogeny (Hall and Robinson, 1982). The Bronson 
Hill anticlinorium to the west is partly defined by a series of structural culminations, exposing Late 
Proterozoic and Late Ordovician ba.~ment (Thompson et aL, 1968; Tucker and Robinson, 1990). 
The Merrimack synclinorium to the ea.c.t contains highly deformed and metamorphosed Silurian -
Devonian sedimentary rocks with minor volcanics (Hall and Robinson, 1982). 

In central Massachussetts. the Acadian orogeny has been divided into three generalized stages 
of deformation: the nappe stage. backf old stage, and dome stage (Robinson, 1979; Berry, 1987, 
1989). Westward transport or matenal during the nappe stage produced large-scale fold- and 
tbrust-nappes resulting in an in\·erted metamorphic gradient in some places (Thompson et al., 
1968; Robinson, 1979; Thom('Nm. 1985; Elbert, 1988; Robinson et al., 1988, 1991). During the 
backfold stage. the tectonostr.at1~r.aphy along the eastern margin of the Bronson Hill anticlinorium 
was overturned to the east. accompanied by emplacement of some gneiss bodies in the Bronson 
Hill anticlinorium (Robinson. 1979; Robinson and Hall. 1980; Robinson et aL, 1982; Thompson, 
1985; Peterson, 1992). Continued upward as well as lateral transport of basement gneisses during 
the culminating dome stage produced the fmal geometry of the gneiss domes of the Bronson Hill 
anticlinorium (Robinson, I 963. 1979). 

Metamorphism 

Differences in the character of metamorphic facies and in the metamorphic history are 
observed between the Merrimack synclinorium and Bronson Hill anticlinorium (Fig. 2). Within 



the Merrimack synclinorium in Massachusetts, high temperatures and moderate pressures were 
achieved through early high temperature/low pressure Buchan-style metamorphism followed by 
heating to peak thermal conditions and then compression during slow cooling (Schumacher et al., 
1989, 1990; Robinson et al., 1986b, 1989; Thomson, 1989, 1992). In contrast,.rocks from the 
Bronson Hill anticlinorinm appear to have followed a clockwise P.;T path involving compression, 
followed by cooling and decompression (Robinson et al., 1982; Schumacher et al., 1989, 1990; 
Schumacher, 1990; Tracy et al., 1991 ). However, interpretation of the metamorphic histoiy of this 
belt is complicated by a Late Paleozoic metamorphic overprint in certain parts of the anticlinorium 
(Robinson and Tucker, 1991; Robinson et al.,1992). 

Evidence for this counterclockwise P-T path in the Merrimack synclinorium has been found in 
independent petrologic investigations of pelitic rocks, calc-silicate rocks, partial melts, and fluid 
inclusion studies (Tracy and Dietsch, 1982; Robinson et al., 1982, 1986a, 1988, 1989; 
Schumacher et al., 1989; Berry, 1989, 1991; Thomson. 1989, 1992; Winslow et aL, 1991). The 
metamorphic features preserved in 7.one VI of the Merrimack synclinorium can be grouped 
informally into early metamorphic features, peak metamorphic features, and Ietrograde features. 
These features are breitly summarized below. A more detailed discussion may be found in 
Thomson et al. (1992). 

Early Metamorphic Features 

An early low-pressure high-temperature histoiy that involved partial melting is suggested by 
the occurrence of siltimanite psendomorphs after andalusite in pelitic schists and gneisses (Fig. 1) 
and by mineral reactions in cordierite±garnet-bearing pegmatites (Tracy and Dietsch, 1982; 
Thomson, 1992). Analysis of both melt- and solid-state mineral reactions in the pegmatites 
suggest that the contierite formed earlier and at lower pressures than the peak of metamorphism 
(Thomson, 1992). Some pegmatites contain cordierite that has broken down to aggregates of 
garnet + siJJimanite + quartz, including samples collected from our second stop in the granulite 
facies region. A more complete discussion of cordierite±gamet-bearing pegmatites, including the 
melt reactions responsible for their genesis and the P-T conditions followed through the later 
stages of metamorphism is presented in Thomson (1992) and Thomson et al. (1992). 

Peak Metamorphic Features 

Garnets that belong to the prograde assemblages of 7A>ne VI and parts of Zone V are 
characterized by homogeneous interiors with rims which differ in composition only where 
adjacent. to other ferromagnesian minerals such as biotite or cordierite (Hess, 1969, 1971; Tracy et 
al., 1976; Robinson et al., 1982; Tracy, 1982). It has been suggested that prograde metamorphism 
and partial melting at temperatures of 675 to 730°C flushed the system of metamorphic fluids so 
that later localized retrograde ion exchange reactions occurred in the absence of significant amounts 
of metamorphic fluid (Robinson et al., 1986a). Partial melting of pelitic schists and gneisses of 
appropriate bulk composition resulted in the formation of leucocratic garnetiferous melt 
segregations, the genesis of which is discussed in Thomson (1992) and Thomson et al. (1992). 

Peak granulite-facies metamorphic conditions of pelitic schists and gneisses have been 
estimated using a variety of thermobarometric techniques applied to garnet and cordierite core 
compositions and isolated matrix biotite. The calculated pressures and temperatures have been 
estimated at up to 740°C and 6.5 kbar (Robinson et al., 1986a, 1989; Thomson, 1989, 1992; 
Peterson and Thomson, 1991; Peterson, 1992a,b). The univariant assemblage anorthite + 
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Figure 2. Integrated contrasting P-T paths fro the Keene dome of the Bronson Hill anticlinorium 
(BHA) and Merrimack synclinorium (MS) (from Schumacher et al., 1989). Thick 
ends of tie lines lie on trajectory of the BHA; thin ends on trajectory of the MS. 

wollastonite + grossular + quanz from a rock south of Holland, Massachusetts (Berry, 1989; 
Robinson, 1991) requires temperatures in excess of730°C assuming 5 kbar, or in excess of 
760°C assuming 6 kbar (Berman. 1988). The univariant assemblage corundum+ garnet+ 
siJHmanite + spinel in a rock near the Holland-Sturbridge line in southern Massachusetts, provides 
a temperature estimate of 750°C a~suming 5 kbar, or 800°C assuming 6 kbar (for further details, 
see STOP 7 in Thomson et ,II .• 199~). 

Retrograde Features 

On the whole, peak metamorphic features in Zone VI are remarkably well preserved. 
Retrograde effects such a!<. chlont11cd biotite or sericitized feldspar are rare as compared, for 
example, to rocks in lower i:raJe 1tmes. The most common post-peak retrograde effects appear to 
be ion exchange reactions that tOlll. place at lower temperatures, affecting compositions of garnet, 
biotite, and cordierite near mutual ir.ain boundaries (Tracy et al, 1976; Robinson et al., 1986a, 
1989; Peterson and Thomson. 1991; Peterson, 1992; Thomson, 1992). 

Petrographically discemahlc retrogrdde reaction textures in Zone VI include: fme-grained 
cummingtonite along orthopyroAenc grain boundaries (Hollocher, 1985; Robinson ~t al., 1986a. 
1989); pale green biotite on edges and fractures of cordierite and/or garnet near large K-feldspar 
grains within partial melts (Tr.icy and Dietsch, 1982; Robinson et al., 1989; Thomson, 1989, 
1992); garnet+ sillimanite + quartz aggregates entirely within large pegmatite cordierite grains 
(Tracy and Dietsch, 1982; Robinson et al., 1989; Thomson, 1989, 1992); muscovite-bearing 
pegmatites and granitic dikes (Robinson et al, 1989; Berry, 1989; Thomson, 1992; Peterson, 
1992); and secondary epidote veins (Robinson et al .• 1989). While most of the small-scale 
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retrograde features are related to post-Acadian cooling, some features, particularly the latter two, 
could be late Paleozoic in age. 

STOP B-5; RANGELEY FORMATION AND LEUCOCRATIC GARNETIFEROUS 
MELT SEGREGATION (Wales Quadrangle). 

This stop provides the opportunity to collect fresh samples of Qtz-Pl-Kfs-Sil-Bt-Grt±Crd 
gneiss of the Lower Silurian Rangeley Formation. In addition, the locality has a spectacular 
exposure of a leucocratic garnetiferous melt segregation thought to be the result of fluid-absent 
biotite-dehydration melting reactions of the surrounding gneisses. The mineral assemblage within 
the segregation is dominated by garnet, orthoclase and quartz. The surrounding gneiss, on the 
other hand, contains a greater proportion of hydrous minerals, particularly biotite, and lesser 
amounts of quartzofeldspathic minerals. The garnets within the concordant to slightly discordant 
segregation are coarser grained (2 cm) than garnets in the surrounding host gneiss. 

Samples collected from a tiny roadbed outcrop (since obliterated) near the intersection of 
Hitchcock and McBride roads, are vein-type migmatites with similarities to the rocks observed on 
the pipeline. The samples contain euhedral garnet crystals (Alm69.3Prp26.1SPS4,.8Grs2.8) to 4 
cm in diameter set within a coarse-grained matrix consisting of quartz, orthoclase and siUimanite. 
In addition, the samples contain abundant sitlimanite pseudomorphs after andalusite up to 3 cm in 
diameter and 9 cm in length. 

Samples of pelitic schist and and adjacent melt segregation from a site just west of Mt 
Hitchcock Road on the pipeline were analp.ed in detail by electron microprobe. Biotite analyses 
reveal that the most Fe- and Ti-rich biotites are those present in the leucocratic segregation as 
inclusions in K-feldspar ~ = 0.498 - 0.521; Ti/11 oxygens= 0.292 - 0.335). The most 
magnesian biotites are isolated matrix grains within the leucocratic segregations (XMg = 0.552 -
0.573; Ti/11 oxygens = 0.258 - 0.283). Gneiss matrix biotites have an intermediate XMg <XMg = 
0.534 - 0.544; Ti/ 11 oxygens = 0.251 - 0.267). The biotite inclusions in K-feldspar may represent 
compositions that existed in the gneisses just as melting to form the segregations began. The 
compositions of garnet grains within the melt segregation (Almro.1Pril2s.~ps1.9Grs2.3) differ 
slightly from that of the associated gneiss (A.hn@.1Pril2s.2Sps23Grs3.1 ), although this may not be 
true for all melt segregations and gneisses. Garnets in both the melt segregations and the gneisses 
are homogeneous except where adjacent to biotite and cordierite. When compared to average 
garnet core compositions, garnet compositions adjacent to biotite are characterized by higher XFe, 
higher almandine and spessartine content, similar to slightly lower grossular content, and lower 
pyrope content 

Thermobarometric calculations based on garnet core and isolated matrix biotite compositions 
of the gneiss and adjacent melt segregation suggest that the melt segregations formed under 
conditions similar to the peak granulite facies metamorphism recorded in the host gneisses. The 
garnet-biotite calibration of Thompson (1976) yields peak metamorphic temperatures of 700 -
710°C. Minimum pressure estimates based on garnet compositions and the calibration of Tracy et 
al. (1976) are 6.2 - 6.3 kbar. Temperatures calculated using the Fe- and Ti-rich biotite inclusions 
in K-feldspar within the segregation together with garnet core compositions range from 750 -
780°C. These would represent maximum temperatures for leucocratic garnet melt segregation 
formation if it is assumed that the biotite inclusions did not re-equilibrate and that they are, in fact, 
in equih'brium with garnet core compositions. 
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Figure 3. Concentric XFe contours in cordierite completely surrounding aggregate of Ort (black) 
+ flne-grained Sil (enclosed by dashed lines in A; gray in B) + Qtz (stippled). Red
brown biotite inclusions are shown in striped pattern. Analysis points in cordierite 
shown as small black dots: (A) Sample Sturb2 collected from STOP 2; (B) Sample 
Pl 1-1. Traverse of cordierite compositions along black line in (B) is shown in (C) 
(from Thomson, 1992). 
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A sample (MA/Wales 287, Thomson et aL, 1992) of coarse-grained sillimanite-orthoclase
gamet-biotite schist was collected at this locality. Monazites from this sample give a concordant 
age of 363±1 Ma showing that the partial m~ting and metamorphism here is Devonlian. 

STOP B-6; CORDIERITE_+GARNET-BEABING PEGMATITE, scmsm, AND 
GRANULITES QF THE SILURIAN(?} PAXTON FM (Southbridge Quad). 

This stop will allow you to collect pristine samples of cordierite±gamet-bearing pegmatite 
thought to be the result of fluid-absent, biotite-dehydration melting reactions of the surrounding 
gneisses. The host rock at this locality consits of quartz-sillimanite-gamet-cordierite schists and 
interlayered biotite and calc-silicate granulites of the Silurian(?) Paxton Formation. 

The pegmatite consists of the assemblage Qtz-Pl-Kfs-Sil-Bt-Crd-Grt. Cordierite within the 
pegmatite is blue to dark lavender in color and up to 8 cm across. Some samples from this locality 
show large dark patches up to 15 cm across that appear to be a pinite alteration of original 
cordierite. 

Samples from this locality show evidence of cordierite breaking down to aggregates of garnet 
+ sillimanite + quartz. The cordierite in the vicinity of these aggregates is zoned, particularly 
within 1000 µm of the aggregate (Fig. 3). Cordierite far from the aggregate has an XFe of 0.30 -
0.31. The XFe of the cordierite decreases dramatically as the aggregates are approached and 
becomes as low as 0.22 directly adjacnt to gamet. Gamet within the aggregates is also strongly 
zoned (Fig. 4). Pyrope contents are generally between 26 and 28%. 

Figure 4. Contours of mole percent of pyrope in gamet in aggregate entirely within large cordierite 
from sample Sturb2 (STOP 2). Qtz (stippled), Crd and Ort (unpattemed). Analysis 
points shown as small black dots. See Figure 3c. 



Conditions of the onset of cordierite breakdown were estimated at 762°C and S kbar using the 
aggregate garnet "core" compostion and the cordierite composition far from the aggregate. The 
last recorded conditions of cordierite breakdown have been estimated at 617°C and 6 kbar based 
on the compositions of the aggregate garnet rim and the adjacent cordierite. All calculations used 
the calibrations of Thompson (1976) and Bhattacharya (1986). Conditions of the onset of 
cordierite breakdown recorded in a number of samples from the pipeline are between 760 and 
800°C, S - S.S kbar, similar to those recorded at this locality. However, the sample from this 
locality records "final" conditions of breakdown that suggest lower pressures and higher 
temperatures than those recorded in the west The last recorded conditions of cordierite breakdown 
are between 570 and 590°C and 6.6 - 6.7 kbar in samples 10.5 miles to the west. This data may 
suggest that, during the late stages of cordierite breakdown, tei;nperatures were slightly lower and 
pressures slightly higher in the west than in the east. 
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Regional Geology of Western and Central New England 
Modified from Robinson (1986) and Thompson, Cheney, and Robinson (1986). 

The bedrock geology of western and central New England is exposed in three synclinorial 
belt,s se:iarated by two major anticlinoria (Fi,gures C-1, C-2). Fro.m west to east these are the 
Middi, syncli I the B. 11re-Gre11 untain 1 1 norium. I onnec /alley 
syncl 1 1m, the 1 1 1n Hill. 1 norium. '.i the Mei 1 11 k sync L ,r I m. In . • achusei 
the east margin of the Connecticut Valley synclinorium and the west margin of the Bronson Hill 
anticlinorium are unconformably overlain by Upper Triassic-Lower Jurassic continental 
sedim. ,1 rocks ,11saltic ,1 icslocd· lalonga11 :,rwest-di;i · ,gJistri 
In Ve 1 ,1 1 the Or ountian I linoriur I t by th 1 1 m.y. o. 11ingsvi 
Comp I I rd the 111 1 1ticut V I synclin I is cut 1 '11 120 m . , I Ascut 

:al faul 
/nite 
omplex 

The final forms of the synclinoria and anticlinoria were produced by Acadian (Devonian) 
foldinc.. thede .onfigu11 1ofrocil I isapr 1.1 ofbotb 1 ,nian(Or. ·.ian)an 
Acadi . . 1 ormati 1 . 11 facies onshop , cks ran :. 1n age pper P 1brian t 1 

Lower or Middle Devonian. 

The Middlebury synclinorium is entirely underlain by North American Grenvillian 
basem/ This is 11 , 1formab 1 1 1• 1 • ·rlain I, by Eoc I an clasi , : , carbo 1 ,cks of 
the D.·: i : ?ormati1 , 1 : r:d the b:· ! i' .. , ·ontinu·i an qu:i\ ) r:dstone \ ; r Lowe , ibrlan 
Cheshire Quartzite. The Cheshire is the substrate upon which was deposited the extensive North 
American carbonate bank sequence of dolomites and limestones with subordinate sandstones and 
sh1:iles h I anges i 1 fromL Cambr7an through u '[i\rmostL()Wer Ordovician. and which 
wasd. edon I nsoutb ofN011 11ierica(I 1 tia)fQ, 1 1keleng·'1 , 
tbous,:1 fkilom Thee , 11tebank: , 11,·ncew1 1 1.'k-faul .l ,11 locall\ ,. , ledeve11 
down to basement before being overlain unconformably by a Middle Ordovician carbonaceous 
flysch sequence with local calcitic limestone at the base. The Middle Ordovician flysch was then 
tecton oveiri I y the l and we I ost of iconic hons, c1 • ·ng of a 
starver! l 1 le facie•. , ata fro1 ambri:i I ugh M11 Ordovk 1 , 1 1~. We that fli 
Taeomc acies rcpr . 1 a cont 1 , ii slope 1 quence p, ) ;ited oc,. 1 ard oft 11 bonate 
bank, because it contains local limestone conglomerates and carbonate-cemented clean quartz 
sands that had their source in the carbonate bank environment or shoreward of it. We also know 
that th ., iestem, · uentof 1, . llochth, during vician , 1litezon. and 13 
becau Us of, ges can , und in t' 1 :atrix o' 1 ,cks-in · 1 . ' unit a1 op of ti\ 
Middle Ordovician flysch, contammg Iithified blocks of nearly alI units of the Tacomc facies. 
Unfortunately this "simple" picture is greatly complicated by imbricatc thrusting after rocks of the 
Taw.nic facics and fl: sch had been mctam.orphosed to slate and by the consequent production of 

1 ,1er tect 1 • 11e1ang1 

We know that the Taconic facies was deposited east of the west margins of the Grcnvillian 
basement in the Green Mountian and Berkshire anticlinoria, because the base of the Middlebury 

;,noriut 1 1 1ence re . : 1 confor1 · 1 i on the · 1 illian i I e locati Howev1. 
source , I Tacom. 1 es eas1 , 1 ii 1, s point • 1 1ch deb .n Verm i 1 1 larabin1 i 

), Tho I et al. , and D, •1 1 et al. 1 have d, bed a m.1 · hear zo: 
within the green Mountains between two basement types along which arc located fault slivers and 
tight infolds of Eocambrian to Cambrian rocks of Taconic affinities. They suggest that this 
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syncli ; 1 • J old mac entire] 1 uath the villian of the . 1 ;, part o 1 1• reen 
Moun, Jid rea as tecto" 1 ndows 11 the deq expose Ii I of the kl' gneis 
dome still farther cast. In this model the Eocambnan-Cambnan strata deposited unconformably 
on the Grenvilian basement along the east flank of the Green Mountain anticlinorium and in the 
outer part of the Chester dome were depos.ited farther from North America thm1 the Ta\ 1 · ic [acie 
In Mas .. 11setts, ) and R I I te (198. I detec1 , that th 111 ac For 1 1 1, wbicl 1 
restso1 I Orenvil asemeni 1n ,eeast •ftheBx. 1res,wa • 1 1nallyd edlmlt 
of the Taconic facies. The Hoosac is in fault contact with still more easterly facics along the 
Whitcomb summit thrust, which is regarded in Massachusetts as the source region of the Taconic 
alloch Stanle \ Ratclil i gest th I I Wbitco 1 1 mmit t I races al ~e east 
margir e Hoos : rmation 1 • miont . 1 the soi gion 01 1 • aconic there 
also, i 1 11 radicti . re opin 1 1 )f Karal 11 . , Thomp • 1, .nd Do" 

Most workers thoughout the region are in agreement that the Cambrian-Lower Ordovician 
strata.. 11theH i•. 1 ·· 1 · Format i · 11i Venn:· 1 1•. Mass 11 tts bel: 1 ii a com 
accreti i i 1 • , wedge 1 1 :Ltinent; ii •e and o · 1 strata ii as caugl 1 1 an east-• 1 1 g 
subductmn zone between North Amenca and an eastern plate during Tacoman Closing of Iapetus 
(Stanley and Ratcliffe, 1985). Evidence, best exposed in adjacent Quebec, suggests that one of the 
earliest events in this closing was the obduction of a then young ophiol.ite sequence onto the North 
Am.eri I •. ntinen1 tgin, p! ly in earl rdovic ii I 1e. 0n e distir blems 
region w met;: 1 1osed v • 11cs in te contac1 i I fragm. 1 this opt were 
subsequently brought rapidly back near the surface to cool within the Middle Ordovician. 

Th:, pre-Sil1 i 11 ock.sof1h BronsonHillanticlin·i 1111 consisii . ffivem·i 11 ·ithic 
associ 1 .; i areco 1edtore111 1'tthee.1 platetl ovem, ii iheaccr 1. •ary 
wedge i'nson 111.198: 1 1 I andR > :n, 198 1 etal. •. Theo.. :xpose 
rocks are microcline gneissed, quartzites and related rocks in the interior of the Pelham gneiss 
dome that are interpreted to be a series of metamorphosed rhyolitic volcanics and interbeddcd 
sedim, ate Pr,.. 1 dan ag 1 :how Ji1 1 i 2lnities 1 • 1 ks ins stem C ,ticut 
interpr I bep;i, eAval· •li.:te. Th overl:1111· it comp· I series •.·1·, i.•c-
alkalin• pl 1gloclase gne1s5es and amp ':bolites I 1ai may lnclu, e ayered maac and fcls1c vokanics, 
mafic dikes, and gabbroic, tonalitic, and granitic intrusions. These rocks may be as old as late 
Precambrian, although a popular view is that they represent the Ordovician roots of an island arc. 
Sever:11 .i e gnei' • 1es exp 1assive u • id intru. ocks or fl 'liverbn 11.s that 
give a1 1 L tly reli 1 ]ddle ; I. cian a~· , hough dant in 1 • conta I I ions 
with the overlying Ammonoosuc Volcanics can rarely be demonstrated. Furthermore, local basal 
conglomerate and quartzite in Ammonoosuc Volcanics overlying Plagioclase gneisses hint of an 
u11cionformity at this sition. The Ammonoosuc Volcanics have been. well characte1 · d ,s arc 
volcan .1.1 ging ir positio• tholeii1 1i:altthr,i· :idesite .. 1 lacite to 1 ·h 
myoli · 1 givee, eofde :nfrom 1.lli1gofm.1, · srbasal11 oliths 11 ii 1 
significant contributions from continental crust (Aleinikoff. 1977; Schumacher, 1981a, 1983; Leo, 
1985). The underlying Oliverian granitic rocks, in contrast, show evidence of a continental 

i ge (Zart I i: 1 1,nd Le, 1 : 4) whic I I recentl, 1 • identi proba. . Grenvi II' 
1 arbara I iro, pe I I comm 11 :on. 19> 1 pporti1 ier sug• ins (see I t 

., ' 83) th I i 11h Ame baseme · y unde I Brons 111 belt a pth. Abo, 1 1. 

Ammonoosuc Volcanics is the Middle Ordovician Partridge formation dominated by 
metamorphosed sulfidic black shale with subordinate arc-type volcanics very like those of the 

1onoosu 1 1 11 1 locher '). The dge has I traced 1,tinuou .1 1 rthwar 1 

11 1) •;1estem 1 1 1e wher• 1 1 ,ntains 1 ;. 1 Qrdo, 1 graptol 
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T,1: ,1ag1 <las,, neis of "e m bi ,mer ext 1 d co1 der y w of t1 pre , ,t 
position of the Bronson Hill anticlinorium and appear from beneath younger cover in a series of 
gne1 do sin stern Mast bu;; :1s an on1 tic Int Bri•, I.do 1.· of , nne, 1 ,ut, 
Stanley (Hatch et al., 1984) has recognized a tectonic contact where the plagioclase gneisses of the 
"e ,.mb: me1 "ap: to tmq.1abo, prol ile erm•tL r01, Nici str .. i ofvl 
acer, onarywe,. g. in I pr;pi,sed J rb1ol 1hrusi . In f:c C ester dome of Vennont it 1s possible 
that the plagioclase gneisses of the Barnard Volcanics. also represent "eastern basement" that is 
tlm ove, 1 Ire ,reto,. Fo: 1 tio1 f th i cre1 , nary edg. ; 0 a 11. st 11 ·the·• isto ;hnJs1 

(sec Figure CA). If so, then the entire thickness of the Taconian accretionary wedge may be 
exp, ,di1 cto I ally 11iinn. 1 ash1 on I fla1il.sof C · 1.er 1e. 

Th ,tat 1 , S th Amrn ,noo 1. V. anic ,d .. ~ -'rid~ For;, ion ith r. pect the 
pro1 , 1 :ed i1sto. I :rusl som. hat q 'ivo, . Tl e u1 1 s or equiv a I ents form a c ear upper part 
of the sequence on the eastern side, but there is some evidence to suggest that they may also have 
bee lepo 1,ed he ·tsi thu eali over riies 11re. iscil 1.,us his r htt, 1 ,te 
the fossil age of the Partridge Formation is vi1tually identical to the youngest fossil age obtained in 
the rc1trix ,. 1 the hloc1 in-sl e" u · ber th Tac, r call, hth 

TheSilu1; -D :nia1 ,ove1 qu einrhew ,,,m ce•11 alp:. of ·Co1 ecticr 
Vall '8Y 'ino: .'mh, lee• 1dc,. inu, obeplag,1 wit' nee :inti On 1ewesi,at'l1m 
sequence of conglomerate and calcareous rocks is traceable into Quebec where there are Silurian 
fos. , im: yin; owe1 •ev an a for r st , 1he o· rlyi1 shai sil 1, :nes . :de, ario 1 

granulites of the Goshen, Northfield, Gile Mountain and Waits River formations. On the east limb 
ofti1,· syn, linori 1.fo .i co,nr Hs .cell 1 1,sh, ing .,tth asai l.oug I Qu, 1.tei uw, 
Silurian (late Llandovery), the cakanous Fitch Fonnation ranges up mto the uppermost Silurian 
(Pr.idoli) and that the black shales and sand t ,nes, f tbe Lttlet Foi. tio1 ange i 1to ti 
upp, mos1 .ow Dev an, I eE ian) str1 ural Jut, i to ratigr phi :tenii.,a in 
westen Massachusetts implies that the lower part of the Littleton Formation is thrust westward for 
mai 10\,,;]cil 11ete1,ntJI .ro1 1 ed ,iatel 1hrus1,ver .Gil Mo11li ,in W Ri,. 
formations and implies that these units are at least as young as Lower Devonian (Robinson et al., 
198 l, In ,par,. 1 1 com 1. dic>I° to ·s, t , gra:1 i ite aliti four" 1n tli last ye ,1 , on. 1n 
Vermont, one fo Quebec, indicate a M1ddie Ordov1chm age for some of the caibonate-bearmg 
strata (Bothne.r and Finney, 1986). To fu.rther c.onfuse. the iss ne\ L colL ted ,Iant f i ils I m 
an lerl,, :ity I Qu.: .ca, 1ttw 1:y sal,i1 str fro the ptol sin I ate: .ite 
Lower Devonian age. 

Eastward from the Bronson Hill anticlinorium into the Merrimack synclinorium, the thin 
Sil1 :ans,. ion 1i1,ke, rath\ 1bru1 1y ac ,s a" cton: bin mt, 1 et sh 1, and :asti 
sequence o; the erdmack trough, tie post- !acoman sedimentary basm that closed durmg the 
in.itial stages of the Acadian orogc.ny Al.though fossil controI in western Ma'.ne, N w ll 1 1;1psh; 

~ . .. ._ • ., . . . • .. . .... ·• . . • .. . • • . . ., . I 
11• , cen~ iv1:-o:-osac,1 r,eas I c:: poo C :>:an •ne 1 ions '"t• .ent, 1 Mi li an, 11 ,enc,. : ore 1. 1 1ve , 
fossil-rich Aroostook County are good and lead to a fairly clear picture of sedimentary history. 
' ie e an: I 1 5dd:, Silu: :nhi ry i1 Ive, last edi· ntat , wi soi 11 e in er, Ing 

Tacoman orogen to the west. The upper Si1unan is dominated by calcareous elastic rocks with a 
sibl ,.on11ilutio1 rom ppe1 ,ilur:".t vol·1oe iow1:oh exirdto 1eea1 Th. 

, wer •evo 1 1 sa1.\ a se, en1 ary so 11, er, ersul with c astics ing s 1cd westward from 
tectonic lands to the east (Hall et al., 1976), forming delt.ai.c co.rnplexcs and u mario.c clal'itic. wedge 

11tpr,, ade wes: ard i :oss 1•. sit ,1'the ron,.. Hi 1.1.tic1 oriu I and I yon,! 

71 



72 

i as. ,ar f ,m the ne, :f e 10 ,se, Br,st l ttl ,is, he,' i itt o n evi, ,en .. e r 
ve1 e ,c111 i.a , de oncati, n ir, tar:.orrh.i. n, "nd all .'T'ajor stMJ.ctural fcatu.res .1re Acadi~ or 

• oun.~cr The .tLbtly con.trolled Silurian-Devonian stratigraphic sequence of the Bronson Hi11 
anticlinorium has allowed de1ineat10n of a senes of eru·ly wes -d, 1 ec d ld ,apiJes. 1'(, re . cc nt 
I ·lh a1 1n Jt ,e s.qu .. nc,. in, ie le ilr ck yr lir • ri1 m 1 ,.tS .1 ad. it I os "bl to ho > t'· it t'~e 
1 ld,a;ries II'Ciru11,a·d · sl:gh y ,u ,e,1thr1st ,ap1,srP.J Thomison 198.S·Elbert 1986) 

which lncally have carried rocks of the synclinonum sequence over the top of the anticlmonutn 
onto its present west thub. The ehl y recu1nbent old a, tl:.....us , i luiin hc·h t 10s, of ,he 

ca.la,:an•. th,e .ft T.coiia1 w to th·B1. 1toibaelien Uii ~e1 ;oL,'<ii t l ier1.m:ses 
, 1 t, A acLm ro.,' n\ in.luding 1he ra itationally induced fortllation of a series of complex 
gneiss domes. These domes dominate the Bronson Hill anticlinorium. but are also abundaut m t e 
adjacent Connecticut V1lley syndmonurr • .in co, tai , a ~ri ~Y fb. oy..u1t, or roc 1.s ,n, 1ng 

on. O nvili:, 1 g ni ,c r, :k•. to J.r 1,. :vi :.811 pl11 10n . 

.R~iOJl3illWrihution of l\'fetamorphic Zones 

. Iet:1cn1 pl z, ne. in 1he ,el. 1 tt: m a( ig1 .e -3' w .. e od.rce: d1 in atlar tw, 
, \m, ile.\ m, , w;r, Iphic ycl ·s. the Taconian and the Acadian The abundunce of pelitic schists 

throughout the region has made it possible to use the Barrovrnn sequence of isogra i rr11ncr: ls wrt · 
somemu<lhicationovera id. ar. 1. 'o, ev. ,f,e ta1 d~11CU.L:dn: o 1heei g1 :ds.a:,va_-

on pl e ipl ce F, e ;m, le ,he y. 1 it zo ,e rea in I ort w tern V rr~ 1n1 r.as ,.tH.o. 1.t 
;ran ) .rrai1 Jy •int, in kyaPite in ,elites of high Al content, commonly associated with ch1orite and 

chloritiod. This 1s mdicative of a much lower metamorphic mtensity than t'I 1e appearance 01 
l.ymnte m petites 01 lo Al co1 te:1 , a:., f e" .1.m1 .e, 1n ti 1e · ttl on I 10 u ,on ,f es. m e,· 

:m ns ,re . • 11d .em al ·mi sa U> tts wh. re I ya I i,te P'"· ar onl ui on br ~kd1 w, of the 
1 se'."'.'lbltge ta.1rolitc + cblorite + muscovite to produce biotite + kyanite. The metan10rph1c zones 

shown on Figure C-3 are based on the most mtensc meta1no1phism 1'.nown rn 1 'haner, '. 1 oi ro, ks 
inthescareuS. lhel1ei.,y ,.as'1,d inc ef:18t stLea:w:1re.he1no L,en 111,ta11to 0 ibi :n as 
; ac ,u , to he we.1 fi, ,m tho , w: er it \.,ar Ac di r t ib, ea I This bo. • .d?ry hr:u; been very 
di tI. ult to d,.Jineate and .is based mainly on detailed KJ Ar studies of metamorphic minerals 
(Lanphere and Albee, 1974; Sutter, Ratchffe, and Mukasa, 1· 185, L~.phere, La d . ....;,d 1lb..:e, 
I >8,,Ai'!e,l' 4,1.a11d,lan;,he1 ,:.ud.Jb.e, I :8 ,..a,.10S81.as 'h er.tr,og· d'.<ti, ti ,s 

:1 ay 7,e tiff,ulor·•nr,iss·\1e10, te1. 'Ve of1belinth. e.-.•re ,meexam1ksofwhatappear 
t, • have. been Acadian retrograding of higher grade Tacoman assemblages. East of the hne, fl>r a 
short distance. there are focal exmuples o •ow grade relic assera lages ro ... ti, T o 1an 
o eiprkied ,y •igt r 1a ,_ A adi n se •lli .ge (s fire m ,1e to DJ id 9,,\; ar • .in, s, 

8 'i ti;, •U~' 1. tL 7s s eJJ t ',e :mi1ed ,o 1. ck tb. b"lon.ed to the Taconian accretionm:y prism. 
The diJficult ..ind uncertainty of this line are pointed out by the very latest Kl Ar \vork on the peak 
metamorphic kyamte zone minerals at Mt. Grant which e1:..1s t sugge · a , A ,d :n :'e •T' ds 

,n., in. o, 11;a 1ct ,n F ur. C .. 1 et ,le.I st ie in, ica• t T icor i.a1 en ur qhsn w ·s 
its. ,f I" ,ly ac: ii, 1 lrt: ubiy :1iJ ,o, n b d tail•. d aruphibole zo1ling in northern Vermont and also 
by relict eclogitcs i.n southwestern Massachusetts (Harwood, 1979; 1\t1aggs, Cheney, and Srx::ar, 
t986). 

T ·. tui all zo ied • ar ,et w:tl:i. two diMinct 1rowth stages, from. the Pinney Hollow pelites 
of the Athens dome have been interpreted by Rosenfeld ( 1968 J as tectonometan1orµ1dc angulai 
unconfonnlties". He sugges.ed 'tl. .he 01 rz, ne ep s ,ts n ca. ,at iv,. gr, wtl o ., p -
exi ti , T co ,ia co1 , 1 ·. :c se .in, i 181 :ex · ire w e t ,un, i1 ne:0;-by Sil,. ria i-D vo1 iar 
ro:-ks T: mr,so I T ,c L ttle and Thom; son (.I 977) have shown that such discontinuities can 
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Fig. C-3. Generalized metamorphic map of northwestern and central New England showing 
distribution of i ak m• •:->moJ1 1hic as .. mbh es of Acadi an,i I aco: ·an a• He da ed f 1 

sep.11 i•tes a the wi:1; pe ass i blag "are cadi. fro:n i:>as the st re y 
are mainly Taconian. 
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develop via garnet-consuming ieactions during a single prograde event Nonetheless, Karabinos 
(1984a), using textural and chemical data. has shown that a pervasive retrograde event separated 
two prograde stages of garnet growth in similar rocks from Jamaica, Vermont (southwest of the 
Chester dome). Similarly zoned garnet has been reported in the northern Chester dome by 
Downie (1982) and at Gassetts, Vermont Discontinuities in garnet growth could also have 
resulted from momentary cooling due to the Acadian emplacement of hot nappes into a cooler 
environment, but before thermal relaxation. Laird and Albee (1981a, 1981b) have given evidence 
for polymetamorphism in the eastem cover rocks of the Green Mountain massif. Specifically, 
they have interpreted amphibole zoning patterns, from amphibolites in the Cambrian Pinney 
Hollow Formation, as indicative of two phases of medium-pressure Ordovician metamorphism as 
well as medium-pressure and a later lower-pressure Devonian metamorphic phases. Pinney 
Hollow amphibolites from the outer mantle of the Athens dome apparently record only the two 
Acadian phases (Laird and Albee, 1981a, 1981b). · 

The Acadian metamorphism is divided into distinct western and eastern highs separated by 
the Connecticut Valley low grade belt that is mainly in the cblorite zone. In northeastern Vermont 
the western high is of low-pressure facies series with andalusite and local Amimanite zones 
surrounding a series of cross-cutting Acadian granites. In central and southem Vermont, and 
western Massachusetts the western high is of intermediate-pressure facies series with k.yanite at the 
highest grade except where there is sillimanite in western Massachusetts and adjacent Connecticut. 
This metamorphic high is associated with a series of Acadian gneiss domes, and local isograds are 
subparallel to foliation in the domes as most typically illustrated in the Chester-Athens dome. By 
contrast, Acadian isograds bear no apparent relationship to exposures of Grenville basement along 
the Green Mountian Berkshire anticlinorium. 

The eastem metamorphic high in New Hampshire, western Maine, and central 
Massachusetts is dominated by a broad area of sillimanite-muscovite zone rocks locally punctuated 
by areas with smimanite-onhoclase assemblages. Recent work (Lux and Guidotti, 1985; 
Thomson and Guidotti, 1986) indicates that the ~d11imanite-orthoclase zone in westem Maine may 
be related to contact effects or the late Paleozoic Sebago Pluton. In southwestem New Hampshire 
and south-central Massachu.'iem• there are nine small areas and one large area characterized by 
sillimanite-orthoclase-gamct-cordierite as.c;emblages. Although the characterizing pelitic 
assemblage is the same in all the'tC areas~ the peak metamorphic minerals appear to be late tectonic 
in southwestern New Ham~hire. but heavily overprinted by later deformations in souther 
Massachusetts. 

The western margin of the ea"em high is complex. In northern New Hampshire this high 
is bordered by andalusite-bcanni rucb. Further south conditions were close to those of the Al
silicate triple point At the latllude of Bellows Falls pelitic rocks at high structural levels contain 
evidence of early andalusite wath MJb'iCquent kyanite and smimanite, and rocks containing 
siJlimanite pseudomorphs after andalusite are rather widespread east of the gneiss domes, even in 
the siUimanite-orthoclase-game1-cordierite zones. By contrast, pelitic rocks close to the interior of 
the gneiss domes were in a kyanite•sillimanite facies series on the east side of the domes or 
remained in the kyanite zone on the west side. It is apparent from a wide range of studies 
completed or in progress that the pattern and history of metamorphism along the west margin of 
the easten Acadian metamorphic high. including several preserved metamorphic overhangs. was 
related to a complex thermal evolution involving early fold nappes, widespread syntectonic 
plutonic sheets, later thrust nappes, and still later gneiss domes. The pattern in central 
Massachusetts is further complicated by the thermal anomaly of the late Acadian (380 Ma) 



B, :hz 10·· Inuus e mpiex, h1ch heate oc.: \trata above ambient kyanite zone condit10ns 
d.:1,·ng >c liar lo -s1 ge ief:1 na ion 

T,com1n .. le::.m, phi: m .. ·L,;C,nt, .. to:PI::@· ct L,•ic· 

Taconian metamorphism 111 western New England appears to have been limited to the 
re,on·,h tlLea,emN01:h : .. e1 an onilie.al 1arg 1 co.r,lfd.1er•latelaccretionru.y 
wedge were subducted beneath the eastern plate (Stan.I y a1.d.Ritc1if1e, 98· ,, 1e :.ta ot. : 1iis1 
was 01 viously polyfacial with the earliest high-P, low-T phase extremely difficult to study, but the 
de Js av be · ar, I w: I c, 1 tin1 t t,e ,. 1ftl 1lt : , de, ph .. 1, p 1tic: 1ar. · be 1us, th higl :st a I 
rocks were heavily overprinted during the Acadian In the uppermost (i e. M' ddL 01 dovi, iar . 
st .. 1a er ying he astm p.Jt o the accredonary wedge and m the Middle Ordovician rocks of 
th .. eas1,m 11lat th. ei lit o: 1.0 id, ce :fa 1 01 o: i,ia: m 1.m, rp;:;,1 m 11or :nt. ,se m 
the A'cadian metamorphism in immediately overlying Silurian-Devoni.an strata, which are locally 
at hlo 1te ·ad H ,w. er, 1 s,, ir:e ,e-.. \1id le do :cian stra at :ere 1s evidence of older 
r:netan'orphism Tl1i, is :art' .u:I . . y 1 :ue i. th,. La: P, cw :bri I n ks, ftl P l?aL1 D: ::e 
(Robinson et al., 1975; Roil, 1986) where there is evidence of a pre-Acadian metamorphism of 
m, ju :-p. ss.u g· :nul re cie th. ag. of hi,: is ,es. 1:tl unL1;0 

Acadtan t.ietamorphism in the Context of Pf ate Tectomcs 

Interpretation of Acadian metamorphism .in the context. of plate tee.to 1 ·,cs · m •de d'.ff. ult 
by he J ck : ,f e· 1de, ce , Ta prc-exis mg uecai,ic tract near the locus of most intense deformation 
ar m, am,rp 1 :sml,et ,,en he ;ro, on Lill nti tin,,i'u11ar::, th. eg, .n 1ou: IB.,sto1 vi re 
late Precambrian and Cambrian strata remain little metamorphosed. There is. however, abund'lllt 
ev den f,11 th, de. lo: 1e 11 of., Sil rian m..ume 1as1:, Le Merrimac\ trough, filfed with a thick 
elastic eq, .nc, th. w:: co .re, ov, b1 Lo er 1ev, 1ia1 fly. h the ,egi1 nir o. :he ca,. M: 

orogcny (Hall et al., 1976). A model favored by some (Chamberlain, 1986; Spear, 1986: 
R, ,in.•n al. 19· 11,)i th,1 th >Ae11im.,,Jc u: w. f:~me, by ate 1rd•,vici .. n-':1lrrna:n 
crustal extens.ion paraJlel to the west :ar in fa si 1 ,gL .as: m Av ion la: in ti ,e .ck arc 
rcgmn of the previous Middle Ordovician volcanic arc system. Crustal thinning provided a region 
fo: big:: he fl.Wit 10 :e b::to: 1 of i,;e di1:en1 :y. e. fa,• ral:iee1 vrir, :m :tf:: ·th 
emplacement of a variety of mafic to felsic plutons .u.1d ,m approprLte ui . to earl\ l, · 
pr. 1 su1: (H l'Ch.l1t) p 1ases er meta.morphosm i11Jd partial metling. lt 1s suggested that this earler 
p.•: 1se ,:as, veri rin:, d I•· h:i he re un ass, mb' 1ge •.a: ed I t· ta: b 1ria y u- sh.• .. ts 
from the east and, at least in central Massachusetts that the rocks with those pe.,k metamorph:c 
as , mh.ag. w.. e 1bs. 1ue1 Jy : vol\ ed n h1br cate , .• 1ms1 ing witl development of mylonites, 
th t~~ied part of .het to :ica .e,,1 :la.. w. tw d , er e es 1tsi o: he ·ne sd, me 
Indeed, the Bronson Fiill domes may have been localized near the east edge of thick Bronson Hill 
b,: .m. xt, rsel po ibl ov• ly.:1 g 1en lllit.L bi .m rt, he, · th ba m. :th been most 
heavily loaded b~.· th.rust sheets fror th~ ca'"~ ln su,-h a od.' en Lo:1ne, i:cu: Valky 
metamorphic low may represent an H20-rich thermal blanket or wedge separating the effects of 
,cti :ic; y 11pe mp,,sei l:o: ocJ. fr. mt e,.t, m :he 1fe o so,l:er:, smovingupw·1.1r, 

nerpendicul.ar to foliation : l.u1es, sb: wn by i , gr id p . te..r. 1. s o: :ch · th, V : mo: ·· li1 or 
Gneiss domes (compare Figures C-1 and C-3). 
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/ s 18.1.'I>el b~ Kira1,in, s n9~5) tb. w strn \ielf s q1. euce south. of Clarendon, Vermont 
re ts n , n""or.rnar:Jy , n G1\ 1 v;lle ha.--:ewenl althou~ some minor thrust taults are present. North 
of a~rendon, .however, hasement and unconformably ovedyrng Proterozoic L to Camuri.:ui uasj;u 
elastics of the eastern Vermont sequence nave bt:cn ttuust westwaru over ~,e Ne te11 sliel1 
sequence. 'io 1.ile somh, Lhis major shear o ,e w.o 1gtL.e \.es1,n~ b, nJM) o_· th. n ,rtt, n:1 G er 
Mountam n.as•. f ,pp~ ,ti) P' se e.1 :t,. JI\.· 01110 iie ;nt ri,r o"tiL n, tS<f. 1) .,vn;e, Th Tllf zO 1, 

a1 .J Lad: ( 19{,~i) l1av, d .. sc1 :bl ,ls pt of co, er o ks <iinila:'." t ,b, ,se in 11e astw V. nnout 
sep 1<L tf 1 ;t re ,ec -ni :ill·· j 1. t no d witl-- iJ,sem.cnt in tl1e vicinity of th.is shear zone. 

AtJeust two major Paleozoic events, mvolvmg cruslai snortening am.1 metaulotvhism, in 
both the basement and its eastern cover sequence, 11ave been e· ,g 1z, J byDov. ;ii, T.~OLlJ)S ,n, 
anJ ~,act( ( 1:1}~0~ see also K...raliin. ,s, 1 % ~. L~8 :a, 19::::.'i, 19b{5) T] e lll'lkr, Ta or<an ev.n 
ir, ol et. w. :t-.ourh".es, m, veLie1,ta1d el, iv ly lu. iL de"onia1;onas--wnif try. ve urne<l 
to 1e n1",e1 f ld;1 .g 1nt' ti]. b en-,e1 tfc ve. tb:iJS1 ta 1lti1 g. Tr, l,ter Acadian event involved 
uprif~lt , i• slighly ,.v• rtm 1. fdd'.1 .g ?n(l way ~lso have involved thrusting, alon!! new or ore-
e. :sf ,1g fault!-i. 

Kyanite-staurolite zone 1nineral assernb,age r 01 :e :1igi1er i::,'1':de Jebic '-11\ nv1lle 
basement, pre~uate tlt e.aiL,t J.ef ,m1.ti1 n Ci 0,n a: in ho' 1 tte l tS. ne it ::d Alt 1er1 c• ve: 
se-lu ,ic_ rc)lJcL Tlle c: un nc. o .. tb se ·cy.:ni -si,u: h1 a~sembl 1g, s, gf st tb,t the· 1itI l 
P..1er /Oi lh.,t.!1D:Hpi1isrc o ,,u:-re<-l at el11iv.ly '."\e.r,c--ustl levels. TJ,isearJv D1et.1morphism 
c ii c ;.v.,.hly re.orrls Lcti ,uc load.ing froin tl1e east at the heginning of the •facoman orogeny. fhe 
.rocks were then tr::insported to shallower crustal Ieve1s pnor to or during the AcaJi411 orogen1 ::mJ 
metamorphosed at condit10ns producing garuet-anJ biotite-zonc ass. ·n.ulage 1n ne auer1 c tVe1 

rocks and extensive b10tttc-zcme re1 vograJing 01 th1 · hL,ei"_e , ri ), k 

n1e essentiallv homocimal sequence of detormed, garnet-zone Paieozoic me1m,edi.ne its 
and metavolcamcs on the east liank. 01 the Green ~wunta..n t •• as. if I c •ffi.iJJi' .1te'-, fr s, uth:a::-1e1 1 
Vem,ont, by tl1e 01es er an-.. Athe is bne ss l.OLe . 1 ue< a_e l' III f .1 b lt, f s1 iu, u1 .,i lion 1,s 
tlt,t te:1d fr1 .n en>a1 V:.:m• nt :o 'O 11e 1ict1t Tbi t, !t '.o. :te-1.j 1 ..t 0°·e.1 oftb C nn ct;,ut 
a s, s 1:111 He.: ,.o 'tie a te• b,1 ar,.J: 101 s rc~lt J fTne:ss rl.ories th t constitutel-i the Bronson l-Wl 
a I ic'rn, iu7l(Th ,mrso I e al. lQfjg\ 

Thompson, Rosenfeld, and Dowme ~1906', pomt out that the C.:acs·er anJ A.he1 s uor11es 
are comparaole in 1ittuc typt;s, stn1crura11etr:ure a1 J u..et1m ",:,Lie .Js jti 10 e:1 ti1 , of b, ,je. pe 
zones oftlie Alps, svec1tic ill:,, th 1· w,. 1 fn::1·n narp1 orm, v.-1l11'0::1oh,a:id t c=rr\u•fuc: 

0g1 ,n.anJi tL 1 u n.•.,t,,loi.r. Tb.d, ni g1robar'y,,-:;c•,ntclti1ri1g h.e 1at.. St1g1 of 
11 te JI, q: !ls, 1 c 1:nr n°·inr- tb. P ar:ar or 1g 1y lt w.1~ prei.:ener! by at least three stages of 
':igh\y r\u iili d +'o~t:on: the first of these was nrohabl)' Taconian and the last probably Acad1an. 
All three events nrior to domjng involved basement rocks in isoclrnal fo1Jing ti1at Wfu. probably 
recumbent and possibly some thrust faulting. 



The domes provide a view of some of the l<;)West tectonic levels of the crystalline core of 
the Appalachians. They can be regarded as consisting of a core, an inner mantle and an outer 
mantle. Basement rocks in the cores contain a variety of quartzo-feldspatbic gneisses, 
amphibolites (some with 5-7 cm chlorite clots after garnet), and graphite-schists associated with 
marble and calc-silicate. These core rocks are very likely reworked. Grenvillian rocks, similar to 
those now exposed in the southwestem Adirondacks. Septa of cover rocks in the inner mantle 
resemble, in proto~ the septa of eastem cover rocks seen along the major shear zone in the 
central Green Mountains some 20 km to the west. These probably represent the root zones for the 
movements that resulted in the emplacement of the Taconic allochthons. The outer mantle 
contains metamorphosed sedimentary and volcanic rocks, including metamorphosed ultramafic 
rocks, more indicative of an oceanic environment Alternative interpretations of some of these 
relations are being formulated by Ratcliffe and coworkers (Ratcliffe, 1994; Armstrong and 
Ratcliffe, 1994). 

All rocks in the vicinity of the domes bear evidence of strong intemal shear. Carbonate 
rocks and carbonaceous pelites appear to have been particularly susceptable. However, discrete 
smfaces of dislocation cannot be identified with certainty , nor can they be disproved. The extent 
of shearing in the rocks is well illustrated by the occurrence of "rolled garnets" in the inner mantle 
of the Chester dome that recorded a minimum of 720° of rotation during syn-kinematic growth 
(see the pioneering work of Rosenfeld, 1968'.t for method and description). Another interpretation 
of these garnets was recently given by Vance and Holland (1993). 

Several detailed petrologic studies conducted in southeastern Vermont (e.g. Downie, 1982; 
Downie et al., 1986; Karabinos, 1984, 1984a. 1985, 1986; Rosenfeld, 1968, 1972; Thompson, 
Lyttle and Thompson, 1977; and Thompson, Tracy, Lyttle and Thompson, 1977) have shown that 
porphyroblasts of staurolite and kyanite and the rims of garnet porphyroblasts are undeformed and 
overprint the deformational fabrics in the rocks. Accordingly, maximum metamorphic grade was 
attained in this area subsequent to. or near the end of dome emplacement The concentric pattem 
of isograds around the domes is a manifestation of deeper crustal conditions brought near the 
surface by the rise of hot rocb in the domes rather than folding of the isograds, that is the domes 
acted as ''heat pipes". The wides~ad occurrence of retrograde hydration and exchange reactions 
documented by these workers. anesL, lo the slow cooling of hot rocks carried to a lower 
temperature crustal environmcn1 by the rise of the domes. The apparent pre-dome configurations 
of metamorphic zones in sou1heu.'-lem Vermont may serve to constrain partially the thickness 
and/or western extent of cu.stem dcn,·cd thrustlnappe rock packages durin.g the Acadian orogeny. 
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ndi es s o oba Sil· i an-I 'On: stra and · ctrusi roe. 



STOP C-1: BRQCKWAYS MILLS 
Description modified from Boxwell and Laird (1987). 

Streamcuts here are Standing Pond Volcanics in contact with rocks of the Waits River 
Formation to the west (upstream) and rocks of the Gile Mountain Formation to the east 
(downstream). The contact with garnet grade calcareous schist of the Waits River Formation is 
very sharp and well-exposed. The contact between Standing Pond Volcanics and garnet grade, 
micaceous schist of the Gile Mountain Formation is not exposed. 

Directly east of the contact with the Waits River Formation is a spectacular example of 
fasicular schist or "garbenschiefer". Splays of amphibole cover the rock, some of which emanate 
from two--inch diameter garnet porphyroblasts and radiate in 360°. Some amphibole grains. within 
individual fascicles appear curved also. Within garnet porphyroblasts concentric and sigmoidal 
inclusion trails are visible. These patterns have been described by Rosenfeld (1968, 1972) and are 
used to interpret the rotational directions of the rocks during deformation. Please do not hammer 
on the excellent exposure of these garnets. 

Downstream from the fasicular schists are other well defined layers of Standing Pond 
Volcanics. Some layers are very micaceous and appear similar to the garbenschiefer yet contain 
no garnets. Farther downstream massive, laminated, green-gray and white weathering 
amphJ.'bolites, some of which contain rusty pits where carbonate has weathered out, are present. 
Near the falls is a layer which weathers orange and is very light on the fresh surface. Plagioclase 
crystals are easily visi'ble and predominate in this felsic rock. 

Downstream from the falls is a layer of mafic rock which is laminated black and white. 
On the eastern side of the pool (downstream) are micaceous schists of the Gile Mountain 
Formation. Medium-grained garnet knobs are present in this rock. 

Microprobe analyses of a sample of laminated, dark green-gray weathering ampbt'bolite 
that does not contain garnet allowed classification of the amphibole as hornblende and the 
plagioclase as oligoclase (An17 -An20) which is consistent with epidote-amphibolite facies zone 
classification. 

Many of the laminae within layers at this stop appear to be cut by an S2 schistosity. F2 
folds plunge moderately to the northeast, and are generally open folds. The long axes of 
amphibole grains lie parallel to the plane of S2 and in some localities the long axes of amphibole 
grains are parallel to axes of F2 folds. The cwved fasicles of amphibole and rotated garnet grains 
are interpreted as indicating that F2 and M2 were contemporaneous. 

Primary layering is visible in micaceous schists of the Waits River Formation upstream 
from the fasicular schist Graded beds within the layers indicate that rocks to the east 
strati.graphically overlie those to the west. This is consistent with the interpretations of Fisher and 
Karabinos (1980) in which they conclude that the Gile Mountain Formation overlies the Waits 
River Formation. 
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STOP C-2; THE CffFJITER SOAPSTONE QUARRY 
Description modified from Thompson, Cheney, and Robinson (1986). 

The ultramafic body exposed here occurs in the Cambrian Ottauquechee Formation in the 
outer mantle of the Chester Dome. This stop provides an opportunity to examine and collect 
material from one of the classic blackwall sequences described in the pioneering work of Hess 
(1933) and Phillips and Hess (1936) on the formation of serpentinite and the origin of the 
blackwalls. The metasomatic reaction zone at this quarry at the original boundary between 
serpentinite and country rock is also the source of four new biopyriboles described by Veblen 
(1976), Veblen and Burnham (1975), Veblen, Buseck, and Burnham (1977). Veblen and 
Burnham (1978). Veblen. Buseck, and Burnham (1978a, 1978b). 

A house has been constructed on the edge of the Vermont Mineral Products Quarry. 
Permission from the owners should be obtained before visiting this site. Walle to the northeast end 
of the q1'81J1 to the only remaining outcrop of serpentinite. Proceed around the eastern rim of the 
pond, passing on the west side of the house. to an exposure of the blackwall. south of the pond 
outlet stream. Fmally continue east to the dump where fun should be had by all. .• 

Qeolq&ic Settina qf New EnaJaJJd Uitramatic Bodies 

The Chester ultramafic bodies occur in a belt of alpine peridotites extending. along the axis 
of the Appalachian orogenic belt. from Alabama to Newfoundland. As described by Sanford 
(1982). the ultramafic bodies occur in virtually all pre-Silurian units, including remobilized 
Precambrian gneisses. Accordingly, they are generally considered to have been emplaced in the 
Ordovician. In order of decreasing abundance, the host rocks include: greenschist, amplnoolite, 
pelites, metasandstones, quartzite, and marble. The ultramafic rocks of New England and Quebec 
were likely emplaced in the solid state at low temperature into, at best, weakly metamo:tphosed 
sediments near the onset of the Taconian orogeny. Their emplacement is probably related to the 
obduction of a young ophiolite sequence onto the North ~can margin. 

Although the timing of serpentinization is much debated. most bodies in the lowest grade 
sediments are highly serpentinized. Hence serpentinization clearly preceded the formation of the 
metasomatic reaction zones, which developed during the Acadian orogeny. 

Metpmnatjc ReactiQn ZQnes 

As described by Hess (1933). "practically the whole mass of the ultrabasic has been altered 
to talc and carbonate, leaving only occasional serpentine relics. A sheath of biotite schist or biotite 
actinolite schist from several inches to a few feet thick completely surrounds the deposit. This 
sheath represents approxhnately the original contact of the ultrabasic rock with the country rock." 
Hess added in a footnote that the biotite rock at the original interface with the country rock is called 
"blackwall" as are the chlorite rocks which surround the normal (lower temperature) type of talc 
deposits. Although not well exposed at the time, Phillips and Hess managed to describe quite 
accurately the reaction zone in their Figure 5 (Figure C-5) and now observable on the south side of 
the pond, beyond the outlet. Their more detailed description implies that locally, at least within a 
'1lorse11 of altered country rock, no longer present. within the soapstone, a zone of chlorite 
separated a tourmaline-rich biotite rock and the actinolite. This chlorite zone is probably the source 
of the magnetite- (up to 1.5 cm) and pyrite- (up to 3 cm) chlorite rocks common in many 
museums. With luck, samples representative of the various reaction zones can be obtained from 
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the1.11mp 1th 1.he 11:se. !owe 1,s1u1ples1 the1 rite·. dm net1 be1:11gc 11rite 
rocks have long been scarce and seem to have come from the dump now serving as a foundation 
for i I 00.1 <,. 

The metasomatic nature of the reaction zones was surmised b Philli s and Hes 1936. 
wh, ,trib11 dtll fo1 1Aio1 :,th, r ass 11isfe1 rim.11 ryo1 1lica uot1i i:ltr0: fic11Ld 
magnesia and iron into the country rock. They also noted the apparent gain of alumina and water 
by "bl l<:wal M1 rec· ly, dy1l 1!77) ,.1 ar• ,.do•1 the1 tic l•asis l1atth 
monomineralic nature of the reaction zones 1s a consequence of diffusion-imposed chemical 
pot1 . ia1 <lien. of s ·ral , mpo1 nts, /ncir , I y si · a an .1ag ia. 11 . als, •. one , :ed it 
the I c + 1 gne 1 e zo I fo I in r pons o a 11,fusfon-imposcd grallicnt m the chcnucal 
potential of CO2 and that the original host-serpentinite contact is most likct near the interface 
bet1 , 1n t bion1 (or,. I lorit., 1fpr nt) · 1 1. ac I iolit, , nes om, i1e w11 I Fig · C-< . Th, 
conclusions have been largely substantiated, and quantified, by Sanford's ( 1982) detailed 
mic1 .1 ro1:". lielvi udy I fou. , ,the r.arri 1 in rmo•1 and 1 ,ssa 1,seti In titio am 
provided an exceedingly detailed description of textural and mineral compositional variations in 
typi, re11, ion , 11es . . ,,fu..: 1·on I met 11orp1l: gra 

ili,ple:C,b.ain Silicat&s. 

Although David Veblen (personal communication, June 27, 1986) claims to have lugged 
all 1 ,rop . 1te m .erial ck Har d's · boil Mu m. i ay I pos ii let • ,btai atn'•, I 
of material contamrng the four Mg-Fe chain silicates first identified by Veblen and Burnham 
(19 19 an :fer, I es •Ve); i sam1•l .. sfi1, I 1th,. uth .nd 1lyre1 ini,; r I dur 1 I T 1 ' e 
new iopy 1bole eur ith an hophyllite, 1 :1c an, cum1nrngtomte, between the chlorite and 
actinolite zones .. The new 1nineral.s include the triple chain silicates, (b-27A) ;iu1thomps, ite 
(ortl r:ho die, ,,1ceg1, 1pP1 a) cli.1,, mf1 upsq•11re(< _,c), cb. :erit, .he 
orthorhombic mineral (space group A2 pna) containing mixed double and triple chains (b=45A). 
An Ln&m1 mr:11 clim min, .1l(s1 :egr, 1pA_/m,/, or ~)is 1 1,esu dto the ,.alo .. 1.f 

chesterite. However, the occurrence of this mineral as very fine grained intergrowths in chesterite 
has•r.:clud,dit ,n6i1i. 1tior1 The1w 1i,eral cec':,mic: .. an1 ruc,1ially1 enn .ate 
between ta c and anthophyHite. The ideal compos1t10n for Jimthornpsonitc and 
c.linojim.thompsonite is (Mg, Fe)1oSi 20 .•(OH} and that of hest ·te i 
(M , I ie)t . i20' ,4(01 l 16. houg the p 1ysic.1 and 1ptical proper i1es o tl 1csc minerals are 
dose to those of the Fe-Mg am: biboles, the cleava c andes. {378" a id 44.8° 1 are ct· .tin .. 1: e. 
Bec .. 11set emv.nl .iJDI1,;Jy uri: ,010 ,teri wth,,.rysr.1 wi1 bn, 1theplane• 
the section have a spectacular appearance under crossed polars (sec the color photograph on the 
Oct · 8, ti co1 of ,:enc 

In tail of I I ma ial 1i db, ebl I and 1 -wo · . .rs i I iom :inil bloc I 1f 
·. ,ckw. I foun. on Ii 1e quarry dump. 1 unilar matcn may have been reported m place on the 

northern wall of the quarry. The generalized zoning sequence is chlorit.e / fibrous t,;,ik I 
1 1 tho son,1 +c 11ojim1 10m nite che dte 1heu1 1 am. I min. .d + iibopl .. lite 
cummingtonite / anthophyllite + curnmingtonite + chesterite + the unnamed mineral + actinolite / 

inol , + mi sive , rile. . au, nth, 1 1yll has .n e 1 nsi y re I. iced fib s tal, 1 ;;}.us 
all four of the new mmerals, they are considered part of a retrograde reaction sequence from 

thoph\ lbte , talc 
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S,TQ..P .c 1.i_.l];Tit,:~1.I...u ... .l\f.:'.SU.,.K.[ x_ .. J: L ]Bi rs. -;-ZE!l\f)r T: 
QL.G:SJL.lf,UE.,.RE.A~TWN..ZQ.NEa"' 

Descnption modified from Thompson, Cheney, and Rohmson (1986). This quarry is currently 
o, ned mr, o. ,er ted y. JI to: e ., ,rp., P< B ,x i 40, A<ut, ey, VT 05 :30 ~802-674-2371). 
P•. '"m1.si t• , vi. it nust be ,bt,iin fr m he , w. , rs 

'I he inter~ddcd calc-sihcate rocks and phengite-bearing quaitzo-feldspathic gneisses 
e' o d 1. 1 ti V lli .. ,n 1u1.t1-ry .tire 1rou t' , ui pe pa.. o 1h: Pr, 1eroz01c Z to ambrh111 Tyson 
F: ,rm ,tio: 1 The . r k o: th I w· h 1e lisc, ,nf .,m .bl·. ov, dY: 1 g :1gl alimi al di1, s th 

Hoosac Formation belong to the inner maotle sequence of the Chester dome. lL e he 7 1;11, rr:cnt 
ro ks uecur ong the westeu1 side of an infold of Lower Paleozoic rocks mto the GrenviL!e gneisses 
th11 f, m be o, o, :he 11.o ne. rb c sc nt- haf.xi ep : :m s mi.1.r many res~cts to Alpme 
wulde {.f: u · C 2). In Let th. ph ngi 1e 1ei es xp.se in ,he ,. u I cy re er: sL di; , to h. 
mulde gneisses quamed extensively at Val Magg,ia Switzerl,m.d. However, the , g1 e1 es iwrot i.,e 
di tingui e:i 1ro11t t 1e baSement gneisses because they are completely sandwiched between calc-
si; ·ca s th T: so I F, m. do1 

A.B. Thompson (I 975) has described in detail the nature ~11d reaction hi tor· of he al 
sil a s u..;curting fn lhe lhin.y c11Tunated catbonate-peltie sequence of the Tyson Fom1ation. 
A n in:• to Th: llJ: 01 0 11 /S) th Of !in J] .ner fo:cY ! f i C lc-~.1ic SC 11st ha.::. ocen mod1fie 
duetothedeveloirnent ,fr.:ct: •n ,on,.,. Thi.ie, "pliti·"herof.he chi ts,.s,.· lb ·,th. 
enciosmg gneiss and consist of quartz (55%), alkali feldspar (10% ), plagi0cJase (5o/ \ phen"ite 
(I· % ;, bi, ,tit (L % ), an. i accessories ('• % ) me uding epidote, cakite, titamte, apatite, and rare 
gr:pbirei td:•yrr1oti1e. 1.b .. mwbLla1 rs onist1ri:1,ar~.y rc ...rs, cal.itwi iu.g, lar liopsLie, 
com.t:J1on.l adiacent to rounded, :Wi'.-tz rai , , in, , nt 1te : in rhe; c 1te . .es con-1, ,on , iall 
actmohte crystals, also in contact with rounded quartz, occur within the recrystall, zed calcite The 
oc u·, ,n. o th,. di, psi:. le E.l~d . 1 •. tk oJi: e in he co:usc cak1tc suggests that subordinate amounts of 
d, on1:te ebiv, to ,m.r z td, al,· e, ;<'er· p1 se I in 1b. pr •.ol ,1. l.ol, m~ e i1 v~io·1 
association-; with calcite actin.olitc,, dio1 sid., bi, ,tir , r:cri ,lh, ;:nd .Juar+z f .~cu s i1 th. T: ·on 
carbonate umts elsewhere in the Chester dome (e.g. Cavendish Gorge). The reaction zones bctweer 
th, "p, lit, aud the r .... ,t:·, ar,.A)n,1e ntam a vauety of associatwns of biot1tc, cilnoz01site, nucrodine, 
ac.;D 'rite di,· ,si, • .•. ;.,cireti :d • ,i13J I~ -ti, 1 f; ll()I nt. of tallite, p l te, r, •hii., pyrr I 1til aH 
chalcopyritc also occur in these zones. lq d. tail UL na1 r · the .. , ,n, d, pc :s 1po , th · rei ti· 
th1cl,.11ess of the carbonate and pelite layers, and perhaps upon the extent of initial grada.tion between 
lit ho] , .:ie . cb..!.1'8• 1 en tic nt. : gr, wtl 01 Ii , , ,zo1site ~m I biodte, comr:uonly with microclme and 
q,; :iru- o, w be 1 ve. n ti 1ic:I .c di la er in I thi, 0 bo iat la rs T, 1 n:..:.ne .1:1s or.1pri:ng h 
intergrowth arc generally rnndom.ly oriented but c, ,11fi.L, d 1,, di ,tir t ,ye. • he int.· gr• wt>,s 
charactcnzing reaction zones between thin pelitIC and thicker carbonate layers consist of co,irse 
di psi. le , 1.5 m,, c, , trn in in Ju :on of ct 1obe and cak11 e, ruid rnndom1y oriented blades of 
ac1:no1:te Tl · b id. a in lite 1or1ai i,,lu ;on of iioi•sid. SJ c:lci .. 

A complex reaction history, involving the elimination of dolomite from the carbonates ai,1d 
nu co ite fr: ~n i e , ,eli ic i:te 1. y•. s, :as Lee, 1 d. el ,pe, by Thornpson \! 975J to account for the 
~ t•. 1tu,al ;nd om o ;tio1•al ari tio. ,s, 1th, se 1oc s Ir m1 of •·,hi, h :e 1 ,t .vi w h ,e. 
Although this reaction hi.story will not b,~ reviewed. it is intercsfng to , n ·de. th nF"lY :sp• ct . f 

1e react10n zones ~tween the thicker pchte and carbonate layers, characterized by the zoisite-biotite 
·, 1te1 r,, t 1 , 11:ay es,i t ,,n~ b dil us, ,n , p, 1m..uily ca iUJ..i. he possibhry of ·mass transfer 
has bee, c :sider. d ir T 1 ,m so ( '7 ' a: .J di c .se I in 01 e d, ta· b, Br dy J9 7) or :nu1a, 
rocks in northern Vermont. 
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QTGP C-4. T! LE G!:..J..~T TL S ~ CHIS [ · 
es ,ip :on n , ifi, d oIJ, TL. 1m •so I C .,n , nnd Rob:ns, (1986). 

The schist at Gassetts, a.-; wen as at ot 1er !oca rties in he Ch.· •te do~ne ;.re, , sr ;, h J.J B ac 
·.uv. , wl s l . .1.ou::tai1 ,, a 1d .ar 1Ul co I ai I t,. an e-hiot: z ,ne 1 ,[li:1 ra as< m la:: .s ; ,at 

tk•t a wi ,r., 1g. in .umin co 1e1 The det1iled .tudy of these nx:h h% rovided a nearly 
coru1lcte description of of AKNa and AKFM Facies Types (Thompson, 1957, 1961: Thompson 
and Thompson, 1976). Moreover, the detaile I consi !er. 1io I of or~~po 1 n, e rnLo, t, 1.h 

KLvf proyctr ,n 1JS 1 •erLitt, d 1ap , n,,. of I ,e \FI r pl ne wi ! 1. r. pe t sai I ra ing Ca· >, 
a2 , 2 '3, .nd Ti 2 >a•<s (Th ~ on 1972) 

Two size fractions of white nuca occur here, as onginally descnued at le11 Ju ,u aii ,, 
eru:1.on1 by R, en1 Id (l 6', Jn I su ,se.1 .e, 1ly ,bs ,.v, • w d ·Wi le, ·nc dil:g izz F, n, 
wi erl .nd. Tt,e e railed ni t',.,t · u. an t ;sually ies ,lv. ;nt, discrete il~kcs in hand 

1 ,ec:rnenis ! aragonite· tbe coar.ser grained mica is muscovite. The composition gap between 
gravnnetric analyses of these micas (from -Pg38 to gg3 in he .nu co te . ,n, pa1 g, 1it 
res{kctively, see Tai ,k C- ; is as ,Jn, ,w ""; o 1se. ,e I an w:i, re H, we er, er,.at r Her pr ie 

.11 .al, se of 1u. o• ite ro1 1 thi k .ali1y .1 c ,nsi .te ly iow. r ii N &> C1 th.m the av;'llCt:ic 
;-"1al. se (c, ~~re Tables 1 and 2 in Thornpson, Lyttle, and Thompson, 1977). This analytical 
discrepancy may reflect "perth1tic" exsolut1on of paragorurc m the muscovite. I lence tue 
grav1ineuic att.'r:es n1ayrp o· de n 1 ,tegra1 d m ,os: 01 re ,ct g ·e ::ia\ m1 in 1Let ,n, ph· 

•n.l ti s he .a h nl 1or ot,, II y 11 ·a, 1. ri, ·· c•. ol r. ro ,a c, ~' si, ion 

A third white mica, margante, also occurs in these rocks. ~iargarhe occurs on ya 
mclusions in game hei ( e ., so Do, ni., l 82;, h 1we er, 11a11 ix :ia: , ar: •e •s ', e1 reii rt di 1 

1nil r ,c1 £1. •m ' 11e<er M ss, h et, ( 11e 1,·y, 19> 1). 

Although not observed at this locality, situ.tlru high- t!um.1na rocJ sin the vi 1niy 01 St;.J. 
ill 1 1ave zone: m: c •1 it: po1ph\ 10b as (p'1en•.0 1ti co1,.s 1d no 1na 'ri: lS. h., h, e 
<e ·ro1.· n I.at :x: he 1 1.it in 1he ioli 1io.1 (,I \1w iie 9•2). Tb. e o · 1 Jex white-mica 
· se!11bl ges also occur in the GJssetts-like pelites of the Hoosac Formation in western 

Massachesetts (Cheney, 1980, 1986). Cheney (1986Jhas si .own tha t e c al1 ti, 01 th. e 
assewbiage,u1Jiz ,g. e 1e1 ,od.o, lh d' ho1 ps,n(. 981 ,1· 182 ,l 82 1)a1d<pe·1·a1d 

lv rs •ne J 3J, m:1 b u fu ·n on trai ,in tb P· T p tbs, 1f the rocks in wbicb they occur 

Mineral Assemblages 

! he ion .. r. 1d t, · t , e:nt ide .f he u.rm; 1a' River contains a continuous sequence of 
Ga.ssetts Schist a part of the Hoosac Formation. The high alurmna assemblage containing kyanite 
+ biotite +muscovite+ paragonite + staurolite + gim,et q :..rt, wit I ti ,n, •. e1 ati, a"d 11:Jn 

epr ioi , apaf I ru~d r;.ue alcPe, • cc ,rs 1 t'rJ n 1rth nd .f · e ,ub op alt 1ou h tt 1e t.'st .. ur le 
ar us, 1all1 fo nd :n : e rnb e ro th r 1.,d. Th alumina content of the rocks generally 
decreases to the south along the cut and the southernmost portion of the road cut contains the 
assemblage quanz + piag10clase + 111nscov1 e + io ite g.u-n 1 ± al e, .ou m,c, ne, an. I 
m ,gn, rite with •r th, , t a it 

South of this road cut, after a covered interval at the position of the upper Tyson carbonates 
are exposures of gneisses tha are n, ta :01 pho ed gra w ke o he Ly ,n I Ori, ISJ 1 n oC r 
st ,n yuodi1ielcoeg ei es ;f e he er :oi e. Th 1e ,c c nt,:n .. 1ar +'.'Ui o,.Fn + 



plagi, Jc"e hi,., ite rr >S: ,vi • ·th mi:1 ,r ale· e, pii , te p I n to. 1:JI ,bn , a ,ati1 , i, 1d. ss 
common pyntc, graphite and magnetite. Of interest is that garnet does not c<Y,;.xi t i,tb mi od:ne 
in lhe pn:.sence of biotite +n.agnetite + graphite. 

Jn the .. middL of be I oad c. 1 t.r. f, 110,, in , md c, it + ,arr i;- .a ing ss 1n: Jag, o, cu1 
sequentially from south to north: plagioclase + paragonitc + staurolite + ar1,et + biotite'. pa·.,g, it 
+ ,ta1 ,ol gauiet b1oti1e: kyamte + paiagonite + staurolite +garnet+ biotite. Kyarntc and 
p.1gi, ,.b.e ve oi 1 ei l,e,1,.0 sei ed .og.th. i: .m: sa..upl. l.lor ,v,.1, h.;th !let •• atit an, 
magnetite although ext,. ,si1 eli ab red and es ol d oc r · 1 th AT;fl 1. a enbb ,,e 1us .ov0e 
paragonite + stauroltte + garnet+ biotite + quartz. Chlorite occurs in many of these assemblag, s 
au,' r.~ ry I e p ini ... ry wh re mter. ayerci ·w1tl b10tite and rnuscov1te in the groundmass. More 
c 1m11on , , ,w, ve. ci lori o cu, a sel,ag s11ou1.d c1m. 01 in.,.rg1,1w I w .h h1ot1ie. !Ins 
v~rietv of mineral a.,;.;sewbla.es allo ,s the 1early ,w 1.eL de,cri ,tio, o' ky:!dt.' + <oti,e n 
Al\ .. 'Na and A.i:-ivl fac1es types as well as the mapping of the AFM plane with respect to saturating 
N 2' i, R .20 , Lid liO- p s ( i,u.upson, 97 , ~ shown on Pigurc C-6). As developed by 
T: ,on I s, 1, ( I ;;7' ,i, 1; d l.o, n I F 1Ut C t, h r~i;,s vii c, exi ting w1 h various three-phase 
A FM s mblag s ill hav, a , pe ifie.1 arToui t Oi pd ng· ;e 111 on nt nd rhe 1n11 CO\ite 
becomes more phcngitic in three-phase AFM assemblages containin progressi eJ le -
a m_.; !Q I pLases. 

Tn th .. hig unilnfl pehte, more thm1 tu.tee MM phases tgamet-staurolite:l)lotite-kyanite) 
a:, ,,a,,. nt c,>.:xi .t .. ·th 1nu o te pi ag, ,ni · + ,,w.r.z d I os ,bl pnna.yct.lo 11e. This 
su gests as do the re1 re nt:tiv a', ,.ly .s ,fT bl C a.r, t' c ,ss· ,g :e :ne an, ra ige, in he 
composit10ns of the minerals. plotted in Figure C-8 that additional coru onents e.g MnO, CaO, 
a: d/o F 03 st i ,ii iC ,ne or more of the AF.i.vf phases, ::tndlor that local assemblages represented 
b: th e- ,ha. t m 1 Jes efl.Cl qu ,ib tio I a r I of 1.te.Jn1 1p ,ccond1tions. 

The utilization of garnet-nm cornposi.tions in Figure C-8 ass. 1ne··. ll1. t ody he ut m, ,st 
part o the grunct tvas involH:d in !oc last recorded reactions. The relatively high modal ratios of 
g: 1n>1 to hio rte .11ld n>! of au >Ii l bi! rte n ;..nc s t~1, f,vssi ilily t' at ,10tite compvsitmns 
m 1y hav be~n al1er d I n, ~ ~ .,I r. e\ch rng re.i.'ti ,,,,s r y I a1 l' ! 6. T! , g n u!,e 
"nomal1y" zoned with Ca- anJ ~In-enriched cores l,u to 17 ,rT1ole % .. ,rossul~r 1d 5 .. 5 mol % 
spessw'tine). Detailed micwprn,x· analyses of core garnet, discussed more fully below, show that 
l\' i re. se aJ:i, th ,t a Ji n c as fr, .n re .o 1n. h. 1ea F is l1stnbrned m ::u.1 
.irregularma,.,ne, The au •h ·,J >m iif,!.re,:ta •CLbl, :e :a\ d: fe1 nt du, lin c, .. !te,s 1td 
contarn up to 2.25 wt<';; ZnO 1 ~t: Thi impson, Lyttle, and Thompson l.977, Table 41 li bi 1tit 
b1 ih .1 uu.Jn an, Fe(Fe+~ gr "r,ntt.nb, depend upon the compositions of adpcent phases. In 
p ti la w1er as cj edw1 c o,,e. :,e iot ei di n ly.110 irn-r ·b a1~w1,e,re 
adjacent t.o staurolite f'1td/ r k a11 c. In fret the ... ci ilo: · e bi , it 1ie 1:n er ss 1a 11 01i1 + 
biotite tic Imes for p;.urs from hnth the high-intcrmediate-alur.nina schists. ~oreove.r, the fe [ne. 
I et ee1 c ,.,xi iing d lori.e an 1otlte. ~s01.:,tated wtth anhedral staurolitc cross the tie lines 
• et ee1 k1 mi a 1d I ,ioti 1 ( :gr, re 8., Tl es. ph noue, , m y dr. ,e re ,og ad. re !Ctions or 
a very small scal.c of ·,rogrnde cq 1 ilibaf n, Fo1 ex fill le, e '.,otire ,om rh. 1bJ e m 
assemblages of garnct-staurohtc-bioutc and staurolite-kyanitc-biotite differs by 6% in Fe/ffe+M: ) 
or hLes itl1 1n di.an e ! oi·· centimeter. ! bus the scale of cqulltbrat10n 1s extremely limited, 
ve1 w·1rui si1 gl 1ni. or,ob. s, . .1.p s. nd if: re,., irh :g, coup! bl . tbee 1,b ,e •• Fl:.l 

assemblages .may app~rently occur on a cenfrnd.r ul 
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B 

N a """"'"'--------........ K 
Pia Ksp 

FigureC -6. (A) Schematic AFM projection of the observed facies type showing distribution of 
saturating phases. (B) Schematic ANaK diagram for the observed facies type. The associations of 
AFM and saturating ferric phases or graphite are shown. From Thompson. Lyttle and Thompson 
(1977). 

Figure C-7. Muscovites 
(schematic) coexisting 
withtheAFM 
assemblages at Oassetts. 
Vennont. U.S.A. From 
Thompson .(1979). 



Figure c -8 .A.FM T'roiection from KA 1 30 5 
S10:2. and H~O showing gr 1vi'll' tr.ii 
analvse.1; (open rHamond·) i"\d mi1r1prrbc 
analyses (other symbols) of minerals fo1<m 
tJ,e Uassetts Schist. Tne other symbols te -
p..:i.!Scnt an.Jyses oi AfM phases coexisting 
\'11 :th quJrt.'. a.Id .\l ~al .. phases as follows~ 
s11lici _cicLs 1...ifa mus1 o:·ite pL.:a6o: ite 
k:-•ar1&f O""'~J SCtta :s w:1711 'lU1C11v1c-

p~~~on:t~ only~ so1id t.ri~nr:1e w:th 
muscovite-~ragonite-?lagi~cJ S1• c os e 1 

with muscov1te-plag,iocl.a!:.e only. Dourd 
lines connect composnions of the tx)Ss1hle 
p~ 1~1ari u.ru.--J.,,iase ctSsemolage chiome
b".·1ti::.>l;.ytunL. l)a;.hcJ lute.:. connecL comv -
o i,f.i 1 n: of pc:.-1s:"t,1. rt:.106rn.Je 1.h1ori~e ... n<l 
b:ctit~, .s,,al'7 11t·1ci:'.teJ v:ti:1 ir.,Jg,Ja1 
st~.urolite. f" 1u, T'ii<>mp·101 l ytt,e -nc' 
Thompson (.1977) 

Tab~e C- L • .Jrwfo1e .. .ic mme.alanafyses from Gassetts, Vermont See Thompson, I yttle and 
Thi:11npi11i1·1 (19:7~ fo s: 11: ·e< ot dt.ta. P.a.tag Correci.ed = raragonite corrected for muscovite 
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The crossing tie lines and textural relationships between chlonte + garnet (e.g. chlonte 
rimsJ ru,, lorit + l oti, + .1ur dite an Le p:..utin ;y, rt etc, .,p tel\ re ,nc led I tb. 

on1 xt 11 al 1Ii: ion ::n 1. ;2c 1 at on 1nt T ~d P I sh w1 by Figure C-9. 

s iustra1ed ,y gu C 0, 1e: ,e. 1 i1,ta s :·JJt"Dl + 1 ,ur 1ite bi iite. sta: ol + 
:ioi1e+ky1 iiite ;au t+ tar oh1 ·+l~vavite,t1~d Wo1·e+biotite+kyaniteindicatcP-T-aH2O 
conditions below the <Fe-Mg) and (Na-K) discontinuous rcaction(s): 

au, ht + Huse, vit: = :uni. + ioti + Kyt1nite 
Paragonite +Quartz= Muscovite+ Alb1tc + Kyanite + H20 

Add1t1onal components or decreased an2o will displace these Fe- reacuons m a 
pre 1otade11:am radi u1i.,db, At .Tliom1so1 lC 1 6a. :9:,.b).. n lis int ta an.1y, 
om-io. i ly u , d ,. 0th. rt · m ·. 1 ric '.md e.obarametric tec'1ai.: ues. including a consideration of 

various expenmental and theoretical continuous and discontmuous reactions, oxygen and carbon 
iot 'e I act, nai on ·,ie/ efo ric 1fec1 01 iutt 1zi11:lu :on in, 1m.1 ai v 1ou so1\ · 

'mu<.O< :te- ar.1;:onite. ilmenite-hematite and calcite-dolomite), yield a large temperature range of 
360 C to 740 •c and pressures of 4-6 khar. Most o the emµera1 ur, st: 1 iat. fal bei ,e,. 1 5 . 
Cw d :0 at· ti, 1;1c. 1 agr ,,s ell ith ]leak P- es1 ·ma, .s 0 1 500-'-21 1 'C ganet-:;oti1,. 

12eother.mometry) and 6±. 1 kbar (plagioclase-garnet-kyanite-quartz geobarometry) reported in the 
Cave11d1sh area ('<tar I Fil Ha1 . ke> Mo1 intt 1 1) s:.uit.H hh. ali mi .1 SC' 1st y 1owr iie 98: · 
198''1. 

A more complete story of the metamorphism of the Gassetts Schist, p'11tku1ar y 1ts 
arh.rsi :ge , W11 w ke, ou: ,y · dei.ite, tu, 011he ion,. g::nei an I th, i in lud.dniinei s 

by Tho;; ::SO:, Tracy Lyttle, and Thompson (1977) from whkh the following information is 
abstacted. 

Petrographic examination of the solid inclusions in garnet shov,:ed the presence of at least 
two white micas, staurolii.e, d iori: ,id, hlo rte, pid te, 1em. iite, ,Im Pit, , m, ne.11e, tit , an 

uar rz. · o 'otii. in ;us·: ,ns er. 11bs. rve, . a, pc sib' k; nit in, Lisi ,:cs .,re bs ed onl\ at 
the extreme rim of the garnet. Subsequent analyses of successive g;.imet zones and of solid 
mc'u:s•-ims ~v1'"?1~ ~ i:Jy..t~rw,flu..: -1 • .,flit.~tinil. 

Detailed rrucroprobe traverses across the garnet perI11ltted contounng o the two-
d 1 :e1 1oni s, 1.fo in :iti• p. em ·,ge • f , i:., 1g, d . 1 avi Je 1 ic ai aly is o ag mii 

fr 1m Ir oth ,r s~mpl .Qf Gassctts Schht (by Jun Ito) indicates less than 1.6 mole (lc, 

Ca3Fe23+si3012 as the only ferric component (sec J.B. Thompson, 1957, p.854; Thompson, 
Lyttle, an, Thompson, 197, T ·le ). his I Iii ly be.. .1 m:xi iim al b .au of bu1 dai 
ili en imi tit in, si: 'i:S. <ep1 .se: iati mi.;ro, 10h an ilys. (c1 rre I onding to the .section 
along profile C-D in Figure C-11) are given m Table C-2. As can be seen from these analyses, the 
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hgure '- -9. Projection of the 
rnicropro~ analyses of phases from 
the' :tgL al :mLLla ,:;elte nt the y,,ane 
F,0-MrO H-.()foJrlH-K-,O, 

J 

Al203, '-\llrl s:0i ',s-• tlso Ru 111t;7e, 
1974, p 374) Solid lir -s Oi' i.e 
compositions of pro_grade iamet-
i.llLOii ,·-L1ot:.e. O..,tteu lines 
n; ec, co, lp ,si ion- oi PL ,sLle 

proprade chlo: ite 1li. itr {with 
kyarute). bashed lines connert 
c- mpos1tions of possible retro~ade 
chlo ift-bi dt.. h-1 ~gn lai .-t!ur-o.ite-. 
Flor Thorp, n. ~ ... J 1 tl, and, 
Thompson (l 977) 

f:gn e C -1 '.). Ap1 ro in ,.,tf 
T - X(Fe~.l'--1.g_) pr je• -ti. 
calculated tor P,, ., +I = PH20 = 
b kbar tor some ot the contm -

•U. auJ c.u,c, ,ntmuous i·eac -
:on Kyii:i.itr. sfli11 uni ,_e 1Jltct 

~re sho,•-rn from .i he , tu,rFe, br 
Newton (I 966, N), 
lJchMuson, Gilbert and BeH 
(19(/), F~GlJ), and J:okaY. y 
(197\, H). S he' ci. le 
show the comnositions of the 
prograae assemblages at 
Las et' , a: :d pt.;.n cirCies 

'::O'•' tJ Ci n:.; ,o, '.ti -1S • ,f 
?QSsih le ~.tr, ,gr:: de '.'IS•··,_ m 
b1agcs (see Figure 6). From 
n1ompson, Lytue ana 
Tti ,n,.-is ( _ 9\ 1). 
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garnet 1 . 1 irns neg . r , e Ti an, · I · on is c•. , red to ous. T ,plex d1 I 1tion o. 
calciu11 1 1;1ganes, iron in garnet·. 1· y illus he ina , y of si: adial 
prc~files across garnet grains for use in deducing compositional histories. The pronounced 
maxima and minima in cation concentration show an internal structure that may reflect 
miu,cralo : ;cal differences in initial beddings b , , 1 iently r itat d during ,1rhyrob1as1 1 • • ,th. 
Rosen k I . L970, s,. p. 2S-S1 ) 1 strates 1; ,Ies of ii ormati , r beddin 2 , ices in 
rotate; · ,1,ts. SorJ ,. ourcor·I, arecor i I rtwith ewhe , 1, rotatio1 ,s 
approximately parallel to the plane of the section. Garnets from the Gassetts Schist (Thompson, 
l 979) and other units nearby (Rosenfeld, 1968, fig. 14-5) have inclusion spirals showing strong 
rotatio inggro 11 Thenat1 ,dcomp i1·, nofth,. , : l inclus·, easy r 1 .tic 
relatio to local t com , 11 n. 

As noted above, the macrocrystalline phases define an AFM facies-type characterized by 
garnet - staurolite - biotite - kyanite (and possible primary chlorite) all with quartz. Local 
associ r of stam , I garnet , te, stau i r 1 - biotit anite, s 1 , 11e - gam I anite, 
andpo cblori:1 11,:tite-k\. ,11 areob,· · 1. The .1 facies tthisg11. s 
charactenzed by muscovne - plag1oclase - potass1c feldspar. 

The presence of chloritoid margarite, and rutiJc o.ol. as inclusions in the garnet im1 rlies th, rt 
progre· • reactio1 e elimir I these ph from t · ent "e r 1 ·:.um" a · 'age. 
The I .1 and co ·. 1tions o ,nclusio1 rtive to ,, nt gar, 1 , mpositi, 1 overal 
garnet zonation may be used to determine the successive continuous and discontinuous reactions 
undergone by the sample during the regional metamorphism (sec also Tracy et al., 1976). 

\ , 1ogressi \ .. I1es of . 1 acies tn, 1 ,as been · I h :ed fro l relativ, I, . Eons an l 
comp, r I is of chi , cblorit1, i, 1d staur nclusio I hin the (see Fig, 1 '-12). 
The occurrence of chlorite (XFe = .37) and chloritoid (XFe = .77) near the core of the garnet (XFe 
= .90) suggests the presence of the three-phase assemblage garnet - chlorite - chloritoid at lower 
grades 1 ,er poss r ,ree-ph ,embla. , this gr , also sl , in Figu1, 112. It is 
possibi · 1 L the lo . ., ·radefa, pereco,, ,ytheir , .. 1 1onsis tofFig1, -12ab 1 
that shown rn Figure C-12b, where the staurohte may have been part of the adjacent 
macrocrystallinc assemblages but could not coexist with garnet because of possible chloritoid 
solution to pure Fe-chloritoid~ 

Immk. :L.,,, r · .. of rea, 1 , 1 1i&lmx. 1 o-calle , urolite 1 1,. action 1 1 ating t iese 
and f of Figure C-12: 

11 et+C· , 1 · · = Stau1, · + Bioti 

resorb · 1 : et and, ,. lowed b : 1 ncrease 1 1 tamorp ,r · ade. co p:oduce g ", t 
unconformities" like those described hy Rosenfeld ( 1968). However, depending upon the amount 
of resorption and the effective volume of equilibration of the garnet, this resorption may be 

1 r, 1 •lt to r · ze due ,tinued 1 1 growtl i increa etamo1 ·rade ( . 
6ofTI ,11 ,son. Ti Lyttle I ihomps, · ! •77). 

The garnet .md its inclusions of chloriloid and staurolitc contain measurable amounts of 
MnO. Manganese stabilizes the four-phase assemblage garnet chloritoid staurolitc. - cblorite to 

I aH20c,.·.1 11 ,,nsabo· · · AFM ,,n: 
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Chloritoid = Garnet + Staurolite + Chlorite. 

With the addition of MnO; this Fe-Mg discontinuous•reaction becomes a continuous AFM-Mn 
reaction that can eliminate cbloritoid from the matrix. 

Finally, several of the remarkable insights into the reaction history of high-alumina pelites 
gleaned from the detailed study of one garnet from the Oassetts Schist have subsequently been 
confirmed by workers in nearby areas. Downie (1982). employing similar methods applied to 
several samples, has deduced virtually the same reaction sequence for both the Oassetts Schist and 
Pinney Hollow Formation at the north end of the Chester dome. Cheney (1980, 1986) has also 
documented a comparable reaction sequence in a continuous belt of high-alumina, Oassetts-like 
schists from the Hoosac Formation of W~tern Massachusetts. that range from garnet zone thougb 
kyanite-biotite zone. In addition. Karabinos' (1985) detailed work on the cbloritoid to staurolite 
zone transition in Oassetts-like pelites near Jamaica, Vermont has confirmed and expanded upon 
the AFM-Mn reaction .for the elimination of cbloritoid as a matrix phase. However. the 
significance of the textural unconfmmities observed in garnets from locations thoughout 
southeastern Vermont remains problematic and much debated. There seem to be three viable, 
popular, explanations for multiple garnet growth in these rocks: 1) growth of garnet during two 
separate prograde metamorphic events, as originally postulated by Rosenfeld (1968), 2) prograde 
Acadian consumption of garnet by the "staurolite-in11 reaction followed by additional garnet growth 
with increasing metamorphic grade, and 3) cooling prior to thermal relaxation associated with 
nappe emplacement in the Devonian. 

REACTION SEQUENCE 

Ctd ➔ Sft+ Gor 

BiO 

Ksp 

Figure C·tt. (a-h) Generalized AFM facies series representing progressive metamorphism of 
pelitic rocks in the Cavendish area. Two-phase tie lines have been omitted for simplicity. · 
Discontinuous reactions (quartz, muscovite, and H20 assumed present) describing the change 
from one facies type to the next are given. Either facies type g or h represents the maximum grade 
attained (see text for further discussion). From Downie (1982). 
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Route 100A Pinney Hollow. 

in ... i. v 0 1 low 1s uca d · it\ n Le ist n ,y sc,,ue: ce if e ;re 1~~ iour,.air m I w 
The I ar r, i d. 11t ti ,st .id. of out · lN)a on ;st of ,Jarr,.t n, 1ili;:h-aln~•na hyllit s of 

e ai.,.., ,rku Piuc y Holli w Forfl1ation The corrunon qu,utz- and muscovite-hearing mineral 
:l~sembla,ges in these rocks are chlontoid+chlorite+ paragomte. chlorite+ garnet + paragomte, and 
chlorito1d·+ chlorite + gan1et + p<11agoni:te. Tl.ese rr ... mcr a e1ubl.ges .n-e or is;. nt \•,itl I th 
gam t , n ALA ,p<;log\ a.~ h, ,n 1n gu ,. C-13 A1 tin le ali _',tl1s g. 1:n, 1 e,, 1tai 1s, hlo :.to· 
11cl11sio1s1 id: in 1U11 p ti)ly pL.eiby .h1. 1rit ce so"•mine:aJsinthes roi.ksincJuded 
ntil ar1'01 ilr1en; e, magi ictite, tourmaline, apatite :lnd epidote Beware the pleochroic brown 
miner.al w.ith straight extinction, "bird'seye" texture and one cleavage for it is oxy-chlontc". Tte 
occurrence ofthis mineral m Pm11ey lofow onna1i, n -.')Ci f, m hi .tr,. w;.;.r;;, ,.ri:,tred 1..it, th. 
aid, f ru,. el. ctr, n 11Jc1, ,pr ,be ,roce I iar.,. W1 k 1, 9> ), n mLn, Ci le s 1de:,t p rs1 in~ 

h. 1 tu te. 1 ou to I e .ti ;ou 01 "n, ,-e\ist:llt ;ofe+. hl it, 'drhas, reL11i, is'' ·n the. Verni,ont 
q 1,,n. • A, r, ,orted by Professor Peter Robinson frorn the University of Massachusetts, the fate 

profes.sor Francis G. Turner would warn his students that the failure to identify oxy-chlonte ru, 

b10t1te was grounds for fiulmg his petrograpl y course. l1 ai liti n, 1 i·o m Id, l1t m1 01 , at:,· 

LA...""11, 19. 8) rep. ,rte. b al padn o 9. : ,,8 t1d .6 1 4- 0 fo1 e< , xi in. m I c , ,it m I pi ag1 ni , • 
SJ•Ct el. frim1hiis oc it (d. >igiat a Pl '."ll'1th Venn 1.t) Th.seba ils1ac'.ngs 
m sp, nd. ap:, .o• · m teh to compositions of Pg20 for muscovite and Pg for paragonite (Zen 

~Tld Albee, 1964). Other significant work on sumlar rocks from nearby localities includes that of 
Hanscom (1973, 1975, 1980) on t'1e giaut c'1lontm.'\ .5 m; fr .~l,;.ea er 11. us,. f f 
smgk crys ii s.x.,.ir'i' ch;.L::a, t .• ri1 .iti o m, no, lin chor; ioi (s 1ic. gr, t;p :2/. ). 

~TOP C-6: GAR1..(ET ~L""li SL O~:' ' 1 He'. S''-01.,E 10',d\lA'; I0~J 
S l<on:e , N,·Jr :ri l\'W 1er o 1 le 

Like the pinne, Hollow formation at the previous stop, the Stowe Formation is a Cambrian 
pelitic unit that contains rocks analogous to those now found 1n the I aconk cUppen of e iem 
Verrnont. Tu contra.>t to the c ii ri1, id iJhy' lit . t s, hi. i I th ro I le I o th nor 1h ,de .,fr, ut 

h e , "n ,m1 "' ull. c,ll1lp1 ,sit, n,: on th.i p ·ts el, w I l,e ;ar O 1e in n 1n :\Fl.'T 
. ia: ,;m 'in .ha th· c.,nt,1in ,iof + .hhrit, .pligincla ''1wetin addition to qu~rt7 and 
~.u, ov·te. The plagi(){'lase is rclativley sodic ( <<An23,) as its index of refraction 1s obviously less 
than that of quartz. These rocks also contam magnetite,ilmemtc,tomu1alme, an. I apa.'ite. A'ln,, g 
n unierous qm1hz n i bons we . rffllHO I th1, ug 01 . th o. 1 er t g,IJ'.'D 1-b lri I g s, bi s 1 

001,ce 1tr,11 d 1 , ]l\,e rel ;ec.mg ,ri~ in be idi1 1 a1 d r us mi ,ti. ,s · b1 ik, ,nTOS7 io I T1 e 
gi, 11e gr.1:ns rre u1,dr lb.1 d,h,·e hin,.hl,it run.Cbloritcabooccu.rsin"blobs"~.LSwellus 
defining with 111uscovite the multjply deformed fabric in these rocks. Biot1te occurs only as 
randomly oriented crosscuttmg euhedral taths. We knO\V of no detailed wor. on hi lo,. · i.y. 

J 
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Kyanite, Pyrophyllite 

Chlorite 

\ 
B ·ite 

F°0U:1 C- 3. ,ch iat·, .Af'M ·oj ti\;for ga11:et-/,m·mi:r ral ,gs 1b1 .:es tP ,n H,,lo• 
and W caver Hill. 

·······~~········~···· •• •• • •• •• ••• • • .. ; • • 
BIL: w ''IL: 1f LL 11: E i Mt: ·tNE 

GARNET CHTD CHTD GARNET CHTD CHTE 
. . ·,.v Gl•'.V PR',"E .. ,.,.,,.. ''':AV G:·.V 

-.c•---w ,: .. ,- ---\~ ""'---- rn ___ , ,m .. , .... ,., ...... , •••• , ..... - ---- ------------

S102 36.54 24.46 24. 88 36.53 2.J .. 82 25.19 
·10, 0.1 .39 00 0 0 o. :.o \ 
12: 21.74 39.83 39.57 21. 4 2 38.91 22.65 

Fe203 0 .13 1.25 0 Q.Q. 0 )Iii 2,94 \ .1. 
.0 · 1.l• ,54 2 17 l1 5 l. .l . 
Mn◊ 5.02 0.68 0.80 6.43 0.43 0.08 
MgO 0,.60 1.6.4 08 1 4 l, . • O•. 

a() 1., .oo 00 1 8 0. .0 
H20 +/- 0.95 1.04 0.91 1.16 11.19 

2.0 .02 6. 

Total 100. 44 99.85 92.50 100.82 100.09 99.90 

ANHYDROUS FORl'!ULAS 

Olt. .. .,., ' l2 ' 1 6 ;4 
Si 2.973 1.013 i.033 2.967 0.990 2.603 
T.i 0 .009 0 0.1.2 0 000 o. .o 00 

1 08 944 1 16 2. ., .75 
Fe3+ 0.008 0.039 0.000 0.022 0.092 0.260 
F<I2 ll 8S0 0 :4 2. .a: 92• 
'\ft 34 24 0 18 0. .o .00 
Kg 0.073 0.101 0.129 0.199 0.197 2. 317 
• l4 .00 0 ,o o., .o 00 

111'01'! RATIOS 

re /'Pe2+1'1g 0.967 0.894 0. 8 71 0.91S 0.804 0.454 
fe3/fe2+fe3 Q. 004. 0. 044 0.000 0 010 0 .10.2 o. 9 

•• ••• •• ••• •• ••• •• ••• • • ••• • • • •• •• • • 

Table C-3. Mineral analyses of chlontoid, chlorite, and garnet from Weaver Hill, VT, and the 
Da, :s ,ne M, Gr .v ra: m:1:ic ial\ sis. ,y J k , 1 8. l'ro e=.111C' • pr : e 
analysis by Roger H~n.,-;cotn (1973). 
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STOP C-7; TffE RUGGLES MINE 
Description exerpted from Camero~ Larrabee, McNair, Page, Stewart. and Shainin (1954). 
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The Ruggles feldspar-mica mine (pl. lJ no. 65) ~ in 
the town of Grafton on the steep south slope and tiop 
of & hill 1.5 miles N. 40° W. of Grafton Center (Cardigan 
Station). From U.S. Highway 4 at Grafton Center, a 
graded road leads 1.4 miles westward across a meadow 
and up the valley of Manfeltree Brook. .A.t this point, 
a good mine-aooess road, about 1.5 miles in length, turns 
north across the brook and extends up a steep hill to the 
mine . 

Commercial production of mica in New Hampshire 
began &t the Ruggles mine in 1803. Operations for 
mica, and more recently for potash feldspar, have been 
carried out intermittently to the present time. In 1841, 
the mine was operated by a Mr. Ingalls of Boston, 
Mass. (Jackson, 1844, p. 115) who mined about 16 tons 
of mica worth from $2 to $3 a pound when trimmed. 
Production about 1840 was only 600 to 700 pounds 
annually and in 1869 was 26,250 pounds, worth perhaps 
$60,000 (Hiteheock:, 1878, p. 90). Sterrett (1923, p. 143) 
reports that several men worked the old dumps in 1912, 
and that mineral rights to the property were owned by 
Joseph Rogers of Rumney Depot, N. H. .A.t that time, 
the American Minerals Company was preparing to 
begin work for feldspar, and the English Mica Co., of 
N'ew York, had begun working the dumps for scrap 
mica. The rock was crushed on the dumps and then 
washed down a 3,200-foot flume to a mill on Manfeltree 
Brook. 

The Whitehall Co., Ine., of New York, present owners 
and operators, worked the mine for a short time in 1932, 
and have operated it steadily since 1936. The New 
Hampshire United Mining Co., Andover, N. H., 
worked pit 32 (pl. 33) under lease during August and 
September 1944. 

In 1940 Bannerman (p. 3-4) discussed the mineral 
occurrences of the Ruggles pegmatite. In 1943 (p . 
13-16) he described and illustrated the geology of the 
mine workings and discussed the internal structure of 
the pegma.t,ite and the distnoution of valuable minerals 
in it. 

The underground workings and larger opencuts were 
mapped in Dee.ember 1943 and January 1944 by J. J. 
Pa.ge and E. Ellingwood 3d (pis. 33-35, fig. 94). The 
workings were mapped by Pa.ge and F. H. Main in 
August and September 1944. The maps and sections 
show the workings as of October l, 1944. Cores re-
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covered during exploratory diamond drilling in 1940 by 
the Whitehall Co. were made available for examination. 

The Ruggles pegmatite has been worked for 1,550 feet 
along strike, practically the entire exposed strike length. 
Most of the workings are on the top a.nd steep south 
slope of the hill a.nd range in elevation fr{>m 1,270 to 
1,600 feet. The earliest work was done near the bottom 
of the slope. In general, each succeeding operation was 
opened at a slightly higher eleva.tion, and the waste 
rock was dumped into the earlier cuts. At present, all 
work is being done near the top of the hill. 

WALi, IIOOJC8 

The wall rocks of the pegmatite a.re medium-grained 
quart.z..miea schist, coarse-grained biotite gneiss, and 
amphibolite of the Littlet.on forma.tion, and fine- to 
medium-grained biotite granite. Schist is the most 
abundant rock type. It is rich in biotite, except near 
the pegma.tite contacts, where muscovite commonly is 
the more abundant mica, and the schist is heavily 
t.ourmalinized. Some layers of schist contain needles of 
sillimanite, and others contain brownish-black sta.urolite. 
Small lenticular bodies of coarse-grained biotite gneiss 
and amphibolite occur west of the pegmatite. The 
gneiss seems to have been formed by alteration of the 
amphibolite. Thin comforma.ble bodies of biotite gran
ite lie adjacent to or in the gneiss. The granite is 
probably intrusive into the schist and gneiss, but its 
relations to the pegmatite a.re unknown. 

The average strike of the wall-rock foliation is about 
N. 25° E., and the average dip is about 66° SE. The 
bodies of biotite gneiss, amphibolite, and granite ha.ve 
their long axes parallel t.o the average strike of foliation. 

Basie dikes ranging from less than a ¼ inch t.o 3 feet 

in plan. The tabular ma.in pa.rt. of the pegma.tite, in 
which the major workings are located, forms the shaft. • 
of the axe. The blade is formed by a. lobelike eastward 
dipping sheet., which is connected to the main body near 
the southeast side of pit D. 

The pegma.tite pinches out. at the surface in the open
eut. at. the north prospect. drift, but. it widens rapidly 
south of this working. A few feet east. of the north end 
of pit. C, a narrow tongue of schist which also widens 
southward splits the pegma.tite int.o two parts. Ea.st. of 
this schist. wedge, t.he pegmatite forms an eastward
dipping sheet. that. dips less steeply and is progressively 
t.h.inner southward. Erosion has exposed the bott.om 
of this sheet on the st.eep slope south of the top of the 
~- A smaller pegma.tit.e body underlies the main east 
sheet.. The lower pegmatite pinches out up dip in a 
sha.rp crest. 

In pits A and C, west of-the schist. wedge, the pegma
tite has a maximum width of 120 feet on the surface, 
but it thickens downward to at least 160 feet.. At the 
south end of pit A, the pegmatit.e plunges southward 
under schist, althougb a naJTOw apophysis of peg• 
matite ext.ends int.o tile schist.. Pegmatite is also 
capped by schist in the nortb wall of pit 32, (pl. 33). 

South of pit 32, outcrops of schist and marginal zones 
of pegmatite suggest that here also gently dipping schist 
covered the pegmatite. Dips along the west wall a.re 
steep. Remnants of the scliist capping can be seen 
throughout the southem part of the map area., and the 
abundance of fine-grained aplit.e and the numerous 
apophyses extending southward int.o the schist at the 
south end of the pegmatite suggest. a plunging st.rueture 
similar t.o the one south of pit A. 

COKJ'081.'l'ION AND INTEBNAL STBUCTUBE 01' TKZ PIIGKA'l'ITJI 

in thickness cut the pegmatit.e. They strike about N. · Because the Ruggles pegmatite is well exposed it. has 
60° E. and dip steeply southeast. or are vertical. Most been possible t.o map in deto.il the unusually large num
of them fork. They do not appear t.o extend into the her of pegmatit.e units present. in it. The pegma.tite 
wall rock. shows a well-defined zonal arrangement. The peg-

aia AND EXTJBB.NAt. FORK matite units are listed belO\v, in the general order of 

The Ruggles pegmatite crops out or has been exposed 
by mining for 1,640 feet along strike. Its maximum 
outcrop width is 335 feet, and it ranges from a. few feet . 
to at least 160 feet in thielpiess. The trend of the 
pegmatite on the surface is about N. 20° E. and the 
average strike is N. 35° E. The body has an extremely 
varied southeast dip. 

The pegmatite is an irregular lens that has not been 
deeply eroded. Its apex is between pits A and C. 
North of pit C the pegmatite plunges northeastward 
15°-20°; south of pit Cit has an irregular soutb.west
ward plunge. (See sec. A-A', pl. 35.) The north end 
of the pegmat.ite resembles roughly an ancient battle-axe 

occurrence inward from the walls: 
1. Plagioclase-quartz..muscovite border zone. 
2. Plagloclaae-quartz pegmatite {\\·all zone), composed of the 

following units: 
a. Plagioclue pegmatite. 
b. Cleavelandlte pegmatite. 
c. Plagloclase,.quartz pegmat,ite. 

3. Museovtte-quartz..plagioclase pegmatite, first intermediate 
zone. 

4. Plagioela....,_perthite-quartz-biotite-tourmaline pegmatite, 
second intermediate zone. 

5. Quartz..plagioclase pegmatit.e, t.hinl intermediate zone. 
6. PlagiocJase..muscovite,.quartz-perthite pegrnatite, fourth 

intermediate sone. 
7. Perthite-quartzplagfoclase pegmatite, fifth intermediate 

zone. 
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8. Graphio granite pegmatite, core of east-dipping sheet. 
9. Penhite-quartz pegmatite, sixth intermediate zone of main 

part of pegm&tite. 
10. Perthite pegmatite, core of main part of pegmat,ite. 
U. Quartz lensea and veins. 
12. Muscovite-p)agioolMe n,placement bodlee. 
13. Sericitised perthite-plagiool&se-quartz replacement body. 

Plagi,ot:lase-parlHn'UBOOtMe 6order zcme.-A disoon
winous aplitic border zone commonly is adjacent to the 
schist walls. It generally is less than 5 feet thick, but 
has a maximum thickness of at least 40 feet. It is thick
est and most persistent along both walls north of pit A 
and in apophyses extending into schist at the south end 
of the pegmatite body. It consist.s essentially of :&ne
g.rained equigranular plagioclase (An ,) and quartz with 
interstitial musoovite. Accessory minerals are prnet, 
tourmaline, apatite, and microcline. Thin im,gular 
stringers consiswig of quartz and plagioclase with 
se&ttered muscovite and perthite cut the aplite. 

A rook megucopically similar in composition and 
texture to the border zone occurs in the east crosscut 
from the north shaft on the east side of pit A, and in 
drill hole 3. It seems to lie inside the main parts of the 
pegmatite. 

Plagi,ocl&ae-fZU'l,rls pegmalv8 wall zone.-Inside the 
border zone three unit.s are found in different part.s of 
the mine. All consist of plagioclase, quartz, and musco
vite, but they differ markedly in proportion of minerals. 

A discontinuous unit of blocky plagioclue occurs 
inside the aplitic border zone or, where the border zone 
is absent, against the schist wall. Thl' unit. is found 
chiefly southwest of pit A. Its tbielml'M is commonly 
less than 3 feet. It consists almost entirely of blocks of 
white plagioolase, 6 by 8 inches in n;uimum dimension, 
with small amount.s of quartz and mUM'Ovit... Sitr.ilar 
material also occurs in drill hole 3 anti in I hf' rut. cross
cut from the north shaft. In drill bnl .. 3 it M't'fflB to lie 
between the plagioola.se-perthite-quartz-lnotitt---tourma. 
line zone and the border zone. ln tbf' f'Al\t f'l'OUCUt of 
the north shaft, a plagioclase unit sin ilar in all ffllpect.s 
to that found elsewhere in the J)('J.'Jnaht .. lic,1 bet.ween 
the pert.hite-quartz-plagiocla.se zont' and u... biotite
bearing unit. 

The cleavelandite unit is commonly 1.,. than 3 feet 
thick at most places and consists e,;.yntially or coarsely 
bladed oleavelandite with :rr.inor quartz. greenish 

, muscovite, and blue-green apatite. Tbt> dsvl'landite is 
commonly stained by iron and ma.nganl'SC oxides. The 
unit shows much the same relationship to the wall rook 
and the border zone south of pit 32 as the blocky 
plagioclase unit north of it. · 

The plagiocla.se-qnartz unit contains plagioclase 
(An1-1), gray quartz, and minor muscovite and black 
tourmaline. It is exposed in the ea.stern sheet-like part 
of the pegmatite and continues northward to the North 

Prospect drift. It commonly is inside the border zone 
but also OCCUl'S along the bottom and top of the sheet
'like part of the pegmatite. 

Mucwi.te-g:u.arls-plagjoclal, stme (,A.ut-mica-b,ar
in.g).-The mnsoovite-quart.z-plagioola.se zone is a dis
continuous intermediate zone of the pegma.tite. 
Musoovite is the most abundant mineral, and commonly 
60 to 75 percent of the zone consists of large books 
oriented normal to the margins of the ZOJJe. Quartz 
and plagioclase (An1) are also essential minerals, and 
black tourmaline, commonly intergrown with musoov
ite, a.ud green apatite are accessories. It is best exposed 
under the schist capping on the 120- and 140-foot levels 
and on the steeply dipping west wall of the pegmatite. 
On the 120-foot level, it is thickest on the nose of the 
pegmatite and extends back along the walls for about 
150 feet from the nose itself. The old stope at the 
south end of the 140-foot level was developed in this 
zone under the flat-lying schist roof. More recently, 
mica has been obtained from the zone on the steeply
dipping west wall of the pegmatite. The location of 
workings down hill from pit 32 suggests a similar 
localization of the mica-rich zone there. The zone 
OCCU1'8 inside the plagioclase unit or against the schist 
where the plagioolase unit is absent. It is discontinuous 
where the border zone is thick. 

Plagioela8,-pm1its-(}Uarlz..biotite-tourmalw som.
The plagioclase-perthite-quartz-biotite.tourmaline zone 
forms a thick capping over and around the central 
zones at the northeast end of the pegmatite. It thins 
down dip and southward along strike. Only scattered 
small bodies of this material were seen south of pit A. 
It OCCUl'S most commonly between the border zone or 
plagioclase zone and the perthite-qua.rtz-plagioclase 
zone. Pendants and apparently isolated bodies of 
biotite-rich material occur in the latter zone. 

The mapping of this zone was based on the presence 
of biot.ite, and several minor mineralogic variants are 
included in it. In general, it consist.s essentially of 
plagioclase CAD.-1), perthite, gray quartz, biotite, and 
black ·tourmaline. Muscovite is an abundant though 
minor constituent. Plagioclase is more abundant Ulan 
perthite in most exposures and commonly is somewhat 
stained. In pit A and in drill holes 1 and 3 most of 
it is green. Quartz occms as anhedral grains between 
other minerals. Biotite commonly occurs in strips as 
much as 3 feet long and 6 inches wide, but less than 
Minch thick. Musoovite is in isolated books or inter
grown with strip bi9tite. Black tourmaline may occur 
in small tabular bodies which, viewed from a distance, 
seem to be biotite. Some of the biotite strips pa.ss 
lengthwise into tourmaline, but individual books of 
biotite and crystals of tourmaline are also present. 
Snliides are locally abundant in the green plagiocla.se. 
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Qu~ am,.-lrregular quartz grains that 
average 1 inch across make up at least 75 percent of the 
quartz..plagioclase zone. The rest is mostly interstitial 
white plagioclase (An 1) that appears to be fine-grained 
cleavelandite. · Isolated books of muscovite, light-green 
beryl crystals, and perthite are accessory minerals. 
This unit lies between. the border zone, the muscovite
qua.rtz-plagioclase zone, or the plagioclase unit of the 
wall zone and· the central perthite-rich zones. It is 
exposed south of the west crosscut from the llOl'th shaft 
and in, and south of, pit 32. 

Pla,giocla86-fflU8COf1ite-<J:114rlz-,ri.ik zon, (Blud-mim
bearing ).-The plagioclase-muscovite-quartz-perthite 
zone consists essentially of plagioclase (Ana), muscovite, 
gray quartz, pertb.ite, and minor tourmaline and biotite. 
The mica books are large and extend into the adjoining 
zones. The mica-rich shoots occur at the inner margin 
of the zone and have been mined in the long drift on 
the west side of pit A and in the crosscut in pit D. 
The plagioelase-muscovite-quartz-perthite zone lies be
tween. the biotite-ri.ch zone described above and the no. 
2 feldspar zone described below. Commonly, it is 3 
to 6 feet thick. The mica-rich shoot.I are discontinuous, 
and found only along the northwest (foot.wall) side of 
the no. 2 feldspar zone in pits A and D. The shoot.I 
appear to have definite vertical limits. W1dely spaced 
mica books of large size occur at the outer edge of the 
no. 2 feldspar zone elsewhere in pit A. These scattered 
books are believed to be in small isolated segments of 
the zone. 

Pmlril6-tJ.'Ml,rl~ zon,.-The perthite-quartz.. 
plagioclase zone, known. locally as the no. 2 feldspar zone, 
is exposed in pits A, C, and D and in the underground 
workings from them. It has a maximum thickness of 
120 feet and completely encloses, or almost so, the 
large perthite pegmatite lens in the pitt. It consist.I 
largely of perthite, but gray quartz and plagioclase are 
abundant and considerable partt of this zone may con
sist entirely of plagioolase and quartz. Small areas of 
graphic granite are present and muscovite, in small 
books, is an abundant acoossory mineral. Scattered 
crystals of green b8l'Yl, as much as 6 feet long and 2 
feet in diameter, occur in this zone at the Dl&lgin of the 
perthite pegmatite in pit A. 

GrapMD gratiits am,.-The center or core of the sheet.
like eastern part of the Ruggles pegmatite consist.I of 
graphic granite. The angular quartz spindles of the 
intergrowth commonly are less than one-half inch in 
length. Pertbite also occurs in quartz-free crystals. 

Q?,umz..perllits soru.-The quartz-perthitezone is best 
exposed in the walls of pit 32 but it oocms alao in the 
southeast out.I. Itt rel&tion to the perthite peg:matite 
mined out in pit 32 is uncertain. It consist.I essentially 
of milky to light gray quartz which contains Jarge blocks 

of perthite. One or more of the boundaries of the 
perthite blocks usually is straight and sharp. Contacts 
of this unit with the perthite pegma.tite probably are 
gradational1 like the contact.I with. quartz bodies. 

PertAite .IOfU.-The large Jens of perthite pegmatite 
mined in pit.I A, 0, and D is at least 400 feet long, 60 
feet wide, and SO feet high. It has been the principal 
source of no. 1 feldspar. A large part of it has been 
mined out in pit.I A and C. It pinches out south of 
pit A and seems to be thinning northeast of pit D al
though considerabJe feldspar is believed t.o be available 
under the present workings. A similar smaller lens was 
reported. to have been mined in pit 32. These lenses 
seem to represent the discontinuous core of the pegma
tite, although the relationship of the perthite pegma
tite in pit 32 t.o the quartz..pertbite unit is obscure. 
The perthite zone consist.I almost entirely of perthite. 
Plagioolase is almost lacking, except in. the perthite 
intergrowths. Small quartz stringers cut the perthlte 
but are not abundant. Sericite is present locally along 
fractures in the feldspar. 

Quns Win.-Gray to milky quartz occurs in irreg
ular lenses associated with the large lenses of perthlte 
pegmatite, in isolated lenticular bodies inside various 
zones of the pegmatite, and in late oross--cutting veins 
and stringers. Irregular lenticular bodies of quartz are 
present adjacent to or enclosed in the perthite zone in 
pitt A, C, and D. One lens in pit A is 200 feet long and 
extends diagonally under the large pert.bite Jens. Other 
irregular qua.rtz bodies occur in various positions within 
the pegmatite but apparently have no definite relation 
to the enclosing unitt. Quartz veins up to 4 feet thick 
cut the central parts of the pegmatite in pits A, C, and 
D, but apparently do not extend into the schist walls. 
Many of these veins have strikes perpendicular to the 
strike of the pegmatite. They have steep south or 
southeast dips. · 

The quartz is commonly light gray but is white and 
milky in the center of the thicker bodies. Small amount.I 
of muscovite, garnet, suJfides, and uranium minerals 
occur in places. In pits A and 0, a fine-grained aggre
gate of albite is found with the late quartz veins. 
M~ nit (,crap◄n~).-Ad

jacent to the pertbite pegmatite, :irregular muscovite
plagioclase replacement bodies are present. They 
consist largely of greenish-rum wedge muscovite in 
closely packed aggregates of diversely oriented books 
with small amounts of interstitial plagioolase and 
traces of quartz. The mica books are less than 2 
inches across and commonly "A" reeved or herring-. ' ' bone. Th.e plagioclase associated with t.he muscovite 
seems to be fine.grained clea;velandite. 

&rioitized p,rll,,its~ vtitt.--A pertb• 
ite-plagioclase-quartz unit containing an abundance of 
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heavily seri.ciuzed perthite is oposed at the southwest. 
comer of pit A. .Associated with the mcitized perthite 
are unalt.ered pert.bite blocks, white blocky plagioclase, 
finer-grained areas of interlocking plagioclase and 
quartz, and small scaly muscovite crystals in gnmula.r 
smoky quartz.. Quartz also occurs as larger irregular 
bodies. Occasional large rum..eolored muscovite books, 
and isolated, somewhat rounded bodies of aplitic 
material resembling that of the border zone, are 
also present. 

The outer limit. of this unit are difficult to define, 
because sericitfaa.tion of the perthite, on which mapping 
of this unit was based, ranges from minor alteration to 
almost complete replacement, and because the unit 
has been produced by the sericitization of part.a of 
several zones. Isolated perthite blocb along the 
margins of the no. 2 feldspar zone in the west drift of 
the 140-foot level are sericitized; the ma.in exposures 
of this unit are in the southwest comer of pit A and on 
the 120-foot level vertically below it. With deerease in 
the intensity of alteration, it gm.des into the no. 2 
feldspar zone and also into the aplitic border zone. 
MURCOrite and plagioclase are most abundant near 
the pegmatite wall. The few large mica books may 
represent an extension of the marginal muscovit-e
quartz..plagioclase zone. 

On the east side of pit A, in the east crosscut from 
t.he north shaft, and in drill hole 3, pegmatite units 
compan.ble in composition and texture to those found 
elsewhere in the dike are exposed, but the units have 
peculiar structural relations to the other units. No 
satisfactory e.,planation of the structural relationships 
of these units ean be offered at present. Possible 
interpretations include the presence of a seeond peg
matite intrusion, or the presence of abrupt rolls in the 
schist wall. 

l"BGIIA'flTE lL\8'l' OP lllJQQLB6 PBGIIA'l'ITB 

A small pegmatite lens is exposed east of the sheetlike 
projection of the main Ruggles pegmatite. The small 
pegmatite pinches out up dip in a sharp crest and haw 
no surface eonneetion with the sheetlike projection. 
lt contains three ,:onea. An aplitic border zone forms 
most of the surface outcrop, but apparently is restricted 
to the crest of the lens. The zone is mineralogically 
similar to the aplitic border 1one of the main pegmatite. 
The wall 1one contains blocky plagioclase, quartz and 
muscovite and is exposed only along the footwall. The 
core consists of almost equal quantities of pinkish 
perthite and quartz. 

MICA AJfD 1111LI>SPAB 

Sheet mica is obtained from two intermediate zones 
of the pegma.tite. The muscovite-quartz-plagiocla.se 

zone near the walls has been the major source of the 
mica produced by the Whitehall Co., Inc., but con
siderable production bas come also from the mica-rich 
shoots on the northwest side of the perthite..quartz
plagioclase zone. Mica occurs in books as much as 
3 by 5 feet in area and is rum, flat, mostly cloudy and 
free splitting. It is "soft" and commonly badly 
era.eked and ruled, but a satisfactory percentage of 
large sheet can be recovered. Many books show iron 
o.-cide stailis, but tl1ese ean mually be removed during 
rifting and trimming. Mica along the west wall on 
the 140..foot level he.s a higher content of sheet than 
that in the eastern part of the zone e."'tposed at this 
level. In 1944 the ~overy of mine-run mica from 
rock mined in the miea-bea.ring zones was approxi
mately 12 percent. 

The Ruggles mine is operated chiefly for potash f eld
spar. The feldspar produONl is used in soap or scouring 
agents and must be white and almost completely free 
from mineral impurities. The central perthite unit.a 
consist almost entirely of this type off eldspar. Material 
from tho no. 2 feldspar zone is crushed and sized, and 
the. better grades of feldspar are sorted out on picking 
belts. 

Uraninite and its associated alteration products are 
found in the pegmatite and are of particular interest to 
collectors. Schaub (1937, p. 156; 1938, p. 334-341) 
described the occurrence, crystal habit, and composition 
of uraninite from the mine. Some secondary uranium 
minerals are also present. These and uraninite are 
associated with late veins and irregular bodies of quartz, 
which commonly has a dark smoky color near the small 
masses of radioactive minerals. Uranium minerals are 
best exposed at or near the west side of the perthite 
pegmatite near the. south end of pit A and in the roof of 
the 120..foot. level. 

The largest reserves of no. 1 feldspar appare.ntly lie 
under pit D and between pits D and C. The ,vall 
between pits A and C and the part of the perthite lens 
south of pit A contain additional reserves. Much 
larger reserves of no. 2 feldspar are present. This 
material wou1d ha.ve to be milled to separate the other 
minerals from the perthite before it could be used in 
<'.leansers. The largest reserves of miea seem to lie 
south of the west wall drift in the 140-foot level and 
between this working and the fiat stope. 
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STOP C-8; I-89 STAURQLITE SCfflST 
Exit 15. Montcalm, New Hampshire. 

The outcrop is a long road cut on the east side of the north-heading entrance ramp to 1-89. 
Coarse staurolite is developed here in the Littleton Fotma.tion on the SW flank of the Mascoma 
dome (Figure C-14). Some of the staurolite crystals have thin rims of white mica. Notice the very 
small size of the garnet crystals. This texture, small garnets with large staurolites, is typical of the 
of schists from Maine to New Hampshire, near the Vermont border and contrasts markedly with 
the large garnet crystals and smaller staurolite crystals found in the Vermont rocks. The New 
Hampshire rocks reflect an andalusite-~illimanite (Buchan) sequence whereas Vermont rocks are 
from a kyaniite-smimanite (Barrovian) sequence. The two sequences meet in the biotite zone roc1cs 
of the "Connecticut Valley Metamorphic low". Armstrong et. al. (1992) have called these the 
Eastern Acadian (older by -20 m.y.) and the Western Acadian metamorphic events. An 
interesting aspect of this rock is it's nearly continuous occurrence over 200 km along strike, 
reflecting the same tectonic evolution over a large area. The grade goes up and down but the 
general character of the rock stays the same from north of Littleton NH to South of Putney 
Vermont(M.J.Kobn, personal communication). Although we know of no detailed worlc on this 
outcrop, it is part of the terrane considered in some detail by Kohn et al. (1992). The outcrop also 
contains a .Mesozoic lamprophyre dike. .... , . /c ✓ , 

Ts fie* -eo J/&f,,le ./;>r~Ch.#1.,/JJI~ Tt'lfM(e eyrf 
i5"'Go"''f{J:~u .. .,,,.J .. -/,Ito w;,Jt11tJ c,u t-tt -,t:..,,4 p,,_/116 

STOP C-9· GILSUM ~t',f,(./-1, "'"l'f.d-,i!l.,,1/., A,,tr/,,(!;lf-t .en C, ,.( r~ f ,fq;l'fc11V .,,,., t2,- ,,, .. ,e ..,..0 

• 'f>l!>"J.4'-..,,,JCJftr.dtt. .f/i,e.11-e,.~,c: ,P&t''f/.. "l""d r 1:J.Ar ""-tha.f'""r,"4:(, 
Description modified from Spear \1992) an<l ~pea{r ana Chaninetlain (1986). l ,:/1',~✓,r Cu,rv Y'-tf'.;p 

1,,._,,A.~ ,•,,_ -r'1.f? I'.; :,_7,r#-1"!.~1 
This outcrop is Silurian Rangeley Fotma.tion (middle member) and contains the highest~ 'z~, 

grade pelitic assemblages found in the area. The pelitic rocks contain the prograde assemblage · 
garnet+ cordierite + biotite + alkali feldspar+ sillimanite + plagioclase. Alkali feldspars are large 
(several cm across) and may not be present in a thin section sized sample. They are very apparent 
in outcrop, however. Cordierite is commonly observed in greenish clots, which'. are green because 
of chlorite alteration .• Fresh cordierite is not easy to find. Several retrograde zones containing 
chlorite and staurolite can be found at this outcrop. These zones were created as water was 
introduced into the upper plate (Fall Mountain nappe) sometime after nappe emplacement. Several 
calc-silicate pods are present in this outcrop. These pods are indicative of the Rangeley schists 
found in the Fall Mountain nappe. 

The P-T data obtained from gamet-biotite thermometry and garnet-plagioclase barometry 
indicates peakP-T conditions of740 °C, 3.5 kbar (see Figure C-15}. There is abundant textural 
evidence for the replacement of garnet and cordierite by sillimanite and biotite, which Spear and 
Chamberlain interpret as the reaction: 

gamet+cordierite+K-feldspar+H20 = sillimanite+biotite 

This reaction, plus the garnet zoning produced by this reaction suggests a P-T path of nearly 
isobaric cooling, as shown in Figure C-15. See Chamberlain (1986), Spear and Chamberlain 
(1986, stop FS), and Selverstone and Chamberlain (1990) for an alternative interpretation of the 
reaction texture, P-T path and tectonic significance. This outcrop is located at the intersection of 
two large F2 and F3 Acadian synclines and Chamberlain (1986) interpreted the metamorphism at 
this outcrop to have resulted from thermal effects that occurred during downfolding. 
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Figure C-14. Northern pan of Plate 15-la of Thompson et al. (1968) with cross sections from 
their Plate 15-lb as modified by Robinson et al. ( 1991 ). 

c· 

107 



108 

Spear and Chamberlain interpret the P-T path to be the result of cooling following thrust 
emplacement. It is highly significant that the peak pressure experienced by these rocks is only on 
the order of 3.5 kbar, as contrasted with 6 kbar experienced by rocks nearby to the west. The 
locations are separated by only 3-4 km, so the difference in pressure requires some amount of 
tectonic thinning following attainment of peak pressures. Spear and Chamberlain suggest that 
backsliding along the Chesham pond ~st may be responsible for the tectonic thinning. 
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Figure C-15. Modified from Spear (1992. Figure 11). P-T diagram showing contours of Xsps, 
Xgrs, and Fe/(Fe+Mg) for the assemblage gamet-cordierite-biotite-sillimanite-
K- feldspar-quartz-plagioclase. The only P-T path consistent with the observed 
zoning na dreaction progress is one of nearly isobaric cooling. 

STOP C-tQ; GILSUM ROAD, ASHUELQT RIVER 

Outcrops of the Ammonoosuc Volcanics (Ordovician) along the river contain coarse 
gedrite with exsolution lamellae of anthophyllite. Typical Ammonoosuc rocks on the north end of 
the Alstead Dome contain the assemblage plagioclase-homblende-biotite-gamet. However, the 
outcrops here have the assemblage gedrite-anthophyllite-homblende-biotite-cordierite-pyrrhotite 
due to a bulk composition that is depleted in Ca. The presence of amphibole + cordierite suggests 
lower pressures than those of the Vermont rocks nearby to the west. An ultramafic pod can be 
found here with talc and chlorite. We know of no detailed work on this outcrop. although similar 
rocks from the Ammonoosuc Volcanics to the south have been studied extensively by Robinson 
and Schumacher (e.g. Robinson and Jaffe, 1969; Schumacher and Robinson, 1987; Schumacher, 
1988). 
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from dewatering of the pluton during crystallization. The retrogression was not pervasive, 
however, as some samples contain pristine sillimanites. 

The P-T path of the rocks from this locality was illustrated be Spear et al (1990) and is 
reproduced here in Figure C-16. Early metamorphism was low pressure, high temperature into 
the si11imanite + K-feldspar zone at a pressure of 3-4 kbar. The rocks experienced loading 
following peak metamorphism up to pressures of 5-6 kbar and cooling to 525 •c. The loading is 
interpreted to have resulted from the emplacement of another nappe structurally above the Fall 
Mountain nappe (now eroded away) and the cooling is interpreted to have resulted from the 
emplacement of the Fall Mountain nappe onto the cooler rocks of the Skitchewaug nappe. 

The identity of the nappe that is higher than the Fall Mountain nappe is in question, because 
it does not crop out anywhere. However, there is evidence that the nappe is the Chesham Pond 
nappe (named here) that is comprised of still higher grade rocks (garnet+ cordierite zone). 

One further point to make about timing of metamorphism and thrust emplacement. Rocks 
of the Fall Mountain nappe were at 700-750 •c at their peak temperature whereas rocks of the 
Skitchewaug nappe were at 550 •c at their thennal peak. Therefore, the Skitchewaug nappe could 
not have been immediately below this outcrop throughout its history ( or else it would be at the 
same temperature as this rock). Spear's interpretation is that we have a series of in sequence thrusts 
with the Fall Mountain nappe being first loaded from above by another nappe, then the pair riding 
to the west along on the Bellows Falls pluton and then picking up the Skitchewaug nappe when the 
Fall Mountain nappe had cooled somewhat. The lower contact of the Bellows Falls pluton also 
assimilates part of the Skitchewaug nappe, so the shortening must have occurred within the pluton 
itself. 
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Figure C-16. P-T path for rocks from the Fall Mountain nappe (Spear et al., 1990) 
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